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Parameters of Pinus sibirica Photosynthetic Apparatus
for Phenotyping Trees in the High-Altitude Zone
of the Western Sayan
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Abstract. The shift of the timberline towards higher altitudes in mountainous areas through undergrowth
species invasion of new territories is caused by the global warming. In the fir-pine forests of the Western
Sayan, the pioneer species is the Siberian pine, Pinus sibirica Du Tour. On the upper forest border,
plants were discovered to show structural and physiological adaptations. This work aims to evaluate fast
chlorophyll fluorescence and other parameters of the pigment complex of needles as a tool for phenotyping
P. sibirica trees in the high-altitude zone (the Ergaki Ridge of the Western Sayan). Young Siberian pine
trees of the second age class were selected for the study. Within each of the four sample plots located
at altitudes from 1450 m to 1650 m, 20 typical specimens were marked. Samples of 2-year-old needles
were collected from lateral shoots of the second order. Parameters of chlorophyll fluorescence and
photosynthetic activity of needles were recorded on Junior-PAM and IMAGING-PAM M-Series MAXI
Version devices (Heinzwalzg GmbH, Germany). Quantitative determination of pigments in an alcohol
extract was carried out using a SPEKOL 1300 AnalytikJenna AG spectrophotometer. It was revealed
that it is necessary to use different sets of structural and functional parameters of the photosynthetic
apparatus for phenotyping plants from different habitats. In the summer period, the important parameters
for predicting an increase in needle mass in the open Siberian pine habitats located above the forest border
can be the electron transport rate, the (chlorophyll a + chlorophyll b)/carotenoids ratio in the pigment
complex, as well as the value of non-photochemical quenching of fluorescence. In forest communities,
the appropriate parameters are the rate of photosynthetic electron transport, the value of photosystem

II maximum quantum yield and the content of chlorophylls in needles.

Keywords: fluorescence, chlorophyll, Siberian pine, timberline, treeline, climate change.
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IHapameTtpsl poTocuHTeTHUECKOT0 annapara Pinus sibirica
B (DEHOTHUIIMPOBAHUM [ICPeBbEB
B YCJIOBHMSIX BbICOTHOI MosicHOCTH 3anagnoro Casina
H.B. IlaxapbkoBa, H. A. I'aeBckuii, U.I. I'eTTe

Cubupckuil hedepanvhblil yHugepcumem
Poccuiickaa ®@eodepayus, Kpacnospck

AnnoTtanwus. [Toqbem BepxHel rpaHuUIIb Jieca B TOPHBIX pallOHaX IMyTeM OCBOSHHS OIPOCTOM HOBBIX
TEPPUTOPHIA CBSI3aH C IJI00aJIbHBIM ITOBBIIICHUEM TEMIIEPATYpbl. B MHXTOBO-KeAPOBBIX Jecax 3anaaHoro
CasiHa MMOHEPHBIM BHJIOM B COCTABE MOJPOCTA SIBJISIETCS COCHA cubupcekas — Pinus sibirica Du Tour.,
(dopmupyIoLIas Ha BEpXHEW IpaHulie jieca CTPYKTYpHBbIE U Gpu3Hojorudeckue ajanrauuu. lannas padbora
HalleJIeHa Ha N3yYeHHEe BO3MOXKHOCTH HCIIOIB30BaHUS TApaMeTpoB ObICTPOH (hryopectieHInu X1opohuiuia
Y IUTMEHTHOI'0 KOMIUIEKCA XBOU JIJisl (PeHOTHIIMPOBaHUs iepeBbeB P. sibirica B yCIOBUSIX BBICOTHOM
nosicHocTH (Ha mpuMepe xpebdra Epraxu 3anagHoro Casua). B kauecTBe 00beKTOB HCCIIEIOBAHUS OBLITH
BBIOpaHbI MOJIO/IBIE JIEPEBBsI BTOPOT'O KJlacca Bo3pacta. B mpeenax kaa0i U3 4eThIpex MpOoOHbIX
IJIOMIAJICH, PACTIONOKEHHBIX IO TPAHCEKTE Ha BBICOTaxX OT 1450 M 1o 1650 M Ha1 ypoBHEM MOPSL, ObLITH
MPOMapKUPOBaHbI 10 20 TUMHYHBIX dK3eMILISIpoB. OOpa3iibl XBOM BTOPOIO I'Ojia )KU3HU cOOUpau
¢ OOKOBBIX TTI00ET0B BTOpPOro TNopsiyika. [TapameTps! ¢uryopecueHnny Xaopopuiuia 1 GOTOCHHTETHIECKOH
AKTHUBHOCTHU XBOW peructpuposanu Ha npudopax Junior PAM u IMAGING-PAM M-Series MAXI
Version (HeinzWalzGmbH, I'epmanust). ConepxaHue MUTMEHTOB, SKCTPArHPOBAHHBIX B 3THIOBOM
cnupre, onpenessuin Ha ciekrpodoromerpe SPEKOL 1300 Analytik Jenna AG. B xoze uccrieaoBanus
YCTaHOBJICHO, YTO 7151 (PEHOTHIIMPOBAHUS PACTCHUI U3 PA3IUYHBIX MECTOOOUTAHUH HEOOX0INMO
(dbopMupoBaTh COOCTBEHHBIN HAOOP MApaMETPOB, XapaKTEPHU3YFOLIMX (POTOCHHTCTUICCKHIA alllapaT COCHBI
cHOMpCKOH. B neTHNi nepros Ha OTKPHITHIX y4acTKax OOMTaHUS COCHBI CHOMPCKOH, PACIIONOKEHHBIX
BBILIIE IPAHMULIBI JIECa, [IJIsl IPOTHO3MPOBAHHMSI YBEIMUEHH S MaCChl XBOU BaKHBIMU SIBJISIIOTCSI CKOPOCTh
(hOTOCHHTETHYECKOTO 3JIEKTPOHHOTO TPAHCIIOPTA, COOTHOIICHHE XJI0PO(HIIIOB M KAPOTHHOUIOB
B IIUTMEHTHOM KOMIIJIEKCE, a TAK)Ke BEJIMYMHA HE(DOTOXUMHUYECKOTro TyleHus duyopecuenunu. s
JIePEBHEB, BXOISIINX B COCTAB JIECHBIX (PUTOIIEHO30B, NH(POPMATUBHBIMH ITapaMETPAMHU SIBIISTIOTCS
CKOPOCTh ()OTOCHHTETUYECKOT0 AIIEKTPOHHOI'O TPAHCIIOPTA, BEIMYMHA MAKCHUMaJIbHOTO KBAHTOBOTO

BbIXOz1a poTocuctemsl 11 1 coneprkanue XJ10po(UILIOB B XBOE.
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«BHyTpHIIONYNISIIIMOHHAS N3MEHYHUBOCTH SKO(PU3HOIOTHUYECKIX TPU3HAKOB JIEPEBbEB COCHBI CHOUPCKOM

(Pinus sibirica Du Tour) B ycIOBUSX H3MCHEHHUSI KIIMATa.

Huruposanue: [TaxapekoBa H. B. [TapameTpsl poTocuHTeTHYECKOTO annapata Pinus sibirica B peHOTUNUPOBAHUH AEPEBHEB
B YCIIOBHSIX BBICOTHOI mosicHoctu 3anagHoro Casua / H. B. [TaxapekoBa, H. A. T'aeBckuii, U.T. T'erre / Kypn. Cud. denep.

yH-Ta. buonorus, 2024. 17(2). C. 119-133. EDN: CDVCTB

BBenenne

V3MeHeHue KIrMMaTa OKa3blBaeT CYIICCTBEH-
HOC BJIIUSHHE Ha TUHAMHKY JICCHBIX 3KOCHCTEM.
CIBUTHM HIMPOTHBIX U BBICOTHBIX TPAHUIL apeasia
moka3zanbl (Kharuk et al., 2021; Pakharkova et al.,
2020) y MHOTHX BUJOB XBOHHBIX, OTHOCSIITUXCSI
K OCHOBHBIM JiecooOpa3yromuM Bunam Cudupu
u Antas. B ropHbIX ()UTOIIEHO3aX MOXKHO 3aMe-
THTH OoJiee OBICTPBIN MOIBEM HIDKHEH T'PAHHIIBI
Jieca M3-3a YMCHbBIICHUS BIIAXKHOCTH M 00JIee MeI-
JIEHHBIU MObEM BEPXHEH I'PaHULIbl, CBA3aHHBII
C MOBBILICHUEM TEMIIEPATyPbl H OCBOCHHUEM IO/~
pOCTOM HOBBIX TeppUTOpUi. [Ipr 3TOM CKOpPOCTH
JIBYOKCHUS IMHUH [ICPEIOBBIX ICPEBHEB HECKOIBKO
HUXe, 9eM y BepxHel rpaHutsl geca (Petrov et al.,
2019). [Togo6Hast TEHACHIIMS CTUMYITHPYFOLIETO
BO3JICHCTBHS IMOBBIIICHUS TEMIIEPATYPHI Ha TIPO-
JIBYDKCHUE JIMHUU JICPEBBEB 110 TPAJUCHTY BBICOTHI
OTMEYeHa TaKke B Topax Kombckoro moxyocTposa,
[onsiproro Ypaina, miaro [lyropana (Grigoriev et
al., 2022; Moiseev et al., 2022), Bocrounoro CasiHa
(Petrov et al., 2021), 3ananHoro Casina (Kharuk et
al., 2010), Ky3nenxoro Anatay (Petrov et al., 2015).

BaxHBIM BOIPOCOM, OMPEACIIAIOIIUM JHHA-
MHKY BHJIOBOTO COCTaBa IPEBECHOTO SPyca TOPHBIX
JICCHBIX 3KOCHCTEM, SIBJIICTCS CIIOCOOHOCTD IO/~
pocTa BHIIOB-IecO00pazoBaTeiell BHDKUBATH BEIIIE
CYIICCTBYIOIICH rpaHuIlbl Jieca. J{Jist TUXTOBO-
KEJIPOBBIX TOPHBIX JIECOB ITHOHEPHBIM BUJIOM SIB-
JIIETCsI COCHA cubupcekas — Pinus sibirica Du Tour
(Pakharkova et al., 2020; Pakharkova et al., 2021;

Sannikov et al., 2018). OqHUM U3 HECOMHEHHBIX
OMOJIOrMYECKHUX MTPEUMYIIECTB COCHBI CHOUPCKOU
JUTS TIPOJIBMKEHM S BBIILIE TPAHUIIBI JIeca SIBIISIETCS
pacipocTpaHeHue e€ ceMsiH KeapoBkoi (Nucifraga
caryocatactes L.), koTopas, feyas 3amacsl, 3a-
KarbIBaeT UX B MOJACTUIIKY U MOX. OIHAKO COOT-
HOIIICHUE TIOJIPOCTa K CESTHIIAM, a 3aTeM B3POCIBIX
JIEPEBBLEB K MOJIPOCTY B 30HE T'OJIBLIOBO-TYHJIPOBOTO
T105ICa 3HAYUTEJIEHO HUKE, YeM T10/] TI0JIOTOM Jieca
(Hukutwna, Muxaiinosa, 2018; Hukonaesa, I1a-
HOB, 2012; CramkeBud u ap., 2013; Sannikov et
al., 2018). Beltie rpanuisl Jieca npeodiasaoT
CTIaHLeBble ((OPMBI, TAaK KaK CHIIbHBIE BETPHI IIPH
HE3HAYMTEJbHOM TOJIIMHE CHE)KHOTO OKPOBa
CrIocoOCTBYIOT (POPMUPOBAHHIO MHOTOCTBOJIBHBIX
HU3KOPOCIBIX JiepeBbeB (Benuceruu u ap., 2013).

B nocieHue roapl IpoBeIeHb! HCCIIETOBAHNS
CE30HHBIX U3MEHEHU I CTPYKTYPbI aCCUMHUJISIU-
OHHOT'0 amnmnapaTa XBOHHBIX JIepEBbEB PA3HOTO
Bo3pacta (Ilmrocuuna, Tyxunkuna, 2021; Ko-
teesa, 2002; Zagirova, 2001), ©X MUTMEHTHOTO
¢donna (Tyxunkuna, 2012; Sofronova et al., 2016),
a Takxe (PyHKIMOHAJIBHBIX H3MEHEHHH B (poTo-
cuHTe3upylomux Tkauax (bennep, 2019; Bag
et al., 2020). BmecTe ¢ TeM MpaKTUYECKH HE UC-
CJIeI0BaHbI 9KO(PHU3UOJIOIHUECKHE 0COOCHHOCTH
Y TEX 3K3eMILIIPOB COCHBI CHONPCKOH, KOTOPBIE
YCIIELIHO PAcTyT U PA3BUBAIOTCS BBILIE JINHUY Jieca
B CYPOBBIX YCIIOBHSIX TOPHBIX 3KocucTeM. Heob-
XOJIMO JIOTIOJIHUTEIIBHO ONPEIeTUTh MEXaHH3MBI

ajarnrTanguy CeAHICB U ITOAPOCTAa COCHBL CI/I6I/IpCKOI\/'I
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K BO3MOXKHBIM CTpecc-(pakTopam B YCIOBHSIX BbI-
COTHOM nosicHOCTH. Takue yCTOWYMBbIE T€HOTUIIbI
(PK3eMILISPBI) MOXKHO HAUTH Kak B IIpeenax BUaa
(Iuranos u np., 2016), Tak 1 B Ipenenax OgHON
nonynsauuu (ITaxapekoBa u ap., 2019). Kak npa-
BHJIO, TIPOLICHT TAKUX JIEPCBHEB YBEIUUNBACTCS
Ha I'PaHUIIC PACIPOCTPAHCHUS BUIA, KaK B IIH-
POTHOM, TaK ¥ B BBICOTHOM HAaIIPaBJICHUH. DKO-
THITHYECKOE Pa3HO0Opa3re pacTCHUN-THOHEPOB
MOYET OBITh OITMCAHO Ha OCHOBE aJallTHBHBIX
W3MEHEHHUH X MOP(OJOTHYSCKUX, CTPYKTYP-
HBIX H (H3HOJOTHUYECKHX MMapaMeTpoB (30THKOBA,
bennep, 2009). Hapsiay ¢ metogamu (heHOMUKH
pacTeHmii, OCHOBAHHBIMU Ha OIPEIICIICHUH 3a-
KOHOMEPHOCTEH U3MEHEHUS (PU3HOJIOTHUCCKUX
1 OMOXMMHYECKHX XapaKTEPUCTUK PACTUTECIBHOTO
opranusma Ha yposHe (enoruna (Furbank, Tester,
2011; Demidchik et al., 2020), mepcreKTHBHBIMU
MPU3HAHBI METO/IbI, OCHOBAHHBIC HA PETUCTPALIUU
mapameTpoB ¢uryopecteHuu xaopodpmmia (Dutta
et al., 2015; Rolfe, Scholes, 2010; Smolikova et
al., 2018).

Lenblo naHHO pabOTHI SBHIOCH H3y4Ye-
HHE BO3MOYKHOCTH HCIIOJIB30BaHUS ITapaMETPOB
OBICTPOH (IIYOPECHEHIIUN XJIOPOPHILIA M ITHUT-
MEHTHOT'0 KOMIIJICKCAa XBOH ISl (PEHOTUITHPOBA-
HUA AepeBbeB P. sibirica B yCIOBUAX BBICOTHOM
mosicHoCcTH (Ha mpumMepe xpedrta Epraku 3amaz-

Horo CasiHa).

MartepuaJibl H METOABI

TpancekTa, nepecekaronasi BEpXHIOIO I'pa-
HUIly Jieca IpU Tepexoje OT T'OPHO-TaeKHOTO
K T'OJIBIIOBO-TYHJIPOBOMY TIOSICY, ObLIa 3aJI0KEeHa
B OKPECTHOCTAX 03. OicKoe Ha TEPPUTOPUH TIPHU-
poxuoro napka «Eprakm» (EpmakoBckuii paiion
Kpacnosipckoro kpas). CpenHsisi TeMmmeparypa
BO3/lyXa B SIHBape, 10 AAHHBIM METEOCTaHIIHU
Onenbst Peuka (ungexc 29974 B PermonanbHO#
Cunonruueckoit Ceru (Pernon II) Becemupnoit
METEOpOJIOTHYECKON OpraHU3alKu), PacIoio-

skeHHOW mobmu3octr (52°48' c.m., 93°14' B.I.;

1404 m Hag ypoBHEM Mopsi), cocTaBiseT —17,7 °C,
mioist — + 13,2 °C. T'omoBoe KOJIHYECTBO OCal-
koB ~1200 MM, mpu 3ToM B cpenHem 440 mMm
MPUXOIUTCS Ha JeTHHe Mecsnbl (CrnpaBoYHO-
uHpopManoHHbli noprai «Iloroma u kiuMaT»:
http://www.pogodaiklimat.ru).

UYeTtsipe mpobubie miomanu (I1IT), pacmono-
JKCHHBIC BJIOJIb TPAHCEKTHI, UMECIOT CIICAYIOIIHE
KOOPJIMHATHI IEHTPAJIBHBIX TOYCK:

[II11 — N 52°50'40.4" E 093°16'24.2" BBICOTA
1636 M Hy.M.

[I12 — N 52°50'26.3" E 093°16'26.9" BBICOTA
1558 M Hy.™.

II13 — N 52°50'17.2" E 093°16'21.0" BBICOTA
1505 m HYy.M.

[I14 — N 52°50'14.6" E 093°15'28.4" BBICOTA
1455 M HYy.M.

JluHuS TepemoBBIX JEPEBBEB ITPOXOIUT
mexy IIT1 u ITI12, rpanuna neca — mexay [1112
u [I13, rpanuna mexnay 113 u 1114 otnensiet
MEJIKOTPaBHBIM MHUXTOBO-KEIPOBHIN JieC C Ipe-
oOyalaHueM COCHBI CHOMPCKOH OT CMEIIaHHO-
ro KPYIHOTPABHOTO KEIPOBO-IUXTOBOTO Jeca
¢ mpeoOiaaHueM MUXTHl CHOMPCKOH (Tabm. 1).
[IT14 pacrnonoskeHa B HM)KHEH 4YacTH CKJIOHA
Ha BBINOJIOKEHHOM yuacTke, a [1I13, Tak ke kak
TIT12 wu ITIT1, Ha CKJIOHE FOKHOM SKCIIO3UIINH.

B mpemenax kaxjaod TpoOHON rwIomIaam
ObuIM TpoMapkupoBaHbl 20 THIHMYHBIX IK3EM-
IUIIPOB COCHBI CHOMPCKOH (MOJIOABIC HEPEBBS
BTOPOTO Kjacca BO3pPacTa), ¢ KaXXJOro 3K3eM-
sipa 66110 cobpaHo 1o Tpu nodera. Odiee Ko-
JINYECTBO PACTUTENBLHBIX O00pa3loB COCTABUIIO
240 mryk. Coop marepuana ObII HMPOU3BEICH
B utose 2023 rona.

Conepxanne XJIOpoQUIIOB a U b, CyMMBI
KapOTHHOWJIOB, a TakK)Xe MHapaMeTpbl ObICTPOU
(biryopecteHIIMH OMpPEIeIsian y XBOU BTOPOTO
roja >KM3HU C OOKOBBIX TOOETrOB BTOPOTO TO-
psanka. [lapamerpsl QiryopecteHIInu XIopoduI-
Jla XBOM HCCIeAoBaiu Ha (ayopumerpax Junior
PAM u IMAGING-PAM M-Series MAXI Version
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Tabnuna 1. [IpesecHsie popmbl Pinus sibirica Ha IpoOHBIX TLIOMIAISIX

Table 1. Pinus sibirica tree forms in sample plots

peBecHbie GopmMbl

EnmHu4HBIE 9K3eMILTSIPHI CTIAHUKOBBIX GopM Pinus sibirica BeicoToit 1o 1 M. [nametp

Penkonecee, crBosoBele (opmbl Pinus sibirica. ComknyTtocts kpoH 0,1. JpeBoctoii
oHOPOAHBIN, Gopmyna apesoctos K10. Beicota nepeBbeB 10 5 M. JluameTp CTBOJIOB

CMemIaHHbI MENKOTpPaBHBIA MUXTOBO-KEAPOBBIN Jiec ¢ mpeobdnamganueM Pinus sibirica.
ComkHyTOCTH KpoH 0,4. ®opmyna npeBoctost 6K4I1. BricoTa nepeBbeB COCHBI CHOMPCKOM

CMelaHHbIi KPYITHOTPABHBIH KeAPOBO-IIMXTOBKIH Jec ¢ npeobiananuem Abies sibirica.
ComkuyTtocTth KpoH 0,7. @opmyia apeBoctost 6I14K. BeicoTa nepeBbeB cOCHbI CHOMPCKON

Howmep npo6uoit
Ioma
1
CTBOJIOB 3—5 cM
2
8—12 cm
3
1o 15 m. Amametp ctBosioB 15-20 cm
4
1o 15 m. Inametp ctBosioB 15-20 cm

B dpopmyne npesocrost K — Pinus sibirica, I1 — Abies sibirica.

(Heinz Walz GmbH, I'epmanus) B pexume 3a-
MUCH CBETOBOW KpuBO# (orocuHTe3a. [lepuon
TEMHOBOW HHKYOAaIllMl XBOH COCTaBIsUT OT 20
10 24 yacoB npu Temmneparype +14 °C. Maxkcu-
MaJIBHBIH KBaHTOBBIH BEIXOA (oTocucTemsl 11 —
Y(II)m, akTyajbHbI KBaHTOBBIH BbIXOJ (HOTO-
cucremsl 11 — Y(II) Bo BpeMs 3amucu cBETOBOI
KpHBOi (OTOCHMHTE3a, KBAHTOBBIM BBIXOJ BCEX
CBETOMHIYLIMPOBAHHBIX IIPOLIECCOB HE(POTOXH-
muueckoro TyueHus ¢uyopecuenunu — Y(NPQ),
KBAHTOBBIA BBIXO/l JIPYTMX HEMHAYLHPOBAHHBIX
CBETOM IIPOIIECCOB, CIIOCOOHBIX TYIIUTH (IIyO-
pecuennuio xinopopmina — Y(NO). Cymma Tpex
KBAaHTOBBIX BBIXOJIOB TYLICHHs (hiIyopeciueHInn
paBHa eqmaune (Kramer et al., 2004). Bexmunasr
yKa3aHHBIX IapaMeTpoB, a TAK)Ke CKOPOCTh He-
LUKJIMYECKOro TpaHcnopTa auekTpoHoB — ETR
MOJTY4YEeHbl aBTOMATUYECKH C TOMOIIBIO IMOJIHO-
(YHKIMOHAJIBHOTO MPOTPAaMMHOT0 OOecTieueHust
WinControl-3 (WALZ, http://www.walz.com).

IMurmenTsr dxcTparupoBanu 96 % stuio-
BBIM CHUPTOM. B MOTydYeHHBIX 3KCTpaKTax H3-
MEpSUIN ONTHYECKYI0 IIOTHOCTD Iipu 440,5, 649,
665 u 720 um Ha cnektpodoromerpe SPEKOL
1300 Analytik Jenna AG. KonnuecTBO mUrMen-
TOB pPAacCUMTaIM MO cleayromum (opmyiam
(Wintermans, De Mots, 1965):

Ca (mr/m) = 13,7 % (Dggs=D720) — 5,76 % (Dgao-D120)
Cb (mr/m) = 25,8 X (Dga9-D120) — 7,6 % (Degs-Dra0)
Ccar (mr/m) =4,695 X (Dy495-D720) — 0,268 x C(a+b)

Jonro xmopoduisioB a u b, BXOAAIIUX
B cBeTOCOOMparomuii Xxaopoduint a/b 6eIKoBBIT
komiuieke (CCK), paccuuTbiBanu 1o Qopmyse
(Lichtenthaler, 1987):

CCK = (Cb + 1,2xCb)/(Ca+Cb),

HCXOJsI U3 TOTO, YTO BECH XJIOPODHILIT b HAXOUT-
ca B CCK, u ornomenne Ca/Cb 8 CCK cocras-
et 1,2.

XBOIO JIOBOJIMIIH JI0 20COJIOTHO CYXOro CO-
CTOSIHUS B CYIINJIIBHOM IIKaQy IIPH TEMIIeparype
95 °C, B3BemMBaHUE MPOBOJAMIN HA aHAJIUTHYE-
ckux Becax TOCMETP BJI-124B-C ¢ norpemi-
HOCTBIO £0,5 MT.

Craructudeckasi 00paboTKa JaHHBIX MIPO-
BEJICHa C HCIOJb30BaHHWeM makera Microsoft
Excel 2010. PaccumTaHbl CpenHWE 3HAYCHUS,
OIIMOKU CpeaHUuX, KOAI(PUIUEHTHI KOppes-
unn  Ilupcona, mpoBeneH OXHOPAKTOPHBIN
JUCIIEpCHOHHBINA aHanu3. CpeaHue 3Ha4YeHUs
a0COMIOTHO CyXoi Macchl 20 XBOMHOK Yy Ka-
JIOTO JiepeBa OMpeleJeHbl Ha OCHOBE TpeX H3-

MCpGHHﬁ, CpeAHHNEC BCIUYHMHBI TOKA3aTCIA AJIA
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Ka)XJI0H Miomanaku — Ha ocHOoBe 20 BenHMYHH
paHee paccuuTaHHBIX cpenHuX. ConepikaHue
(OTOCHHTETHYECKUX IUTMEHTOB W I0Ka3are-
Ju  (QIyOPEeCUEeHIUH HU3MEpsUTH B 3-KpaTHOU
MOBTOPHOCTH B KaXXJIOM OTOOpaHHOM oOpaslie.
CpenHue 3HAUYEHUS KOHIEHTPALUU ITUTMEHTOB
U Tokaszaresieil QuyopecueHIUN Ui Kaxou
IJIOIIAJKH — HAa OCHOBE 4 BEIIMYUH paHee pac-
CUMTAHHBIX CPEIHUX 110 KaXJIOMY MOKa3aTeIo.
I'unore3y 0 JOCTOBEPHOCTH Pa3JInYHs CPEIHUX
3HaYCHHUH MPOBEPsIN N0 Kputepuio CThIO/ICH-
ta. OmnpeneseHue JTOCTOBEPHOCTH BHIOOPOU-
HBIX KOA(POHUIIMEHTOB KOPPEISIIIUU BBITTIOIHHUIIN
Ha ocHoBe ¢GyHKIuH Pumepa: Z=0,5xIn(1+r)/
(1-r) mo hopmyue:

N=t?/z>+3,

rae r — BbIOOPOYHBI KOI(DGHUIIMEHT KOppeJs-
nuy, N — KOJIMYeCTBO Map 3HAYCHUH, 10CTATOY-
HBIX JUIsl IOCTOBEPHOCTH BEIOOPOYHOr0 K03 hu-
LMeHTa Koppensnuy, t — kpurepuit CTbloneHTa,
paBHbIi 1,96 11 IOpora BEpOsITHOCTH O€301IIH-
6ounoro mporuosa (f,=0,95) ([lmoxwHCKUH,
1970).

Macca. ©

® @
L wo oo O]

0123456
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Pe3yabrarsl u 00cyxkaeHue

CTaTUCTHYECKN JIOCTOBEPHBIC  Pa3IHIUS
(p=>0,95) mo abcoyIOTHO CyXOil Macce XBOH Jiepe-
BbeB P. sibirica 00HapyKESHBI MeXIY BCEMH IIPO0-
HbIMU 1Iomaakamu, kpome I1113 u I1I14. Abco-
JIOTHO CyXasi macca 0Opas3IoB XBOHW JIEPEBHEB
P. sibirica yenwuuBanach oT miomaaku TIIT1
k mtowaake [I13 mo Mepe yMeHbIIEHUs! BEICOTHI
WX PACIIONIOKEHUS HaJl ypOBHEM MOPst. BenmnuuHbt
a0COIIOTHO CYXOH Macchl 00pa3IoB XBOH Ha TII0-
magkax [1113 u [1114 coBnapanu (puc. 1).
DKcIpecc-aHain3 MaKCUMalIbHOH CKOpO-
CTHU HEIUKJIMYECKOT0 AJIEKTPOHHOT'O TPAHCIOP-
ta — ETRmax y 80 Mofe/IbHbIX 1€pEBbEB BHIIOJI-
HEH B YCJIOBUSX CTallMOHApa MPUPOIHOTO MapKa
«Eprakmy ¢ momomibsto nopratuBHOro PAM ¢ury-
opumerpa Junior-PAM (puc. 2). PesysibraTsl o-
HO(AKTOPHOT'O JTUCIIEPCHOHHOTO aHAJTH3a TOKa-
3anu goctoBepHble paznuuns ETRmax (p>0,95)
mexay miomankoi Il u kaxaold u3 apyrux
NPOOHBIX IJIOMIAZOK. JIOCTOBEPHBIX pa3iuduii
ETRmax wmexnay romankamu (I1I12, TIIT13
u [I114) ne BeIABNEeHO. Jlanee Ha KaXXKIOW IIO-
ke OBLTH BBIOPAHEI 10 [1Ba Aepesa P. sibirica

C MHUHHMAJBbHBIMH H MaKCHMAaJIbHBIMU 3Ha4cC-

045
® ® 0.4 1
0.35 -
®
® , 03 -
. 0.25
o ®e0®e 040 0,00 0.2 -
* . ® | o1
0.1
0.05 o

IIO11 IIM12 IH13 II14

TIpoGHbIe MIOIIAIH

Puc. 1. Cyxas macca OBaAlaTH XBOMHOK: A — cpelxHee A KaXJOro JAepeBa (HaHHBIC NMPEACTABICHBI KaK
cpenHee apu(pMETHUECKOe, TOTYyUCHHOE B 3 OMOJOrHYECKUX MOBTOPHOCTSX). BEIICNICHBI pacTeHNs, NMEIONIHe
MaKCHMaJIbHbIC I MUHIMAJIbHBIC 3HAUCHHSI MAaCChI XBOH, Ha Kax 101 MpoOHoii utomanu. b — cpennee 1ist kKaxaoi
MpOOHOH TUTONIaU (JaHHBIEC PECTABICHEI KaK CpefHee apudMeTHIecKoe, oIydeHHOe B 60 OHOIOrHIecKux

TTOBTOPHOCTSIX)

Fig. 1. Dry mass of twenty needles: A —the average for each tree (data is presented as an arithmetic mean obtained
from three biological replicates). Plants with maximum and minimum needle mass were identified in each sample
plot. B — the average for each sample plot (data is presented as an arithmetic mean obtained from 60 biological

replicates)
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Husmu ETRmax (puc. 2). B oroOpanHbix koH-  XBou (puc. 3) ¢ ucnonb3oBaHueM (ayopumerpa
TpacTHBIX oOpa3max B jadoparopubix ycinoBu- IMAGING-PAM M-Series MAXI Version u co-

SIX HMCCIEN0BaHbl (PIyopecleHTHbIE MapaMeTpbl  CcTaB (POTOCHHTETHYECKUX MUTMEHTOB (puc. 4).

012345678 91011121314151617181920212223242526272829303132333.

36373839404142434445464748495051 52 556575859606162636465666768697071727374757677787980

Howmep nepesa

eNni ennz nn3 enn4

Puc. 2. CkopocTh HenukInueckoro annekrponnoro tpancrnopra (ETR) B xBoe pactenuit Pinus sibirica (1aHHbie
MPEICTABIICHBI KaK CpeaHee apu(dMETHICCKOE, TOIYUYCHHOE B TPEX OMOJOrHYECKHUX MOBTOPHOCTSX). BhieaeHo
I0 JIBa PACTCHUSI, UMCIOIMX MAaKCUMAaJIbHbIC U MUHUMaJIbHBIC 3HaueHUs1 ETR Ha ka0 npoOHO# mitomaau

Fig. 2. The rate of non-cyclic electronic transport (ETR) in Pinus sibirica needles (data is presented as an
arithmetic mean obtained from three biological replicates). Two plants with maximum and minimum ETR values
were identified in each sample plot

IIBeToBas
IIKaia

Puc. 3. Busyanuzanus pasnuuuii MakcuMaibHO# (uyopecuernuu (Fm) xmopoduninos (A) u MakCHUMaTbHOMN
BEIMYMHBI KBaHTOBOT0 Bbixoaa porocucteMsl 11 (Y(II)max) (b) xBou pactenutii Pinus sibirica, mpou3pacTaromux
Ha PAa3JIMYHOIl BBICOTE HaJ YypOBHEM Mopsi. L[BeToBas IIKaja ClieBa HAIPAaBO IOKA3bIBACT MHTECHCHBHOCTD
(bJ1yOopeceHTHBIX TapaMeTPOB XJIOPODHIIIIOB XBOM OT MMHUMAJIbHBIX /10 MAKCHMAaJIbHbIX 3HAYCHU i, OLICHCHHBIX
npu oMoy payopumerpa IMAGING-PAM

Fig. 3. Visualization of the differences in maximum chlorophyll fluorescence (Fm) and maximum quantum yield
of photosystem II (Y(II)max) in the needles of Pinus sibirica growing at different altitudes. The color scale from
left to right shows the intensity (from minimum to maximum values) of the fluorescence parameters of the needle
chlorophyll obtained on the IMAGING-PAM fluorimeter
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Puc. 4. AGcoitoTHBIE 1 OTHOCUTEIIbHBIE MOKa3aTedu (POTOCHMHTETHYSCKUX MUTMEHTOB XBOU PAacTeHUU Pinus
sibirica. Tloka3ansl cpennue (n=4) u OMIMOKH CPEAHHMX: A — coaepkaHue (MI/T a.c. Macchl) XJopoduiia a,
xJiopoduiaa b 1 CyMMBI KAPOTHHOHMJIOB. b — 1107151 cyMMBI XJ10podHIIIOB @ U b B cocTaBe CBETOCOOMPAOLIEro
xyopoduiia a/b 6enkosoro komiiekca (CCK); oTHOIIEHHE CyMMBbI KAPOTHHOUIOB K cyMMe xj1opoduuio, Kap/

(Xna+ Xnb)

Fig. 4. Absolute and relative indices of photosynthetic pigments of Pinus sibirica needles. Means (n=4) and standard
errors of means are shown: A — content (mg/g a.d. mass) chlorophyll a, chlorophyll b and the sum of carotenoids.
B — proportion of the sum of chlorophylls a and b in the composition of the light-harvesting chlorophyll a/b protein
complex (LHC); ratio of the sum of carotenoids to the sum of chlorophylls, Car/(Chl a + Chl b)

Busyanuzanus mo3Boinia onpeaeanTh Ipo-
CTPAaHCTBEHHBIE HEOTHOPOAHOCTH 00Pa3LOB B pe-
3yJIbTaTe€ YaCTHYHBIX MOBPEXJICHUI XBOH, KOTO-
pble HEOOXOIMMO YYMTBHIBATH JUIsl MPABUIILHOM
HWHTEPIPETALNN PE3YJIbTaTOB M3MepeHus (oro-
CUHTETUYECKOM akTUBHOCTU. IIpu perucrpauuu
(iryopecuieHIMM HaMu OblUla BBIZEIEHA 30HA
B CPEIHEH 4acTU XBOMHOK. [IHTEHCUBHOCTH Mak-
cuManbHON (ryopecueHu xiopodumra (Fm)
Obllla MUHUMAaJIBHOW Y XBOM pacTeHuil P. sibirica
Ha momanke [II1 1 3HaYUTENbHO yBETWYUBA-
Jachk B XBoe pacteHudt ¢ momaaku 112, Ha ko-
TOPOI CTBOJIOBBIE (DOPMBI 3aMEIAIOT CTIIAHHKO-
BbIe (opMmbl P. sibirica (ta0m. 1), 4To yKa3piBacT
Ha CHIDKEHHE CTPECCHPYIOIIETO BO3CHCTBHUS JIN-
muTHpYytomux ¢aktopoB. Ha Tperbeit u yerBep-
TOW TPOOHBIX TUIOLIA/SNX, PACIIONOKECHHBIX HHKE
BEpXHEeW TpaHUIIBI Jieca, BeMuYrHa Fm crana eme
BBIIIE, YTO OCOOEHHO HAIJISIHO BHJHO HA H30-
OpaxxeHusx Fm y xBou ¢ nepebeB Ne 43 u Ne 44
(T1I13), a Takke Ne 69 u Ne 73 (I1I14).

Haumenblee coxepxanue XJI0poQHUILIOB

aubmu KapOTHHOU OB OIIPEACININ Y NCPEBLECB

P. sibirica, mponu3pacTaomnX B BEpXHEH YacTH
ckiona (IIIT1) (puc. 4A). Comepkanue ¢oro-
CHHTETHYECKHX ITMTMEHTOB B XBOE JIEPEBHEB
P. sibirica yBenn4uBaioch 1o Mepe yMEeHbIICHHS
BBICOTHI MECTOITOJIOXKEH U TIJIOMIA KK Ha/l yPOB-
HEM MOps. DTO corylacyeTcs ¢ JaHHBIMU JPYTUX
aBTopoB (3oTukoBa, bernaep, 2009; Tranquillini,
1979; James et al., 1994). Takxe MOKHO OTMETUTh
3HAQUNTEIBHOE yBEINYECHUE JUCIIEPCUU COAEp-
JKaHUS TUTMEHTOB Yy XBOH JepeBbeB P. sibirica,
MpOU3paCTAOIIMNX Ha BepxHUX miomaakax [1111
u [1I12 mo cpaBHEHUIO ¢ AUCHIEpCHel Ha MIIOIIA -
kax [1I13 u I1I14.

Jlonst cyMMbI XJI0pOHIIIOB @ U b B cocTaBe
cBeTocoOmparomiero xiopodmir a/b OGeITKoBOro
komiuiekca (CCK) B xBoe pactenuit P. sibirica
Ha momanke [III1 cymiecTBEHHO BhILLE, YEM
y nepeBbeB Ha miomaakax [MI12-I1114 (puc. 4b),
Ha kotopbix CCK ObuT pa3BUT B paBHOU cTere-
HU. OTHOIICHNE CyMMBI KapOTHHOHIOB K CyMMe
xyopoduiuioB B XBoe Ha rmiommangke [IT11 Tax-
K€ HMMEN0 MaKCHMaslbHoe 3HaueHue (puc. 4b),

a Ha mowaake I1I12 ycrynano nnomanke 1111,
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Puc. 5. MakcuMasbHbIH GoTOXMMUYEeCKUH KBaHTOBBII Bbixoa (otocuctemsl 11, Y(II)max; KBaHTOBBIN BBIXO
CBETOMHIYLIMPOBAaHHOrO HedoToxumuueckoro TtymeHus ¢uyopecuenuuy, Y(NPQ); KBaHTOBBIH BBIXOJ
CBETOHE3aBHCUMOr0 HehoTOXMMHUECKoro TymeHus ¢uryopecueniuu, Y(NO) B xBoe pactenuit Pinus sibirica.
Iokasausl cpennue 3HaueHust (n=4) u omubku cpenuux. A — Y(II)m — makcuMasbHbIi (HOTOXMMHUYESCKHIA
KBAaHTOBBIH BbIX0J (oTocuctemsl Il B MoMeHT mepBoii Hackiatomeil Benbiuky; Y(NPQ)m — mMakcumanbHbIi
KBaHTOBBIM BBIXOJ CBETOMHIYIMPOBAHHOrO HehoTOXMMHUECKoro TyuieHus ¢uayopeueHiuu. b — Y(NO)o
1 Y(NO)m — KBaHTOBBIIl BBIXOJ] CBETOHE3aBHCHMOr0 HE(h)OTOXUMHUECKOr0 TYLICHUS (DIIYyOPECLEHI[UH B MOMEHT
IIePBOIl HACHILIAIOLIEH BCHOBIIIKY U B YCIOBUSAX MaKCUMajJbHOH ckopocTu TpaHcnopTa 1eKTpoHoB (ETRm)
COOTBETCTBEHHO

Fig. 5. Maximum photochemical quantum yield of photosystem II, Y(II)max; quantum yield of light-induced
non-photochemical fluorescence quenching, Y(NPQ); quantum yield of non-light induced non-photochemical
fluorescence quenching, Y(NO), in needles of Pinus sibirica. Means (n=4) and standard errors of means are
shown. A — Y(II)m is maximum photochemical quantum yield of photosystem II at the time of the first saturating
flash; Y(NPQ)m is maximum quantum yield of light-induced non-photochemical fluorescence quenching. B —
Y(NO)o and Y(NO)m — quantum yields of non-light induced non-photochemical fluorescence quenching at the

time of the first saturating flash and at maximum electron transport velocity (ETRm), respectively

HO TIPEBOCXOIUIIO 3TY BEJIMYMHY y XBOU Ha TLIO-
waakax [113 u [1114. Beicokoe copepxxkanne CCK
u orHomenue Kap/(Xu a + X b) B XxBoe pacreHuit
P. sibirica va nmnomanke [I11 cormacyercs ¢ He-
00XOAMMOCTBIO YCHJICHHSI 3aIIIUTHOW POJIH Kapo-
TUHOUJIOB U MUTMEHTOB KCAHTO(HIIJIOBOTO IIHKJIA
B cocraBe CCK (Maslova et al., 2021) B ycnoBusix
TTOBBIIICHHOW WHCOJISAIMYA PAaCTCHUU CBETOM BH-
numoro u Y®-nuanazonos. [IporekTopHast hyHK-
nus CCK moka3aHa Takke 1151 OOIBIION T'PyTIITBI
TPaBsIHUCTHIX pacTeHui 3anaguoro Lnundepre-
Ha. Begymmum mporieccom okasbiBaeTcss HepoTo-
XUMHYECKOE TYIICHHE (PJIyOPECIIEHIIMH, KOTOPOE
MTO3BOJISIET KOPPEKTUPOBATH MOCTYILICHUE U pac-
TpelieieHue CBETOBOW SHEPTUHU B paCTEHUAX Ap-
ktuku (MapkoBckas, [1Imakosa, 2017).
BennunHa MaKCMMalIbHOTO KBaHTOBOT'O

BeIxona ¢orocuctemsl I — Y(II)max, B oTimmane

oT Fm, koTopasi BO MHOTOM OMpENENsieTcs KO-
JUYECTBOM XJIopoduiiia, GopMUpYETCS BO Bpe-
Msi OuoreHe3a (POTOCHHTETHYECKOIO armapara
U XapaKTepU3yeT CIIOCOOHOCTh PEaKIIHOHHOTO
neHTpa hortocucTemsl 11 UCTIOIB30BATH SHEPTHIO
BO30YXKJICHHOTO XJIOpoduia Ha (OTOXUMH-
YECKOE BOCCTAHOBJICHHE AKIIEITOPOB (POTOCH-
crembl [I. MakcumanpHas BenwduHa Y(II)max
3apEeTUCTPUPOBAHA Y XBOU JIEPEBHEB C IJIOIIAI-
xu [II13 (puc. 5A). iMeHHO Ha 3TOH IUTOIIATKE
10 KOJIMYECTBY AepeBbeB P. sibirica mpeobiana-
€T B cocTaBe JpeBocTos (Tadiu. 1). Ha mmomamke
[1114, rne apeBecHBIN spyc MPEnCTaBiIeH OOJb-
mIel 9acThIo IepeBbIMU Abies sibirica, Benmdn-
Ha Y(II)max 3ameTHO cHIDKeHa. B BepxHel ua-
cTu ckjoHa Ha ruromanke 11111 moreHmuanbHas
(dboToXMMHYECKasT AKTHBHOCTH (POTOCHCTEMBI

II coxpaHsiia OTHOCUTENIBHO BBICOKUM yPOBEHb
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Y(II)max, HO M3-3a HU3KOTO COAEPKAHUS XIOPO-
¢unna u 6onpmoit nonmn CCK (puc. 4b) Bennun-
Ha ETRm oxa3anacek Hu3KOM (pHcC. 2) Mo cpaBHE-
HUIO C HUKEPACIIOIOKESHHBIMU YYaCTKAMH.
CeeTonHIyuHpoBaHHOEe  HedOoTOXHMHUYE-
ckoe TymreHue piayopecteHnuu — Y(NPQ) ompe-
JIeIISIET JIOJI0 0€3bI3J1yUYaTeIbHOr0 paccerBaHUs
9HEPrUH, B KOTOPOM YYacTBYeT CBETOCOOHpa-
ol - xaopoduiiia-a/b-0eKoBbIi
(CCK) (Kramer et al., 2004; Maslova et al., 2021).

MunuManbHbIE Cpe€an YCTHIPECX IJIOMIAAO0K 3HaA-

KOMIIJICKC

yerns Y(NPQ) 3apeructpupoBaHbl y XBOH Jepe-
BbeB P. sibirica na mnomanke I1112, Tam xe, rae
ObLTM MUHMMaJbHBIC 3HaueHus Y(I)m.
KBaHTOBBI  BBIXOJ] HEHHJIYLMPOBAHHBIX
CBETOM TIIPOLIECCOB HMCCHUIAIMM 3HEPTUU BO3-
Oy KJEHU S, CIIOCOOHBIX TYIINUTH (DIYOPECLECHIINIO
xsopodpmita — Y(NO) (Kramer et al., 2004), no-
BUJINMOMY, 3aBUCHUT OT HallMuusi LEHTPOB TY-
mieHus, cOPMUPOBAHHBIX B IEPHOA OHOreHesa
(hOTOCHHTETHYECKOro ammapara. JTO MPeIro-
JIO’)KEHUE CIIPaBEUINBO M MO OTHOLICHUIO K Be-
JIMYMHE MaKCHMAJbHOI'O BBIXOJA (POTOCHCTEMBI
I — Y(II)m. Bo Bpemst mepBoil HachIIIAIOMICH
BCIIBIILIKA CBETa KOMIIOHEHT TYIleHHUs (uryopec-
nermn — Y(NPQ) paen mymro, mostomy Y(NO)
= 1 — Y(I)m. HampoTus, npu CBETOBOM HAaChI-
[IEHUH TEePBUYHBIX peakuni (OTOCHHTE3a aK-
TyaJIbHbIl KBaHTOBBIH BbIXOJ (orocuctembl 1
npubmmkaeTes K vy, 1 Y(NO) = 1 — Y(NPQ)
m. Bugumeie paznuaus mexay Y(NO)o u Y(NO)
m (puc. 5b) yka3bpIBalOT Ha N3MEHEHHS B OpraHu-
3allMU LIEHTPOB TYLIEHHS (PIyOpeCEeHIIMH XJIOPO-
(uIa Bo BpeMs perucTpaluy CBETOBOI KPHUBOH
¢dorocunreza. HezaBucumMo OT MOMEHTa peru-
crpain Y(NO), ero Besim4nHa y XBOM Ha ILIO-
maake [I12 sBnseTca MakcumManbHON. 3HAUCHUS
Y(NO) na momankax IIIT1 u T1T14 coBnamaroT.
Ha nnomanke 1113 3nauenne Y(NO)o Obutn mu-
HUMaJIbHBI Ha CTapTe€ CBETOBOW KPHBOM, HO BBI-
pocnu 0 3HaueHu# Ha momaakax [1I11 u I1114

TOCTIC HACKIIICHHSI CBETOBOU KpHBOIi (puc. 5b).

BrIicokne 3Hau€HUS CKOPOCTHU 3JIEKTPOHHO-
ro Tpancniopta — ETR (cm. puc. 2) u apyrux 3ape-
TUCTPUPOBAHHBIX ITapaMeTpoB (iyopecueHInu
xynopo¢uimia (puc. 3) OTMEUCHHI Y JepeBbeB P.
sibirica, IMEIOIUX MaKCHUMAaJIbHYIO (BBICOKYIO)
abCOIIIOTHO CYXYI0 Maccy XBOH.

OO6CyXJeHHe TONy4YeHHBIX pEe3yIbTaToB,
OUYEBHJHO, HAJ0 BECTH Ha OCHOBE BO3MOX-
HBIX aJanTauuii y pacreHuit P. sibirica B 30He,
pPACIOJI0XKEHHOW Ha TpaHULE W BHIIIE TpaHU-
bl JIeca, IO CPABHEHHIO C MEJIKOTPABHBIM
U KPyHHOTPAaBHBIM MHUXTOBO-KEIPOBBIM JIECOM.
C yBenuueHHEM BBICOTHI HaJ YPOBHEM MOPS
COKpAIAETCsl MEPHUOJ AKTHBHOTO (DyHKIIMOHH-
poBaHUsl (OTOCMHTETHUYECKOTO ammapara. Bec-
HOW BO3HUKAaeT CHUTyalus, KOIJAa XBOS COCHBI
HAXOJUTCS B COCTOSTHUU BBIHYKJACHHOTO IMOKOS,
a ypOBEHb COJHEYHON pagualuy JOCTUTAET Bbl-
COKMX 3HaueHUH. CBETO3aBHCHMBIE MPOIECCHI,
3amunaomue  GpOTOCHHTETHYECKUH — ammapar
OT OKHMCIUTENBHOTO CTPecca B 3TOT MEPHOJ eIe
HEaKTHBHBI. AJJanTalnus B 3TUX YCIOBHUIX MOXKET
3aKJI0YaThCAd B CHIDKCHHHM KOJHMYECTBa XJOPO-
(¢UIIIOB Ha €AMHHUIY Macchl M (POPMHUPOBAHUN
aHTEHHOT0 KoMIuIekca porocuctemsl 11 ¢ yBenu-
YEHHBIM COZIEPXKaHUEM [IEHTPOB TylIeHus (iyo-
pecuennuu. [lo HAIMM TaHHBIM, MUHUMAJIbHOE
coziepkaHue XJOpopuiiIa a W KapOTHHOUJOB
OTMEYEHO B XBoe Ha BepxHei mmomaake [1I11,
n HaOmrofaeTcsl yBeJlIMYEeHUE 3TUX IMOKa3aTeNel
C TIOHM)XCHHEM BBICOTHI HAaJl yPOBHEM MODS.
OIHOBpPEMEHHO OT MAaKCHUMyMa K MUHUMYyMY
H3MEHSETCS OTHOIIEHHE CyMMBI KapOTHHOMIOB
Kk cymme xaopoduiioB. Bennunna CCK makcn-
MajbHa Ha BEpXHEH MJOIIagKe M OCTaeTcs Io-
CTOSIHHOM Ha romaakax [1T12-T1114.

CpaBHeHHE (PYHKIIHOHAIBHBIX [TOKa3aTeCH
(DOTOCHHTETHYECKOI0 ammapara y XBOW Jepe-
BbeB P. sibirica moka3ayo yBEITUYEHHE CKOPOCTH
3JeKTpoHHOro TpaHcnopta — ETRm ot munu-
MaJbHBIX 3HaueHuH Ha rmiomaake [1T11 x paBHBIM

u Oojiee BBICOKMM 3HAUEHHSM Ha miomaakax
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[TI2-T1114. MakcumaabHBIH KBaHTOBBIM BBIXOJ
(hOTOXMMHUYECKOTO TYIIEHUs (IIyOopecleHInn —
Y(II)m Obu1 y xBOU nepeBbeB P. sibirica na I1113,
Ha KOTOPOH B KEIPOBO-IIMXTOBOM JPEBOCTOE
npeobiagaia P. sibirica.

OyHKIIMOHAIBHBIC TOKA3aTeIH POTOCHHTE-
THUYECKOI0 arrapara y XBou JiepeBbeB P. sibirica
Ha [1I12 3acmyxuBar0T 0c000r0 BHUMaHUS. BbI-
COKHE 3HAYCHHU S CBETOHE3aBHCUMOI0 He()OTOX -
Mu4eckoro tymeHus QuyopecueHun — Y(NO)
OJTHOBPEMEHHO C MUHUMAaJIbHBIMU 3HAYCHUSIMU
Y(II)m u Y(NPQ)m yxa3piBaeT Ha OTIMYHBIN
OT APYTHUX IJIOIIAI0K CIIOCO0 3amuThl (HOTOCHH-
TETHYECKOT0 almnapaTa XBOo1, KOTOPBIN 3alTUILIECH
CHEroM y CTJIIaHUKOBBIX (popm Ha rutomiake 1111
WUIM COMKHYTHIMH KPOHaMH JIePEBbEB Ha ILIO-
mankax 1113 u T1T14.

B pabore Pyb6ana (Ruban, 2015) yrBepxna-
€TCs, YTO MEXaHM3M CBETO3aBUCUMOro HedoTo-
XUMHYECKOTO TYIICHUS 9(PEKTUBEH TOIBKO MPH
3aKPBITBIX PEAKIIMOHHBIX LIEHTPAaX (OTOCHCTEMBI
11, To ecTh npu BbICOKOI OcBemeHHoCcTH. Kak no-
Ka3plBaeT aHanu3 jureparypbl (Maslova et al.,
2021; Pospisil, 1998), 4yBCTBUTEIEHOCTE K CTpEC-

Cy YCUJIMBACTCA IPU BBICOKUX OCBCHICHHOCTAX.

DTO CBSI3aHO C TEM, YTO CTPECC, BbI3bIBASI pA3JIHy-
HbIe METAa0OJIMYECKUE HAPYIICHUS, 3aTparuBacT
SHEPreTUYeCKnii 0OMEH pacTeHHsl, B IEPBYIO Oue-
penb mporecc poTtocuHTe3a. B 3TOM Cityuae pac-
TEHHE HAYMHAET KOPPEKTHPOBATH MPUXOJ U HC-
MOJTb30BaHUE CBETOBOI SHEPrUU KaK HamOoiee
MPOCTOM U AKOHOMUYHBIM MYTh ajantanuu AJis
Koppekiu metadonusma (Ruban, 2015), u mexa-
HU3M HEe(OTOXMMHUYECKOr0 TYIICHHUsI BXOAUT KaK
COCTaBIISIONIASI B CHCTEMY HECTICIIU(PHISCKUX OT-
BETOB PacTeHHs B YCIIOBUSIX CTpecca.

[To BBIOOpKE BCEX HCCIEIOBAHHBIX JEpe-
BbeB KOI(D(DUIMEHT KOPPEISIUN MEXAY Mak-
CUMAJIbHOH CKOpPOCTBIO JIIEKTPOHHOTO TpPaHC-
nopra — ETRm u abconoTHo cyxoil maccoii
XBOH MMEET BBICOKHE 3Ha4yeHHus (Tadm. 2). Yme-
peHHBIE KO3(PPHUITHSHTHI KOPPEISLHH OTMCUCHBI
Ha BepxXHHX MpoOHBIX mromaxsx 111 u IIT12.
Bo3MmoxxHO, 3TO cBsi3aHO ¢ OoJiee KOPOTKUM Be-
TeTAI[MOHHBIM IIEPHOIOM, KOTrjaa 3a HeOoubIoe
BpeMsi HEOOXOIMMO HApACTUTh OHOMACCY, ¥ XBOS
(doTocuHTE3UpyeT OoIiee akTUBHO. UTO KacaeTcs
MaKCHMMaJIbHOTO KBAaHTOBOI'O BbIX0Aa (OTOCH-
crembl Il — Y(II)m 1 HEPOTOXUMHUUYECKOTO TY-

menust — Y(NPQ), nepeBbsi cCOCHbI cHOMPCKOIA,

Ta6muua 2. KoahhunueHTs Koppesiiiui abCoII0THO CyXOU MacChl XBOH Pinus sibirica co CKOpOCTBIO TPaHCIIOPTa

DJICKTPOHOB,

MAaKCUMaAJIbHBIM KBAaHTOBBIM BbIXOJIO0M,

HE(POTOXMMUYECKUM TyIIEHHEM (QIyopecHeHIInN

" COACPIKAaHUEM q)OTOCHHTeTI/I‘{CCKI/IX NUIMCHTOB, PACCUUTAHHBIC 110 METOAY HI/IpCOHa

Table 2. Correlation coefficients between absolutely dry mass of Pinus sibirica needles and electron transport
rate, maximum quantum yield, non-photochemical quenching of fluorescence and photosynthetic pigments

content calculated by the Pearson method

IToxazatenn | KonnuectBo nap AbcomorHo cyxas Macea Xeoi
1111 1112 [1113 1114
ETRm 20 0,58* 0,57* 0,47* 0,42
Y(ID)m 4 0,62 0,69 0,64 0,63
Y(NPQ)m 4 0,52 0,22 -0,40 -0,85
Ca 4 0,93%* 0,74 0,86 0,89
Ca+Cb 4 0,92%* 0,76 0,88 0,89
Ca/Cb 4 0,27 0,23 0,35 0,57
Ccarot 4 0,92%* 0,56 0,46 0,46

* BEIOOpOUHBIE KO UIIMEHTHI KOPPEISLIH JOCTOBEPHBI JUIsl ypOBHsI 3HauuMocTH 0,95.
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MPOM3PACTAIOIIME BBILIE T'PaHHIIBI Jeca U 00-
JaaoIye MeXaHU3MaMH JINCCUTIAIUHN W3JTHII-
KOB CBETOBOH JHEPrUH, UMEIOT SIBHOE MPEHMY-
IIECTBO 110 HAOOPY MacChl XBOM NEPEA IPYTUMH
pacTeHHUSAMHU C TOHU ke MpoOHOH 1utomanu. s
JIEPEBBEB C JIPYTUX MPOOHBIX IIIOMIAJCH BHICO-
Kas 1015l He(OTOXMMHUYECKOTO TYIICHHUS SIBIISI-
ercst ckopee nomexoi. Emeé onnum mapamerpom,
UMEIOLIMM BBICOKHE 3HaueHHs KOA(PHUIIMEHTOB
KOPPEJSILIUU C MAaCCOM XBOU JUISl BCEX NMPOOHBIX
IUIoNIaieH, SBJISIETCS colepKaHue XJopodui-
noB. KonnyecTBo KapoTHHOMIIOB, AaKe B JIET-
HUW TEepuoJl, 0OCOOEHHO BaXXHO JIsI PACTEHHI
Ha BepxHel nmpoOHo# mommaau (I1111), 9To xopo-
IO COTJIacyeTcsi ¢ HEOOXOIMMOCTHIO TIPOLIECCOB

HG(I)OTOXI/IMI/I‘IGCKOFO TyHICHUA.

3akaroueHne

Jl1s1 XBOMHBIX PacTeHUMH, IPOU3PACTAIOLUX
BBIILIE TPAHULIbI JIECA, OCHOBHBIMU PUCKAMU SIBJISI-
FOTCSI BBICOKAsl MHTEHCUBHOCTh COJIHEUHOM pajina-
MU B HaYaJle JICTa, BBI3BIBAIOMIAs ()OTOMHTHOHPO-
BaHUE (POTOCHHTE3a TPH HU3KHUX MOJIOKUATEIBHBIX
TeMmreparypax, W 0Oolice KOPOTKHIA Bererau-
OHHBIN nepuoj. B 3aBUCMMOCTH OT NMUTMEHTHO-
0 COCTaBa XBOW, CTPYKTYPHBIX OCOOCHHOCTEU
(hOTOCHHTETHYECKOrO arrapara, HHTCHCUBHOCTH
(oTocMHTE3a W JPYTUX MapamMeTpPOB PaCTEHHS

OKa3bIBAOTCS B PA3HOU CTENIEHU YCTOMYNBBIMHU.
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Abstract. An important aspect of research addressing the dynamics of growth and development of tree
stands and evaluation of their state is analysis of edaphic conditions in which they grow. In mountain
landscapes, soil formation and the state of the soil exhibit considerable patchiness and narrowing of
the range of natural factors that ensure the formation of an edaphotope and meet the requirements for
its development. The aim of the present work was to study the soil in large stands of Pinus brutia var.
pityusa in the Crimean Mountains and to analyze dynamics of its qualitative and quantitative properties.
Soil properties were examined in layers of 0...10, 10...20, 20...30, 30...40, and 40...50 cm in sections
on sample plots along hypsometric profiles in the largest P. brutia var. pityusa forests in the districts
of Ayazma and Batiliman, on Karaul-Oba Mountain, and in the district of Novyi Svet. The results of
the study show that in the western part of the P. brutia var. pityusa range in the Crimean Mountains,
the growing conditions for this species are more favorable, in terms of humus content and soil texture,
compared to the eastern part. The least favorable soil conditions were observed in ecotopes on Karaul-
Oba. The present study demonstrates that low levels of moisture accumulation and humus content of the
soil are limiting factors affecting the growth and development of P. brutia var. pityusa in the ecotopes

of the eastern part of the Crimean Mountains.
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Jnaduyeckue ycJ0BUs HacaxaeHuu Pineta pityusae

TI'opnoro Kpsima

B.I1. KoGa, H. A. Makapos
Huxumckun bomanuueckuti cao —
Hayuonanvnwiti nayunsiii yenmp PAH
Poccuiickaa ®eodepayus, Anma

AnHoTanus. [Ipy n3yueHnn TMHAMHUKH POCTA U PA3BUTHS, OLICHKE COCTOSHUS APEBECHBIX HACAKICHUN
BXHOE 3HAYEHUE NMEET aHAJIN3 HIaHUSCKUX YCIOBUHA UX pou3pacTaHus. B ropusix manamadrax
MPOIIECCHl TOYBOOOPA30BAHMSA U COCTOSIHUE NMOYBEHHOM CPeabl XapaKTePU3YIOTCS OONBIION
MO33aWYHOCTBIO, CYy>)KEHHEM MACIITa00B ONTHUMAJIbHOCTH HKOJIOTHUECKUX (DAKTOPOB, 00ECIEUNBAIOIINX
(dhopmupoBanue saadoTomna, NoAAep)KaHue CTaOMILHOCTH ero pa3sutus. Lleapto nccnenoBanuii
SIBJISLIIOCH M3YyYEHHUE TIOUBBI, aHAJN3 TUHAMHUKH €€ KaUeCTBEHHbBIX M KOJHMUECTBEHHBIX XapaKTEPUCTHK
B €CTECTBEHHBIX HaCAKACHUSX Pinus brutia var. pityusa l'opnoro Kpsima. OuieHuBain CBOWCTBA MOYB
mocioitso (0...10, 10...20, 20...30, 30...40 u 40...50 cm), B pa3pe3ax, 3aI0KEHHBIX HA TPOOHBIX TLIOMIAISIX
0 TUIICOMETPHUYECKUM ITPOGUIISIM B MecTax HanboJsiee KpyIHbIX MAacCUBOB JiecoB P. brutia var. pityusa
(ypounmia Asi3pMma, barunuman, Ha r. Kapayn-O6a u ypounine Hoseiit CBeT). Pe3ynbraTsl mpoBeIeHHBIX
UCClIeIoBaHU I moKasanu, 4to B ['opHoM KpbiMy B 3amaHOM yacTu NpUpoOaHOro apeasia P. brutia var.
pityusa TIOUBBI IO COJCPXKAHUIO T'yMyca U I'PaHyJIOMETPUYECKOMY COCTaBy Oosiee OJIaronpusTHBI 15
JTAHHOT'O BHJIA, B CPAaBHEHUH C BOCTOUHOM. [leccumanbHble yCIOBHS MO XapaKTePUCTUKE TOYBEHHBIX
yCJIOBHI HAOIOAI0TCS B 9KOTOIax Ha I. Kapayn-Oo6a. [TokazaHo, 4To HU3KHI ypOBEHb BJIarOHAKOILICHHUS
Y HEBBICOKOE KOJIMUECTBO I'yMyca B MOYBE SIBISIOTCS JUMUTUPYIOMIMME (paKkTOpaMu, BIHSIOIIUMH

Ha pocT U pa3Butue P. brutia var. pityusa B 5koTonax BocTodHoi gactu ['oproro Kpsima.

Kuaiouessble cioBa: P. brutia var. pityusa, HacaxxJieHus, poduiib, MouBa, sn1auuecKnue ycioBus,

T'yMYC, FPaHyJIOMETPUYECKUM COCTAB.

Iurtuposanue: Koda B.I1. Dnapuyeckue ycnosus Hacaxaenuit Pineta pityusae I'opaoro Kpeima / B.I1. Ko6a, H. A. Makapos
// Kypu. Cub. penep. yn-ta. buonorus, 2024. 17(2). C. 134-147. EDN: AVDJVN

BBenenue 2020; Cu3bix, 2021). Hakoruenue onasa, oopa3oba-

[Ipu u3y4eHNH TMHAMUKYU POCTa U Pa3BH-  HUE JICCHOM MOJACTHIIKH, Pa3BUTHE TITyOOKOI KOp-

THUs, OHCHKC COCTOSAHUA APEBECHBIX HaCﬁ)K,I[GHI/Iﬁ HEBOM CHCTEMBI B OOJBIINX 00beMaX IOYBECHHOM

Ba)KHOE 3HAUYCHHE MMEEeT aHalln3 d1auIecKux
ycioBHii nx npouspactanus. CTpyKTypa U COCTaB,
BJIAr0COJICPIKAHUE MTOYBbI BO MHOI'OM OIPE/ICIISIIOT
crieriupuKy popMHPOBAHUS JICCHBIX (PUTOIICHO30B,
KOTOpBIE, B CBOIO OYEPE/lb, TAKIKE OKA3bIBAIOT 3a-
METHOE BIIMSHHUE HA XapaKTePUCTHKH daadoTona
(ABToHOMOB, 2014; Hukudopos, 2018; Jlao u ap.,
2019; KobeunHnckas u np., 2019; [liryraraps u ap.,

Cpeanbl, 6I/IOXI/IMI/I‘ICCKI/IC IMpoueCChl, CBA3aHHBIC
¢ popMupoBaHHeM pU30CHEpPbl, IPH AKTUBHOM
BIIMSAHUU CI/IM6HOTI/I‘IGCKI/IX KOMIIOHCHTOB — BCC
9TO OIPEIeNsieT 0COOCHHOCTH T'eHe3uca d1ado-
TOIIOB JIECHBIX OMOTEOIEHO30B. YHUUTOXCHUE
JPEBECHOT0 pyca 4acTO MPUBOAUT K TITyOOKOH
TpaHcopmanuu sgapuueckux ycsosuii (Zhang
etal., 2022a, b).
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B ropubIx snaHamadTax mporecchl no4Bo-
00pa3oBaHUsI M COCTOSTHHE ITOYBEHHOW CpEIb
XapakTepu3yTCs 00JIBIIONH MO3aUYHOCTBIO, CY-
JKEHHEM MacIITa0oB ONTHMAaIbHOCTH HKOJIOTHU-
4eCKUX (PaKkTOpOB, oOecreunBarouX HOPMUPO-
BaHHUE >1adoTomna, NoAepKaHne CTaOMIBHOCTH
ero pa3BuTHs. C "3MEHEHUEM BBICOTHI HaJl yPOB-
HEM MOpS, KPYTHU3HBI ¥ SKCIIO3UIIUU CKJIOHOB CY-
IIECTBEHHO MEHSIOTCS YCIOBUS IIPOU3PACTAHMS,
BECh KOMILIEKC 9K30T€HHBIX W DHJIOTCHHBIX (hak-
TOPOB, CBSI3aHHBIX C MPOIIECCaMH I0YBOOOpa30-
Banus (Kukarskih et al., 2020; Mohammed et al.,
2020; Verrall, Pickering, 2020; Xue et al., 2022).
AHanu3 TaHHBIX TPOOJIEM UMEET Ba)KHOE 3Haue-
HUE IIPU U3yueHHH OMOIICHO30B PEIKUX U HCYe-
3aI0IIMX BHJIOB PACTEHHUIl C LENBIO BBHISBICHUS
MPUYUHHO-CIICICTBEHHBIX CBsI3€il HEraTMBHBIX
TEH/ICHINI COKPAICHHs YUCICHHOCTH U CHHIKE-
HUSI B HACTOSsIIIIeE BpeMsi OMOIKOJIOTHYECKUX BO3-
MOXHOCTEH MX YCIENIHOTO POCTa U pa3BUTHSI.

B Topuom KpbiMy omHHM W3 HPHUPOTOOX-
pPaHHBIX 00BEKTOB, KOTOPBIN HYXAAeTcs B IpH-
CTaJIbHOM BHHUMaHUHM U MPOBEJACHHH MOHMTO-
PHHTOBBIX MCCIIEJIOBAHNH, SIBIISIOTCSI TPUPOIHBIC
HacaxxaeHus Pinus brutia var. pityusa (Steven)
Silba. 3annMasi cpaBHUTEIBHO HEOONBIINE TEp-
pUTOpPHH B IPUOPEIKHOH 30HE HOKHOI'O MaKpo-
ckJioHa ['maBHOM rpsanbl KpbIMCKHUX Top, J€cHbIE
MAacCHBBI JJAHHOTO BUJIa BCE B OOJIbLICH CTENEHN
MO/IBEPraroTcsl HETaTUBHOMY AaHTPOIOTCHHOMY
Bo3JelcTBUI0. Ha MHOrMX yyacTkax COCTOSIHUE
TIOYBEHHOT'O TIOKPOBA MPETEPIEBACT CYIIECTBEH-
HbIE U3MEHEHHSI B CBSI3U C yBEIMUYEHHUEM peKpea-
LIMOHHOW Harpy3KH U, KaK CIIEJICTBUE, YCHICHHEM
9PO3MOHHBIX ITPOLIECCOB, KOTOPHIE OKA3BIBAIOT He-
TIOCPE/ICTBEHHOE BIMSIHUE HAa M3HAYAJIbHBIC MTPHU-
pOIHBIE XapakTepucTuku snadorona. M3yuenue
snaUvecKux YCIoBHU B OmorieHo3ax P. brutia
var. pityusa, aHajau3 uX JUHAMHKH CIIeyeT OTHe-
CTH K BaKHEHIIMM 0a30BBIM 3JEMEHTaM OLEHKH
TEKYIIEr0 COCTOSIHUSI M TeHACHIMI pa3BUTHS €€

HacaxaeHuil B [opuom Kpeimy.

Ilenp uccnenoBaHuil — U3yueHUE CBOWCTB
oy ['opHoro KpsiMa B €CTECTBEHHBIX Hacak-

neHusix P. brutia var. pityusa.

OO0BLEeKTBI 1 METOIBI HCCJIETOBAHU S

HccnenoBaHusi MpOBOIMIM B JIECHBIX Ha-
caxaeHusx P. brutia var. pityusa npuOpeXHOI
30HBI IO’)KHOTO MAaKpPOCKJIOHA [JIaBHOHM Tpsibl
Kpemvckux rop B 2022 r. C ucmonb30BaHUEM
THUIICOMETpHUECKUX mpoduiaeld Ha ydacTKax
MPOBEACHUS HCCIIEIOBAaHU I aHATM3UPOBAJIN TaK-
CAIlMOHHBIC XapaKTePUCTHKHU HACAXKICHHUH, TIPH-
MEHsIsl METOJI CIUIOLITHOTO IepevyeTa Ha MPOOHbIX
momaasx pasmepom 50x50 M (Anyums, 1982).
B 3anapHOi yacTH 10XHOr0 MakpockioHa I'nas-
HOH rpsabl KpbiMckux rop B ypouuuie Asizbma
Ha Mbice Aifisi mpoOOHBIe IUIOMIAIN 3aJI0)KEHBI
B ICHTPAJIBHON YaCTH JIECHOTO MacCHBa HA BBICO-
tax 50, 180 u 290 m Hafg yp.M., B ypouniie baru-
nuMaH — Ha BbicoTax 50 u 120 M Hag yp.M. B Boc-
TOYHOW YacTH MakpockioHa Ha r. Kapayn-Oo0a
MIPOOHBIE MJIOMAIHN TPUYPOUYCHEI K BhicoTaM 40,
70 u 120 M Hax yp.M., B ypouuine Hoseiif CeT —
50, 100 u 130 m Hax yp.m. Bee mpoOHBIe TUTOMmIA-
U PaCIOJNIOKEHBl Ha CKJIOHAX Or0-BOCTOYHOMN
SKCHO3HIHH ¢ KpyTH3HOH 10°—15° (puc.).

OT160p P06 MOUB 11t PU3UKO-XUMHUICCKUX
WCCIIIOBAaHUI TPOBOIMIM B pa3pe3ax Io-
0...10, 10...20, 20...30, 30...40

u 40...50 cm. [Ipu moeBbIX U 1a00PaTOPHBIX HC-

CIIOMHO —

CIIEZIOBAHHUSIX OIPEICIISLIIN TPAaHyTOMETPUIECK I
coctaB — nmuneTodHbIM MeTogoM (I'OCT 12536—
2014), pH — morenumomerpuuecku mo I'OCT
26483-85, rymyc — metogoM TropuHa B MOJHU-
¢ukanuun [UHAO (I'OCT 26213-91), CaCO; —
Tra30BOJIIOMETPHYCCKIM METOJOM. BIa)kHOCTH
MOYBBl OMPEACNAIN METOJOM TOpsdel CYIIKH
(Bagronuna, Kopuaruna, 1986). CormacHo kiac-
cuukanuu nous Poccun (I1lumos u ap., 2004),
ITOYBHI HA MPOOHBIX TUIOIMIAKAX OTHOCATCS K OT-
Jelly CTPYKTYpPHO-MEeTaMOp(pHUECKUE TMOUBBI,

TUIIY — KOPUYHCBBLIC ITOYBBI. XapaKTepI/ICTI/IKa
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Fig. Layout of growth plots in the ecotopes of P. brutia var. pityusa in the Crimean Mountains

IIOTOJIHBIX YCIIOBUH B pallOHax IPOBENCHUS UC-
CJIC/IOBAHMH JaHA HA OCHOBE JAAHHBIX METEOpO-
nmormyeckux ctaHnuii r. CeBactomons u I. Pe-
omocus. [mnporepmnueckuid  kodddunment
(I'TK) onpenensanu no merony I. T. CenssHuHOBa
(1937). Craructuueckast 00paboTKa pe3yabTaToB
HaOJIOACHNH BBITTOTHEHA C UCIIOJIb30BAaHUEM Me-

tomoB omomeTpuu (JlakuH, 1990).

Pe3yabTaThl Hcc/IeI0OBAHNS M 00CY KIeHUE

Ha KpbiMckOM TOJTyOCTpOBE YCIOBHUS TMIO-
YBOOOpa30BaHUS HMEIOT HEKOTOPYIO CIICIU(H-
Ky, KOTOpasi ONpENeNsieTCs] ero PacholoKeHUEM
Ha TpPaHUIC YMEPEHHOTO U CyOTpPOIMUYECKOro
KJIMMATHYECKHUX TOSICOB, a TAK)KE Ha cThike CKud-
CKOH TUTaTOPMBI M TEOCHHKIMHAIBHOW 30HBL
3HauuTenpHble TOMAAn B Topuom Kpeimy 3a-
HUMAIOT Oypble TOpHBIC IJIeCHBIC MOYBBHL. OHHU
chOpMHUPOBAIUCH TIOA OyKOBBIMH, I1yOOBBIMH,
CMEIIaHHBIMH U COCHOBBIMU JIECAMHU Ha BEPXHHX,
CPEIHUX M CEBEPHBIX HIIKHUX YaCTAX CKIJIOHOB

I'maBro¥ rpsimpl. [louBooOpa3syromieil mopomoit

CITy’KaT MPOAYKTH BBIBETPUBAHUS HU3BECTHSIKOB,
TJIMHUCTBIX CIIAHIIEB, IECYAHUKOB, KOHIJIOMEpa-
ToB. K 3TOlf rpymnmne oTHecCeHbI U Oypble OocTen-
HEHHBIE TIOYBBI, PACIIPOCTPAHEHHBIE B JIECOCTEI-
HoM nosice ['oproro Kpeima. Copeprkanue rymyca
B OypBIX JIECHBIX MOYBAX COCTABISIET MO Ay00-
BBIMH M COCHOBBIMHU JiecaMu — 6—8 %, oz Oyko-
BBIMHM JIECAMU C TPaBsIHBIM NOKpoBOM — 10—16 %,
10T HU3KOPOCIBIMHU JecaMu — 3—4 %. Ha oTkpsI-
THIX CKJIOHAX Pa3MEIICHbI MaJIOMOIIHBIE TTOYBHI
C MEHBIIUMH 3allacaMM MHUTATENBHBIX BEIIECTB
(Omnanacenxo, 2018).

Oporpaduueckue M KIMMaTHYECKUE pa3-
JIMYMSL  OTHENbHBIX 4YacTedl [JlaBHOM TIpsnbl
KpbIMCKUX TOp 0OYCIOBIMBAIOT pa3HOOOpa3ue
MIOYBEHHO-PACTUTEIBHOI0 TIOKpOBa. B 3amagHoi
YacTU TPSJbl PacCHpOCTPaHEHbl Oypble T'OPHO-
JIECHBIE IIOYBBI, TOPHO-KOPUYHEBBIE MOYBHI CY-
XUX JIECOB M KYCTAapHUKOB M aJIJTIOBHAJIbHBIC
JIyTOBBIE MOYBHI PEUHBIX JOJIMH U Oanok (Mo-
meHko u ap., 2020; KonecuukoB u ap., 2021).

Ha ckiionax I'maBHOM Tpsiapl, HOJ LIWPOKOJIHU-
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CTBEHHBIMH U COCHOBBIMH JIECAMHU IPEO0IIAAAI0T
OypBle TOPHO-JIECHBIC MMOYBHI, (HOPMUPYIOIIHACCS
Ha IPOAYKTaX BBIBETPUBAHUS TITMHUCTBIX CJIAaH-
LIEB, KOHIJIOMEPATOB M IOPCKUX M3BECTHSKOB.
Ha 0e3mecHBIX MIOCKOTOPHBIX BEPIIMHAX AITH
MOYBBl CMEHSIIOTCS TOPHO-IYTOBBIMM 4YEpPHO3€E-
MOBHU/IHBIMHU NTOUYBaMU. B HMKHEW 4acTH F0KHBIX
CKJIOHOB T'psiIbl Oy pble TOPHO-JICCHBIC ITOYBHI I1e-
PEeXoaAT B KpacHO-Oypble U KOPUYHEBbIE TTOYBHI
CYXHX JIECOB H KYCTapPHUKOB, CBOHCTBEHHBIC 00-
mactu cyxoro CpenuzeMHOMOpbsa. KopuuHeBsie
MOYBBI BCTPEYAIOTCS TAKKE B HHXKHEHN YacTu rop
Ha roro-3anaje noxyoctposa (Cynuuisis, 2014;
Bepuauroposa u np., 2018).

ITouBa B HacaxxneHUSX Mbica AHs Xapak-
TepU3yeTcs 3EpHUCTON CTPYKTYpoH, TEMHO-
KOpUYHEBBIM I[BeTOM. [louBa phpIXiasi, CHIBHO-
ckenetHas (40-50 % ckeneTa oT 00BEMA), CKENET
MpeICTaBICH M3BECTHAKOM M KOHTJIOMEPAaTaMH.
B 3aBmcuMocTH OT copepkaHHs KapOOHATOB
B MOYBE OHU HM3MEHSIOTCS OT CpeaHEKapOOHAT-
HBIX JI0 CHJIBHOKapOOHATHBIX. Peakius movYBeH-
HOU cpelbl — wenoyHas. I'panynoMeTpuyeckuil
COCTaB 10 TOYBEHHOMY IPOQIII0 HEOTHOPOI-
HBIH, TpeobIagaroT TAKENBIH CyTITUHOK U JET-
Kas IJIMHA, B KOTOPBIX JOJsl MJIa COCTaBIISIET
26 % (tabx. 1).

B HmxHeM mosice (IPUOPEKHBIA MOsIC)
Ha BeIcOoTe 50 M Haj yp.M. CpEeHUI MOKa3aTeNh
pH BepxHero ciost noussl cocrasiusieT 8,0+0,7
17,5¢1,4 %. Buuz

1o HpO(i)I/IJ'I}O 1IeJI049HasA peakKius BO3PACTACT

npu coxepxkanun CaCO;

C YBEJIMYCHHEM cojaepxaHus kapbonaro. Hau-
Ooslee BBICOKOE KOJMYECTBO TI'yMmyca IIPHCYT-
CTBYET B BEPXHEM cJioe NpOQuiis — B CPeIHEM
4,0+0,4 %, nanmensiee (1,7+0,1 %) — B HIDKHEM,
CPeAHMIi 1OKa3aTelb MO OYBEHHOMY HPO(HIIIO
cocrasisieT — 2,6+1,9 %. Conepxanne Gppakunn
(u3nueckol TIHHBI (IUAMETP YaCTHUIl MEHBIIIE
0,01 mm) Bapsupyet B npeznenax 50-57 %, npu
CPeIHEM 3HAUeHHH I10 MOYBEHHOMY IPOQHIIIO

53,1+4,2 %, miist WtucTol (hpakiuu TaHHBIE T10-

KazaTeld MMEIOT COOTBETCTBEHHO CIIEAYIONINE
3HayeHus — 28-32 % u 30,3+2,7 %. I'panyno-
METPHYCCKHI COCTaB OmpenessieT (HU3nYeCKue
CBOWCTBA IIOYB: IOPO3HOCTH, BIIATOEMKOCTH,
BOJIONIPOHHIIAEMOCTbh, BOIOMOIBEMHYIO CIIOCO0-
HOCTbH, BO3IYIIHBIA U TEIJIOBOW PEKUMBI U JIP.
Jns wactun ¢ quamerpom Oombiie 0,01 MM xa-
pakTepHa BBICOKAs BOAOIPOHUIIAEMOCTH, cladas
BOJIOYICP’KUBAFOINAS U BOIOMOIBEMHAS CIIOCO0-
HOCTh. [IpuTeBaTas (pakmus (IuaMeTp YacTHIl
menbine 0,01 MM, HO Gosbine 0,001 MM) BIHTHI-
BaeT BJAry MEIJICHHO, HO XOpOIIO €¢ YACPiKH-
BacT W 00J1a/IacT MOBBIIICHHON BOJIONOIbEMHOM
criocoOHOCThIO. YacTHIBI HMIUCTOW  (PpaKIuu
(nnametp Mensiue 0,001 MM) HMEIOT MIIOXYIO BO-
JOTIPOHUIIAEMOCTh, OHH CIIOCOOHBI YICPKUBATh
6ounbiioe konuuecTBo Biard (Kaunnckui, 1958).

B cpennem mosice Ha BbeicoTe 180 M Hapg
Yp.M.
IMOYBEHHOTO  MPOQIIIL

colepkaHuE Tymyca IO TOPH30HTaM
CYIIECTBEHHO  BBIMIC
B CpPaBHEHUU C AHAJOTHYHBIMH IOKa3aTeIsIMHU
ITOYBEHHOTO pa3pe3a, 3aJI0)KEHHOT0 B IIPUOpPEexK-
HOH 30HE. 371e€Ch TaK)Ke 3aMETHO BBIIIEC TaKca-
[IHOHHBIC XapaKTEPUCTUKHU HACAXKICHUN TIO BBI-
COTE€ U JUAMETpPy CTBOJIOB JepeBbeB (Tadi. 2).
OueBuHO, B ypouulle Asi3bMa B LEHTPaJIbHOMI
4acTH JIECHOrO MaccuBa P. brutia var. pityusa
WHTCHCU(DHUKAIAS TIPOIeccoB (popMHUpoBaHUS
Y HAKOIUICHUS IMHUTATEJIbHBIX BEIICCTB B IOYBE
CBsI3aHA C TIOBBIMICHHEM MPOAYKTUBHOCTH Ha-
CaXXJECHUW M cTabuau3anueii OMoreoneHoTHYe-
CKHMX YCIIOBUH 10 YPOBHIO BOJHOH U BETPOBOIl
9pO3UH, MOJIBM)XKKAMH TPYHTa U OIOJ3HEBBIX
mporeccoB. [Ipu cpaBHUTENBHO OMU3KUX TOKa-
3aTensx pH 3/1ech CylecTBEeHHO YBETUYNBACTCS
conepxkanue CaCO; B mouBe, CpeiHssl BEIUYU-
Ha coctaBuia 48,1 %, uro Gojee ueMm B 2 pasa
BEINIC B CPaBHEHUHU C HKOTONAMHU HUKHETO TI0-
sca. O4eBHAHO, 3TO 00YCIOBICHO TPUCYTCTBUEM
B TIOYBE (DparMeHTOB M3BECTHSIKA IOPCKOTO IIe-
pHuoJa, KOTOPBINA XapaKTEePU3yeTCsl BRICOKOH pac-

tBopumocThio (Lisetskii, Ergina, 2010). Komu-
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Tabnuma 1. XapakTepucTHKa TOPHO-JICCHBIX MOYB B 9KOTOIAX 3aMaHOW TEPPUTOPHH ITpouspacTanus P. brutia

var. pityusa B l'opuom Kpbimy

Table 1. Characterization of mountain forest soils in the ecotopes of the western range of P. brutia var. pityusa

in the Crimean Mountains

I'panynomerpuueckuit
coctas, %
MecTononoxKeHue, I'ny6una, pH CaCO;, % | T'ymyc, %
BEICOTA HAL YP.M., M o ®uznueckas | Wnucras
TJIHHA bpaknus
M=+SE (n=5)
0-10 8,0+0,7 17,5+1,4 4,0+0,4 50,6+3,6 30,4+2,5
10-20 8,2+0,8 15,0£1,2 3,24+0,3 54,4+3,8 31,3£2,7
Asi3pMma 50 20-30 8,3+0,8 20,0+£1,8 2,4+0,2 56,8+3,9 30,9+2,4
30-40 8,3£0,8 23,7+2,1 1,9£0,2 53,2437 30,2+2,4
40-50 8,3+0,7 26,2+2.4 1,7+0,1 50,6+3,5 28,8+2,2
0-10 8,1£0,7 48,9+3,5 5,7+0,4 55,8+3.,9 25,1+2,2
10-20 8,1+0,8 46,6+3,3 4,2+0,3 50,8+3,2 23,742,0
Asi3pma 180 20-30 8,2+0,7 45,8+3,1 3,3+0,2 60,7+4,0 28,2424
30-40 8,3+0,7 474+3,2 2,6+0,2 52,4+3.9 252422
40-50 8,3+0,6 51,5+3,9 2,8+0,2 47,4+3,5 22,2+1,8
0-10 7,940,6 14,2+1,0 5,140,3 55,4+3.9 23,1+1,9
10-20 8,0+0,7 12,2+0,9 3,3+0,2 61,0+4,3 254421
Asizpma 290 20-30 8,1+0,6 11,6+0,9 2,4+0,2 63,0+4,4 29,5426
30-40 8,1+0,6 10,7+0,8 2,4+0,2 60,0+3,9 29,7427
40-50 8,1+0,6 10,8+0,8 2,1+0,1 59,9+3,7 29,542,5
0-10 7,7+0,6 38,9+2,7 6,8+0,5 42,623 14,6+1,1
10-20 7,7+0,7 37,1£2,8 4,2+0,4 49,8+2,7 18,2+1,4
Barunuman 50 20-30 7,8+0,6 40,0+2,9 3,2+0,3 51,0+3,0 20,2+1,6
30-40 8,0+0,7 38,7+2,6 2,8+0,2 61,7+4.4 25,0+1,8
40-50 7,9+0,6 39,842,5 2,3+0,2 56,9+3,7 24,2+£1,7
0-10 8,0+0,8 82,0+7,9 8,6+0,8 25,8+2,3 12,3+1,0
10-20 8,0+0,7 81,6+7,8 7,5+0,7 28,7425 10,2+0,9
batunuman 120 20-30 8,0+0,7 90,3+8,1 6,9+0,6 39,4+3.3 14,6+1,2
30-40 8,1+0,8 94,5+8,3 3,7+0,3 39,3+3,5 17,5+1,5
40-50 8,1+0,8 98,3+8,5 4,9+0,4 35,5+3,1 16,1+1,4

Ipumeuanwue: 3neck u ganee: M — cpennee 3HaueHue; SE — ommbka cpeHero 3HaueHUs

YEeCTBO YaCTUIl (PU3MUECKOHN TTIMHBI U3MEHSETCS
HE3HAYUTEIbHO, OJIHAKO 3aMETHO CHUKAETCS CO-
Jep>KaHue NIHNCTOW (PaKINK B CPAaBHEHHUH C T10-
YBOU, XapaKTepusytolleil Hacaxaenue P. brutia
var. pityusa Ha BbicoTe 50 M HaJ yp.M.

B npeBocTOsX, 3aHUMAIONUX BEPXHUH MOSIC

['maBHOW TpsiABI, comepKaHWE T'yMyca B IMOYBE

HECKOJIFKO CHIDKAETCS, KaK B IIEJIOM, TaK U IO OT-
JCIIBHBIM ITOYBEHHBIM CJIOSIM, CPEIHHN IOKa-
3arens 1o mpodmro coctaBua 3,1+0,3 %, dro
Ha 0,6 % MeHbIIIe aHAJIOTMYHOHN XapaKTePUCTUKU
JUTSL ©3y9aeMOT0 MacCHBa JIECOB, PACIIOJIOKEHHO-
ro B cpeaHeM mnosice. Ha Beicote 290 M Han yp.m.

Ha (1)0He 3aMCTHOT'O CHHMIKXCHUA Kap6OHaTHOCTI/I
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MOYBBl HAOIIOAAETCd HEKOTOPOE YMEHBIIEHUE
ee pH. B skoTonax JaHHOrO mosica colep:KaHue
(u3nyecKkol TIUHBI B IOYBE YyBEIWYUBACTCS
(cpenssis BenmuunHa — 59,9446 %), KOIMUECTBO
YaCTHIl MIUCTOH (paKUK UMEeT NPOMEKYTOU-
HBIE€ 3HAUEHUs B CPAaBHEHUU C MOKa3aTelsIMU
MOYB TOJ IOJIOTOM ApeBocToeB P. brutia var.
pityusa ypouuina As3bMa B HIDKHEM M CPEJHEM
nosicax [naBHOW Tpsiabl. AHanu3 crneuupuku
rpaHyJIOMETPUYECKOr0 COCTaBa IOYB B Hacaxk-
neHusix P. brutia var. pityusa CBUAECTEIbCTBYET
0 TOM, YTO B HHXKHEM MOSCE MOYBA OTIMYAETCS
BBICOKOH BOJIOY/JICP)KUBAIOIICH CIIOCOOHOCTBIO.
Orto obecneunBaeT 3()(HEKTUBHOE HAKOIUICHHE
BJIaTM B XOJIOAHBIN mepuox roga, koraa B FOx-
HoM KpbIMy BbIniaziaeT HanOobIIAs 4aCTh FO/I0-
BBIX aTMOc(epHbIX ocalkoB. B jeTHuii nepuon
MOBBIIIEHHOE COZIEP)KaHHE B IIOUBE YaCTHUL] UIIH-
CTOM (ppaklMU CHUIKAET UWHTCHCHBHOCTH HCCY-
LIEHHS TI0YBBI, B TO BPEMs KaK B CPEJIHEM HosACe
B pe3yJibTaTe ero yMEHbIICHHUS IPOUCXOAUT 0O-
Jiee aKTHBHAs IOTEPs BIArd MOYBEHHOW CPEJBbL.
IIpu 3TOM cileayeT OTMETUTD, YTO OCAIKHU TEILIO-

ro nepuoaa roaa B OOJIBIIECH CTEIMEHH BIIMSIOT

Ha IMHAMHKY BOJIHOT'O OajiaHca HKOTOIOB yPOUH-
ma AsizbMa ¢ MaccuBamu P. brutia var. pityusa,
pAacHoNIOKEHHbBIMU B cpefHeM Iosice |aBHOM
CPsLIIbL, TI0 CPABHEHHIO C HIIKHUM, 33 CUET yBe-
JIMYEHUs BJIArONPOHUIIAEMOCTH BEPXHUX CJIOEB
MoYBbI. B BepxHeM mosice B 11€J0M HAOII01aeTCs
noBbieHHe 3(Q(HEKTHBHOCTH MOCTYIJICHUS Blia-
TH U €€ yIep)KaHUs B IOYBEHHOM cpexe (Tada. 3).

Hacaxxnenwust P. brutia var. pityusa B ypodu-
e batuiuMmaH nperepreny MEHbIIHE H3MEHe-
HUS B TE€UCHHE MOCIISTHUX ACCSITUICTUH B TJIaHEe
YXYJIIEHUST COCTOSIHUSI U TpaHchOpMaIMu yc-
JIOBUI TIpou3pacTaHus. JTO OOYCJOBICHO TeEM,
YTO OCHOBHBIE IPOIECCHl JErpajaiuu JpeBo-
CTOEB B JJAHHOM YPOUHIIE ¥ Ha IPHUMbIKAIOIIHX
Tepputopusx OyxThl Jlacmu mpou3onuId 3HAYH-
TesnbHO paHblie. [locienHue eaMHUYHBIE Jiepe-
Bbsi P. brutia var. pityusa B IpuOpeKHON YacTH
Oyxthl Jlactiu ObutM OoTMedeHbI B KoHie XIX B.
B Hacrosiiee Bpemsi B ypouuine barunuman
P. brutia var. pityusa GOpMUPYET CHIBHO H3pE-
JKEHHbIC HU3KOIPOJYKTUBHBIE HacaxaeHwus. [lo-
YBa I10]] UX M10JIOI'OM AJTIOBUAIIbHO-IETIOBUAIbHAS

Ha HW3BCECTHAKAX, YIJIOTHCHA, ciaboCKeeTHasl.

Tabnuua 2. TakcanoHHBIE XapaKTePUCTUKK HacaxaeHul P. brutia var. pityusa T'oproro Kpeima

Table 2. Evaluation of forest stands of P. brutia var. pityusa of the Crimean Mountains

Bricora, m Huanetp Bospacr, aget
Mectopacmo- BoicoTa Hax > cTBOMA, CM pacr, Monsora
JIOXKCHUE YPOBHEM MOpSI, M
M=SE (n>200)
50 6,9 +0,05 19,3+0,2 93+£0,4 0,5
AsizpMa 180 8,2+ 0,10 25,3+0,6 116 £ 0,3 0,5
290 6,7 +0,02 15,3+0,1 87+0,5 0.4
50 6,6 =0,09 18,5+0,3 90 + 0,4 0,5
Barunuman
120 6,8 £ 0,04 19,2+ 0,6 93+0,3 0.4
40 4,7+0,05 16,2+0,3 81+0,5 0.4
Kapayn-Oba 70 4,5+0,04 20,9+ 04 100 £ 0,4 0.4
120 5,2+0,07 18,6 £ 0,4 90+ 0,6 0,3
50 6,5+ 0,06 22,6 +£0,5 106 £ 0,5 0,5
Hogrrii Ceet 100 6,4+ 0,09 23,1+0,8 108 £ 0,4 0,5
130 6,0 £0,07 28,0+0,7 125+ 04 0,4
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Tabnuua 3. Bnaxuocts nmoussl (%, M+SE, n=5) B Hacaxxaenusx P. brutia var. pityusa I'opnoro Kpeima (2022 r.,

HIOJIb)

Table 3. Soil moisture (%, M+SE, n=5) in P. brutia var. pityusa tree stands of the Crimean Mountains (2022, July)

MecTtopacro- ['my6uHa MOYBEHHOTO CII0SI, CM
JIOKEHHUE,
BHICOTA HAT YP.M., M 0-10 10-20 20-30 30-40 40-50
As3pMa

50 11,2+0,7 10,8+0,6 9,9+0,7 10,5+0,9 9,9+0,9

180 9,1+0,7 7,7+0,6 8,3+0,8 7,3+0,6 7,1£0,7

290 11,5+1,1 12,7+1,8 11,941,0 11,241,0 10,8+1,1
barunuman

50 10,3+1,0 9,9+1,1 9,1+0,9 8,9+1,0 8,7+0,9

120 8,0+0,7 8,6+0,7 7,8+0,7 6,5+0,5 7,2+0,7
Kapayn-O6a

40 4,7+0.4 3,3+0,3 4,9+0,5 5,8+0,5 5,0+0,5

70 7,5+0,6 7,6+0,7 9,7+0,8 9,0+0,8 7,5+0,6

120 6,3+0,6 6,5+0,5 7,2+0,7 7,9+0,8 6,2+0,6
Hosgprrit Cet

50 6,7+0,6 7,5+0,7 6,6+0,7 7,1£0,7 5,9+0,5

100 9,5+0,8 9,4+0,9 8,7+0,8 7,4+0,6 6,2+0,6

130 5,8+0,4 5,6+0,5 5,4+0,5 5,2+0,4 5,6+0,5

[lo rpaHynoMeTpUYecKOMY COCTaBy — HEOJHO-
ponHa. B mpHOpexHON 30HE BEpXHHE CIIOH IO-
YBBI CPEAHECYTIIMHUCTHIC (42,642,3 %), HIKHNE
(30...40 cm) — TsoxenocyrnmuHucThie (61,7+4,4 %),
cpeaHee conaepykanue (HU3NICCKON TJIMHBI B IIPO-
¢une — 52,4+4,3 %. Ha Boicore 50 M Hax yp.m.
coziep)KaHUe WIIMCTOH (pakUUU yBEIUYNBACTCS
BHU3 110 npoduiio mouBs! oT 14,6 % (0...10 cm)
1o 24,2 % (40...50 cm). Ha BeicoTe 120 M Hajg
YP-M. COZIEp)KaHUE IIIMHUCTBIX M MIIUCTBIX YaCTHIL
B [IOYBE 3aMETHO CHMIKAETCs, CPE/IHUE [T0Ka3aTe-
I 10 MOYBEHHOMY HPO(MHIII0 COOTBETCTBEHHO
33,742,9 % u 14,2+1,2 %. Takum oOpa3om, B ypo-
yunie barmnnman ¢usnydeckue cBOMCTBA MOYBBI
10 HAKOIJICHUIO M YJIEP)KaHHIO BJIATM 3aMETHO
YXYALIATCs, OCOOCHHO B BEPXHEM I105ICE I'PSIbL,
B CPaBHEHHUH C DKOTONAMH ypouuina Aszbma.

B ypounine baruiauMaH nouBa CHIBHOKAp-
OonaTHasi, cpeanee comepkanne CaCO; mo mpo-

(1)1/1.]'[}0 B HMIXXHCEM TIOACC TIpAAbl COCTABJIACT

38,9+2.7 %, Bepxuem — 89,3+4.8 %. Peakuust
MTOYBEHHOW Cpebl MeIoYHas — BenndnHa pH Ba-
peupyeT oT 7,7 10 8,1, HECKOIBKO YBEINYNBASICH
¢ niryomHo#. B npeBocTtosix Ha BeicoTe 50 M HaJ
yp.M. colepKaHue TyMyca B BEpXHEM CJIO€ IO0-
YBBI BBIIIE, YeM B HACAKJICHUSIX MbIca A, U CO-
craBnget 6,8 %. B cioe 10...20 cm cpenHss Be-
JIMYMHA JTaHHOTO Ioka3artens paBHa 4,2+0.4 %,
YTO TPAKTHYECKH COBMAJAET C KOJIMYECTBOM
rymyca (4,2+0,3 %) B aHaJIOrM4HOM MO TITyOu-
HE 3aJieraHus CJIO€ MOYBBI IIEHTPAIbHONW YacTH
MaccCHBa JIECOB B ypouuiie As3pMa. B ypoumniie
batunuMaH B IouBe BEpXHEU 4acCTU CKJIOHA KO-
JIMYECTBO TYMyca 3aMETHO BBIIIEC — €T0 CpeaHEe
COJIEp)KaHUE IO MOYBCHHOMY MPO(UIII0 cocTa-
Bwio 6,3+4,7 %. bosee BbICOKOE coOIEpKaHUE
rymyca B Mmo4Be ypouwuina barunuman — cBue-
TEIBCTBO TOTO, YTO B HETABHEM ITPOIILIIOM Ha €T0
TEPPUTOPUH TPOHU3pACTAIH Oo0Jiee MPOIYKTHUB-

HBIC HaCaAXXACHU, o0OecreurBaBIlIKe J0CTAaTOYHO
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AKTHBHOE HAKOIIJICHHE OPraHMYEeCKHX BEIIECTB
B TIOUBEHHOH cpee.

B Boctounoit wuactu ITopHoro Kpsima
HaT. Kapayn-O0a P. brutia var. pityusa npencras-
JieHa HeOOJIBIINMH Y4acTKaMH PEIKOJIEChS] C HU3-
KHM YPOBHEM BHJIOBOTO pa3HooOpaszus. JlaHHas
CHTyallusi Hapsily € KJIMMaTH4ecKUMH (akrto-
paMM B 3HAYMTEIBHON CTENCHH OIpenerseTcs
snaduyeckumu ycnoBusiMH. [louBa Ha CKJIOHaX
r. Kapayn-Ob6a cnabopasBuTasi, CpeaHeCyTITHHNI-
cTas, Ceporo IBeTa, CUIbHOCKeneTHas (>50 %),
CTPYKTYpa TIOpOIINCTAs, PbIXJas, WHTCHCHBHO
MPOHU3aHa KOPHSAMHU pacTeHuU. Peakuus nouBeH-
HOM cpensl mmenovnas. [Io ypoBHIO conepkaHHs
kapoonatoB (CaCO;, 39,1-64,5 %) — cuiibHO-
kapOonatHas (Tabm. 4). B HIDKHEM Tosice mpo-
uspactanus P. brutia var. pityusa conepxaHue
ryMyca B BEPXHEM CJIO€ IOYBHI KpaliHe HU3KOE —
1,740,1 %, BHU3 110 TIPO(DUITIO OHO YBEIUYHUBACTCS
IMOYTH B 2 pa3a U, HauuHas ¢ TyOuHs! 20 cM, 110-
CTaTOYHO CTAOMIIBHO IO CJIOSAM MOYBEHHOTO MPO-
¢uiss. Huszkoe conepskaHue rymyca B BepXHEM
CJIO€ TIOYBBI M OOpaTHBII I'paJMeHT W3MEHEHUs
€ro KOHIEHTPAIMH 1O NMPOQHIIIO ITOYBBHI JIO TIIy-
6unsl 40 cM, B CpaBHEHHH C IPYTUMH MECTaMU
nipouspactanus P. brutia var. pityusa B TopHOM
KpsIMy, CBHAETENBCTBYET O TOM, YTO B IIPOILIIOM
B 9KOTOIaxX INpHOpexkHOH 30HBI T. Kapayn-Oba
(hopMupoBaHHE TMOYBHI B JOCTATOYHOI CTENEHU
o0ecreynBaoch MOCTYIUICHHEM OPraHHYecKUX
BEILIECTB, Yy4YacTBYIOUIMX B OOpa3oBaHMU U Ha-
KorJieHuH rymyca. OnHaKo B KaKOW-TO MCTOPH-
YECKHM MOMEHT HHTEHCHBHOCTH IOCTYIUICHUS
OpPraHMYECKOr0 BEIECTBA CYIIECTBEHHO COKpa-
TUJIACh, TIPU ATOM IIPOU30IIIIA AKTUBHU3AIIHS 3PO-
3MOHHBIX TPOLIECCOB, YTO ONPE/EIHIIO CHUKEHHE
TUTOIOPOAMS U JIETPAJalldi0 BEPXHErO CIIos TO-
YBBI. JlaHHBIE ABICHUS C OOJIBIION BEPOSITHOCTHIO
MOT'YT OBITh CBSI3aHBI C CYIIECTBOBAHHUEM B IIPO-
IJI0M Ha ckJIoHax I. Kapayn-O6a BBICOKOIIPOIYK-
TUBHBIX HacaXJeHuu P. brutia var. pityusa, KOTo-

PBIC 110 HE BIOJIHE SICHBIM IPpUYUHAM ITPETCPIICIIN

3HAUYUTEIbHBIC U3MEHEHUS U B HACTOSIIEE BpeMs
311€Ch TIOJTHOCTHIO YTPAuCHBIL.

B cpenneit wactu ckiaoHOB Ha BeicoTe 70 M
HaJ yp.M. H3MCHEHHE KOJIUYEeCTBA TyMyca B pa3-
JIMYHBIX CJIOSAX MOYBEHHOTO MPOQUIIsl B IEJIOM
COOTBETCTBYET 3aKOHOMEPHOCTSIM, HaOIromae-
MBIM Ha JPYTUX TEPPUTOPHSIX NMPOU3PACTAHUS
P. brutia var. pityusa B Topaom Kpreimy: ero
olbliee coiepkaHue 10 MPO(UII0 HECKOIBKO
CHUKaeTcsl — cpeanee 3Hadenue 2,6+1,9 %, uro
Ha 0,5 % MeHbIIe B CpPaBHEHUH C DKOTOMAMH
JIPYTUX MPUOPEKHBIX yyacTKoB. Hambonee HU3-
KO€ coJepXaHHe T'yMmyca B IIOYBE JIPEBOCTOEB
P. brutia var. pityusa Har. Kapayn-O6a orMedeHO
Ha BeIcOTe 120 M Haa yp.M., CpETHUM TTOKA3aTeNb
mo npodmro — 1,3+1,1 %, 9T0, OYEBUAHO, CBS-
3aHO CO CHHIKCHHEM IPOAYKTHUBHOCTH Hacaxje-
HUW ¥ aKTUBU3AIHEH 3pPO3UOHHBIX IIPOIECCOB.

B npegenax rumncomMeTpuyeckoro mpo-
¢unst Ha 1. Kapayn-O6a rpaHynoMeTpu4ecKui
COCTaB IMOYBBl XapaKTEPH3yeTCs JIOCTaTOYHO
HEBBICOKHM IT0 BEIMYWHE ¥ YPOBHIO BapbUPOBa-
HUs 107U ppakuuil pU3MUYECKOH ITIMHBI U UITU-
CTBIX YaCTHI], KOTOPBIC OJNM3KU K TOKA3aTeIISIM
9KOTOIMOB BEPXHEH YacTH CKJIOHOB YpOYHINA
Barunmuman. OdeBHIHO, 3TO, KaK U B ypPO4H-
me bartmiuMmaH, CBSI3aHO C MacIITa0OHOCTHIO
JECTPYKTHBHBIX IIPOIECCOB, OIMPEICITHBIINX
Jierpaialifio JIeCHbIX OuoleHo30B Ha r. Kapayin-
O0a, OmHUM W3 CIEACTBHH KOTOPOU SIBISCTCS
riry0okas TpanchopMalus TOYBEHHBIX YCIOBUH.
CHIKeHUE BIIATOHAKOIUICHUS M BIIArOyIepiKa-
HUS B TIOYBEHHOH CpeJie B 3HAUMTENbHON cTere-
HU JUMHUTHPYIOT BO3MOKHOCTH YCIIEITHOTO PO-
cta u pa3Butus P. brutia var. pityusa Ha JaHHBIX
TEePPUTOPHUSIX.

B ypounnie HoBerit CBeT cocTossHIE HacaX-
neHuit P. brutia var. pityusa CynmecTBeHHO JTydIle
no cpaBHeHuto ¢ . Kapayin-O6a, X0Tsi OHU Mpak-
THYECKH BIUIOTHYIO IIPUMBIKAIOT K CEIHTE0-
HBIM TEPPUTOPHUSAM, KOTOpPHIE B HEAABHEM IIPO-

HIIJIOM ABJISIJIMCh YaCTbIO HNPHUPOAHOI'O0 MacCHUBa
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Tabnuma 4. XapakTeprcTUKa TOPHO-TECHBIX IMOYB B 3KOTONAX BOCTOUHOM TEPPUTOPUH ITpouspactanus P. brutia
var. pityusa B l'opuom Kpbimy

Table 4. Characterization of mountain forest soils in the ecotopes of the eastern range of P. brutia var. pityusa in
the Crimean Mountains

I'panynomerpuueckuit
cocTas, %
MecTomnonoxeHue, pH CaCOs, % T'ymyc, %
BBICOTA HAT YP.bL., M I'my6una, cm @usuueckas | Moucras
TJIMHA (dpaxmus
M+SE (n=5)
0-10 8,3+0,8 57,1443 1,7+0,1 40,6+3,2 15,8+1,3
1020 8,4+0,8 49,3+4.5 3,1+0,2 49,4+3,6 19,6+1,5
Kapayn-O6a 40 20-30 8,2+0,7 55,7442 3,6+0,3 31,5+2,3 14,0+1,2
30-40 8,2+0,7 54,843,9 3,8+0,3 33,1£2,8 14,2+1,3
40-50 8,2+0,7 58,1+4,2 3,4+0,3 41,2433 15,7+1,4
0-10 8,1+0,7 59,9+4,3 3,4+0,3 36,4+3,0 13,9+1,1
10-20 8,3+0,8 56,2+4,0 2,4+0,2 35,842,9 15,2+1,3
Kapayn-O6a 70 20-30 8,3+0,8 61,2+4,9 2,4+0,2 36,743,1 16,5+1,5
30-40 8,3+0,7 62,5+5,1 2,5+0,2 44,2435 20,6+1,8
40-50 8,4+0,8 64,5+5,3 2,1+0,2 41,3+3,3 21,2+1,9
0-10 8,3+0,8 44,1+3,5 1,5+0,1 33,4+2.8 15,7+1,2
1020 8,4+0,9 47,5+3,6 1,4+0,1 40,2+3,0 18,1£1,6
Kapayn-O6a 120 20-30 8,3+0,8 39,143,1 1,3+0,1 40,2+3,2 17,7+1,4
30-40 8,5+0,9 42,0+3,3 1,2+0,1 35,94+2,9 15,4+1,2
40-50 8,5+0,9 39,9+3.4 1,0+0,1 34,4428 15,8+1,2
0-10 7,8+0,6 15,6+0,9 5,1£0,4 48,6+2.4 24,0+1,9
10-20 8,0+0,7 16,7+1,2 4,240,3 47,023 22,5+1,8
Hoggrit Ceet 50 20-30 8,1+0,7 25,941,8 2,6+0,2 48,8+2,5 21,841,7
30-40 8,1+0,6 21,2+1,7 2,5+0,2 51,7+3,3 22,3+1,6
40-50 8,2+0,7 13,1+0,9 1,7+0,1 53,2434 22,6£1,9
0-10 7,9+0,7 14,6+1,1 2,3+0,2 49,2431 23,4421
1020 7,7+0,7 18,5+1,3 1,8+0,2 61,8+4,3 30,5+2,5
Hogsrit Ceet 100 20-30 7,6+0,8 21,5+1,5 1,2+0,1 69,4449 31,4+2,7
30-40 7,5+0,7 22,8+1,8 1,5+0,1 66,2+4,7 31,1+£2,6
40-50 7,6+£0,8 21,141,6 1,2+0,1 62,4+4.4 34,7428
0-10 7,9+0,7 24,6+2,0 3,7+0,3 33,727 18,1+1,3
10-20 8,0+0,7 16,2+1,5 2,8+0,3 34,242.8 18,2+1,4
Hossrit Cset 130 20-30 8,1+0,8 17,9+1,6 2,6+0,2 37,943,5 19,0+1,7
30-40 8,3+0,8 21,7£1,9 2,6+0,2 32,4+3,0 17,5+1,5
40-50 8,3+0,8 24,2+2.1 2,8+0,3 33,4431 19,5+1,8

P. brutia var. pityusa. IlouBa B ypouuiie HoBblii ~ KOpHsiMH pacTeHH. B mouBeHHOM pa3pese 4éT-
Ceer citabo momrHas, Oyporo 1BerTa, YILIOTHEH- KO BEIpakeH ci1oi AQ (MOIITHOCTH 710 6 CM) B BHJIE
Hasl, TSOKEJIOCYIVIMHUCTAs, JOCTaTOYHO O0ecre-  MOIypasfioKHUBIIErocs: omaaa xBou. CTpyKTypa

Y€Ha HJIHMCTBIMH 4YaCTHIAMU, cinabo HIpOHH3aHa MOYBbI NOPOMINCTO-3CPHUCTAA, rny6>l<e 30 cm
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HepexoAuT B MejKkoopexoBaryro. Ha riyOune
Hrxe 50 cM HaumHAeT MpeodiasaTh IMOJICTHIIA-
IOIIasi MaTepUHCKas IMOpoja, IMpenCTaBICHHAS
TJINHUCTHIM CIIaHLEM M KOHTJIoMepaTaMu. Peak-
11 TOYBEHHOH cpenbl menouHas. ConepkaHue
KapOOHATOB B IOYBE, 110 CPABHEHHIO C JIPYTHUMHU
MecTaMu mpouspactanus P. brutia var. pityusa
B ['opHom KpbIMy, HEBBICOKOE: TI0 3TOMY MOKa3a-
TEJII0 N0YBa OTHOCHUTCS K CpelHeKapOOHATHOM.
ITo comepxanuio rymyca mouBsl Ha BeicoTe 50
u 130 M Hag yp.M. OIM3KH K [IOKA3aTENIsIM 0YB,
(dopmupyromuxcst nox moigorom P. brutia var.
pityusa B HIDKHUX U CPEJHUX IOSICaX YypOUHUIIa
Aszpma. Onnako B ypouunnie Hoselil CeT mousa
Ha BeicoTe 100 M Hag yp.M. OTM3Ka MO YTOMY Ta-
paMeTpy K NOYBEHHBIM YCIIOBUSIM BEPXHETO I0-
sica T. Kapayn-O6a — kpaitHe HU3K0€ COepIKaHme
rymyca 1o BCEMY IOYBEHHOMY HPOQIIIIO NpH
cpenHem 3HaueHuu — 1,6=1,2 %.

Haubonee BepoATHOH NPUYHHON HH3KOTO
COJIepXKaHUsA TyMyca B IOYBE JAHHOTO ydacTKa
MOXET SIBIISITHCSI aKTHUBHASI 3arOTOBKA JIPEBECH-
HbI P. brutia var. pityusa B HeJaBHEM MPOIILIOM.
CHuXeHue TpOIyKTHBHOCTH JIECHOTO OHOIIEHO-
3a U TIOCIIEAYIOUIee Pa3BUTHE JECTPYKTHUBHBIX
MIPOIIECCOB OKa3alld HEraTHBHOE BO3JCHCTBHUE
Ha TEHEe3WC MOYBHI Ha ATOH Tepputopuu. Cre-
JyeT TaK)Ke€ OTMETHTH, YTO B HACTOSIIEE BPEMS
LEHTpaJIbHAs YacTh MacCUBa JecoB P. brutia var.
pityusa B ypouniie Hossiii CBeT Hanbonee mo-
celaema, 3/1eChb IIOTHAs, Xa0THYECKU cHOpMHU-
pOBaHHasi JIOPOXKHO-TPOIMHOYHASI CETh, YacTO
BCTPEYAIOTCS MECTa OT KOCTPHI «IHKHUKOB
BBIXO/IHOT'O JIHSI». be3ycloBHO, 3TO OKa3bIBaeT
HETaTHBHOE BO3JCHCTBHE HE TOJIBKO Ha APEBO-
CTOH, HO U cocTosiHue TouBkl. Ee rpanynomerpu-
YeCKHii COCTaB OTpakaeT (PU3NUECKre CBONCTBA,
XapaKTepU3yIOMHeCs: BEICOKUM yYPOBHEM HAKO-
IJIeHUs U yaepxaHus Biaaru. Ha Beicote 50 m
HaJ yp.M. 3Ta CIIOCOOHOCTh HECKOJIBKO CHHIKA-
ercs. B BepxHeM mosice mo4Ba Mo 3THM Hapame-

TpaM 0JIM3Ka K MOKa3aTeasIM IIOYBHI T. Kapayn—

O06a. Takum oOpa3zom, Hapsay ¢ npoodlieMaMu
HEOPTraHM30BAHHOHN peKpealuu, IeCTPYKTHBHOE
BO3JICHCTBHE KOTOPOW B HAMOOJBIICH CTEICHH
MPOSBIISICTCS B IICHTPAJIBHOH YacTH MacCHBa
necoB P. brutia var. pityusa B ypouuiie HoBbrit
Ceet (B cpeqHeM BBICOTHOM TIOSICE), CHIDKEHHUE
COJIepXKAaHUA JONH TIMHUCTBIX M WIHMCTHIX Ya-
CTHUI[ B IIOYBE MOXET TaK)KEe HETaTHBHO BO3JCH-
CTBOBAaTh Ha COCTOSTHHE PEBOCTOEB B 3KOTOIMAX
BEpXHETo MosIca.

Ananu3 cneun(UKH TOYBEHHBIX IO0Ka3a-
TeJel CBUACTEIBCTBYET O TOM, YTO B 3aIlaJHOU
YacTU MPUPOIHOTO apeana P. brutia var. pityusa
B ['opHOM KpBIMY ITOUYBEI 110 COIEpIKAHUIO TyMyca
U TpaHyJOMETPHUYECKOMY COCTaBy Oouee Oiaro-
MPUSATHEI 17151 JAHHOTO BHJIa B CPABHEHUH C BOC-
TouHoi. Ha MbIce A#ist u B ypounuie barunnman
CpemHee COoIepKaHUEe TyMyca IO IMTOYBEHHBIM
npodmiism coctaBuiio 3,9 %, cpenHee copep-
xaHue ¢uszndeckor rauHsl — 50,1 %, HIUCTHIX
yactuil — 23,4 %. B BocTOYHOI YacTu pacmpo-
CTpaHEHUs HacaxIeHWi P. brutia var. pityusa
B ypouunnie HoBerif CBeT cpemHee conepikaHue
rymyca B cioe nouBsl 0...50 cMm — 2,6 %, cpen-
Hee copepikanue (usnueckor riauHbl — 48,7 %,
nna—23,8 %. Haubosnee neccumanbHble YCIOBUS
M0 CONIEP)KAaHUIO MHUTATEIBHBIX BEIIECTB M Tpa-
HYJIOMETPUYECKOMY COCTaBY MOYB HAOIIONAIOT-
cs1 B okotonax T. Kapayn-O0a, rae cpemanee co-
JepKaHUE TyMyca B MOTyMETPOBOM CJIO€ TIOYBHI
cocrasisieT 2,3 %, ¢pusndeckoit rinunbl — 38,3 %,
una — 16,7 %. Ilo nanapIM MeTeocTannuii 1. Ce-
BacTononb U I. deogocus, CperIHEr0I0BOE KO-
JUYECTBO aTMOC(EPHBIX OCAIKOB B paiioHE 3a-
MaJiHOW U BOCTOYHOM YacTH MPUPOJHOTO apeana
P. brutia var. pityusa B T'opaom KpsiMy cocTas-
nget 393 mm u 495 MM cootBeTcTBeHHO. [Ipn
stoM I'TK CensiHuHOBa 11 TEIJIOrO Nepuoia
roja MMeeT NMPUMEPHO OAMHAKOBBIC 3HAUCHUS:
nasa CeBacronojibckoro pailona — 1,079, nist
®deonocuiickoro — 1,028. HecmoTps Ha Oonee

BBICOKHIT yPOBEHB T'OJJOBBIX aTMOC(EPHBIX 0CaI-
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k0B B DeonocuiickoM pailoHe, HU3KUH yPOBEHb
BJIArOHAKOIUIEHUS! U HEBBICOKOE COJIEpPIKAHUE
TrymMmyca B IOYBC ABJIAIOTCA HaI/I6OJ'[CC BaXXHBIMH
(hakTopamu, BIUSIOIMIUMHA Ha POCT U Pa3BUTHE
P. brutia var. pityusa B 3KOTONax BOCTOYHOH ya-

CTH ee pacripoctpanenus B [opnom Kpsimy.

3akaoueHne

B 3anmajgHoli wacTu mpupOIHOro apeasa
P. brutia var. pityusa B l'opaom Kpeimy HaOIMIIO-
JIar0TCs Haubosiee OIaronpUsiTHBIC YCIOBUS IS
ee npouspacranus. Ha mbice Alis u B ypouulie
barunuman cpenHee copepkaHue rymyca B IO-
yBe cocTaBmiio 3,9 %, cpenHee copepxkanue (hu-
3uyeckor TiuHbl — 50,1 %, WAMCTBIX YaCTHI] —
23,4 %. OTHOCUTENBHOE yBEIMYEHUE Iymyca
B [T0YBE ypouHina batunnMaH cBUIETENbCTBYET
0 TOM, YTO B HE/IABHEM IIPOILIOM 3/]€Ch IIPOU3-

pactanu Oosee NPOAYKTHUBHBIC HACAXKICHUS.
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Abstract. Induction and proliferation of embryogenic calluses are the key stages in large-scale reproduction
of coniferous species by somatic embryogenesis and long-term storage of their embryos. However, there
are some issues, such as low reproduction efficiency, loss of embryogenic ability, poor viability. To solve
the problems of somatic embryogenesis in the Siberian dwarf pine (Pinus pumila (Pall.) Regel), we
aimed to determine the best cultivation conditions by varying the concentrations and combinations of
plant growth regulators in the culture medium for inducing embryogenic calluses at different stages of
embryo development. Explant response dependence on the stage of its development and the hormonal
composition of the nutrient medium was established and optimal conditions for induction of somatic
embryogenesis in Siberian dwarf pine were determined. Zygotic embryos with a length of | mm (mature
embryo) were shown to be the most promising material for induction of Pinus pumila callogenesis (85 %).
Embryogenic calluses were formed more actively on the DCR medium with reduced concentrations
of plant growth regulators, NAA (1 mg/l) and 6-BAP (0.5 and 1 mg/l). Calluses transplanted to fresh
media of the same composition every 14 days maintained their viability and sustained their ability to

intensively proliferate throughout the year.
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NHayKkuus coMaTHYeCKOro YMOpHoreHe3a
y KeapoBoro crianuka (Pinus pumila (Pall.) Regel)
B KYJbTYpe in vitro
HN.C. llleBenesa?, T. U. I'osoBanosa?®, U. H. TpeTbsikoBa®
“Cubupckutl ghedepanbHblil YHUSepCUmem

SUncmumym neca um. B. H. Cykauesa CO PAH
Poccuiickas @edepayus, Kpacnosapck

AnHoTanus. Maayknus u nmpoaudepariist SMOpPHOreHHOT0 KaJlTyca SBIISIIOTCS KIIIOUEBBIMH STallaMu IS
KPYTHOMACIITaOHOTO Pa3MHOXKEHHSI ITyTEM COMAaTHYECKOTr0 AMOPHOreHe3a U I0JITOCPOYHOI0 XPaHEHH ST
3aposbIniell XBOHHBIX BUIOB. OJTHAKO CYMIECTBYIOT MPOOIIEMBI, TAKHE KaK HU3KNH OTKJIMK 3KCIJIAHTOB
Ha MHJIYKLIHOHHBIX cpenax, Hu3Kkast 3 (HeKTUBHOCTh pPa3MHOXKEHHsI, cliabast >KM3HECIIOCOOHOCTD
1 NIOTepst SMOPHOT€HHOCTH KAJLTYCHBIX KYJIBTYD B IIpOIecce KyIbTHBHUpoBaHUs. [lis pereHus mpobiaem
COMAaTHYEeCKOro aMOpHorenesa keaposoro ctianuka (Pinus pumila (Pall.) Regel) Mbl BapbupoBaiu
KOHIEHTPALNIO U KOMOMHAIIMY PEryJIITOPOB POCTA PACTEHUH B CpeAax sl HHAYKIUH SMOPHOT€HHOTO
KaJulyca y 3apoJiblIieil Ha pa3HbIX CTaausIX pa3BUTHs. Hamu Obliia ycTaHOBJIEHA 3aBUCUMOCTD OTKJIHKA
9KCIUIAHTA OT CTAJINU €T0 PA3BUTHS, OT FTOPMOHAJIBHOT'O COCTABA MUTATEIBHON CPEbI, OIPEAEICHBI
HAWJTYYIINe YCIOBHSI KYJIbTUBHPOBAHHSI SMOPHOT€HHOTO KaJlTyca. BhlJIo yCTaHOBJIEHO, YTO 3UTOTHYECKUE
CeMsIJI0JIbHBIE 3apOABIIIN JINHON | MM SBIIsIIOTCS HanboJiee NMepCIeKTUBHBIM MaTepHaIoM s
WHAYKIWHU Kajnycorenesza y P. pumila (85 %). DMOpHOreHHbIN KaJlllyC akTUBHEE 00pa30BBIBAJICS
Ha cpene DCR ¢ OHIKEHHOM KOHIIEHTpaIiel perynaropos pocta pactenuii NAA (1 mr/n) n 6-BAP
(0,5 u 1 mr/n). [lepecanku Ha CBEKUE CPEIBI TOT'O JKE COCTaBa KaXKJble 14 MHEH MO3BOJISLIH HE TOJIBKO
MIO/ICPXKUBATH KUZHECTIOCOOHOCTH KAJIITYCOB, HO TAK)KE COXPAHATh X CIIOCOOHOCTH K MHTCHCUBHOM

nposndepanuu B TeUSHHE Toja.

KuroueBble cioBa: Pinus pumila, in vitro, KeIpOBBIN CTIAHUK, KaJIyC, SMOPHOT€HHBIE KYIBTYPHI,

COMaTHYECKUM 3M6pI/IOF6H€3.

Hurtuposanue: llesenesa U. C. Unaykuus comaTuyeckoro sMOpuoreHesa y kenpooro ctianuka (Pinus pumila (Pall.) Regel)
B Kynwrype in vitro / UI.C. lllesenea, T. . ['onoBanosa, . H. Tpetwsikoa // Kypu. Cub. penep. yn-ta. buonorus, 2024. 17(2).
C. 148-159. EDN: LVBAPM

BBeneHue posib. CeMeHa KeIpOBOrO CTIAHHWKA SIBIISFOTCS

Kenpogsiit crmanuk (Pinus pumila (Pall.)
Regel), oTHOCATIUIICS K TIATUXBOWHBIM COCHAM,
MPOU3pACTaeT Ha ceBepo-BocToke Cubupu u 3a-
HUMaeT OOUmIMpPHBIN apean oT ceBepHOro [lpwu-
Oaiikaibs 10 mosyoctpoBa Kamuarka. JlaHHBII
BHJl IMEET OOJIBIIOE JKOJIOTHYECKOE M XO3Sii-
CTBEHHOE 3HaueHue. Ero 3apocnu urparT Bax-

HYI0 (HUTONEHOTHYECKYI0 U JIAHAMAPTHYIO

OIHUM U3 TJABHBIX MHUIIEBBIX PECYpCOB s
ITHI U )KUBOTHBIX.

CeMeHOIIIEHHEe, TeHeTHYeCcKass HW3MEHYH-
BOCTb U POCT ITOTOMCTBA P. pumila B CpaBHEHUH
ero ¢ Pinus sibirica 8 Ceeprom Ilpubaiikaisbe,
nensre Bepxneid Anrapel U bapry3mHckom 3a-
nosegHuke wu3ydanuch C.H. TopomxkeBmuem

u ero corpyaaukamu (Bacunbsesa, ['opomkesny,
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2012; Iletpona u ap., 2007). B mporecce pa3Bu-
THS CEMSIH KEIPOBOTO CTIIAHMKA HaOIIOAIOT-
Csl HEKOTOpPbIE TOTEPH U CHIDKEHHE CEMEHHOU
MPONYKTHBHOCTH. JIONIsi MOJHOLECHHBIX CEMSH
¢ nudhepeHIUPOBAHHBIM 3aPO/IBILIEM BaPbUPY-
eTcs B IINpoKuX npenenax (Bacwuibesa, [opomi-
keBu4, 2012).

V3BeCTHO, YTO Pa3BUTHE CEMSH KeIpPOBO-
ro CTJaHMKa, TaK )K€ KaKk U JPyruX BHJOB poja
Pinus, ocyuiecTBisieTcss B TeYeHHE JBYyX Bere-
TAI[MOHHBIX TIEPHOJIOB, & 3pEJIble CEMEHA UMEIOT
HEJOPa3BUTHIA 3apOABINI U TPEOYIOT AIUTEIb-
HOH cTpatudukanuu (0kojio 4 MecsleB), M0ITO-
My TPaIULHOHHBIC METO/BI PA3MHOXKECHHS MOTY T
HE COOTBETCTBOBATh TPEOOBAHUSM HCKYCCTBEH-
HOro JilecoHacaxaeHus (Song et al., 2020; Li et
al., 2020).

JUis OCyIIECTBICHUSI KpPYIHOMACIITAOHOM
CEJIEKLIMM KEIPOBOI0 CTJIaHWKa HeoOXoArma
pa3paboTka U NPHUMEHEHHE COBPEMEHHBIX TEX-
Hojoruil. OnHONW M3 TAaKUX TEXHOJOTHH SIBIA-
€TCS METOJ MHKPOKJIOHAJIBHOTO Pa3MHOMKECHUS
yepe3 comatnyeckuii smopuorenes (Tretyakova
et al., 2016; TperpsikoBa u np., 2021). ComaTu-
YEeCKHil IMOpPUOreHe3 CTall IIaBHBIM CIIOCOOOM
JUIS  BEreTaTUBHOTO Pa3MHOXKEHHS XBOWHBIX,
MOCKOJIbKY COMAaTHYeCKHe 3MOpPHOHBI pa3BHBa-
IOT KaK alMKaJbHYI0, TAK U KOPHEBYIO MEPHCTE-
My (Lelu-Walter et al., 2018). DmOproreHHbIi
KaJUTyC SIBJISIETCSl OCHOBOW JUIsl pereHepaiuu
pacTeHuil B OoONbIIMX MacumTadax M CIYXKHUT
Ba)XHBIM MaTEpPHAJIOM JJIsi TEHETUYECKOM TpaHC-
dopmaruu (Zeng et al., 2007; Yang, Zhang, 2010;
Santa- Catarina et al., 2012; Steiner et al., 2016).
Ilo sToil NprYKMHE OCHOBHBIM IIATOM IS COMa-
THYECKOr0 AMOPHOTreHe3a SBISETCS MOTy4YeHHE
JIOCTAaTOYHOI'0 KOJIMYECTBA KAJUIYCHBIX KYJBTYP
BbICOKOT0 KauecTBa (Gao et al., 2021). [lmaBHBIMI
(akTopamu, BIUSIONIMMH HA UHAYKIHIO U TIPO-
udepao SMOPHOreHHOT 0 KaJlTyca, BISIOTCS
COCTaB MUTATEIBHOU CPEeibl, TEeMIIepaTypa, cyo-

KyJ'ILTypHHﬁ UK U TeHETHYSCKHI INOTCHI UAJI

skcrutanta (Song et al., 2020). Jlust monydeHus
WHIYKIWH, Ui TOAIepKaHus (maintaining)
u npoiudepanun AMOPHUOrEHHOro  Kajuryca
XBOUHBIX PACTEHUH HCIOJB3YIOTCS pa3IUYHbIC
KOMOWHAIMU (PUTOTOPMOHOB ayKCHHOB M IIUTO-
kuHuHOB (Vondrakova et al., 2011; Klimaszewska
et al., 2016; Nunes et al., 2018).

ComaTuveckuii 3MOpHOreHe3 y KeIpoBO-
ro crnanuka (P. pumila) B KyneType in vitro
HCCIIEIOBAH HEIOCTAaTO4HO. B  skcrnepumMeHTe
[0 WHUIHUALKMK COMaTHUYeCKOro sMmOpuoreHesa
y KEAPOBOr0 CTIAHHMKA U3 HE3PENbIX IMOPHO-
HOB (Tret’yakova, Shuvaev, 2015) nosy4yeHHbIN
Kalayc o0sajan HU3KOW 3MOPHOTEHHOCTHIO
U HE MOT OBITh KYJbTUBUPOBAH JIJIs TAJbHEHIITNX
[Iar0B COMAaTUYECKOro 3MOpuorenesa. B Hacro-
SMICH CTaThe MPEACTABJICHBI JAaHHBIC 3KCIICPH-
MEHTa M0 MOJYYECHUI0 IMOPHUOTEHHOr0 KaJuryca
y KEAPOBOTrO CTJIAHHWKA Ha Cpeaax s HHAYKIUN
COMAaTHYECKOr0 3MOpPHOreHe3a B KYJIbType 3u-
FOTUYECKUX 3apoibluieil. B xone sxcnepumenTa
pelIaikch 3a/[auu M0 BBISIBJICHUIO HAuOoIee OT-
3BIBYMBOM CTAJUU PA3BUTHS 3UTOTHUYCCKOIO 3a-
POABIIIA U TIOA00P ONTUMAJIBHOIO COCTaBa Cpe-
JIbI, KOHIICHTPAI[MH ¥ KOMOWHAI[UU PEryIsITOPOB
pocra s nmojayueHus u nposudepanun sMOpu-

OTE€HHBIX KYJIbTYD.

MartepuaJibl 1 METObI

B 2020-2021 rr. ¢ 25 nepeBwseB P. pumila,
npouspacTtaronux Ha ceBepe MpkyTckoil 00-
nactu (bomaiibmHckuit pation) (58°12'28" c.r.
114°38'45" B.1) m YyKOTCKOrOo aBTOHOMHOI'O
okpyra (66°33'48" cam. 164°27'44" B.1.), ObLIH
coOpaHbI 00pasibl — KeHcKre mumky (mo 10 mT.
C KaXIOTO IepeBa), KOTOPHIE IO BBEICHHUS B KYJIb-
TYpY XpaHUJIUCh npu TemnepaTtype 4+1 °C B yc-
JIOBUSIX XOJOAMIIBHOW Kamepsl. COop 0OpasmoB
HIMIIEK TPOBOJMIIN B Pa3HbIE CPOKH IO MEpe MX
CO3pEBaHMs, C UIOJNS (IepBasi U BTOPAS-TPEThs
JieKanpl) Mo aBrycT (mepBas jaekana). CremneHb

3peNIOCTH 3apofbliia (PUKCHPOBAIH IIPU H3BIIE-

— 150 —



Irina S. Sheveleva, Tamara I. Golovanova... Induction of Somatic Embryogenesis in Siberian Dwarf Pine...

YEHUU ero u3 meraramerodura, onpenesss cra-
U Pa3BUTHSL: CTaJWs MHULIHAALUN CeMsII0JIeH
(pasmep 3apoasima 0,3 MM), pa3BUTHS CeMSsIIO-
neit (pasmep 3apoxbimia 0,7 MM) U 3peoro 3apo-
nelma (pa3mep 3apoasima | Mm).

Jlo u3BII€UEHUS SKCIUTAHTOB 00pa3Ibl 1MOJ-
Bepraiu npenaodbpadorke. Illumku odpadareiBa-
a1 5 %-HBIM PacTBOPOM THHOXJIOPUTA HATPHUS
okoJ10 20 MUHYT, 3aT€M MPOMBIBAJIA JUCTHUIIIHU-
poBaHHOH Boo# B TeueHue 10 MuUHYT. ¥V ceMsH
YA CEMEHHYIO YeIyI0, aJiee H3BJICUCHHBIC
MerarameToduTel o0padareiBanu 75 % cnupTom
B TEUCHHE 5 MUHYT U TPH pasa AUCTUILINPOBAH-
HOW BOAOH 1O 15 MUHYT. 3aTeM B CTEPUIIBHBIX
YCIOBUSIX OOKCa M3BJIEKAJIH 3apOABIIIN U3 Me-
raraMeTo(UTOB ¥ IEPEHOCHIIN Ha ITUTATEIbHYIO
cpeny B KOJIOBI 1O 5 MITYK B KQXKAYIO.

Jist MHAYKOUU SMOPHOTeHHOro Kajuryca
u3 3apoupiieit P. pumila ncrnonp3oBain 6a3o-
Byto cpeny DCR (Gupta, Durzan, 1985) c pas-
JIMYHBIMU KOHUEHTPAIMSIMU ¥ KOMOWHAIMSIMHU
PEryJIATOPOB POCTa PACTCHUN: TUXJIOP(HEHOKCH-
yKkcycHas kuciora (2,4-D) / 1-nadranunykcyc-
Hasg xucinota (NAA) u 6-Oenszunanenun (BAP)
(tabum. 1). Bce BapuaHThbl cpebl ObUIH JOMOJHE-
HBI Me30HMHO3UTOM — 100 MT/II, THApONIH3aTOM
kazenHa — 500-1000 mr/m, L-rmyramMuHOM —
500 mr/n, caxapo3oif — 30 r/m u arapom — 7 T/
B kadecTBe aHTHOKCHJAHTA MPUMEHSIIH ACKOP-
OMHOBYIO KHCJIOTY B KOHHeHTparuu 400 wmr/m.

Ilepen aBToknaBupoBanueM pH goBoaumau 10 5,8

¢ nomormibto NaOH wmnu HCIL. Cnyers mecsin
KYJIGTUBUPOBAHMS MTOJYyUYCHHBIE KAJLITYCHI Tepe-
HOCHJIMCh Ha MUTATEJbHBIE CpeIbl JUIsl dTara
nponudpepannn. s nponudepannn Kalaycos
HCIIOJIb30BAJIM T€ K€ BapUaHThI MUTATEJIbHOM
cpelsl, 4To U Uil MHAyKunu. KynsTypsl mome-
manu B TEeMHOTY Ipu Temmeparype 24 + 1 °C.
CyOKyJIBTUBHPOBaHNE HA CBEXKHE IMUTATEIbHBIC
Cpelibl, ONUCAHNE KYJBTYpP U PErHCTpaluio ya-
CTOTBHI KaJNycOOOpa30BaHMs IPOBOJIMIM KaK-
neie 14 nueit. [lepBuuHbIi OTKJIMK (0Opa3oBaHue
MIEPBUYHOTO KAJUTyCa, BOZHUKIIETO HA SKCIUIAH-
Tax) pErucTpuUpoBaIn uepe3 4 Hemenu mocie
BBEICHUS B KYJIbTYpy. YacToTy Kaymycoobpaszo-
BaHMS PacCYUTHIBAIH 110 Popmyie: A= (n/ N) *
100 %, rne A — yacTtoTa KaJllrycooOpa3oBaHus,
N — KOJMYECTBO 3KCIJIAHTOB, JAaBIIMX KaJIITyC,
N — oOmiee uncio skcrIanToB. It TPOBENCHUS
LUTOJIOTHYECKOTO aHaJN3a MOTYyYEHHBIX Kile-
TOYHBIX JIMHUH TOTOBHIIN JABIICHBIE MUKPOIIpe-
naparbl. O0pasiibl KaIIyCOB (PMKCHPOBAIH KaXk-
able nBe Henmenn. KyCOukM TKaHM pa3Melatu
Ha MPEJMETHOM CTEKJIE U OKPALIMBAJIN B KaIlje
2 %-HOTO BOJHOIO pacTBopa cad)paHuHa B Te-
yenue 1-2 munyT. Jlanee no0aBisuM TIULEPHH
1 (QUKCHPOBAJIH IIpErapaT MOKPOBHBIM CTEKIIOM,
W3IUIIKY KPacuTells yIaisuid (uibTpoBaIbHOM
Oymaroii. IlpuroroBneHHble MHKpoOIpenapa-
THl NPOCMATpPUBAIN TOx MuKpockornom MUK-
MEJI-6 JIOMO (Canxrt-IleTepOypr,
¢ Buaeonacagkon DSMS510. Otmewanu wmop-

Poccus)

Tabnuua 1. BapuaHTH coepKaHus PEryIsTOPOB POCTa PACTCHUN B MUTATEIBHON Cpere

Table 1. Plant growth regulator contents in nutrient media

PerynsiTopsl pocTta pacTeHHi, MI/1T

[IuTarensHas cpena

2,4-nuxnopheHOKCHyKCycHas

I-HagranunyKcycnas 6-6ensunanennH (BAP)

kuciota (2,4-D) kucinora (NAA)
DCR 1 2 - 1
DCR 2 - 2 1
DCR 3 - 1 1
DCR 4 - 1 0,5
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(onoruueckre THIBI KJIETOK. PasMepbl KIIETOK
OTIPEACTISITN TIPHA TTOMOIIU OKYJISIP-MHUKPOMETpa
C TOCIIEYIOIUM TIEPEBOJIOM TIOJIYYEHHBIX €/IH-
HHIl B MKM. DMOpPHOTEHHOCTh KaJLIyCOB yCTa-
HaBJIMBAJIM 10 HAJIWYUIO B HUX dMOPHUOr€HHBIX
CTpyKTYyp. M3BeCTHO, 4YTO SMOpPHOTCHHBIC Kall-
JYChl UMEIOT PBIXJIYIO CTPYKTYpY, MOJIOYHBIH
MPO3PAYHBIA IBET, CIOCOOHBI K AaKTHBHOMY
00pa30BaHUI0 IMOPHOTCHHOW MAacCChl, OBICTPO-
My pocty. Panee mpoBeneHHBIE HCCIEIOBaHUS
MOKa3aJu, 4To B mpoiecce GOPMHUPOBAHUS IM-
OpMOTCHHBIX KaJUTYCOB y XBOWHBIX KJIETKHU JKC-
TUTAHTOB, ITOABEPIILIUXCS BIUSHUIO PETyJIsTOPOB
pocTa, YAIHHSIINCE U B TAJTbHEHIIIEM TTpeTepIe-
BaJIM aCHMMETpPUYHOE JieieHre U (hopMuUpoBaIn
SMOpPHOHATBHBIC WHULHAINA W SMOpPHUOHATBHBIC
TpyOku. M3 MHHMIMAJIBHBIX KIETOK OOpa30BbI-
BallUCh TJOOYJIBl COMAaTHYCCKUX 3apOIIbIIIeH,
a U3 dMOPHOHAJBHBIX TPYOOK (OPMUPOBAIHCH
CIIO)KHBIC BBITSHYTHIC CTPYKTYpPBI C MHOXKE-
CTBEHHBIMHU neperopoakamu. Kaxnas rioOyna
OKpy»Xajdach MHOXECTBEHHBIMH 3MOpPHOHAIb-
HbIMHU TpyOKamu. DopmupoBaiach IMOpHOHAITb-
Has Macca, COCTOSIIas U3 NI00YJ COMaTHIEeCKHIX
3apojbllieii 1 SMOPHOTreHHBIX TPYOOK — CYCIIeH-
30pOB. DMOPHOHAIBHEIEC TIIOOYITEI TOIBEPTaIUCh
KJIMBaXy. B eIMHUYHBIX KaJUlycaX BO3HHMKAJIN
TOPIIEIO00pa3HbIE COMATHYECKUE 3apOJIBIIIN
(Belorussova, Tret’yakova, 2008; TpeTbsikoga,
Mox6ommunaa 2009).

Pesyabrarbl

Kak mokaszanm uccienoBaHHs, Ha HHIYK-

ouo  o0pa3oBaHUsl Kalulyca 3HAYUTEIBHOE
BJIMSIHUE OKa3biBajla CTagusd pPa3sBUTUA OIKC-
IUTaHTa — 3UTOTHYECKOrO 3apojbllia, KOTOpas
3aBHcena OT cpoka cbopa cemsH (puc. 1). Tak,
y 3apofblllieii Ha CTaJuM WHHLUALKUU CEMSIO0-
neit (pazmep 0,3 MM), UMEIOITUX OUEHb JUTMHHBII
cycrier3op (c6op ¢ 1 mo 10 urons, puc. 1A), 06-
pasoBaHMEe Kamayca He mpoucxonuno. OOpa-

30BaHHC KaJlryca Ha6n}0z[an001, y 3ap0;[1,1mef/'1

U3 ceMsiH, coOpaHHbIX ¢ 15 mo 23 urons (B 40 %
cirydaeB). B 3TOT nmepmoa 3apoAsIiy TOCTUT AN
paszmepa 0,7 MM, HaXOJWJIHCh Ha CTaJUU pPas-
BHTHS CeMsI0NIeH u ObutH TudpepeHInpOBaHBI
1O TPOJOJIBHON OCH Ha JIBE alMKaJbHBIE MEpPH-
cremsl (puc. 1B). Haubonpmmas gactoTa Kamry-
coobpasoBanus (85 %) orMeueHa Mpy BBEACHUHU
B KYJBTYPY in Vitro CeMsIOJIBHBIX 3apOJbIIIeH
pa3mepom okosio 1 MM (mara c6opa 30.07-7.08)
(puc. 1C).

OO6pa3oBanue u nposaudepamnus KauTyCHOMH
MAacChl 3aBHCEJIA OT KOHIIEHTPALUHU PETYJISATOPOB
pocTa pacTeHMI B MUTATENIbHBIX cpeaax. Ha cpe-
ne DCR 1 oGpa3oBanme kamryca HaONIOIATIOCh
TonbKo y 15 % skcmnanToB, Ha cpeae DCR 2 va-
cTora o0pa3oBaHus Kamryca Obu1a okoio 40 %,
Ha cpeaax DCR 3 u DCR 4-80 % u 87 % cooT-
BETCTBEHHO (Ta0JI. 2).

OMOpHOTreHHBI  KaJulyc 00pa3oBBIBAJICS
tonbko Ha cpegax DCR 3 u DCR 4. Ilonyuen-
HBIW KaJUIyC OTIMYAJICS aKTUBHBIM POCTOM, ObLI
MIPO3pavHOro IBETa, UMEJ PBIXIYIO CTPYKTYpy
U COXpPaHsl 3MOpPHOTEHHbIE XapaKTEPUCTUKU
(tabm. 2, puc. 2A) B Teuerne 6 mecsmes. Ha cpe-
nax DCR 1 u DCR 2 3M0puoreHHOCTh KaJjllyca
orcyTcTBoBana (tabm. 2). Kammye, obpasoBaH-
Helit Ha cpene DCR 2 (tabu. 2), ObICTPO Mposiu-
(bepupoBai, ogHako depe3 60 mHEH mprodpeTan
Oypsiii uBeT u merpaguposain (puc. 2B). Ilocie
ylaJeHuss HEKPOTHUPYIOMIMX YYacTKOB KaJuIyc
npruoOpeTal INIOTHYIO CTPYKTYPY, XapaKTepu30-
BaJICSI MEJUIEHHBIM POCTOM M ITOCTEIIEHHO JIeTpa-
nupoal (tadm. 2). Ha cpene DCR 1 xanmyc umen
HU3KMHA ypOBEHb Npoiudepaluy, mpuodperan
OKpacKy Oyporo 1mBeta u OBICTPO AerpagupoBai
(tabm. 2, puc. 2C).

HuTonornueckuit aHanuM3 Mokasall, uYTO
KaJITyCHBIE KYJBTYpbI, MOJXY4YEHHbIE Ha INTa-
TEJNBHBIX CPe/iaX C Pa3JIMYHBbIM COCTaBOM pery-
JSITOPOB POCTA PACTEHHH, COCTOSIIN U3 KJIETOK
pasHbIX MOP(OIOrHYECKUX THUIOB. B IIIOTHBIX

KaJurycax MpoCMarpuBaiiCb H30AWMaMETpHUYC-
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C

Puc. 1. 3urotudeckue 3apoasiiu Pinus pumila, coOOpaHHBIC B pa3HbIC AaThI: A —3apOJIBIII HA CTATHH HHUITHALIUH
cemsaonei, ruaa 0,3 MM, gata coopa 1.07-10.07; B — 3apoablin Ha cTaquu pa3BUTUs ceMsnoeit, niauHa 0,7 M,
nata coopa 15.07-23.07; C — cemsaa01bHbIN 3apobii, 1iauHa 1 MM, qata coopa 30.07-7.08. Macmitad 200 MM

Fig. 1. Zygotic embryos of Pinus pumila collected between different days: A — 0.3 mm long embryo (collected
1.07-10.07); B — 0.7 mm long embryo (collected 15.07-23.07); C — 1 mm long embryo (collected 30.07-7.08). Bar

lengths correspond to 200 pm

Tabnuma 2. Ungyxuus, mponudepanns 1 SMOPHOT€HHOCTh KAJUTYCHBIX KYNbTYp Pinus pumila

Table 2. Induction, proliferation and embryogenic yield of Pinus pumila callus cultures

Yucno YacroTa
Jlara BBeneHUs . CoXpaHHOCTb
IIurtarenpHas 9KCIIJIAaHTOB, [NepBuunsbIit (dopMupoBaHUL
B KYJIBTY Py o KaJLIIycOB uepe3 6 Mec.
cpena o BBEJICHHBIX oTkIHK (%) o IMOPHUOTEHHBIX
in vitro KyapTUBUpOBaHUA (%) o
B KyJIBTYpY (LUIT.) KyneTyp (%)
DCR 1 17.08-30.08 200 15 0 0
DCR2 17.08-30.08 200 40 15 0
DCR3 17.08-30.08 200 80 35 1
DCR 4 17.08-30.08 200 87 50 2

ckue kaeTku auametpom 100 + 3 mxwm (puc. 3A).
PhIxJible KaJITyChl COCTOSUIM B OCHOBHOM U3 TIPO-
3CHXHUMHBIX KJICTOK, JOCTHTAIOMUX B JUIHHY
300 £ 3 MM (puc. 3B), oqTHOPOAHBIX, O€3 KaKUX-
aubo npusHakoB nuddepenunanuu. lanee Ha-

YWHAJIOCh AaKTHBHOC YIJIIMHCHHUC 3TUX KIICTOK,

OHH CTAHOBHJIMCH IIOXOXH Ha 3M6pHOHaHLHLIe
TPYOKH MEPBUYHOIO CYCIIEH30pa 3UTOTHUYECKOTO
3apoasima (puc. 3B). DT KIeTKU NOABEPraInch
ACUMMETPUYHOMY JICICHUIO U 00pa30BbIBAIIN
JIB€ KJIETKH: OIHY MaJleHbKYI0 — dMOPHOHAJb-

HYyI0, IpyTryl0 JUIMHHYIO — 3MOPHOHAJIBHYIO
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d

Puc. 2. Kannycsl Pinus pumila Ha cpeaax ¢ pa3jM4HbIMH KOHLEHTPALMAMU U KOMOMHALMSAMH PErylisiTOpPOB
pocta pactenuii: A — Ha cpere DCR 4; B — na cpene DCR 2; C — na cpene DCR 1. Macuirab 1 cm

Fig. 2. Pinus pumila calluses on media with various combinations of plant growth regulators: A — DCR 4 medium;
B — DCR 2 medium; C — DCR 1 medium. Bar lengths correspond to 1 cm

TpyOky. O0a THIa KJIETOK AKTHBHO IEIMIINCH,
(dhopmupyst amMopuonanbHbie 17100yII6! (puc. 3C),
KOTOpbIE OKPYXXEHBI JJIMHHBIMH KJIETKaMHU.
K KoHIy MHHMIManuu >MOPHOICHHBIH KaJulyc
MPEACTABISAN COOOH 3MOpPHOHAIBHO— CYCIIEH-
30pHYIO Maccy, COCTOSINYIO U3 SMOPHOHAIBHBIX

100y u TPyOOK.

O6cy:xaenne

Wnpyknus coMaTH4eckoro smOpuoreHesa
ObllIa ONMKCAHA Y HEKOTOPBIX ISTHXBOHHBIX CO-
ceH: Pinus koraiensus (Bozhkov et al., 1997),
P. pinea (Carneros et al., 2009), P. sibirica
(Tret’yakova et al., 2014), P. pumila (Tret’yakova,
Shuvaev, 2015). Bo Bcex JnTepaTypHBIX HCTOY-
HHUKaX OTMEYAeTCs OYCHb HHU3Kas 4acTOTa MHH-

nanuu 3M6pI/IOF€HH01"O Kaiiyca 'y MIATUXBOM-

HBIX COCCH, KaK M y APYTHX BUIOB poxa Pinus.
Tak, y P. pumila u3 paiiona Y1oKaHCKOrO Xpeo-
Ta ¥ fora SIKyTum 9acToTa WHUIIHAIUU dMOpH-
OTEeHHOTro Kayryca coctaBuia Tombko 0,3 %
(Tret’yakova, Shuvaev, 2015). Hccnenosanus,
NpoBe/ieHHbIe Ha P. strobus, okasaiu, 4To s
JOCTIDKEHUST MaKCHMaJIbHOW WHHUIIHALMH OO0JIb-
110€ 3HAUYCHUE UMEET CTaaus Pa3BUTUS 3UTOTH-
gyeckoro 3aponbima (Klimaszewska et al., 2001).
B xone HammMXx 3KCHEpPUMEHTOB MBI OIPEISIUIN
CTaIWU Pa3BUTUS 3UTOTHYCCKUX 3apOJbIIICH
C HauOOJIBIIMM OTKJIMKOM Ha COCTAaB MHAYKIIH-
OHHOM Cpebl.

BBenenue B KyJIbTypy HE3pENbIX 3UTOTHYE-
CKHX 3apojslmieil P. pumila Ha cTaguu WHULU-
anuu cemsioieit (pasmepom 0,3 MM) 0Ka3anoch

Hea(pPeKkTHBHBIM, YacTOTa KajurycooOpa3oBa-
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Puc. 3. Mopdosornieckue TUIbI KJIETOK B KaJITYCHBIX KyJIbTypax: A — H30AMaMETPUYECKHE KJICTKH, MacIITad
50 mxM; B — ynnnnennsie kinetku, macitad 70 Mmxm; C — smMOpuoHanbHbie r100yiibl, Macitad 100 Mxm

Fig. 3. Morphological types of cells in callus cultures of Pinus pumila: A — isodiametric cells, the bar length
corresponds to 50 um; B — elongated cells, the bar length corresponds to 70 um; C — embryonic globules, the bar

length corresponds to 100 pm

HUs OblIa paBHA HYNIO. MHUIManus Kairyc-
HBIX KYJBTYp y 3apOibllIed Ha CTaJuu pa3Bu-
THsL cemsigoned pasmepom 0,7 MM cocTaBuia
40 %. VI3 nutepaTypHbIX HCTOYHUKOB N3BECTHO,
YTO Y HEKOTOPBIX BUIOB COCHBI, Hallpumep y P.
koraiensis, WHIyKINs KaJJyCHOH Macchl Ipo-
HCXOAMIIA TOJNBKO Ha JIaHHOHM CTaguu pa3BUTHUS
3apoabieit (Gao et al., 2022). Ungyknus kan-
JIyCHOH MaccChl B HallleM HCCIEIOBAaHUM HMe-
Jla MECTO TOJIBKO y CEMSJIOJIBHBIX 3apoibIIIeit
u ¢ HauOomblueil yactoroil (85 %) y Haubosnee

3penbIX 3apoAbllIeii, pa3MepoM OKoJIo 1 MM

(coop mmimex 30.07-7.08). B HayuHo# nuTepary-
pe OMUCAHBI UCCIIEIOBAHNUS, B KOTOPHIX HHIYK-
LIMsI COMaTHYECKOro SMOpHOreHe3a akTHBHO 1111
TaK)Ke M3 3PeJbIX 3UTOTHYCCKHX 3apoJbILIei,
Hanpumep y P. sylvestris (Ignatenko et al., 2022)
ny P. pungens (Cao et al., 2022).

W3BecTHO, 4TO HAa UHAYKIIHIO COMaTHYECKO-
ro SMOpHOreHe3a XBOIHBIX 3HAYUTEIEHOE BIIHSI-
HHUE OKa3bIBaET COCTAB MUTATEIbHBIX cpel. Hau-
Oostee pacrpocTpaHeHHBIMU 0a30BBIMH CPEAaMU
st poxa Pinus sieisitores cpensl DCR (Gupta,
Durzan, 1985), Litvay (Litvay et al., 1985;
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Nagmani, Bonga, 1985) u MSG (Becwar et al.,
1990). B Hamewm uccienoBaHuy ObLIAa HCIOTB30-
Bana cpena DCR (Gupta, Durzan, 1985), Tak xak
CUHMTACTCS, YTO MIMCHHO OHAa HAWJIYYIIUM 00pa-
30M MOIXOAMT JJISI HHIYKIIMH COMAaTHYECKOIrO
sambpuorenesa y Pinus (Song et al., 2020). Cye-
CTBYeT MHEHHE, uTo cpesl Litvay (Litvay et al.,
1985; Nagmani, Bonga, 1985) u MSG (Becwar et
al., 1990) MoryT HeraTuBHO CKa3bIBaThCS Ha KaJl-
TycooOpa3oBaHWM, TaK KaK CoOAepXkKaT MEHee
yIa4HbIC KOHIICHTPALIUA HEKOTOPBIX KOMIIOHCH-
TOB — Oonee Huskue Ca’" u 6onee Bricokue NH,"
u NO;™ (Cao et al., 2022).

J1s MHAYKIAA COMAaTHYECKOT0 dMOpHOTre-
HE3a Y pa3HbIX BHIOB XBOHHBIX HCIIOJIb3YIOT ITH-
TaTeIbHBIC CPEIbl C MOOABICHHEM PEryISITOPOB
pocta pactenuil. Haubonee yacto ucmonb3ye-
MBIMU PETYISTOPAMH POCTa SBIISIOTCS ayKCHHBI
2,4-D u NAA u unrokunua BAP (Montalban et
al., 2013; Klimaszewska et al., 2000; Pullman,
Johnson, 2002). J{ns ycnemHoi npoaudepariu
SMOPHOTCHHOTO KaJlyca y XBOWHBIX OOBIYHO
HCIOJIB3YIOT TE K€ MUTATCIBHBIC CPEIbI, YTO
W JUISI AHIYKIUH, TUOO0 Cpeabl C MOHMIKEHHOU
KOHLIeHTpanuel peryinsropos pocra (Pullman,
Bucalo, 2014; Klimaszewska et al., 2016). B Ha-
[IeM HKCCIIC0OBAHUU OBLIO HKCIIOJIB30BAHO Ye-
TeIpe BapuaHTa 0a3zoBoii cpensl DCR (Gupta,
Durzan, 1985) c¢ pa3nuyHBIMH KOHIIGHTpAIlU-
MU M KOMOWHAIUSAMH YIOMSHYTBIX PETyIIs-
TOpoB pocta (Tada. 1). B xome skcrnepumeHTa
HHIYKIUS W Tpoiudepanus >SMOPHOTSHHOTO
Kayca y P. pumila umenu MecTo B BapHaH-
Tax ¢ Ooilee HU3KUMHU KOHIIGHTpamusMu NAA
u BAP (DCR 3 u DCR 4). Ucnons3oBanue 2,4-D
(DCR 1) oTpunaTensHO CKa3a10ch Ha HHIYKITUU
U MOJACPKAHUH JKHU3HECIIOCOOHOCTH KaJLIyCOB:
HI3KUU OoTKIUK (15 %) m ObIcTpas, B TEUCHHE
JIBYX-TPEX CYOKYJIBTHBUPOBAHH, Ierpaaarus
KaJUTyCOB, HECMOTPS Ha TO, YTO 3TOT PETYIATOP
pocTa HanboJiee YacTO UCMONIb3yeTCs JJIsl MOy~

YCHHUA COMATHYECKOI'O 3M6pI/IOFGH€3a y Pinus

(Ignatenko et al., 2022). Ha cpexe DCR 2 ¢op-
MHUpPOBAJCs HEAMOPHOTCHHBIN KaJllIyC, KOTOPBIH
ObICTPO MPOIU(EPUPOBA B TEUCHHE IEPBHIX
JBYX MECSIEB KyJIbTUBHUPOBAHMS, 3aTE€M Hauu-
Hajach €ro IOCTENEeHHAas JAerpajanus U Iepe-
poxaenue. Kamayc cTaHOBWICS IUIOTHBIM,
MEJUICHHO TposinepupoBan B MOCIEAYIOLIHE
6 MecsileB, NOCTENEHHO HeKpoTupoBasi. OnHOMI
U3 NPUYMH JIerpajlallid KaJlIyCHBIX KYJBTYP
P. pumila na cpene DCR 2 moriio 66ITh BeICOKOE
conepkanue NAA B muUTaTenbHOU Cpelie.
OMOpHOTEeHHBIH  Kaluryc  (opMupoBaics
u npoaudepuposan Ha cpeaax DCR 3 u DCR 4
C TNOHMXCHHBIMHM KOHIEHTPAIMSIMHU PETYJIsTO-
poB pocra. K KoHIly MHULIHAIIH SMOPHUOT €HHBIH
KaJIITyC MPEACTaBIIsI 000l SMOPHOHAIBHO—CY-
CIICH30PHYIO Maccy, COCTOsUI U3 3MOpPHOHAIb-
HBIX TTI00YJ ¥ SMOPHOHAIBHBIX TPYOOK U B TEUE-
HUE TOJIYT0/a, C MOMEHTA BBEACHHUS 3apOIbIIIEi
B KYJBTYpPYy JO OKOHYaHHS SKCIEPHUMEHTa, CO-
XpaHsJ BBICOKYIO CKOPOCTH Iposudepanuu.
bnaromapsi onTHMaIbHOMY COCTaBY MUTATEIb-
HOH cpe/ibl, HeAMOPUOTCHHBIH KaJUTyC, 101y YeH-
Helii Ha cpegax DCR 3 u DCR 4, nponudepu-
poBaJl B TeueHUe 6 MecsAleB KyJIbTHUBHPOBAHUS.
OnHako cIycTsl MOJroja KaJlIyC IOCTEIIEHHO
TepsT Npon(epanoHHy0 aKTHBHOCTb, CTAHO-
BUJICS TEMHO-KOPHYHEBOI'O I[BETa, AETPAIHPO-

BaJl U rorudan.

3akJouenne

WHAyKOus coMaTHYecKOTo AMOpHOreHe3a
y P. pumila 1o cux mop u3yueHa HEJOCTATOY-
HO. B maHHOM mcciemoBaHuM ObLIa MPOBEICHA
OIICHKA HEKOTOPBIX (DaKTOPOB, OKa3bIBAIOIIUX
BIIMSTHAE HA WHUIHALHIO COMATHYECKOTO 3M-
OpuoreHe3a B OTHOIIEHHUH KEJIPOBOIO CTJia-
HuKa. beina BeIsSBIIeHA Hambolyiee OT3BHIBUMBAS
Ha MHAYKIUOHHBIE CPEIbl CTaaAMus Pa3BUTHUS
3UTOTHYECKOTO 3apOJIbIIIa; MoI00paHbl HaMbO0-
JIee ONTHMAJbHBIC YCIOBHUS A1 SMOPHOTCHHO-

T'O0 KaJlrycoreHesa (COCTaB MU TATEeIbHON Cpeabl,
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KOHIICHTpAIMsI U KOMOMHAIUS PETYIATOPOB pO-  JJIs JaJbHEHIIEH ONTUMU3AIUH HHIYKIIUU CO-
crta pacteHui). [lomyueHHble pe3ybTaThl IPEA-  MaTHYeCKOro smOpuorenesay P. pumila B Kyib-

CTaBJIAIOT HOBBIE DKCIIEPUMEHTAJIBHBIE JAHHBIE  TYpE in Vitro.
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Abstract. Currently, the prospects for increasing the efficiency of various agricultural technologies
are associated with the use of nanomaterials as nanopesticides, nanofertilizers, nanoadaptogens, and
seed priming agents. The successful development of nanoagricultural technologies is hampered by
insufficient data on the mechanisms through which the biological activity of nanomaterials is realized
at various stages of development of the plant organism. Therefore, in the present work, the effects of
carbon nanoparticles — fullerenes (C 4F) and nanodiamonds (ND) — on the germination activity of
grains and the functional status of the roots of 2-day-old wheat seedlings were studied in hydroponic
wheat culture. The priming effect was detected only for C 4P (5 pg/mL). Carbon nanoparticles did not
stimulate root growth. In the ND (25 and 50 pg/mL) treatments, root growth was inhibited. An increase
in the population of border cells in the root apex was detected only in the CF (50 pg/mL) treatment,
where the increase in the number of border cells was accompanied by an increase in the protein content
in the mucilage cap of the root apex. A decrease in the number of border cells without changes in the
protein content in the apical mucilage cap was detected in the ND (50 pg/mL) and C 4F (25 pg/mL)
treatments. Both types of nanoparticles caused a dose-dependent increase in the secretory activity of
border cells. Carbon nanoparticles had dose-dependent pro-oxidant activity. ND (5 pg/mL) and C ¢F
(5 and 25 pg/mL) increased the content of carbonylated proteins in the roots of 2-day-old seedlings. An
increase in malondialdehyde content was observed only in the ND (50 pg/mL) treatment. The detected
dose-dependent effects of carbon nanoparticles are not associated with their penetration into cells (the
sizes of nanoparticles significantly exceed the sizes of nanopores in the cell wall of wheat). It is assumed
that the biological activity of C4F and ND can be realized through the induction of oxidative stress in
the cell wall and apoplast. Results of the current study suggest that carbon nanoparticles (of certain size

classes in certain concentrations) can be regarded as promising regulators of the physiology of the root
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system, realizing their activity “extracellularly”, without translocation into the cell.

Keywords: carbon nanoparticles, oxidative stress, malondialdehyde, carbonylated proteins, root apex,

border cells.
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¢ dexThI Py/iIepeHOB U HAHOAJIMA30B
B I'MAPONIOHHOM KyabType Triticum aestivum
C.A. Ilatuna, H.T. Men3sinoBa, E. . lllnmankas

Cubupckuti hedepanvHulil yHUBEpCUMem
Poccuiickaa ®edepayus, Kpacnospck

AHHoTanus. B HacTosee BpeMsi NepCHEeKTUBBI MOBBIIIEHH ST Y(PHEKTUBHOCTH Pa3JIUUHBIX
arpoTEXHOJIOTHI CBSI3BIBAIOT C UCIOJIb30BAHMEM HAHOMATEPHAIOB B KAUeCTBE HAHOIIECTHIUIOB,
HaHOYAOOpEHHH, HAHOAJATITOI€HOB, ar€HTOB JJIsI IPAaMHUPOBAHUS CEMSH. YCHEITHOE pa3BUTHE
HaHOArpOTEXHOJIOTHI CAEPKUBACTCSI HEOCTATOYHOW N3y YEeHHOCTHIO MEXaHU3MOB PEaIN3allnH
OMOJIOTHYECKOH aKTUBHOCTH HAHOMATEpPUaJIOB Ha PA3JIMYHBIX dTAlaxX pa3BUTHS PACTUTEIBHOIO
opraHusMa. B cBsi3u ¢ 3TUM B THAPONOHHOM KYJIBTYpE MIIEHNUIBl U3yYalu BIUSHHUE YIIIEPOJHBIX
HaHouacTull, pymiepeHoB (Cy®P) u HanoanmazoB (HA), Ha akTUBHOCTB MPOpaCTaHMs 36PHOBOK
1 (QyHKIIMOHAIBHBIN CTAaTyC KOPHS 2-CyTOYHBIX IIPOPOCTKOB MINEHUIBL. D(PPEeKT mpaiiMupoBaHus ObII
BbIsIBJICH TOJIBKO 1151 Cyo®D (5 MKI/MIT). YIIIepOIHbIC HAHOYACTHUIIBI HE CTUMYJIHUPOBAIN POCT KOpHS. Jliist
HA (25 1 50 MKr/M1) OTMEYa10Cch HHIHOMPOBAHUE POCTA KOPHSL. YBEJINUYEHHUE YHCICHHOCTH MOMYIISIINT
MOrPaHUYHBIX KJIETOK B KOPHEBOM arekce ObLIO BbIABICHO TOIBKO sl Ceo®D (50 Mxr/mut). B aTom
cllydae yBeJINYCHHE YHCICHHOCTH MTOIPAHUYHBIX KJIETOK COITPOBOXK/IAJIOCH ITOBBIIIEHUEM COACPKAHUS
OenKa B reJIeBOM 4eXJIe aleKca. YMEHBIICHHE YUCICHHOCTH MOTPAHUYHBIX KJIETOK 03 N3MEHEHHS
cofep kaHUs OeTKa B TeJIeBOM UexJie arekca Obuto BeIsBICHO st HA (50 Mxr/mi) u Cgo® (25 MKr/mn).
O06a Tuna HaHOYACTHI] BBI3BIBAJIN JO303aBHCUMOE YBETHUCHNE CEKPETOPHOM aKTHBHOCTH MOT'PAHUYHBIX
KJIETOK. YTJIEpOIHbIE HAHOYACTHIIBI 00J1a1aIN 10303aBUCUMOM IPOOKCHIAHTHON aKTUBHOCTHIO. HA
(5 mxr/min) u Cey@ (5 u 25 MKT/MIT) YBETHYHBAIIH COACPIKAHNE KAPOOHUIUPOBAHHBIX OCIKOB B KOPHSIX
2-7THEBHBIX IIPOPOCTKOB. YBEIMUCHHE COACPIKAHUS MAJIOHOBOTO JINAJIbJIETHIa HAOJI0/1aJI0Ch TOJIBKO
quist HA (50 mkr/mut). BeisiBrieHHBIE 10303aBUCHMBbIE 3 PEKThI YIIIEPOJHBIX HAHOYACTHIL HE CBSI3aHbI
C UX IPOHUKHOBEHUEM B KJICTKH (pa3Mepbl HAHOUACTHIL 3HAYUTEIHHO IPEBBIIIAIOT pa3Mepbl HAHOIIOP
B KJICTOYHOU cTeHKe mieHuIlbl). [Ipeanonaraercs, 4to 6uosoruyeckasi akTuBHOCTh Coo®@ 1 HA
MOXET peain30BaThCs Yepe3 MHYKIIUIO OKUCIUTEIFHOTO CTPecca B KIIETOYHOH CTEHKE M arorJiacTe.
[TosmyueHHBIE pe3yNbTaTHl O3BOJISIIOT PACCMAaTPUBATH YTJIEPOAHBIE HAHOYACTHUIIHI (ONIPEIEICHHBIX
pa3MEepHBIX KJIACCOB B ONPEEICHHBIX KOHIIEHTPAIUAX) KaK MePCIIeKTUBHBIE PETyIsiTOPEI (PH3HOTOTUI

KOpHCBOﬁ CHUCTEMBI, PCATTU3YIOIINE CBOIO aKTUBHOCTH «OKCTPAKJIETOYHOY, 0e3 TPaHCJIOKAIlUH1 B KJICTKY.
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Hutuposanue: [Tatuna C. A. DddexTsl QpyuiepeHoB U HAHOAIMA30B B THIPONOHHON Kynbrype Triticum aestivum / C. A. I1aTuHa,
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BBenenue

HaHoTexHOIOrnu 3aHNMaloT KJII0UYEBBIE 110-
3UIMH B COBPEMEHHOM MHUpE. YCIIEIIHOE pa3BUTHE
NIEKTPOHUKH, SHEPTETHKH, ONOMETUIINHBI, TTHIIIE-
BOU MPOMBIIIJICHHOCTH U arPOKYJIBTYPbI 3aBUCHT
oT HaHoMarepuaJos. [To nporuozam, B 2024 rogy
MUPOBOU PBIHOK HAHOTEXHOJIOIUI IIPEBBICUT
125 munnuapnos nosutapos CLIA u okono 85 %
ATOTO PbIHKA OyIyT COCTABIISITh HAHOYACTHIIBI
(HY) (Global nanotechnology market..., 2018). Otn
MPOTHO3bI MTPE/IIIONIAral0T YBEIHYeHHE CKOPOCTH
Hakomienust HU B okpyskatomeit cpene. 60-90 %
cuaTe3upoBaHHbIX HY (B cocTaBe pa3IHMIHbBIX
MMPOIYKTOB) MOMAaaaroT Ha cBaiku, 10-25 % —
B mouBy (Meramo et al., 2018). Hakorienne HU
B TIOYBEHHBIX 9KOCHCTEMaX CBSI3aHO C UX HCIIOJIb-
30BaHMEM B KayecTBe (PyHTUIUI0B, FepOULIN/IOB,
nHcekTuIaoB (Hafeez et al., 2021; Kamli et al.,
2021), ynobpenwuii (Abdel-Aziz et al., 2021), aus Ha-
HompaitMuHTa ceMsH (seed nano-priming) (Younas
et al., 2023). CKkopocTh pa3BUTHS HAHOAT POTEXHO-
JIOTHH 3HAYUTENIBHO ONepeskaeT GopMUpOBaHHUE
MPEICTABICHUH 0 OMOJIOrMYECKOi aKTUBHOCTH
HY, B yacTHOCTH MX (UTOTOKCHYHOCTH.

DKCrepUMEeHTaIbHbIE UCCIICI0BAHNS CBU/IC-
TEIBCTBYIOT, YTO MPUHIUIT KJIACCHYECKOHN TOK-
CHKOJIOTHH «103a — 3(h(PeKT» HEe Bceraa peaiu-
syetcst st HU. HaHOUTOTOKCHYHOCTH 3aBHCUT
ot konuuectBa HY (Xiong et al., 2021), pazmepor
(Montvydieng et al., 2021), XuMU9IeCKON TPHPO-
ael (Liu et al., 2021), mopdonoruu (Kladko et al.,
2021), mogudukanuu moepxHoctu (Rippner et
al., 2020), moBepxHocTHOro 3apsiaa (Bityutskii et
al., 2021), cioco0a momy4eHus (XHMHYSCKUH UITH
OHoJIOrHYeCKHii, «green» cuuTes) (Zhang et al.,

2021b), caiiTa MpOHUKHOBEHUS (KOPHEBAs CHCTE-

Ma, nucThs) (Ahmed et al., 2018). Dddextsr HY
3HAUUTENIFHO BaphUPYIOT B 3aBUCHMOCTH OT BHJIa
pactenus (Jain et al., 2017), cnocoba KyJIbTUBU-
poBaHMs (TMPOIIOHHBIE ¥ IOYBEHHBIE KYJIBTYPbI)
(Ahmed et al., 2018) u cTpeccoBbIX BO3/IeHCTBUI
(Pandey et al., 2018). AKTHBHOCTb JCTIOHHPOBAHUS
HY B kopHEBoii cucTeMe u noderax Takxe Cylie-
cTBeHHO pasnuyaercs (Ahmed et al., 2018). Bce
9TO OMpPENENSeT CIOKHOCTH ITPOrHO3UPOBAHHU S
s¢dexroB HY B pacTuTeIbHBIX 3KOCHCTEMAaX. JTa
npoOsiema 0COOEHHO aKTyallbHa JUIsl YTIIEPOIHbBIX
HUY, nockoibKy UX BIUSTHUE HA pAHHHUE 3TAIbI
pa3BUTHS IPOPOCTKA, (POPMUPOBAHHE KOPHEBOM
CHCTEMBI B pr30c(epbl N3yUeHO HEAOCTATOHO,
a UMEIOIIHeCcs] SKCIIEPUMEHTAIbHbIC JaHHbIC
nporusopeunssl (Liu et al., 2020; Sz6116si et al.,
2020). Cenenus o BIUAHUU yraepoaasix HYU
Ha MOIyJISINIo TorpaHnyHbIX KieTok (ITK) xop-
HeBOro arnekca oTcyTcTBYI0T. Cuctema 1K urpaet
KJIIOUEBYIO POJIb B (JOPMHUPOBAHNH pru3ochepsl
Y ONpeIeIIsIeT YCTOWUMBOCTh KOPHEBOU CUCTEMBbI
1 PacTEHHsI B IIEJIOM K BO3/ICHCTBHIO OMOTHYECKUX
u abuoTuyeckux pakTopos: narorenam (Ropitaux
et al., 2020), Bonnomy nedunury (Carreras et al.,
2020), Beicokoii Temneparype (Pan et al., 2004),
coneBomy ctpeccy (Ninmanont et al., 2021), uH-
JycTpHajbHbIM nojuttoTanTaM (Nagayama et al.,
2019). MoxxHO TipeAronaraTh, 9To GOpMUPOBAHIE
TOKCHYecKHX npoduiieit yriaepoausix HU B 3Ha-
YUTENBHON CTEeNEeHH 3aBUCUT OT nomynsanuu [1K.

W3ydenue BIMSIHUS pa3inuHbIX a0HOTHYE-
ckux Qakropos Ha nonyssinuto 1K mpu kyns-
THUBUPOBAHUU PACTEHUH B IMOYBE COMPSIKEHO
¢ OOJNIBIIMMHU TPYAHOCTSAMHU. DTO OIPEIEINIIO UC-
T0JIb30BaHKE I'MJIPONIOHHBIX KYJIBTYp IIPOPOCTKOB

KaK MOJCJIBbHBIX CUCTCM IJIS1 U3YUCHUS 0ou1oJI0-
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ruu [1K. Paspaborannbsie Hawes u ee koyieramu
(Hawes, Pueppke, 1986) skcriepuMeHTaIBHEIC TPO-
TOKOJIBI UCIIOJIB3YIOTCSI ¢ HEOOIBIITUMH MOAH(DU-
KalUsIMU U B HACTOSIIIIEE BPEMsI B UCCIIEIOBAHUX
(usnonoruu, TpaHcKkpunToMa u Mmerabosoma [1K
B I'MJIPONIOHHBIX KybTypax (Shirakawa et al., 2023;
Wang et al., 2023). 3Tu mPOTOKOJIbI BKJIFOYAOT
MIpOpaII¥BaHUE U KyJIbTHBHPOBAHNE TPOPOCTKOB
Ha AUCTUJIIMPOBaHHON Boge. Ha panHux sTanax
MIPOpPAIMBAHUS POCT IPOPOCTKA 3aBUCHT OT aKTHB-
HOCTH (pePMEHTOB, KOTOPbIE BKJIFOYAIOTCS B THAPO-
JU3 ISIOHUPOBAHHBIX B 9HIOCIIEPME KpaxMmala,
JIMIU/I0B, 0enKoB, nosngochaToB, U TPAHCIIOPTA
MIPOAYKTOB THAPOIH3A (TIIFOK032, AaMUHOKHCIIOTHI,
(docdarsr) k Tkansm npopoctka (Ali, Elozeiri,
2017). OTo onpenensieT BO3MOXHOCTh KPaTKO-
BPEMEHHOI0 (B T€UEHHE HECKOJIbKUX JIHEH B 3a-
BHUCHMOCTH OT BUJ2) KYJIBTHBHPOBAHUS IPOPOCT-
KOB Ha AUCTWIMPOBAHHOU BoJ€. B 3aBucuMocTH
OT 33J1a4 MCCIIE0BAHMSI TT0CIIE KPATKOBPEMEHHOTO
KYJIbTHBHPOBAHUS Ha JUCTUILIMPOBAHHON BOJIE
MIPOPOCTKH MEPEHOCST Ha CHIEHATN3NPOBAHHbIC
BOJIHbIE MUHEPAJIbHBIE CPEbI JIJISI TIPOIOIIKUTEIb-
HOT'O KyJIbTHBHPOBAHUSI.

B cinywyae u3ydeHusi OMOJNIOrMYECKOW ak-
tuBHOCTH HY KyneTHBHpOBaHME IPOPOCTKOB
Ha JMCTUJLIMPOBAHHOM BOJIC MO3BOJISIET UCKIIIO-
yuTh npouecchl arperanuu HY. Ha npocteix mu-
HepaibHbIX cpenax HY arperupyror B KpynHble
MHUKpOpa3MepHbIE arperarbl, KOTOpbIC BbIMAJa-
10T B ocajiok (Antal et al., 2023).

B cBsi3u ¢ aTMM B mpeacTaBiIeHHON pabo-
T€ B F'MJPONOHHON Kynbrype Iriticum aestivum
n3ydanu BiusHHE yriaepoausix HY, ¢yie-
peHoB (Cy®) m HanoanmazoB (HA) Ha akTuB-
HOCTB IIPOPACTAHUs; AKTUBHOCTH POCTa KOPHS;
yuciaeHHocth nonyisinuu 1K u coxepkanue
Oenka B relieBOM 4YexJie KOPHEBOI'O aleKca; Co-
Jiep)KaHue MPOSYKTOB CBOOOJHOPAIUKAIBLHOTO
OKHUCIICHUsSI OCNKOB (KapOOHWIMPOBAHHBEIX Oell-
k0B, Kb) n munu0oB (MaJoOHOBOTO AHANbICTH A,

MJIA) B KOpHSX 2-CYTOYHBIX TPOPOCTKOB.

MarepuaJibl U METObI

Onpeoenenue pazmepos acpecamos Cgy® u HA

CrabunbHble KOJJIOUIHBIE BOAHBIE CYCIIEH-
3un Cg® u MOAMPHUIMPOBAHHBIX JIETOHAIIMOH-
ueix HA (Ily3sipb, Bonpapp, 2005) Obutu mo-
Jy9eHBl W3 J1Ta00paTOpUH HAHOOMOTEXHOJIOTHH
u OunonoMuHecueHuu Mucrutyra duodusnku
OUII KHIIL CO PAH.

Pacnipenenenue yacTuil o pazmepy Kijiacre-
POB B BOIHBIX CYCIICH3USX OMPEACIISIIA METOIOM
JUHAMHUYECKOTO0 pacCesHUsl CBETa C HCIOIb30-
BaHmeM TexHoloruu NIBS (HemHBa3uBHOrO 00-
paTHOro pacceMBaHUs) Ha aHAIM3ATOPE YaCTHUI]
Zetasizer Nano ZS (Malvern Ltd., Bennkoopu-

TaHUSA).

T'uopononnas kynbmypa nuenuyvl

3epHO SpPOBOIl KOPOTKOLMKJIOBOH mIe-
Huibel  HoBocuOupckas 15 ObLIO  THONYyYeHO
n3 KpacHOsIpcKkoro rocy1apcTBEHHOTO arpapHo-
ro yausepcurera. Copt BbiBenieH B CHOMpCKOM
Hay4YHO-HMCCIIEI0BATEILCKOM HHCTUTYTE pacTe-
HueBoacTBa U cenekunu (Poccus) u Baecen B [o-
CyJapCTBEHHBII peecTp COPTOB PACTEHHH.

[ToaroTtoBky 3epHa [ THAPOIOHHOTO
KYJIBTUBUPOBAHMS MTPOBOIMIIA B COOTBETCTBHH
¢ obmenpuHsATHIMU TpoToKoiamu (Wang et al.,
2023) ¢ HeOOMBPIMMMHU MOMUPUKANHUIMHU. 3ep-
HO MIICHUIIBI IPOMBIBANIN B T€YCHHE 5—06 4 moj
MPOTOYHOI BOJOH. 3E€pHOBKHU CTEPHUIIN30BAIU
BonHBIM pacTtBopoM 0,5 % KMnO, B TeueHue
8 MHH, 3aTeM HECKOJBKO pa3 IPOMBIBAIIN IIHC-
THHpoBaHHOW Bomoi  (Juctmmnsitop GFL
2208, T'epmanms). Ilocme crepunusanuu 3ep-
HOBKHM 3aMayMBaJId B JUCTHJUINPOBAHHOHN BoOnE
Ha 24 4 npu KOMHaTHON Ttemneparype. st
9KCIIEPUMEHTOB OTOMpAIH IPOKIIIOHYBIINECS
3€pHOBKHM (3€PHOBKHM C XOPOIIO 3aMETHOH KO-
JICOPU30M, Y KOTOPHIX aKTHBHPOBAJICSA MPOIECC
JIOHTAIlMM  KJIETOK 3apOABIIIEBOI0 KOPEIIKa)
1 packiaaeiBaiy 1o yamkam Iletpu mo 50 mryx

B KaXKAYIHO. B KOHTPOJIbHOM BapUaHTC B YalllKKU
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BHOCWJIM II0 7 MJI JAUCTUJIMPOBAHHOW BOJBIL.
B skcnepuMmeHTanbHBIE BapHaHTBl BHOCHIIN
1o 7 MJI CTaOMIJIBHBIX KOJUIOWJHBIX BOJIHBIX CY-
cnensuii Cy® nnm HA (xonnenTpamus HY 5, 25
1 50 mkr/mut). KOHTpOJIBHBIE M 9KCIIEPUMEHTab-
HbIE BAPHAHTHI OBLIIN MTPE/ICTABIICHBI IATHIO OHO-
JIOTHYEeCKUMHU ToBTOpaMu (mo 5 wamek lletpu
C 3€pPHOBKAMHM). 3€PHO MPOPALIUBAIH MPH KOM-
HaTHOM TemiiepaType. Ha Bropsle cyTku noacuu-
THIBAJIM KOJIUYECTBO HE MPOPOCIIUX 3EPHOBOK.
VY 2-CyTOYHBIX MPOPOCTKOB OMPENCIISIIH JIIUHY
TJIABHOIO KOpHs. BblIO mpoBeneHo 6 He3aBUCH-

MBIX OKCIICPUMECHTOB.

Oyenxa uucaiennocmu c60600Hvix IIK

K

eM C MOBEPXHOCTH KopHeBoro amekca (Wang

MOJy4YaJIn  aKTUBHBIM  CMBIBAHU-
et al., 2023). Cpe3anHble KOPHH 2-CyTOUYHBIX
MPOPOCTKOB MOTPYKajlu Ha 1 MHH B sIYEHKY
KyJbTYpaJbHOIO IJIaHIIeTa ¢ | MJI JAMCTHII-
JUPOBAHHOW BOJIbI, YCTAaHOBJICHHOIO Ha Mar-
HutHoM Memasnke Heidolph MR Hei-Standard
(Fepmanwusi), ckopocTh BpamieHus 250 06/MuH.
[Tomy4eHHYIO CYCIEH3HMIO KIJIETOK LEHTpHU]Y-
rupoBanun 900 g, 10 mun (Eppendorf 5430R,
I'epmanns). CynepHaTtanT mocie HeHTpUQyTru-
POBaHMsI NPEACTABIISLII COOON BOJAHBIA PacTBOP
KOMIIOHEHTOB TeJIeBOro uexja (OeiaKoB, MOJH-
caxapuoB u Ap.). B cynepHaranTe onpenesnsiin
conmepxkanue obmiero 6enka mo Jloypu (Lowry
et al., 1951). [Tonyuyennsiit nocie neHTpudyru-
poBanus ocanok [IK cycnenaupoBanu B nuc-
THJUTUPOBAHHOW BOJIE W TOJICYHUTHIBAIN KOJU-
YecTBO KJIETOK B kKamepe ['opseBa. KonnuecTBo
1K u conepxanue Oenka B cynepHaTaHTe repe-

CUUTBHIBAJIU Ha | KOPHEBOH amekc.

Axmusnocms cexpeyuu [IK

AxtuBHOCTh cekpeunn IIK ompenensnu
KaK COOTHOILICHHE COJIEPKAHNS OeIKa B T€JIEBOM
YyexJie OJHOT0 aneKkca U KOJIM4ecTBa CBOOOIHBIX

T1K B omHOM arekce.

Onpeodenenue cooepacanus Kb, MJ[A

u npoauHa

VY 2-cyTOYHBIX IPOPOCTKOB cpe3aiu ¢par-
MEHTBI KOPHEH ¢ KOPHEBBIMH aneKcaM¥ JJIHHON
B | cm. [Tonyyennyto Guomaccy KopHeit romore-
HU3UPOBAJH B PyYHOM CTECKJITHHOM IIECTHKOBOM
romorenusarope B 0,05 M Tpuc-HCl Oydepe
(pH=7,4), T=4 °C. I'omoreHarsl HEHTPUPYTHPO-
Banu (Eppendorf 5430R, I'epmanus) myist yna-
nenus Tpyboro mebpuca mpu 1200 g, 15 muH,
T=4 °C. B romorenarax mocie OCakJICHUS Jie-
Opuca onpeznesnsuin conepxkanus Kb no meromy
Carty et al. (2000), MJIA o metony Bailly et al.
(1996), mponmaa mo metony Bates et al. (1973),
obrrero 6enka o Jloypu (Lowry et al., 1951). Co-
nepxxanue Kb, M/IA u nponuHa nepecuuThbiBa-

i Ha 1 Mr Oeka.

Cmamucmuueckas 06pabomka pe3yibmamos

CraTucTuyeckyto 00paboOTKy IIOJTydeH-
HBIX PEe3yJIbTaTOB MPOBOAMIN C MCIOJIb30BAaHU-
€M CTaHJAapPTHOro IMakeTra nporpamm Microsoft
Excel u STATISTICA 8.0. T'mnore3a o HOp-
MaJbHOM pacHpezeseHnn Oblila MOATBEpXKAeHA
C TIOMOIIIBIO KPUTEPHUSI COOTBETCTBUS )> (MCXOMIS
n3 5 % ypoBHS 3HAUUMOCTH). J{J151 IpOoBEepKH HY-
JIEBOM TUIIOTE3bI O PABEHCTBE CPEIHUX 3HAYCHUH
JIBYX COBOKYITHOCTEH HCIIOIb30BAJIN t-KPUTEPHH
Creronenta (p<0,05). [lomy4eHHbIe JaHHBIE B Ta-
6nune 1 Ha rpaduKax MPeICTaBIsuIn Kak M+m,
rae M — cpennee apudmeTrueckoe, m — omnoka

CpemHero apu(MeTHIecKoro.

PesyabraTsl

Xapaxmepucmuxa yenepoouvix H4

PesynbraTel W3MepeHH TOKa3ald, dYTO
B CTAOMJIBHBIX KOJUIOUIHBIX BOIHBIX CYCIICH3H-
sIX cpenHui pa3mep arperatoB HA coctasisin 54
HM, Cq®@ — 95 HM, HO MHJIEKC MOJIHIUCTIEPCHO-
ctu ObL1 3HAUMTENBHO BhITe 1is1 Cyo®D. Arpera-
Thl C4® 1 HA oTimuanuch mo BeIWYUHE OTPU-

[ATEIBHOTO J[3eTa-NMOTEeHIInala (Tadr.).
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Tabnuma. PasMepHble XapaKTEpPUCTUKH M I3€Ta-MOTEHIIMAN YIIEPOIHbIX HaHodacTuil. HA — HaHOaIMas3bl,

Ceo® — dynnepennl

Table. Size characteristics and charge of carbon nanoparticles. ND — nanodiamonds, C ¢F — fullerenes

HaroqacTHist CpenHuii quaMerp, JI3eTa-noTeHIAall, MHIeke monuaucnepcHoCTH,
HM MB Pdl Y4
HA 54,07 £ 0,35 -42.4 0,225 £ 0,005
CgoD 94,64 £+ 3,12 -38,2 0,482 + 0,031

AxmueHnocmo npopacmanusi

KonnuecTBo mpopociinx 3epHOBOK Ha Cpefe
¢ MUHUMAaTBbHOU KoHIEHTparuei Cy D (5 MKT/MI)
66110 B 1,5 pasa Gosbliie, yeM B KOHTpoJIe. B koH-
neaTparuu 50 Mrr/Min Ce@ cHUXamu Kommde-

CTBO TIPOPOCIIHX 36PHOBOK B 2,5 pa3a 1o cpaBHe-

cTu npopacTanus: Ha cpenax ¢ HA (25 u 50 Mxr/
MJT) KOJIMYECTBO IIPOPOCIINX 36PHOBOK ObLJI0 B 1,5

pasa MeHBIIIe, 4YeM B KOHTpoJIe (puc. 1A).

,ZZ]ZMHCI 21d6HO20 KOPHA

2—Cym0’-lelx npopocmkoe

HE BIHUSUIM Ha CKOPOCTH pocTa KopHs (puc. 1B).

HUIO ¢ KOHTPOJIBHBIM BapraHToM (puc. 1A). [lns B W3y4YeHHBIX KOHIIEHTPALHMAX

HA Ob1710 BBISIBIIEHO TOJBKO CHHKEHHE aKTHUBHO-
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=
g 75 - 2 30 -
o g s
g = N
o & =
2o &
E: E 50 A 220_
3
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2, =
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-+HA —o-C60D

Puc. 1. AkTuBHOCTbH ITpopacTanus 3epHa (A) U JJIMHA KOPHS 2-CYyTOYHBIX IPOPOCTKOB nueHus! (b) Ha cpenax
¢ yraepoaubiMu Hanoyactuuamu (HY). HA — nanoanmassl, Ce® — ¢ynnepenst. KonnuectBo mpopocuiux
3epHOBOK BBIPAXKEHO B % OT OOIIEro KoJn4ecTBa 3epHOBOK B yaike [letpu. Touka 0 — KOHTPOJIBHBIN BapHaHT,
JUCTHUIUIMpOBaHHas Boja. Ha aTux rpadukax u Ha rpadukax Ha puc. 2—4 TaHHbIC IPEACTaBICHbI Kak M+m,
rae M — cpenHee apudMeTHUecKoe 3HaUCHHE U3 6 HE3aBHCUMBIX IKCIICPUMEHTOB, M — CTaHJAApTHAs OIINOKa
cpenHero. 3Be3104KOM () OTMEUYEHbI 3HAYCHHU S, JOCTOBEPHO OTIMYAIOLIUECS OT KOHTPOJIBHOI'0 BapruaHTa (TOYKa
«0» Ha rpaduke), p < 0,05

Fig. 1. Grain germination activity (A) and root length of 2-day-old wheat seedlings (B) on media with carbon
nanoparticles (NPs). ND, nanodiamonds; C «F, fullerenes. The number of germinated grains is expressed as %
of the total number of grains in a Petri dish. Point 0 — control, distilled water. In these graphs and in the graphs in
Figures 2—4 data are presented as M+m, where M is the arithmetic mean of 6 independent experiments, m is the
standard error of the mean. An asterisk (*) indicates values that are significantly different from the control (point
“0” on the graph), p <0.05
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B konnentpanusx 25 u 50 mxr/ma HA wunru-
OMpOBaTIM POCT KOPHS: JUIMHA KOPHS Ha cpeiax
¢ HA Opia B 1,6 pa3a MeHbIIe, 4eM B KOHTPOJIE
(puc. 1B).

Yucnennocmo 11K 6 kopuesom anexce

2—cym01mbzx npopocnmkoe

Cs® 1 HA BbI3BIBalIM 10303aBHCUMBIC H3-
MEHEHHUS YUCICHHOCTH TMOMYJISALNUNA CBOOOTHBIX
IIK xopueBoro amekca (puc. 2A). HA (50 mkr/
M) u Cg® (25 MKI/MIT) CHIDKAJIA YUCIICHHOCTh
IIK B 1,9 u 1,6 paza cOOTBETCTBEHHO, 10 CPaB-
HEHHUIO C KOHTPOJEM. YBEIHWYCHHE YHCICHHO-
ctu 11K (B 1,5 pa3a) OBIIO BEISIBICHO TOIBKO IS

Ceo® B koHIeHTpaIuu 50 MKI/MII.

Codepofcanue benka 6 2eesom uexie

KOpHeBs020 anekca 2—cym01mblx npopocmkoe

VYrneponnsie HY BbI3bIBaIU J10303aBUCH-

MOC€ YBCJIWYCHHUE COACPIKAHUSA O6H.[6FO Oenka

400 -+ %

300 -

I1K/anekc

100 -

0 T T T T T 1
0 10 20 30 40 50

A

B TEJICBOM UeXJIe KOPHEBOTO arekca U yBeJlInye-
Hue aktuBHOCTH cekpernnu [IK (puc. 2B, 3A).
Hnsa Cy @ yBenuyeHue KolnuecTBa Oejka B re-
JIEBOM 4exJje ObUIO BBISBICHO TOJIBKO JUISI KOH-
nentpauuu 50 Mxr/mi (B 2,6 pa3a 1o cpaBHEHHUIO
¢ koHTposieM). Ho yBenmueHne akTHBHOCTHU ce-
kperuu (B cpemHeM B 1,7 pasza) HaOI01a10Ch
st ByX KoHIeHTparuid Cqo®D: 25 u 50 MKr/Mi
(AKTHBHOCTB CEKpEIMHU BBIXOJMJIA HA MJIATO MPH
KoHIeHTpanuu 25 Mir/mi) (puc. 3A). HA yBe-
JIMYMBAJIA COZIEp)KaHKHe OeiKa B reieBOM YexJie
B KOHIeHTpanuu 5 Mkr/miu (B 1,5 pasa), a ak-
TUBHOCTh cekpeuun [IK — B KOHUEHTpaluu
50 mkr/™mMa (B 1,6 pa3a mo CpaBHEHHUIO C KOHTPO-
neMm) (puc. 3A).

PaznuuHplii  XapakTep WHAYLHUPOBAHHBIX
yriepoaabiMu HYU 110303aBUCHMBIX M3MEHEHUH
coziepkaHus OeKa B TeJIeBOM YeXJie KOPHEBOI'O
anexca, komumdecta [IK, cexperopHOil axkTHB-

Hoctu [IK mosBoiser npeanojaratb CJI0XHBIC

800 +

Benok I'Y, ur/anexc
-~ (o}
(=] (=]
(=) (=)
1 L

58]

(=3

(=}
1

Konnenrparust HY, Mxr/mi
—#-HA —-C60D

Puc. 2. KonmnyectBo cBoOonHbIX nmorpanndHbiX kieTok ([1K/amekc) (A) u conepxanue Oenka B reJIEBOM YeXJie
(Benox I'Y, Hr/anexc) (b) kopHEBOro ariekca 2-Cy TOYHBIX IIPOPOCTKOB Ha CPe/iaX € YIIePOIHBIMHU HAHOYACTHIIAMH
(HY). HA — nanoanwmasbl, C4® — ¢ymrepensl. Touka 0 — KOHTPOJIBHBIA BapHaHT, JUCTHJLIMPOBAHHAS BOJA.
3Be30uKoil (*) OTMEYeHBI 3HAYCHHUS, JOCTOBEPHO OTIHYAIOLIMECS OT KOHTPOJBHOrO BapuaHTa (Touka «0»

Ha rpaduke), p < 0,05

Fig. 2. The number of free border cells (BCs/apex) (A) and the protein content in the mucilage cap (MC protein, ng/
apex) (B) of the root apex of 2-day-old seedlings on media with carbon nanoparticles (NPs). ND, nanodiamonds;
C 4 F, fullerenes. Point 0 — control, distilled water. An asterisk (*) indicates values that are significantly different

from the control (point “0” on the graph), p < 0.05
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Puc. 3. AKTHBHOCTB CEKpeLH CBOOOAHBIX IOrPAaHUYHBIX KJIETOK KopHeBoro anekca (ACek, Hr Oenka/I1K) (A)
U COOTHOILICHUE cofeprkanus Oenka B reaeBom uexiie (bemox 'Y, Hr/anekc), aKTHBHOCTH CEKPELUH MOTPAHUYHBIX
kietok (ACek, Hr 6enka/IIK) u unciennoctn cBoboaHbIX orpannyHbiX KieTok ([TK/anekc) (B) y 2-cyTounbix
MPOPOCTKOB Ha cpenax ¢ yraepoanbivu Hanodactuiamu (HY). HA — nanoanmassel, Ce® — dymnepensr. Touka
0 — KOHTPOJIBHBIN BapHaHT, JTUCTUIUIMPOBaHHAs Boja. J{is pucyHka (A) 3Be3noukoii (¥) oTMeueHbI 3HAYCHUS,
JOCTOBEPHO OTJIMYAIOIINECS OT KOHTPOJIBHOro BapuanTa (Touka «0» Ha rpaduke), p < 0,05

Fig. 3. The secretion activity of free border cells of the root apex (SecA, ng protein/BC) (A) and the ratio of
the protein content in the mucilage cap (MC protein, ng/apex), the secretion activity of border cells (SecA, ng
protein/BC) and the number of free border cells (BC/apex) (B) in 2-day-old seedlings on media with carbon
nanoparticles (NPs). ND, nanodiamonds; C ¢F, fullerenes. Point 0 — control, distilled water. In figure (A), an
asterisk (*) indicates values that are significantly different from the control (point “0” on the graph), p < 0.05

HEJMHEWHbIE B3aMMOOTHOIIEHU S MEXAY OJOTH-
MH (YHKIIMOHAJIBHEIMH TapaMeTpaMu. B cBsizu
C JTUM IMOJYUYCHHBIE DPE3yJIbTaThl ObLIU Ipe.-
CTaBJICHBI B IPYyroM opmare: KOIIMIeCcTBO OeKa
B T'€JICBOM YeXJIC M CEKPETOPHast akTUBHOCTH [1K
AHATM3UPOBANIHCh KaK (YHKIUS YUCICHHOCTH
nomyisiuuu 1K B kopHeBoMm anekce (puc. 3b). 3a-
BHCUMOCTH CONICPYKaHUS OCJIKa B TEJIEBOM YeXJIie
ot konnyectsa [1K B kopHEBOM arekce uMena He-
TUHEWHBIN xapakTep (puc. 3b): HauaixpHOE YyBe-
nuuenue yncinensocty [1K ot 100 go 300 kneTox
HA aTleKC He COMPOBOXKIAIOCH U3MEHCHHUSIMH CO-
Jepkanusi Oenka B rejgeBoM uexse. Korma dwc-
nerHocth [IK mocthrama «moporoBoro» 3Have-
uusa 300 kJIETOK Ha amekc, KOJMYECTBO Oenka
B TEIICBOM YeXJIEe PE3KO BO3pacTayio. 3aBUCH-
MOCTh aKTUBHOCTH KJIETOYHOMN CCKpCUHU OT YHC-
nerHoctH nomysuu [1K B kopHEBOM arekce xa-
pakTepu3oBagack U-00pa3HOil KpUBOIi: BEICOKUI

YPOBCHb CerGTOpHOﬁ AKTHBHOCTH OTMEC€YAJICA

nst nonyssinuid [TK, 4ncineHHoCTh KOTOPBIX pas-
nuganack 3 pasa (puc. 3b).

Takum 00pa3oM, yBeaHYEHHE COJCPIKaAHUs
Oelka B TEJIEBOM HYEXJIE MOXKET pean30BaTh-
cs 3a cueT yBennueHus uyuciaeHHoctu 1K u ux
CeKpeTOopHON akTUBHOCTH. C Apyroil CTOPOHBI,
B CIy4ae CHIKEHHUS YUCICHHOCTH MOMYJISAIUN
[IK conepxanue Oenka B TeJIeBOM YeXJie MOKET
MOJJACPKUBATECS HAa HEKOTOPOM MOCTOSHHOM
YPOBHE 3a CUET KOMIICHCATOPHOT'O YBEIHUCHHS
cexkperopHoit aktuBHOCTH IIK (puc. 3B). Oto
npennonaraeT kirodeByto ponb [IK B perysms-
LU MOJIEKYJISIPHOIO0 TOMEOCTa3a reJIeBOro 4ex-

JIa KOPHEBOI'O aleKca.

Cooeporcanue MJ{A, Kb u nponuna

8 KOPHAX 2-CYMOYHbIX NPOPOCMKOS

U3BectHo, uro HY wmoryr peanusoBarb
CBOIO OMOJIOTHYECKYIO0 AaKTUBHOCTH HYepe3 MHH-

IyKIHIo okuciutensHoro crpecca (Horie, Tabeli,

— 167 —



Svetlana A. Pyatina, Natalia G. Menzyanova... Effects of Fullerenes and Nanodiamonds in Hydroponic Culture...

1,5 -
*
12 A
<
= ¥
0,9
[
= *
~
=06
=
o
203
0 T T T T T 1
0 10 20 30 40 50
A
6_
]
]
g
c 4
s
=
1
S
£ 2
=
o
(=7
=
0 T T

0,3 ~

MJIA, uM/mr Oenka

0 10 20 30 40 50

0 10

T T T 1

20 30 40 50
B

Konuenrpauus HY, Mxr/mi
—-+—HA —o-C60D

Puc. 4. Conepxanue kapoonuaupoBanubix 6enkoB (Kb, HM/mMr 6enka) (A), mamonoBoro auanbaeruaa (MJIA,
HM/mr Genka) (B) u nponuna (Ilponun, Mxr/mr 6enka) (B) B KOpHsSIX 2-CyTOYHBIX IIPOPOCTKOB Ha cpeaax
c yriepoaubiMu HaHodacTramu (HY). HA — nanoanmasel, Cy® — pynnepenst. Touka 0 — KOHTpOJIBHBIN BApUAHT,
JUCTUJLINPOBAaHHAS BOJA. 3Be31049KOM (*) OTMEUEHBI 3HAYCHHU S, TOCTOBEPHO OTIUYAIOLINECS OT KOHTPOIHHOTO

BapuaHTa (Touka «0» Ha rpaduke), p < 0,05

Fig.4. Content of carbonylated proteins (CB, nM/mg protein) (A), malondialdehyde (MDA, nM/mg protein) (B),
and proline (Proline, pg/mg protein) (C) in the roots of 2-day-old seedlings on media with carbon nanoparticles
(NPs). ND, nanodiamonds; C F, fullerenes. Point 0 — control, distilled water. An asterisk (*) indicates values that
are significantly different from the control (point “0” on the graph), p < 0.05

2021). B cBsi3u ¢ 3TUM Ha CIEOYIOMIEM 3Tare
paboThl B KOPHSX MPOPOCTKOB OMPEICISIN CO-
Jep)KaHue MPOIYKTOB CBOOOJHOPAIUKAIBHOTO
oxucyenus 6enkoB (Kb) u munmunos (M/1A).

HA (B xonuentpammuu 5 MKr/mi) u Cg®
(B KOHLIEHTpaUUsAX 5 W 25 MKI/MJ) BbI3bIBAJIN

yBenuueHne coxepxkanus Kb (B 2,7 u 2 pasa

COOTBETCTBEHHO) II0 CPaBHEHHUIO C KOHTPOJIEM
(puc. 4A). YBenuuenue comepxanus MJIA ort-
Meuajoch Toibko st HA B KOHIEHTpamuu
50 mxr/ma (B 1,5 pasa 1o cpaBHEHHUIO ¢ KOHTPO-
nem) (puc. 4b). Jlo303aBuCHMOE yBEITHYCHUE CO-
nepxanus Kb u MJIA cBuneTenbcTByeT 0 mpo-

okcugaHTHON akTUBHOCTH Cyq® 1 HA. Cnengyer
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OTMETUTh, uT0 HY He Biusinu Ha colepixaHue
HHU3KOMOJICKYIISIPHOTO CKaBEHKepa CBOOOTHBIX

panukaioB nmpoauHa (puc. 4B).

Odbcy:knenue

MHOTOUNCIICHHBIE  JKCIEPHUMEHTaJIbHBIC
UCCIIEI0OBAaHUsI CBUIETEIBCTBYIOT O BiussHuu HY
Ha aKTHUBHOCTb PA3JIMYHBIX (U3HOJIOTHYECKUX
U OMOXMMHUYECKHX CHCTEM JIBYIOJIbHBIX U OJIHO-
JOJIBHBIX PACTEHUH.

MexaHHu3Mbl peasin3aluu OUONOrnYecKon
aktuBHOocTH HY m3yuensl HenoctaTouHo. [pen-
nojaraeTcs, 4To Kak HHAYKTOPBl OKUCIHUTEIb-
Horo crpecca HY peannsyior cBoe BIHUSHHUE
Ha pasyindHblie 3(QeKTopHbIe CHCTEMBI Yepe3
CUTHAQJIMHT, 3aBUCSIIUN OT aKTUBHBIX (OpM
kucnopoaa (ADPK), okuciuTenbHbIX MOIU(pHKa-
nuii Oexxos, JJHK, nmunmmos, mommcaxapuos.
CrnenyeT TakXke OTMETUTHh IPOTHBOPEUYUBOCTH
9KCTIEPUMEHTAJIBHBIX JIaHHBIX O B3aMMOCBS3H
MEXJy aKTUBHOCTBIO IpOHMKHOBeHHs HY ue-
pe3 KIJIETOYHYIO CTEHKY B KJIETKY M MacIiuTada-
MU CTPYKTYPHO-(pyHKIIMOHAIBHBIX MEPECTPOEK
BHYTPHUKIICTOUHBIX cucTteM (Zafar et al., 2023).

Pasmepsl mop B KJIETOUHOW CTEHKE pas-
JIMYHBIX BUAOB BapbupyloT oT 1,5 um 10 20 HM
(Schwab et al., 2016). DkcriepuMEHTaIbHBIC HC-
CJICIOBAHUS CBHUJIETENBCTBYIOT, 4yTo HY, pa3me-
PBI KOTOPBIX OOJIBIIE paguyca Mmop B KJICTOYHON
CTeHKe, He BbIsABIAIOTCA B kierkax (Hu et al,
2020; Molnar et al., 2020).

B mpezncraBnenHoil paboTte pasmep arpe-
ratoB B CTAOMJIBHBIX KOJUIOWJHBIX BOJHBIX CY-
cnensusax Cq® Bappuposan oT 78 HM 10 712 HM,
B CTAOMJIBHBIX KOJUIOMJHBIX BOJHBIX CYCIICH-
3usix HA — ot 15 um 1o 59 um. duamerp nop
B KJIETOYHOW CTEHKE KJIETOK MIIEHHUIBI COCTaB-
nset 1,5-3 am (Chesson et al., 1997). CpaBHeHHE
pa3MepoB arperaTtoB U Mop B KJIETOYHOH CTEHKE
MI03BOJISIET 3aKIIIOUYNTh, YTO HU OAMH PAa3MEPHBIH
KJIACC arperaToB HCCIEIOBaHHBIX YIJIEPOAHBIX

HY He mponmkaeT 4epe3 KIETOUHYIO CTEHKY.

Onnako BHeceHnue yraepoaasix HU B cpeny mpo-
palMBaHus MPUBOANT K J0303aBHCUMBIM H3Me-
HEHHUSM HCCIIEIOBAaHHBIX ITapaMEeTPOB.

Tak, Ha cpene ¢ Cy® (5 MKI/mi1) akTHB-
HOCTB TPOPACTaHUs 3€PHOBOK Obljia BBIIIE, YeM
B KOHTpOJE (JUCTHILIHpOBaHHAs Boma 6e3 HY)
(puc. 1A). IlpopacTanue cBA3aHO C TPOHUKHOBE-
HUEM BOJIbI B 36PHOBKY Yepe3 MOPHI B KJIICTOYHBIX
creHkax. HaHonpaliMUHT cTUMYJIUpYET mpopac-
TaHWe, yBEJINYMBAsi AKTUBHOCTH MOIJIOIICHHS
BoJIbI 3epHOBKamu (Anand et al., 2019). [Ipexrmo-
naraercsi, uto HY MoryT nHHIIMupoBaTs GOpMu-
pOBaHME B KJIETOUHOW CTCHKE JOTOITHHUTEIbHBIX
HaHomop s Moniekyn Bonbl (Nile et al., 2022).
[Topoo6pa3sytomas akTuBHOCTh Cgy® MOXKET pe-
aJIM30BaThCS Yepe3 peMOJeINPOBAaHUE KIIETOY-
HOM cTeHkH, 3aBucsiee ot ADOK. M3BecTHO, 4TO
1pu OONYYEHUH BHIWMBIM CBETOM MOJICKYJIBI
(bysIepeHOB MepexosiT B BO30YKJIECHHOE TpH-
maeTHoe coctosame (3C60%*). Takas monexyia
MOXET HUrpaTh poiib (OTOCEHCHTHU3ATOpA, TaK
KaK CIIOCOOHA MepenaBaTh YHEPrUI0 MOJIEKYJe
00BIYHOT'O TPUILIETHOTI'O KUCIOPO/IA, IpeBpalias
ero B cuHIIeTHBI Kuciopox (IImorpoBckuid,
Kucenes, 2006).

Ha cpene ¢ konuentpanueit Cq® 50 mxr/mi
aKTHBHOCTh MNPOpACTaHHS ObLIa 3HAYUTEIHHO
HUXe, YeM Ha KoHTpoise (puc. 1A). CHmxeHue
AKTHBHOCTH IPOpPAcCTaHUs MOXKET OBITH CBs3a-
HO ¢ mponeccamu arperaunu HY Ha mosepx-
voctu kierounord crenku (Chen et al., 2018).
OcaxxJeHne Ha MOBEPXHOCTHU KJIETOYHOH CTEHKH
oospiioro konmumuectsa HYU u dopmupoBanue
KPYTHBIX arperaros in situ OJIOKNPYIOT HAHOIIO-
PBI B KJICTOYHOM CTEHKE U HapyIIaIOT MPOLECCHI
TpaHCIIOPTa BOABI W KHUCIOPOIA B TKAHU 3€p-
HOBKH, YTO B pe3yJibTare HHIMOUPYyeT pa3BUTHE
MOJIEKYJISIPHO-KJIETOUHBIX COOBITHH MpopacTa-
HUSI.

HA —rpynna yranepoausix HY, kotopas xa-
pakTepu3yeTcs JOKaJu3alKuell Ha MOBEPXHOCTH

pa3IuYHbIX (YHKIIMOHAJIBHBIX I'PYTII (B OCHOB-
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HOoM —OH 1 —COOH) u 607b110r0 KOIn4YecTBa
C=C-cBs3eii (Kalug, Thomas, 2022). OcoberHO-
CTH MOBEPXHOCTHON XxuMuu HA onpenensror ux
MMOTCHIINAJ KaK aHTHOKCUIAHTOB U CKaBEHIKe-
poB cBoOONHBIX paaukanoB (Antal et al., 2023),
a TakXe WX TPOOKCHIAHTHYIO AaKTHBHOCTHh
(Caruso et al., 2021; Zhang et al., 2021a).

B otiuune ot Cey® mist HA ObL110 BhIsIBIIE-
HO TOJIBKO CHH)KEHUE aKTHBHOCTH IPOPACTAHUS
(koHmeHTpanuu 25 u 50 MKr/Mi). DTO MOXET
ObITH 00YCJIOBJICHO BBICOKOH aKTUBHOCTBIO (hop-
MHPOBaHUS KPYITHBIX arperatoB HA Ha moBepx-
HOCTH KJIETOYHOW CTEHKM M MHTCHOMPOBAaHUEM
TPAHCIIOPTAa BOABI M KHCJIOPO/Ia B Pe3yIbTaTe Me-
XaHUYECKOT0 OJIOKHPOBAHUSI HAHOIIOP JIJISl BOJBI.

Ha cpemax ¢ HA (koHmeHTpamum 25
1 50 MKr/mi1) y IpoOpOCTKOB HaOJIFOIaI0Ch HH-
rubupoBaHUe pocTa KOpHS B JutnHY (puc. 1B).
Ha panHuX 3Tamax pa3BUTHsI MPOPOCTKA POCT
KOpHSI B JUIMHY B 3HAYUTEIHHOHN CTEICHU OIpe-
JICNISIETCSl  aKTUBHOCTBIO TPOLECCOB  YIJINHE-
HHs KJIETOK B 30HE JJIOHTanuu (Zimmermann
et al., 2022). 30Ha 3JI0HTalMU XapaKTEepU3yeTcs
BBEICOKMM YPOBHEM TMOTPEOJICHUsI KHUCIOpOIa
(Zimmermann et al., 2022). MoxHO moJjaraTh,
4YTO BBEISIBIICHHOE Ha cpenax ¢ HA mHrmoupona-
HHE pOCTa KOPHS B JUTHHY 00yCIIOBIICHO (hOpMuU-
poBaHUEM KPYIHBIX arperatoB HA Ha moBepx-
HOCTH KOPHSI U MEXaHUYECKHM OJIOKHPOBAaHUEM
HAHOIIOp KJIETOYHBIX CTEHOK, YTO B pe3yjbTare
CHHKACT AaKTHUBHOCTh AupPy3un Kucioposa
B KOpEHb. | MTIOKCHS B 30HE SJIOHTAIIMH KOPHS
HapyIIaeT MPOLECChl PEMOICIIMPOBAHUSI KJIETOY-
HBIX CTCHOK, HEOOXOIUMBIC JUTSl yIITHHCHHS KJIe-
Tok (Xu et al., 2023), 4TO NIPUBOAUT K yMEHbIIIE-
HUIO JUTHHBI KOPHS IPOPOCTKOB Ha cpenax ¢ HA.

Onnoit u3 3¢ dexkropubix mumienein HY sB-
JsieTcs crenupudecKkas IOnyJIAIus KISTOK KOp-
Heoro anekca — [IK. Juddepenuuposka 1K
COIMPOBOXKAACTCA CTPYKTYPHBIMH IIEPECTPOiTKa-
MU KJIETOYHBIX CTEHOK 1 oTaeneHueM [1K ot mo-

BEPXHOCTHU KOPHEBOI'O aII€KCa. Ilocie OTACICHUA

cekpeTtopHas akTuBHOCTH 1K 3HaUMTEIHHO BO3-
pactaet. [IponyKkToM CeKpeTOpHON aKTHBHOCTH
[IK siBasieTcst TeneBblil 4eX0JI — MOJICKYIISIPHBIN
MaTpPUKC, KOTODPBIM yJIEpKUBAET OTACIHBIIH-
ecs IIK BOnm3mM kopHEBOTO amekca. B Hacrtos-
mee BpeMs TeJeBbI 4exol, c(hOPMHPOBAHHBIN
u3 osk3omerabonutoB IIK, paccmarpuBaetcs
KaK BBICOKOA((eKTHBHAS (YHKIIMOHATBHAS CH-
CTeMa — KOpHEBas JIKCTPAKJICTOYHAS JIOBYIIKA
(anrn. “root extracellular trap”, RET) (Vincent
et al., 2020). UmmoOmin3anus B marpukce RET
9KOTOKCHKAHTOB PA3JIMYHBIX XUMHYECKUX KJIac-
coB 1 HY cHM>kaeT akTUBHOCTb UX IPOHUKHO-
BEHHUs B anMKaibHylo Mepucrtemy (Yang et al.,
2016; Zhang et al., 2017; Nagayama et al., 2019).
TToxa3zano, yro B3aumozerictsue HU co cBobo-
HeiMH IIK yBennumBaeT akTHBHOCTH CEKPEIU
9K30METa00JINTOB, YTO B PE3yJIbTATE MOBBIIIACT
s dexkTuBHOCTS UMMOOMIH3auu HY B MaTpuk-
ce RET (Avellan et al., 2017). CnexnyeTr oTme-
THUTb, YTO JaHHBIC O BIUSHUH yriaeponubix HY,
B yactTHOocTH HA u Cy®, na RET u nonynsiuuio
cBoboaubix 1K B mpoaHain3upoBaHHOW JUTe-
parype OTCyTCTBYIOT.

B Hameii pabote OBLIO OMPECICHO BIIHS-
Hue yrieponueix HU Ha umcneHHOCTH cBOOON-
HeIx [IK u cogep:kanue Genka B reieBOM YexJie,
to ectb B marpukce RET. Ilo anamorun ¢ HU
metaiioB (Avellan et al., 2017) nuist oObsicHeHUs
BBISIBJICHHBIX 3 eKToB yriaepoaabix HU MoxxHO
IIPEATIONO0KUTD CIEAYOIUN CLICHapU il pa3BUTHUSL
MOJIEKYJISIPHO-KJICTOYHBIX COOBITHI B KOPHEBOM
anekce. Ummoounuzamnus HA u Cq,® B MaTpukce
RET 3anyckaet okucnutenbHblid crpecc. B ciny-
yae HA (50 mkr/mit) u Cg® (25 MKr/mi1) MoBbI-
wenue koHueHtpauuun APK B RET npuBoaut
K HapyUICHHUIO TPOLECCOB PEMOACTUPOBAHUS
KJIeTOYHBIX cTeHOK [IK, cBA3aHHBIX C TOBEpX-
HOCTBIO KOPHEBOT'O anekca, CHUKEHHUIO aKTHBHO-
CTH UX OT/ICJICHUS 1 YMEHBUICHUIO YUCICHHOCTH
cBoboanbix [1K. Haxonsce B marpukce RET, HA

COpOMpPYIOTCS HA KJIETOYHON CTEHKE CBOOOIHBIX
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[IK u yBeIM4MBaIOT aKTUBHOCTb CEKPELIHH 3K-
30MeTa00INTOB. YBEIUYEHHE AKTUBHOCTH Ce-
KPEIUU KOMIICHCUPYET Aepuiut cBoooHbIx [TK
1 TIO3BOJISIET MOAJEPKUBATh COlepKaHue Oeska
B marpukce RET Ha ypoBHE KOHTpOJIBHOIO Ba-
puanTa (puc. 25, 3A).

BoisBnenHoe miisi Cy®@ B KOHLEHTpALMH
50 MKr/mi yBelIMUYEHHME YHCICHHOCTH CBOOOI-
HeIX IIK U cBs3aHHOE C 3THM MOBBIIIEHHE CO-
nepxanus 6enka B matpukce RET moxer ObITh
oOycioBiaeHo yBenuueHueMm copOuun  Cg D
Ha kyetoyHoi crenke [IK, erie cBsi3aHHBIX C 10-
BEPXHOCTBIO areKca, U aKTHBalMeH UX OTClau-
BaHUS.

Eme omuH acmekT OMONOTHYECKON aKTHB-
HocTH HA n Cg® cBsA3aH ¢ HHAyKIMENH BHYTPH-
KJIETOYHOTO OKHCIUTEIBHOTO CTpecca B KOPHAX
2-CyTOUHBIX IPOPOCTKOB. Y PACTEHUH B KIETOU-
HOH CTEHKE JIOKAIM3YIOTCS (EPMEHTBI, OTBET-
CTBEHHBIE 3 MPOAYKIIMIO aKTUBHBIX (POPM KHUC-
Jiopoja B amnorJiacte: nepokcuaassl I knacca,
AMUHOOKCH/Ia3bl, TE€PMHH-TIONOOHBIE OKCaJaT-
OKCHJIa3bl, XHHUH-PEIYKTa3bl, JUIIOKCUTEHA3bI
(Dauphin et al., 2022). UagymmpoBaHHOE yTJiie-
ponueiMu HY pemonenupoBaHue KIETOYHBIX
CTCHOK aKTHUBHPYET 3TH (PEpPMEHTHI W yBEIU-
YUBAET MPOAYKIMIO aKTUBHBIX (OPM KHCIOPO-
Ja B aroruiacte. AKTHBHBIE (hOPMBI KHCIOpOJa
U3 amoIrjacTa MepexomsT uepe3 IIa3MaThye-
CKyI0 MeMOpaHy B IIUTOIUIA3MY, BBI3BIBAIOT IIa-
JICHHE TPaHCMEMOPAaHHOTO MOTEHIIMAlla B MUTO-
XOHJIPHSIX M aKTHBHYIO T€HEPAIUI0 BTOPUIHBIX
A®K, 4yTO BefeT K Pa3BUTHIO «OKUCIUTEIHHOTO
B3pbIBay» (peHomeH ADK mHAynrpoBaHHOTO 00-
pasoBanus ADK) (Zorov et al., 2000).

CHuXeHne TPOOKCHJIAaHTHOW aKTHBHOCTH
yrieponubix HU (ymensiienne conepsxanust Kb)
TIPH yBEJINYEHUHN KOHIIEHTPALNU UX B CPeJie MO-
KeT ObITh 00yCIIOBJIEHO (POPMUPOBAHUEM Ha I10-
BEPXHOCTH KJIETOYHBIX CTEHOK KPYIHBIX arpe-
ratoB HY, Tepsaromux cnocoOHOCTH K reHepanun
ADK (Yu et al., 2020).

C npyroi CTOPOHBI, OCaXJIEHUE KPYIMHBIX
arperaroB yriepoxHsix HY Ha moBepxHOCTH
KOpHSI U OJIOKMPOBaHUE HAHOIIOP MOXKET IPUBO-
JUTh K Pa3BUTHIO TUIOKCHH B KJIETKAaX KOPHSI.
BeisiBiiennoe st HA (50 MKr/mit) yBeaudeHue
conepxkanust MJIA B KOpHSIX 2-CYyTOUHBIX MPO-
POCTKOB, BEpOSITHO, SIBISACTCS CIECACTBHUEM HH-
JYKIUU OKUCIIUTEIBHOTO CTpecca B KIETKax
B YCJIOBHUSX pasBuBaroreiics rumokcun (Merelli
etal., 2021).

Pa3nuuust BBISBICHHBIX 0303aBHCHMBIX
3¢ (heKkToB MOryT OBITH OOYCIIOBJICHBI XHMIYE-
CKHMH TPYNIaMH, SKCIOHHPOBAHHBIMU Ha TO-
BepxHocTd HY. IloBepXHOCTHBIE XUMHUUYECKHE
rpynnsl HY MoryT ompeneisiTe 0COOSHHOCTH
Ka4eCTBEHHOTO M KOJMYECTBEHHOT'O CIIEKTpa
akTuBHBIX (opm kuciopona (Capek, Rousar,
2021) u B pe3ynbrare CHENU(PHUKY ITPOIECCOB
peMoaenupoBaHus KJIETOYHOM cTeHKu. Paznu-
YUsl B Pa3MEpPHOM TI'€TEPOreHHOCTH CYCIICH3HMH
HA u Cy® (cpenuuii nuametp u Pdl Y4 st HA
B 1,8 1 2 pa3za COOTBETCTBEHHO MEHbILIE, YEM JJISI
Cy®P) HE MO3BOJAIOT OJHO3HAYHO CBS3ATH OCO-
OCHHOCTH BBISIBICHHBIX 3(dexToB ¢ xumuei
NOBEPXHOCTH 3TUX yraepoausix HY. J{ins ouen-
KM BKJIaJJa XUMHUH TOBEPXHOCTH B Bapuadeib-
HocTh 3ddexkroB HA u Cy®d HeoOXommumo uc-
TI0JIb30BAHNE OJIMHAKOBBIX Pa3MEPHBIX KJIACCOB
HY. Hcnonb3oBaHue B 3KCIEPUMEHTAX MOHO-
aucnepcHsix cycnensuit HA n Cg® nossomut
OLICHUTHh pPa3Mep-3aBUCUMYIO BapuadeIbHOCTh
OMONIOrMYecKOil aKTUBHOCTH M BBIJICIHUTH HaH-
Oosiee mepcreKTUBHBIE pa3MepHble kiacchl HU,
CHOCOOHBIE OKAa3bIBaTh PETYJSITOPHOE BO3/CH-
CTBUE Ha (DU3HOJIOTHIO PA3BHBAIOLIEIOCS KOPHS
MIPOPOCTKA Yepe3 MHIAYKIHUIO «MSTKOTr0» OKHC-
JUTEIBHOTO cTpecca 6e3 mpoHukHOBeHHs HY

B KJICTKH («BKCTpaKHGTO‘IHaH» perJ'IFII_II/IFI).

3akaoueHne

VYraepoausie HY, C4®@ u HA okasbiBanu

BJIMSAHUEC Ha IPOLCCCHI MPOPACTAHUA 3CPHOBOK
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MIIEHUIIBI ¥ PU3HOJIOrMUECKUIl CTaTyC pa3BUBa-
FOIIIETOCS] TPOPOCTKA: aKTHBHOCTH POCTA KOPHSI;
YUCJIEHHOCTh MOmyJsanuu cBoOogubiX 1K 1 ux
CEKPETOPHYI0 aKTHUBHOCTH (COIEpIKaHHWE OeiKa
B Marpukce RET); akTuBHOCTH 00pa3oBaHHS
MPOIYKTOB OKUCITUTEIBHOW MOTH(PHUKAIIUN OeI-
koB (KB) u nununos (M/IA) B KOpHAX IPOPOCT-
KOB.

Co® B KOHIICHTPAILUH 5 MKI/MJI YBEJIHYH-
BaJI aKTUBHOCTH mpopacTaHus (3¢ (et HaHO-
npaiiMHUHTA), HO HE BIUSIIN HAa CKOPOCTH pOCTa
KOPHSI pa3BUBAIOIIHUXCS MPOPOCTKOB. CHHKe-
HUE AaKTHUBHOCTH TPOPACTAHUSA, BBISBICHHOE
mnst HA B kornenTpanuu 25 u 50 MKr/mi, co-
MPOBOXK/AJOCh MHTUOMPOBAaHUEM pOCTa KOP-
Hs npopocTkoB. BeizBannoe Cy® (50 MKr/muin)

YBCJINYCHUC YHUCICHHOCTH MOMYJIALUN IIK co-
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Abstract. Phytohormones play a key role in adaptation to stress factors, including low temperature.
There are data indicating a protective effect of salicylic acid (SA), a phenolic compound, on plants under
chilling. Previously, it was shown that SA application had a positive effect on antioxidant enzyme activity
but less data are available about changes in expression of genes encoding antioxidant enzymes. For this
reason, the effects of exogenous SA on the superoxide dismutase (SOD) activity and Cu/Zn-SOD and
Mn-SOD gene expression in cucumber (Cucumis sativus L.) seedlings under chilling stress (12 °C and
4 °C) were investigated. An analysis of electrolyte leakage from leaf cells and malondialdehyde (MDA)
content showed that cucumber seedlings could survive at the temperature of 12 °C, but the temperature
of 4 °C caused a significant damage. SOD activity in leaves increased gradually for 3 days at 12 °C,
while at 4 °C, it increased during the first 5 h of exposure with a further decrease. The temperature
of 12 °C induced accumulation of Cu/Zn-SOD and Mn-SOD gene transcripts in leaves, whereas 4 °C
did not affect gene expression. Exogenous salicylic acid (SA) (100 uM) application reduced the level of
electrolyte leakage and MDA concentration but increased SOD activity and Cu/Zn-SOD and Mn-SOD
gene expression at both 12 °C and 4 °C. It is suggested, that the protective role of SA under the chilling
stress is associated with its involvement in the regulation of the antioxidant system of plants, particularly

the activity of SOD and expression of genes encoding SOD isoforms.
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Bausinue 3k30reHHON MpeoOpadoTKM CAJTMINIOBOMH KUCJIOTOM
HA AKTUBHOCTDb CYNEPOKCH/ITUCMYTAa3bI
y npopocTkoB orypua (Cucumis sativus L.)

IIPpHA X0JI0A0BOM CTpECCce

H.C. Penkuna, A. A. Urnarenko, B. B. Ta;ianoBa)
Hnemumym 6uonoeuu Kapenvckozo nayuno2o yenmpa

Poccuiickou akaoemuu nayx (Ub KapHL] PAH)
Poccuiickaa ®edepayus, [lempozasoock

AHHOTauMs. PUTOrOPMOHBI UTPAIOT KIIOYEBYIO POJIb B aJallTAIIMU PACTEHUH K IEHCTBUIO Pa3HBIX
crpecc-(pakTopoB, B TOM YHCIe HU3KUX TeMreparyp. M3BecTHo, yTo canunuiosas kuciora (CK) —
coenHeHUe (EHOJIBHON MPUPOBI, OKa3bIBACT MPOSKTOPHOE JICHCTBHE HA PACTCHHS B YCIOBHUSIX
runorepmun. Panee Obl10 mokazano, 4To o0paborka CK MoI0KUTENBHO BIHAET Ha aKTUBHOCTH
AHTHOKCH/IAHTHBIX ()EPMEHTOB, OJIHAKO HAPsly C 3THUM MPAKTHYECKH HET JaHHBIX 00 ee BIUSHUH
Ha HKCIPECCHIO TeHOB, KOIMPYIOIINX 3TH (PEPMEHTHI. YUHUTHIBAS 3TO, LIEJIb JaHOH pabOoTHI 3aKIII04aIach
B M3YUYCHUH BIUSIHUS dK30TeHHOM 00paboTku CK Ha akTuBHOCTH cynepokcuaaucmyTtassl (CO/)
u sKcnpeccuto reHoB Cu/Zn-SOD n Mn-SOD y npopoctkoB orypua (Cucumis sativus L.) Ipa X0JI010BOM
ctpecce (12 °C and 4 °C). AHanu3 BBIX0/1a SJIEKTPOJIUTOB U3 KJICTOK JIUCTA U COACPIKAHUSI MAJIOHOBOT'O
nuansaernga (MJJA) mokasas, 4To MPOPOCTKH OTypIia aJalTHPYIOTCS K AEHCTBHUIO TEMIIEPATy Pbl
12 °C, Torna xak remneparypa 4 °C okasbIBaeT nopesxaaroniee aericteue. AKTuBHOCTh CO/l B mucThsX
orypua yseianuuBanach B Tedenue 3 nquel npu 12 °C, Torna kak npu temnepartype 4 °C nosbllieHNe
aktuBHOCTH COJl Habmomanock yepes S 4acoB OT Havyasia BO3JICHCTBUS, CHIKASICh TIPU O0JIee AN TENbHON
skcriozuimu. Kpome Toro, temneparypa 12 °C npuBoania K HAKOIUIEHUIO TPAHCKPHUIITOB reHoB Cu/
Zn-SOD u Mn-SOD B nUCTBSIX OTypIIa, B OTJAUYHE OT 3Toro Temreparypa 4 °C He okasbiBasia 3hdhexra
Ha 3KCIIPECCHIO MCCIIEAYyEMBIX TeHOB. JK30reHHas npegodopadorka CK (100 MxM) cniocobcTBOBaa
CHIDKEHHIO BBIXOJIa MJIEKTPOIUTOB, KOHIIeHTpauuu MJIA, a Takxe ctumynupoBaia aktuBHOCTH COJJ
1 NoBbIIIeHHE dKcpeccuu reHoB Cu/Zn-SOD n Mn-SOD B UCTBSX OrypIa MpH JIeHCTBUH HU3KNUX
temnepatyp 12 °C u 4 °C. Ilpennonaraercs, uyto 3amuTHast poib CK mpu xo1010BoM cTpecce cBsi3aHa
C €€ yJacTHeM B PETYIISLNH aKTHBHOCTH aHTHOKCHJIAHTHBIX (hepMeHTOB, B yacTHOoCcTH COJ] 1 skcripeccuu

TEHOB, KOAUPYIOMIMX H30(OPMBI JAHHOTO (hepMeHTa.

Kurouessbie ciioBa: Cucumis sativiis, aHTHOKCUIAHTHBIE (PEPMEHTBI, HU3Kasl TEeMIIEpaTypa, GUTOrOpMOHBbI,

OKCIIpECCUs I'CHOB.

Baaronapuoctu. Pabota BEITIOTHEHA B paMKax TocyaapcTBeHHoro 3aaanus FMEN-2022—-0004.
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Introduction

Cucumber (Cucumis sativus L.) is an
important fruit vegetable belonging to the
family Cucurbitaceae (Jeffrey, 1980). Cucumber
is sensitive to low temperatures and suffers
injuries at temperatures above 0 °C that affect
the yield and quality of fruits (Lu, Lu, 2020).
Low temperatures as well as other stresses lead
to over production of reactive oxygen species
(ROS) in plants that damage macromolecules
(proteins, lipids, nucleic acids), which ultimately
results in oxidative stress (Pal et al., 2013;
Dumanovi¢ et al., 2021). Plants possess very
efficient enzymatic (superoxide dismutase,
catalase, glutathione reductase, etc.) and non--
enzymatic (ascorbic acid, glutathione, phenolic
compounds, etc.) antioxidant defense systems
which work in concert to deal with the cascades of
uncontrolled oxidation and protect plant cells from
oxidative damage by scavenging ROS (Carmody
et al., 2016). Superoxide dismutases (SODs) are
the key enzymes catalyzing dismutation of the
superoxide radical into hydrogen peroxide and
oxygen (Perry et al., 2010; Dinakar et al., 2012;
Miller, 2012; Dumanovic et al., 2021). Based on
the metal co-factor used by the enzyme, SODs are
classified into three groups: iron SOD (Fe-SOD),
manganese SOD (Mn-SOD) and copper-zinc SOD
(Cu/Zn-SOD) (Bowler et al., 1994). Mn-SOD is
present in mitochondria and peroxisomes; Cu/
Zn-SOD is mainly a cytosolic, mitochondrial
and plastidic enzyme; Fe-SOD has been found
in the chloroplasts, cytosol, mitochondria and
peroxisomes (Mittler et al., 2004; Szdl16si, 2014).
One of the features of plant SOD isozymes is
the multiplicity of isoforms, the number of
which is species-specific. For instance, leaves

of cucumber have four isoforms of Mn-SOD and

two isoforms of Cu/Zn-SOD, Fe-SOD isoforms
were not observed in this plant (Lee, Lee, 2000).

SOD plays an important role in plant
adaptation to different stressors by protecting
cells from ROS accumulation. Previously, it was
shown that SOD activity in plants increased under
various stresses, such as water deficit (Zhang et
al., 2007; Sanchez-Rodriguez et al., 2016), salt
stress (Mandhania et al., 2006; Yan et al., 2016), UV
radiation (Tang et al., 2010; Inostroza-Blancheteau
et al., 2016), heavy metals (Goswami, Das, 2016),
high (Asthir et al., 2012; Chen et al., 2014) and low
temperatures (Fortunato et al., 2010) and others.
On the other hand, there are data indicating a
decrease in activity of SOD under stress: heavy
metals (Dandan et al., 2011), low temperatures
(Lado et al., 2016), salt stress (Oufdou et al., 2014)
and so on. This demonstrates the ambiguity of
the antioxidant system reactions to stress; these
reactions may vary depending on the duration and
intensity of stress.

It is well known that phytohormones including
salicylic acid (SA) play an essential role in plant
stress tolerance (Hayat et al., 2010; Mir et al.,
2021). Quite a large number of studies suggest
the involvement of this important signal molecule
in plant resistance to biotic stresses, whereas the
information about its role in the tolerance to abiotic
stress is scarce (Janda, Ruelland, 2015). It has
been hypothesized that one of the mechanisms
for building up resistance to abiotic stress is based
on the SA effect on the antioxidant enzyme activity
which prevents the development of oxidative stress
and protects cells against ROS-induced damage (Pal
et al., 2013; Yan et al., 2018). However, the effect of
SA application on the antioxidant enzyme activity,
particularly SOD, under the stress conditions is

ambiguous. For instance, both positive and negative
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effects of exogenous treatments with SA on SOD
activity in plants were observed under cadmium
stress (Agami, Mohamed, 2013; Saidi et al., 2013;
Lopez-Orenes et al., 2014) and UV radiation
(Choudhary, Agrawal, 2014).

The aim of this study was to investigate the
effects of exogenous salicylic acid on the activity
of superoxide dismutase and its encoding genes
(Cu/Zn-SOD and Mn-SOD) in cucumber seedlings

under low temperatures.

Material and methods

Plant materials and treatments

Cucumber (Cucumis sativus L. cv. Zozulya)
plants were grown on Hoagland nutrient solution
(pH 6.2—-6.4) in the growth chamber for 7 d at the
air temperature of 22 °C, air relative humidity
of 60-70 %, photosynthetic photon flux density
(PPFD) of 180 pmol m?sand 14-h photoperiod.
At the age of 1 week, seedlings were placed on
the SA water solution (100 uM) for 24 hours, then
placed back on Hoagland solution and exposed
to low temperatures (12 °C or 4 °C) for 72 h.
Seedlings without the SA pre-treatment served
as the control.

Dry weight (DW) was evaluated after drying
the leaves to a constant weight at 80 °C.

Analysis of relative electrolyte leakage

Relative electrolyte leakage (REL) was
measured by the electrical conductivity method
as described by Luo et al. (2005) with slight
modifications. Fresh leaves were cut into pieces
of 0.5 cm?, rinsed with deionised water and put
into 30 mL of deionised water in a test tube. After
10-min infiltration of leaf samples using a vacuum
pump, the tubes were stored at room temperature
for 4 h. Initial electrolyte leakage (ELO) was
measured using a conductometer (HANNA, Italy).
The tubes were subsequently boiled at 100 °C for 30
min to release all the electrolytes into the solution,
cooled to 25 °C and final electrolytic leakage (ELI)

was measured. REL was calculated according to
the formula: (ELO/ELI) x 100 and expressed as
percentage of total conductivity.

Determination of lipid peroxidation

The level of lipid peroxidation was assessed
by malondialdehyde (MDA) content determined
by the thiobarbituric acid reaction using the
Stewart and Bewley method (1980). Cucumber
leaves (0.1 g) were homogenized with 2 cm® 5 %
thiobarbituric acid in 20 % trichloroacetic acid
and centrifuged at 10,000xg for 15 min at 4 °C.
The mixture was heated at 95 °C in the water bath
for 30 min, then cooled quickly in the icebath and
centrifuged at 10,000xg for 5 min. The absorbance
of the supernatant was measured at 532 nm and
corrected for non-specific turbidity by subtracting
the absorbance at 600 nm. The MDA content
was calculated using the extinction coefficient of
155 mM'em™ and expressed as nmol g' FW (fresh
weight).

Analysis of SOD activity

Leaves of cucumber plants were separated
from the stem, rapidly weighed (0.3 g fresh weight)
and crushed with a pestle in an ice-cold mortar
with 3 ml 0.1 M phosphate buffer (pH 7.8). The
homogenates were centrifuged at 14,000 rpm for
20 min at 4 °C. SOD (EC 1.15.1.1) activity was
determined according to Beauchamp and Fridovich
(1971). One unit of SOD activity was defined as
the amount of enzyme required to inhibit 50 % of
photochemical reduction of nitro blue tetrazolium
(NBT). The reaction mixture (2 ml) contained
0.1 M K, Na-phosphate buffer (pH 7.8), 9.3 mM
methionine, 152.3 uM NBT, 1.1 uM EDTA,
2.4 % Triton X-100, 111.3 uM riboflavin, and
100 pl of enzyme extract. Riboflavin was added
last. The tubes were shaken and illuminated at
180 pmol m? s! for 30 min. The tubes were then
immediately covered with black cloth and the

absorbance was measured spectrophotometrically at
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560 nm. Total leaf soluble proteins were measured
according to Bradford (1976).

Analysis of genes expression

Frozen leaf tissues were homogenised
with liquid nitrogen using a mortar and pestle.
Total RNA was extracted using the TRizol
reagent (Evrogen, Russia) as instructed by the
manufacturer. Total RNA was treated with
RNase-free DNase (Syntol, Russia) to remove
genomic DNA. The purity and concentrations
of RNA
spectrophotometrically (NanoPhotometer C 40,
IMPLEN, Germany), and the resultant A260/
A280 ratios were within 1.8-2.0. One pg of total
RNA was reverse-transcribed using the MMLV
RT kit (Evrogen, Russia) following the supplier’s

samples  were  determined

recommendations. A quantitative real-time PCR
was performed using the CFX96 Real-time
System with the C 1000 Touch Thermal Cycler
(Bio-Rad, USA). PCRs were performed using
the SYBR Green PCR kit (Evrogen, Russia).
The PCR procedure consisted of denaturation
at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 15 s, annealing at
56 °C for 40 s and extension at 72 °C for 45 s. A
dissociation curve was generated at the end of
each PCR cycle to verify that a single product
was amplified using the software with the
iCycler iQ Real-time PCR Detection System. To
minimize sample variations, mRNA expression
of the target gene was normalized relative to the
expression of the housekeeping gene encoding
actin. The mRNA levels of target genes (Cu/
Zn-SOD and MnSOD) were quantified in
comparison to the control by 242 (Livak,
Schmittgen, 2001). PCR primers of Cu/Zn-SOD,
MnSOD and actin genes are listed below:
Cu/Zn-SOD (EF121763), forward (fw) —
5’-GACTGGGCCACATTTCAACC-3’

and reverse (rv) —
5-GCCTTGCCATCTTCACCAA-3;

MnSOD (EF203086), fw —
5-CAATGGCGGAGGTCACATTA-3’

and rv — 5~AGAGCAAGCCACACCCATC-3";
actin (AB 010922), fw —
5-GGTCGTGACCTTACTGATGC-3" and

v —5-CAATAGAGGAACTGCTCTTTG-3".

Statistical analyses

The experiment had three replicates. The
data were subjected to the analysis of variance
(ANOVA). Data were processed using Excel
2007 (Microsoft Corp., Redmond, WA, USA)
and analyzed using the Statgraphics Plus 5.0
(Statgraphics Technologies, Inc., The Plains, VA,
USA) statistical software. Data are presented as
mean values + standard error (SE). The Fisher’s
least significant difference (LSD) test was used to
compare the treatment means. Differences at p<
0.05 were considered statistically significant. The
research was carried out using the equipment of
the Core Facility Sharing of KarRC of RAS.

Results
Dry weight

At the temperature of 12 °C leaf DW of
cucumber seedlings increased on day 3, whereas
at4 °C DW remained at the same level throughout
the experiment (Table). SA pre-treatment did not
affect cucumber leaf DW accumulation under the
low temperatures.

Values include mean + SE (n=15). Different
letters indicate significant differences between
treatments at p < 0.05 (ANOVA).

Relative electrolyte leakage

The exposure to the temperature of 12 °C
resulted in a slight increase in electrolyte leakage
(EL) from leaves of cucumber seedlings after
one day of treatment, followed by a decrease on
the 3" day, and reached the initial values (Table).
After one day at 4 °C, clectrolyte leakage was

4-fold higher than the initial level and remained
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Table. Effect of SA on leaf DW, eclectrolyte leakage and MDA content in cucumber seedlings under low

temperatures
Temperature, °C
12 4
Exposure, h SA concentration, uM SA concentration, uM
0 100 0 100

Leaves DW, mg
0 16.9 £0.2° 17.3 £0.4° 16.9 £0.2° 17.3 +£0.4°
24 17.9 £ 0.5% 18.1 £0.6® 174 £0.3* 17.8 = 1.0%
72 19.4+0.7° 20.1+0.8 17.2 £ 0.4° 17.2 £0.5°

Electrolyte leakage, %
0 15.12 £ 0.41f 14.11 £0.27¢ 15.12 £ 0.41f 1411 £0.27¢
24 18.37 £0.67° 15.30 £ 0.70f 5473 £1.94° 45.16 + 1.69¢
72 13.93 £ 0.44" 12.27 £ 0.51 86.17 £ 1.26° 74.02 + 1.40°
MDA content, nmol g fresh mass

0 8.8+0.5° 10.1 £0.4¢ 8.8 +0.5" 10.1 £ 0.4°
24 12.1+0.3¢ 11.0£0.3¢ 159+0.7 12.8 £ 1.1¢
72 16.1 £ 0.6° 12.8 £0.5¢ 417 £ 1.6 351+ 1.5°

increased during 3 days. It is important to note,
that SA pretreatment reduced electrolyte leakage
from leaf cells at optimal growth condition
prior to exposure to low temperature. After one
day of chilling SA pre-treatment repressed the
increase of electrolyte leakage from leaf cells in
comparison to untreated plants at both 12 °C and
4 °C (Table).

Lipid peroxidation rate

MDA content of leaves increased after one day
of low temperature exposure (12 °C and 4 °C) and
remained increased on the 3" day of the experiment
(Table). At 4 °C, the MDA content increased more
significantly compared to the influence of the 12 °C
exposure. SA application resulted in an increase in
MDA at 12 °C on the 3% day but its amount was
lower compared to untreated plants. The same

pattern was observed at 4 °C (Table).

SOD activity

It was found that the temperatures of 12 °C

and 4 °C influenced SOD activity in cucumber

leaves differently. The temperature of 12 °C
promoted SOD activity during 3 days of the
experiment (Fig. 1A), while the temperature of
4 °C increased the activity of SOD in the initial
period (5 hours), but after one day it decreased
(Fig. 1B). SA treatment of cucumber seedlings
had a positive effect on SOD activity. Particularly,
SA-pretreatment lead to an increase in enzyme
activity under 12 °C with further increase during
3 days (Fig. 1A). SA application also enhanced
SOD activity at 4 °C, but on the 3 day the
enzyme activity decreased to the initial level
(Fig. 1B).

Relative gene expression

The exposure of cucumber seedlings to
12 °C caused accumulation of transcripts of Cu/
Zn-SOD and Mn-SOD genes in leaves (Fig. 2A,
B). SA application resulted in an increase in the
mRNAcontent of both Cu/Zn-SOD and Mn-SOD
genes. With SA, Cu/Zn-SOD gene expression
increased prior to chilling treatments as well as

when exposed to 12 °C during 3 days. On the
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Fig. 1. Effect of low temperatures 12 °C (A) and 4 °C (B) with and without SA pre-treatment on SOD activity in
the leaves of cucumber. Means + SEs, (n = 12). Different letters indicate significant differences between means
at p < 0.05 (ANOVA)
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Fig. 2. Effect of low temperatures 12 °C (A, B) and 4 °C (C, D) with and without SA pre-treatment on Cu/Zn-SOD
(A, C) and MnSOD (B, D) genes expression in the leaves of cucumber. Means + SEs, (n = 12). Different letters
indicate significant differences between treatments at p < 0.05 (ANOVA)

3 day the mRNA of Cu/Zn-SOD content was  expression was higher in SA-treated compared to
higher in SA-treated seedlings compared to untreated plants on the 1 day, but on the 3 day
untreated plants. In contrast, the Mn-SOD gene  no difference was observed (Fig. 2A, B).
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The temperature of 4 °C did not affect the
expression of Cu/Zn-SOD and Mn-SOD genes
during 3 days of the experiment (Fig. 2C, D).
SA application caused an increase in Cu/Zn-
SOD and Mn-SOD genes expression. Moreover,
mRNA content of these both genes was higher
even on the 3 day of the experiment, compared
to untreated plants (Fig. 2C, D).

Discussion

It is generally accepted that environmental
stresses are detrimental to plants by reducing their
growth and biomass production. Nevertheless,
inhibition of growth in response to low positive
temperatures is one of the prerequisites for
the adaptation to cold (Klimov, 2009). In the
present study leaf DW increased on the 3" day
of 12 °C exposure, i.e. cucumber was capable of
growing under this temperature, whereas at 4 °C
DW accumulation did not occur. The decrease
in DW accumulation under low temperatures
was also observed previously (Cao et al., 2014).
However, in our experiments SA-application did
not increase DW in cucumber. A similar effect
was described by Miao et al. (2020). This effect
can be associated with the dose of SA; the dose-
dependent effect on growth parameters was also
shown by Barba-Espin et al. (2011).

It is known that one of non-specific reactions
of plants to low temperatures is disturbance of
membrane permeability and, consequently, an
increase in electrolyte leakage from cells. In our
experiments, a 24 h exposure to the temperature
of 4 °C already caused an increase in electrolyte
leakage from the cells of cucumber leaves,
indicating a damaging effect. This effect was
also supported by the data on MDA content in
leaves. In contrast, even 3-day exposure to 12 °C
did not negatively affect membrane permeability
in leaves. According to these data, it can be
assumed that cucumber plants are able to adapt

to the temperature of 12 °C. It was noted, that

low temperatures can have a negative effect, but
over time plants can adapt to them (hardening
temperatures), while low temperatures closer to
0 °C have an extremely negative effect, which over
time will lead to the death of plants (damaging
temperatures). Our data are consistent with the
results of other authors. For example, electrolyte
leakage from the cells of cucumber plants was
intensified by exposure to the temperatures of
8 °C and 2 °C (Hu et al., 2006; Qian et al., 2013),
while at 12 °C the increase of electrolyte leakage
was not detected (Erez et al., 2002). The MDA
level also increased in cucumber plants subjected
to a low temperature (Hu et al., 2006; Liu et al.,
2020).

Our results indicated the protective effect
of SA application on cucumber seedlings under
low temperatures influence including 4 °C,
when there was a considerable reduction in
electrolyte leakage from the leaf cells and MDA
concentration. There are data about a protective
effect of SA on cell membranes of cucumber
subjected to 10 °C (Lei et al., 2010), 4 °C
(Sayyari, 2012) and cucumber fruits under 2 °C
(Zhang et al., 2015). The dose-dependent effect
of SA application on MDA content in cucumber
was also described (Nie et al., 2018). These data
suggest that SA pre-treatment can neutralize the
negative effect of chilling on cucumber.

Low temperatures directly or indirectly
intensify generation of ROS that can damage
macromolecules and disrupt physiological and
biochemical processes in plants. An important
role in plant cell protection from ROS is performed
by antioxidant enzymes that are capable of
scavenging them (Pal et al.,, 2013; Dumanovic¢
et al., 2021). Particularly, SOD is a key enzyme
which converts superoxide radicals into molecular
oxygen and hydrogen peroxide (Perry et al., 2010;
Zeinali et al., 2015). In our study, it was shown
that SOD activity depends on the intensity and

duration of exposure to low temperatures. The
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12 °C treatment resulted in an increase in SOD
activity in cucumber leaves, which indicates its
involvement in plant adaptation to chilling. In
contrast, an increase in SOD activity under the
damaging temperature (4 °C) was only short-
term, and a more prolonged exposure negatively
affected the activity of the enzyme. Previously, it
was shown that at low temperatures SOD activity
increased in cucumber (Gao et al., 2009; Yang
et al., 2011; Chen et al., 2015), barley (Mutlu et
al., 2013), chickpea (Kazemi-Shahandashti et al.,
2014), wheat (Li et al., 2014; Scebba et al., 1999).
However, the response of SOD activity to chilling
was ambiguous. For instance, SOD activity in
cucumber plants exposed to 15 °C rose on the 2
day of the treatment but declined on the 4" day
(Gao et al., 2009; Cao et al., 2014).

In the present study, it was shown that SA
application stimulated an increase in SOD activity
under 12 °C and 4 °C. The positive effect of SA
on SOD activity was demonstrated previously in
barley under low temperatures (Mutlu etal., 2013),
soybean (Ardebili et al., 2014) and radish (Bukhat
et al., 2020) at high salinity, as well as in wheat
and bean plants under cadmium stress (Agami,
Mohamed, 2013; Saidi et al., 2013). These data
suggest that regulation of the antioxidant enzyme
activity by SA under stress conditions, including
low temperatures, is associated with generation
of hydrogen peroxide (Hayat et al., 2010). It is
possible, that SA enhances tolerance of cucumber
seedlings under chilling due to the increase in
SOD activity and consequently, generation of
H,0, as a key signaling molecule involved in the
cascade of reactions resulting in activation of
plant defense mechanisms.

In our experiments, the temperature of
12 °C increased SOD activity in parallel with
the rise in expression of Cu/Zn-SOD and Mn-
SOD genes encoding SOD isoforms. Similar
results were obtained in plants of cucumber at the

temperature of 15 °C: accumulation of transcripts

of Cu/Zn-SOD gene was observed on the 2" day
of the exposure, but on the 4" day, their content
decreased, whereas an increase in the level of
Mn-SOD transcripts did not occur (Gao et al.,
2009). In the present study, the temperature of
4 °C did not affect gene expression. Overall,
these data indicate that there is no direct relation
between the activity of SOD and the content of
transcripts of SOD encoding genes. It could mean
that regulation of SOD activity can be performed
at the transcriptional and post-transcriptional
levels. This conclusion is also supported by
another set of data on the low activity of SOD
along with up-regulation of Cu/Zn-SOD gene
expression in cucumber under a low temperature
(Cao et al., 2014). In contrast, the content of
transcripts of Cu/Zn-SOD and Mn-SOD genes
decreased in cucumber at dehydration, but at
the same time SOD activity increased (Huang
et al., 2013). In our experiments, SA application
led to an increase in accumulation of Mn-SOD
and Cu/Zn-SOD gene transcripts in the leaves
of cucumber at hardening (12 °C) and damaging
(4 °C) temperatures. It should be noted that the
data on the effect of SA on the expression of the
SOD encoding gene are fragmentary. According
to our data, it is possible to propose, that SA
can regulate SOD activity at the transcriptional
level. However, the mechanisms of regulation of
the expression of SOD encoding genes by SA at
chilling needs further research.

Conclusions

In conclusion, it is supposed that the
enzyme activity of SOD in the leaves of
cucumber seedlings depends on the intensity
and duration of low temperature exposure, and
changes differently at hardening and damaging
temperatures. Considering the fact that SA pre-
treatment improved tolerance to chilling stress
and led to an increase in SOD activity and

accumulation of transcripts of Cu/Zn-SOD and
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Mn-SOD genes in the leaves, we can assume that  to cold stress. Thus, activation of SOD may be
SA plays an important role in regulation of SOD  one of the key processes in adaptation to low

activity contributing to greater plant resistance  temperatures induced by SA in cucumber plants.
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Abstract. Typha latifolia (broadleaf cattail) is a helophyte widely used for the treatment of wastewater
and surface waters contaminated with multiple metals, including copper. At the same time, its potentials
as a biomonitor and phytoremediator in habitats with ultra-high levels of copper pollution have not been
sufficiently studied. To deal with this issue, the morphophysiological parameters of cattail were studied
in situ at the site with extreme polymetallic pollution near the Karabash Copper Smelter (Karabash,
the Chelyabinsk Region, Russia). In addition, pot-scale (ex-situ) experiment spiked with 2000 and
6000 mg Cu/kg of soil was carried out to study its seed progeny. Plants from the natural population
exhibited a fairly high copper resistance and viability of seeds (germination index 40 %). The copper
content in cattail organs was positively correlated with its concentration in the substrate. 7. latifolia
showed predominant Cu accumulation in underground organs, especially in the roots, which was 179.9
mg/kg of dry weight under natural conditions, surging to 1407.5 mg/kg of dry weight under model
conditions. Helophyte seed progeny also demonstrated high copper tolerance, with biomass, leaf length,
and plant height only decreasing at a copper concentration as high as 6000 mg Cu/kg soil. The content
of photosynthetic pigments remained constant. An increase in the contents of hydrogen peroxide and

malondialdehyde (30 % on average) was accompanied by the accumulation of non-enzymatic antioxidants
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and a significant decrease in the activities of catalase and ascorbate peroxidase. The highest correlation
with Cu concentration in soil was observed for protein and non-protein thiols (0.76 on average, p < 0.05),
which puts them forward as potential biomarkers of copper contamination. Thus, 7. latifolia can be
used for biomonitoring and phytoremediation (phytostabilization and rhizofiltration) not only at high,

but also at ultra-high levels of copper pollution.

Keywords: broadleaf cattail, heavy metals, seed progeny, pot-scale experiment, photosynthetic pigments,

redox reactions, biomonitoring, phytostabilization, rhizofiltration.
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Aunnoranus. Typha latifolia (poro3 TIMPOKOIUCTHBIN) — TeIO(UT, IIMPOKO UCTIONB3YIOITUHACS IS
OYMCTKH CTOYHBIX M TIOBEPXHOCTHBIX BOJI ITPU 3arpsi3HEHUH METaJlJIaMu, BKJIFOYast Me/ib. B TO ke Bpemst
BO3MOXKHOCTH €r0 UCIIOJIb30BaHMsI B Ka4eCTBE OMOMOHHUTOPA 1 (HUTOpPEMEeIHaTopa MECTOOOU TaH U
CO CBEPXBBICOKMM yPOBHEM 3arps3HEHUs ME/IbI0 M3YUeHbl HE0CTaTO4YHO. J{JIsl penieHus qaHHoM
po0seMbl OBLIN HcclieT0BaHbl MOP(O(DU3HOIOrHYSCKHE TapaMeTPhl pOro3a in-situ Ha y4acTKe
C OKCTPEMaJIbHBIM MOJMMETAIIINYECKUM 3arpsi3HeHreM Boun3u Kapabaiickoro MeeniiaBuiibHOro
xoMOuHaTa (. Kapabamm, YensOuHckas 061acTh, Poccust), a Takike ero CEeMEHHOTO TIOTOMCTBA B TOPIICYHBIX
KynbTypax (ex-situ) npu godasieruu 2000 u 6000 mr Cu/kr mouBbl. PacTeHus n3 npupoaHON MOMYIISIIIUA
OTJIMYAJIHUCH JOCTATOYHO BHICOKOW YCTOHYHMBOCTBIO U )KH3HECIIOCOOHOCTBIO CEMEHHOTO MaTepraa
(nanexc mpopactanus 40 %). CogepxaHue MeIH B OpraHax poro3a MoJOKUTEIBHO KOPPEIUPOBATIO

cec KOHI.[CHTpaL[PIeﬁ B cy6CTpaTe. Poros nmoxasain MNpEeUMYyHICCTBCHHOC HAKOIIJICHUC MEIU B TIOA3EMHBIX
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opraHax, 0COOCHHO B KOPHSX: B €CTECTBEHHBIX YCIOBHUSAX €€ COIepKaHue COCTaBIsIo 179,9 Mr/kr
CyXOro Beca, B TO BpeMsI KaK B MOJICIIEHBIX YCIIOBHsIX gocturaio 1407,5 mr/kr cyxoro Beca. CeMeHHOE
MOTOMCTBO reJIouTa TaKXKe MPOJAEMOHCTPUPOBAJIO BHICOKYIO YCTOHYMBOCTD K MEJIM: CHH)KCHHE
OGroMacchl, IITMHBI JIUCTHEB U BHICOTHI pacTeHuit Habmroganock nuib mpu 6000 mr Cu/kr noussl. [Ipu
9TOM coziepkaHue POTOCMHTETUYECKUX ITMTMEHTOB OCTaBaJIOCh HAa MOCTOSIHHOM YPOBHE. YBEIHUEHNE
cofiep KaHUs TIEPOKCHIa BOJOPOA i MAJIOHOBOTO nrajbaeruaa (B cpenaeM Ha 30 %) compoBoxKIaI0Cch
HaKOTIJICHUEM HEIH3UMATHUECKUX aHTHOKCHIAHTOB U CYIIECTBEHHBIM CHU)KCHHUEM aKTHBHOCTH
KaTasasbl  ackopOaTnepokcuaa3sl. Hanbosee BICOKast KOPPEIAIUsS C KOHIICHTPAI[UEeH MeIU B TOYBE
ObLIa OTMEUEHA IJIsl OCIIKOBBIX M HEOCIKOBBIX THOJIOB (B cpenrem 0,76, p < 0,05), 4TO 1MO3BOJISIET
PEKOMEHJIOBATh WX B Ka4eCTBE OMOMAapKEPOB 3ar psI3HESHHS 3TUM METaIIoM. TakuM 00pa3oM, poro3 MOxeT
OBITh UCIIOJNB30BaH JJIsi ONOMOHUTOPUHTA U (uTOpeMennannu (purocTadbunnzanuu u pu3oGUILTPALIUH)

HE TOJIBKO ITPU BBICOKOM, HO U CBEPXBLICOKOM YPOBHC 3arpsA3HCHUSA MCABIO.

KuroueBsble ¢JjioBa: poro3 MMPOKOIUCTHBIH, TS¥KENIbIE METAIIBI, CEMEHHOE TOTOMCTBO, FOPILIEYHBIE
9KCIEPUMEHTBI, (POTOCHHTETUYECKHE ITUTMEHTBI, PEIOKC-PEaKIM1, OHOMOHUTOPHHT, (PUTOCTAOMIIM3AIIKS,

pusoduasTpanys.

Baaronapnoctu. VcciienoBanne BBIIIOJIHEHO NTPH (MHAHCOBOM Mojaepkke MUHNCTEPCTBA HAYKH
U BBIcIIero oopaszosanus Poccuiickoit @enepannu B pamkax [Iporpammsl passutust YpdY B cooTBeTCTBHN

C IporpaMMoil cTpaTernueckoro akajgemuueckoro aujaepctsa «IIpuopurer-2030».

Hutuposaunue: Iupses I. . Tenodut Tipha latifolia L. kak HenooneHEHHBII OHOMOHUTOP U (PUTOPEMETHATOP TIPH CBEPXBBHICOKOM
CONIEP)KAHUU MEJIU: UCCIICIOBAaHUE alallTUBHBIX peakuuil in-situ u ex-situ / I. . lupses, I.T. Bopucosa, M.T. Manesa,
A.B. Cobenun, A. Kymap // XKypu. Cub. ¢penep. yu-ra. buonorus, 2024. 17(2). C. 190-210. EDN: YQATDI

Introduction ecosystems (Grisey et al., 2012; Vroom et al., 2018;

There is a rapid and continuous increase
in the emission of pollutants, including heavy
metals (HMs). Metals can accumulate in various
components of aquatic and terrestrial ecosystems,
resulting in toxic effects on living organisms
and increasing risks to human health (Kabata-
Pendias, Mukherjee, 2007; Ashraf et al., 2019;
Amir et al., 2020; Kumar et al., 2022). Water
pollution by trace elements is an important factor
for both geochemical cycling of the elements and
environmental health (Kabata-Pendias, 2010).
Helophytes (wetland plants) play an important role
in purification of aquatic ecosystems due to their
direct contact with both the aquatic environment
and bottom sediments and ability to transform and/

or accumulate the pollutants entering the hydro-

Rana et al., 2022). Thus, the search for plant species
with high HM tolerance is relevant to biomonitoring
and phytoremediation.

Typha latifolia L. (better known as broadleaf
cattail) is one of the wetland plants that can grow
in habitats with high levels of toxic elements and
under low pH (Klink et al., 2013; Kumari, Tripathi,
2015). It is a large, perennial, rhizomatous plant,
which belongs to helophytes with a wide habitat.
Studies of the 7. latifolia accumulative ability
with respect to different HMs were carried out in
natural habitats including constructed wetlands
both in Russia (Kurilenko, Osmolovskaya, 2006;
Brekhovskikh et al., 2009; Sviridenko et al., 2015;
Maleva et al., 2019; Petrov et al., 2023; Shiryaev et
al., 2024) and other countries (Grisey et al., 2012;
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Klink, 2017; Parzych et al., 2016; Aucour et al.,
2017; Ben Salem et al., 2017; Bonanno, Cirelli, 2017,
Rana, Maiti, 2018; Hejna et al., 2020; Haghnazar
et al., 2021; Rana et al., 2022). Many researchers
showed the high accumulative ability of 7. latifolia
in relation to HMs (Lyubenova, Schrdder, 2011;
Parzych et al., 2016; Bonanno, Cirelli, 2017; Yang,
Shen, 2020; Abbas et al., 2021). However, most of
the studies investigated 7. latifolia plants growing
in water bodies with low or moderate levels of
pollution. Several authors carried out studies in
model systems using 7. /atifolia plants treated with
relatively low concentrations of HMs. For example,
for copper (Cu), the range of concentrations was
0.5-10 mg L (Saygideger et al.,, 2009) or 10—
100 umol L' (Lyubenova et al., 2015); for lead
(Pb), it was 5.0-7.5 mg L' (Alonso-Castro et al.,
2009), 10250 pumol L' (Lyubenova, Schroder,
2011) or 1-5 mmol L' (Amir et al., 2020); and for
cadmium (Cd), it was 0-30 mg kg' (Yang, Shen,
2020) or 10-250 pmol L' (Lyubenova, Schroder,
2011).

Among HMs, copper plays an important and
ambiguous role. In small concentration, it is an
essential element for living organisms, while its
excessive amount negatively affects the growth
and metabolism of plants, changing the processes
of photosynthesis and respiration (Kumar et al.,
2021; Mir et al., 2021). A major source of copper
pollution is the non-ferrous metal mining and
processing industries. Their activities result in
the formation of artificial geochemical provinces
(Yurkevich et al., 2015; Ashraf et al., 2019). One
of these artificial geochemical provinces was
formed in the vicinity of the city of Karabash
(Russia, Chelyabinsk Region) because of the
impact of the Karabash Copper Smelter (KCS)
(Yurkevich et al., 2015; Tripti et al., 2021). For
more than a century of KCS operation, emissions
into the atmosphere and discharges of untreated
industrial, mining, and domestic wastewater

into the river system have led to considerable

pollution of the soil, water bodies, bottom
sediments, and the atmosphere, soil degradation,
and the disappearance of the surrounding
vegetation (Minkina et al., 2018; Kumar et al.,
2020; Shiryaev et al., 2024).

Previously, local populations of 7. latifolia
were studied in water bodies with varying degrees
of polymetallic pollution, at different distances
from the KCS, as compared to relatively clean
natural habitats (Maleva et al., 2019; Shiryaev et
al., 2024). A high positive correlation was found
between the concentration of HMs in sediments
and their content in aboveground and, especially, in
underground organs of 7. /atifolia, which indicated
the high stabilizing capacity of this helophyte
and its potential as a bioindicator. Moreover, a
significant increase was noted in the level of non-
enzymatic antioxidants such as soluble phenolic
compounds, free proline, and soluble thiols in
helophyte leaves, which presumably contributed
to an increase in the resistance of this species to
anthropogenic impacts.

Reproductive ability is one of the most
important functions for maintaining the viability
of plant populations. Preserving seed productivity
is especially important in conditions of high
HM pollution. The danger of HM accumulation
in plants lies not only in a decrease in their
growth and physiological functions, but also in
a significant change in the viability and quality
of seed progeny. According to Vasilyev (2021),
the reliability of plant adaptation mechanisms
to excess HMs should be judged not only by the
development indicators of treated plants, but
also by the quality of their progeny, which is a
guarantor of population stability.

Seeds

redevelopment of plant communities and can

of helophytes are material for
be valuable in the wetland conservation and
restoration if the seeds germinate and survive
(Meng et al., 2016). There are a few works aimed

at identifying optimal conditions for germination
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of T. latifolia seeds (Bonnewell et al., 1983;
Meng et al., 2016). Of particular interest is the
research of the responses of metal-stressed cattail
seed progeny grown in laboratory conditions
from seeds of plants initially growing in habitats
with extreme levels of polymetallic pollution.
However, such studies are very limited. For
example, Ye et al. (1997) investigated tolerance
to lead, zinc, and cadmium of 7. latifolia grown
from seeds collected in metal-contaminated
and non-contaminated sites, but the metal
concentrations used in the experiments were low
and reached 20 mg L! (for Pb), 5.0 mg L! (for Zn),
and 0.5 mg L' (for Cd).

Thus, despite numerous publications on
HM accumulation by 7. latifolia, there is still
insufficient information about the ability of this
species to grow under extreme polymetallic
stress. The adaptive physiological responses
that allow this helophyte to survive at ultra-
high concentrations of metals, including copper,
are not well understood. In addition, there are
virtually no data on the ability of the seed progeny
of T latifolia to accumulate copper and survive at
ultra-high Cu concentrations.

The specific objectives of the study include:
(a) estimation of metal accumulation and
morphophysiological characteristics of T latifolia
plants growing in situ at a natural heavily polluted
site close to copper smelter tailing, (b) evaluating
the tolerance of 7. latifolia seed progeny plants
grown ex situ in pot-scale experiment at high and
ultra-high concentrations of copper (2000 and
6000 mg kg' of dry soil, respectively) and the
effect of copper on the growth and physiological
parameters of plants, and (c) assessment of the
possibility of using some physiological traits of

the plant as biomarkers of contamination.

Materials and methods

The helophyte T latifolia has formed natural

local populations near the tailings dump of the

KCS (JSC “Karabashmed”), which has been
operating for more than 100 years in the city of
Karabash, the Chelyabinsk Region, Russia. The
local population of T. latifolia growing at the
tailings water site (55°27'15" N 60°12'48" E) with
an extremely high level of polymetallic pollution,
which subsequently forms the Ryzhiy stream
(Shiryaev et al., 2024), was selected for the study
(Fig. 1a).

The in-situ surveys of T. latifolia population
mid-July 2019. The

morphological characteristics of 20 plants in the

were conducted in
flowering—fruiting phase (length of shoots, length
and width of leaves) were examined under natural
conditions. In addition, five randomly selected
plants were carefully uprooted with part of the
sediments to preserve the underground organs
(rhizome and roots). Surface water samples were
taken in 5 replicates from the cattail site in 0.5-L
plastic bottles pre-cleaned with dilute HNO;.
Plant samples with sediments were placed in
separate sterile 10-L plastic containers so that
their underground organs remained completely
immersed in water from the study site to avoid
drying and immediately transferred to the
laboratory for further analysis. In addition, in
early September 2019, ripe seeds were collected
from T latifolia growing at the study site.

The water samples (0.5 L) were fixed by 70 %
HNO; (by lowering the pH below 2.0), digested
to reduce the final volume to 10 mL by warm
evaporation, and stored at 4 °C until analysis for
metals. Sediment samples were taken from each
T. latifolia root zone, air dried, homogenized,
passed through a sieve (< 2 mm), and preserved
for further metal analysis. The plant samples
were cleaned to remove soil particles, washed
with running water, treated with ultrasonication
(UM-4, Unitra Unima, Olsztyn, Poland), and
finally washed in deionized water (Milli-Q system,
Millipore SAS, Molsheim, France). One part of the

fresh plant material (leaves, rhizome, and roots)
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Fig. 1. The local population of Typha latifolia at the natural contaminated site (a) and the plant seed progeny in
pot-scale experiment at high (2000 mg kg™ of dry soil, 2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu)

copper concentrations (b)

was fixed at 105 °C for 2 h and dried at 75 °C for 24
h for further metal analysis. The other part of the
plant material (fresh leaves) was weighed, frozen
in liquid nitrogen, and stored at —80 °C to further
measure physiological and biochemical parameters
such as the content of photosynthetic pigments,
lipid peroxidation products (malondialdehyde,
MDA), free proline, soluble phenolic compounds,
thiols, and protein. For the estimation of dry weight
(DW), weighed fresh leaves (FW) were dried in a
hot air oven at 75 °C for 24 h, and the ratio of FW/
DW was calculated.

T. latifolia seeds previously collected in
situ from a natural population exposed to long-
term anthropogenic impact were tested for
germination index in Petri dishes (100 seeds in
four replicates). Then, the seedlings were grown
for a year (from March 2020 to April 2021) on
a watered peat substrate under natural light
and at room temperature, with the addition of
Hoagland’s nutrient solution (200 mL per two-
liter plastic container once every three weeks).
After that, they were transplanted into larger

(4-L) containers, to which copper (sulfate
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form) was added at concentrations of 2000 and
6000 mg per kg of dry soil (Fig. 1b). The peat-
based substrate containing 250 mg L nitrogen
(NH4+NO;), 280 mg L' phosphorus (P,Os),
and 400 mg L' potassium (K,O) with pH 5.5
(NORD PALP, LLC, Russia) was used for pot-
scale experiment. Plants grown on the Cu-free
substrate were used as the control. Each treatment
included 8 plants in two independent replicates.
T. latifolia plants were grown for 4 months in a
growth chamber at a temperature of 23 + 2 °C,
photoperiod of 14:10 (day: night), and lighting of
150 +20 umol m? s™! (using plant grow lights ULI-
P10-18V/SPFR 1P40). At the end of experiment,
plants were carefully uprooted, cleaned to remove
substrate particles, cut into organs (leaves,
rhizome, and roots), and washed with running
water and twice in deionized water. The growth
parameters such as plant height, leaf length and
width, and fresh biomass of aboveground and
underground organs were measured. Part of the
plant material and substrate samples were dried
for further metal analysis. Some of the weighed
fresh leaves were frozen in liquid nitrogen and
stored at —80 °C for further biochemical analysis.

The dried in-situ and ex-situ plant samples
were weighed and digested with concentrated
HNO; (analytical grade) using a MARS 5
Digestion Microwave System (CEM, U.S.A)).
The available forms of metals in sediments and
peat substrates were analyzed by extracting the
soil sample (5 g) using 10 mL of 0.5 M nitric acid
solution as described elsewhere (Filimonova et
al., 2020). The Fe, Zn, Mn, Cu, Ni, Pb, Cd, and
Co concentrations in all samples were determined
using an AA240FS flame atomic absorption
spectrometer Pty Ltd.,
Australia). The bioconcentration factor (BCF)
was calculated as the ratio of metal concentration

(Varian  Australia

in the T latifolia leaves/rhizome/roots to its
available concentration in the sediment/substrate.

The metal translocation factor (TF) was calculated

as the ratio of metal content in the aboveground
part (leaves) to its content in the underground
organs (rhizome or roots).

Physiological and biochemical parameters
in T latifolia
spectrophotometrically using an Infinite M200

leaves were determined
PRO multimode plate reader (Tecan, Austria).
The photosynthetic pigment contents
determined at 470, 647, and 663 nm after
leaf

cuttings (about 50 mg) and their extraction in

were

preliminary homogenization of fresh

10 mL of 80 % cold acetone; calculations were
done according to Lichtenthaler (1987). The
chlorophyll a (Chl a), chlorophyll 4 (Chl b), and
carotenoid contents were expressed as mg per g
DW. The content of lipid peroxidation products
was measured based on the level of MDA in the
reaction with thiobarbituric acid by the absorption
at 532 and 600 nm (Heath and Packer, 1968). The
concentration of hydrogen peroxide (H,0,) was
measured using a method based on the peroxide-
mediated oxidation of Fe** followed by the
reaction of Fe** with xylenol orange according to
Bellincampi et al. (2000). The accumulation of
peroxides was expressed as nmol H,O, per g DW.

The content of free proline was determined
after 10-min extraction of fresh leaf cuttings in
boiling water (100 °C) using a modified method
(Kalinkina et al., 1990) at a wavelength of 520
nm. Staining was carried out with a ninhydrin
solution with the addition of glacial acetic acid in
an equivalent ratio, using exact concentrations of
proline (Sigma-Aldrich Chemie GmbH, Germany)
as a standard, and expressed as mg per g DW.

The amount of soluble phenolic compounds
(total phenolics and flavonoids) was determined
after 24-h extraction of fresh leaf cuttings with
an 80 %-ethanol solution (in darkness). The total
phenolic content was measured in the reaction
with the Folin—Ciocalteu reagent at 725 nm. Gallic
acid (Sigma-Aldrich Chemie GmbH, Germany)

was used as a standard (Singleton et al., 1999).
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The amount of flavonoids was measured at 412
nm after reacting with 10 % aluminum chloride,
using rutin (Sigma-Aldrich Chemie GmbH,
Germany) as a standard (Chang et al., 2002).

The extraction and determination of protein
and non-protein thiols were described in detail
elsewhere (Maleva et al., 2009; Borisova et al.,
2016). The total content of soluble thiols (-SH) was
determined after reaction with Elman’s reagent
(5.5’-dithiobis (2-nitrobenzoic) acid) at 412 nm.
The content of protein thiols was calculated by
subtracting the amount of non-protein thiols
previously obtained by precipitation of proteins
with 50 % trichloroacetic acid (w/v) from the
total soluble thiol fraction. Reduced glutathione
(Sigma-Aldrich Chemie GmbH, Germany) was
used as a standard. The content of protein thiols
(PT) and non-protein thiols (NPT) was expressed
in pmol of —SH per g DW. The content of soluble
protein was determined at a wavelength of 595
nm according to Bradford (1976) using bovine
serum albumin (Sigma-Aldrich Chemie GmbH,
Germany) as a standard.

For the determination of antioxidant activity
of enzymes such as catalase (CAT, EC 1.11.1.6),
ascorbate peroxidase (APX, EC 1.11.1.11), and
guaiacol peroxidase (GPX, EC 1.11.1.7), fresh
leaf cuttings (0.5 g) frozen in liquid nitrogen were
homogenized with a mortar and pestle and then
placed into a cool 0.1 M sodium phosphate buffer
(pH 7.4). The homogenate was centrifuged for 20
min at 15000%g at 4 °C, and the supernatant was
collected for enzyme assay (Maleva et al., 2016).
The activity of CAT was measured by tracking
the decrease in H,O, quantity in time at 240 nm
(extinction coefficient of 0.036 mmol’' cm™) and
was expressed as mmol of H,0, decomposed per
mg of protein per min. The activity of APX was
measured through ascorbate oxidation in time at
290 nm (extinction coefficient of 2.8 mmol"' cm™)
and was expressed as mmol of oxidized ascorbate

per mg of protein per min. The activity of GPX

was determined by an increase in the absorbance
of the reaction medium at 470 nm as a result
of guaiacol oxidation (extinction coefficient
of 26.6 mmol' cm') and was expressed as
mmol of oxidized tetraguaiacol per mg of
protein per min.

Statistical processing of the results was
carried out using STATISTICA 10.0 and Excel
16.0 software. After checking the normality by
the Shapiro—Wilk test and the homogeneity of
variance by Levene’s test, the differences between
the treatments were determined with the non-
parametric Kruskal-Wallis H test and Mann—
Whitney U test at p < 0.05. The relationship
between different parameters was estimated by
Spearman’s rank correlation coefficient. The
figures and the tables show the arithmetic mean
values (Means) and their standard errors (SE);
significant differences between the treatments are

indicated by different letters.

Results and discussion

Determination of the chemical composition
of surface water at the site where the local
T. latifolia population was growing showed high
concentrations of all studied HMs, which exceeded
their
(MPCs) for fishery water bodies (Water quality
standards ..., 2016). The greatest excess was
noted for Cu (2600 times), Zn, Mn (1330 times),
Fe (460 times), and Ni (79 times), while Pb, Cd,

and Co concentrations were 10 times higher than

maximum permissible concentrations

their MPCs on average (Table 1). The average
concentrations of HMs were significantly higher
compared to the data reported in other studies
carried out in anthropogenically disturbed
habitats of this helophyte species. For example,
the concentrations of Cu, Mn, Zn, and Fe in water
were several hundred times higher compared to
their maximal levels in mixed samples from five
ponds in the southwest of Poland (Klink et al.,
2013).
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Table 1. Heavy metal contents in surface water and sediments at the natural contaminated site and in the organs

of T. latifolia

Contaminated site

T. latifolia organs

Metal Water, Sediments*, Leaves, Rhizome, Roots,
gL! gkg'!' DW gkg' DW gkg' DW gkg' DW
Fe 0.046 +0.003 78.20 +3.17 0.67 £0.013 12.10 £ 0.42 30.81 £ 0.64
Zn 0.013 +0.001 9.35+0.46 0.27 +£0.013 0.46 +0.01 3.37+0.16
mg L mg kg' DW mg kg DW mg kg' DW mg kg' DW
Mn 13.32 £ 0.94 4472.32+213.76  774.03 £12.02  272.28 £10.84 515.76 + 16.14
Cu 2.58 +£0.11 2965.46 + 85.66 94.62 +£2.06 146.35 £ 8.21 179.86 + 7.05
Ni 0.79 +0.03 536.98 £ 11.79 34.05+0.76 139.87 +2.87 69.15+2.27
Pb 0.061 £ 0.003 451.50 £ 17.02 8.39+0.48 2711 +£1.26 53.58 +1.93
Cd 0.024 +0.001 23.82 + 1.31 0.60 +0.03 7.99 £ 0.89 45.07 £2.29
Co 0.173 £ 0.004 95.39+£0.88 1.62 +0.04 2.55+0.15 10.85+0.48

*Available form of metals. Data are presented as Means + SE (n = 5).

The average concentrations of HMs in
sediments from the natural contaminated site
(Table 1) were also considerably higher compared
to the data for other contaminated habitats of
T latifolia reported by other authors. For example,
in the present research, the concentrations
of Cu and Cd were 35, Ni and Zn 28, and Mn
and Pb 6 times higher than their concentrations
in sediments of urban wetland (Sicily, Italy)
subjected to municipal wastewater and metal
contaminations (Bonanno, Cirelli, 2017). The
contents of Zn and Cd in sediments were 100
times higher, Cu 40 times higher, Mn, Ni and Pb
on average 10 times higher compared to the data
reported for 10 sites of Bahmanshir River, Iran
(Haghnazar et al., 2021). The concentrations of
all studied metals in water and sediments were
also considerably higher than their maximal
levels measured in small water bodies of Saint
Petersburg (Kurilenko, Osmolovskaya, 2006).
The previous estimation of the geoaccumulation
index (f.,) in the water body near the study
site (the Ryzhiy stream) revealed its extreme
contamination (fy, > 5) by Cu and Zn (5.3 and
6.6, respectively); heavy contamination (3 > /.,
<5) by Niand Cd (3.5 and 4.5, respectively); and

moderate to heavy contamination (2 < /., < 3)
by Pb (2.8) (Shiryaev et al., 2024).

The contents of the studied HMs in 7. latifolia
organs could be arranged in the following
sequences: Mn>Fe>Zn>Cu>Ni>Pb>Co>Cd in
leaves and Fe>Zn>Mn>Cu>Ni>Pb>Cd>Co in
both rhizome and roots (Table 1). The cattail
plants accumulated HMs mainly in rhizome and
roots. The contents of most metals were higher
in the roots than in the rhizome: 1.9 times for Fe,
Mn, Cu, and Pb, and 5.7 times for Zn, Cd, and
Co, on average. The exception was nickel, the
content of which in the roots was half of that in
the rhizome. The preferential accumulation of
HMs in the roots, compared with the rhizome,
was also noted by other authors who studied their
accumulation in 7. latifolia organs (Klink et al.,
2013; Bonanno, Cirelli, 2017).

The leaves of 7. latifolia accumulated twice
more Mn than the underground organs (Table 1),
while the TF for other HMs was less than one.
That could be explained by the developed
barrier mechanisms demonstrated for cattail
previously (Grisey et al., 2012; Yang, Shen,
2020). The results obtained in the current study

are consistent with the data of other authors,
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who found that 7. latifolia accumulates HMs
predominantly in its underground part (Alonso-
Castro et al., 2009; Grisey et al., 2012; Parzych
et al., 2016; Rana, Maiti, 2018; Haghnazar et al.,
2021). Moreover, some researchers reported that
the TF for manganese was higher than one (Rana
et al., 2022). TF values below one indicate that
the plant has low efficiency of metal translocation
from roots to leaves and, thus, can be used for
phytostabilization purposes (Elizareva et al.,
2016; Bonanno, Cirelli, 2017).

According to Chaney (1989) and Kabata-
Pendias (2010), the following metal concentrations
are considered critical for plants: Cu: 20—100; Ni:
10-100; Zn: 500—-1500; Mn: 300-500; Pb: 30—
300; Cd: 5-7 mg kg' DW. The concentrations of
Cu, Ni, Zn, and Pb in the rhizome and/or roots of
T. latifolia were higher than their critical values by
1.6 times on average (Table 1). At the same time,
the contents of most studied HMs in the leaves did
not exceed critical values; the only exception was
Mn, whose content was significantly (1.5 times)

higher than its maximum critical concentration.

Although concentrations of metals in plant
organs were higher than the critical ones, the
morphological characteristics of 7. latifolia
corresponded to the usual sizes of this helophyte
in a natural habitat (Table 2). For example,
Lisitsyna and Papchenkov (2000) reported that
T. latifolia height varied from 100 to 200 cm and
leaf width from 1.5 to 2.0 cm. The variability of
these parameters in plants from the study site was
not considerable: the coefficient of variation (CV)
was no more than 16 % (Table 2). The remarkable
ability of this helophyte to form aboveground
biomass regardless of environmental conditions
and its well-developed root system are the reasons
for recommending 7. latifolia for rhizofiltration of
contaminated wastewater (Lyubenova, Schroder,
2011; Elizareva et al., 2016).

As is known, excess metals can initiate the
formation of reactive oxygen species (ROS),
which cause oxidative degradation of lipids,
resulting in the accumulation of thiobarbituric
acid reaction products, such as MDA, in plant

cells (Sharova, 2016; Hasanuzzaman et al., 2020;

Table 2. Morphophysiological parameters of 7. latifolia plants from the natural contaminated site

Parameters Means + SE CV, % Lim (min—max)

Plant height, cm 124.50 = 4.08 10.36 109.10-145.04
Leaf length, cm 55.6 £1.75 9.97 45.01-63.02
Leaf width, cm 1.34 +0.07 15.81 1.10-1.80
MDA, nmol g' DW 151.60 + 3.53 5.70 140.91-162.53
Chlorophyll @, mg g' DW 2.88 +£0.23 22.74 2.12-3.77
Chlorophyll b, mg g' DW 0.97 +£0.08 22.66 0.65-1.20
Carotenoids, mg g' DW 0.88 £ 0.07 22.58 0.68-1.18
Proline, mg g' DW 0.61 £0.01 10.68 0.45-0.68
Total phenolics, mg g'! DW 19.34 £ 0.68 6.86 16.38-20.83
Flavonoids, mg g' DW 7.46 £0.30 10.92 6.48-8.03
PT, umol g' DW 5.4440.39 17.61 4.38-7.12
NPT, umol g' DW 0.95+0.09 22.09 0.73-1.26
Soluble protein, mg g! DW 35.69 £2.61 17.94 28.30-42.40

Data are presented as means + SE (for morphological parameters n = 20, for physiological and biochemical parameters
n =15). SE — standard error; CV — the coefficient of variation; Lim — the minimum and maximum parameter values; MDA —

malondialdehyde; PT —protein thiols; NPT — non-protein thiols.
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Mir et al., 2021). In a previous study (Shiryaev et
al., 2024), it was reported that the MDA content
in T. latifolia significantly correlated with the
degree of sediment contamination (r, = 0.987
at p < 0.01) and reached its maximum — 149.8
nmol g' DW — at the most polluted site (the
Ryzhiy stream). The MDA content in the leaves
of T latifolia growing at the study site was
approximately at the same level (Table 2). The
total chlorophyll content in cattail leaves was
3.9 mg g' DW (Table 2), which approximately
corresponded to its amount in 7. /latifolia watered
with metalliferous water (Manios et al., 2003).
The Chl a to Chl b ratio was close to 3.0 while
the ratio of total chlorophyll to carotenoids was
4.4 on average. The previous study showed that
the content of free proline varied from 0.43 to
0.61 mg g' DW, soluble phenolics — from 17.5 to
35.1 mg g' DW, and soluble thiols — from 3.0 to
6.9 umol g DW. At the same time, a high positive
correlation was found between these parameters
and the degree of sediment contamination
(Shiryaev et al., 2024). The content of these
non-enzymatic antioxidants in the leaves of
T latifolia plants from the natural contaminated
site (Table 2) was close to the previously reported
values (Shiryaev et al., 2024).

The germination index of 7. latifolia
seeds collected from the natural contaminated
site averaged 40 %, which indicates its fairly
high viability. As is known, this index directly
depends on external factors and can vary in
cattail from 10 to 55 % (Bonnewell et al., 1983;
Meng et al., 2016). Of particular interest is the
comparison of the accumulative capacity and
some morphophysiological traits of 7. latifolia
plants from the natural contaminated site
(Table 2) with the responses of their seed progeny
to high (2000 mg kg' of soil, 2000Cu) and ultra-
high (6000 mg kg' of soil, 6000Cu) copper
concentrations in pot-scale experiment.

With the addition of 2000Cu and 6000Cu,
copper content in cattail leaves was found to be
lower than in the roots by a factor of 10 and 37,
respectively (Fig. 2). Compared to the control
(0Cu), the copper content in plants treated with
6000Cu increased by 83 times in the roots and
3 times in the leaves. A high positive correlation
was found between copper content in the soil
and its accumulation in cattail organs (r, = 0.86,
p <0.001).

Such calculated parameters as BCF and TF
for copper treatments were below one (Table 3).

Their values were close to those in plants from
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Fig. 2. Copper accumulation in different organs of 7. latifolia in pot-scale experiment at high (2000 mg kg of
dry soil, 2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu) copper concentrations. Data are presented as
Means + SE (n = 5). Different letters indicate significant differences between the treatments at p < 0.05
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Table 3. Available Cu content in soil, bioconcentration factor (BCF), and translocation factor (TF) of 7. latifolia in
pot-scale experiment at high (2000 mg kg™ of dry soil, 2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu)

copper concentrations

Treatments
Parameters
0Cu 2000Cu 6000Cu
Available Cu content, mg kg'! of dry soil* 5.20+0.22 1609.42 + 90.01 3374.93 £45.75
Leaves 2.495 0.013 0.011
Bioconcentration .

factor (BCF) Rhizome 2.668 0.021 0.064
Roots 3.352 0.127 0.417

Translocation Leaves/Rhizome 0.935 0.640 0.175
factor (TF) Leaves/Roots 0.741 0.104 0.027

*Data are presented as Means = SE (n = 5).

Table 4. Morphophysiological parameters of T latifolia in pot-scale experiment at high (2000 mg kg™ of dry soil,
2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu) copper concentrations

Treatment
Parameters
0Cu 2000Cu 6000Cu
Plant height, cm 5790+£5.12b 72.37+551 a 48.86 £5.65 ¢
Leaf length, cm 70.20 + 6.80 b 86.50 £ 6.98 a 56.29+6.45¢
Leaf width, cm 0.74 £ 0.06 a 0.64+0.06 a 0.49+0.05b
. Aboveground 727+ 178 a 739+ 1.14a 4.49+0.64b
Plant fresh biomass, g
Underground 6.96+0.88 a 9.58+1.18a 2.07+0.29b
Chlorophyll a content, mg g' DW 596+034a 6.10+£0.29a 6.26+0.32a
Chlorophyll b content, mg g' DW 1.97+0.09a 2.04+0.11a 2.17+0.10a

Data are presented as Means + SE (n = 8).

the natural contaminated site: 0.05 and 0.59, on
average, for BCF and TF, respectively. However,
the copper BCF values calculated for in-situ
and ex-situ T. latifolia plants were lower than
the data reported by other authors (Rana, Maiti,
2018; Haghnazar et al., 2021). This fact can be
explained by the considerable concentrations
of copper in the substrate, which was tens of
times higher than the copper concentrations in
sediments of polluted water bodies reported by
other authors (Bonanno, Cirelli, 2017; Haghnazar
et al., 2021).

Copper at 2000 mg kg!
plant growth while 6000 mg kg' inhibited it
(Table 4). The negative effect of the highest copper

stimulated

concentration (6000Cu) was also exhibited as

the development of more necrotic lesions of
T. latifolia leaves and their partial drying (Fig. 1).

The addition of 2000Cu increased leaf length
(by 25 % of the control) and underground biomass
(by 37 %), but no effect on the aboveground
biomass of cattail was detected (Table 4). Atultra-
high copper concentration, the length and width
of the leaves, as well as the aboveground and
underground biomass, significantly decreased
(by half on average).

The study showed that there were no significant
differences in the contents of Chl ¢ and Chl b and in
the Chl a/Chl b ratio between the treatments with
and without Cu (Table 4). Interestingly, the total
chlorophyll content in pot-scale experiment was
higher by a factor of two compared with plants
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from the natural contaminated site (Table 2),
but the Chl a/Chl b ratios were similar (about 3.0
on average). The resistance of this parameter to
environmental pollution by HMs was previosly
revealed by Shiryaev et al. (2024).

Since Cu is a redox active metal, it catalyzes
the formation of ROS, such as superoxide
radicals, hydrogen peroxide, and hydroxyl
radicals, which are involved in free radical chain
reactions of membrane lipids and proteins, thus
causing oxidative degradation (Mir et al., 2021).
ROS and antioxidants interacting with them are
considered as functionally related compounds
and are defined as redox active molecules, which
are the main components of redox processes
involving oxygen (Pradedova et al., 2017).

In T latifolia plants treated with high and
ultra-high Cu concentrations, the H,0, content
increased by 40 % on average and MDA by
20 %, compared with the control (Fig. 3a, b),
and the H,0, and MDA contents were positively
correlated (r, = 0.59 and 0.68, p < 0.05) with copper
accumulation in cattail leaves. Nevertheless,
the MDA level in T latifolia seed progeny from
pot-scale experiment was 24 % lower than in the

plants from the natural contaminated site (Fig. 3b,
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Table 2). The MDA content is generally considered
as an indicator of cell oxidative damage (Amir et
al., 2020; Hasanuzzaman et al., 2020). A significant
(30-70 %) increase in its content in cattail plants
treated with different HMs was also noted by other
authors (Tang et al., 2005; Mamine et al., 2022).
What is more, the treatment of 7. latifolia plants
with Pb and Hg increased the MDA content by
2.3-3.5 times depending on the concentration of
metals (Amir et al., 2020).

Proline accumulation is a general
physiological response of plants subjected to
various abiotic stresses (Kaur, Asthir, 2015;
Aslam et al., 2017). The content of free proline
in T. latifolia treated with 2000Cu was the same
as in the control, but at 6000Cu it increased by
20 % (Fig. 4a). However, a positive correlation
(r;=0.58, p <0.05) was found between soil copper
concentration and proline content in cattail
leaves. The rise in 7. latifolia proline content with
the increase in copper concentration to 10 mg L!
was also noted by other authors (Saygideger et
al., 2009).

The application of 2000Cu non-significantly
increased the content of carotenoids in cattail
leaves, whereas at 6000Cu it was higher by
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Fig. 3. Prooxidant content in the leaves of T latifolia in pot-scale experiment at high (2000 mg kg! of dry soil,
2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu) copper concentrations: (a) hydrogen peroxyde and (b)

malondialdehyde (MDA)
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Fig. 4. Non-enzymatic antioxidant content in the leaves of 7. latifolia in pot-scale experiment at high (2000 mg kg'!
of dry soil, 2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu) copper concentrations: (a) free proline;
(b) carotenoids; (c) soluble phenolics and flavonoids; (d) soluble protein thiols (PT) and non-protein thiols (NPT).
Data are presented as means + SE (n =9). Different letters indicate significant differences between the treatments

at p < 0.05

16 % (Fig. 4b). The Chl (a + b)/carotenoids ratio
remained approximately at the same level and
was slightly decreasing (from 4.6 to 4.2) with
the addition of copper. In general, these values
corresponded to those of 7. latifolia from the in-
situ site (Table 2). As is known, carotenoids are not
only auxiliary photosynthetic pigments, but also
important antioxidants. The antioxidant effect of
carotenoids is associated with quenching of triplet
chlorophyll and singlet oxygen. In addition, there
is evidence of the ability of carotenoids to inhibit

lipid peroxidation (Sharova, 2016).

No significant differences were found
between the treatments in the total content of
soluble phenolic compounds, including flavonoids
in T latifolia (Fig. 4c). The total content of
phenolics in plants from pot-scale experiment
was lower by a factor of 1.7 compared to plants
in the natural contaminated site (Table 2, Fig. 4¢).
The opposite trend was observed for the content
of flavonoids: their amount in seed progeny plants
was 1.5 times higher than in the in-situ plants.
Thus, the proportion of flavonoids in the total

amount of soluble phenolics increased from 28 %
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(natural contaminated site) to 74 % (pot-scale
experiment).

The treatment of 7 latifolia with copper led
to an increase in the content of soluble thiols, both
protein and non-protein ones, by 1.4 times on
average compared to the control (Fig. 4d). At the
same time, the proportion of protein thiols in their
total amount was quite stable (about 86 %). There
was a high positive correlation between copper
concentration in leaves and soluble thiols (r; =
0.82 and 0.69, p < 0.05 for protein and non-protein
thiols, respectively). The important role of Cu and
other metals in thiol synthesis was confirmed by
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our previous studies, which showed a high positive
correlation between HM accumulation and soluble
thiol content in several submerged and floating
macrophytes (Borisova et al., 2016). The results of
the present study are also consistent with research
of Mamine et al. (2022), who found an increase in
glutathione content by 40 % in 7. latifolia treated
with HM-polluted wastewaters. Lyubenova et al.
(2015) also noted an increase in glutathione level
in cattail treated with copper sulfate and cupric
nitrate (by 20 and 60 %, respectively). Thus, the
soluble thiols can be used as biomarkers of Cu

contamination of water and sediment.
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Fig. 5. Soluble protein content (a) and enzymatic antioxidant activity: (b) catalase (CAT), (c) ascorbate peroxidase
(APX), and (d) guaiacol peroxidase (GPX) in the leaves of 7. latifolia in pot-scale experiment at high (2000 mg kg!
of dry soil, 2000Cu) and ultra-high (6000 mg kg of dry soil, 6000Cu) copper concentrations. Data are presented
as Means + SE (n = 4). Different letters indicate significant differences between the treatments at p < 0.05
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There were no significant differences in
soluble protein content between control plants
and plants treated with 2000Cu. At 6000Cu,
though, the content of soluble proteins increased
1.4 times compared to the control (Fig. 5a). An
increase in the soluble protein content in the
HM-contaminated habitats was also observed in
our previous study of the 7' latifolia responses
(Shiryaev et al., 2019). The same trend was
found when studying submerged and floating
macrophytes (Chukina, Borisova, 2010; Shiryaev
et al.,, 2021). Various proteins are involved in
the antioxidant defense system of plants. They
are capable of both directly chelating HMs and
acting as enzymes, catalyzing the reactions of
ROS neutralization (Kulaeva, Tsyganov, 2011).

The activity of CAT in T. latifolia plants
treated with 2000Cu changed insignificantly,
whereas at 6000Cu it decreased by 25 %
compared to the control (Fig. 5b). Both copper
concentrations significantly reduced the APX
activity: by 25 and 74 %, respectively, for high
and ultra-high concentrations (Fig. 5c). The
treatment with 2000Cu stimulated GPX activity
increasing it by 40 % compared with the control,
while 6000Cu did not affect the activity of this
enzyme (Fig. 5d). Data on changes in the activity
of antioxidant enzymes in metal-stressed
T. latifolia plants are limited. It was previously
shown that activity of CAT in T. latifolia shoots
increased with rising Cu concentrations from
10 pmol to 50 pmol, but this inductive effect
was almost lost at the highest concentration
(100 pmol). At the same time, APX activity in
cattail shoots was significantly lower compared
to the control while POX activities remained
at the same level (Lyubenova et al., 2015).
Lyubenova and Schroder (2011) reported that
with an increase in the concentrations of Pb, Cd,
and As from 10 pmol to 250 pmol, the activities
of CAT and POX in the leaves of T. latifolia

increased.

Thus, comparison of the results of ex-situ
and in-situ studies did not reveal same-direction
trends in changes of most parameters under
polymetallic stress and single copper action.
The most sensitive biomarkers of copper stress
were the contents of lipid peroxidation products
(MDA) and soluble thiols.

Conclusions

The present study focused on copper
accumulative ability and adaptive responses
of T latifolia
contaminated site (in situ) and in pot-scale

in a natural multi-metal
experiment (ex situ) at high (2000 mg kg' of
dry soil) and ultra-high (6000 mg kg of dry
soil) copper concentrations.

In addition, the study estimated the ability
of plants from the natural contaminated site to
accumulate other metals.

Results of the study demonstrated that
T. latifolia is highly resistant to long-term
anthropogenic impact in the area close to the
Karabash Copper Smelter, which is heavily
contaminated by copper. Furthermore, the
seed progeny of this helophyte in pot-scale
experiment also showed resistance to high
copper concentrations, which neither affected
the stability of the photosynthetic pigment
complex nor produced any considerable
inhibitory effect on plant growth. A decrease in
plant biomass was observed only at the ultra-
high copper concentration in the soil, but no
plant death occurred. 7. latifolia predominantly
accumulated copper in roots and rhizomes: its
content was tens of times higher than phytotoxic
That

the generation of hydrogen peroxide and

concentrations. was accompanied by
accumulation of malondialdehyde and other lipid
peroxidation products. The high plant resistance
to Cu was apparently achieved by increasing the
level of free proline and soluble thiols. Hence,

helophyte 7. latifolia is a promising species for
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biomonitoring and phytoremediation processes  wastewater and water bodies not only at high, but

(such as phytostabilization and rhizofiltration) in  also at ultra-high copper concentrations.
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Abstract. The state of freshwater ecosystems has been studied for several decades and extensively
reported in the scientific literature. Programs aimed at water protection and water quality management
should include geochemical monitoring of the pollutants and evaluation of the physical-chemical and
biochemical processes in natural water ecosystems (both surface water and bottom sediment). The
purpose of the present study was to assess the initial state of the surface water and bottom sediments
(BS) of Lakes Krugloye and Maltsevo as the basis for further environmental monitoring and evaluation
of the anthropogenic impact on them. The methods used to achieve this aim included extraction and
determination of organic and inorganic compounds using high-performance chromatography, capillary
electrophoresis, electron spectrophotometry, and X-ray fluorescence analysis. The study shows that
bottom sediments of these lakes can be classified as moderately polluted, with the total content of
hydrocarbons in them varying from 58.14 to 82.20 ng/g. The content of polycyclic aromatic hydrocarbons
(PAHSs) in the surface water samples varies from 0.01 to 0.13 pg/L for different compounds and in
the bottom sediments — from 0.11 to 14.44 ng/g. The mixture of PAHs in the water samples contains
increased amounts of such compounds as naphthalene, fluorene, phenanthrene, and benza[a]nthracene.
The lighter bi- or tricyclic polyarenes, which have higher solubility, predominate in water, in contrast to
bottom sediments. The contents of ions (Ca*", Mg*", Na*, K, NH,*, Cl, NO*, SO,*, NO;", PO,*, and F-)
and heavy metals do not exceed their maximum permissible concentration (MPC) values. The natural
pigments identified in the BS suggest the satisfactory hydrobiological status of the lakes and indicate
normal function of algal communities. The study demonstrates that Lakes Maltsevo and Krugloye can

be regarded as reference water bodies, and the proposed integrated approach is an efficient tool for
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assessing the ecological status of the lakes, which can be used as the basis for further lake monitoring.

Keywords: surface waters, bottom sediments, polyaromatic hydrocarbons, heavy metals, natural

pigments, anthropogenic impact.
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IlepBu4Hasi OLlEHKA IKOJOTHYECKOr0 COCTOSIHUS BOJY
U JIOHHBIX O0TJI0keHu# 03ep Kpyrioe

u MaJabueBo ToMmckoii 00J1acTH

HN.C. Kopous, JI. 1. Yyiikuna, H. A. MyxopTuna
Hncmumym neghmezazo60ii ceonocuu u ceopuszuxu

um. A. A. Tpogpumyxa CO PAH, Tomckuii puruan
Poccuiickas ®edepayus, Tomck

AnHotanus. CoCTOSIHHE TPECHOBOAHBIX 3KOCHCTEM H3ydaeTCs Y)Ke Ha MPOTSIKCHUH MHOTHUX
JECATUIICTUHN, U PE3yJbTaThl TUX UCCIEIOBAHUN INPOKO OCBEIIAIOTCS B HAYYHOM JIUTEpaType.
Pa3paboTka mporpamm, HalpaBJICHHBIX Ha OXpaHy ¥ KOHTPOJIb Ka4eCTBa BOJ, JOJDKHA BKIIIOYATh
reOXMMHUYECKUH MOHUTOPHHT 3arps3HSIONIMX BELIECTB, OUECHKY (PU3MKO-XUMHYECKUX U OMOXUMUYIECKHX
MPOIIECCOB B IPUPOIHBIX BOJHBIX SKOCUCTEMAaX (KaK MOBEPXHOCTHBIX BOJAX, TaK M B JJOHHBIX
omioxkeHusix). Llenbto paboTel ObLIO ONpeeeHrne HCXOIHOTO COCTOSHU S IOBEPXHOCTHBIX BOJI U JIOHHBIX
omnoxenuit (JO) ozep Kpyrnoe u MamnbiieBo 1715 JambHEHIIETr0 SKOIOTHIECKOr0 MOHUTOPHHTA M OIICHKA
BIIMSTHHS HA HUX aHTPOTIOTeHHON Harpy3Ku. KOMIIeKCHBIHN MOIX0/ U1 peIeHN st 3TOH 3a1a41 BKITI0YAJT
B ce0s1 TAKME METOJIBI, KaK IKCTPAKITHS, OIPEICICHIE OPTaHNICCKUX U HEOPTaHMIECKUX COSTHHEHUN
C IPUMEHEHHEM BBICOKOA((PEKTUBHOI Xpomarorpaduu, KanuuisipHOro 3JeKTpodopesa, 3JeKTPOHHOM
CHEKTPO(OTOMETPHH, PEHTTCHO(PIYOPECIIEHTHOTO aHann3a. [loka3aHo, 9To MOHHBIC OTIOKEHUS 3THX
03ep MOTYT OBITh OTHECEHBI K YMEPEHHO 3arps3HEHHBIM, CYMMapHOE COJEP)KaHUE YTIEBOIOPOIOB
n3mensiercs ot 58,14 o 82,2 ur/r. Coneprkanne nonuapomaruiecknx coequaeHnit (ITAY) B n3ydeHHbIX
po0ax MOBepXHOCTHBIX BoA u3Mensiercs ot 0,01 1o 0,13 Hr/it 1y1s pa3iMyHbIX COCAUHCHHH, 8 B JOHHBIX
oTnoxeHusx ot 0,11 no 14,44 ur/r. B cmecu [TAY B BomHBIX 00pa3max oTMe4aeTcs MOBBIIICHHOS
coJiep)KaHue TaKUX COCMHEHUH, KaKk HaTainH, QiyopeH u GpeHaHTpeH, a Takke OeH3[alaHTpaleH.
B 1ienmom B Bojie, IO CpaBHEHHIO C IOHHBIMH OTIIOKESHUSIMH, TIPeo0IaatoT 6ojee JIerkue 2—3-saepHbie
nojMapeHsl, 00Jaaromue ayumieil pacrBopumoctsio. Comepskanue nonos (Ca', Mg?*, Na*, K', NH*,
CI, NO?*, SO,*, NO*, PO,*, F), a Takke TsDKENBIX METAJIOB HE MPEBbIILIACT MPEACTBHO JOITYCTUMBIX
kounentpanuii (I1/IK). [lpuponusie murMeHTsI, onpenenenubie B JIO, MO3BOMISIIOT 0XapaKTepru30BaTh

I‘I/I,I[p06I/IOJ'IOFI/I‘{eCKOC COCTOSIHHC 03€P KaK YAOBJICTBOPUTECIBHOC U YKAa3bIBAOT HA HOPMAJIBHOC
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(YHKIIMOHUPOBAHHE BOJOPOCIEBBIX cOO0IIEcTB. MccaeqoBanus TOKa3ain, 4To o3epa MabLeBo

n Kpyrioe MoryT paccmarpuBaThbest Kak (POHOBBIE OOBEKTHI, A MPEIIOKECHHBIH KOMITJIEKCHBIN TTOX0]

3(1)(1)6KTI/IBCH JJIs1 OHCHKH 3KOJIOTHYECKOI'0 COCTOAHMA 03€P U MOXKET UCIIOJIb30BaThCA KaK OCHOBa IJIsA

,IlaﬂbHeﬁHJHX MOHHUTOPHUHI'OBBIX PICCJ'IeZ[OBaHPIﬁ.

KuaroueBble ciioBa: MOBCPXHOCTHBIC BOAbI, TOHHBIC OTIOXCHUS, [IOJJUAPOMATHYICCKHUC YTIICBOAOPOALI,
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Introduction

The ecological state of natural water bodies
has attracted considerable research effort since
the second half of the 20" century. In 1972, the
National Service for Observation and Monitoring
of the State of the Environment (NSOM)), based on
weather stations, was established in Russia. The
major tasks of special observations and research
performed in the framework of the NSOM are as
follows:

— to identify the common mechanisms of
self-purification;

— to determine the impact of the pollutants
accumulated in bottom sediments on the water
quality;

— to analyze balance of pollutants (chemical
substances) in the water bodies or water course
segments;

— to assess the dispersal of the chemical
substances through the river outlet; to assess the
transfer of chemical substances with the collector
and drainage waters, etc. (Petin et al., 2000).

The assessment of the ecological status of
water bodies should be based on an integrated
approach. However, the studies dealing with
the state of natural objects frequently focus
on determining the contents of polyaromatic

hydrocarbons and natural pigments in the

surface waters and bottom sediments (Belyaeva
et al., 2018; Zimnik, Semenov, 2011; Kramer,
2017).

Furthermore, the monitoring studies are generally

Tikhonova, 2012; Semenov et al.,
carried out at large lakes of great importance
(such as Lake Baikal, Lake Ladoga, etc. (Zimnik,
Semenov, 2011; Takhteev et al., 2020; Belkina
et al., 2015; Sharipova, 2015)), while small lakes
remain overlooked.

In order to understand the reasons for the
changes in the ecological and trophic states of the
lakes and to get an insight into the mechanisms
of these changes, it is necessary to conduct
continuous monitoring taking into account a
variety of biological, climatic, and anthropogenic
factors influencing the water systems. The
necessity to conduct long-term monitoring of the
hydrologic regimes of the water bodies is caused
by water level variations, which frequently result
from the improper use of the lakes and adjacent
areas. It is known for a fact that water level
fluctuations give rise to variations in the chemical
and biological characteristics of the water systems
(Hydrology, 2010; Savkin et al., 2005).

“Lake System of the Settlement of Samus’”
is a local-scale nature conservation area, which
is located in the vicinity of the settlement of
Samus’, 21 km north of Tomsk (the Tomsk
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Region), on the right bank of the Tom River arm
across from the Kizhirovskii island. The area
was given the preferential conservation status in
order to preserve a unique water ecosystem of an
environmental, scientific, esthetic, recreational,
and health-promoting significance for the citizens
of the towns of Seversk and Tomsk. This area
includes a unique natural site with small forest
lakes Maltsevo, Krugloye, and Yakovo. The total
area of this ecosystem is 3732 ha.

All of these lakes have sandy bottoms; their
water has a deep brown shade, as the lakes are
supplied by the streams originating in the peat
bogs. Lakes Maltsevo and Krugloye form a
single limnetic system connected by a stream;
they are associated with the second terrace rising
above the floodplain of the Tom River and form a
cascade in the local relief.

The status of the nature conservation area
does not protect Lakes Maltsevo and Krugloye
from the anthropogenic impact. The lakes and
the neighboring area are a favorite recreational
zone of the local population, with the beach and
barbecue sites.

The purpose of the present study was to
characterize the current state of the surface
waters and bottom sediments (BS) of Lakes

Krugloye and Maltsevo in order to provide the

basis for their further ecological monitoring and

assessment of the anthropogenic impact.

Materials and methods

The small area of the water surface of the
Lakes — Krugloye about 0.23 km? and Maltsevo
0.28 km? — makes it possible to sample water from
the opposite shores as an essential minimum for
a primary assessment of their geochemical and
ecological state (Fig.). The lakes have gently
sloping bottoms; the maximum depth is 4-5
meters.

Samples were collected from two sites in each
lake (Fig.; Site 1 — N 56°45°00,8” E 84°44°33,8”;
Site 2 — N 56°45°02,1” E 84°44°14,1”; Site
3 — N 56°45°08,6” E 84°42°22,1”; Site 4 —
N 56°45°13,6” E 84°42°44,9”) in August 2021.
The water samples were collected from a depth
of 0.4—0.6 m from the surface, followed by their
n-hexane preservation. The BS samples were
taken from a depth of 0—10 cm using a PDO-500
sampler; they consisted of fine-grained sand with
single inclusions of plant debris.

In the water and BS samples, we determined
the total content of hydrocarbons (HCs) using
the Russian Federation environmental protection
regulation documents PND F 14.1:2.116-97
and RD 52.18.647-2003. Extraction of organic

56°45'30"N

84°41'30"E 84°42'30"E
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30
4

River Tom’
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hydrocarbons from the water and soil was
performed using a triple chloroform extraction
followed by a cleanup of the extract by the
method of chromatography in a column packed
with alumina (Al,0s) of level II activity ratio.
The

hydrocarbons (PAHs) in the water sample was

content of polycyclic aromatic
determined in accordance with the current
governmental environmental control procedure
PND F 14.1:2:4.70-96. The PAHs were extracted
using n-hexane (Ecos, Russia; 99.9 %). The
resulting extract was boiled down to a trace
concentration of hexane and the sample volume
was made up to 1 ml using acetonitrile. The
PAHSs from the bottom sediments were extracted
according to the RD 52.24.537-2019 procedure.
A weighted (10 g) sample was triple-extracted
by a mixture of hexane and acetonitrile in the
ratio of 10:1. The extracts were filtered through
a paper filter into a test vial and vacuum
concentrated to a volume of 0.5 ml. The resulting
extract was cleaned up by the method of thin-
layer alumina chromatography and the sample
volume was made up to 1 ml using acetonitrile
for the subsequent analysis. The content of PAHs
in water and BS was determined by the method
of high-performance liquid chromatography
(HPLC) in a Shimadzu LC-20 (Shimadzu, Japan)
with simultaneous diode array and fluorescence
detection chromatograph, using a SupelcoSil LC-
PAH reversed-phase column 150%4.6, C 18 phase,
and 5 pm particle size. The eluent was a mixture
of acetonitrile (Grade 1) and double-distilled
water. The chromatography was run in a gradient
mode: acetonitrile/water = (50:50) — (100:0) first
20 min, 100 % acetonitrile from the 20" to the
40™ minutes of the analysis. The solvent flow
rate was | ml/min, the sample volume — 20 ul,
the column operating temperature — 40 °C. The
time of analysis under selected conditions was 32
min. The spectra were recorded in the 190-500

nm range, followed by recording of the signal

at a wavelength of 254 nm for the quantitative
determination of the components.
The

pigments in bottom sediments was determined

concentration of  photosynthetic
by the procedure proposed by (Sigareva, 2012)
in a Cary 50 spectrophotometer (Varian, U.S.A.).
The pigments were extracted from the BS using
a 90 % aqueous acetone solution. The extracts
were kept in a dark place for a few hours to
prevent disintegration of the pigments and then
centrifuged. Their absorbance was measured in
the 350—-800-nm range.

The content of heavy metals (HMs) was
measured using an ARL PERFORM’X 4200
O spectrometer (Thermo Fisher Scientific,
Switzerland) for sequential analysis of solid and
liquid samples, which is equipped with an FRCSC
detector, at an X-ray tube voltage of 30 kV, 80 mA,
using LiF200, Gelll, and AX09 crystals. The
bottom sediments were ground in a Pulverisette 6
(Fritsch, Germany) planetary mill to a grain size
of 200 mesh, sieved, and dried at 105 °C for one
hour and then compacted to form tablets/pellets
29 mm in diameter in a Fluxana Vaneox 40t
automatic press (FLUXANA GmbH & Co. KG,
Germany) on an H;BO; substrate. Their X-ray
fluorescence (XRF) analysis was performed
in vacuum. The results were calculated using
the Thermo OXSAS 2.1.54 UniQuant program
(Thermo Fisher Scientific, Switzerland). We
used standard Lake Baikal BS samples (BIL-2,
type registration number SS No. 7176-95) for
constructing a calibration curve (Revenko, 1994).

In accordance with the procedures specified
by PND F 16.1:2:2.2:2.3.74-2012, PND F
14.1:2:4.167-2000, PND F 14.1:2:3:4.282-18, and
PND F 16.1:2:2.3:2.2.69-10, we determined the
weight concentrations of the ionic composition
of water and water extracts from the BS. For
capillary electrophoresis, water samples were
prepared according to the requirements of

operation of the Kapel-205 device and filtered
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on a membrane cellulose acetate filter with a
porosity of 0.40 um (Vladipor, Russia). The tests
were carried out using a Kapel — 205 (Lumex,
Russia) droplet electrophoresis system. The lower
detection limit was 0.004 mg/L.

All analytical tests were carried out in
triplicate for each sample, and results are
presented as means + SE. All values obtained for
bottom sediments are expressed on a dry weight

basis.

Results and discussion

The study of the water and BS samples from
Lakes Krugloye and Maltsevo provided the basis
for assessing the current state of these lakes and
estimating the contribution of anthropogenic
impact to the environmental situation. According
to the Russian Federation Sanitary standards and
requirements 1.2.3685-21 “Hygienic standards
and requirements for ensuring the safety and
(or) harmlessness of environmental factors for
humans” (hereinafter SanPiN), the total content
of oil products should not exceed 0.1 mg/L. The
total content of HCs in the water samples from
Sites 1, 3, and 4 ranged between 1.3 and 1.5 pg/L,
while the maximum content observed at sampling
point 2 in Lake Maltsevo was 20.8 ug/L. The HC
content in BS varied from 58.14 to 82.2 ng/g.

PAHs are a group of chemicals of various
origins (both natural and anthropogenic); most of
them are toxic and (or) carcinogenic. According to
the available literature data, 5—6 cyclic aromatic
compounds are generally classified as industrially
produced ones and the lighter polyarenes — as
originating from humic substances and terrestrial
higher plants (Opekunov et al., 2015; Khalikov,
Lukyanova, 2020). As stated in SanPiN 1.2.3685—
21, the content of naphthalene in water should not
exceed 10 pg/L and benz[a]pyrene — 0.01 pg/L.
In soils, the maximum permissible concentration
(MPC) for naphthalene is not standardized, and
for benz[a]pyrene it is 20 ng/g.

In the current study, the following PAHs
were quantified based on their chromatographic
yields in the water and BS samples from
Lakes Maltsevo and Krugloye: naphthalene,
2- methylnaphthalene, fluorene, phenanthrene,
fluoranthene, pyrene, benz[a]anthracene,
benz[k]
fluoranthene, benz[a]pyrene, and dibenz[a, h]

anthracene (Table 1).

chrysene, benz[b]fluoranthene,

The PAH contents in the surface water
samples ranged from 0.01 to 0.13 pg/L for
different compounds. The mixture of PAHs
found in the water samples contained increased
levels of such compounds as naphthalene,
fluorene, phenanthrene, and benz[a]anthracene.
In contrast to BS, the water samples contained
predominantly the lighter 2-3 cyclic polyarenes,
exhibiting better solubility.

To assess the degree of pollution, the
results obtained in this study were compared
with the data on PAH contents in other lakes,
including Lake Baikal. The results obtained for
Lakes Maltsevo and Krugloye were comparable
with the PAH concentrations in surface waters
and bottom sediments of Lake Baikal. In Lake
Baikal, the total PAH content varies from 0.03
to 0.13 pg/L in the water (Gorshkov et al., 2010)
and from 24 to 245 ng/g in bottom sediments
(Khalikov, Lukyanova, 2020). Lakes located
in areas of increased anthropogenic impact are
characterized by higher values of PAH content
in water and bottom sediments. Studies show
that PAH concentrations in bottom sediments
can reach 1207-4754 ng/g (Taihu Lake in East
China) (Qiao et al., 2006) and 101.3-322.8 ng/g
(Bayangdian Lake in North China) (Hu et al,,
2010).

In the bottom sediments of Lakes Maltsevo
and Krugloe, the total PAH content was higher
than in water samples, which was associated
with the accumulation of PAHs. The contents of

fluorene, phenanthrene, fluoranthene, chrysene,
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and dibenz[a, h]anthracene were the highest.
However, at two sampling sites (1 and 3), BS
samples contained higher levels of the identified
compounds. The reason for that was that those
two sites were located at the shoreline, which,
in summer, is densely populated by vacationers
burning log-fires. The indicators of fire-induced
pollution were the high contents of such
compounds as benz[a]pyrene, pyrene, and benz[a]
anthracene. The present study demonstrates
that the PAH contents in Lakes Maltsevo and
Krugloye do not exceed the MPCs for controlled
compounds and are similar to their levels in Lake
Baikal.

The study of the cation-anion composition of
natural waters and bottom sediments is necessary
for assessing the ecological state of water bodies,
including a possible determination of their
anthropogenic pollution (Sagdeev et al., 2017).
Using the method of capillary electrophoresis,
we determined the ionic composition including
major cations — Ca*", Mg*, Na', K', and NH," and
anions — CI-, NO,, SO,*, NO;, PO/, and F-.

The increased contents of nitrogen and
phosphorus in water bodies indicate pollution by
industrial and domestic wastewater (Neverova-
Dziopak, Tsvetkova, 2020). In areas subject to
high economic activity, the contents of NH," and
PO,* often exceed their MPC values. The water
of small lakes located in oil-producing regions
was found to contain increased concentrations
of NH,", up to 1.432 mg/L, and PO/, up to
0.417 mg/L (Agbalyan, Shinkaruk, 2019). The
concentrations of NH," and PO,* in Lakes
Krugloye and Maltsevo did not exceed their
maximum permissible concentrations (Table 2),
suggesting the absence of any polluting runoffs.
The contents of all cations and anions detected in
water samples did not exceed their MPCs (SanPin
1.2.3685-21). The results of testing indicated
a satisfactory quality of natural waters, and all

parameters were within the normal limits.

Bottom sediments are the most conservative
components of natural water bodies; they contain
information on pollution of the watershed
and its distinctive characteristics. They can
therefore serve as indicators for identifying the
composition, rate, and scale of the anthropogenic
pollution.

Table 3 presents the data on the contents of
heavy metals in the samples. Most researchers
studying HMs in natural water bodies (Sharipova,
2015; Strakhovenko et al., 2014) primarily focus
on such elements as V, Ni, Cr, Mn, Cu, Zn, Cd,
Sn, and Pb because these metals can accumulate
in the environment and exhibit their toxic
properties (Papina, 2001). The study by Papina
(2001) demonstrated a relationship between the
change in pH and the possibility of the transition
of dissolved heavy metals to the adsorbed form.
The pH value in the samples of surface waters
of Lakes Maltsevo and Krugloye varied between
6.8 and 7.2.

The total content of all heavy metals detected
in the samples did not exceed the MPCs stated in
SanPin 1.2.3685-21 (Table 3).

To assess the degree of pollution, we
compared lakes of Russia and the world with
different contents of HM:s.
included the shallow lake Raduzhnoye (Ergaki
Nature Park) with the following HM contents:
Ni — 20.8 mg/kg, Zn — 104.4 mg/kg, and Mn —
160 mg/kg (Anishchenko et al., 2015). In lakes

located in the immediate vicinity of industrial

The clean lakes

production, the HM content reached high values:
Cd - 4.2 mg/kg (Lake Yakovo, Tomsk Region),
Pb — 3345 mg/kg (Lake Bolshie Rakity, Altai
Territory) (Strakhovenko, 2011). The study by
Akono et al. (2022) reported the contents of HMs
in lakes located in Cameroon, Turkey, Tanzania,
and China. The samples collected from those
lakes contained various concentrations of HMs,
depending on the sedimentation conditions (pH,

amount of suspended solids, anthropogenic

— 218 —



sojduwes 10jeM UI JUIUOD A} 0 JOJOI SINBA JUI[OPING ‘SUOIJBIUIOUOI J]qISSIWI WNWIXBU -

S'e 1’0 910 81°0 cro 0> 0> 0> 0> '0d
Sl o> 10> o> 1'o> o> o> 1'o> o> |
0'sy LO'OFLY'O 80°0FFS0 o> o> 0> 0> 0> 0> “ON
0°00S 0€0F'1 09°0FSEC 0€°0FS¢'T 09°0 F61'C 69°0F16°C 79°0FL9T YL OFE9'E e0F9L <"0S
0¢ 0I'0FSY0 LO'OFLEO LO'0F9T0 L0'0 FOE°0 0> 0> 0> 0> fON
0°0S¢ 7'0F86'1 P0FE9T 0T°0F98°0 1€°0F¢'T ¥9°0F59°C 79°0FL9°C LY OFL6'T 81°0 F¥L'0 1O
3y/3w ‘suoruy /3w ‘suoruy
081 69°1FSS°01 90°CF98°CI ST FCS6 CI'LF20L 61'0F0S ¢ 8V 0FEY'€ r0F66'C LEOFI9C 8D
0S I'0F9¢°C 8 0FPI'S SE0TF8I'C CTOFSET €I'0Fr6°0 PI'0FCO'T 6107960 61°0 F96°0 SN
0002 LS TFES6 Y CFLOST ¥8'0 FLT'S 6L°0F96'% €E0FPE'C SEOFLY'C LEOFLYT 020 F66°0 BN
9G'0FIS’E 8¥°0F00°¢C 81'0 FCO'€ 99°0FSI'V 62°0F90°C 9¢'0FIS’T CE0FLTT I€0FETT 2
0cC SO'0FEC0 80°0FLY0 91'0 FL6°0 60 FIY'T Y0 0FST'0 Y0'0FST'0 SO'0FITO 20°0FS0°0 JYHN
3y/Sw ‘suone) /3w ‘suone)
v £ C 1 v ¢ ¢ _ I oy
1/8W L DdIN dko3nay| OAQSIRIN dho[3nry| OAQS)[BIN
SJUOWITPAS Woog I9TeA\

QA0[FNIY] puB OAJSIBIA SOBT JO SJUSWIPIS WO)0q PUB J3JeM 99BJINS JO (€=U ‘GSFueaw) uonisodwos uorue-uone)) ‘g d[qeL,




Irina S. Korol, Daria I. Chuikina... The Current Ecological State of Water and Bottom Sediments in Lakes Krugloye...

Table 3. Contents (mean+SE, n=3) of heavy metals (HMs, mg/kg) in bottom sediments of Lakes Maltsevo and

Krugloye
HMs Maltsevo Krugloye l\grf;(;’s r\lflaglillzg
1 2 3 4
\% 102.1£10.2 74.9£7.5 92.3+9.2 81.2+8.1 150
Ni 31.6+4.7 27.7£4.2 79.1£11.9 65.8£9.9 80
Cr 376.6+18.8 300.2+15.0 139.246.9 234.1£11.7 ND
Mn 1270.4+63.5 704.4+35.2 715.2+35.8 744.2+37.2 1500
Cu 31.5£1.6 13.4+0.7 11.7+0.6 24.3£1.2 132
Zn 82.6+12.4 96.5+14.5 169.9+£25.4 122.2+18.3 220
Cd 0.4+0.1 0.8+0.1 0.5+0.1 0.7+0.1 2
Pb 26.2£2.6 31.1£3.1 17.7£1.8 15.2+1.5 32
Sn <0.001 <0.001 39.1 34.4 ND
Total ZHMs 1921.4 1249.0 1264.7 1322.1

MPC — maximum permissible concentrations, ND — not determined

impact, etc.): Pb — 5.83-91.3 mg/kg, Zn — 53.24—
123.0 mg/kg, Cd — 0.08-3.53 mg/kg.

Results obtained in the current study can
be compared with the data on the contents of
these metals in Lake Baikal (Yanchuk, 2021)
and various other ecosystems (Anishchenko
et al., 2015). The results obtained indicate that
the contents of Cu, Zn, Cd, and Pb are at the
background level and suggest moderate pollution
(Anishchenko et al., 2015), which does not
significantly affect the biota. At sampling point
1, the total HM content was higher than at other
sampling points. Currently, there is no adequate
explanation for this result. An increased content
of Cr was revealed, but no reason for that can be
suggested at this stage of the study.

Natural bodies

ecosystems; therefore, the assessment of their

water are  complex
state should be based on determination of both
chemical parameters (contents of ions, HMs,
PAHS, etc.) and biological characteristics.
Monitoring of the surface water quality
using hydrobiological parameters should include
a study of phytoplankton photosynthesis and

organic matter decomposition, determination of

the ratio of photosynthesis intensity to organic
matter decomposition, and measurement of the
content of chlorophyll (Sidelev, Babanazarova,
2008).

It is well known (Koreneva, Sigareva, 2022;
Belyaeva et al., 2018) that the distribution of
pigments is heterogeneous and depends not only
on the quality of water, but also on the properties
of bottom sediments. For marine coastal zones
with a high sand content, the total content of
pigments is insignificant, reaching 4.9 pg/g, while
for silts the content of Cchl a + Ph is 9.1-19.5
ng/g (where Ph is pheophytin). For sandy bottom
sediments of fresh-water environments, the total
content of Cchl a + Ph varies between 0.1 and
5.5 ng/g (Belyaeva et al., 2018). In the present
study, we measured the contents of natural
pigments — chlorophylls a, b, ¢ and carotenoids —
in bottom sediments (Table 4). The total content
of chlorophylls varied from 0.5 to 1.14 pg/g, and
the content of carotenoid pigments did not exceed
0.9 ng/g.

Such low concentrations of pigments can be
associated with the grain-size composition of BS,

represented by sandstone with a fraction size of

— 220 —



Irina S. Korol, Daria I. Chuikina... The Current Ecological State of Water and Bottom Sediments in Lakes Krugloye...

Table 4. The contents of phytopigments (pg/g, mean+SE, n=3) in the bottom sediments of Lakes Maltsevo and

Krugloye in the Tomsk Region

Maltsevo Krugloye

Phytopigments 1 2 3 4
Cchla 0.871+0.07 0.247+0.02 0.277+0.02 0.454+0.04
Cchl b 0.148+0.02 0.100+0.01 0.091+0.01 0.154+0.01
Cchl ¢ 0.125+0.02 0.153+0.02 0.100+0.01 0.184+0.02
Ccarot 0.915+0.07 0.490+0.04 0.445+0.04 0.710+0.06
PR* 1.050 1.980 1.610 1.570
% Cchl a of Ychl 76.197 49.443 59.147 57.295

*- pigment ratio: PR= Ccarot/ Cchl a

0.5-0.25 mm, and the hydrodynamic parameters
of the coastal zone. The content of chlorophylls
in bottom sediments is not uniform. The lakes
examined in the present study can be defined as
mesotrophic (Mineeva, 2004).

The content of chlorophyll @ can characterize
the state of the autochthonous organic matter. This
pigment is the first to undergo microbiological
and physical-chemical degradation, which results
in the accumulation of more stable carotenoids
(Smolskaya et al., 2018; Fisher et al., 2019).

The level of the functional activity of a
plant community is assessed using the pigment
ratio (PR): a ratio of the concentration of total
carotenoids to the concentration of chlorophyll a
(Smolskaya et al., 2018). The optimal state of the
algal system is generally characterized by the
PR value between 2 and 5 (Fisher et al., 2019). In
addition, seasonality affects the value of PR as well
(Mineeva, 2004). Mesotrophic water bodies are
characterized by the predominance of carotenoids
over green pigments. For the lakes studied in this
work, this condition is fulfilled, which indicates

the normal functioning of algal communities.

Conclusion

The present study showed that the surface

waters of the lakes contain insignificant amounts

of PAHs, mostly represented by bi- and tricyclic
compounds. The surface layer of BS, consisting
of fine-grained sandstone, contains a low total
amount of PAHs, 30-68 ng/g, consisting of 5-
and 6-cyclic structures; their supply is due to
the human activity, and they are of pyrogenic
origin. In accordance with the currently accepted
gradation levels for the HC content, the lakes
were classified as weakly polluted.

The data on the cation-anion composition
and HM content in these water bodies conform to
the standard and do not exceed the MPC values.

The natural pigments identified in the
BS suggest the satisfactory state of the lakes
and indicate normal functioning of the algal
communities.

The present study demonstrated that the
anthropogenic impact did not significantly affect
the current ecological state of Lakes Maltsevo
and Krugloye. The results obtained in this study
make it possible to consider these ecosystems as
reference ones, which can be used for comparison
purposes in studies of other aquatic ecosystems
of the Tomsk Region.

The integrated approach proposed in this
study is effective for assessing the ecological
state of lakes and can be employed in further

monitoring research.
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Abstract. The present study reports the results of analyzing the adaptive responses of laboratory rats
(n=120, Wistar males) with physical fatigue (after the swimming test) and light desynchronosis during
the autumnal equinox and the possibility of their pharmacological or physiotherapeutic correction.
Rehabilitation procedures were carried out using water and antler baths for 10 days immediately after
exposure to stress factors. The reference agent was ethylmethylhydroxypyridine succinate, which was
injected at a dose of 10 mg/kg of animal weight 30 minutes before the swimming test. Rehabilitation
physiotherapeutic measures in the form of antler baths proved to be more effective both at the hormonal
and behavioral levels only in the case of desynchronosis associated with the extension of the light phase of
the day. In contrast to rehabilitation procedures, preventive measures using ethylmethylhydroxypyridine
succinate were effective regardless of the type of deprivation and only at the behavioral level, resulting

in stabilization of the behavioral state.
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B03M0:KHOCTH KOPPEKIMH AaNTUBHBIX PeaKkiuii
IKCIEPUMEHTAJIBHBIX }KUBOTHBIX

B IIEPUOJ OCCHHEI0 PABHOACHCTBUA

O.C. Jlopomenko™*, T. A. 3amomuna™ > ®,

A.A. TocTioxuna*®, A.B. [IpokonoBa™®,

M. B. CeTiiuk®®, K. B. 3aiines?, O. b. ’Kykona?*

“DedepanbHblil HAYUHO-KIUHUYECKUU YeHmp MeOUYUHCKOU peaduiumayuu
u kypopmonozuu DedepaibHoco MeOUKo-0U0I02ULeCcKO20 A2eHmcmed
Poccuiickas ®edepayus, Mockea

*Cubupcruil 2ocyoapcmeenuvlil MeOUYUHCKUL YHUBepCUmem
Munucmepcmaa 30pasooxpanenus Poccutickou @edepayuu
*HayuoHanohwlil Ucc1edo8amenbCKull

Tomckuil 20cyoapcmeenHblil yHUSepCumem

Poccuiickas ®eodepayus, Tomck

AnHoTanus. B HacTosIIEM HCCeIOBaHUY TIPEACTABJICHBI PE3YyJIbTAaThl aHAJIN3a alallTUBHBIX
peakiuii mabopatopHbIX KpbIic (n = 120, camisl «Wistar») B IepruoJ] OCEHHETO paBHOICHCTBHS TOCIE
(u3MYECKOro mepeyToMIICHHU S (JIaBaTeNIbHBIN TECT) U CBETOBBIX JCCHHXPOHO30B, @ TAK)KE BO3MOXHOCTHU
X (hapMaKOJIOTUUYSCKON UITH (HPU3HOTEPATICBTUUCCKON KOPPEKITUU. PeaOuInuTUpyIOIIre mporey pol
MPOBOJIMIIH C MIOMOIIBIO BOJAHBIX U TTAHTOBBIX BaHH B TeueHue 10 gHel cpasy mocie BO3AeHCTBUS
cTpecc-pakTopoB. B kauecTBe pehepeHTHOr0 CpeICTBA UCTIONB30BATH ATHIMETHITHAPOKCHITAPHINHA
CyKIMHAT B 03¢ 10 MI/KT Beca )KUBOTHOTO 32 30 MUHYT JI0 IJIaBaTEIBHOTO TeCTa. PeabuanuTupyrorime
(hu3moTEpaneBTHYCCKUE MEPONIPUSTHS B BUJIC TAHTOBBIX BaHH OKa3aJinch Oosee 3Pp(HeKTUBHBIMU
KaK B OTHOIIIEHWH FOPMOHAIBHOTO0, TAK U MOBEACHUYECKOT0 YPOBHEH TOBKO B ClIyuae JECHHXPOHO3a,
CBSI3aHHOTO C pacIIMPEHUEM CBETIION (ha3bl CYTOK. B oTiIumne 0T peabuIuTHPYIONNX MPOPUITAKTHICCKIC
BO3/ICUCTBHUS C MOMOIIBIO ATHJIMETUITHAPOKCUITUPUIUHA CyKIIMHATA MPOSIBIIIMCH HE3aBUCUMO OT TUTIA
JETIPUBAIINI U TOJBKO Ha IMOBEJCHUYSCKOM YPOBHE, YTO BBIPAKAIOCH B CTAOMIN3AIlUHU IIOBEICHUECKOTO

craTyca.

KioueBble cjioBa: CTpecCC, aaanTanus, MaHTOBBIC BAHHBI, STUJIMCTHUITHAPOKCUTIMPUINHA CYKITUHAT,

OCCHHEC PABHOACHCTBHUC.

Hutuposanue: Jopomierko O.C. Bo3MOXHOCTH KOPPEKIHH aTalTHBHBIX PEAKIINi IKCIIEPUMEHTATBHBIX JKHBOTHBIX B IEPHO]T
ocennero pasHozencTsus / O.C. Jlopomenko, T. A. 3amoniuHa, A. A. ['octioxuHa, A. B. [Ipokonosa, M. B. Ceetnuk, K. B. 3aiiues,
O.B. Kyxkosa / Kypn. Cub. ¢penep. yH-ta. buonorus, 2024. 17(2). C. 225-234. EDN: QCFQSV
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BBenenne

[enuoreodusnyeckue 0COOCHHOCTH HAILICH
IUIAHETHI ONPEACIISIIOT IIMKJINYHOCTh MHOT'HX (bu-
3HOJIOTMYECKHX IPOLIECCOB, B TOM YHCIIE U AMHA-
MHUKY paboTocriocoOHOCTH YeioBeka (Ammar et
al., 2017; bapa6amr, 2017; 3amomuHa u ap., 2020a).
JKusHenesTenbHOCTh COBPEMEHHOTO YesIOBeKa CO-
IPsDKEHA, BO-TIEPBBIX, C YBEITMUYCHHEM MTPOIOIIKHU-
TEILHOCTHU CBETJIOTO MIPOMEIKYTKA CyTOK, INIABHBIM
00pa3oM 1o MpUYHHE ACHCTBUS HCKYCCTBEHHOTO
ocBeleHus (mpodeccroHaibHas IesiTeIbHOCTh
B HOYHOE BPEMsi, OCBEILECHUE OT pabOoTaromMX
9KPaHOB TEJIEBU30POB U T.J.), & BO-BTOPBIX, C He-
00XOIMMOCTBIO YaCTOIl CMEHBI YaCOBBIX HOSICOB
(mepenéThl Ha AJINTENbHBIC PACCTOSIHUS B TPAHC-
MEpUAHAaHHOM HallpaBiieHHH). B KoMIiekce Bce
9TH BO3/ICHCTBHSI POBOLUPYIOT BOBHUKHOBEHHUE
JM3PEryISTOPHBIX HAPYLICHUH Pa3INYHBIX (H3HO-
noruueckux cuctem (bapabari, 2012; Gianaros,
Wager, 2015; Schiavone et al., 2013; Costa-Mattioli,
Walter, 2020), 4To orpezessieT HHTEPeC K IIOUCKY
(baxTOpOB, OrpaHMYUBAIOLINX PAa3BUTHE CTpECC-
peakuuu. [lepcrieKTHBHBIM B 9TOM IUIAHE SIBIISET-
Csl U3y4YECHHUE CPENCTB IPUPOJHOrO IIPOUCKOKIC-
HUS C aallTOreHHbIM noTeHuaiom (Solodkova,
Zenkina, 2018; Ozdemir et al., 2018; Khabibullin et
al., 2019). Takue aganToreHpl, y4nThIBask UX MOJHU-
(YHKIIMOHATBHYO Y(PEKTHBHOCT M XOPOIIIO U3-
BECTHYI0 0€3011aCHOCTb, MOT'YT HE TOJIBKO IIOMOYb
POTUBOJIECHCTBOBATH CTPECCOBBIM BO3JICHCTBHSM
Ha OMOJIOTMYECKYI0 CUCTEMY, HO M TIOBBICHThH He-
crielu(UYECKYI0 PE3UCTEHTHOCTD K pa3IHyHbIM
yrpoxatomum/aBepcuBHbIM pakTopam (Owolabi
et al., 2019; Cmupnosa u ap., 2019; Todorova et
al., 2021). Pe3ynbraTomM MOXKET CTaTh ociiabieHue
CBSI3aHHBIX CO CTPECCOM PACCTPOICTB U YTy dIIe-
HUE KaueCTBa KU3HHU.

Llesbt0 HACTOSILIEIO HCCIICNOBAHHS CTa-
JI0O U3yueHHe OCOOCHHOCTEH MPHUCIIOCOOUTENb-
HBIX PEaKLUil AKCIEPHUMEHTATIbHBIX KHBOTHBIX
Ha I[0CJeoBaTelbHOe JelicTBUE (u3nUYecKon

HAarpy3kKkn U CBE€TOBbLIX JE€CUHXPOHO30B B IIEPUO/

OCEHHEr'0 PABHOJAEHCTBUSA, a TAK)KE€ BO3MOXKHO-
CTH UX (papMaKoJIOruuecKoi nim GU3noTepares-

TUYECKOW KOPPEKIUH.

MarepuaJibl 4 METObI

OKCHEPUMEHT BBITIOIHEH B IIEPHOJ OCEH-
Hero paBHOACHCTBUsA Ha 120 Kpbicax-camiax
«Wistar» maccoit 220-250 1., U3 KOTOPBIX OBLITH
c(hopMHPOBaHBI Cily4ailHbIM 00pazom 12 rpymm
mo 10 ocoGeit. I'pymmbr 1-2 HaXOMUIUCH B ecTe-
CTBEHHBIX YCIOBHUAX ocBelleHus. [ 'pynmna | — un-
TaKTHasl, 0€3 SKCIIePUMEHTAIbHBIX BO3/ICHCTBUH.
I'pynne 2 npeabsBisiian GU3MUECKYIO HArpys-
Ky B BHJE IUIaBaTEIbHOTO TECTa [0 IOJHOTO
yromnenus. I'pynnel 3—12 moasepraiu cTpecc-
Harpyskam B BHJIE JICCATHIHEBHOI'O CBETOBOTO
JECUHXPOHO3a (CBETOBAas MJIM TEMHOBAs JEIpH-
BaIlHH) C IOCTEeAYIOMeH (pU3HMIecKoil Harpy3Kou.
I'pynmam 3, 8 mocne mepeMenieHus: KUBOTHBIX
13 JICTPUBAIIMOHHBIX YCIOBHH B YCIIOBUS €CTe-
CTBEHHOTO OCBEILECHMS IPEIBSIBISIN (Qu3nye-
CKYIO Harpys3ky B BHUJE IJIaBaTE€IbHOTO TECTa.
I'pynmam 5, 10 mocne Bcex dKCIepUMEHTaIbHBIX
BO3/ICHCTBHH TPOBOIWIM BOCCTAHOBHTEIbHBIC
MIOCTCTPECCOPHBIE MPOTPAMMBI C IPUMEHEHHEM
BaHH c npenaparoM «IlanToBanHa» (Cymes-
ckuit, 1998), a >kuBOTHBIX rpynn 4 u 9 BeLACP-
JKUBaJu B poTouHOM Boze. I'pynnsl 7 u 12 no-
Jydaiu TMpo(QUIAKTHYECKH BHYTPUMBILICYHbIE
WHBEKINH STUIMETHITHPOKCHITUPHINHA CyK-
uuHara, rpynmnam 6 u 11 BBogunu dusnonoruye-
CKHUH pacTBOP.

Jlyist popMUpPOBaHUS COCTOSIHUS IECUHXPO-
HO3a )UBOTHBIE TpyI 3—12 B Teuenue 10 cyTok
KPYTJIOCYTOYHO HAXOIMJIUCh IPU HCKYCCTBEH-
HOM sipkoM ocBemeHuu 150 LX (rpymmer 3-7 —
CC pexum) nubo mosHoM 3aremHeHuun 2-3 LX
(rpynmst 8-12 — TT pexxum) (3amomnna, 2000).
CocrosiHre (DU3HYECKOro MepeyToMIIeHUs Pop-
MHUPOBAJIH TOCPEACTBOM ILIABATEIFHOTO TECTa
B TeUeHUe 5 JHEU NOoAps] B OJHO U TO K€ Bpe-

Mst — ¢ 10 no 12 g yrpa (l'octroxuHa u ap., 2017).
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IIpy mpoBeneHUM TMOCTCTPECCOPHBIX BOCCTA-
HOBUTEJIBHBIX IPOrPAMM JKHBOTHBIX (TPYIIIBI
5 u 10) mo onHOMY TIOMEINIANid B KIOBETY C BO-
JHBIM pacTBOpoM mpemnapata «llanToBaHHay,
TeMIleparypa KoToporo cocrtasisna 37-38 °C,
W HaKpbIBaJIM pPEUIeTYaTOM KPBIIIKOH, BBLAEP-
JKUBaJIX B KtoBeTe 10 MUH, TIOCJIEe Yero BEIHMMA-
JU W, HE BBITUPAs, OCTABISIN HA BO3AYXE NPH
temmeparype 22-24 °C. KoHTponbHbIE TPYNIIBI
JKUBOTHBIX 4 W 9 BbIAEpKUBaIU B MPOTOUYHOMI
BOJIE C aHAJIOTMYHOM TeMIIEpaTypoil U BpEMEHEM
9KCTIo3uIMH. [IpuHNMasi BO BHUMaHHE pe3yiib-
TaThl HAIITUX PaHee MIPOBEICHHBIX AaHAJIOTHYHBIX
HCCIICIOBAHNN BECHOM, KOTOpHIE IIPOJEMOH-
CTPUPOBAJIN IPOTHUBOCTPECCOPHOE JEHCTBUE
STUIMETHITUIPOKCHIINPHINHA CyKIIMHATa
B IIaBaTeIbHOM TecTe (3amomiuHa u ap., 2020b),
BO BTOPOM Cllyyae >KMBOTHBIM Ipymnnbl 7 u 12
OCYILICCTBIISUIM  BHYTPHUMBIIIEYHOE BBEICHUE
aToro mpemnapara B go3e 10 mr/kr Beca 3a 30 mu-
HYT 10 KaXKJ0T0 IPEIBSIBICHUS MJIaBaTEIHHOTO
tecta. 'pynnam 6 u 11 B aHaJIOTMYHBIX YCIOBU-
sx BBomuau 0,9 % GU3HOIOrHUYECKHil pacTBOP
B 9KBHOOBEMHOM KOJIMYECTBE.

[Tocne 3aBepieHNs BceX IKCHEPUMEHTAb-
HBIX BO3JEHCTBHH JKMBOTHBIX TECTHPOBAIH
B «OTKPBITOM TIOJIe» IO CTaHJIAPTHON MeTonu-
ke (PykoBomcTBO 1O SKCIEpUMEHTAIBHOMY...,
2005; PykoBOACTBO MO TpoOBeneHHUIO..., 2012).
3arem Bce TPyl )KHBOTHBIX BBIBOJIMIIH M3 IKC-
NepUMEHTa OJXHOMOMEHTHBIM JEKaImUTHPOBa-
HueMm nox CO, HapKO30M COINACHO XeJIbCHUHK-
CKOM Jexkylapauuu BcemMupHOW MeEIMIIMHCKOR
acCOIMallMd O T'YMaHHOM OTHOIICHHH K XKH-
BOTHBIM U mpukazy Munsapasa CCCP Ne 577
or 12.08.1977 «lIpaBmia upoBemeHus padoT
C HCIIOJB30BAaHHWEM OKCIEPHMEHTAJIbHBIX JKU-
BoTHBIX» (P® I'OCT, 2010). Y nexanutupoBaH-
HBIX JKHBOTHBIX COOMpaid KpOBb JJIs IOTyue-
HUS CBIBOPOTKH C IIEJIBIO OMPEACICHUSI yPOBHS
KopTUKOocTepoHa. OmpernencHue HCCIeTyeMOro

TOpMOHA BBIIIOJHAIN € IMOMOLIBIO HMMyHoq)ep—

MEHTHOI'0 METOJ[a C MCIOJIb30BAHUEM IIOJIMKIIO-
HaJbHBIX AHTUTEN KOPTHUKOCTEPOHA, COTJIACHO
PEKOMEH/IALMSIM TPOM3BOAMUTENSI TECT—CHCTEM
«IBL», 'epmanus.

CraTHCcTHYeCKY0 00pabOTKY MOJIYYEHHBIX
pe3yabTaTOB MPOBOAMIIN HA OCHOBE ITAKETa MPO-
rpamm StatSoft Statistica v8.0. JloctoBepHOCTb
pasIuuMil MKy T'pyNIIaMy ONpEAessiIn ¢ To-
MOIIIBIO HEMapaMeTPHUECKOro Kpurepusi MaHHa-
Yutau. g ycrpanenus 3¢p¢pexra MHOKECTBEH-
HBIX CpAaBHEHHUI BBOIMIIU MONPaBKy boHdeponu.
CraTHCTHYECKH 3HAYMMBIMU CUNTAIH PA3ITHIUS

mpu p <0,05.

Pesyabrarhbl u 00cyxkaeHne

B ocenHnii mepwon roja mHpenbsBICHHE
cTpecc-pakTopa B BHJE €XKEIHEBHOW (u3uye-
CKOM Harpy3KH J10 COCTOSIHHS Y TOMJICHHSI COTIPO-
BOYK/JIOCh CTATUCTUYECKH 3HAYMMBIM yBEJIHYe-
HUEM YPOBHS KOPTHKOCTEPOHA B KOHTPOJBHOM
rpyHIe >KUBOTHBIX OTHOCHUTENBHO WHTAKTHOM
rpymmsl (Tadi.), a B maTTepHaxX MOBEICHUS YCH-
JIMJTMCh TOPMO3HbBIE TTACCHBHO-000POHUTENbHBIE
¢dopmbl moBeneHus (rpyMuHTr, nedexannn). O6-
pamaet Ha ce0st BHUMaHUE TOT (aKT, YTO MPeb-
sIBJICHHE (U3UYECKON HArpy3KH CONpPOBOXK/a-
JIOCh TIPAKTUYECKH CEMUKPATHBIM YBEIHUCHHEM
KOPTHUKOCTEPOHA B CHIBOPOTKE KPOBH Y JKHBOT-
HBIX KOHTPOJIBHOW TI'PYHIIbl OTHOCHUTENBHO €ro
COZIEp’KaHUsl B MHTAKTHOH IpyIIe, 4TO B CO-
BOKYIIHOCTH C IIOBEACHYECKOM Je3ajanTanueii
B TECTE «OTKPBITOE TOJIE» YKa3bIBAET Ha MOII-
HOE cTpeccupylollee Bo3jeiicTBue (uzndeckon
Harpys3Ku Ha >KHBOTHBIX M cOTJIacyeTcs ¢ pabo-
TaMHU APyTrux aBTOpoB (3amornuHa u ap., 2020b).
Kpome Toro, pe3ynbraTsl HACTOSIIETO HCCIIENO-
BaHUs TOATBEPIUIIM paHee HAMHU MOJYYECHHBIC
JAaHHBIC KacaTeJIbHO CE30HHOTO COJCPKAHUS
KOPTHUKOCTEPOHA B CHIBOPOTKE KPOBHU Jabopa-
TopHBIX XHBOTHBIX ([ocTioxmHa u np., 2016),
a TaK)Ke pPe3yJIbTaThl JPYyrHX HccieaoBaresen
(Newman, Soma, 2009; Vera et al., 2011; Deviche
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Tabnuua. BnusiHue NaHTOBBIX BAHH M 3TUIMETHITHAPOKCUIIUPUIMHA CYKIIMHATA HAa YPOBEHb KOPTHKOCTEPOHA
B CBIBOPOTKE KPOBHM M IOBEJECHUYECKYI0 AKTUBHOCTb JKCIIEPUMEHTAJIbHBIX MKHUBOTHBIX B YCIOBMSX TeCTa

«OTKPBITOEC ITOJIE»

Table. Effects of antler baths and ethylmethylhydroxypyridine succinate on serum corticosterone levels and
behavioral activity of experimental animals in the «open field» test

OceHHMI ce30H (EPUOJ PaBHOACHCTBUS)

AKTHBHOCTH B OTKPBITOM I10JIE

I'pynmnbl )KHUBOTHBIX Koprukocrepon Topu30H- BepTukab-
(N=10) HI/MMOIIb TaJibHas Has I'pymunr Hopka Jledekanns
aKTHBHOCTh | aKTHBHOCTH
(Ne 1) MnTakTHAS 27,7 (21,8;57,5) 32 (18;37) 10 (6;12) 0 (0;0) 2 (0;4) 2(12)
(Ne 2) EO+®H 199,8 31 (22;44) 10 (8;11) 1(0;1) 1 (0;5) 4 (3;:4)
(150,6;218,3) pi < 0,05 pi < 0,05
p: < 0,01
(Ne 3) CC+dH 55,4 (51,3;63.,4) 33 (25;35) 8(5:9) 1(0;2) 1(0;1) 2 (1;:4)
p1 <0,05 p: <0,05
P2 <0,01
(Ne 4) CC+dDH+ 57,5 (52,6;66,6) 34 (26;38) 7 (4,9) 1(0;2) 1(0;2) 2(2;3)
BOJIHBIC BAHHBI pi <0,05 p1 < 0,05
p.<0,01
(Ne 5) CC+OH+ 22,8 (16,3;24,6) 18 (11;25) 5 (4;6) 1(0;1) 1(0;2) 2(2;3)
MaHTOBBIC BAHHBI p.<0,01 p1 <0,05 p: <0,05 P <0,05
Ps4<0,01 p,» < 0,05 p, < 0,05
ps4 < 0,05
(Ne 6) CC + ©H + ©OP 33,9 28 2 2 0 1
(20,6;48.1) (16;46) (0:3) (0:3) (0;1) 1:2)
p1 <0,05 p: < 0,05 p1 <0,05 p: <0,05 p: < 0,05
p.<0,05 p.<0,05 p.<0,05 p; < 0,05
p3 <0,05 p; <0,05
Ne7) CC+ ®H +otun- | 40,25 35 6 1 1 2
METHITHIPOKCUTIUpUAU- |(22,23;55,28) (33;39) (4;8) (1;1) 0;1) (1;2)
Ha CyKLIMHAT pi <0,01 p; < 0,05 pi <0,05
p.<0,05
p; <0,05
(Ne 8) TT+OH 23,6 (20,5;24,2) 30 (24;40) 8(7;,9) 0 (0;0) 2 (1;5) 2 (1;2)
p2<0,01 P> <0,05
(Ne 9) TT+®H+ 22,3 (19,5;26,6) 29 (23;39) 8 (6;9) 0 (0;1) 3(0;5) 2(2;2)
BOJIHBIC BAHHBI p.<0,01 p.<0,05
(Ne 10) TT+®DH+ 49,1 (21,4;57,9) 27 (22;34) 7 (7;10) 0 (0;1) 0(0;2) 2 (1;2)
MMaHTOBBIC p.<0,01 ps<0,05 p.<0,05
BaHHBI pa < 0,05
(Ne 11) TT + @®H + ©P 225 22 2 0 1 0
QI1.2:2272) [ (20:35) 2:3) ©:1) 0:2) ;1)
P <0,05 p: < 0,05 p: < 0,05 p.<0,05
P2 <0,01 p.<0,01 p.<0,01
p; <0,05 p; <0,05 p; <0,05
(Ne 12) TT + @©H + stun- | 248 32 3 3 3 2
METWITHAPOKCUIUpUAn- | (241,9;275,7) (32;49) (3;8) (1;4) (2;3) (1;2)
Ha CyKLMHAT p1 <0,05 p1 <0,05 p: < 0,05 p.<0,01 P24<0,05
p.<0,01 P,<0,01 p.<0,05 ps < 0,05
p; <0,05 P;<0,05 P34 <0,05

TIpumeuanue: EO — ecrecrBennoe ocsemenne, ®H — ¢usndeckast Harpyska, CC — pekuM TEMHOBOH JenpHuBaluy (JKUBOTHbBIC
HaKpyTIocyTouyHoM ocBenieHun), TT —pexmM cBeTOBOH ienpuBanuu (KMBOTHBIC KPYTJIOCYTOUHO B TeMHOTE), PP — husnonornueckuii

pacTBop.

PesynbraTel npencrasiensl B Bujae Me (Q1; Q3), p, — ypoBeHb CTaTHCTHUECKON 3HAYMMOCTH 10 OTHOLICHHIO K MHTAKTHOM IpyIne, p; —
YPOBEHb CTATUCTUYECKOM 3HAYMMOCTH [0 OTHOLICHUIO K rpyniie EO+®H, p; — ypoBeHb CTATUCTUYECKOH 3HAYMMOCTH [0 OTHOLICHHIO
K rpynmaM ¢ cBeToBbIMH jgecuHxpoHo3aMu (CC- nmu TT-pesxumbl) u pU3NUYECKUMHU HArpy3KaMH, P, — YPOBEHb CTaTUCTHYECKOM
3HAQUUMOCTH [0 OTHOIICHUIO K Tpymnam ¢ cBeToBeiMu AecuHXpoHo3aMu (CC- min TT-pexnmbl) # GU3MUECKUMH HArpy3KaMH,
BOJIHBIMH BaHHAMH ¥ (PU3HOJIOTHYECKUM PACTBOPOM.
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et al., 2016), cBUACTEIBCTBYIOIIUE O HU3KOM CO-
Jep>KaHUU KOPTUKOCTEPOHA B CBIBOPOTKE KPOBH
71a00paTOPHBIX KUBOTHBIX B OCEHHHUH IEPUOJ
rojia B CPAaBHEHUH C IPYTUMH CE30HAMHU.

[lomemnieHne >KMBOTHBIX B YCJIOBHS CBe-
TOBBIX JICCHHXPOHO30B CIIOCOOCTBOBAJIO OC-
7na0JIeHUI0  CTPECCHPYIOLIEro  BO3/CHCTBHS
(u3muecKkoll Harpyskm Kak CO CTOPOHBI TOp-
MOHAJIBHOT'O OTKJIMKA, TaK U CO CTOPOHBI IO-
BE/ICHUYECKUX PEAKIHH B TECTE «OTKPBITOE
nosie». CBeTOBbIE JECHHXPOHO3bI HE3aBHCUMO
OT THIA JETPHUBALMM IPEIYIPEININ AKTHBA-
IO CTPECC-PEean3yIONIei CHCTEMBI Ha yPOBHE
HAJTOYCYHNKOB B OTBET Ha JAEHCTBHE cTpecca
(u3nuecKoll Harpy3ku, MOHHU3UB YPOBEHb Cbl-
BOPOTOYHOTO KOPTHUKOCTEPOHA OTHOCHUTEIIEHO
JKUBOTHBIX TPYTIIHI 2 6€3 MPeIBapUTEIBHOTO 8-
CHHXPOHO03a (Ta0J1.), MPUOIU3UB 3HAYCHIE ITOTO
MOKa3aTesisi K aHaJIOTMYHOMY B MHTAKTHOU I'pyTI-
rie. Uto xacaeTcst CTpyKTYpbI HOBEICHHSI, TO CBE-
TOBBIC JIECHHXPOHO3bl 3HAUUTENIBHO OCIA0WIH
SMOIMOHAIIFHOE HAIPSIKEHNE, YTO IMPOSBUIOCH
B CHIDKEHHMH YMCJIa aKTOB aHKCHOTEHHOH Jede-
KallM¥ OTHOCUTEIHFHO KOHTPOJIBHOH rpynisl (2)
0e3 M3MEHEHHUs BBIPRKEHHOCTH TPyMHUHIa MpU
CC-necnHXpOHO3€ W HOPMAJIM3AaLHUU 3TOTO II0-
kazarenst npu TT-necuaxponose. CienoBaTenb-
HO, B IEPHOJ] OCEHHET'0 PaBHOJICHCTBHUSI CBETOBAS
1 TEMHOBasl JCMPUBALIUNA CIIOCOOCTBOBAIH (HOp-
MHPOBaHUIO (PEHOMEHa IEepeKpecTHON ajarira-
nun (Meepcon, [lmennukona, 1988), mpuuem
TT-mecMHXPOHO3 TOJHOCTBIO CTAOMIM3UPOBAII
KaK TOPMOHAJbHbIA, TaK U TOBEACHUYECKUN OT-
BET KPBIC HA (PU3NYECKYIO HArPy3KYy JI0 COCTOS-
HUS YTOMJICHU .

D¢ dexT oT MpUMEHEHUs BOAHBIX W MaH-
TOBBIX BaHH B KayeCTBE aKTHUBHBIX MOCTCTpEC-
COPHBIX IPOTpaMM B IIEPHOJ OCEHHETO PaBHO-
JICHCTBUSI UMEJI OCOOCHHOCTH B 3aBHCHUMOCTH
OT XapakTepa aenpuBanuil (tadm.). [locie Tem-
HoBo#i genpuBanuu (CC-pexxum) u uzngeckon

Harpysku (rpynmnsl 4 u 5) B rpynme >KHBOTHBIX,

MOJTy4YaBIIMX IMAHTOBBIC, HO HC BOAHLIC BAaHHBI,

perucTpupy-
eMbIX TICUXO(H3HOJIOIMUECKUX IIOKa3aTelei,

Ha6moz[an005 BOCCTAaHOBJICHUEC

OTpakaromuX (QyHKIIMOHATBHOE COCTOSHHUE
CTpecc-peanu3yiomeil TOPpMOHAJIBHOM M IIEH-
TpaJbHON HEPBHOW CHUCTEMBI. B 00CykIaeMoM
CBETOBOM pEXHMME IaHTOBAHHBI, B OTJIHYHE
OT BOIHBIX MPOIEAYP, HOPMATHU30BAIH YPOBCHB
KOPTHUKOCTEPOHA B CBIBOPOTKE KPOBU M YCTAHO-
BHJIM JTOT IIOKa3aTellb Ha YPOBHE HWHTAKTHOU
Tpynnbl. AHaJIU3 CTPYKTYpPHI MOBENEHUsS 1abo-
PATOPHBIX KPBIC B TECTE KOTKPBITOE TOJIE)» MOKa-
3aJ1, 4TO Y )KMBOTHBIX ITOCIIC TIOTPY’KEHUS B TTaH-
TOBaHHBI ~ OCIAONAIACH  AKTHBHO-ITOMCKOBAs
¢dbopma TOBelneHHsT B BHJE TOPHU3OHTAIBHOU
KOMIIOHEHTHI, & y JKHBOTHBIX IOCJE IIOTPYKe-
HUS B BOJIHbIC BAHHBI HUKAKMX U3MEHEHHI B I10-
BefeHHH He HabOmomanoch. [locme TT-pexxnma
(cBeToBas genpuBaiys) U GU3NIECKUX HATPY30K
MMAaHTOBBIC BAHHBI HAPaBHE C BOIHBIMU IIPOIICTY-
paMHM He OKa3aJIl HUKaKOIro peaduIuTHPY IOIIEro
a¢dexTa HI HAa TOPMOHATBHBIC, HU Ha MTOBEJCH-
yeckue mnokazarenu (rpynnel 9 u 10). Tlomy-
YCHHBIC PE3YyJbTAaThl MOATBEPIKIAIOT UMEIOIIH-
ecsl TUTepaTypHbIe TaHHbIE, COTJIACHO KOTOPHIM
Cy)KEHHEe TEeMHOW (a3bl CYTOK OKa3bIBaeT 0o-
Jiee CYIIECTBEHHOE HEraTHBHOE BO3JCHCTBHE
Ha aJalTHBHO-TIPUCIOCOOUTEIbHBIE MEXaHU3-
MBI OpraHU3Ma, CHU)Kasg yCTOHYMBOCTDH MOCTEN-
HEro B OTHOIICHHWH ACWCTBUS CTPECCHPYIOMIHX
areHTOB pAa3JIMYHOTO TEHe3a M MOJAIbHOCTH
(Bobok et al., 2016; BatombipeHosa u np., 2020;
Batotsyrenova et al., 2020).

B rpymnmax ;KMBOTHBIX, ITOTyYaBIIAX (H3U-
OJIOTHYECKHUI PacTBOP MU ATUIMETHJITHIPOK-
CUITUPHINHA CYKIWHAT (Ipynnsl 6 u 7) mocie
CC-pexnma 0TMEYaI0Ch OJJUHAKOBOE CHUKEHHUE
YPOBHS TIIFOKOKOPTHKOUJA B CBIBOPOTKE KpPO-
BU OTHOCHUTEJIBHO MHTAKTHOM M KOHTPOJIBHBIX
rpymi 2 u 3 (tabmn.). [Tockonpky cama mporeny-
pa MHBEKIHH SIBISIETCS ISl JKUBOTHBIX CTpecC-

cupyromuM (akTopoM, BEpOSTHO, B IaHHOM
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ClIydae OHa, BHE 3aBHUCHMOCTH OT COIEPKUMOTO
WHBEKINH, BBICTYIHJIA B POJIU TE€TEPOTHIIHYE-
ckoro ctpeccopa (Kopp et al., 2013; Babb et al.,
2014; Duarte et al., 2015), cupoBoumpoBaB co-
CTOSHHME TepeKkpecTHoW amantanuu (MeepcoH,
ITmrenankoBa, 1988) u, Kak ciaencTBUE, CMSATYH-
Jla moBpexjamouiee neiictBue (uznyeckon Ha-
IPy3KH Ha YpPOBHE T'HIIOTallaMO-THIIO(u3apHO-
HaJIIOYeYHUKOBOM  cuctembl. llpu  sTom
CO CTOPOHBI MOBEJCHNS WHBEKIUHU (HU3HOIIOTH-
YECKOI'0 pacTBOpPa Croco0cTBOBaIH (HOPMUPOBA-
HUIO ACCHBHO-000POHUTENIEHOM CTpaTEeruy I0-
BEJICHUS y )KUBOTHBIX B TECTE «OTKPBITOE TOJIE».
Y KpbIC 3TOH TPYNINbl OTMEYAJIOCh CHUXECHHUE
BCEX ABUTAaTEIbHBIX KOMIIOHEHTOB MOBEICHUS
OTHOCHTEJIBHO HWHTAaKTHOH M KOHTPOJBHBIX
rpynm 2 1 3, a Tak)ke yBeJIMUeHHE TPYMUHTA OT-
HOCHUTEJIFHO MHTaKTHOH T'PYyNIbl. A BOT BBeJe-
HUE 3THJIMETUITHAPOKCUIUPUINHA CYKIIMHATa
HOPMaJIM30BAJI0 TOPU3OHTAIBHYIO AKTHBHOCTD
JI0 YPOBHSI MHTAaKTHOH TI'pyIIbl 6€3 N3MEHEHHUs
SMOIMOHANIBHBIX TOKa3aTenei. OqHaKo B ycio-
BUSIX IJIMTEIbHOW TEMHOBOM OJKCIIO3ULIMU BBE-
JeHHe KakK (PU3HOJOrMYecKOro pacTBOpa, TaK
U OTUIMETHITHIPOKCUIIUPUANHA CYKIMHATa
CIIPOBOIIMPOBAJIO  3HAYUTEIIHOE IIOBBIIICHHE
YPOBHS KOPTHUKOCTEPOHA OTHOCHUTENIBHO W WH-
TaKTHOM, U KOHTPOJIbHBIX rpynn 2 u 8. [Ipu sTom
CO CTOPOHBI ITOBEICHUS HHBEKIIUH COJIEBOTO pac-
TBOpA MHLY[UPOBAJIH yTHETEHHE JOKOMOTOPHOH
AKTHBHOCTH, O 4€M CBHAETEIBCTBYET TOCTOBEP-
HOE CHIDKCHHE TOPU30HTAJIBHOTO M BEPTHUKAIb-
HOT'O KOMIIOHEHTOB B 3TOH T'PYyMIE >KHBOTHBIX
OTHOCHUTEJIBHO HWHTAaKTHOH M KOHTPOJBHBIX
rpynn 1 u 2. B cpaBHeHnn ¢ QU3HOIOrHYECKUM
pPacTBOPOM Y JKHBOTHBIX, ITOJYyYaBIINX ITHIIME-
TUATHAPOKCUIUPUINHA CYKI[MHAT, B CTPaTeTUN
TIOBE/ICHUS aKTHBHPOBAJIACH HCCIICIOBATEIIBCKAS
AKTHBHOCTH, O YEM CBHIETEIHCTBYET TOCTOBEP-
HOE yBEJIMYCHHE HOPKOBOTO peduieKkca OTHOCH-
TEJIBHO TPYIIIIBI ¢ (PU3NYECKON HArpy3KOoH (rpyn-

na 2) ¥ rpynnsl ¢ pU3NOIOrHYECKUM PacTBOPOM

IIpU COXPAaHEHUM YPOBHS T'OPU3OHTAJIBHOM aK-
TUBHOCTHU XUBOTHBIX. Pe3y/bTaThl HACTOSILETO
HCCIIEIOBAHUS COTIACYIOTCS C HAIIUMU Pe3YJib-
TaTaMH OTHOCUTEJILHO aJJalITOreHHOr 0 AeHCTBHS
OSTHIIMETUIITUAPOKCUTTUPUINHA CyKIMHaTa,
MOyYeHHBIMH B BeCEHHUU mepmon roxa (3a-
MomuHa U 1p., 2020b), yTO MOATBEPIKIACT €ro
CTpecC-MPOTEKTUBHOE JICHCTBHE HA OpPraHHU3M
B YCJIOBUAX CBETOBBIX NECHMHXPOHO30B U BBICO-

KHX (U3MUECKUX HArpy30K.

3akaoueHne

Takum 00pa3oM, yCTaHOBICHHOE B JaHHOM
WCCICIOBAHUN BJIMSHUE BOCCTAHOBHTEIBHBIX
U MPEBEHTHUBHBIX MpoLenyp Ha 3PPEeKTHBHOCTD
peaTu3anuu aJanTHBHO-KOMIIEHCATOPHBIX PeaK-
LMH OpraHu3Ma B yCIOBHX MOCIIEA0BATEIBHOTO
JEHCTBHS CTPECCOTCHHBIX (DAKTOPOB IMOATBEPK-
JlaeT paHee HaMU ClIeJIaHHOE IIPEANOIOKEHUE
0 Ce30HHOU M IUPKATUAHHOW 3aBUCUMOCTH TIPH-
CIIOCOOUTEIBHBIX MEXaHHM3MOB opraHusMa (3a-
MomuHa U ap., 2020a; 3amommuHa U ap., 2022).
B mepuon oceHHEro paBHOJNCHCTBUSI BO3JCH-
CTBHE CTPECCOTCHHOTO (paKTopa B BUIC (pu3mde-
CKOM Harpy3Kd MPOBOIUPYET COCTOSIHUE (PYHK-
[IHOHAIIEHOW MepPeTrpy3KH OPraHu3Ma U CHIDKACT
€ro yCTOHYHBOCTh. BOCCTaHOBHTENIBHBIC IMPO-
LEAYPHI C TIOMOIIBIO ITAHTOBAHH CIIOCOOCTBYIOT
YMCHBIIICHUIO

CTPECCOIr€HHOTO  HAIIPAXKCHUA

tonpko mocne CC-pexxnma. IlpodummakTuka
cTpecca (PU3NYECKOl HAarpy3KH 10 COCTOSHHUS
YTOMJICHUSI C TOMOIIBbIO (DapMaKOJIOIHYECKOTO
npenapaTa dTHIMETHITHIPOKCUITUPHANHA CYK-
LIMHATa B OCEHHHH IIEPHOJ] I'o/la CIOCOOCTBOBAJA
(OpMHPOBaHHUIO aJANITUBHBIX ITATTEPHOB IOBE-
JICHUSI HE3aBUCHMO OT THIIA ACHPUBALINH, TTIOBbI-
11asi pe3UCTEHTHOCTh OpraHu3Ma J1abopaTOPHbBIX
KPBIC K NOCTEAYIONIEMY IeHCTBUIO (pU3MUECKOH
Harpy3Kd Ha ypOBHE [TOBEJCHHUSI.

YuuTeiBasi BCE BBIIIECKA3aHHOE, OYEBHJIHO,
YTO TOJYyYEHHBIC PE3YJNBTAThl AEMOHCTPUPYIOT

BaXXHOCTh Yy4€Ta XpOHOOMONOTHH (H3HOIOTH-
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YEeCKHX IPOLECCOB OpraHu3Ma IIpH pa3padoTKe  BOCCTAHOBHUTEIILHBIX MEPOIPHUSITHH C LEIbI0 MO-

N IIPOBEACHUHU ITPEBCHTHUBHBIX U O3 J0POBUTCIILHO- BBIIICHUA UX 3(1)(1)GKTI/IBHOCTI/I.
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