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Ba)kKaeMbl€ KOJIJICTH, TOPOTHE Y-

Tarenn!

Ouepennoll Beimyck «BaBuios-
CKOTO JKypHaJla TeHEeTHKH M CEJICKIHH»
COCTOMUT U3 ceMM paszaeinioB. IlepBslil
pasnen «l'eHeTHKa pacTeHMD» BKIIOYAET
JBE 0030pHBIC CTaThH. B 0mHOM M3 HUX
00cCy’K1aeTcs posib TPAHCKPUITIIHOHHBIX
(aKTOpPOB B PETYISILHUH IKCHPECCUU
TEHOB Ha Pa3HBIX CTAMIX PA3BUTHSA pac-
TEHUI 1 B OTBET HA CTPECCOBBIC YCIIOBHSL.
B npyroii paccMOTpeHbI COBpEMEHHbIE
MPEACTaBICHUS O CTPOCHUH, PA3BUTHH U
TEHETHYECKIX MEXaHU3MaX, PETyINPYyIo-
muX (POPMUPOBAHHE COLIBETHH 31aKOB.

Pyopuky «I'eHOohOH U ceneKus pac-
TEHHIT» OTKPBIBACT 0030pHAs ITyOIHKa-
1IUsI, B KOTOPOH TpEeJCTaBlICHa apryMeH-
THpPOBAaHHAS MO3UIUA CONUIHOTO aB-
TOPCKOTO KOJUICKTHBA O CO3aHHH KOM-
IJICKCHOM HAI[MOHAJIBHON MPOrpaMMBI
IO BBIJICJICHUIO HOBBIX BUJIOB 36pPHOBBIX,
OBOIIIHBIX, TIOJIOBBIX U SITOTHBIX KYJIBTYP
B KayecTBe (DyHKIMOHAJIBHBIX MPOTYKTOB
nuTaHus. Bomenmue B 3Ty e pyopuky
YEeThIPE OPUTHHAIBHBIX HCCIIEIOBAHUSA
TIOCBSAIIEHBI H3yUEHHUIO C IIOMOIIBIO KJTac-
CHYECKHUX ¥ COBPEMEHHBIX METOIOB TCHE-
THYECKOTO Pa3HOOOPa3usl X0O35HCTBEHHO
Ba)KHBIX ITPU3HAKOB Y TAKMX BHUIOB pacTe-
HUMH, KaK spoBast Msrkas menuna (7riti-
cum aestivum L.), 3eMJIIHUKa canoBas
(Fragaria L.), nen (Linum humile Mill.)
u niepen cnankuit (Capsicum annuum L.).
[To pe3ynbraTraMm MHOTOJIETHHUX HCCIIEN0-
BaHUI COPTOB SPOBON MATKOH MIIEHUIIBI
U3 KOJUIeKIMU Bcepoccuiickoro HHCTH-
TyTa PaCTEHHEBOACTBA OTOOPAHBI HOBBIE
reorpa)u4ecKy OTAaJCHHbIE 00pa3Ibl
C BBICOKOW BBIPA)KCHHOCTBHIO NpHU3HA-
KOB B KadeCTBE MaTepuaia JuIsi CeJeK-
LUK COPTOB, aJIAITUPOBAHHBIX K YCIIO-
BUSIM 3aMaIHOCUOUPCKOTO pernoHa. Mo-
JIEKYJIAPHO-TEHETHUECKOE TECTUPOBAHHE
KOJUICKIINU COPTOB 3EMJISTHUKH CaJI0BOH
TIO3BOJIMJIO UICHTU(HIINPOBATH MEPCTICK-
THBHBIE 00pa3Ilbl, COEpXKAIINE TEHBI
YCTOWYMBOCTH K aHTPAKHO3Y M K (hUTO-
(dropo3Hoit KopHEBO# rHUIH. C LENbI0
pacImpeHys FeHeTHIeCKOTo pa3Hoo0pa-
31 JIbHA 110 COJIEP>KaHHIO OMera-3 U oMe-
ra-6 TONMHEHACHIICHHBIX KUCIOT OblUIa

OT PEOAKTOPA / FROM THE EDITOR

n3y4eHa KOJUIEKIM MyTaHTHBIX JTMHUH JbHA. VIcTonp30BaHme
HOBBIX XMMHUYECKHX MyTareHOB ITPUBEJIO K MOIyUYEHHUIO (hopM
C BBICOKHM COJICp)KaHHEM HEHACBHINICHHBIX KUPHBIX KHC-
JIOT, KOTOpbIE PEKOMEHAOBAHBI ISl JaJbHEUIIEH CEJIeKIINH.
B pabote ¢ mpumenennem mapkepoB SSR u ALFP u3ydeHsr
pas3MuHbIC BApUAHTHI TPOSIBIICHUSI TETEPO3UCA Y KOJUICKIINU
ruOpUIOB Tepla CIaKoro. 3aKIIoYUTeIbHAs CTaThs pas-
Jiena TIPEeJICTaBIAeT Co00i METOANIECKOe PYKOBOICTBO ISt
OTIpEEIICHUSI COJIep KaHMsI aMIIIO3bI M aMUJIOTICKTHHA B Kap-
To(enbHOM Kpaxmaiie. PazpaboraHHasi METOJIMKa BKIIIOUACT B
ceOs 27IEMEHTHI paHee pa3pO3HEHHBIX METOI0B ¥ MOXKET OBITH
WCIIOJIb30BaHa KaK JUIs MPUKJIaHBIX Pa0OT, TaK M B HAYYHBIX
HCCIICIOBAHUSAX.

PyOpuka « AKTyarbHBIE TEXHOJIIOTHH KIETOYHOH OHOIOTHID)
COJIEPKUT JIBA OPUTMHANIBHBIX UCceoBaHus. B nepBom u3
HUX MPUBEICHBI PE3yNbTaThl OIIEHKH HOBOTO TEpareBTHYE-
CKOT'O TI0JXO/1a, HAIIPABIEHHOTO HA pa3pylIEHHE PaKOBOTO
KJIETOYHOTO COOOIIecTBa Ha MPUMEPE MOJCIBHBIX KYJIBTYD
KJIETOK [TIHOOIaCTOMEBI uesioBeka. Bo BTopom 1eMoHCTpupyeT-
Cs1 HOBBIM METOAMYECKUH ITOIX0/], OCHOBAHHBII Ha [TOJYYEHUH
koH(OKaNBHBIX 3D M300paskeHMit TNCTHEB MICHUIIEL. JlaH-
HbIH 11071X071 3 (HEKTUBEH [U1sl H3yUYEHHS BIUSIHUSI CTPECCOBBIX
yCIIOBHUI Ha MOP(OTEHE3 AMNAEPMHUCA JIUCTA.

B pyOpuky «CucteMHast OHOJIOTHsh) BOIIUTH JIBa pa3HOILIa-
HOBBIX 3KCHEPHMEHTAIBHBIX HCCIICTOBAHMS. ITO KOMITBIOTEP-
HOE MOJIeJINPOBAHKE MPOLECCOB IIBETCHUS y PACTCHUH ce-
meiicTBa Campanulaceae n rcciieoBaHuE aHTUTCIIbBMUHTHBIX
3¢ dexToB rprOOB B OTHOLICHHH JINUUHOK TPEMATO]I, BbI3bIBa-
IOIINX ONTACHOE Mapa3uTHIECKOE 3a00JIeBaHNE — OTTUCTOPXO3.

JlBe opurmHaibHbIC CTaThH paszena «MeauuuHcKas re-
HETHUKa» TOCBSIIEHBI MIOMCKAaM MOJICKYISPHBIX MapKEpOB,
C BBICOKOHM BEPOATHOCTHIO ACCOLIMMPOBAHHBIX C PAa3BUTHEM
OCTEOINOpPO3a Yy KEHIUH U PUCKOM Pa3BUTHsI paka MOUKU.
Pa0oTb! BBITIOIHEHBI HA TIPUMEPE U3Y4eHHs MonuMopduima
reda VNTR npoTeorikata U TeéHa-CyIpeccopa OIyXoiIeBoro
pocra PBRM1.

Crnenyroumii pasnen «l'eHeTHKa KUBOTHBIX)» BKIIOYAET
paboThl, NOCBSIIEHHBIE N3YUYEHUIO CEMEHCTBA IUIOJIOBBIX
mymek Drosophilidae. B 0030pHO# cTarbe o0cyxmatoTcs
IeHETHYEeCKUE MEXaHU3MbI BIUSHHS (OTOpPEkKHMA Ha IMpo-
OJDKUTENBHOCTH XKU3HU Drosophila melanogaster, a B
9KCHEPUMEHTAILHOW OMHMCAaHbl PE3yabTaThl U3YUYEHUS W3-
MEHYHBOCTH MHUTOXOHIPHUAIBHBIX MOCIEI0BATEIHHOCTEH,
MHTETPUPOBAHHBIX B SACPHBIN T€HOM, Ha PUMEPE APO30(HIT
rpymmsl virilis.

3aBepiIaeT BHITYCK OPUTHHAIBHOE MOITYIAIIMOHHOE HCCIIe-
JTIOBaHHE CTPYKTYPBI TeHO(OH 1A Ka3axoB (pyopuka «Ilormyss-
IIMOHHAs TeHETHKa» ). OTIIMYNTENBEHOM 0COOEHHOCTHIO paOOTHI
SIBIISICTCA TO, YTO PE3YNIBTATHI MOTYYCHBI C HCIOIb30BaHHEM
TaK Ha3bIBAEMbIX KBA3UTCHETHIECKHX MapKEPOB — IIPU3HAKOB,
HE MMEIOIIUX TeHEeTUYECKON MPUPO/Ibl, HO NepeaouXcs B
MTOKOJICHUAX Ha OCHOBAHUH KYJIBTYPHBIX TPaIUIIH.

Axademux B.K. [Llymnol
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Protein interference for regulation

of gene expression in plants

A.O. Vyacheslavova, L.A. Abdeeva, E.S. Piruzian, S.A. Bruskin @

Vavilov Institute of General Genetics, RAS, Moscow, Russia

Transcription factors (TFs) play a central role in the gene regu-
lation associated with a plant’s development and its response
to the environmental factors. The work of TFs is well regulated
at each stage of their activities. TFs usually consist of three
protein domains required for DNA binding, dimerization, and
transcriptional regulation. Alternative splicing (AS) produces
multiple proteins with varying composition of domains. Re-
cent studies have shown that AS of some TF genes form small
proteins (small interfering peptide/small interfering protein,
siPEP/siPROT), which lack one or more domains and negatively
regulate target TFs by the mechanism of protein interference
(peptide interference/protein interference, PEPi/PROTI). The
presence of an alternative form for the transcription factor
CCAT1 of Arabidopsis thaliana, has been shown to be involved
in the regulation of the response to cold stress. For the PtFLC
protein, one of the isoforms was found, which is formed as a
result of alternative splicing and acts as a negative repressor,
binding to the full-length TF PtFLC and therefore regulating
the development of the Poncirus trifoliata. For A. thaliana, a
FLM gene was found forming the FLM-6 isoform, which acts
as a dominant negative regulator and stimulates the develop-
ment of the flower formation process due to the formation of
a heterodimer with SVP TF. Small interfering peptides and pro-
teins can actively participate in the regulation of gene expres-
sion, for example, in situations of stress or at different stages
of plant development. Moreover, small interfering peptides
and proteins can be used as a tool for fundamental research
on the function of genes as well as for applied research for
permanent or temporary knockout of genes. In this review, we
have demonstrated recent studies related to siPEP/siPROT and
their involvement in the response to various stresses, as well as
possible ways to obtain small proteins.

Key words: peptide/protein interference (PEPi/PROTI);
transcriptional factors; alternative splicing; small interfering
peptide/protein (siPEP/siPROT); flowering time; circadian clock.
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BenkoBast uHTepdepeHI s
KaK MeXaHN3M peryassianin
SKCIIpecCuy TeHOB pacTeHUit

A.O. BsuecaaBosa, VI.A. AGaeeBa, D.C. ITupyssH,
C.A. prcxm-[@

NHCTUTYT 0bLwein reHeTuky nm. H.U. BaBunosa Poccuiickor akagemun
Hayk, Mocksa, Poccua

TpaHcKkpunumoHHble pakTopbl (TM) UrpatoT LeHTpabHyo
porb B perynaunoHHbIX NpoLieccax, CBA3aHHbIX C pa3BUTUEM
pacTeHuii 1 X OTBETOM Ha BHELLHUe BO3aencTaus. Pabota TO
perynupyeTca Ha Kaxow CTafnm 13 akTMBHOCTW. Kak npasu-
no, T® cocToAT U3 TPeX AOMEHOB, Heobxoaumbix ans JHK-ces-
3bIBaHUA, JUMEPU3aLMUN 1 TPAHCKPUMLIMOHHON perynaumu.
ANbTepHaTUBHbIN CNAANCUHT NO3BONAET NOYYUTb MHOXECTBO
6enKoB € pa3IMyHbIM COCTaBOM JOMeHOB. HejaBHUe nccneno-
BaHWA NoKasasu, YTo B pesynbraTe afbTepHaTUBHOIO Crnai-
CUHra HEKOTOPbIX reHOB, Kogupyowwmx TO, obpa3syioTca manble
nenTuabl (Manble MHTepdeprpyoLwme nentuabl/6enku, siPEP/
siPROT), y KOTOpPbIX OTCYTCTBYeT OAUH U HECKOJIbKO JOMe-
HOB U KOTOPble HEeraTMBHO perynupytoT uenesoin TO 6naroga-
pAa MexaHn3My 6enkoBoll MHTepdepeHLMM (benkosan/nenTng-
Haa nHtepdepeHuua, PEPi/PROTI). bbino nokasaHo Hannune
anbTepHaTUBHOM GOPMbI AN1A TPAHCKPUNLMOHHOIO dakTopa
CCA1 Arabidopsis thaliana, koTopas yyacTByeT B perynauum
OTBeTa Ha xonofoBoi cTpecc. ina 6enka PtFLC o6HapyxeHa
ofiHa 13 n3o¢popm, KoTopasa obpasyeTca B pesynbraTe anbrep-
HaTVMBHOTO CNNaCuHra 1 AeCTBYeT Kak HeraTMBHbIN penpec-
cop, cBA3bIBaACh ¢ nonHopa3mepHbiM TO PtFLC n Tem cambim
perynunpya HekoTopble CTagun pa3BnTUA pacTeHna Poncirus
trifoliata. Ana A. thaliana obHapy»xeH reH FLM, obpa3sytowyuii
n3odpopmy FLM-6, koTopasa paboTaeT Kak JOMVHAHTHBIN He-
raTUBHbIV PErynaTop 1 CTUMynupyeT npouecc GopMmpoBaHmna
LiBeTKa bnaropapsa o6pa3oBaHuio reTepoarmMepa C TpaHCKpH-
LMOHHbIM dpakTopom SVP. Manble nHTepdpepupyioLme nentu-
Abl 1 6eNIK1 MOTYT 6bITb aKTUBHBIMW YYaCTHUKaMy perynaumum
JKCMPEeCCH reHOB, HanpuMep, NPY CTPECCOBbIX BO3AENCTBMAX
WK Ha pa3HbIX CTaUAX pa3BUTMA pacTeHus. bonee Toro, He-
6onbluve nHTEpdEpUpYyoLLEe NENTUAbI 1 GENKM MOTYT ObITh
MCrosib30BaHbl B KauecTBe NHCTPYMeHTa Ana pyHAamMeHTalb-
HbIX VICCJ'Ie,EI.OBaHVIVI CI)yHKLWII/I reHOB, a TaKXe B NpuKagHbIX
nccnefoBaHWAX, HanprYmep, nA BPeMeHHOro UM NOCTOAHHO-
ro BblK/toYeHWsA reHa. [laHHbI 0630p NOCBALLEH NOCeAHUM
nccnefoBaHMAM, CBA3aHHbBIM C MalbiMM UHTEPhepUpyoLLUMM
nenTyAamu 1 UX PONbIO B OTBETE Ha Pas/fiIyHble CTPeCCcoBble
daKTopbl, a TaK»Ke BO3MOXHbIM MYTAM NOAYUYEHUA MabiX
NHTepdepmpyoLLnX NENTULOB.

Kntouesble cnosa: nentuaHasa nHtepdepenymsa (PEPi/PROTI);
TPAHCKPUMLMOHHbIe GpaKTOPbI; anbTEPHATUBHBIN CMTANCUHT;
Masnble nHTepdepupytowme nentugbl (siPEP/siPROT); neproa
LiBeTeHUs; LpKafHble pUTMbI.



external abiotic and biotic factors for optimizing their

growth and development in a changing environment.
Most of the responses are based on the alterations of the ex-
pression levels of certain genes.

There are two main types of gene expression regulation —
negative and positive. In the case of positive regulation, the
level of gene expression increases by the action of regulatory
elements. On the other hand, with the help of other regulatory
elements the level of gene expression can be reduced; this is
called negative regulation.

Regulation of gene expression in a cell can usually per-
formed at the transcriptional, translational, or protein levels.
Negative regulation of transcription and translation can be
accomplished by RNA interference (RNAi) (Vaucheret et al.,
2001; Filipowicz et al., 2005; Sainsbury et al., 2015). How-
ever, even in the case of successful RNAI, there are already
some transcripts of target genes accumulated in the cell. At the
protein level, negative regulation is commonly accomplished
by controlled ubiquitin-dependent proteolysis (Ingvardsen,
Veierskov, 2001). This degradation pathway requires time to
generate a response; this is critical when considering response
to stress factors. Recently, a new pathway of transcriptional
factor (TF) protein abundance regulation mediated by small
proteins was discovered (Seo et al., 2011a). These small pro-
teins were called “small interfering peptides/proteins” (siPEP/
siPROT) because of the similarity to the molecular mechanism
of action of small interfering RNA (siRNAs). The siPROT’s
pathway was named “peptide/protein interference” (PEPi/
PROTI) similar to the RNAI.

TFs are the main players in the transcriptional control of a
whole variety of plant genes, that are involved in plant growth
and development as well as response to biotic and abiotic
stresses. The activity of TFs can be regulated both at the syn-
thesis step (transcription and translation) and by modifications
of the synthesized protein molecule (i. e. by post-translational
modifications) using different biochemical ways; for example,
reversible phosphorylation, or nuclear-cytoplasmic localiza-
tion are both post-translational modifications (Hill, 2015).

One of the main pathways for regulation of eukaryotic gene
expression consists of controlling transportation of TFs from
the cytoplasm into the nucleus. Some TFs in the cytoplasm are
stored in a “dormant” state through physical association with
cellular membranes. Such membrane-associated TFs (MTFs)
are activated through controlled proteolytic cleavage and are
then transferred to the nucleus. Cleavage can be affected by
regulated intramembrane proteolysis (RIP) with a specific
membrane-associated protease or by regulated ubiquitin/
proteasome-dependent processing (RUP) (Hoppe et al., 2001;
Kim et al., 2007). In both cases, the process is controlled by
biological signals targeting the membrane.

One known group of plant-specific TFs, regulated by RIP, is
NAC (NAM —No Apical Meristem; ATAF — Arabidopsis Tran-
scription Activation Factor; CUC — CUp-shaped Cotyledon),
which plays an important role in the development processes
in some plant species (Puranik et al., 2012). NAC proteins,
including protein NTM1 (NAC with transmembrane motif 1)
and related NAC members (e. g., NTM1-like), integrated into
the ER (Endoplasmic Reticulum) or plasma membrane by
the C-terminal transmembrane domain, are released from the

P lants use different molecular mechanisms to respond to
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Abbreviations

AS - Alternative splicing

bHLH - Basic helix-loop-helix transcription factor

CCA1 - CIRCADIAN CLOCK-ASSOCIATED1 protein

DELLA - domain which is required for GA regulation,
named after the first five amino acids

DRM1/ARP — Dormancy-associated gene-1/Auxin-repressed
protein

EE - Evening Element motif

ER — Endoplasmic reticulum

FLC — MADS-box protein FLOWERING LOCUS C

FLM — FLOWERING LOCUS M protein

FRI - FRIGIDA gene

GA - Gibberellin

GAI - Gibberellic acid insensitive protein

GRAS - family of plant-specific proteins, name comes
be the name of the first three members: GIBBERELLIC
ACID-INSENSITIVE (GAI), REPRESSOR of GAI (RGA),
and SCARECROW (SCR)

HDAC - Histone Deacetylases

HD-ZIP Ill - Class Il homeodomain protein “leucine
zipper”

HLH - Helix-loop-helix motif

HSP - Heat shock protein

IDD14 — INDERMINATE DOMAIN 14 transcriptional factor
gene

IDP - Intrinsically disordered protein

KDR - Kidari protein

MIF —“Mini zInc Fingers” protein

MTFs — Membrane-associated TFs

NAC — NAM - No Apical Meristem; ATAF — Arabidopsis
Transcription Activation Factor; CUC - CUp-shaped
Cotyledon

PEPi/PROTi - Peptide interference/protein interference

PHB - Phabulosa, homeobox-leucine zipper protein
ATHB-14

PHV - Phavoluta protein, homeobox-leucine zipper
protein ATHB-9

PIFs — Phytochrome-interacting Factors

PsDRM1 - Pisum sativum DRM1 protein

PtFLC — Homolog of FLC in Poncirus trifoliata

QQS - QUA-QUINE STARCH gene

REV - Revoluta protein

RGA - Repressor of GAI

RIP - Regulated intramembrane proteolysis

RNAi - RNA interference

RUP - Regulated ubiquitin/proteasome-dependent
processing

SCR - Scarecrow protein

siPEP/siPROT - small interfering peptide/small interfering
protein

siRNA — small interfering RNA

STATs - Signal Transducers and Activators of Transcription

SVP — SHORT VEGETATIVE PHASE protein

TF - Transcriptional factor

ZF -"“Zinc Finger” motif

ZHD - ZF-Homeodomain

ZPRs - Little zipper protein
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“ Inactive repressor

RNA
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Fig. 1. A schematic representation of the mechanism of active repression.
In the case of active repression, the repressor interacts with the regula-
tory region of the gene, thereby regulating the gene expression. The
TFs can be a repressor that acts individually or by interacting with a co-
repressor protein, which has no DNA binding domain.

bound state by RIP. The activated NAC proteins are transferred
to the nucleus, where they are involved in the transcriptional
regulation of stress response genes, controlling time of flower-
ing, germination ability of seeds, and other processes (Kim et
al., 2006; Kim S.G. et al., 2008).

Mechanisms of transcriptional repression:

active and passive repression

Eukaryotic organisms, including plants, have developed dif-
ferent mechanisms of transcriptional repression as a way
to regulate gene expression. Generally, these mechanisms
divided into two basic types: active and passive repression.

Active repression is based on the interaction between the
repressor and DNA sequence in the regulatory region of the
gene (Fig. 1).

Moreover, the repression domain of TFs interact with co-re-
pressor proteins, which do not possess DNA binding domains
(see Fig. 1). Co-repressor proteins control other regulators,
such as chromatin remodeling factors that are involved in
the formation of repressed chromatin sites. HDACs (histone
deacetylases) are a good example of repressor proteins. They
remove the acetyl group of a lysine residue in the histone tail
and as a result, the chromatin is condensed, which usually
leads to gene silencing (Shahbazian, Grunstein, 2007).

Under passive repression conditions the repressor does
not interact directly with the DNA region but regulates other
proteins indirectly through helper proteins. For example,
gibberellin-mediated (GA-mediated) transcriptional regula-
tion involves proteins from a subfamily of the plant-specific
GRAS transcriptional regulators with the DELLA domain.
After germination, Arabidopsis seeds are exposed to the day
and night cycles. Hypocotyl elongation occurs by leaps and
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is dependent on the length of the dark period. During short
photoperiod, maximum growth rate occurs in the dawn, then
in the first hours of daylight the growth rate decreases (No-
zue et al., 2007; Niwa et al., 2009). For example, hypocotyl
elongation is significantly reduced when the germination of
seedlings in constant daylight, which indicate the need of
dark period (Soy et al., 2014). The elongation of hypocotyl
in first hours of dawn involves the work of set of transcrip-
tion factors from PIFs family (PIF1, PIF3, PIF4, PIF5) (Hug,
Quail, 2002; Nozue et al., 2007; Niwa et al., 2009; Soy et al.,
2012, 2014). On the first step, in the end of the dark period
the transcriptional level of PIF4 and PIF5 genes is increased
(Nozue etal., 2007; Nusinow et al., 2011; Huang et al., 2012).
At the same time the transcriptional levels of genes PIF1 and
PIF3 remain practically constant throughout the light day
(Soy et al., 2012, 2014). It is known that the proteins from
phytochrome family interact with transcription factors from
PIF family. This interaction leads to degradation TFs PIF1,
PIF3, PIF4, PIFS5 in a phytochrome-dependent manner (Bauer
et al., 2004). According to this degradation in the first hours
of the light period the level of proteins PIF1 and PIF3 is
increased (Soy et al., 2014), and the level of PIF4 and PIFS
is optimized (Nozue et al., 2007; Yamashino et al., 2013). It
was shown that PIFs are inactivated by DELLAs, which are
not directly associated with the region of DNA, but instead
with the PIFs DNA-recognition domain (Arana et al., 2011;
Nieto et al., 2015); this effectively prevents PIFs from binding
to the targeted DNA. Increasing GA level leads to associa-
tion of GA and DELLA via GID1 receptor, and finally to the
removal of PIFs repression and hypocotyl elongation (Fig. 2)
(Feng et al., 2008).

The discovery and characterization
of siPEP/siPROT
Recently, another mean of negative regulation of gene tran-
scription in plants was discovered (Hu, Ma, 2006). One pro-
perty of TFs is the ability to perform reversible formation of
homo- and heterodimers. Most often, TFs form homodimers
to increase their binding affinity to DNA. In some cases, TFs
form heterodimers, where each monomeric TF protein have
different degrees of DNA-binding affinity or specific transcrip-
tional activity. The ability to form homo- and heterodimers
is one of the regulatory mechanism characteristic of TFs and
may possibly increase their variety (Klemm et al., 1998).
One example of the regulation of gene expression by
heterodimers formation is a group of genes encoding small
proteins (67—100 amino acid residues) with high homology to
the TFs from Class III homeodomain proteins “leucine zipper”
(HD-ZIP 111s) has been found in 4. thaliana genome (Wenkel
et al., 2007; Kim Y.S. et al., 2008). These small proteins,
named little zippers (ZPRs) have a unique structure compared
to other known TFs because they have only the ZIP motif
response for protein-protein interactions, but lack the DNA-
binding and the C-terminal activation domains. It is supposed
that ZPR proteins are not functional TFs from the HD-ZIP I1Is
family, but are able to form non-functional heterodimers with
HD-ZIP I1Is TFs, thereby constituting an example of negative
regulation of TFs (Fig. 3, @) (Wenkel et al., 2007). Generally,
the HD-ZIP III TFs regulate vascular development, the activ-
ity of the shoot apical meristem and lateral organ patterning

Plant genetics
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Fig. 2. A schematic representation of the pas-
sive repression of PIF transcription factors. In
the case of passive repression, the repressor
does not interact directly with the DNA region,
but regulates other proteins indirectly through
helper proteins. PIFs (phytochrome-interacting
factors) are inactivated by proteins from a sub-
family of the plant-specific GRAS transcription-
al regulators with DELLA domain. DELLAs are
not directly associated with the region of DNA,
but instead with the PIFs bHLH DNA-recogni-
tion region and prevent binding of PIFs to the
targeted DNA.

(Prigge et al., 2005). It has been shown
that ZPR3 has specific association with
the HD-ZIP III proteins, including
ATHBI15, ATHBS, Phabulosa (PHB),
Phavoluta (PHV) and Revoluta (REV),
using the ZIP motif (Kim Y.S. et al.,
2008). Studies of protein-protein interac-
tions and transcriptional activity showed
that the ZPR-HD-ZIP III heterodimer
is transcriptionally inactive because it
does not bind with DNA (Wenkel et al.,
2007). It is still unknown whether the
ZPR-mediated transcriptional control is
unique only to HD-ZIP IIIs or if “little
zippers” could also regulate other TFs
from different families.

Currently, investigation of structural
organization of the ZPRs, their function-
al role and dominant-negative regulation
of HD-ZIP IIIs TFs has led to the iden-
tification of some other similar proteins
in the Arabidopsis genome (Seo et al.,
2011a). An important specific character-
istic of the new proteins was exclusion
of one or more domains, for example
DNA-binding or activation domains,
but the presence of an intact dimeriza-
tion domain. A small group of proteins,
named “Mini zInc Fingers” (MIF) was
also discovered. Like ZPR proteins, MIF
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Fig. 3. Small plant proteins interact with transcription factors, thereby realizing negative regulation
of a gene.

(a) Transcriptional factors from Class Il homeodomain proteins “leucine zipper” (HD-ZIP llls) usually func-
tion as homodimers, but the truncated form of little zippers (ZPRs) leads to the formation of transcription-
ally nonfunctional heterodimers. ZPRs have only the ZIP motif responsible for protein-protein interactions,
but lack the DNA-binding and the C-terminal activation domains. (b) “Mini zInc Fingers” (MIF) proteins do
not have TF activities by themselves, but regulate the activities of the ZF-Homeodomain (ZHD) TFs by
competitively forming nonfunctional heterodimers. MIF proteins contain a ZF motif that is highly homolo-
gous to the same motif within “Zinc Finger” of TF ZHD family, but lack the DNA-binding and the C-terminal
activation domains.

proteins do not have TF activities by themselves, but regulate the activities of the
ZF-Homeodomain (ZHD) TFs by competitively forming nonfunctional heterodimers
(Hu, Ma, 2006; Hu et al., 2011). MIF small proteins contain a ZF (“Zinc Finger”)
motif that is highly homologous to the same motif within ZF of ZHD TF. On the
other hand, MIFs do not have a DNA-binding HD motif, suggesting their involve-
ment in negative regulation of ZHD TFs (Fig. 3, b).

Another example of small proteins is the Kidari (KDR) proteins that contain the
helix-loop-helix (HLH) motif, which is highly homologous to a subgroup of the
bHLH TFs. It has been shown that KDR proteins regulate the activity of HFR1,
involved in plant photomorphogenesis (Hyun, Lee, 2006). HFR1 protein also plays
an important regulatory role in plant response to sunlight (Zhang et al., 2008), and
KDR proteins are important for signaling both the phytochrome A and crypto-
chromes (Duek, Fankhauser, 2003). So, the KDR-HFR1 interaction is responsible
for blue and far-red light responses. The KDR protein consists of approximately
100 amino acid residues and has no activation domain, which is normally respon-
sible for TF activity. KDR interacts with HFR1 through the HLH motif and prevents
HFR1 from interacting with PIF transcription factors (Hyun, Lee, 2006; Hong
etal., 2013).

As aresult, discovered small proteins have been called “small interfering proteins/
peptides” (siPEP/siPROT), and their mechanism of action was named “peptide/
protein interference” (PEPi/PROTI) (Seo et al., 2011a, 2013).

Alternative splicing as a way of producing siPEP/siPROT
Another way of transcriptional regulation occurs via the formation of nonfunctional
heterodimers. As it was shown recently by Seo (Seo et al., 2013), alternative splicing
(AS)-derived protein isoforms act as dominant negative regulators via common to
PEPi/PROTi mechanisms of nonfunctional heterodimer formation.

AS is a unique way to obtain different protein variants from one single gene in
order to increase transcriptome diversity without drastically increasing the size of
the genome of a eukaryotic organism. It has been shown that roughly 60 % of all
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genes of plant genomes, containing introns, are alternative-
ly spliced (Marquez et al., 2012). There is a view of the con-
nection of the organism complexity and AS. AS may con-
tribute to the development of an organism with a complex
organization by increasing of the proteome diversity (Chen et
al., 2014).

Many TF-encoding genes are involved in the regulation
of various processes, such as flowering and stress response.
Sometimes their transcripts are exposed to AS, that helps to
regulate intracellular processes of adaptation. For example,
TF IDD14, which regulates the metabolism of starch during
cold stress, is exposed to AS (Seo et al., 2011b). In response
to cold stress, a plant provides two spliced variants of TF
IDD14: IDD14a, which is a full-sized version of the TF
and IDD14p — a truncated variant of the TF with a damaged
DNA-binding domain. It is important that TF IDD14f has a
functional dimerization domain, which allows the formation
of non-functional heterodimers consisting of truncated and
the full-sized version of TF IDD14. It has been demonstrated
that transgenic plants overexpressing /DD/4a only, have
short growth. It is supposed that IDD14a provides the influ-
ence on the QUA-QUINE STARCH (QQS) gene, involved in
starch degradation. For transgenic plants overexpressing the
IDD14f3 gene only, the opposite was demonstrated: there was
significant accumulation of starch in plant cells. Therefore, it
could be reported that TF IDD14f plays a dominant-negative
role in Arabidopsis plants (Seo et al., 2011b).

In the next parts of this review we will describe in more
details several cases of the siPEP/siPROT-mediated regula-
tion in plants.

Regulation of plants genes expression
using truncated forms of the TF protein

Circadian clock-associated1 (CCA1) protein

as a component of cold accommodation

Genes involved in circadian rhythms of A. thaliana play
an important role in the synchronization of a wide range of
plant biological processes, and plant response to stress via
transcriptome regulation. One of the key genes involved
in the circadian thythm of A. thaliana is CCAI, encoding a
Myb-related CCA1 transcription factor. The CCA1 TF partici-
pates in plant response to cold stress. It has been shown that
transgenic plants expressing the CCA/ gene demonstrate an
improved resistance to low temperatures compared with plants
harboring a mutation in this gene (Seo et al., 2012). In spite
of the importance of CCAl, it is unknown how decreasing
temperature influences activity of CCAl. It was shown that
CCAL is able to regulate gene expression by binding to EE
(Evening Element) motif of target promoters regions. These
motifs regulate the genes that are actively expressed in the
evening (Harmer, 2009; Nagel et al., 2015). mRNA of CCA1
gene accumulates during dawn and represses the expression
of target genes, accumulating in the evening. However, CCA1
protein levels decrease throughout the day, thus the expres-
sion levels of target genes which was suppressed previously
increase and peaking in the evening (Alabadi et al., 2001).
CCAL plays an important role in regulating a large set of
the biorhythmic transcriptome. Many of target genes include
EE motif, but recently (Nagel et al., 2015) it was found a
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group of genes belonging to morning phase and enriched of
unrecognized motifs associated with the function of CCAL.

Recently (Seo et al., 2012) it was shown that the CCA/ is ca-
pable of forming two splice variants: the full-sized functional
protein CCAla and a truncated version — CCA1B. CCAI1B
isoform has a full-sized dimerization domain that allows it to
form homo/heterodimers, but it has no N-terminal MY B motif,
which is involved in DNA binding. Consequently, CCA1f
is able to form non-functional heterodimers with full-sized
TF CCAla and also with TF LHY, which is involved in late
elongation of hypocotyls and is also responsible for the plant’s
circadian rhythm. At low temperatures, CCAla is liberated
from CCA1p and forms CCAla—CCAla and LHY-CCAla
dimers, which bind to the CBF gene promoters to induce
freezing tolerance (Dong et al., 2011). Later it was shown that
other genes involved in circadian rhythms of plants (7OC],
PRR3, PRR5, PRR7 and PRRY), also have alternative splicing
variants (Park et al., 2012).

PtFLC protein responsible

for control of flowering time

Seasonal flowering of plants often requires pre-incubation at a
low temperature. This phenomenon is known as vernalization
and is observed for many plants, including 4. thaliana. The
vernalization period can continue for several weeks, compared
to the influence of daylight duration, which is a trigger of the
flowering process usually requiring just several days. Plants
that require vernalization encode a repressor that blocks
flowering during the summer or the fall periods.

Two key genes involved in the flowering process of 4. thali-
ana are FLC and FRI. The FRI gene encodes supercoiled
protein that is involved in transcription of the FLC gene, pos-
sibly through its effect on chromatin (Johanson et al., 2000).
The FLC gene is a MADS-box TF, which is associated with
genes involved in flowering, and blocks their transcription.
FLC functions as a transcriptional repressor of flowering
(Michaels, Amasino, 1999; Sheldon et al., 1999).

In Poncirus trifoliata, a homolog of FLC (Zhang et al.,
2009) was also found. Gene expression of PtFLC is also
regulated by temperature fluctuations. However, another
regulation mechanism of the PtFLC gene exists: it takes place
on the post-transcriptional level by AS. PtFLC form 5 protein
splice variants at various stages of plant development and
under the influence of a particular temperature. The smallest
isoform function as a negative repressor by competing for
linkage to the DNA, or to form a non-functional heterodimer
with full-sized PtFLC TF (Zhang et al., 2009). Perhaps, due
to the need to regulate the development of the plant at differ-
ent stages and at different temperatures, the PtFLC gene form
5 splice variants. This is one of the communication pathway
between external signals and internal programming in plant
development. Thus, the PtFLC1 and PtFLC2 protein variants
were found only in the developing tissues, while PtFLC4 and
PtFLCS isoforms were detected in already formed tissue of the
adult plant. Isoforms of the PtFLC3 protein were detected at
all stages of plant development. It is interesting that all of the
alternative protein isoforms have the DNA-binding domain,
but possess deletions of the C-terminal domain in different
positions. However, the particular mechanism of action of
PtFLC alternative isoforms is still not clear.
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Fig. 4. The model of the SVP-FLM-§ and SVP-FLM-f3 complex. In the case of a low temperature (16 °C), the amount of FLM-3
proteins totals more than that of the FLM-6 splice isoform. Therefore, SVP could form homo- and heterodimers with TFs SVP
and FLM-B, respectively. Heterodimer SVP-FLM-f and homodimer SVP-SVP each connect to the regulatory regions of the genes
controlling flower formation, thereby suppressing these genes, which causes delay of flowering. Increasing temperature (27 °C)
forces the development of alternative protein isoforms — FLM-6 - that replace the FLM- isoforms in the heterodimer SVP-FLM-(.

FLM-J protein responsible for control of flowering time
depending on the temperature

As mentioned previously, the key mechanism of acceleration
flowering of A. thaliana during prolonged cold exposure is
associated with repression of FLC transcription factors, be-
longing to the MADS-box family (Song et al., 2012). To date,
the phenomenon of vernalization in 4. thaliana is studied well
enough allowing the prediction of the existence of vernaliza-
tion pathway in other plants based on their genotypes.

However, plant sensitivity to environmental temperature
fluctuations is still under investigation (Verhage et al., 2014;
Capovilla et al., 2015).

Important genes for flowering in A. thaliana are FLM and
SVP. Proteins FLM and SVP are TFs that play an important
role in flowering repression (Balasubramanian et al., 2006; Lee
etal., 2007). Mutations in these genes account for the reduced
sensitivity of plants to low temperatures, which indicate that
FLM could act as a repressor of response to environmental
temperature (Scortecci et al., 2001). It may be a result of
the destruction of flowering-time regulation that depends on
temperature (Balasubramanian et al., 2006; Lee et al., 2007;
Gu et al., 2013).

It is known that RNA of the FLM gene is alternatively
spliced generating the four isoforms of the protein. The most
common are two isoforms: FLM- and FLM-d. It has been
shown that FLM-f isoforms predominate in cells of A. thaliana
after cultivation at 16 °C. However, at 23 °C both isoforms —
FLM-B and FLM-6 — are produced in approximately the same
quantities, and at 27 °C FLM-9 isoform predominates. As
for the SVP gene, it was shown to be mostly independent of
temperature (Posé et al., 2013). It has also been shown that
the sole presence of the FLM-f isoform in plant cells delay
flowering, while existence of only the FLM-9 variant in the
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plant accelerates the flowering. In addition, both splice vari-
ants of the protein are able to form heterodimers with the SVP
protein via the dimerization domain. Heterodimer SVP-FLM-f
bounds to the regulatory regions of genes controlling flower
formation (SOCI, ATC, TEM?2, SEP3, AP3, PI and others),
thereby suppressing these genes and causing the delay of
flowering. Moreover, the SVP protein form homodimers that
repress the genes controlling formation of flowers. The hete-
rodimer SVP-FLM-$ almost never binds to the regulatory
regions of genes; this allows for transcription to occur. It seems
that both isoforms compete with each other to build connection
with the SVP protein. At low temperatures, the main product
of the FLM gene is the FLM- protein, which blocks flower
formation by development of the SVP-FLM-f heterodimer.
Increasing temperature forces the development of alternative
protein isoforms — FLM-8 — that replaces the FLM- isoforms
in the heterodimer SVP-FLM-f. Therefore, the FLM-§ isoform
works as a dominant negative regulator and force the process
of flower formation (Fig. 4) (Lee et al., 2013).

Dormancy regulation and a role of DRM1 gene
One process that influences plant growth and development in
response to abiotic factors or endogenous biotic factors (e. g.
hormonal regulators) is dormancy release. Dormancy can be
determined as an absence of visible growth in meristematic
plant tissue (Horvath et al., 2003). Endodormancy (winter
dormancy) also exists in perennials and protects plants from
external factors such as reduced light hours and extreme cold,
as well as from the action of internal factors (e. g. hormones)
at both the transcriptional and translational levels.
Dormancy-associated gene-1/Auxin-repressed protein
(DRM1/ARP) is often used as a genetic marker for dormant
meristematic tissues (Rae et al., 2013). The functional role
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Fig. 5. Models of siPEP/siPROT action in plants.

A.D. - activation domain; D.D. — dimerization domain. DB.D. - DNA-binding
domain.

(a) A siPEP/siPROT with dimerization and activation domains, but lacking a
DNA-binding domain form heterodimers with a target TF. Such heterodimers
will have reduced DNA-binding activity. (b) A siPEP/siPROT with DNA-binding
and dimerization domains, but lacking an activation domain form heterodi-
mers with a target TF. Such nonfunctional heterodimers have no transcription-
al activity or have a reduced transcriptional activity compared to functional
TF homodimers. (c) Isolation of target TFs from the nucleus by siPEP/siPROT.

Nucleus

of DRM1/ARP was shown for the first time in pea (Stafstrom
et al., 1998). It has been shown that the transcription level
of PsDRM1 in dormant buds beneath the apex is high, but
six hours after removal of the apex the transcriptional level
of the gene falls significantly. Later, comparable profiles of
expression were detected in 4. thaliana plants (Tatematsu et
al., 2005) and kiwifruit (Wood et al., 2013). The light signaling
mutant, phyb, in Arabidopsis has a reduced, non-developing
buds with a concomitant increase in DRM1/ARP expression
(Kebrom et al., 2006). Perhaps other members of the DRM 1/
ARP family play an important role in response to different
stress factors such as cold, salt stress, drought, and others.
AtDRM1 and DRM] of kiwifruit, like many other genes
involved in response to stress, undergo alternative splicing
(Ner-Gaon et al., 2004). DRM1/ARP family members of ki-
wifruit have been supposedly classified as IDPs (Wood et al.,
2013). These proteins have no stable tertiary structure, but can
be packed partially depending on environmental conditions or
interaction with other proteins; this effectively changes their
physiological condition (Uversky, Dunker, 2010) and allows
them to interact with a wide variety of protein-partner. It is
interesting to note that many of IDPs in the isolated state create
a strong connection with protein-partners. It was shown that
these types of proteins are involved in the response to stress
factors by associating with GRAS proteins (Sun et al., 2010,
2011) and heat shock proteins (Wang et al., 2004). However,
the functional role of IDPs proteins is still not fully under-
stood (Rangarajan et al., 2015). Recently, it was found that
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the AtDRM1 and AtDRM2 proteins can play a role as IDPs
(Rae et al., 2014).

AtDRM1 has six alternatively spliced variants. While the
AtDRM1.1-AtDRM1.5 splice variants demonstrated relatively
conserved transcriptional response to different stresses, the
AtDRM1.6 splice variant has a response to hormonal and salt
stress (Ner-Gaon et al., 2004; Mastrangelo et al., 2012; Rae et
al.,2014). Perhaps, due to the presence of alternative splicing
for AtDRM1genes, as well as the ability to protein-protein
interaction for IDPs, these proteins participate in regulating the
response to abiotic stresses by protein-protein interaction.

Models of siPEP/siPROT action

To date, all the discovered small interfering proteins are
characterized by small size (about 100 amino acid residues),
and the obligatory presence of the domain responsible for
dimerization or protein-protein interaction. Depending on
other domains (for example, the DNA-binding domain or an
activation domain) siPEP/siPROTs can be divided into two
groups.

The first group includes siPEP/siPROTs with dimerization
and an activation domain (Fig. 5, a). Such siPEP/siPROTs
form a nonfunctional heterodimer with TFs to reduce DNA-
binding affinity, negatively regulating the expression of genes
and work as a passive repressor. Most siPEP/siPROTs are
included in this group (as in ZPR and MIF proteins described
above). This type of siPEP/siPROTs could also interact with
TFs, acting as heterodimers with related TFs or other transcrip-
tion regulators, such as DNA-binding factors.

The second group includes small proteins with dimeriza-
tion and DNA-binding domains but missing an activation
domain (Fig. 5, b). This type of siPEP/siPROTs develops a
nonfunctional heterodimer with a TF and binds to DNA, but
has no transcriptional activity or has a reduced transcriptional
activity compared to functional TF homodimers (Seo et al.,
2011a); thus, it acts as an active repressor.

Furthermore, heterodimer formation with siPEP/siPROTs
can also taking out target TFs from the nucleus (Fig. 5, ¢). It
was noticed for MIF protein that this group of proteins works
in the “taking out from the nucleus” pathway. For example,
nonfunctional heterodimer MIF-TF is excluded from the
nucleus, such that it negatively regulates the work of the ZHD
TFs (Hong et al., 2011).

Perhaps other ways of functional TF regulation by siPEP/
siPROTs could exist.

The siPEP/siPROT with a present DNA-binding domain,
but missing the activation (required for transcriptional ac-
tivation) and dimerization (for protein-protein interaction)
domains would theoretically be able to compete with func-
tional monomeric TFs for DNA binding. Moreover, the siPEP/
siPROT with the protein-binding domain that is involved in
interactions with other proteins or cofactors could compete
with functional TFs for binding with cofactors or other protein
partners. This is required for TF activation. In addition, the
siPEP/siPROTs with a DNA-binding domain only that form
the nonfunctional homodimers siPEP/siPROT-siPEP/siPROT,
would completely block the DNA binding sites for functional
full-sized TFs. To date, these types of siPEP/siPROTs have
not been yet identified, so the exact mechanism of regulation
is difficult to predict.
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Fig. 6. Receptors could also form nonfunctional heterodimers due to lack
of a domain (for example, kinase domain).

Who can play the siPEP/siPROT role

Small proteins can regulate the functional TFs by forming
nonfunctional heterodimers, as well as by competing with
them for DNA-binding sites. Despite some similarities to RNA
interference, such as small molecular sizes and some miss-
ing biochemical activities, siPEP/siPROTs are distinct from
siRNAs in that siPEP/siPROTSs do not require any enzymatic
stages for their action (except for the alternative splicing to
generate them). The mechanism of small proteins’ action is
simple and easily predictable, which is useful for the creation
of artificial siPEP/siPROTs for plant biotechnology.

Not only TFs, but also other proteins capable of forming
dimers, e. g., receptors (including membrane), could utilize a
similar mechanism of activity regulation by dimerization with
small peptides/proteins (Fig. 6).

The PEPi/PROTi pathway could reduce the activity of such
receptors. Moreover, the same approach could be applicable
to all dimeric enzymes (e.g. acyl-ACP-thioesterase (Bhat-
tacharjee et al., 2011), which control fatty acid deposition in
seeds). This pathway plays a huge role in plant growth and
developmental processes and responses to biotic and abiotic
stresses as well.

Thus, small interfering peptides and proteins can actively
participate in the regulation of gene expression, for example, in
situations of stress or at different stages of plant development.
Moreover, small interfering peptides and proteins can be used
as a tool for fundamental research on the function of genes
as well as for applied research for permanent or temporary
knockout of genes.
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3naku (Poaceae Barnh.) - camoe KpynHoe cemeicTBO NOKpbITOCe-

MEHHBbIX PacTeHWI, NPOM3PacTaloLLVX Ha BCEX KOHTUHEHTAX 3eMHOTO
LIapa 1 COCTaBNAIOLMX 3HAUUTENBHYIO YaCTb MHOTVX GMOLEHO30B.

K aTomy cemecTBY NprHaanexaT Takve BaXHble CeNlbCKOX03ANCTBEH-
Hble KYJIbTYpbl, KaK p1UC, KYKypy3a, NiLeHnLa, AYMEHb, POXb, Caxap-
HbIl TPOCTHUK. KauecTBEHHbIE U KONMUECTBEHHbIE XapaKTePUCTUKN
COLBETUIA 31aKOB HEMOCPEACTBEHHO CBA3aHbl C MPOAYKTUBHOCTbHIO 1
onpeaensTca 0Co6eHHOCTAMY Pa3BnTUA. B 063ope paccmoTpeHbl
COBpeMeHHble NMPeACTaBIeHNs O CTPOEHU 1 Pa3BUTUM COLIBETUI 3N1a-
KOB, @ TaKkXe pe3ynbTaTbl UCCNefOBaHMN FeHETUYECKUX MEXaHN3MOB,
perynupyowx ux bopmrposaHue. CoLuBeTUs BCeX 3M1aKOBbIX Xapak-
Tepur3yloTcsa o6Lel YepToi: LIBETKU Pa3BMBAlOTCA B COCTaBe onpeae-
NEeHHOW CTPYKTYPbl — KONOCKa, CTPOEHVE 1 06LLre YepTbl Pa3BUTUA
KOTOPOTO CXOAHbI Y BCEX 3M1aKOB. Y 6OMbLIMHCTBA NPefcTaBuTeNen
3/1aKOBbIX COLIBETVE MMEET CIIOKHOE CTpoeHue. [invHa 1 0co6eHHOo-
CTUN CTPOEHVIA FNAaBHOW OCU COLBETHSA, HaIMUMe 1 CTeNeHb BeTBIe-
HIIAA, PACMONOXeHVE 1 pa3BMTUE GOKOBbLIX BETOUEK 0OyCnaBnmnBaoT
607bLLOe pa3HOO6pasye B CTPOeHUN coLBeTMI. CIOXHble COLBETSA
3naKoB GOPMUPYIOTCA 13 MEPUCTEM HECKOTIbKMX TUMOB. Mepexoa ot
bYHKLMOHMPOBaHWSA OLHON MePUCTEMbI K IPYrOi — MHOFOCTyneHYa-
ThIli NPOLIECC, B Perysaumio KOTOporo BOB/eYeHO MHOXECTBO FeHOB.
leHbl, ynpaBnsioLyie pa3BUTMEM COLBETUA 3/1aKOB, OblIn naeHTMGMLK-
poBaHbl 61aroaaps NCMonb30BaHWIO MYyTaHTOB (B OCHOBHOM KYKypy3bl
1 prica), y KOTOPbIX HapyLieHa Mopdonorus coLBeTrs 1 LiBeTKa; 60/1b-
LIanA YacTb 3TVX FeHOB KOHTPONMPYET MHALMALUIO 1 CYbOYy MeprcTeMm.

Hannuve HEKOTOPbIX reHETUYECKNX MEXaHN3MOB, PErynmpyoLwmnx

pa3BuTME COLUBETUA 3/1aKOB, MOATBEPXKOAAOT MOAENN, PaHee OTKPbITble
Y ABYAONbHbIX paCTeHVII‘/'I. BmecTte c Tem nokasaHo, uto cywecTByoT
npouecchbl pa3snTnA, CI'IeLl,I/I¢I/NHbIe TONbKO AnA COLlBeTMM 3/1aKOB,
NMOABJIAOTCA HOBbIE MOLYNN B UX reHeTnYecKon perynaunn, B 4acT-

HOCTW CBA3aHHble C ¢OpMI/IpOBaHI/IeM pa3BeTB/IEHHOIO COUBETUA.

Kpome Toro, BaxKHbI aCMeKT reHeTuyecKoln perynaumum — Hanmume
«cnabbix» annenein, He Bbi3bIBaOLMX TEPATONOrMYECKUX HAapYLUEHWI
B CTPOEHUW COLIBETUA, HO BHOCALLMUX BKa B M3MEHUYMBOCTb KOSU-
YeCTBEHHbIX NPU3HAKOB MOJ KOHTPOIEeM FreHOB Pa3BUTHA, HaNnpUMep
reHoB curHanbHoro nyTn CLAVATA 3n1akoB. Hanvume Takmx «cnabbix»
annene, cBA3aHHbIX C NPOAYKTUBHOCTBIO, ABAAETCA OCHOBaHVEM AJ1A

VX JanbHeNLero Ncnonb30BaHNA B CENEKLMOHHbIX nporpammax.

KntoueBble crioBa: 3n1aKu; COLBETHUE; MepPUCTeEMbI; MOEHTUYHOCTb
Mepuctem; neTepMUHNPOBAHHOCTb MEPUCTEM.
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Cereals (Poaceae Barnh.) are the largest family of
monocotyledonous flowering plants growing on all
continents and constituting a significant part of Earth’s
many ecological communities. The Poaceae includes
many important crops, such as rice, maize, wheat, bar-
ley, and rye. The qualitative and quantitative charac-
teristics of cereal inflorescences are directly related to
yield and are determined by the features of inflores-
cence development. This review considers modern
concepts of the morphology, development and gene-
tic mechanisms regulating the cereal inflorescence de-
velopment. A common feature of cereal inflorescences
is a spikelet, a reduced branch that bears florets with a
similar structure and common scheme of development
in all cereals. The length and the structure of the main
axis, the presence and type of lateral branches cause a
great variety of cereal inflorescences. Complex cereal
inflorescences are formed from meristems of several
types. The transition from the activity of one meristem
to another is a multi-step process. The genes involved
in the control of the cereal inflorescence development
have been identified using mutants (mainly maize and
rice) with altered inflorescence and floret morphology;
most of these genes regulate the initiation and fate of
meristems. The presence of some genetic mechanisms
in cereals confirms the models previously discovered
in dicotyledonous plants; on the other hand, there

are cereal-specific developmental processes that are
controlled by new modules of genetic regulation, in
particular, associated with the formation of a branched
inflorescence. An important aspect is the presence

of quantitative variability of traits under the control

of developmental genes, which is a prerequisite for
the use of weak alleles contributing to the variability
of plant growth and yield in breeding programs (for
example, genes of the CLAVATA signaling pathway).

Key words: cereals; inflorescence; meristems; meristem
identity; meristem determinacy.



naku Poaceae Barnh. (Gramineae Juss.) — camoe kpyri-

HOE CEMENCTBO MOKPBITOCEMEHHBIX PACTEHHI, KOTOPOE

BKIroyaeT okoro 8 000 BumoB, 500 pomoB, 00BEIMHECHHBIX
B 60—80 Tpub u Heckonbko moacemericts (LBener, 1976),
MPOM3PACTAIONINX HA BCEX KOHTHHEHTAaX 3€MHOT0 Iapa u
COCTABJISIIOIINX 3HAYUTEJIFHYIO YaCTh MHOTUX OHOIICHO30B.
K aTomMy cemelcTBY NpHHAIIEkKAT TaKHE BaXKHbIE CEIbCKO-
XO3SIICTBEHHBIE KYNIBTYpBI, KaK IMIIEHHUIA, PUC, KYKypy3a, a
TaKXXe s’IMEHb, POXKb, OBEC, COPTO, ITPOCO, CaXapHBI TPOCT-
HUK ¥ Jip. BaykHOe 3KOHOMHYECKOE 3HAUEHUE 3EPHOBBIX
3J1aKOB, MPEXK/IE BCETO PUCA, MIICHUIBI, KYKypy3bl, STAMEHS,
1 HENPEKpaIaoIrecs padoThl MO CENEKIINU 3THX CETbCKO-
XO3SIMCTBEHHBIX KYJIBTYP TPEOYIOT IETaJbHOTO M3yUeHHs U
ITyOOKOTO MOHUMAHUSI MOJIEKYJISIPHO-TEHETHIECKUX MeXa-
HHU3MOB, JISKAIIMX B OCHOBE (DOPMUPOBAHUS XO3IHCTBEHHO
ICHHBIX IMPU3HAKOB, MPOLCCCOB aganTallluyu U pa3BUTUA B
nenoM. KadecTBeHHbIE M KOJTMUYECTBEHHBIC XapaKTEPUCTHU-
KI COIIBETHS 3J1aKOB HEMOCPEACTBEHHO CBS3aHBI C MPOAYK-
TUBHOCTBIO. OCO6CHHOCTI/I Ppa3BUTUA COLBETUSA OIIPEACIIA-
10T €T0 apXUTEKTYPy, U UICHTU(PUKAIMS TCHOB, YIIPABIISIO-
X Pa3BUTHEM COLBETHS, yCTAHOBICHNE UX CTPYKTYPHI
(yHKIMH — HEOOXOAMMOE YCIIOBUE /ISl ONPE/ICIICHHS] MHULIIe-
HEl HampaBJIEHHOTO BO3ACHCTBUS Ha MPOTPAMMBI PA3BUTHS
COLIBETHSI M HA CBSA3AHHBIC C MPOJYKTHBHOCTBIO IPU3HAKU
3J1AKOB.

Takum 006pa3om, n3ydeHne 0COOCHHOCTEN Pa3BUTHS COIIBE-
THH 371aKOB, B&YKHBIX 36PHOBBIX KYJIBTYP, UMEET OUCBHIHYIO
MPaKTUYCCKYIO 3BHAYNMOCTD. I/ICCHCZ[OB&HI/HIM TCHETUYCCKUX
ACTIEKTOB PAa3BUTHUS COLIBETUI TPAANUIIMOHHO YAEISIIOCH O0b-
I10¢ BHUMAaHKE, U OHHU TTO-TIPEXKHEMY aKkTyalbHbl. OCHOBHAs
LeJIb MPEJICTaBICHHOr0 0030pa — 0000MUTh PE3yIbTaThl
WCCIIEOBAaHNM, TTOCBAMICHHBIX M3YYEHUI0 0COOCHHOCTEH
Pa3BUTHS M TEHETHYECKOH PEryIsiiy MopgoreHesa CorBeTHit
3JIaKOB, INOJIYUYCHHBIX K HACTOAIIEMY BPEMECHU.

0Oco6eHHOCTN CTPOoeHUA

couBeTUI 31aKOB

YV npexncraButeneit cemeiictsa 3makoB (Poaceae) riBeTku co-
OpaHbI B COBETHS. Y BCEX 37IAKOBbIX, 33 HCKITIOUEHHEM OJTHOM,
paHo AUBEPrUPOBABIIICi BeTBH ojcemeiictBa Anomochlooi-
deae, couBeTHs XapakTepU3yIOTCs 0OIIeH YepTOd — IBETKU
Pa3BUBAIOTCS B COCTABE OIPE/ICIICHHOM CTPYKTYPbI — KOJIOCKA.
H.H. IIenes (1976) onpenens KOJIOCOK KaK IEMEHTapHOE
COI[BETHE 3JIAKOBBIX, & B COBPEMEHHOM aHIJIOSN3bIYHOMN JIUTE-
parype KOJIOCOK 00BIYHO PACCMATPHBAIOT KAK YKOPOUCHHYO/
penylLMpOBaHHYIO BETOUKY, IPU 3TOM TepMuH “‘spikelet”
o00o03HaYaeT MUHHATIOPHBIHN KoJoc (Malcomber et al., 2006).
VY Bcex 371aKOB KOJIOCOK MMEET CXOHOE CTPOCHHUE U 00IIme
4yepThl pa3BuThs. Kolocok OONBIIMHCTBA 371aKOB COJEPIKUT
[[BETKH, COCTOSIIINE U3 3aBSI3H, NMbIJIbHUKOB, JIOAUKYII, [[BET-
KOBBIX YEIyi, 3aKITFOYEHHBIX B KOJIOCKOBBIE YeIlnyu. MHOTO-
I[BETKOBBIN KOJIOCOK COCTOMT U3 ocH Koyiocka (rachilla), Ha
KOTOPOU TIOOYEPEIHO JBYMsI PsIIAMH PACIIONIOKEHBI [[BETKH,
3aKJIFOYCHHBIC B [[BETKOBBIC YCIIYH, & Y OCHOBAHUS KOJOCKA
pacrionaraercs napa Opaxreil (4euryeBH/HbIE MTPUIBETHBIC
JIMCThsI), HE UMEIOUIUX [BETKOB, BEPXHsSI M HIKHSS KOJIO-
cKoBbIe uenyu (glumae). Pa3mep KOJIOCKOBBIX YEIllyii 371aKOB
BapbUPYET OT OYEHB KPYIIHBIX, OXBATHIBAIOILUX BECh KOJIOCOK,
JIO MEJIKUX HJIH Ja)Ke TTOJTHOCTBIO PEyIIMPOBAHHBIX. B MHOTO-
[[BETKOBBIX KOJIOCKAX OHH YaCTO CXOAHBI MO CTPOCHHIO C

leHeTuKa pacTeHUn

HIDKHUMH 1[BETKOBBIMH uetnysiMu (L[Benes, 1976). V npex-

craBuTenei moacemeiicrea Anomochlooideae konocka xax

TAKOBOTO HET, HO UMEETCSI €T SKBUBAJICHT, JINILICHHBIH KOJIOC-

KOBBIX U LBeTKOBBIX eyt (Clark, Judziewicz, 1996). [Ton-

cemetricTBo Pharoideae — camasi paHHSIS YBOTIOIIMOHHAS BETBb,

y KOTOpoii HabmoaeTcst popMUpOBaHUE TUITMIHOTO KOJIOCKA

(Malcomber et al., 2006). Unciio 1BETKOB B KOJIOCKE 3J1aKOB

Bapeupyet ot 1 1o 10 (unorma mo 30). H.H. Lisenes (1976)

paccMaTpHBaeT OJJHOIBETKOBBIE U IBYXIIBETKOBBIC KOJIOCKHU B

Ka4y€CTBC pE€AYKINH NNEPBUYHBIX MHOT'OIIBETKOBbLIX KOJIOCKOB,

TI0JIarast, YTO IBOMIOIHS KOJIOCKOB IIIJIa IO Iy TH YMEHBIICHUS

YHCiIa IBETKOB, HO CaMH KOJIOCKH 0OPa30OBBIBAIIM CIIOKHBIC

cougerusi. S.T. Malcomber ¢ kosuteramu (2006) cooOator,

YTO MOSBIEHHE MHOTOLBETKOBOTO KOJIOCKA y 3JIAKOB ITPOHC-

XOJUT ITOCTIC OT/IENICHNUS HBONIIOIMOHHON BeTBHM Pharoideae.

Takum 00pa3oM, KOJIOCOK ITPEICTaBIISIET COO0I AlIeMEHTapHOe

COI[BETHE B COCTABE CIOKHOTO COLIBETHS 3JIAKOB.

CouBerrie HEMHOTOUHMCIICHHBIX HPE/ICTaBUTEICH 371aKOB
(mampumep, poaa Lygeum) TpencTaBIeHO €IMHCTBEHHBIM
TePMUHATHHBIM (BEPXYIIECYHBIM) KOJIOCKOM, y OOIBIIMH-
CTBa MPE/ICTABUTENICH 37IAKOBBIX OHO MMEET 00JIee CI0XKHOE
cTpoenue. JnMHa ¥ 0COOEHHOCTH CTPOCHUS INIaBHOW OCH
COILIBETHS], CTETICHb BETBIICHUS, PACIIOIOKCHNE U Pa3BUTHE
OOKOBBIX BETOUECK O0YCIIaBIMBAIOT OOJBIIOE pazHOOOpasue
B CTPOCHUU COLIBETUH 3JIAKOB.

B xyaccuueckoil TAKCOHOMUYECKON JINTEPATYPE KOJIOCOK
MPUHATO PAaCCMaTPHUBaTh B KAYECTBE aHAJIOTa I[BETKA KAK Tep-
MHHAJIBHON CTPYKTYpbl 00KOBOI ocu coueTHsi (Malcomber
et al., 2006), Ha OCHOBaHWH YETO COIBETHS 3JaKOB OBLIU
pasJiesieHbl Ha CIIETYIONIHEe THITHI:

1) xonoc — couBeTHe, y KOTOPOro KOJIOCKU HAXOJATCS HEIO-
CPE/ICTBEHHO Ha OCH KOJOCOBOTO CTEP)KHS (CHISYME KO-
JIOCKH), KaK y IMIICHHIIBI, KU U STIMEHS;

2) MeTelKa NpeCcTaBisieT co0ol pa3BEeTBICHHOE COLBETHE,
KOJIOCKH KOTOPOTO Pa3BHUBAIOTCS Ha OOKOBBIX OCAX (Be-
TOYKaX) pa3HoOro nopsaka. Meresnka BcTpedaercst y 00i1b-
HIMHCTBA MPEACTaBUTENEH 3J1aKOB, BKIIIOYAsi PUC, OBCHI,
COpro, mpoco;

3) KUCTh (MM KHCTEBUIHAS METEINIKA) — COL[BETHE, KOJIOCKH
KOTOPOT'O PaCIONIOXKEHBI Ha TJIABHOI OCH Ha HOXKKax (CTe-
OerpKax), HaIpUMep COI[BETHE MPeACTaBUTeNeH pona Bra-
chypodium (KOPOTKOHOXKA).

CorBeTure 371aKOB MOXKET OBITh KaK TEPMUHAIBHBIM (MIIH
BEpPXYIIEYHBIM), TAK U aKCHAIIbHBIM, (POPMUPOBATHCS B Ma3y-
Xax Jicra. Y OOJbIIMHCTBA 37TaKOB MOP(OIOTHS TEPMUHAITb-
HOTO M aKCHaJIbHBIX COIBETHH OJMHAKOBA, UCKIIIOUCHHE CO-
CTaBIISIOT peIcTaBUTENN TpUOBI Andropogoneae (Kykypy3a,
COpro, caxapHbIi TPOCTHHK), aKCHAIbHBIE COLIBETHS KOTOPBIX
MeHee pasBeTsieHbl (Malcomber et al., 2006). Haubosee sto
BBIPAKEHO y KYKYPY3bl Zea mays Ssp. mays, TEPMUHAIBHOE
COI[BETHE KOTOPOH (METeIKa) pa3BETBICHO, & aKCHAIBHOE CO-
1[BeTHE (IIOYATOK — KOJIOCOBUHOE COLBETHE C YTOJIIEHHON
OCBIO) HE Pa3BETBICHO.

Couserne npencrasuteneid TpuoOsl Triticeae, K KOTOpOMy
OTHOCATCA BaXXHBIC 3CPHOBBIC KYJIBTYPhI — IMIIICHUIIA, TYMEHb U
POXB, ITPEICTABIAET COOOI KOJIOC ¥ B HOPME HE Pa3BETBIICHO;
KOJIOCKH PacIOJIOKECHBI HEIOCPE/ICTBEHHO HA TIIABHON OCH
KOJIOCa, Ha YCTYIIaX KOJIOCOBOTO CTEPIKHSI. Y T'eKCarIoNTHOM
MATKOHN mmeHuns! Triticum aestivum L. (BBAADD) poct
IJIaBHOH OCH KOJIOCa IETEPMUHHUPOBAH U 3aKaHIUBACTCs hop-
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MHPOBaHUEM BEPXYIICYHOTO (TSPMUHAILHOTO KOJIOCKA), V ITH-
TUIOWIHOM rieHuns! 7. monococcum L. (AA) TepMUHAIBHBIN
KOJIOCOK JIHOO pyIMMeEHTapeH, Ju00 oTcyTcTByeT (Bonnet,
1936). B oTmume OT MIICHUITBI, POCT OCH KOJIOCA STUMEHS
Hordeum vulgare L. He NeTepMUHUPOBAH U KOJIOC HE HMEET
BEpPXYIIEYHOr0/TepPMUHAIIbHOTO Kojocka (Bonnet, 1936).

Uwceno maTepaibHBIX CHITYHX KOJNIOCKOB Ha YCTyMax Ko-
JIOCOBOTO CTEPIKHS MOYKET Pa3lINuarhCsl U SIBISETCS BKHON
TaKCOHOMUYECKOM XapaKTEPUCTUKON, OHO MOXKET OBITh (hHK-
CHpPOBAaHHBIM WJIH BappupoBaTh (Muramatsu, 2009; Sakuma
etal.,2011). Tak, y NIIeHUIIBI M P>KU HA YCTYIaX KOJIOCOBOTO
CTEep KHS PACIIONaraeTcs M0 OAHOMY CHJISYEMY KOJIOCKY, a Y
STIMEHS — TNOO0 OIWH (ABYPSIHBIHN KOIOC), THOO TPU KOJIOCKA
(twectupsaHbi konoc). HeukcnpoBaHHOE YHCIIO KOJIOCKOB
Ha ycTyne GopMHUpyeTcsl y mpencraButenei pona Elymus
(Muramatsu, 2009).

Oco6eHHOoCTN pa3BUTUA

COLIBETI/IVI 3/1aKoB

MepucTeMbl — 00pa3oBaresibHble TKAHH PaCTEHHH, CoJlepiKa-
IIH€ ITyJ1 CTBOJIOBBIX Ki1eToK (bareiruna, 2014). OcobeHHOCTH
APXUTEKTYPBI PACTCHUH B OOJBIIION CTEIICHH OTIPEISIISTIOTCS
AKTUBHOCTBIO TICPBUYHBIX MEPUCTEM, KOTOPBIC 3aKJIaIbIBa-
IOTCS B XO/I€ SMOPHUOHATIBFHOTO Pa3BUTHS, — AITUKAJIFHON Me-
puctemsl modera (ITAM) u xopast (KAM). Mepucremst [IAM
n KAM o0GecrieunBaroT pocT OCEBBIX OPraHoOB — robera u
IJIAaBHOTO KOPHSI — U (hOpMUPOBAHKE HAI3EMHOM H TTOJI3EMHOM
gacTell pacteHus. Bo Bpems BeretaTuBHOH (hasbl pa3BUTHSA
I[TAM nocnenoBarenbHO HHUIUHUPYET JIMCTOBBIE MTPUMOP-
iy (3adatku). B maszyxax smcra GopMHUPYIOTCS BTOPUIHBIC
aKCHAJIbHBIE MEPHCTEMBI, KOTOPBIC 3aTE€M Pa3BUBAIOTCS BO
BTOpHUYHBIe TT00eru. B pesynbrare nmepexoma pacTeHHs OT
BETeTaTUBHOM CTAANHU PA3BUTHA K TeHEPATHBHON TPOUCXOANUT
npeoOpa3oBaHUe aMMKATHHON MEPUCTEMBI ITOOETa B MEpH-
CTEMY HOBOTO THIIa — MEPHCTEMY COLBETHS. ¥ HEKOTOPBIX
BUJIOB pacTeHuid, Harpumep Arabidopsis thaliana (L.) Heynh.,
[TAM HanpsMyT0 HHUIIUAPYET MEPUCTEMY [IBETKA, Y 3JIAKOB
Pa3BHBAIOTCS IPOMEXKYTOUHBIE THITBI MepHrcTeM. [Tepexon oT
(hyHKIIMOHUPOBAHMSI OHOW MEPHCTEMBI K JPYTrod — CIIOXK-
HBII MHOTOCTYIICHUYATHIA TPOIECC, B PETYISIMIO KOTOPOTO
BOBJICYEHO MHOXKECTBO TeHOB. COIBETHE METEIbUaThIX 3J1a-
KOB, TaKHX KaK PUC, KyKypy3a (My»KCKO€ COLIBETHE), COPTO,
COCTOWT W3 ITIaBHOH OCH, [UIMHHBIX BETOYEK U KOJOCKOB, a
KOJIOC ITHICHHIIBI, PXKU M STYMEHSI — U3 TIIABHOM OCH M KOJIOC-
koB. Kaxkas 13 9TUX yHUKAJIBHBIX CTPYKTYP Pa3BHBACTCS U3
OTIPENIEIIEHHOTO THIIA CIICIIHATN3NPOBAHHBIX MEPUCTEM, HX
0OBIYHO HA3BIBAIOT B 3aBUCHMOCTH OT OPTaHOB, KOTOPBIM OHH
JTAIOT HAyaJlo, — MEPHCTEMBI BETOUEK, MEPHCTEMBI KOJIOCKOB
u nip. Takum 0O6pa3oM, CIOKHOE COIIBETHE 37TaKOB (popMUpy-
€TCs U3 MEPUCTEM HECKOJIbKUX THIIOB.

Kaxxnyro mepucteMy XxapakTepusyoT 1Ba OCHOBHBIX CBOM-
CTBAa: WICHTHYHOCTH ¥ JICTCPMHHAPOBAHHOCTH. M IeHTHY-
HOCTbh MEPUCTEMBI OIPEICNISIETCS 10 THITY 3a4aTKOB OPTaHOB,
MHHULUUPYEMBIX JaHHOW mepuctemoii (Bartlett, Thompson,
2014). lerepMuHUpOBaHHBIE MEPHUCTEMBI MPEACTABICHBI
IpyMIamMH KJIETOK, KOTOPBIE TOCTENEHHO PACXOAYIOTCS TTOCIIe
WMHUIHALH OTIPEeNIEHHOTO (KaK MPpaBmiio, (PUKCUPOBAHHOTO)
YHcIIa OPTaHOB, a HEJICTEPMIUHNPOBAHHBIC, HAITPOTHB, 00pa3y-
I0TCSI U3 CAaMOBO300HOBIISIEMOTO ITyJ1a KJIETOK U MPOJ0JIKAIOT
MIPOU3BOIUTE CTPYKTYPHI (CTeOeNb, TUCThS, BETOUKH, I[BET-
768
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K1) Ha MPOTSHKSHUH KM3HEHHOTO 1MKJIa pactenuii (Bartlett,
Thompson, 2014). J{ist OOTBIINHCTBA IBETKOBBIX PACTCHUHN
JICTepPMUHUPOBAHHOCTH MEPUCTEMBI O3HAYAET MEPEX0/] K ycTa-
HOBJICHHUIO UJICHTHYHOCTH HBCTKOBOPI MEpHUCTEMBI, OJHAKO
37IaKU SIBIISIOTCSI UCKIIFOUYEHNEM, X MEPHCTEMBI COIBETHS
MOTYT OBITh J€TEPMHHHPOBAHBI CIOCO0aMH, KOTOPbIE TpeI-
MECTBYIOT WJIN HE CBA3aHBI C le/l06peTeHl/IeM UIACHTUYHOCTH
(hmopambHBIX MepucTeM. s (PEeHOIOTHIECKOTO OMMCAHNUS
Pa3BUTHS COIBETHS 3JIAKOB ObUIA MPEAJIOKEHA «TOMEOTH-
YeCKash» MOACJIb NEPEKIIOUYCHNUA UACHTUYHOCTU MEPUCTEM,
B paMKax KOTOPOH MEPHUCTEMBI IIPOXOISAT Uepe3 psf Hmocie-
JIOBaTEJIbHBIX MPE0Opa30BaHMU OT MEPUCTEMBI COLBETHS K
1BeTKOBBIM MepuctemaMm (McSteen et al., 2000; Laudencia-
Chingcuanco et al., 2002).

OOmas cxema pa3BUTHS COLBETHS 371AKOB BBIIVISIIUT CIie-
JIYIOILIM 00pa3oM: IIepexo]l K TeHepaTUBHOM (ase, Koryia aru-
KaJbHAs MeprcTeMa obera mpeodpa3yeTcst B MEPICTEMY CO-
IL[BETHSI, COTTPOBOXK/IAETCS OBICTPBIM YBEIMUICHHEM €€ pa3Mepa
1 HepeaKo cMeHo# duuioTakcuca (OpsiaKa pacioNIoKeHus!
opranoB otHocuTenbHO TiaBHOW ocn) (Taguchi-Shiobara et
al., 2001; Bartlett, Thompson, 2014). Jlanee Mmepuctema co-
BeTUsi GOpMHUPYET TIIABHYIO OCh COLIBETHS U JIaeT HAYaJlo
JaTepaJbHBIM MEpPHCTEMaM OOKOBBIX OCEH COIBeTHS (Ipyroe
Ha3BaHUE — MICPBUYHbIC aKCHAJIbHBIE MEPHCTEMBI COLIBETHUS
NI MEPUCTEMbBI BETOUCK Y METCJILYATBIX 3J18.KOB), KOTOpLIE, B
CBOIO OY€pe/ib, MOTYT /1aBaTh HAYaJIO JIaTepaIbHBIM MEPUCTE-
MaM CJIEAYIONIET0 NOps/IKa U Jajiee MOTYT 00 MpeKpamiaTh
pasBuTHE, TM00 NEPEXOTUTh K (POPMUPOBAHHIO KojTocKa. Ko-
JIOCKOBAsi MEPUCTEMA MOXKET OBITH IETEPMUHUPOBAHHOM, U €€
pa3BHUTHE 3aKaHYNBACTCS 3aKJIAKOH TEPMUHAIBHOTO IIBETKA
nocsie (OpMUPOBAHMS OIPEICIIEHHOTO, KaK MPaBHiIo, (HUK-
CHPOBAHHOTO YHCJIA [[BETKOB (PUC, KyKypy3a, SIMEHb), HIH
HEJICTEPMUHNPOBAHHON ¥ MHUIMUPOBATH HEONPE/ICIICHHOE
YHCIJIO [[BETKOB MEPEJ TeM, KaK JiereHepupoBarh (Opaxumno-
JTUYM, TIICHUTIA).

E.A. Kellog ¢ xomteramu (2013) npu uy4ueHun Mmopdoio-
' COUBETHUA 3JIAKOB NPEAJIOKNTIa IPUHUMATh BO BHUMAHUE
OTZAEIbHBIE KOMIIOHEHTHI (DEHOTHIA KaK MOAYIH, KOTOPbIE
MOT'YT KOMOMHHUPOBAThCS PA3IMYHBIMU CIIOCO0aMu, ¢ yde-
TOM 0COOEHHOCTEH X pazBuThsi. POPMUPOBAHHE MEPUCTEM
COIBETHS 371aKOB MOKET MITHU IO TPEM PA3INYHBIM ITyTSIM:
1) TepMUHHPOBATHCS PA3BUTHEM KOJIOCKA, 2) AaBaTh HAYAJIO
MepHCTeMaM CIISAYIOLIETO MOPsIIKa Ui 3) MpeKpalarh pas-
Butue. Eciu MepucreMa gaet Hadaso JlaTepaibHON MEepUCTe-
Me€ CJIEJTYIOIIETO ITOPsIIKa, TO 3Ta MEPUCTEMA, B CBOIO OYEPE/ib,
TAKKE€ MOXCT pa3sBHUBATHCA IO OJHOMY U3 TPEX ONHMCAHHBIX
BBIIIE ITyTEH U, 4TO BaXKHO, KaX/IbIH TAIl Pa3BUTHSI OCH ClIe-
JIYIOIIETo MOps/IKa HEe 3aBUCHT OT MPEABbIIYIIEro, TAKUM 00-
pas3oMm, B IIPOLIECCE IBONIOLIH MOTYT Pealln30BaThCs JH00bIe
koMOuHaIy. Tak, ec’au MepucTeMa COLBETHSI 1AaeT HAa4aslo
€IMHCTBEHHOHW KOJIOCKOBOW MEpPHCTEME, COIBETHE Mpe.-
CTaBJICHO €AMHCTBECHHBIM TEPMHUHAJIbHBIM KOJIOCKOM, YTO Y
3]IaKOB BCTpedaeTcs peako (poxm Lygeum). Y OONBIINHCTBA
371aKOB MEPHUCTEMa COI[BETHS AAET Ha4aIo JIaTepajIbHbIM Me-
pHrcTeMam, KOTopble JIM00 cpa3y TePMUHHUPYIOTCS Pa3BUTHEM
Kojocka (Brachyelytrum), 1n6o AaroT Ha4alo MEpUCTEMaM
ocell CIeayIOIIero Mopsijika, B pe3ysibTaTe 4ero mpoucXoanuT
BETBJICHUE COIBETUsA (MeTenbuaThie 31aku). [TyTtu passurus
MEPHCTEMBI COLIBETHS U JIATEPAIbHBIX MEPUCTEM, KaK IIPABHU-
110, paznuyarorcst (Malcomber et al., 2006). Takum oOpazom,
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MOAM(HUKALUE OCHOBHOW CXEMbI Pa3BUTHSI COL[BETHUS 3JIAKOB
MIPUBOIAT K pa3HOOOpa3uio (popM COIBETHI 37TaKOB.

Y prca MeprcTeMa COBETHS CHaYasla MHUIIMHPYET IIepBHY-
HBI€ aKCHAIIbHbIE MEPUCTEMBI (MEPHUCTEMBI BETOUEK), KOTOPBIE
JIAf0T HAyall0 BTOPUYHBIM AKCHAJIBHBIM MEpPHCTEMaM U Ha
GoJree O3THHX ATATAX PA3BUTHS — KOJIOCKOBBIM MEPHUCTEMaM.
Takum 00pa3oM, KOJIOCKOBBIE MEPUCTEMbI HHUIIUUPYFOTCS U3
MEPBUYHBIX U BTOPHYHBIX aKCHATbHBIX MEPHCTEM COLIBETHS, 1
KasK/1asi 1aeT HaqaJio OTHOMY (pepTHIIEHOMY LIBETKY, IBYM CTe-
PHIIBHBIM [[BETKOBBIM YEIIyHKaM M [Iape KOJIOCKOBBIX YEITyeK.
KomnockoBrle yentyiiku B OOJBIION CTENIEHH PeayIIHpPOBAHBI
n HazpiBatoTcs pyaumentapusiMu (Thompson, Hake, 2009).
Jlns couBeTnii KyKypy3bl U My»KCKOTO, M 5)KEHCKOT'O THIIOB Xa-
PaKTEPHO Pa3BUTHE MTAPHBIX KOJIOCKOBBIX MEPHCTEM, KOTOPBIE
BCTPEYAIOTCS TOJIBKO Y IpeacraBureneii Andropogoneae. He-
CMOTPsI Ha CYNIECTBEHHYIO Pa3HUILY B MOP(OJIOTUH KEHCKOTO
Y MY>KCKOTO COIIBETHI KYKYpPY3bl, PA3BUTHE HX UAET CXOIAHBIM
00pa3oM, 1 OCHOBHOE Pa3INine 3aKII0YACTCS B TOM, UYTO y
MY’KCKOTO COI[BETHSI (METEIIKH ) B OTJIMYHE OT )KEHCKOI'O COLIBE-
T (moyarka) popmMupyroTcs MeprcTeMbl BeTouek (Bommert
etal., 2005b; Thompson, Hake, 2009). I'taBHast 0cOOEHHOCTH
pa3BuTHs Kostoca npejcraButeneil Tpuosl Triticeae (TmeHu-
1B, STIMEHSI, PXKU U Jp.) — OTCYTCTBHE MEPHCTEM BETOUEK;
KOJIOCKOBBIE MEPUCTEMBI HHUITMHPYIOTCSI HETTOCPEICTBEHHO
MepUCTEMOH couBeTus. Pa3nuuus B pasBUTUM COLBETUH
MEKY OT/EIbHBIMU MPEACTABUTENISIMHI TPHOBI CBA3aHBI HE C
HaJIMYUEM/OTCYTCTBUEM CIIEIN(UYHBIX MEPUCTEM, a C 0CO-
OeHHOCTSIMU UX (yHKIHOHMpOBaHus. Tak, MepucTeMa co-
I[BETUS Y MATKON MIIEHUIIBI TEPMUHUPOBAHA, & y STUMEHS HE
JICTepPMHUHUPOBaHA, KOJIOCKOBAsI MEPHCTEMA MIIICHHIIBI, HAIIPO-
TUB, HE AETEPMUHHPOBAHA, a SUMEHS — JAETePMUHHUPOBAHA.
ITpu 3TOM y stumeHst pOpMUPYIOTCS TPH KOJIOCKOBBIE MEPHCTE-
MBI, IICHTPAJILHBIA KOJIOCOK BCET/Ia pa3BUBACTCS MOIHOCTBIO,
aJiaTepajbHble MOTYT OBITh JIN0O TTOTHOCTHIO Pa3BUTHI, JINOO
CTEpUIIbHBI (MM B HUX PA3BUBAIOTCS TOJIBKO THIYUHKN),
B pe3ysbTare 4ero (GopMHupyeTcs MO0 ABYPSIHBIH, THOO
mectupsiabiil kosoc (Pourkheirandish, Komatsuda, 2007).
Pa3Butne Kosoca MIICHUIBI UAET MO CIETYIOUIEMY ITyTH:
MepHCTEMa COIBETHSI MOCIIEA0BATEIBHO JaeT HAYaso Jiare-
pasIbHBIM MepHCTEMaM, KOTOPbIE Pa3BUBAIOTCS B JTaTepaIbHbIE
KOJIOCKH (KOJIOCKOBBIE MEPUCTEMEI ), TIOKa He chopMupyercst
TEepMHUHAIILHBIN (BEpXyIIEUHBIN ) KOIOCOK. Kaxnas narepainb-
Hast (KOJIOCKOBas) MEPUCTEMA Pa3BUBACTCS B €TUHCTBEHHBIN
JIaTepasbHbIi KOMOCOK, COCTOSIIMN M3 MHOXKECTBA LIBETKOB
(Bonnet, 1936). KosockoBast MeprcTeMa HHHITUAPYET OPTaHbI
KOJIOCKa M (h1opalibHOIT MEpUCTEMBI, KOTOPBIE MOSBISIOTCS
B CIICYIOUIEH MOCIEe0BATEIbHOCTH: MEPBBIMHI CTAHOBSATCS
Pa3ITUYUMbBIMU TIPUMOP/IMH JIBYX KOJIOCKOBBIX YElIyH, 3aTeM
MHULIUHPYIOTCSL (hriopasibHble MEPUCTEMBI M Ha UX niepude-
pun GOPMHUPYIOTCSI TIPUMOPANHU ABYX LBETKOBBIX YEUIYyH,
Jlaniee NpoMCXOaUT MU depeHnnpoBKa OpraHoB [IBETKa (ABYX
JIOIUKYJ, TIECTUKA U TPEX THIYMHOK). KOIOCOK MIIEeHUIIbI
HEJIETEPMUHUPOBAHHBIN U COCTOUT U3 HECKOJIIBKUX IIBETKOB,
KOTOpBIE pa3BUBAIOTCS aKporeTaisHo. HenerepMuanpoBan-
HBII XapakTep KOJIOCKOBBIX MEPUCTEM MPHUCYI] BCEM BUAAM
TIIICHHUITBI, HE3aBICUMO OT YPOBHS IutonaHocTy (Shitsukawa
etal.,2009). Uncno ¢pepTUIIbHBIX IIBETKOB B KOJIOCKE 3aBHCUT
OT OOIIEro YuCIa [BETKOBBIX MEPUCTEM M YHCJIA LIBETKOB C
THIOTITa3KeH. Y IIBETKOB TUCTANBHOMN 9aCTH KOJIOCKa O0HApY-
JKEHO JIBA THITA THUITOTIIIA3HUH: OPTaHbl [IBETKAa HHUIUHPYIOTCS,
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HO HE Pa3BUBAIOTCA MOJHOCTHIO (AUIUIOMIHBIC MIIEHUIIBI),
OpraHbl [IBeTKA 3aKJIA/IbIBAIOTCS U PA3BUBAIOTCS, HO [IBETKH
CTEPHJIbHBI (TETPAIUIONIHBIC U I'eKCAIJIONTHBIC BHJIBI ITIIE-
HUIl), B PE3yJAbTaTe Yero y AUIUIOUIHBIX BUJOB MIICHHIIBI
(epTUIILHBIM OKa3bIBACTCS TOJNBKO OANH 0a3alIbHBII IIBETOK,
y TETPAIUIONHBIX — Yallle BCETO JBa M Yy TeKCAIUIONIHBIX —
4eThIpe-IATh. TakuM 00pa3oM, reTepOXpOHHUs B Pa3BUTHUU
IIBETKOB KOJIOCKA Y BHJOB IILIECHUIBI Pa3HOTO YPOBHSA ILIO-
WJIHOCTH CITYKHUT NPUYMHON pa3In4nii B YKCIe 36PHOBOK B
KoJI0CKe 3pesioro koioca (Shitsukawa et al., 2009).

[TomaratoT, uto MeTenka — 6ojee MPUMHUTHBHAS (hopMa Co-
IIBETHS ¥ KOJIOC MOSIBUJICS TTO3/THEE B X0z1e 9Boutormu (Sakuma
etal., 2011).

leHeTnuecKas perynauus
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Kykypy3a (Z. mays) v puc (O. sativa) — MOIeTbHBIE BHIBI 3714~
KOB, Y KOTOPBIX T€HETHYECKas PETyIISIHS PA3BUTHS COL[BETHS
HaunOouee u3yueHa. [Ipex e Bcero, 3To CBsI3aHO C IOCTYITHO-
CTBIO TCHETHYECKHUX PECYPCOB, Pa3pabOTKON MONEKYIISPHBIX
1 OMOTEXHOJIOTMYECKHUX TTOX00B aHAIN3a TeHOMOB U PE3yIlb-
TaTOB CEKBEHUPOBAHUS FEHOMOB. TaK, y KyKypy3bl I10Jy4YECHbI
MHOTOUYHUCIJIEHHBIE MYTaHTBI C U3MEHEHHOW Mopdonoruei
COIBETHSI, @ PUC — IIEPBBIH BT 371aKOB, TCHOM KOTOPOTO OBIT
CEKBEHUPOBAH M K HACTOSIIIIEMY BPEMEHH XOPOLIO aHHOTHPO-
BaH, YTO JIaJI0 BO3MOXHOCTb TTO3UINOHHOTO KJIOHUPOBAHUSI.
Kpome Toro, y prca Xopoio pa3paboTaHbl METO/BI TPaHC-
(dhopmarnuu, u, TaKUM 00pa3oM, BO3MOXKHA (DYHKIIMOHATIbHAS
BaJIN/IAINA TIOJTyYEHHBIX PE3ylbTaToB. B mocienHee Bpems
YHCIIO MOJICIIBHBIX BUJIOB 3JIAKOB YBEJIMYMIIOCH U BKIIFOYAET
Brachypodium distachyon, ssamens H. vulgare, u HeJaBHO, —
CeTapuI0 UTANBIHCKYIO Sefaria italica (Bommert, Whipple,
2017). CuHTCHUS TCHOMOB 3JIaKOB ITO3BOJIHJIA IIPOBOIUTS IT0-
3MLUOHHOE KIIOHHPOBAHUE Y BUJIOB 3JIAKOB, C MEHEE M3yUeH-
HBIM T€HOMOM. [ €HbI, YIpaBIAIOINE Pa3BUTHEM COLBETHS,
ObUTH MAEHTH(UINPOBAHBI OJIaroiapst UCHOIB30BAHUIO MY-
TAHTOB (B OCHOBHOM KyKYPY3bl U pHCa), y KOTOPBIX HapyILlIeHa
MOP(]OIOTHS COLBETHUS U IBETKA; OOJIBIIIAS 4aCTh ITUX TEHOB
peryaupyer HHUIMANUIo 1 cyap0y MepucteM (Bommert et al.,
2005b; Sreenivasulu, Schnurbusch, 2012).

Ilepexon oT BEreTaTUBHON CTaiNU PA3BUTHS K T€HEPATUB-
HOW WJIM WHMIMALUS [BETCHUSI PACTCHUI MPOUCXOANT IO
JIefiCTBHEM BHEIIHMX M BHYTPEHHUX CTHUMYJIOB. DTOT 3Tall
Pa3BUTHS HE IIPOSIBIISETCSI MOP(OIIOTHUECKH, HO HA €T0 IPO-
TSDKCHUH TIPOMCXO/SIT BaYKHbIE (PH3HOIIOTHYECKUE N3MEHEHMS,
B OCHOBE KOTOPBIX JIEKAT MOJICKYIISIPHO-TEHETHUECKHE TIpe-
oOpa3zoBanus. VI3BECTHBI XOJI0Z0BOH, (DOTOMEPHOANIECKHIH,
rHOOePEIUTMHOBBIN 1 aBTOHOMHBIN CUT'HAJIBHBIC ITyTH HHTYK-
1y 1serenus (Jlyrosa u zip., 2010).

Ponb opTonoroB reHa LFY/FLO
B pa3BnTtnn COLI,BETI/II‘/'I 3J1aKoB
I'enbl opTONOTH IBYOIBHBIX MOAETBHBIX BUIOB Arabidopsis
thaliana LEAFY (LFY) u Antirrhinum majus FLORICAULA
(FLO) urpatot KIto4eByro poiib B popmupoBanuu (iopasib-
HOW MEpHCTEMBI, SIBJIASICh HHTErpaTopaMu MH(OpMaIum,
MOCTYHAONIeH OT pa3HbIX IMyTei nHnIuay nserenus (Jly-
TOBa u J1p., 2010). I'ers1 LFY u FLO xoaupytoT TPAaHCKPUITIH-
oHHBIE QakTopsl (TD), cierupuaHbIe TOTBKO IS PACTECHHH.
Y mytantToB flo u [fy HapymieH Mmetamopo3 nodera B IIBET-
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KM, 4TO MMPUBOJMT K (JOPMHUPOBAHUIO BEI€TATUBHBIX OOETOB
BMECTO IIBETKOB M I[BETKOB C AHOMAIHUSIMH. Y KYKYpPYy3bl
Z. mays ObUTM MICHTU(QHUIUPOBAHBI JABE KOITUH TOMOJIOTOB
ZFLI (Z. mays FLOILFY 1) vn ZFL2 (Z. mays FLO/LFY 2).
AHanu3 JABOMHBIX MyTaHTOB zf/I/zfI2 oOHapyXun HapyIie-
HUSI B LACHTHYHOCTH M JICTEPMHUHUPOBAHHOCTH (IIOPATIBHBIX
MEPHUCTEM U MY>KCKOTO, U )KEHCKOTO colBeTH. ['enbl ZFL1 n
ZFL2 skcnpeccupyroTcs B MEPUCTEMaX COIBETHS, BBICOKHIA
YPOBEHb SKCIIPECCHH HAOMIONACTCSl B MAPHBIX KOJIOCKOBBIX
MepHUCTEMax M COXpaHseTcs BO (IIOpabHBIX MEPUCTEMAX Ha
CTaJIN¥ MHUIIMALIAY OpraHoB IiBeTka (Bommert et al., 2005b).
[Marrepn sxcripeccun reHoB FLO/LFY nByIONBHBIX U TEHOB
ZFL1 v ZFL2 xykypy3bl COBIIAAET, YTO HAPSATY CO CXOJICTBOM
MYTaHTHBIX ()EHOTHIIOB MPEAIOIaracT KOHCEPBATHBHOCTD
(hyHKIHMIT reHOB OPTOJIOTOB y IBYAOIBHBIX U Z. mays. IlarrepH
skcripeccun rena puca RFL (rice FLORICAULA/LEAFY),
romonora FLO/LFY, otnn4aeTcs: TeH SKCIPECCHPYETCs B
aNMKaJIbHBIX yYaCTKAX Pa3BUBAIOIIETOCS COIBETHS HA PAHHUX
JTanax pa3BUTHsI, HO HE DKCIIPECCUPYETCS HU B IIEPBUYHBIX
W/WITH BTOPUYHBIX AKCHAIBHBIX MEPUCTEMAaX BETOUEK, HH BO
(iropanbbIX MepucTemax. Tpanckpuntsl FLO/LFY oOHapy-
JKEHBI B dnuAepMalbHbIX KileTkax jaucrta. N.N. Rao ¢ kosue-
ramu (2008) moka3anu, 9TO CHHKEHUE YPOBHS SKCIIPECCHH
reHa RFL BBI3BIBACT CYIIECTBEHHYIO 33JCPXKKY MEpexosia
pacTeHus K [IBETEHHUIO, BIUIOTh IO OTCYTCTBHS IIBETCHUS, a
MOBBIIICHHBIH YPOBEHB IKCIIPECCHHU ITPUBOANT K yCKOPEHHO-
My Tepexoay K IBeTeHHI0. Kpome TOoro, CHIKEHUE YPOBHS
skcnpeccuu RFL BIUseT HAa apXUTEKTYPy COLBETUS, YMEHb-
masi YUCI0 MEPBUYHBIX BETOUEK, COMEPIKAIINX HECKOIBKO
KOJIOCKOB C (hepTHIIbHBIMH IIBETKAMH, U TIPUBOJIS K TTOTHOM
peAyKLUMK BTOPUUHBIX BeTo4eK. [ [0HbII HOK/IayH SKCIpeccuu
RFL mpuBOANT K PEAYKIUH BTOPHYHBIX ITOOETOB PacTEHHS
(Rao et al., 2008). B 2012 r. 6puT OXapaKTEepU30BaH MYTAHT
puca aberrant panicle organization 2 (apo2), y KOTOpOro Ha-
011r0a710Ch YMEHBIIIEHHE Pa3Mepa METENKU U YHCIIA BETOUEK
B pe3yJbTare 0oJiee paHHEro Pa3BUTHSI KOJIOCKOBBIX MEPHCTEM
W HapyleHUs] Pa3BUTHsS [[BETKA, YKOPOUYEHHE IUIACTOXPOHA
(Ikeda et al., 2012). B pe3ynbTare MO3UIIHOHHOTO KIIOHHPOBA-
HUS OB BBIJICTICH TeH, OTBEYAIONIHI 32 MyTaHTHBIN ()eHOTHII,
uM oKasajicsa reH APO2, nieHTUYHBIN paHee U3yuYeHHOMY T'eHy
RFL (Ikeda et al., 2012). Taxum o6pazom, RFL (APO2) puca
SBIISIETCS. MAcCTEP-PETYIATOPOM PA3IMYHBIX TeHETHYECKHUX
MyTeH, YNpaBISIONMX MTPOIleCCaMH Pa3BUTHSL. Y MyTaHTOB
Ify apabuporicuca, 3KCTIpecCUpyromux rel puca RFL, Ha-
OrromaeTcs HEMoJIHOE BOCCTAHOBIICHNE (DYHKIMH, TAKMM 00-
pa3om, pyukimu reqoB LFY/FLO u RFL cOBIaarT TOIBKO
gactuaHo. Opronor FLO/LFY Ol BBIIETICH B TEHOME MATKON
muennis (Shitsukawa et al., 2006). Beiio ycranoBieHo, 4To
narrepH skcnpeccun WFL (wheat FLORICAULA/LEAFY)
B COLIBETUH CXOJeH ¢ RFL puca: reH He 3KCIIpeccCUupyercs B
I[BETKOBBIX MEpPHCTEMaX, TPAHCKPHUIITHI WFL 0OHapyKEeHBI B
TKaHSX Pa3BUBAIOILETOCS COLIBETHS U [IBETKOBBIX YELIYSIX, HA
OCHOBAHHH YE€T0 MPEANOIMKEHO, 9To U pyHKuuu RFLu WFL
B pa3BuTHH coretus cxomHsl (Shitsukawa et al., 2006). Takum
0o0pazoM, HaOIIOAACTCS YacTHYHAs JUBEPreHus QyHKIuUA
reHoB LFY (FLO) nBynONBbHBIX PacTEHHH, UTPAIOIINX KITIO-
YEeBYIO POJIb B (hopMUpOBaHUH (IIOPATBEHON MEPUCTEMBI, U HX
TOMOJIOTOB Y 3JIaKOB, Y KOTOPBIX TOMOJIOIMYHbIE TeHBI TAKKE
YYacTBYIOT B Pa3BUTHH COLIBETHS U BET€TaTHBHBIX OPTaHOB
(ren RFL).
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KOHcepBaTVIBHOCTb CUTHaJIbHOIO NyTU
CLAVATA-WUSCHEL, koopguHupytoLwero
nponudepauyuio n audpdepeHUNpPoBKY
KNeToK mepucrtem BbiCLLUNX paCTeHI/II7I
Yucio akcnambHBIX MEPUCTEM, THAIIUUPYEMBIX MEpPUCTEMaMHU
COLBETHS KYKYpY3bl M pUCa, 3aBUCHUT OT UX pa3Mepa U HaXo-
JIITCS TIOJT KOHTPOJIEM T'€HOB, TOMOJIOTHUHBIX TreHaM 4. tha-
liana CLAVATA (CLV1, 2, 3). Curnansubiid myTh CLAVATA-
WUSCHEL koopaunupyeT nposudeparuto u 1uhhepeHiu-
POBKY KJIETOK MEPHCTEM, SIBISISICE OCHOBHBIM B PETYIISIIIUU
roMeocTa3a MEPUCTEM BBICIIMX PACTCHHH, OH BIIEPBBIC OBII
oOHapy»KeH 1 u3yueH y apabuoncuca (Somssich et al., 2016).
I'er WUSHEL (WUS) xomupyeT TOMEOIOMEH-COIePKaIINi
TPAHCKPUIIIIMOHHBIN (AaKTOpP, KOTOPBIH AKCIPECCHPYETCS B
opranu3yromeM rnentpe (OLl) meHTpanbHON 30HBI aUKab-
HOH Mepuctembl. DyHKINS reHa — HOIepKaHue ITyJIa CTBO-
noBbIX KiIeTok (Mayer et al., 1998). Y myranTos clavata (clvi,
2, 3) apabuorncuca yBeJIuueHO YHCIIO0 KICTOK [ICHTPAIbHON
30HbI [IAM, 4TO NPUBOAMUT K YBEJIUYEHUIO YUCIA OPraHOB
I[BETKa, TIO/IOJIUCTHKOB, (hacumariin credst, GOpMUPOBAHHUIO
uiozia «marperika». Ha ocHoBaHHH 3TOr0 ObLJIO MPEAIIonoxKe-
HO, uT0 TeHbI CL} HeraTuBHO perymupyroT sxcnpeccuto WUS,
orpaHuuuBas 00acTh ero 3kcrpeccun B [IAM (Jlyrosa u ap.,
2010). I'ern CLV1 xoqupyeT TpaHCMEMOPaHHYIO PELIEITOPHY IO
kuHa3y, a CLV2 — penentop-momoOHbI OSIOK, UMEIOIIN
3HauMTeNbHOE cxozcTBO ¢ CLVI, HO Oe3 muToria3Marnye-
CKOTo KMHa3HOTO noMeHa. I'en CLV3 xomupyeT HEOOIBIION
CEKPETOPHBIH MenTu s 13 96 aMUHOKUCIIOT, conepxarmii CLE-
nomern (CLAVATA3 (CLV3)/ENDOSPERM SURROUND-
ING REGION (ESR)). benox CLV3 mpencrasnser coboit
JUTaH/I, KOTOPBIH cBsi3bIBaeTcs ¢ penentopamu CLV1, CLV2
(JIyroBa n ap., 2010; Somssich et al., 2016). I'en Kykypy3sI
THIK TASSEL DWARF 1 (TD1) xomupyet LRR-penentopayto
KHHa3y U romoniorudeH reny CLVI. MytaHTsl td] uMeroT
BBIPaKCHHYIO (DACIMAIMIO OCH KEHCKOTO COIIBETHS U CyIIle-
CTBCHHOE YBEIMYCHUE YHCIA PsIoB B movaTke (Bommert et
al., 2005a). Y myranra puca floral organ numberl (fonl)
HaOJoaeTcst yBeamdeHue pasmepa (GprropaibHOi MEpUCTEMBI
Y YKcIia OpTraHoB 1BeTKa; FONI koqupyeT OOk C BBICOKOH
crenenbro romosioruu ¢ TD 1w CLVI (Suzaki et al., 2004). Ten
OsLRK puca taxxe siBisiercsi CLV I-11ogo0HBIM I'eHOM, ero
caiiencusr B pesynsrare PHK-unTepdepennnn npuBoaut
K yBeIMUYCHHIO dncia opranoB meetka (Kim et al., 2000).
Hapsiny ¢ fonl y puca BBISBIEHBI IpyrHe MYTaHTHI, fon2-1,
fon2-2 u fon3, co CXOMHBIM (PCHOTHUIIOM COILIBETHSI, CBSI3aH-
HBIM C YBEJIMUCHHEM pa3Mepa MEPUCTEMBI COI[BETHS 1 YUCIIa
opranoB nsetka (Nagasawa et al., 1996; Jiang et al., 2005).
I'en xykypy3sl FASCIATED EAR 2 (FEA2) xonupyert Oe-
nok, romonormyHblil CLV2 (Taguchi-Shiobara et al., 2001).
VY fea2-MyTaHTOB CyIIECTBEHHO YBEIIMUCH pa3Mep MepucTe-
MBI COIBETUA, YaCTO YBCINYECH pasMEp aKCHAJIbHbIX MEPU-
CTEM couBeTHs U (IIOPATBHBIX MEPUCTEM, YTO NMPHUBOINT K
(OpPMHUPOBAHMIO TIOYATKA C YBEJIUYCHHBIM YHCIIOM PSJIOB H
JIOTIONTHUTEIbHBIX opranoB 1BeTka (Taguchi-Shiobara et al.,
2001). /IBoiiHbie MyTaHTHI td1fea? nMeroT Ooiee BBIPasKeH-
HBIH MYTaHTHBIH (DEHOTHII 1O CpaBHEHHUIO ¢ (hEHOTHIIAMH
KaKJIOTO OT/ICJIbHOTO MyTaHTa td ] U fea2, 4To mpeamnonaraet
MIPUHAUICKHOCTH TEHOB K Pa3JINYHBIM T€HETHUECKUM Ty TSIM
perymsanun (Bommert et al., 2005¢). bsuto mokazano, uto
CLV2 apabuponcuca Takke NPUHAAICKUAT HE3aBUCUMOMY
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CUTHAJILHOMY IIYTH ¥ ()OPMUPYET PELENTOPHBIA KOMIUIEKC C
6emxom CRN (Miiller et al., 2008). HexaBHO 00HapyXeH erie
onuH reH KyKypy3sl FASCIATED EAR3 (FEA3), xomupyto-
nmii LRR-penentopryto kunazy CLV-tuna; MmyTtanuu resa
BBI3BIBAIOT CXOAHEIE C fea2 U td] GEeHOTHINIECKIE TPOSBIIC-
HUSI — YBEJIMYEHHE pa3Mepa MEPUCTEMBI COLIBETHS. J[BOHHbIE
MyTaHThI fea3fea2 umeror Oojee BbIPaKEHHBIH MYyTaHTHbIH
(heHOTHI, YTO MPEANOIAracT CUHEPTUCTHUECKOE B3aHMMO-
JieiicTBHE TeHOB U Hanmaue obmieid muteru (Je et al., 2016).
I'en skcnipeccupyeTcs B 00J1aCTH MEPUCTEMBI, OKPYKarOIIeit
OL1, u otBevaer Ha CLE (menTuaHbie) CUTHAIBI OT 3a9aTKOB
opranos (Je et al., 2016). O6napyskeHo, uto ren FEA2 xomno-
Kaju3yeTcs Ha reHeTudeckoil kapre ¢ QTL, ompenensiommm
YHCIIO PSIIOB 3€PEH B MOYATKE M, TAKUM 00pa3oM, MOXKET
MUMETh OOJIBIIOE 3HAYEHHUE JUIS MOBBIILICHHUS YPOXKAWHOCTH
(Taguchi-Shiobara et al., 2001). HaiineHsl «ciaOble» ajenu
TeHOB fea U fea3, KOTOPbIE YBETUYNBAIOT YHCIIO PIIOB 3€PEH
B [T0YATKE, HE BBI3BIBAS [IPU STOM HU3MEHEHHI B MOP(OIOTHH
couBeTus — ykopouenue win (acruanuio (Bommert et al.,
2013; Je et al., 2016).

I'en puca FLORAL ORGAN NUMBER 2 (FON?2) xonupyer
HEeOOJIbIIONH CEeKPETOPHBINH OEJIOK W SIBIISETCS MpelIoiara-
embIM oprosorom reHa CLV3 (Suzaki et al., 2004; Chu et al.,
2006). Y MmyTaHTOB fon2 HaOIIOAaeTCs yBEIMUCHNE Pa3MEPOB
[TAM, mepucTemMbl COLBETHS U QIOPATBEHBIX MEPHCTEM, YTO
MPUBOAUT K (DOPMHUPOBAHUIO CBEPXUMCIICHHBIX TEPBUYHBIX
BETOYEK W OpraHoB IBeTKoB (Suzaki et al., 2004; Chu et al.,
2006). Kpome Toro, y puca oOHapy» eH elie OJUH TOMOJIOT
CLV3 (FON2-related) — FON2 SPARE!I (FOSI); dynkiun
FON2 n FOSI BoIpoX/ieHbI Y HEKOTOPBIX reHOTHIIOB (Suzaki
et al., 2009).

Takum 06pa3om, curHaneHEIH myTh CLV gacTiaHO KoHCEep-
BaTUBEH Y O/THO/IOJIBHBIX U JIBYJOJIHBIX PACTCHHH; Y 371aKOB
BJIMSTHUE MYTAllMi T€HOB, MPHHAUICKAINX ITOMY IyTH, HE
OTPaHUYMBACTCS] MEPHUCTEMOH COLIBETHSI, & PACTIPOCTPAHSIETCS
W Ha MEPHCTEMBI, 3aKJIa/IbIBAIOIINECs MO3HEE B MpoIecce
pa3BuTHs (HarpuMep, IePBUYHbIC U BTOPHYHbIEC aKCHAIbHBIE
MEpPUCTEMBI COIIBETHS ), BBI3BIBasI CXOTHBIE 2(P(heKThI, CBA3aH-
HBIC C yBEIMUYCHHEM pa3Mepa MepucteM. OOHapyKECHHbIE
y 3J1aKOB OCOOEHHOCTHU CBSI3aHbI C MATTEPHOM JKCIIPECCUU
TOMOJIOTUYHBIX T€HOB U BBIPOXKICHHOCTHIO HEKOTOPBIX (PyHK-
nuil. Tak, Hanpumep, rex puca FONZ2 B otnuue ot CLV3 He
Y4YaCTBYET B PETYIISILIMU BETE€TaTUBHOTO Pa3BUTHSL, y pUCa OTY
¢yskuuto Bemonsstor FON2-LIKE CLEPROTEINI (FCP1)
u FCP2, nonaepxxuBatomue GpyHKuonupoBanne [IAM Ha
BEreTaTuBHOM ctanuu pa3utus (Suzaki et al., 2008). Kpome
TOTO, BaKHBII ACTEKT — HAJIMYUE KONMYECTBEHHON WU3MEH-
YUBOCTH B NPOSIBIICHUH MPU3HAKOB MO/ KOHTPOJIEM T'€HOB
curHanbHOro myti CLV y 371aK0B, UTO CIIYKHUT IPEIOCHUIKON
JUISL IICTIOJTB30BAHUSI «CIIa0BIX» ajuiesiel, BHOCSIIUX BKIaA B
N3MEHYMBOCTh POCTA ¥ NPOAYKTUBHOCTH PACTEHHI B CEIICK-
LMOHHBIX [TPOrpaMmax.

Pons opronoros rena WUS 'y 3makoB He BIIOJHE scHa. [lat-
TEpPH AKCIIPECCHN TYTUIMIIHPOBAHHBIX TOMOJIOTOB KyKYpY3bl
ZmWUSI v ZmWUS?2 npennonaraeT HECKOJIBKO OTIIMYHBIE OT
WUS ¢yukmm: o6macts sxcnpeccuul ZmWUS I iepexpbIBaeT-
cs ¢ OII mepuctemsl conerus, a ZmWUS2 skcnipeccupyercs
Ha nieprdepun MeprcTeMbl couBeThs. OTHAKO (yHKIHOHAb-
HOH OLICHKH 3TH T'€HBI HE UMEIOT, TaK KaK MYTaHTBI 110 HUM
noydensl He Opun (Nardmann et al., 2006; Je et al., 2016).
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W3secten opronor rena WUS puca — TILLERS ABSENTI
(TABI wmm OsWUS). Ionaraiot, uto 7ABI urpaet BaXHYIO
pOJIb B MHHUIMALINK aKCHAIBHBIX MEPHUCTEM, TaK KakK MX 3a-
KJIa7Ku y MyTaHToB fabl ne npoucxoqurt (Tanaka et al., 2015).

B 1ienoM cneyeT OTMETHTb, YTO MOIYIIN CUTHATIBHOTO Iy TH
CLAVATA-WUSCHEL BbIcHIHX pacTeHHI PETYIUPYIOT aK-
TUBHOCTb MEPUCTEM BO BPEMs BCEX 3TAIIOB PA3BUTHA U POCTa
pacTeHus, BKIIOYasi U BET€TAaTUBHYIO, U PEHPOLYKTHBHYIO
CTaJMH, W TPEICTABIAIOT cOO0H (aKTOPBI, PEryaHpyroIne
YHCJIO OpraHoOB, MHULIMUPYEMBIX MECPUCTEMAMU.

Perynauna ¢popmmupoBaHus

AdKCMaJIbHbIX MepUucTemMm COLIBETI/II‘/'I 3J1aKkoB

'V 311aK0B Iy TH Pa3BUTHS alIUKAILHOW MEPHUCTEMBI COLIBETHS U
AKCHAJIBHBIX MEPUCTEM OTIIMYAIOTCS. Y MHOTHX 3JIAKOB (DHII-
JIOTAaKCUC MEPUCTEMbI COIBETHsI CHUPAJIbHBIH, a MEPUCTEM
BeToueK — ABypsanbIii (Bartlett, Thompson, 2014). MyTarmn
TCHOB, BIMSIOIINE HA MEPUCTEMY COLIBETHUS, MOTYT HE 3aTpa-
I'MBaTh OCTAJbHBIE MEPUCTEMBI U Vice versa. Hanpumep, TeHsl
optonioru barrenstalkl (bal) xyxypy3sl u LAX PANICLE]
(LAXI) puca HEOOXOIUMBI ISl HHUIUAINNA aKCHUATBHBIX
MepHCTEM M (OPMHPOBAHMS BETOYEK, HO HE BIMSIOT Ha
anmKanpHyI0 MepucteMy corpernsa (Komatsu et al., 2003b;
Galavotti et al., 2004). Mytauuu 3THX T€HOB BBI3BIBAIOT
CYIIECTBEHHOE YMEHBIICHHE YKCia BETOUEK U KOJOCKOB y
puca (Komatsu et al., 2001, 2003b) mim oTCyTCTBHE BETBIIE-
HUSE MeTenkn Kykypyssl (Ritter et al., 2002; Gallavotti et al.,
2004). I'er kKyKypy3bl bal yqacTByeT B KOHTPOJIE HHULIUALIUH
aKCHAJIbHBIX MEPHUCTEM BCEX HAI3EMHBIX 4acTel pacTeHus,
a LAX1 puca — tonbko cousetust. ['enst bal/LAX] xomupyioT
TPAHCKPUITLOHHBIE (JaKTOPBI C NIABHBIM JJOMEHOM «CITUpaIb-
neTst-crimpaisy (basic-helix-loop-helix, bHLH) (Komatsu et
al., 2003b; Galavotti et al., 2004).

I'er puca MONOCULMI1 (MOC!) HeoOxonum Ijisl UHU-
[IMAIIH aKCHAJIbHBIX MEPUCTEM BO BPEMsI BETETATUBHOIO U
TEHEPaTUBHOTO Pa3BUTHsSI. MyTaHT moc/ IUIIEeH BTOPUIHBIX
0OEroB, METEJIKa COIEPIKUT HECKOJIBKO BETOUEK U KOJIOCKOB
(Lietal., 2003; Oikawa, Kyozuka, 2009). B. Zhang ¢ xome-
ramu (2015) mokazamm, yro romonor MOC [ MATKOM MIIICHHIIBI
TaMOC1 (oGHapyx)eHO 82.6 % roMoI0ruy aMHUHOKHCIIOTHBIX
nocnenoBarensHocTeit MOC1 1 TaMOC1 ) ygacTByeT B KOHT-
posie pa3BuTHs Kojocka mumeHunsl. [east MOC1/TaMOC]
KOAMPYIOT TpaHckpunuuonnele dakropst (Li et al., 2003;
Oikawa, Kyozuka, 2009; Zhang et al., 2015).

B merenke myTanta barren inflorescence 2 (bif2) Kykypy3bl
HE Pa3BHBAIOTCSI BETOUYKH MIIM KOJIOCKH, F'€H HEOOXOUM JIJIst
MOAZIepKaHNs aKTUBHOCTH aKCHANIbHBIX MeprcTeM (McSteen
et al., 2000; McSteen, Hake, 2001). I'en BIF2 xopupyet
Ser/Thr nporenHkuHa3zy.

leHeTuYecKan perynaumsa ycTaHOBNeHUs
NAEHTUYHOCTN N AeTeEPMUHNPOBAHHOCTAN
KOJIOCKOBbIX Mepucrem
MyTanuu reHoB opronoroB branched silkless1 (bdl) xyky-
py3sl u FRIZZY PANICLE (FZP) puca npuBogst K Gpopmu-
poBaHMIO O4YeHb pa3BerBieHHOro comBeTus (Chuck et al.,
2002; Komatsu et al., 2003a; Zhu et al., 2003; Yi et al., 2005).
['eHBI KOAMPYIOT TPAHCKPUIIIMOHHBIE (DAKTOPHI ceMeiicTBa
APETALA2 (AP2). Y myrantoB bd! u fzp HapyIIeHBI HICH-
TUYHOCTb KOJIOCOBBIX MEPUCTEM U NEPEXOA K YyCTAHOBIECHUIO
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WJICHTUYHOCTH (PIIOPAIbHBIX MEPUCTEM, B PE3yJIbTaTe 4ero
Ha MecTe IBETKOB (opMHPYIOTCS BeToUKH. CTETIeHb BBIpa-
JKEHHOCTH MYTaHTHOTO ()EHOTHIIA Y MYXCKOTO M KEHCKOTO
COLBETUH KyKypy3bl HE OJIMHAKOBA, IPH STOM y >KEHCKOTO
COIIBETHS M3MEHEHHUs 0oJiee BRIPaKEHBI: (POPMUPYIOTCS K-
TOIMYECKHE «BETOUKI U (pIIOpATbHBIE MEPUCTEMBI HE 3aKiIa-
neiBatotcsi. Oprosioru renoB BD 1/FZP BbiieneHbl B TeHOMaX
Brachypodium — mos1 (Derbyshire et al., 2013), meHuIs: —
WFZP (Dobrovolskaya et al., 2015, 2017; Poursarebani et al.,
2015) u stumenst — COM 1 (Poursarebani et al., 2015). Bee my-
TaHTBI UMEIOT CXOJTHbIE (DEHOTHIIBI COI[BETHSI C 00pa30BaHIEM
JIOTIOJTHUTEIIBHBIX KOJIOCKOB H/HIJIN «BETOYEK» Ha YCTYIaX CO-
L[BETHSI M [TATTEPHBI KCIIPECCHH, TPAHCKPUIITHI 0OHAPYKEHBI
B pasBuBaronuxcs comnpetusx (Chuck et al., 2002; Komatsu
etal., 2003a; Dobrovolskaya et al., 2015).CnenyeTr oTMETHTB,
YTO FeHbl OPTOJIOTU FZP 3KcnipeccupyroTcst He B MepUcTeMax,
a IPUMOP/IHSIX KOJOCKOBBIX YEIIyH.

I'en puca PANICILE PHYTOMER2/OSMADS34 (PAP2)
KOHTPOJIUPYET YCTAHOBJICHUE MJICHTUYHOCTH MEPUCTEM KO-
mocka (Gao et al., 2010; Kobayashi et al., 2012). I'en PAP2
komupyet SEPALLATA-niono6usnii T, comepxantuit MADS-
OoKkc. Y IBYIOJBHBIX, B YaCTHOCTH Yy apabjorcuca, reHbl
SEPALLATA (SEPI, 2, 3, 4) npunaanexar k E-kmaccy reHos,
HEOOXOIUMBIX TSt 00pa30BaHMUs (PYHKIIMOHATEHBIX OCITKOBBIX
KOMIUIEKCOB ¢ npogykramu ABC-reHoB, ux GpyHKIMN 4acTHY-
HO TIEPEKPBIBAIOTCS; Y TPOMHBIX MYTAaHTOB seplseplsep3
MEpUCTEMa [[BETKA CTAHOBHTCSI HEIETCPMHUHHUPOBAHHOHN M
OpraHbl IBETKA MPE/ICTABICHBI TOJIBKO YaIlICIIUCTUKAMU, a Y
YETBEPHOTO MyTaHTa sep [ sep2sep3sep4 BMECTO HaIICITACTH-
KOB Pa3BUBAIOTCSI JIMCTOIO00HBIE CTPYKTYpHI (JIyToBa u 1ip.,
2010). YV myranTa puca pap2 HaOJIONAOTCS HAPYILICHUS: B
CTPOEHHH COIBETHUS — (OPMHUPOBAHNE YBEIMUCHHOTO YHCITa
BETOYEK, B CTPOCHUH KOJIOCKA — Pa3BUTHE CBEPXUNCIICHHBIX
JIMCTONOIOOHBIX KOJIOCKOBBIX M I[BETKOBBIX YELIyH C 3KTO-
MTUYECKIMHU BETOYKAMHU U HApYIIEHHE B CTPOCHUH IIBETKOB.
‘YensieHHOE BETBIICHUE COLBETHS M Pa3BUTHE JIMCTOMOIOOHBIX
CTPYKTYp Y MyTaHTa FOBOPHT O YaCTHYHOH MOTEpe WCH-
TUYHOCTH KOJOCKOBBIX MepucTeM. ['eH sKcIpeccupyercs: B
MepHCTEeMax KOJIOCKa, HAOJIOAETCs MOBBIIICHUE YPOBHS
HKCIIPECCHH IPH YCTAHOBJICHUH HJICHTHYHOCTH KOJIOCKOBBIX
MepucteM. TakuMm obpazom, SEP y 3makoB mproOpeTaeT HO-
BYIO (D)YHKIIMOHAJIBHYIO POJIb, KOTOpAs 3aKJIIOYaeTCs B yCTa-
HOBJICHUH HJICHTUYHOCTH KOJIOCKOBBIX MeprcTeM. YacTHUHbIH
xapakTep norepu pyHknmuu rera POP2 puca mpenmnoiaraet
HaJIM4Ue APYroro rena (reHOB) U BBIPOXKICHHOCTh (DyHKINH
9THUX T€HETUYECKUX (haKTOPOB B YCTAHOBJICHUU HJICHTUYHO-
CTH KOJIOCKOBBIX MEPUCTEM.

Myranmu reHa puca aberrant panicle organizationl (apol)
BBI3BIBAIOT ITPEK/IEBPEMEHHOE YCTAHOBICHUE HICHTUYHOCTH
KOJIOCKOBBIX MEPHCTEM, U, KaK PE3yJIbTaT, YMEHBIIICHHUE BET-
BieHus conserns (Ikeda et al., 2005). I'ern APO! puca koau-
pyer 6enok, copeprxkanuii F-60kc, u oproiornuen UNUSUAL
FLORAL ORGANS (UFO) apabunoncuca, yakmust APO]
3aKJIF0YAeTCs B IOJABJICHUN YCTAHOBJICHUS MJICHTUYHOCTH
kosockoBbix Mepuctem (Ikeda et al., 2007). [TogoOHy*0
(hynukrwro Beimonuasiet red RFL (APO?2) puca. beito mokasaHo,
ut0 rensl APOI n APO2 neficTBYIOT COBMECTHO B KOHTPOJIE
pazButust conperust u nperka (Ikeda et al., 2012). B uenom
coBMecTHOE faeiicTBue reHoB APO1/APO2 cooTBETCTBYET
koperyssiunu renoB LEY/UFO apabunorncuca (JIyroa u 1p.,
772
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2010), ogHako crnenyeT OTMETUTh, YTO Ha Pa3BUTHE IIBETKA
reHsl APO2/RFL w LFY nefcTBYIOT IPOTHBOTIOIOKHBIM 00-
pasom (Ikeda et al., 2012), 9To OTpaskaeT BOIIOLUOHHYIO
JIMBEPIEHIIMIO ICHETHUECKUX MEXaHM3MOB, YIPABIISIOUIMX
pa3BUTHEM apXUTEKTYPbI COLBETUS pHca (OTHOIOIBHBIC) U
apabumoricuca (IByIONEHBIE).

Eme onun rex puca, JeiUCTBUE KOTOPOIO CYNPECCUPYET
YCTaHOBJICHUE HACHTUYHOCTH KOJIOCKOBBIX MEPHUCTEM, —
TAWAWAI (TAW1) ALOG-TpaHckpuniuoHHoro (akropa
(Yoshida et al., 2013). Y myranra tawawal-D akKTHBHOCTb
MEPHUCTEMBI COIBETUSI MPOJIOHTHPYETCS, a CHEUHU(DUKAIIHS
MepHCTeM KOJIOCKa, HAITPOTHUB, 3a]ICP>)KUBACTCSI, B PE3yJIbTATE
4yero (POpMUPYIOTCS YAJIMHEHHbIE BETOUYKH C yBEIMYCHHBIM
YHCIIOM KOJIOCKOB. Taknm 00pa3om, B pe3yibTrare CKOOpANHHU-
POBAHHOTO JICHCTBUSI TEHETHIECKHX (PAaKTOPOB, CIIOCOOCTBYIO-
[IMX YCTaHOBJICHHUIO MICHTHYHOCTU KOJIOCKOBBIX MEPUCTEM
(FZP wn POP2) n ux cynpeccun (APO1, 2 n TAWI), mpouc-
XOJIAT crienn(pUKALHSI KOJIOCKOBBIX MEPUCTEM U JIalIbHEeHIIIee
pa3BHTHE KOJIOCKA.

ITocne ycTaHOBIEHHS HACHTHYHOCTH KOJOCKOBBIX MEPH-
CTEM CIIeyIollee BaKHOE COOBITHE B MPOLECCE PA3BUTHS
KOJIOCKA — BBIOOD JIETEPMHUHUPOBAHHOCTH. Y 3JIAKOB JETep-
MHUHHPOBAHHOCTH KOJIOCKOBOM MEPHCTEMBI OMPEACIAETCS
KOHCEPBAaTHBHBIM MEXaHU3MOM, BKIIIOYAIOIINM JCiCTBHE
MukpoPHK172 u mumenn APETALA2-nopoOHOTO TpaHc-
kpunmuorHoro (axropa (Bommert, Whipple, 2017). ITomna-
TaloT, YTO MHOTOIIBETKOBBIN HEICTEPMUHUPOBAHHBIN KOJIOCOK
(menuna, B. distachyon) BO3HHK B MPOLIECCE IBOJIIOIMU
paHblIlle, YeM JeTEPMHUHUPOBAHHBIN (PUC, KyKypy3a, SUYMEHb)
(IIBenes, 1976; Bommert, Whipple, 2017). Myrauus rena
KyKYypy3bl indeterminate spikelet 1 (idsl) npuBomut K Qop-
MHUpPOBaHUIO cBepXxunciIeHHBIX BeTKOB (Chuck et al., 1998).
AxrtuBHOCTB TeHa IDS1 perymupyercs Tassel seed 4 (T54) —
sokycoMm, komupyromum MUkpoPHK, miR172 (Chuck et al.,
2007). Kpome Toro, 6pu1 0OHapyskeH mapaior rena /DS] —
SISTER OF IDS1 (SIDI); mokazano 4to ()yHKIIMH T'€HOB
IDSI u SIDI B peryasiuuy JeTePMUHUPOBAHHOCTH KOJIOCKA
KyKypy3bI BeIpoxkaens! (Chuck et al., 2008). Opronoru reHoB
IDSI n SIDI ¢ BBIpOXKACHHBIMU (DYHKIHSIMH B KOHTpOJIE
JIETEPMHHUPOBAHHOCTH KOJIOCKA OBbUT OOHApYKEHbI Y puca
U STIMEHSI, TI0OKa3aH KOHCEPBATHUBHBIN MEXaHN3M PEryssiiuu
JIETePMUHUPOBAHHOCTH Kojlocka MUKpOPHK —miR 172 (Lee
etal., 2007; Brown, Bregitzer, 2011; Lee, An, 2012). HenaBuo
OBUIO YCTAHOBJIECHO, YTO TIIABHBIM T€H JOMECTHUKAIUN ITIIe-
HUIBI — ) — MacTep-TeH, PeTYINUPYIOMIMI PsIJT BXKHBIX JUIS
JIOMECTHKALIMK XapaKTEPUCTUK KOJIOCA, SIBIISIETCS] OPTOIIOTOM
IDS1 xyKypy3bl, I MyTalliu B caiiTe cBA3bIBaHUA ¢ miR172
MPUBOAAT K U3MEHEHMSIM JICTEPMUHUPOBAHHOCTH KOJIOCKA,
BBI3bIBasI €I0 YIUIMHEHHE U (POPMHUPOBAHNE MHOTOYHCIICHHBIX
[IBETKOB Ha KOJIockoBo# ocH (Simons et al., 2006; Debernardi
etal., 2017).

leHeTUYeCKNN KOHTPOJb popMUpOBaHUS
MepucTtem, cneunduUHbIX gna oTaeNbHbIX
TAaKCOHOB 3J1aKOB

MyTtarmmu reHoB Ramosa (Ral, 2, 3) IpuBOOAT K HapyIie-
HUIO WJCHTHYHOCTH ITAPHBIX KOJOCKOBBIX MEPHCTEM CO-
LBETHS, ClICHU(UUHBIX TOJBKO JUISl IPEICTaBUTENEeH TPUOBI
Andropogoneae. Y MyTaHTOB KyKypy3sl ramosal (ral), ra2
u ra3 GopMupyIOTCS MHOTOUHCIICHHBIE YTTMHEHHBIC BETOUKH
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B MCTCJIKC U MOABJIAIOTCA YIJIMHEHHBIC «BETOUYKW» B ITOYATKE
(Vollbrecht et al., 2005; Bortiri et al., 2006; Satoh-Nagasawa
et al., 2006). I'enst Ral n Ra2 xomupytor T® cemeiicTBa
C2H2-nunkoBbie nanblbl 1 T, conepxkammii LOB-gomeH
(lateral organ boundary domain) (Vollbrecht et al., 2005;
Bortiri et al., 2006), a Ra3 konupyet Tperano3o-6-hocharayro
(docdarasy (Satoh-Nagasawa et al., 2006). Bce Tpu rena npu-
HaJUIeKaT OIHOMY TeHeTH4YeckoMy ITyTu peryisiiun (Tanaka
et al., 2015). Opronoru reHoB RA/ u RA3 yHUKaJIbHBI JIS
Tpubb1 Andropogoneae, oxHako Onu3kuii napanor Ra3 ¢ He-
oTIpeNieNIeHHON Ha HacTosmee BpeMs (QyHKInei oOHapyKeH
W'y IpyTHUX 371aK0B, HarpuMmep y rena HvSRA stamens (Satoh-
Nagasawa et al., 2000). B omuune ot RAI u RA3, crieru-
¢uunbx 1 Andropogoneae, OpTONOTH TeHa Ra2 WrpaioT
Ba)KHYIO POJIb B PA3BUTHH COLBETHS ITPEICTABUTENIEH 3IIaKOB.
Oprosor Ra2 Obu1 BBIIIETICH B TeHOME stuMeHs, Vis4 (Six-rowed
spike4)/HvRA2, MyTaliuy Te€Ha CBA3aHBI C OMpPEICICHUEM
(hepTHIABHOCTH JIATEPATBEHBIX KOJIOCKOB H BBI3BIBAIOT OTEPIO
JIeTepMHHUPOBAHHOCTH MepucTeMbl Kojiocka (Koppolu et al.,
2013). ITonararot, 9T0, HECMOTPS Ha KOHCEPBAaTUBHOCTH Ra2'y
Pa3JINYHBIX 3]1aKOB, TEHBI-MHUILICHN Y OPTOJIOTOB MOTYT OBITh
pasnuuHbIMU. ['eH HVRA2 perynupyeT pSAHOCTb KOJ0ca OI1o-
CpPEIOBAHHO, YePe3 PeryJsIInIo TeHa-MutieHn Vrs ! (HvHox1)
(Koppolu et al., 2013).

Takum 00pa3zom, HaJM4YHE HEKOTOPBIX TEHETHYECKUX Me-
XaHU3MOB, PETYINPYIOLINX PA3BUTHE COI[BETHUS 371aKOB, MO/~
TBEPKJAIOT MOJIENIH, PAHEE OTKPHITHIC y JIBYJOIBHBIX pac-
TeHuil. BMmecte ¢ TeM 04eBUAHO CyIIECTBOBAHUE MTPOLIECCOB
pa3BUTHSL, CTICIU(DUYHBIX TOJIBKO IS 3JIAKOB, M TOSIBICHNE
HOBBIX MOJYJICH MX T€HETHUECKOH PEeTyIsiN, B YaCTHOCTH
CBSI3aHHBIX C (POPMHUPOBAHUEM PA3BETBICHHOIO COL[BETHSI.
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KoHiiernnius co3gaHus PoccruiicKOM HAlIIOHAJIbHOMN
ClUICTeMbI (DYHKIIMIOHAJIbHbBIX IIPOAYKTOB IMUTaHISI

I0.B. ®otes!, B.®. [TusoBapos?, A.M. Aprembesa’, V.M. Kyankos?, I0.K. Toruaposa®, A.J1. Cpico®, H.IT. Tonyapos” 8@

! LieHTpanbHbIit cMBUPCKUMi GoTaHnueckuii can CMGUPCKOro oTaeneHms Poccuiickol akaaemum Hayk, HoBocubupck, Poccusa

2 BCepOCCUICKNI HayYHO-CCIIEOBATENBCKNI MHCTUTYT CENEKLN 1 CEMEHOBOACTBA OBOLLHBIX KybTyp, MoCKoBCKas 06nacTs, Poccus

3 DepepanbHbiit MCCNEOBATENbCKNI LIEHTP BCepOCCUIICKII MHCTUTYT FeHeTUYeCKX pecypcos pacTteHuin um. H.W. Basunosa (BUP), CankT-TMeTepbypr, Poccua
4 Bcepoccuiickiin ceneKLMOHHO-TEXHONOMNYECKIIl MHCTUTYT CaZloBOACTBA 1 MMTOMHUKOBOACTBa, MockoBcKas 061acTb, Poccus

5 Bcepoccmincknin HayuyHo-nccnegoBaTenbCKMn MHCTUTYT purca, KpacHogap, Poccuna

6 WHCTMTYT nouBoBefieHnA 1 arpoxummn Cnbrnpckoro otaeneHns Poccrinckon akagemmm Hayk, Hosocrnbupck, Poccus
7 DefepanbHbIil NICCNEfOBATENLCKII LIEHTP VHCTUTYT LIMTONOMAM 1 reHeTuKn CUBNPCKOro oTaeneHna POCCUINCKOI akafemun Hayk, HoBocnbupck, Poccns

8 HoBocnbrpcKkmii rocyaapCcTBEHHbIN arpapHbii yHuBepcuteT, HoBocnbupck, Poccnsa

CraTucTuyeckne faHHble CBUAETENbCTBYIOT O HEraTUBHbIX MPOrHO3ax
Aemorpaduyecknx nokasatenei HaceneHnsa Poccuu, BKoYas YncnieH-
HOCTb 1 COCTOAHME 3[0POBbA HaceneHnA. YXyALlalolwanca B Nocnea-
HMe JecATnneTna cpefa obrtaHUA Yenoseka obycoBNMBaEeT Kapam-
HarlbHble N3MEHeHUsA B aCCOPTMEHTE U pa3sHoobpasuy noTpebnaemMblx
1M NPOJYKTOB NUTAHWA 1 B 3HAUYMTENIbHOW CTeMNeHn crnocobcTayeTt
CHUXKEHMIO X 6roNIorMyeckon LeHHocTn. ObeHEHNE NPOAYKTOB
NUTaHNA PAaCTUTENIbHOTO Y XNBOTHOFO NPOVNCXOXAEHNA XKN3HEHHO
BaXXHbIMN MNHepPaJibHbIMX 31€MEHTaMIN, BATaMUHaMU U (1)I/I3VIOJ'IOFVI-
YeCKM aKTVBHbIMY KOMMOHEHTaMM NpefcTaBaaeT coboi cepbesHyto
[ONITOBPEMEHHYI0 Yrpo3y AnA 30POBbA HaceNeHNA 1 HaLMOHaNbHOW
6e30nacHOCTU CTpaHbl. MIHAYCTpUanbHble cnocobbl oboralleHna nmm
NPOAYKTOB NMUTAHUA UMEIOT N3BECTHbIE OrPaHNYEHNA: Y3KMIN HAbop
MUKPOHYTPUEHTOB, UX B3aUMOAENCTBIE Mexay COBOoW 1 JOCTYMHOCTb
ANA OTAENbHbIX rpynn HaceneHns. OgHUM 13 CNocoboB peLleHns npo-
61eMbl ABNAETCA MHTPOAYKLMA U Cenekuma HoBbIX Ana Poccun Bugos
1 COPTOB CENTbCKOXO3ANCTBEHHbIX PAaCTEHWI, @ TakXKe opraHusauma
NPOMBbILINEHHOIO NPON3BOACTBA GYHKLMOHANbHbIX MPOAYKTOB NTa-
Hua (OMM), cnocobCTBYOWMX NPeAYNPEXAEHNIO Y CHUXKEHWIO prCKa
PasBUTUA XPOHNYECKMX 3a6051eBaHINI 1 3aMeANAIOLLMX NPOLecChl
cTapeHus. PelleHrie Takoll MHOTOMIaHOBOM NPOGIEMbI IEXNT B TOM
yncne B USMeHeHNW CTPYKTYpPbl NOTpebneHna NpoayKTOB NUTaHWA 1
UX XMMNYECKOTO COCTaBa, 00YCIOBJIEHHOMO Kak COPTUMEHTOM Bblpa-
LMBaeMbIX BUAOB U COPTOB NULLEBbIX PACTEHWIA, TaK U YCIOBUAMMN UX
BO3/e/bIBaHNA: COCTAaBOM M Ka4eCTBOM MCMOJIb3yeMbiX NOYB 1 Npu-
MEHAEMbIX MUHEPasbHbIX U OpraHnYecknx yaobperuin. C yyuetom
CnoXuBLUencsa gemorpadudeckor cutyaumm B Poccun Heobxogumo
pa3paboTaTb KOMMIEKCHYIO HAaLMOHabHYIO MPOrpamMMy BblaeneHus
HOBbIX PAaCTUTEJIbHbIX FTeHETUYECKNX NCTOYHUKOB C NOBbILLIEHHbIM
cofepkaHnem GyHKLMOHaNbHbIX NMULLEBbIX MHIPEeLNEHTOB Ha OCHOBE
TPaAVLIMOHHBIX M MaJIoPacnpOCTPaHEHHbIX BUAOB 3€PHOBbIX, OBOLL-
HbIX, MOAOBbIX U ATOAHbBIX KYSIbTYP 1 BKIOUYEHUSA NX B CENIbCKOXO3AM-
CTBEHHOE 1CMOJIb30BaHMe. 3TO MO3BOMUT PaCLUNPUTb CYLLeCTBYIOLMe
1 Cco34aTb HOBblE HHOBALMOHHbIE TEXHOMOrMYecKme NpoLecchl B nu-
LeBOV MPOMbILLIEHHOCTK. [penmyLecTBaMmn CO3AaHNA U Pa3BUTUA
HauuoHanbHol cuctembl OMMM B Poccun 6yayT ynyulueHne 300poBbsa
HaceneHma N NpoAOIKUTENIbHOCTU XN3HU, CHUXKEHWE 3aTpaT (DOH,EI,a
06A3aTeNbHOr0 MeAULIMHCKOIO CTPaxoBaHMA Npu YCMeLHoW peanu-
3aUu1M NPorpaMmbl 1 pas3BuTue BU3HeC-CTPYKTYP, 3aAeICTBOBAHHbIX
B npouzsoactee OMM.

KntoueBble cnosa: ,qemorpadwm B Poccuu; 300poBbe HacesleHuA;
NPOAOIKUTENIbHOCTb XKN3HW; d)yHKLl,VIOHaJ'IbeIe NPOAYKTbI MNTAaHWUA;
cenekumna Ha nuueByto LEHHOCTb; ManopacnpoCTpaHeHHbIe KynbTypbl.
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Statistics show negative forecasts of the demographic
indicators of the Russian population including their
size and health. The human habitat which has been de-
teriorating in recent decades causes cardinal changes
in the assortment and variety of food and significantly
contributes to the reduction of their biological value.
The depletion of food products (FP) of vegetable and
animal origin in vital mineral elements, vitamins and
other physiologically active components represents

a serious long-term threat to human health and the
national security. Industrial methods of enriching FP
have certain limitations: a narrow set of micronutri-
ents, their interaction among themselves and acces-
sibility for not all groups of the population. One way
to reduce the negative consequences is through the
introduction and breeding of new for Russia species
and varieties of agricultural plants and organize a mass
production of functional foods (FF) that contribute to
the prevention and/or suspension of the development
of dangerous diseases and slowing down the aging
process. The solution of this multifaceted problem lies
in changing the consumption structure of foods and
their chemical composition conditioned by both the
assortment of grown plant species and cultivars of
food plants, as well as the composition and quality of
soils, fertilizers and the conditions for crop cultivation.
Taking into account the prevailing demographic situa-
tion in the Russian Federation, it is necessary to create



KAK UUTUPOBATD 3TY CTATbIO:

a comprehensive national program for the allocation
of new high-content sources of FF ingredients based
on traditional and underutilized crops, cultivars and
forms of cereal, vegetable and fruit crops and their
inclusion in agricultural production as well as existing
and newly created technological processes in food
industry. The advantages of creating and developing a
national system of the functional food in Russia will be:
the improvement of public health and life expectan-
cy, the reduction of the Federal Compulsory Medical
Insurance Fund expenditures and the development of
business structures involved in the production of the FF.

Key words: demography in Russia; life expectancy;
public health; functional food; breeding for nutritional
quality; underutilized crops.
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a MOCJIEAHUE AECATUICTHS B Halllel CTpaHe MPOU30IIIIH
3HAYUTENIbHBIE U3MEHEHUs B ieMorpaduieckoii curya-
LIUH, CYIIECTBEHHO OTJIMYAIOLINECs OT TPEH/1a, CII0KUB-
mrerocsi B eBponeickux crpanax. Ilo pesympraram paboTHI
MesKrocyapcTBEHHOTO CTaTHCTHUECKOTO KOMUTETa CTPaH
CHI, B 2014 1. cpenu ctpan ObiBiiero CCCP, Bomenmux B
CHI, camble HU3KHE TIOKA3aTEIH TPOIOIKUTEIEHOCTH JKH3-
uu Obii B Pocenu (70.9 rona) n Keiprezerane (70.4 rona)
(Okupmaemasi mpoJOIKUTENBbHOCTE k13HH, 2000-2014. URL:
http://www.cisstat.com/rus/macro/prodol zizni.pdf). «Taxoii
YPOBEHb OXXHMJIAEMOH MPONOIKUTEIBHOCTH KU3HH, KaK B
Poccun B 2014 1, B pa3BuThIX cTpaHax 011 B 1970-1975 T,
T.e. 40—45 net Hazaa» (AranbersH, 2015, c. 66). Heckonbko
panee, B 1963 . aTor nokazarens B CLIHA cocrasmsit 66.6 rona
JUIst MY>)X4uH U1 73.4 — u1st sxkeHIuH, Bo @panuuu — 67.2 u
74.1 rona, B llIBennu — 71.6 u 75.7 rona (Hapomonacene-
HHe cTpad mupa, 1978). [lo nanneim Ha 2014 1. mokasarensb
MPOAOKUTEIBHOCTH JKU3HU cpeau 28 crpaH-uneHoB EC
coctaui 80.9 ronma (83.6 roma mist sxkeHWH 1 78.1 — s
myxunH) (Mortality and life expectancy statistics/Eurostat.
URL.: http://ec.europa.cu/eurostat/statistics-explained/index.
php/Mortality and life expectancy_statistics). B getsIp-
HaJIIIaTOM €XKEroIHOM aeMorpaduieckom Jokiae «Hacerne-
Hue Poccuny» (2008) ormewanocs, 4to 3a nocneauue S50 ner
«KpHBas JOKUTHS HaceseHus Poccust He CIBUHYIACh HUA Ha
HOTY B CTOPOHY PEKTaHTyIISIINH, HAITPOTUB, OHA cTasa doiee
nosioroil. Ilpu 3TOM AOXXKHTHE >KEHIIMH 0 Bo3pacta 60 ser
OCTaJIOCh Ha YpoBHE cepenuHbl 1950-x, a y My>KUnH naxe
3aMeTHO CHM3MIOCHY (. 57). B HacTosimee Bpems B Poccun
camasi HU3Kasi IIpOJIOJKUTENIbHOCTD XKHU3HU B EBporie u camast
OosibIias B MUpPE PAa3HOCTb MEXKIY MPOIOKUTEIBHOCTHIO
JKM3HN Y MY>KYUH U keHmuH — 12 ner (Tapxko, 2013).
3arsiHyBIIAsCS CTarHalMs B JieJie OXpaHbl 3J0POBbS U
JKM3HN POCCHSH 1 CBA3aHHOE C 3TUM HAPACTAIOIIIEe OTCTaBa-
HHE OT MUPOBBIX JOCTHXEHHH 000paunBaIOTCsI OTPOMHBIMHU
nemorpaguueckumu norepsimu (Bumnesckwuii, 2009). Ilo
OIIHOMY M3 IIPOTHO3HBIX CIICHAPHEB YMCIEHHOCTD HACETCHUS
P® k2030 r. cokparntces 1o 128 mun yenosek (Hacenenwe. . .,

leHodoHp 1 ceneKkuma pactTeHuin

2010). Takum 0Opa3om, CTAaTUCTHYECKUE TaHHBIE CBHICTEIb-
CTBYIOT O JJOJITOBPEMEHHOM PE3KO HEraTHBHOM TPEHJIC AEMO-
rpaduyecKux rmokasareseii HaceneHus: Poccuu, BKITFOYAROIIIX
YUCIICHHOCTH W COCTOSTHUE 3/I0OPOBbBS €€ HaCeIeHUs.

Pa3BuTne HayMoHanbHbIX CUCTEM
(I>YHKL|I/IOHaJ1beIX npoAyKTOB NUTAaHUA
B otnmnune ot Poccun, B ctpanax Esponsl, B CIIIA u SInonun
HauynHast ¢ 1970-1980-x rr. BeIpabaTblBaJINCh HOBasl CTpare-
THUS JCWCTBUI, MEPOIIPUATHS U HOBBIH THUI MPOQPIIAKTHKH,
HaIpaBJICHHbIC HA YMCHBIICHHE PUCKa CMEPTHOCTH OT He-
nH(EKIMOHHBIX OoJie3Heil. Eciin cpaBHUBATH CTpaHbI CO
CXOXXMMH UCXOTHBIMU JIEMOTpahnuecKuMy MOKa3aTessiMy, TO,
Hanpumep, ¢ 1901 no 1950 r. mpoOMKUTENBHOCTD KU3HU B
Poccun (32-58 net) u SAAnonun (37-61 ron) ornuuanacek He-
3HaunTeNnbHO. OnHako yxe ¢ 1947 mo 1965 1. oxxumaemas mpu
POXICHUH CPEAHSS POIOIDKUTEIBHOCTD KU3HH BBIPOCIIA B
Snonnu ¢ 50.1 10 67.7 rona y my>xuns u ¢ 54.0 1o 72.9 rona 'y
skernH (Ogawa, Matsukura, 2007). B 1990-X rT. sOHIIBI TIO
MPOIOKUTENIBHOCTH JKU3HU BbIpBanKCh Brepen, U B 2004 1.
MIPOIOJIKUTEIBHOCTD JKU3HU AMNOHCKUX MY)KYMH JIOCTHIVIA
78.6 Toma (BTOpOii B MHpe MOKa3aTenb cienoM 3a Mcnannmeit),
a JKeHIIMH — 85.6 rona (HaWBBICIIMI B MHUpPE MOKA3aTelNb).
Takoro pesynbrara ynanock JOOMThCS B 3HAYUTEIILHOM Mepe
3a c4eT NpUHATHA B cTpaHe B 1991 1. 3akoHOIaTEeIHHBIX aKTOB
0 ¢gyHKuMOHaNBHBIX npoaykTax nutanus (PIIIT — FOSHU,
Food for Specific Health Use), u ceituac SInonust 3anumaer
OZIHO U3 TIEPBBIX MECT B MUPE IO MPOIOIKUTEIEHOCTH KH3HU,
HECMOTpsI Ha TIEPEHACEIICHUE OCTPOBOB M OOYCIIOBICHHBIH
STUM MTOCTOSIHHBIN cTpecc.

OcHOBaHMEM JUT NPUHSATHS CTOJIb BAXKHBIX 3aKOHOB I10-
CITy’KUJIa CEpUs UCCIEN0BATENbCKUX MPOEKTOB. Eme B 1984 1.
MuHucTEepcTBO 00pa3oBaHus, HAyKH M KYJIbTYpbl SIMOHUM
(B HAcTOsIIIIEE BpeMst MUHICTEPCTBO 00pa30BaHus, KYABTYPEI,
CriopTa, HAyKH M TEXHOJIOTHI) CHOHCHPOBAJIO KPYITHOMAC-
ITAOHBIA HALIMOHAIIBHBIA MTPOEKT YISl CCIIEJOBAHMUS CBSI3H
MEXJy HayKOH O MpoAyKTax MUTaHus (HyTPUILHOIOTHEH)
n MenuuuHOH (Arai, 2002). 3a 0CHOBY OBUI B3SIT ITOCTYIAT:
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«[IpomyKT muTaHusi DOJKEH OBITH JekapcTBoM». B 1988—
1991 rr. 6BLT peanu30BaH BTOPOW MPOEKT IO/ HAa3BAHHEM
«AHaIN3 TMPOAYKTOB MUTAHUS, MOAYIUPYIOMHX (YHKIIUH
Tenay, a B 1992 r. — tpetuii npoekT « AHaINU3 U MOJNEKYIIPHBIN
J3aitH (PyHKIIMOHAIBHBIX TPOYKTOB MUTaHUs». B pesynbTa-
Te OBIIM NCCIIE0BAHBI HOBBIC (PUTOXUMHUYECKUE COCMHEHNUS
(dbykocTepoiisl), 00IaAArONINE AHTUPAKOBBIMU CBOMCTBAMH,
a TaKKe aHTHOKCHJIAHTBI Pa3HOTO XHMUYECKOTO CTPOCHHS
(xypxymuHouel). Cucrema FOSHU narnpaBnena Ha To, 4To-
OBl TOMOYb BBISIBIISTD, U3y4aTh U IIPOJBUIaTh IPOU3BOJICTBO
MPOIYKTOB NMUTAHUS, HALIEJIEHHBIX HA PEIICHUE CEPbE3HBIX
po0OJIeM co 3110poBbeM HaceneHus1. B SInonnn o0bem peiHka
FOSHU ouenuBaincs B 5 mapa nomnapos CIIIA B 2003 1. u
5.73 mapx nomapos CIIIA B 2006 r; B 2005 1. 6omee 500 mpo-
JIykToB nutanust umenu Mapkuposky FOSHU (Side, 20006).

Amnanornynsie o Gynkuusim cucrembl I coznansl B
EBpomneiickom corose, Benmukobpurtanuu, CILIA, Pecybimke
Kopes, KHP u ABcrpanun. B . Jlamunac (turar Texac, CILA)
OpPraHU30BaH U MPOBOAUT aKTUBHYIO HAy4HYIO U YUEOHYIO
JIESITENIbHOCTD, KOH(EPEHIINH, BBITYCKAaeT HayYHO-00pa3oBa-
TeJIBHYIO JuTeparypy LleHTp (QyHKIIMOHAIBHBIX MPOIYKTOB
nuranus (FFC) (http://www.functionalfoodscenter.net/). B na-
cTosiiee BpeMs (PyHKIMOHAIBHOE MUTAaHUE B OOJIBIIMHCTBE
Pa3BUTHIX CTPaH MHpa CTaJO JACHCTBEHHOW allbTepPHATHUBOM
MEIMKaMEHTO3HOH TeparuH.

OyHKUMOHaNnbHOE NUTaHNe —

aJibTepHaTBa MEHI/IKaMeHTO3HOI‘/'I Tepanun
N3BeCTHO, 94TO pallMOH MUTaHUs COBPEMEHHOTO YeJI0BEKa Xa-
PaKTepHU3yeTCs 3HAUUTEIbHBIM OJJHOO0Pa3HEM UCTIONB3YEMBIX
JJId IPUTOTOBJICHUSA MUKW BUJI0B paCTeHl/Iﬁ IO CpaBHECHUIO
¢ borree paHHUMH TIEPUOIAMH YeTIOBEUIeCKON nctopuu. Tak,
HeJITaBHUMH pacKonkamu B M3pause, OTHOCSIMMUCS KO Bpe-
MeHH AIenbckoil KynbTypsl (okoso 780 ThIC. €T Hazan),
YCTaQHOBIICHO NIPUCYTCTBHUE B PALMOHE TUTAHUS JPEBHUX JIIO-
Jier 55 TakCOHOB PaCTeHUIA, BKIIIOYAsi OPEXH, III0/IbI, CEMEHA,
OBOIIIM U MTOJ[3eMHbIC 3amnacarorue opransl (Melameda et al.,
2016). 13 mpumepro 30000 BHIOB BBICITNX IIBETKOBBIX pac-
TEHUH, KOTOPBIE MOXHO HCTIONB30BaTh B ITHIILY, JIIOJIN B pa3HOE
BpeMsi COOMPAJIX WITH BBIPAIMBAIIH TOJILKO 0Koj10 7000 Br1oB
(Wilson, 1992), a B HacToOs1IIee BpeMsI U3 HUX CEIbCKOXO035Tii-
CTBEHHO 3Ha4MMBbI He Oonee 200 BUOB (cM. pucyHOK). [1pn
9TOM OKOJIO 75 % MUIIEBBIX PECYPCOB B MUPE JIFO/IY MOTYYalOT,
UCTIONB3YSI UMb 12 BUOB PACTEHUH U 5 BUIOB JKUBOTHBIX
(What is agrobiodiversity? Food and Agriculture Organiza-
tion of the United Nations. ftp://ftp.fao.org/docrep/fao/007/
y5609e/y5609e00.pdf). B cemeticTBe 3makoBbix (Gramineae
Juss.) HacumnTeiBaeTcs cBbime 10000 BHIOB, HO ITIHPOKO BO3-
JIEJIBIBAIOTCS TOJIBKO HECKOJIBKO KynbTyp. ITo nanasiM DPAO,
110 60 % moTpedIsieMoii YeIT0BEKOM SHEPTUH 00€CTICUNBACTCS
3a CUET YIJICBOJIOB BCETO TPEX BHIOB PACTCHUH — pUca, KyKy-
py3bl u mmenuirst (Staple foods: What do people eat? URL:
http://www.fao.org/docrep/u8480e/u8480e07.htm). Crexyer
OTMETHUTD, YTO B 3THX JJAHHBIX HE YUTEH JOBOJIBHO OOIBIION
00beM caxapa, IPOU3BOJMMOI0 U3 1Ll OJTHOTO 3J1aKa — caxap-
HOTO TpocTHUKA (Saccharum officinarum L.). Pucom muta-
eTcs TIOYTH MOJIOBHHA yenoBedecTsa. B Poccun Beero mumib
IIECTh BUJIOB OBOLIHBIX KYJIBTYp (KaIlycTa, TOMaThl, Or'ypIbl,
MOpPKOBB, CBEKJIa CTOJIOBAs M JIyK peI4aThlii) 00eCTeInBaoT
cBbie 90 % npoayKIKUK TOBApPHOTO OBOLIEBOJCTBA.
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300000 Altogether species
100000 In human use
30000 Terrestrial food plants

7000 Used for food

120 Bnpos, BaXkHbIX Ha Hall. ypoBHe

Species of national importance

Provide 60% of energy
(rice, maize, and wheat)

Relative species diversities in the wild and cultivated vegetation accor-
ding to (Wilson, 1992).

B T0 e BpeMs N3BECTHBI CTPAHBI CO 3HAYUTEIBHBIM Pa3-
HOOOpa3ueM NOTPeOIIeMbIX B IHILY OBOLIHBIX PACTCHUH.
ITo onienke M.W. MawmenoBa (2015), B SImoHuHN UCIIOIB3YIOT
B numry 180-200 BHIOB OBOLTHBIX KYJABTYp. 3a TMOCIEIHEE
BpeMS B MUPE PE3KO BO3POC MHTEPEC K HOBBIM IPOJOBOJIb-
CTBEHHBIM KYJIBTYPaM, paHee H3BECTHBIM JIHIIb B OTJEIBHBIX
CTpaHax: amMapaHTy (pa3Hble BUABI, BXOAAIINE B pox Ama-
ranthus L.) (Saubhik, 2016) u xunoa (Chenopodium quinoa
Willd.) (http://www.fao.org/quinoa-2013/en/), o6iamaromumm
3HAUUTEIbHON THIIEBON [IEHHOCTHIO 33 CUET MOBBIIIEHHOTO
coziepkaHus Oelka, 000TaleHHOTO JTU3UHOM. B cirydae mpen-
PAacIoNIOKEHHOCTH OpraHu3Ma K TOMy HJIH HHOMY 3a0o0JieBa-
HUIO, HAPAMEP AHa0eTy, TOTpeOIeHNE OTIPeIeeHHBIX TPO-
JIYKTOB (B 4aCTHOCTH, MoMOpauku Momordica charantia L.)
CIOCOOHO 3aTOPMO3UTh Pa3BUTHE OOJIC3HU.

CyXeHne acCOpTHMEHTa BBIPAIMBAEMBIX BHJIOB pacTe-
HUH CONPOBOXKIACTCS TAKKe 0OCTHEHHEM NX XUMHUYECKOTO
coctana. 3a 50 et (1950-1999) B CILIA conepxanue Ca B
rpymme u3 16 OBOLIHBIX KyNbTyp CHU3MIOCH Ha 23 %, Fe —
Ha 27 % (Davis et al., 2004). B mopkoBu u Tomatax ¢ 1963
1o 1992 r. ycTaHOBJIEHO CHMXKEHUE COIEP KaHUS KalblUs U
marHus Ha 27-35 %. B Benuxo6puranuu 3a nepuon ¢ 1930-x
1o 1980-x rr. conepkanue Ca B miofax ToMara yMEHBIIH-
nock Ha 47 %, Mg — Ha 36 %, Cu — na 90 % (Mayer, 1997).
Cxorkasi CUTyanusi HabJIIOMaeTcsl U C COIep’KaHNEM dIIeMEH-
TOB TIO JAPYTUM KynbTypam. Ilo rpymnme MukpoasneMeHTOB
CKOPOCTh CHI)KEHUS uX copepkanus qocturaet 0.2-0.3 % B
rox. Kpome Toro, nccnenoBareny OTMEUaroT 3HAYUTENBHYIO
BHYTPHBH/IOBYIO H3MEHUMBOCTB MO CO/IEPKaHUIO BUTAMUHOB
Y MUHEPAJIBHBIX JIeMeHTOB. Tak, 10 ackopOMHOBOI KUCIIOTE Y
TOMATOB PA3IIHUMs MEXKy COPTOOOpa3LiaMi TOCTUTAfOT TPEX-
KpaTHOTO YPOBHS, a TI0 HaKOILICHHI0 Mg y copTooOpasnos
KaIyCThl OPOKKOJIM — IByKpaTHOT0. CHUKEHUE TOTPEOICHMUS
3CCEHIMAIBHBIX MAaKpPO- ¥ MHUKPO3JIEMEHTOB YBEINIHBACT
PHCK BO3HHKHOBEHU OINacHbIX 3aboneBanuii. Habmonenus
MOKa3bIBAIOT, YTO YMEHbBILIEHUE TOTpeOIeH s, Hanpumep, Mg
Ha 100 MT B IeHB 1aeT IPUPOCT 3200JIEBAEMOCTH PAKOM TTOA-
JKeTy0uHOH kene3sl Ha 24 % (Dibaba et al., 2015).

MHOro paboT MOCBSIICHO MPOUCXOSIIMM B HACTOsIIEE
BpeMsl KIMMAaTHYECKUM M3MEHECHMSIM M UX BIUSHUIO HA
JKM3HEIESATEIbHOCTh pacTeHni. [lomydeHs! JanHble, 4To aH-
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KoHuenuua co3gaHma POCCUMINCKOM HaUMOHaNbHOWM CUCTEMDI
bYHKLMOHaNbHbIX NPOAYKTOB NMUTaHUs

TpoInorenHoe Bo3pactanue konuentpauuu CO, B armocdepe
MOHIKAET COZIEPKAHNE HYTPHEHTOB B 3TAKOBBIX KYIBTYPax
(Myers et al., 2014).

B P® pazpaboransi rocynapcrBennbie cranaaptsl —[OCT
P 52349-2005, TOCT P 54059-2010, T'OCT P 55577-2013,
yCTaHaBIMBAIOIIUE TEPMHUHBI M ONpEeNICHNUS, KilacCu(puKa-
1o 1 oburue TpedoBanus K OIIIT u HyHKIIMOHAIBEHBIM MTUILIE-
BbIM HHTpeaueHTaM (PIIN). CranmgapramMu periaMeHTHpyeTCs
WCIIOJIb30BaHNE B ITUIIEBOI IIPOMBIIIEHHOCTH OMO/100aBOK,
BKJTIOUAIOIIUX BUTAMUHBI, MAaKpO- U MHUKPOIEMEHTHI. TeM
HE MEHEE, HECMOTPSI Ha TEXHOJIOTHYECKHE IPEUMYIIECTBA U
MOJIB3Y OT WX NPUMEHEHHS, UMEIOTCSI OYEBU/IHBIC MTPEIEITBI
HUHYCTPHAIIBHBIX METO/I0B MOBBILIEHHUS TUIIEBOM [ICHHOCTH
MPOIYKTOB NUTAHUS, CBSI3aHHBIE C OTPAaHUIEHHBIM Ha0OpOM
MHKPOHYTPHEHTOB, MX B3aUMOJICHCTBHEM MEXTy COOOH U 10~
CTYIHOCTBIO IS OTJICNIbHBIX IPYTIIT HACETIECHHUS.

BrrmensnoskeHHOE 00y CITOBIMBACT HEOOXOTUMOCTD ITOMCKA
BU/IOB U (hOPM pacTEHHH, OTIIMYAIONINXCS BHICOKHUM COJIEp-
skanreM @IIU (B coorBerctBum ¢ 'OCT P 52349-2005) mis
MOCIIEAYIOIIETO HCIIOIb30BAHUS B CEJIEKIIMOHHBIX ITPOTPaAM-
Max 1pu GopMHpoBaHNN HaroHANEHOH crcteMsl DIIT. ITpu
CO3aHUU COPTOB C BBICOKOM IUILEBON LIEHHOCTBIO LIEJIECO-
00pa3HO NPUMEHSTH KaK METO/IbI TPAANIMOHHON CENEKIINH,
TaK ¥ HOBBIE TEXHOJIOTUH, OCHOBAHHBIC HA PEIaKTHPOBAHNH
reHomoB (TALEN u CRISPR/Cas) u merabosindeckoit HHxke-
uepuu (Blancquaert et al., 2017).

B XXI B. HeoOxomuMbl (pyHIAMECHTATBHBIC 3HAHHUS B TEX
o0JsacTsX MUILEBONH OMOTEXHOJIOTHH U NMPO(UIAKTHYECKOI
MEJHIUHBI, KOTOPbIE IO3BOJISAT YBEIUIUTH CPEIHIOO ITPOIOI-
JKUTEIIHOCTD JKU3HH, 00CCIICUUTh JUTUTEIEHOE COXPAHCHNE
(hPU3UUECKOrO U JYXOBHOTO 3/10POBbSI, COLIMAIBHYIO U HPaB-
CTBEHHYIO YIOBIETBOPEHHOCTh M aKTHBHYIO )KU3Hb ITOKMIIBIX
U poxaeHue 3noposoro nokonenus (Joponun, llennepos,
2002). I'maBHBIMH KPUTEPHUSIMHU, TO3BOJISIOUIMMUA OTHOCHUTH
CYIIECTBYIOIIUE NIV BHOBb CO3/[ABAEMBIE ITPOLYKTHI IINTAHUS
k OIIIT, siBisitoTest ymydienue GU3HIecKoro U ICHXHYECKOTO
3/10POBBS U IPEIOTBPALICHUE UM YMEHBIIIEHHE YaCTOTHI BO3-
HUKHOBEHUS 3a00JI€BaHUN Y UX TIOTPEOHUTEIEH.

MO’KHO BBIJIETIUTH CIIEAYOIIHE IIPENMYIIECTBA CO3IAHMS U
pa3BuTusa HauroHanbHOU cucteMbl OIIIT B Poccuu:

— yJIydlIeHHUE 370pOBbsl HACENCHUS U YBEIUUCHNE MTPOJOI-
KHUTEIBHOCTH JKU3HH;

— cHmkeHue 3arpar doHma 00583aTENTBHOTO MEAULIMHCKOTO
ctpaxoBanus (POMC) mpu ycnenrHol peanrn3ain Ipo-
IpaMMBI;

— pa3BuTHE OM3HEC-CTPYKTYp, 3a/IeHiCTBOBAaHHBIX B MPOU3-
Boactee PIIIT;

— JIOTIOJTHUTEIIBHBIE TTOCTYIUICHHS B TOCOIO/KET HAJIOTOBBIX
TUIaTeXeH U IaTexei oT JIMIEH3UPOBaHUs U cepTuHKa-
My KadecTsa u npoussozactea OIIIT.

D¢ dexTuBHAs CENEKIHs pacTeHNI Ha MOBBIIICHUE MTUTA-
TENILHOM EHHOCTH CO3/1aBa€MbIX COPTOB M THOPH/IOB C ITOBBI-
IIEHHBIM COEP’KaHNEM MUHEPAIbHBIX BEIIECTB, BATAMIHOB
U JIPYTHX TOJIC3HBIX MHIPEIUEHTOB JOJKHA 3aHSTh B Pean-
3amuu MoA00HOM mporpammbl B Poccuu ofHO M3 Bemylux
MmecT. {7t 3Toro 1esecoo0pa3Ho MCTIONb30BaTh COUETAHUE
METOJIOB KJIACCHYECKOH CEJIeKIIMHU, BKIIIOYAIOMICH TOUCK U
0TOOp 110 OMOXMMHYECKUM IIPU3HAKAM, U MOJIEKYJISIPHO-TeHE-
THYECKUX METOJI0B KaPTHPOBAHMUS 1 aHAIH3a TCHETHUYECKOTO
pa3Ho00pa3us pacTeHUH-IOHOPOB.

leHodoHp 1 ceneKkuma pactTeHuin
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WccnepoBsaTtenbckuia 3agen

M cywecTBylowas MHPPaCTpyKTypa
Hay4YyHO-MCCNefoBaTeNbCKNX yupexaeHun Poccumn
AnA obecneyeHna HaceneHus ctpanbl O

Hcxonst n3 JaHHBIX, YTO Ka4€CTBO OBOIIHOW MPOIYKIH BO
MHOT'OM OITPEAEIISIET 310POBbE U MTPOIOIDKUTEIBHOCTD )KU3HH,
BOo BcepoccuiickoM HayyHO-UCCIIEN0BATENBCKOM HHCTUTYTE
CEJICKIINH U CEMEHOBOJICTBA OBOIIHEIX KyJIbTyp (BHUHCCOK)
¢ 1990-x 1. pa3pabaTsIBaeTCsl HOBOE HAIPaBJICHNE — CO3/IaHHE
OI1IT Ha ocHOBE ChIpbsi UHTPOAYLMPOBAHHBIX HETPATULIMOH-
HBIX OBOIIHBIX PACTCHUI: aMapaHTa, SIKOHA, CTaxHca, OBOII-
HOM Xpu3aHTeMbl, BoJsiHOTO Kpecca (KoHnoHkoB 1 ap., 2008).
Bocnponssoanmoe celpbe BBOAVMBIX B KyJIBTYPY PacTCHHIH
OTIIMYAETCs MINPOKUM HAOOPOM OMOJIMTMYECKH aKTHBHBIX Be-
mectB (BAB) ¢ aHTHOKCHIAHTHOM aKTUBHOCTBIO, BUTAMHHOB,
XMMHYECKHX 3JIEMEHTOB: KaJIbIIMsl, OPTraHOT€HHOTO KPEMHHS,
fiona, ceneHa, xemnes3a U ap.

B pesynbrare ceneKiuoHHONH paboThl OBUIO CO3AAaHO Jie-
BATh OTEUECTBEHHBIX COPTOB amapaHTa. BrepBeie chenaH
JIeTaIbHBIN aHAJIHM3 MUIIEBBIX U JICKAPCTBEHHBIX HU3KOMOJIE-
KyJSIPHBIX METa0ONIHUTOB JIMCTOBOM OMOMAcChHl aMapaHTa, Ha
OCHOBE KOTOPO# IoiTydeHa noinnu(yHKIMOHATbHAs ONOI0TH-
YeCcKH aKTHBHas jobaBka K nuiie «Purodail AMapaHTHI,
MCTOYHHUK OETallMaHMHOB, OKCHKOPUYHBIX KUCIOT U (JIaBo-
HOWJIOB.

HenTpanpubiii cubupckuii 6oranndeckuit cax CO PAH
(LICBC CO PAH, HoBocubupck) nMeeT JaBHHUE TPaTuluN
MCCIIENI0BAHMS OMOXUMHUYECKOTO COCTAaBA MHTPOLYLIUPYEMBIX
BUJIOB pacTeHHi, Oepyiue cBoe Hawajo eme B 1950-x rr.
C 2003 1. B ICBC CO PAH mpoBoasTcs HcCleI0BaHUA
OMOXMMHUYECKON IIEHHOCTH HOBBIX 751 POCCHEM OBOIIHBIX
UHTPOAYIICHTOB — KuBaHoO (Cucumis metuliferus E. Meyer ex
Naudin), momopnuku (Momordica charantia L.), Burnsl (Vig-
na unguiculata (L.) Walp.), 6ernnkassl (Benincasa hispida
(Thunb.) Cogn.), xayrTtioitauu (Houttuynia cordata Thunb.),
KUTaWCKOM OpOKKOJIM, WK Kaii-naH (Brassica alboglabra
L.H. Bailey), u apyrux BumoB. Bce 3Tu pacteHus MOryT
yCIIeIHo BeIpanmBarscsi B Cubupu. Briepsolie B Poccnn co3-
JIaHBI [SITh COPTOB 3TUX KYJIBTYP, BKIIOYEHHBIX B «[ocynap-
CTBEHHBIH PEeCTp CENEKIIMOHHBIX JOCTIKEHHH, Oy IIEHHBIX
K ucnonb3zoBaHuio» (2018). 3to copra Burasl Cubupckuit
pa3mep 1 FOHbHaHBCKasT, MOMOpMKH — [O111a, kKnBaHOo — 3ee-
HBII IpaKoH, OCHUHKAa3bI — AKYJIMHA, TUIOABI KOTOPBIX O0TaThl
BUTaMHUHAMU, KAPOTUHOMIAMH, TIOJTU(EHOIBHBIMH COCTHHE-
HUSIMH, Makpo- U Mukposniementamu (Ca, Mg, Fe, Zn, Cu, Co,
Mo), mexTrHaMH, aHTHOKCHAaHTamu (MHTpOoayKIus. .., 2013;
®ores u 1p., 2018; u ap.). B LICBC CO PAH coznans! u ox-
JICPIKUBAIOTCS KUBbIE KOJUIEKIIMU OBOIIHBIX MHTPOIYLIEHTOB,
HACUYHUTHIBArOIINE cBhIme 133 BuIOB, oTHOCAIIIXCS K 44 po-
mam u 13 cemelicTBaM, 94UCIIO cOpToOOpas3ioB B [eHOaHKe
cemstH — 10754, cpean HuUX 267 MEXBHUAOBBIX THOPUIOB.
Oco0o0 ciexyeT OTMETUTh, 9TO HAa OCHOBE M3YYCHUS BUIOBOU
KOJIJIGKIIMH pa3paboTansl Kpurepuu 3G dexTuBHOCTH 0TOOpa
BUJOB U (hopM 11t UHTpoAyKuuKu B CHOMPCKOM permoHe
(®oteB u np., 2009). Bricokoit OMOXUMHUYECKOH IEHHOCTHIO
obmamaror coznannbie B LICBC CO PAH 19 coproB Tomara,
B TOM 4ucie NepBblii B PO copT ais 3alUILEHHOIO IPyH-
Ta, TOJYYCHHBIN THOpUAN3anuel ¢ AUKOPACTYIINM BHIOM
tomara Lycopersicon peruvianum (L.) Mill., — Jlensra 264,
a Tak)ke 7 COpPTOB Iepla CIaJKOr0 U MEPBbIM CO3AaHHBIN
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B a3uarckoil yactu Poccun rubpun F, Oaknaxana Cuoup-
CKHI apryMeHT, KOTopble OblH BKIIIOUeHbI ¢ 1999 o 2013 .
B ['ocpeectp PO.

Bo BcepocceniickoM CeleKIMOHHO-TEXHOIOTHYECKOM
UHCTUTYTE Caf0BOACTBAa U mutoMHuKoBoacTBa (BCTUCTI,
MockBa) peanu3yeTcs KOMIUIEKC Mep 10 COPTOU3YUCHUIO,
CEJICKINHN, PA3MHOXKCHHIO TIJIO/IOBBIX M SITOHBIX KYJIBTYP U
3¢ }eKTHBHOMY BHEJPEHUIO HOBBIX COPTOB B IPOM3BOJICTBO.
B nacrosmee Bpemst B ['ocpeectpe PD HOBBIE copTa 3TOTO
YUPEKJICHNS 3aHUMAIOT OTHO M3 BEIYIINX MECT, 2 0COOEHHO
Juist LleHTpanbHOro 1 MPUMBIKAIOIINX K HEMY PETHOHOB: COPTa
MaJuHbI — 56 %, cMopoauHb! YepHoi — 20 %, Butau — 20 %,
cnuBbl — 21 %, 3emnsaHukn — 24 %, CMOPOIUHBI KPACHOW —
23 %, xpplKOBHUKA — 15 % ¢ BeIcOKuM coaepkanueMm bAB u
AQHTHOKCHJIAHTOB, KOTOPBIE IIUPOKO BHEPSAIOTCS B ITUILEBYIO
MIPOMBINIJICHHOCTh B KadeCcTBE MCTOYHMKA JedeOHO-Tpodu-
JIaKTUYecKoro nevicTBus. Pazpaborana cucrema npou3Boj-
CTBa M YCKOPEHHOTO Pa3MHOKEHHMSI T0CAJOYHOTO MaTepHraa
MIEPCIIEKTHBHBIX, C BEICOKHM COJIEP)KaHIEM CCCHITMATBHBIX
HYTPHEHTOB IUIOJIOBBIX U ATOMHBIX KYJIBTYp KaK HCTOUHUKOB
CBIPbS JUIS CO3/1aHMsA MPOLYKTOB (PyHKIIMOHAIBHOTO Ha3HA-
YCHUSL.

JlaBHUE TpaaMIIMK BCECTOPOHHETO MCCIICIOBAHUS OMOXH-
MHUYECKHUX MPU3HAKOB MUIIEBHIX pacTeHui (Konapes, Xopesa,
2000) 1 ¥X CeTEeKITIH, B TOM YHCIIE TIPH TOMOIITH CTICITHATEHO
CO3JJaHHBIX JIBYPOIUTENBCKUX PACIICIUISIOIINXCS MOMYIISIUI
¢ nocaenyromum kaptupoBanneM QTL m accommaTtuBHBIM
KapTupoBaHHeM (ApremMbeBa U 1p., 2014), mverorcs Bo Bee-
POCCHUICKOM MHCTUTYTE T€HETHYECKHX PEeCypCOB PACTECHHH
nMm. H.W. Basunosa (BUP, Cankr-IletepOypr). YcTraHOBIEHBI
3aKOHOMEPHOCTH HaKOIIJICHHUS TNTATENbHBIX U Onoornye-
CKM aKTHUBHBIX coeanHeHuit 3epHoBbiME ([Tononckuit u np.,
2018) u oBOmHBIMHU KyJAbTypamMu. B mociegHem ciydae —
Pa3IMYHBIMU BHJAMH M PAa3HOBHIHOCTSMH KaITyCTBI, MOP-
KOBH, CBEKJIBI CTOJIOBOM, THIKBBIL. OnpeiesieHbl 0COOCHHOCTH
pacrpesiesnieHus 10 COPTOTUIIAM U 3KOJIOTO-Teorpaduieckum
TpyIaM NCTOYHUKOB LIEHHBIX OMOXNMHYECKUX TPU3HAKOB,
KOTOpBIE MOTYT OBITh YCIIEIITHO HCIOJIb30BAHbI ITPY CEJICKIIUH
Ha KauecTBO. Bee co3nannbie B BUP 3a nociaennue natHa-
1aTh JIET COPTa OBOIIHBIX KYIBTYp Hapsiiy C NMPH3HAKAMHU
BBICOKOM MPOAYKTUBHOCTH, TOBAPHOCTH, CKOPOCHEIOCTH U
JIEKOPaTUBHOCTH MMEIOT LIEHHBI OMOXMMHUYECKHH COCTaB,
B TOM YHCIIE BBICOKOE COJIEPKAHHE OT/IEIBHBIX CBOOOIHBIX
AMHUHOKHUCJIOT, OPTaHNYECKHUX U JKUPHBIX KUCIIOT, CaXapoB U
BUTaMUHOB. TakoBbI cOpTa KUTAHCKOM U PO3ETOYHON KaIlyCT
Anenyuka, FOna, Kopomnna, MOI'TU, ButaBUP, simonckoit
KamycThl Pycanouka, IBETHOH KamycThl ApUdJIb ¢ KPEMOBOMH
OKpackoi rojioBku, MopkoBu Pest u JlenukarecHasi, ThIKBbI
Jumka, Mapcrnanka, BommeOHas xapera u psga Jpyrux
OBOIIHBIX KYJIBTYP.

B Uuctutyte mutonornu u renetukn CO PAH (ML ul"
CO PAH, HoBocubupck) mpoBOAsSTCS MCCIACIOBAHUS MUPO-
BOTO YPOBHS IO KJIIOUEBBIM HAINlPaBJICHUSIM, CBSI3aHHBIM C
M3Y4YEHUEM HACJIEACTBEHHOCTH M M3MEHYMBOCTH IHIIEBBIX
pacTeHuni 1 UX NCTIOJIb30BAHUEM B CEJIEKIIMOHHOM IIpOIiecce
(HoBocenbckas-/{parosuy, 2015). BeinonHeHo cpaBHUTEINb-
HO-T€HETHUYECKOE U3yYeHue BUAOB poaa Triticum L. u ux co-
ponuyeid, MpoBeieHa PEBNU3HSI CYIIECTBYIOIIEH CHCTEMBI posia
W IpeIUIOKEeHa HOBasl, BKIIIOUAroIast B ce0st Bce epTUiIbHbIE
pyxotBopHBIe BUBI (Goncharov, 2011), oTKpbIBaroIas Bo3-
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MOYKHOCTb ITMPOKOTO UCTIOIb30BAHUS PEIIKHX M BHIBEICHHBIX
B HACTOSIIIEE BPeMsI M3 BO3/IENbIBaHS BHIOB poaa (Goncharov
etal.,2007). [Toka3aHo, 9TO OAWH U3 SHICMUYHBIX BHJIOB TIIIIC-
nun Triticum aethiopicum Jakubz. ciy)KuUT IepCHIEKTUBHBIM
nctouHnkoM aHTHOKcHaaHToB (I'opaeesa, 2014). Ilpu sTom
BO)KHOCTH CO3IaHHS arpOXUMHUYECKH 3()(PEKTHBHBIX COPTOB
B HACTOsIIIIEE BpEMsl — yxKe 00Illee MECTO B HAI[MOHAJIBHBIX
CEJIeKIIMOHHBIX Tporpammax (AOyramuesa u ap., 2011).

Bo Bcepoccuiickom Hay4HO-HCCIIEI0BATEIHLCKOM HHCTH-
TyTe puca (BHNU puca, KpacHonap) BeIBeZeH ps COPTOB
YEPHO3EPHOTO M KPACHO3EPHOTO pHCA C BBICOKHM COJZEP-
JKaHWEeM aHTHOKCHJIAHTOB U JPYTUX MOJIE3HBIX BEIIECTB (10
20 pa3 Bbllle, YeM y TPAAMLUUOHHBIX OEJI03EPHBIX COPTOB).
Oto copra Masp, ['arar, Uepnsle Taza, Peoxuk, Kapannan,
IOxmnas Houb, PyOun n Mapc (3enenckas u np., 2018). ITo-
Ka3aHo, YTO JIO’KKa OTPYOei YepHOTo prca COAEPIKUT OOIIbIIE
AQHTOIIMAHUHOB, 9eM JIOKKa YepHUKH. [Ipn aTom 50 T ueprOTO
puca obecrneunBaroT 10 35 % OT peKOMEHIyeMOW JHEBHOU
HOPMBI CeJieHa, MeJy, LIMHKa ¥ MapraHia, Tak Kak Mo UX
COJIEPKAHNIO OH 3HAYUTEIBHO NMPEBOCXOAUT OEI03EpHBIH
puc. ITo conepkanuio MosM(pEeHOIOB YEPHO3EPHBIE COpTa
puca MPeBOCXOIAT KpacHO3epHbIe B 8 pa3, a Mo coaepxka-
HUIO aHTOIIMAHUHOB — B 60, YTO TTO3BOJIAET UM HPOSIBIISATH B
45 pa3 bornee BHICOKYIO aHTHPAIUKAIBHYIO aKTUBHOCTH (Yao
et al., 2010). B HacTosiiiee Bpemsi TOTOBSITCS JJIs TIEpeAaqn
B ['occoproucneitanne copra puca ¢ eme 0onee BEICOKUMHU
YPOXKXaiHOCTBIO, YCTOHYMBOCTBIO K 3a00JIEBaHMSIM U COZIEP-
JKaHWEeM MOJIe3HBIX BeliecTB. [ToTeHmam mpoyKTHBHOCTH
co3MaHHBIX copToB — 8—10 T/Ta, BEIXOA Kpymbl — OT 73 10
83 % (T'onuaposa, 2015).

B Unctutyte nousoBenenus u arpoxumuu CO PAH (UITA
CO PAH, HoBocnbupck) BeayTCs HCCIIEIOBAHIS COACPIKAHUS
1 GOpM XUMHUYECKUX COSTMHEHNI MaKpO- 1 MUKPO3JIEMEHTOB
(N, P, K, Na, Ca, Mg, S, Mn, Cu, Mo, B, Co, Zn, I, Br, F, Cl,
Sr, As, Se) B mouBax, pacTeHuax u Bogax Cubupu. M3ygaercs
UX TOBE/ICHHUE B CHCTEME «II0YBA—PACTCHUEY, CBA3b MEKIY
CBOMCTBAaMH I10YB, DJIEMEHTHBIM XUMHUYECKUM M OMOXMMHU-
geckuM (110 BAB) cocraBamu pecypCHBIX MHIIEBBIX pacTe-
HUH, BKIIIOYasi OBOIIHBIC. [IpoBeIeHO OMOTeOXMMHUYECKoe 1
9KOJIOT0-OMOTeOXMMUYECKOE PAHOHUPOBAHHE PETHOHOB foTa
3amagnoit Cubnpu (Mneun, Ceico, 2001; Crico, 2007). UTIA
CO PAH nmMeeT akkpeUTOBaHHYIO UCTIBITATEIbHYIO JJabopa-
TOPHIO 110 UCCIIEIOBAaHUIO ITOYB, PACTEHUH U BOA.

JlaboparopHas 6a3a, Ha KOTOPOI MOXKET IPOBOANUTH HEOO-
XOIMMBIC UCCIICIOBAHMS ITOYB M PACTCHUH B 00Pa30BaTeIbHOM
rpoiiecce npu noaroroske crnenuanuctos no PIIII, umeercs
B HoBoCnOMpCcKOM rocyapcTBEHHOM arpapHOM YHHBEPCHU-
tere (HIAY).

B Hukurckom 6oTaHnueckoM cany — HarpoHaibHOM Ha-
yanom niearpe PAH (HHII-HBC, moc. Huxura, Pecmyommka
KpbIM) co3nana Kiaccuueckas M 10 CHX BOCTpeOOBaHHAs
B OMOXMMHUECKHX Jlabopatopusix Poccum meronnka Ouo-
XHMHYECKOTO aHaimu3a MUIEBLIX pacTeHni (KpuBeHnos,
1982). B cocrase HHI[-HBC ¢ynxmmonupyer nadoparopust
apoOMaTHYECKUX U JIEKAPCTBEHHBIX PACTCHUH, TJI€ TPOBOJISTCS
nccnenoBanns 1o mupokomy crnektpy PIIN. Co3maHsl 1eH-
HBIE TI0 OMOXMMHYECKOMY COCTaBY COPTA MPSTHO-BKYCOBBIX 1
JIEKapCTBEHHBIX PACTEHUI1, BKIIIOUEHHBIE B [ 0OcpeecTp copToB:
WCCOT JIeKapcTBeHHBIN Hyssopus officinalis L. ‘Hukurckuit
OeIbIii’, IOJIBIHG JieueOHas Artemisia abrotanum L. “9BKCUH’,
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KoHuenuua co3gaHma POCCUMINCKOM HaUMOHaNbHOWM CUCTEMDI
bYHKLMOHaNbHbIX NPOAYKTOB NMUTaHUs

NOJBIHB Artemisia dracunculus L. "U3ympyn’, yabep ropHbIid
Satureja montana L. ‘KpsIMCKuil cMapara’ U 1Ip.

MyTn peweHna npobnembl

ob6ecneuyennsa QMMM HaceneHna Poccun

JI1s KOMIIEHCAllU CHUKEHUS MUIIEBOM HEHHOCTH MPOIYK-

TOB MHUTaHUS HEOOXOMUMO co31ath B Poccun 3¢ dexTHBHO

(hYHKIIMOHHPYIOILYT0 HarmoHaNbHy1o cuctemy @IIIT. PazHere

MOJPAa3JeIeHUs] HayYHO-HCCIAEI0BATENbCKUX YUPEKICHHM,

MOIBEIOMCTBEHHBIX MuHOOpHayku P®, nMeroT He0OXoau-

Mbl€ KOMIIETCHIIUH ¥ KaAPbI Ul PEIICHUS 3aJa4n BbIEIIe-

HUSI BUJIOB, (DOPM M BBIBEJICHUSI COPTOB TPAJUIMOHHBIX H

HOBBIX Uil PO KynbTyp, NpoAyKLUs KOTOPBIX OTJINYACTCS

MOBBIIIEHHBIM COJIEPKAHIEM MAaKpO- U MHUKPOJIEMEHTOB, a

TaKXKe JIPyTUX OWOJOTUYECKH IIEHHBIX MHTPEeIUeHTOB. Jlist

peLICHUs TTOCTABICHHO 3a/1a41 HEOOXOJMMa KOHCOJIHTalns

YCHITUH CIIeIIaTUCTOB, paboTatonux B pasHeix HUU, mytem

(hopMupOBaHMsI BDEMEHHOTO TBOPUECKOTO KOJUIEKTHBA JINOO

opraHu3anuu camoctostesnibHoro «LienTpa GyHKIMOHATBHBIX

MPOAYKTOB NMUTAHUS», HAIPUMEDP, B PAMKaxX 3aKIFOYEHHOTO

B 2017 . BocbMucTOpOHHETO JloroBopa 0 COTpYIHUYECTBE

MEXJy MHCTUTYTaMH, MTOJIBEIOMCTBEHHBIMU MHUHOOpHAYKH

Poccun, u HTAY Muncenbxo3a PO. LleneBoit opueHTup npu

coznanun poccuiickoil cucrembl DI nomkeH BKIIOYATh

BBINOJIHEHHE CIICAYIOIINX 3a/1ad:

* Brigenenne Ha 0CHOBE KOMIUIEKCHOTO N3ydIeHHs Hanbosee
nepcrieKTHBHBIX i1t cuctembl PIITT BumoB 1 hopm 3epHO-
BbIX, OBOIIIHBIX, IJIOJOBBIX U ATOAHBIX KYJIBTYP.

* Bcecroponnee uccienosanue cogepxanus @I B copro-
oOpa3max 3epHOBBIX, OBOIIHBIX, TIOJIOBBIX M STOXHBIX
KYJBTYP B pa3HBIX KIIMMaTndeckux 30Hax Poccun (Cubupsb,
Cesepo-3ama, cpenusis moioca PO, KpacHomapckuii kpai,
Kpsim u npyrue pernonst Poccun).

® HCCJ’IC[{OBaHI/Ie BIIMAHUS ITIOYBCHHBIX yCJ'IOBI/Iﬁ MUHEPAJIb-
HOTO NMUTAHUS PACTEHUH HA UX 3JIEMEHTHBINA 1 OMOXHMU-
YECKUU COCTaB.

* BcecropoHHee u3ydeHHe FeHeTHUECKUX PECYPCOB 3J1aK0-
BBIX M OBOIIHBIX KyJBTYP JUISI TIOCJIEAYIOIIETO LIeIeHa-
MPaBIEHHOIO MOBBIINICHHS MUIIEBOW IIEHHOCTH HOBBIX
COpTOB U FI/I6pI/II[OB, B TOM YHCJIC IMMOJTYYaCMbIX C UCTIOJIb-
30BaHMEM COBPEMEHHBIX MOJEKYIISIPHO-OMOIOTHIECKUX
METOJIOB.

» Paszpabotka n peanu3anusi CeNSKIIMOHHBIX TIPOrPaMM BbI-
BE/ICHHsI COPTOB M CO3/aHMs THOPUI0B HETPAANIIHOHHBIX
3JIaKOBBIX M OBOIIHBIX KYJIETYp HOBOTO HOKOJIEHUS C BBICO-
kuM cogeprkanueM OIIN u ¢ nocnenyromuM npoBeeHuEM
UX IIHUPOKOTO IKOJIIOTHYECKOTO UCTIBITAHUSL.

e Co3znaHue CeneKkIMOHHO-CEMEHOBOIYECKUX KOMIAHUMN
JUTSL CEJIEKIIUH, CEMEHOBO/ICTBA U BHEIPEHUS B IPOU3BO/-
CTBO COPTOB PAaCTeHUH (PyHKINOHAILHOTO HAIPaBIICHNUS,
SIBJISTFOLIIMXCSI NCTOYHUKAMH BBICOKOTO COJIEpIKaHHsI Ono-
JIOTMYCCKHU aKTUBHBIX COeI[PIHeHPIﬁ, 1 HOBBIX IPOU3BOJICTB
1o Beirycky DI Ha OCHOBE TaHHBIX COPTOB M THOPHIOB —
ncrouHnkoB OIIU.

e Opranuszanys HIMPOKOH CETH MO MPOJake CO3JaBaeMbIX
OIIIT n/unm BHEAPEHUE UX B YK€ CYIIECTBYIOIIIE TOPTO-
BBIE CETH.

* Pacnpocrtpanenue ®OIIII B 1eueOHO-0310POBUTEIBHBIX
LENAX Ha MPEANpUATHSX, B IIKOJNAX, By3aX U B APYTHX
YUPEKIECHUSAX.

leHodoHp 1 ceneKkuma pactTeHuin

2018
22.7

10.B. ®otes, B.O. MuBoBapos, A.M. ApTembeBa
WN.M. Kynukos, t0.K. ToHuapoBa, A.W. Cbico, H.M. ToHuapos

* IloaroroBka COBMECTHBIX Hay4YHbIX ITyONMKauuii, KoHpe-
PEeHIHi, 00yJaromux ceMrHapoB s crieramncToB ATTK.

* BBsenenue B By3ax COOTBETCTBYIOLIETO MpoduiIs ucunm-
JIH, TI03BOJISIOIMX TOTOBUTH CTIEIIATIMCTOB MO CO3/JAHUIO
u BHeapenuto OIIIT.

* Bsenenne B «Homenkmarypy crnennaibHOCTEH HaydHBIX
pabOTHUKOBY» CHENHAIBHOCTH «()YHKIHMOHAJIbHBIE MPO-
JIyKTBI TINTAHUSD.

* Ocyuectpnenue BzaumozaencTsust co CMU no npomnaranze
0Te4eCcTBEeHHOH KoHuenuu «lIuiessle NpoayKThl MOTYT
OBITH JIEKAPCTBOMY, HAyYHO-TIOMYIISPHBIE ITyOIUKALUH 1
BeicTyieHust B CMU. Oprannzanust «ropssaeit INHIUY 110
KOHCYJIBTHPOBAHUIO (PU3MUECKHX JIUI] U OpraHU3aluii 110
BonpocaM kadectsa OIIII.
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M cxooHbIN MaTepuasl Oas celeKIun

SIPOBOVI MATKOJ ITIII€HUIIbI

B yC/I0BUSX HoBOoCOMpPCKOIi 061aCcTm

B.B. IMuckapes! @, E.B. 3yes?, A.H. Bpsikopa®

T CUBUpPCKIit HayYHO-UCCNEA0BATENbCKUI HCTUTYT PacTEHUEBOACTBA U ceneKLm — punnan OefepanbHOro NCCNefoBaTeNbCKoro LeHTpa
WHCTUTYT uutonorum u reHetnkn Cnbmpckoro otaeneHnsa Poccuinckon akagemnmn Hayk, HoBocnbrpck, Poccusa
2 DepepanbHbIil MCCNEOBATENbCKIN LIeHTP BCepoCCUICKII MHCTUTYT reHeTUYeCKUX pecypcos pacteHuin um. H.W. Basunosa (BUP), CankT-TMeTepbypr, Poccua

PaboTa HanpaBieHa Ha OLleHKY MCXOAHOMO MaTepmrana Mo BblpaXkeH-
HOCTV XO3ANCTBEHHO LIEHHbIX MPU3HAKOB (MPOAOXKMTENbHOCTb Bere-
TaLuuu, yCTOMYMBOCTb K NMONEraHunio 1 BbicOTa pacTeHuns, macca 1000 3e-
peH, Macca 3epHa Kosloca 1 YPOoXKalHOCTb 3€pHa) Y KOMNEKLMOHHbIX
06pa3sLoB MLIEHULbl MAFKOW APOBOI Pa3IMYyHOro 3Konoro-reorpadu-
yeckoro npoucxoxgeHusn. OueHka npencTasneHa B Buae 9-6annbHoim
CUCTEeMbI BblpaXeHHOCTV NPU3HaKa B rofibl CCNIe0BaHNA, YTO NO3BO-
nAeT BblAenATb 06pa3ubl C HaMOONbLLNM BblpaXKeHMeM Npr3HaKa B
rofbl U3y4YeHnsa OTHOCUTENbHO CPefHero no onbiTy. Bcero 3a 28 net
6b1510 U3yyeHo 5439 06pasLoB, U3 HMX B TeUeH e ABYX 1 6onee neT —
1106. MoKa3aHo, YTo Yy M3yUeHHbIX 06pa3LioB B LIeNIOM He Habntoga-
NOCb KOPPENALMOHHOW 3aBUCUMOCTY MEXAY YPOXKaiHOCTbIO 1 NPo-
LOJKUTENIbHOCTbIO BEreTaLMIOHHOrO Nepuoga, Toraa Kak Mexay ypo-
MaMHOCTbIO 1 BbICOTOM PacTEHUA BblABNIEHa CPefHAA 3aBUCMMOCTb
(r=0.6). BoisBneHbl 06pasubl (MTiotecueHc 675, UpkyTckas 49, Cumbup-
Ka, Hybrid F3 S-141, Hybrid F4, Hybrid F3 S-289, Hybrid F4 S-2300 1
MamsATn BaBeHKOBa), popMupytome cpeaHioto (4.5-5 6anna) 1 Boie
cpefHen (6-7) ypoxKaHOCTb 3a KOPOTKMNI BereTaLMoOHHbIV Mepuog,
(69-85 fHel). Boicokum cpepHum 6annom (8.6-9) no macce 1000 3epeH
XapaKTepr3oBanucb 16 06pasLoB, y KOTOPbIX STOT NMoKa3aTesib Bapbu-
posan ot 37.0 r (N43 1 1A0-9) fo 56.0 r (Hofed 1). Bbicokum ycpepHeH-
HbIM 6annom (8-9) Npur oLeHKe Macchbl 3epHa C KONoca XxapakTepurso-
Banucb 06pasupbl: MamaTr JleoHTbeBa, IKaga 70, Cumbrpuut, Don Jose,
Yong-Liang 4 n Long-Mai 11, cpopmrpoBaBLumne KONOC CO CpefHel
maccort ot 0.96 go 2.30 r. CTabunibHO BbICOKUM 6annom (9), Bbipaxa-
IOLMM YPOXKaNHOCTb, oTAnYanucb obpasupbl Condestavel, PF 843025,
MpuneHckas 19, Namatn JleoHTbeBa, OMcKkan Kpaca. Ha ocHoBaHum
NOMYyYeHHbIX PE3yNbTaToOB BbIABEHbI UCTOYHUKM, XapaKTepU3yoLLmM-
ecA BbICOKOW BbIpaXeHHOCTbIO XO3ANCTBEHHO LIeHHbIX MPU3HAKOB, YTO
No3BOSIAET NPUB/IeKaTb HOBbIV reorpaduyeckn oTaaneHHbIN NCXos-
HbIi MaTepuan Afia cenekunm CoOpToB, afanTUPOBaHHBIX K YCIIOBUAM
pervoHa.

Kniouesble cnosa: nweHmnua markasa ApoBan; NCTOYHUK; X03ANCTBEHHO
none3sHble NPU3HaKu; Koppenauna.
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Sources for the breeding
of soft spring wheat

in the conditions

of Novosibirsk region

V.V. Piskarev! @, E.V. Zuev?, A.N. Brykova?

! Siberian Research Institute of Plant Production and Breeding -
Branch of the Institute of Cytology and Genetics, SB RAS,
Krasnoobsk, Novosibirsk oblast, Russia

2 NI Vavilov All-Russian Institute of Plant Genetic Resources
(VIR), Saint-Petersburg, Russia

The sources were identified among collection samples
characterized by highly pronounced economic and
valuable features, which allows new geographically
remote source material to be taken to the regional
breeding practices. This research aims to assess the
agronomic traits (duration of the growing period,
lodging resistance and plant height, 1000-grain weight,
grain weight and yield) in soft spring wheat varieties of
different ecological and geographical origin. Estima-
tion was carried out by a 9-point system of expression
of the trait during the study, which allows identifying
samples with the greatest expression of the trait in the
years of study with respect to the average experience.
5439 samples have been studied over 28 years, with
1106 of them, over two years or more. The study was
carried out according to the methods of VIR on plots
of 2 m2. It was shown that the samples mainly had no
correlation between the yield and the duration of the
growing period, while the average dependence (r = 0.6)
was revealed between the yield and the height of the
plants. Varieties forming the intermediate (4.5-5 points)
and above average (6-7) yield in a short growing pe-
riod (69-85 days) were identified (Lutescens 675, Irkut-
skaya 49, Simbirca, Hybrid F3 S-141, Hybrid F4, Hybrid
F3 S-289 and Hybrid F4 S-2300 and Pamyati Vavenko-
va). A high average score (8.6-9) at 1000 grains weight
was shown for 16 varieties with variation from 37 g
(N43 and IAO-9) to 56 g (Hofed 1). A high average
score (8-9) in the evaluation of grain weight was shown
for Pamyati Leont’eva, Ekada 70, Simbirtsit, Don Jose,
Yong-Liang 4 and Long-Mai 11, which formed ears
with an average weight from 0.96 to 2.30 g. A consis-
tently high score (9) reflecting the yield was in the va-
rieties Condestavel, PF 843025, Prilenskaya 19, Pamyati
Leont'eva, Omskaya Krasa.

Key words: soft spring wheat; source; agronomical
useful characters; correlation.



JTHAM M3 OCHOBHBIX CIIOCOOOB CO3JJaHUS COPTOB CEJlb-

CKOXO3SIHCTBEHHBIX KYJBTYpP 1O CHX IOp OCTaeTcs

THOPHUIU3AIHS C TTOCIEAYIONMM 0TOOPOM PEKOMOM-
HAHTHBIX T€HOTHIIOB C SPKOW BBIPAKEHHOCTBHIO KOMILIEKCA
CCJICKIIMOHHO-IICHHBIX MMPH3HAKOB (AIaHACCHKO | JIp., 2015;
XapakTepucTUKu copros..., 2016). Ilpn cozmaHnm HOBBIX
COPTOB, AJIalITHPOBAHHBIX VISl 3aI1aJHOCUOUPCKOTO peruo-
Ha, YaCTO MCIOIb30BaIM 00pasIibl C BHICOKO MPOTYKTHBHO-
CTBIO, KQYECTBOM MPOAYKIMU U YCTOMUMBOCTBIO K CTPECCO-
BBIM (paKTOpaM M3 KOJUIEKIMH Bcepoccuiickoro MHCTHTYTa
pacrenueBonctsa (BUP) (JIuxenxo u np., 2014). B cBsi3u ¢
0COOCHHOCTSIMH TIPUPONHBIX ycioBuii Cubupu (BoponuHa,
I'punenko, 2011) cenexnpoHepaM HEOOXOAWMO YUYUTHIBATH
psiI IPU3HAKOB M CBOMCTB: CKOPOCIENIOCTh, YCTONYUBOCTD
K 3aCyXe B II€pBOI IOJOBHHE BETr€TalllU, YCTOMYUBOCTH K
MO37THUM BECEHHUM U pAaHHUM OCCHHUM 3aMOPO3KaM, YCTOH-
YHBOCTD K JINCTOCTEOJICBBIM HHEKINSIM.

3HaUUTENHEHOE POSIBIICHHE OT/IENIbHBIX TPU3HAKOB TN UX
COYCTaHUS MOXKHO HAOJIONATh Y OTACIBHBIX 00pa3lloB KOJI-
nexuun BUP (Bacunosa u ap., 2016; 3yes u ap., 2016; Ko-
HOBaJoBa, borman, 2016). IIpu 3TOM MpsiMOe UCTIONBE30BaHNE
rerodona sarpynsero (Friedrich et al., 2014; Singh, Kumar,
2016) u3-3a, KaK IpaBHIIO, HU3KOW aIallTUBHOCTH MaTepuaa
U mpeobiasaHusl B MOTOMCTBE PEKOMOMHAHTOB C HU3KOH
ypoxaiiHocTbio (Souza, Sorrells, 1991), koropbie BbIOpaxo-
BBIBAIOTCSI Ha MIEPBBIX ATAIaX CeJIEKIMOHHOTO mpotecca. [To-
JoOHAasT TEHACHINS HAOMIOaeTCs U PU TeorpaduIecKu OT-
nmaneHHo rudpuanzanun (Jlemexos, 2016).

Hecmotpst Ha TO 9TO B COpOKa KPYIMHBIX TeHOaHKaX B MUpE
coxpansiercst 6onee 560 Tric. 06pa3nos murenuns! (Bhullar et
al., 2009), cenekunoOHepH! ONEPUPYIOT B OCHOBHOM OTIpaHH-
YCHHBIM KOJIMYECTBOM M3 3TOro pasnoobpasus (Reif et al.,
2005), 9T0 MPUBOAUT K TEHETUIECKOM IPO3UH KOMMEPIECKIX
COpPTOB MiIeHHUIBL. 151 6osee MIMPOKOTo UCIIOIb30BAHUS CO-
XPaHSAEMOT0 B KOJUICKIIUSIX TeHO(OH/1a HEOOXOANMO HE TOIBKO
reHorunuposanue oopasuos (Friedrich et al., 2014; Addison
et al., 2016), HO u (eHOTHITUPOBAHKE B TEX YCIOBHSIX, JJISI
KOTOpBIX OyJIeT CO3/aBaThCsl COPT, U BBISIBIICHHE HauOosee
a/1IalITUPOBAHHOTO K HUM MCXOAHOTO MaTepuaa, XapakTepu-
3YIOLIETOCS, KPOME TOTO, BBICOKOH BBIPAKEHHOCTBIO XO35IH-
CTBEHHO HeHHbIX npu3HakoB (Tadesse et al., 2016).

BrIsiBIIeHHE HOBBIX T€HETHYECKUX (DAKTOPOB, OTIPEAEIISIO-
IIMX BBICOKYIO BBIP@KEHHOCTh XO3HCTBEHHO IIEHHBIX IPHU-
3HAKOB, B BBIZICJICHHBIX 00pa3iax KOIJIEKIMH OyeT crocoo-
CTBOBAaTb CO3/IaHUIO COPTOB C TPeOyeMbIMH MapaMeTpaMu
(Randhawa et al., 2013; Wessels, Botes, 2014). YBepeHHO
MPOTHO3UPOBATH CENEKIIMOHHYIO IIEHHOCTH KOJUICKIIHOHHBIX
00pa3IoB MOXKHO, TOJBKO KOTJa M3BECTCH MX MOTEHIIMAJ
(HMaBbrnoBa, Kazauenko, 2013). [TosTomy pacmupeHHoe u
yIIyOJIeHHOE M3yYeHHEe KOJUICKIIUH, HAIPaBICHHOE Ha BbI-
SIBJICHHE HOBBIX HCTOYHUKOB U JIOHOPOB CEJIEKIIMOHHO-IICH-
HBIX MTPU3HAKOB MIIECHUIIBI, TPEACTABISIET COO0H BaXKHYIO
aKTyaJbHYIO 33/1a4y.

Ienbro paboThI OBLTO U3YyUYCHHE 0OPA3IIOB MIIICHUIIBI MSIT-
KOH SIPOBOIA, IOCTYIIABIINX B Pa3JIMUHbBIE FO/(bI N3 KOJJICKLIUH
BUP, u BbIsIBIIEHME HCTOUHUKOB arpPOHOMUYECKHU LIEHHBIX IIPU-
3HAKOB JUISl HCIIOJIb30BAHUS B CEJIEKIIHOHHBIX IPOTrpaMMax B
YCIOBHSX JiecocTend 3amanaoii Cubupu.
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MaTepman n metoabl

HWccnenoBanmst npoonmimn B TeueHue 28 set (1972-1973,
1976-1980, 1994-2011,2013-2014, 2016) B 1ecocremnu [1pu-
00bs1 Ha onbITHBIX MoJisix CuOHWKWPC. Beero 0b110 n3yueHO
5439 006pasioB sipoBO MATKOH MIIeHUIbl Kojutekiuun BUP
u3 78 cTpaH MHUpa, B TOM YHCIE: copTa W JuHUHA u3 Poc-
cun — 1814, Kuras — 487, Kazaxcrana — 316, Unnn — 222,
Mexkcuku — 213, I'epmanun — 204, Ascrpanuu — 177, CLLIA —
171, Apreatunst — 160 u 1p. HanbGonee oo n3y4eHs! npu-
3HAKH: IPOAOJIKUTEIBHOCTh BETETALIMOHHOTO MIEPHUO/IA U €T0
MeK(pa3HbIX TIEPHOJIOB, BHICOTA PACTCHUSI U YCTOHYUBOCTD
K TOJIETaHHIO, 3aCyXOyCTOWYNBOCTD, MPOLYKTHBHAS KyCTH-
croctb, Macca 1000 3epen, Macca 3epHa ¢ INIABHOT'O KOJIOCA,
ypoxaiiHoCTh. B Tabi. | npuBeneno unciio o0pasos, KOTo-
pble ObIIM 0XapaKTEepU30BaHBI IO OCHOBHBIM XO3SHCTBEHHO
BR)XHBIM ITPHU3HAKaM. MOXXHO OTMETUTb, YTO JIUIIb OKOJIO
54 % o0pa31oB XapakTepHU30BAIUCh JTOCTATOYHON JKHU3HE-
CIIOCOOHOCTBIO IS TaTbHEHIIIEr0 H3y9eHUs B yCIOBUAX 3a-
nagHo CubupH U GOpMUPOBAITH HEOOXOIMMOE KOJIYECTBO
CEMsIH B IIEPBBIH TOJI.

Jlist cpaBHEHMSI ITOTO/THBIX YCJIOBHIA B TOJIBI NCCIICIOBAHNUS
HaMy ObUI PAacCYMTAH THIPOTEPMHUECKUA KOIPPHUIUEHT C
mas 1o aBryct (I'TK = cymma ocankos/0.1 x cymma apdex-
TUBHBIX Temieparyp > 10 °C). CpexHeMHOTONIETHEE 3HAUYCHHE
I'TK paBHo 1.20. TunuyHsle 7151 30HbI YCIOBUS YBIaKHEHUS
(I'TK=1.20+0.10) cknagsiBamucs B 1979, 2004, 2005, 2010,
2011 n 2014 rr. Henocrarounoe yBnaxuenue (I'TK or 1.04
10 0.40) nabmonanock B 1994, 1997, 1999, 2003 u 2008 rr.
OcrajbHbIe TO/IbI XapaKTEePU30BAINCH U30BITOUHBIM YBIIaXK-
nenuem (I'TK = 1.40-3.17).

B moneBbIX OnbITaX MCIONB30BATH OOIMICHPUHSTYIO JUIS
30HBI arpoTexHuKy. CeMeHa 00pasIoB BBICEBAIIN B ONITUMAIIb-
HBIE CPOKH Ha JieJsHKax miomanso 2 M2, [lpenmecteen-
HUK — uncThid map. C 1972 mo 2003 1. cranmaproMm ObLI
cpenHecnenslii coptr HoBocubupckas 67. B apyrue romsi,
10 Mepe BKJIOUEHUsS B 1 OCYIapCTBEHHBIN pEeCTp CENEKLU-
OHHBIX JOCTHKEHU, JONMYIIEHHBIX K UCIOJb30BaHUIO B PO,
crarnapramu Obuta copta HoBocubupckast 15 (panHuUii copr,
2003-2016 rr.), HoBocubOupckas 29 (cpemHepanHuii copr,
2003-2010), HoBocubupckas 31 (cpennepannuid, 2011—
2016), O6ckas 2 (cpennecnensiit, 2014-2016), Cubupckas 12
(cpemueno3namii, 2006-2014). CranmapTsl pa3MeIiaim yepes
Kaxpie 20 IKCIIepUMEHTAIBHBIX 00pa3ioB. PaboTy BBITION-
HSUTA C y9eToM Metoamdeckux ykazanuid BUP (Pymenko u
Ip., 1977; Mepexko u ap., 1999). [Tocne yOOpKku mpoBOAMITH
AHAJIU3 CTPYKTYPbl YPOKaWHOCTH. JINHEHHYIO KOPPEISILUIO
MIPU3HAKOB U HAMMEHBINYIO cyliecTBeHHYIo pasHuiy (HCP)
mpu 5 % ypoBHE 3HAYMMOCTH PACCUNTHIBAIIHN 110 METOMKAM,
nznoxkeHHbIM B (locmexos, 1985), ¢ ucmonp3oBaHueM TIpo-
rpammsbl Excel.

[pu co3nanuu 1 aHa3e OLEeHOYHOH 0a3bl JaHHBIX HAPSTY
C IVIaBHOM 3a/1a4el — [10JyYEHUEM II0JHOHW XapaKTEPUCTUKU
M3yYEeHHOTO MaTepuajia B OTACIbHBIC TOBI, IPOBOIMIOCH
CpaBHEHHE 00pa3loB IO CENEKIIMOHHO-IICHHBIM TPH3HAKaM
KaK B IIpeJIeIIax OJJHOTO Io/Ia N3YUCHUsI, TAK U B Pa3HbIE TOIbI, C
IEIIbIO BBISIBIICHHS JTydIInX 00pa3ioB. /s ynoocTBa cpaBHe-
HUSI 00pa3IoB B pa3JIMuHbIE TO/IbI HCIIOJIL30BAIN 9-0aTbHYO
CHCTEMY BBIPaYKEHHUS KOJIMUECTBEHHBIX IPU3HAKOB (9 — camoe
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Table 1. Numbers of spring common wheat accessions characterized according to traits of breeding values in Novosibirsk oblast

Trait Accessions studied
|n tota| ........................
Sprouting-earing time 5439 ...........................
Earing-wax maturity time 5439 ...........................
Sprouting-wax maturity time 5439 ...........................

Plant height

Lodging resistance 5150

Resistance to powdery mildew 961 ............................
Resistance to leaf rust 900 ...........................
Drought tolerance 3252 ...........................
Productive tillering 2908 ...........................
The length of spike 407 ............................
Spikelet number per spike 408 ...........................
Grain number per spike 499 ...........................
Grain weight per spike 3190 ...........................
1000-grain weight 3743 ...........................
Vil 5135 ...........................

BBICOKOE, 7 — BBICOKOE, 5 — cpeaHee, 3 — Hu3koe, 1 — camoe
HU3KO€ 3HauUeHHe ITPU3HAKA), KOTOpas IPUMEHSETCS B OT/IeIIe
TeHEeTHYECKHUX pecypco mmeHnnsl BUP maunnas ¢ 1980
(3yeB u 1p., 1999). Ilpuniun pacdeToB OBIT CIEAYIOIINM:
JUTA KaXJI0TO KOJIMYEeCTBEHHOTO IIPU3HAKa B IIpeJiesiax OAHOTo
TO/1a U3yUIEHHs ONIPEAEIIAIOT MAaKCUMAJIbHBIE 1 MUHUMAJIbHBIE
3HAYCHUS, Pa3HUILY ACIAT Ha IISITh, HAXOST HHTEpBa Oasuia,
kotopeli coorBercTBYeT HCP mpu p < 0.05 B oTaensHbIE
TO/Ibl M3y4eHHsI 00pa3IoB; HA €r0 OCHOBAaHMHU IIPOTpaMMa
ABTOMATHYECKH BBOIUT COOTBETCTBYFOIINI Oasl TSl KasK/10TO
KOJIMYECTBEHHOTO MpH3HaKa. i1 yCTaHOBIEGHUS JYUIINX
00pa3IOB 10 OTAEIBHBIM CENEKIINOHHO-IIEHHBIM TIPH3HAKaM
UCTIONIB30BAJIN CPETHUN Oail, pacCUMTAHHBIN Kak CcpeaHee
apu(pMeTHUEeCKOe 32 KOHKPETHBIE TO/bl n3ydyeHus. Jis Bbl-
JICJIEHUS] UCTOYHUKOB HCIIONB30BATH TOJIBKO IBYXJIETHHE,
TpexJIeTHHE U OoJiee TaHHbIE.

Pesynbratbl

Ilepuon «BcxoabI—KOJIOMIEHHE)» U3MEHSUICA OT 28.5 nHA y
o6pazioB NP 710 (k-43884, Unnus) u k-42171 (Kuraii) no
63 mueil y muann 43-694 (x-64125, Kazaxcran). [lo MmEEHMIO
H.IT. Tonuaposa u I1.JI. Tongaposa (2009), ontumansHast
MPOJOJKUTENILHOCTD MIeproia ajist iecoctenu [Iprodss co-
craBisieT 4045 mHEH, 9TO COOTBETCTBYET TPYIIE CpEIHE-
no3aHux copros (Cubupckas 12 —41.6 xus). [Ipu sTom 006-
pasIbl C paHHUM BBIKOJIAIIMBAHUEM B COYETAHUH CO CXOKEH
CO CTaHZAPTAMH YPOXKAHHOCTBIO SBJISIOTCS IIEHHBIM HCXOJI-
HBIM MaTepHaJIOM JUIs TACKHON U TIOTaeKHOH 30H PErnoHa.
B nenom Hanbosee KOpOTKUH ITEPUOJT «BCXOIbI—KOJIOLIEHHE)
Habromanu y oopasmos B 2003 1. (cpeaHee 3HaYeHHE 110 U3Yy-
YeHHBIM 00pa3nam — 32 JHs, ¢ IIpe/ieNaMy BapbupoBaHus 23
u 40 nHeil) npu HeTOCTaTOYHOM yBIakHeHHH (62 u 49 % ot
CPEIHEMHOTOJIETHETO) B COYETAHWU C BBICOKHMH TEMIIepa-
Typamu B Mae—utoHe (+2.8 n +3.3 ° k cpetHeMHOTOJIETHEMY
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For 1 year For 2 years For 3 or more years
2955 ................................ ”06 ................................ 1367 .............................
2965 ................................ 1106 ................................ 1367 .............................
2964 ................................ 1102 ................................ 1373 .............................

2839 1196 1115
...... 340121_
...... 737113_
2125 .................................. 3 96 .................................. 231 ..............................
1706 .................................. 4 26 .................................. 776 .............................
...... 35452_
...... 35454_
...... 4 4553_
1645 .................................. 4 02 ................................ 1143 .............................
2037 .................................. 507 ................................ 1449 .............................
2716 ................................ 1068 ................................ 1351 ..............................

3HaYeHU10). CaMblii TIPOIOIKUTENIBHBIN MTEPHO OTMEUEH B
2007 r. (cpennee — 46, BappupoBanue — 35-58 nHel) mpu u3-
6brrounom yBnaxkaeHuu (170 u 111 %) Ha one moBbIIIEHHOH
Temmeparypsl B Mae (+1 ©) n Hegocrarka Teria B mtoHe (—1.8 °)
B CPaBHEHUH CO CPEHEMHOTOJIETHUMH 3HAUYCHHUSMHE (OCa KK
B Mae — 37.0 MM, HioHe — 55 MM; CpeaHsIs TeMIlepaTypa 3a
Mecst B Mae — 10.9 °C, urone — 16.9 °C).

Bricokum cpeanum 6anoM (8.5-9) 3a ropl ucciie0BaHUs
XapakTepu3oBauch 15 obpasmos (puc. 1): Tymyn 15 (k-64599,
P®, Upkyrtckas 06m.); Pusa 4 (k-30553, Unnns); k-46317
(Apmenus); Ingal (k-62513, CHIA); Castillian (k-44482, AB-
cTpanus); k-47974, Hybrid F6 S-6594 (x-47178), Hybrid F6
S-6613 (x-47186) n Hybrid F5 S-4436 (x-47165) u3 Mexcuku
nk-42130,k-42171, k-42183, k-42186, k-42225 u Jin-Chun 5
(xk-62540) u3 Kuras.

Kopotkuii iepros «BCX0bI—KOJIOMEHHE» OBbUI OTMEUYEH
JUTst 00pa3IoB IPOBOi MsrKoi mimeHunbl w3 Kutas, Ynu,
Mexcukn, CIIA, Iepy, Kazaxcrana u Jleannrpanckoii 00-
nactu PO. CaMbrii ITHHHBINH MeK(Ba3HbIA Tepruo HaOIoamm
Ju1a copToB U tuHuH 13 Kuras, bpasumum, Utanun u I'perun.

CraHgapTHBIE COpTa MMEJH CIIETYIONINE 3HAYCHUSI IEPUo-
Jla «BCXOIbI—KouomeHune»: HoBocubupckast 67 — 39.4 nus,
Hoocubupckas 15 — 34.8, HoBocubupckas 29 — 38.3, Ho-
Bocubupckas 31 — 39.2, Obckas 2 — 39.3, Cubupckas 12 —
41.6 qus.

Ilepnon «kosiomeHHe—co3peBaHUE» H3MEHSJICS OT
17 nueit y nmuanm 43-694 (x-64125, Kazaxcran) no 58 gueit
y o6pasna x-42180 (Kuraif). OnTumanbHas IpoI0IDKUTEb-
HOCTh niepuoza Juist gecocrenu [prnoodes 35-43 nust (l'onya-
pos H.IL., Toruapos I1.JI., 2009), 9T0 COOTBETCTBYET BCEM
rpyIaM CopToB — OT paHHUX (cTanaapt HoBocnbupcekas 15)
1o cpenHeno3aaux (cranaapt Cubupckas 12). B rienom Hau-
6oItee KOPOTKHUI TIEPHOJT KKOJIOIIIEHHEe—CO3pPEBaHME) HAOIIO-
Janu y oopasios B 1999 1. (cpeaHee 3Ha4eHUE N0 M3y4YCH-

Plant gene pool and breeding
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Fig. 1. Common spring wheat accessions showing short sprouting-earing times in the forest-steppe Ob region:
1, days; 2, score.
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Fig. 2 Common spring wheat accessions showing short earing-wax ripening times in the forest-steppe Ob region.

Designations follow Fig. 1.

HBIM oOpasiamM — 32 iHs, ¢ MpeaeIaMu BappbupoBaHus 22 1
41 neHsb), koraa ObLIa CUIIBHAS 3aCyXa B IIEPUOJ BETeTallUU
(I'TK = 0.4 mpu cpeaHEMHOTOJIETHEM 3Ha4YeHUH KOd(PPu-
nuenta 1.20). Camblii IPOIOIKUTENBHBIA TEPUOA OTMEUCH
B 1972 r. (cpenanee — 59, BapbupoBanue 45-78 mnHeit) npu
N30BITOYHOM yBIIQXXKHEHNHU B Mae—utone (143, 135 u 124 %
110 OTHOILIEHUIO K CPEAHEMHOTOJIETHUM 3HaueHusaM 37, 55 u
61 MM) 1 HeTOCTaTKe TeIIa B TeUEHHUE BCETo BEreTallHOHHOTO
nieprona (B cpeaHeM —2.1 © 3a meprox ¢ Mas 1o aBrycT).
Bricokum cpeanm OaitoM (9) XxapakTepu30BaINCh ECTh
o0pa3ioB: k-20571 (Ucnanust), k-24818 (PD, UpkyTtckast 00i.),
K-29970 (P®, Bomoroackast 00i1.), k-42002 (KuTaii), Red Fern
Ottawa (k-45395, Kanana). ®@akruueckue 3Ha4eHUS Y BbIe-
JICHHBIX 00pa3LoB BapbupoBaiu ot 17 no 40 nueii (puc. 2).
Kopotkuit mepron «KoJIoIMeHne—Co3peBaHIe)» UMENN 00-
pasusr u3 Kuras, Kazaxcrana, JIenunrpanckoit oonactu PO,

leHodoHp 1 ceneKkuma pactTeHuin

CIIA n IBenun. [yinHHBIN TIepruox ObUT Y COPTOB U JIMHUH
n3 Kuras, ['penun, Mexcuku u Utamuu.

CranpapTHBIE COpPTa NMENH CIEAYIOLINE 3HAYECHHS TIEpHoia
«KoJomeHne—co3pesanue»: HoBocnbupekas 67 — 37.8 nus,
Hosocubupckast 15 — 35.7, HoBocubupckas 29 — 35.2, Ho-
Bocubupckas 31 — 37.4, Obckas 2 — 34.7, Cubupckas 12 —
40.7 nust.

Ilepuon «BcXoabI—CcO3peBaHNe» U3MEHSIICS OT 64 THEH y
Cenban 1 (k-63730, FOsxnas Kopes) o 107 aueit y obpasia
Encruzilhada (x-47242, Bpazunus). OntumanbHas Mpoao-
JKUTEJILHOCTD nepuoaa st tecocrenu [puodbs 75-88 nueit
(T'oruapos H.II., lorgapos I1.JI., 2009), uTo cooTBEeTCTBYET
TPYIITIaM CIIEJIOCTH OT cpetHepanHuX (crannapt HoBocnOup-
ckas 31) no cpenneno3auux (cranaapt Cudupckast 12). s
YCIIOBUII TOATAaeXHOW 30HBI ONTHUMAJIbHAS MPOIOKUTENb-
HoCTb nepuoaa 70-75 nuelt, s crenHoi 30HbI — 90-100.
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Table 2. Soft spring wheat accessions combining short sprouting—wax ripening time

and above-average yield in the forest-steppe Ob region

VIR accession Name Origin
no.
. 5 3 331 ...................... Lutescen56 75 ............................ R Fsa m ara .................
. 41 087 ..................... |rkuts kaya . 49 ............................ R |: | rkUtSk ...................
. 5 6 928 ..................... s ,m b, rka ..................................... R F U|yanovsk ............
47141 ...................... HYb”dF3s141 ......................... M ex,co ........................
47 295 ..................... HYbndF4(26 5 6 0) ..................... \ ) ...................................
47152 ..................... Hybndp_o,szgg ......................... : ) ...................................
. 47 1 52 ..................... |-| Yb”d |:452 3 00 ...................... ) ) ...................................
65132 | PamyatiVavenkova | RF Novosibirsk.
St ............................. NO V05|b|r5kaya 67 ..................... \ ) ...................................
St ............................. NO V o 5, b ,rskay a 15 ..................... ) ) ...................................
St ............................. Novos,b,rskayazg ..................... ) ) ...................................
St ............................. NO V05|b|r5kaya 31 ...................... ) ) ...................................
. St ............................. o bSk .a.‘ yaz .................................. ) ) ...................................
St ............................. 5 Ib"Skaya 1 2 .............................. \ ) ...................................
. M ean* ...........................................................................................................

Sprouting-wax ripening Yield

days .................. g rade ................ g /ngrade ..............
................... 6 9090256545
................... 7 4590264545
................... 6 8890249045
................... 8 5090264550
................... 7 4090256050
................... 8 1590290550
................... 8 0090324560
................... 7 1390366770
................... 7 6858257344
................... 7 0579263848
................... 7 3570268246
................... 7 6662465074
................... 7 4050380070
................... 8 2340280952
................... 7 941943

* Hereafter, the mean value is calculated for all samples studied throughout all years of the study.

B nemmom Hanbomnee KOpOTKHMii BereTaMOHHbIH epHoT Ha0Mro-
Janu y oopasnos B 2008 1. (cpenHee 3HaUCHHME 110 U3yYSHHBIM
obOpasnam — 69 nHeW, ¢ mpeaenaMud BapbUpoBaHus OT 60
1o 81 mus). Camblil TPOIOKUTENBHBIA TIEPHO OTMEUCH B
1972 1. (cpennee — 102, BappupoBanue 87—138 nueit).

Beicokwuii cpenauii 6ami (8.5-9) 1o npoaoinKuTeIbHOCTH
BETETAIIOHHOTO MTepro/Ia nMerH oopasibl u3 Poccn: k-33177
(Jlenunrpaznckast o6m.), bypsrckas (k-48772, bypsatust), Anra-
pa 86 (k-58465), Jlunus 2 (k-64882), Upkyrckas 49 (k-41087)
n3 Upkyrtckoit obmactn, Kamuamanka (x-38586, KpacHo-
apckuit kpait), Mectaas 97 (k-40759, CaxannHckas o0i1.),
3opsiH (k-60977, KpacHonapckuii kpaii), CaparoBckas 33
(x-43284, Caparosckas o01.), Jltorecuenc 675 (k-53331,
Camapckas 0011.), Cumbupxka (k-56928, YibstHoBcKas 0011.),
[Tamsitu BaBenkosa (k-65132, HoBocuOupckast 0011.), a Tak-
ke muanu K-47187, x-47150, k-47198, x-47217, x-47221,
BUP-25-2 (x-60236) uz Mekcuku, ST-174 (k-61055, Uexus),
Jin-Chun 5 (k-62540, Kurait), Festival (k-44498, ABcrpaius).
Bcero Beigeneno 49 06pa3nos ¢ hakTHueCKUMHU 3HAYCHUSIMHA
MPOIOLKUTENBHOCTH Nepuofa oT 64 1o 85 qHel, mpu 3ToM
PEKOMEH/I0BaTh JUIsl BKIIIOUEHHUSI B THOPHIM3ALIUIO C LIENIBIO
CO3MIaHMsI CKOPOCTIETBIX COPTOB MOYKHO JIMIIH 8 00pasIioB,
YpOXalfHOCTH KOTOPBIX ObliIa BEIIIE CpetHe (Tabm. 2).

BonemacTBO 00pasnos u3 Kaszaxcrana, Unnn, Mekcukw,
Tyss! (P®) nmenn KOpOTKHI BEreTAIMOHHBIN MEPUO B yC-
noBusix HoBocubupcexkoii o6nactu. [To3narmu Osun copTa 1
muHuK 13 bpasmmuu. Cpenu KuTalCKUX MIIEHUI UMETO0Ch
JIOCTaTOYHOE KOJIMYIECTBO KaK CKOPOCIIENbIX, TAK U MO3IHE-
CHETIBIX 00pas3IoB.

HaOGntonanache MmoJIOKHUTENbHASL CPEIHSIST KOPPEJSIUs
(r = 0.6, BappupoBanue mo rogam 0.5-0.8) mexmy BereTa-
IIMOHHBIM TIEPUOIOM W NIEPUOIOM «BCXOJBI—KOJIOIIEHUE» U
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CHITbHAS TTONIOXKUTENNbHAs Koppersus (» = 0.7, BappupoBa-
Hue 1o rozgam 0.6-0.9) Mex1y BereTaliMOHHBIM ITEPUOIOM U
MIEPUOJIOM «KOJIOIIEHUE—CO3PEBAHUEY.

BreicoTa pacTeHHs M3MEHsUIach OT 25 ¢M y 00pa3moB
k-48171 (Mnans) n Psathias (x-55119, Kump) B 1976 1. 1o
131 cm y munnu N 744 (x-47231, bpasunus) B 1972 . B ne-
oM HamboJee KOpOTKHH cTebenb (opMupoBamu 00pasikbl,
n3ydennslie B 1994 1. (cpennee 3nadenue 46 cm, ¢ npeaesaMmu
BapsupoBanus ot 20 10 65 cM), caMblil JUIMHHBIA cTEOEIb
otmeueH B 2002 1. (cpennee — 98, BappupoBanue 60—125 cm).
OnrtumaneHast Ui gecoctenu [IpnoObst BeICOTa pacTeHUs
nmenutisl 80-90 e (I'onuapos H.IT., Tonwapos I1.JI., 2009).
3HaUNTEIBHOE TMOJNIeTaHne (CpeaHUH Oaii 3a TOfa MO BCEM
obpasmam — 3) ormedeHo B 1979 u 2009 rr., mpu 3TOM naxe
B 9TH TOJIbl BBISIBIIEHBI 00pas3Iibl, yCTOWYMBBIE K MOJIETaHHUIO
(9 6amnoB). Cnemyer oTMETHTS, uTo 1979 1. XapaxTepu3oBaics
ontuManbHbeM uist peruona ['TK (1.30), a 2009 1. — b
HeOonbmmM nepeyBnaxnenueM (I'TK = 1.56). [Toneranue
B 2009 1. OBIIO BBI3BAHO MIKBAJIHUCTHIM BETPOM H JINBHEM
B Tperbell nekane uronst (203 % ocaakoB B CpaBHEHUHU CO
CpEeTHEMHOTOJIETHUM 3HaueHUueM 26 MM), Torna kak B 1979 . —
CXO)KMMH YCJIOBHSIMH B TPEThEHl JieKajie aBrycra.

Cpennepocnsivu (70-80 cM) M yCTOMYMBBIMHU K ITOJIETa-
Huro (9 6amuioB) 6buM 00pasuel: Amy (k-50845, IlBerus),
Amnrapa 86 (x-58465, P®, Upkytckas o61.), boranngeckas 4
(k-59388, P®, Mockosckas 00:1.), Dputpocnepmym 14
(k-60461, Pd, Camapckas 06i1.), [Ipumopckas 1441 (k-60538,
PO, ITpumopckuii kpait), IBonra (k-60975, PO, MockoBckas
00m.), Eta (k-61520, ITonpma), Kazaxcranckas 16 (k-62203,
Kazaxcran), [lapxan 5 (k-62230, Mouronus), [lapxan 11
(k-62232, Monromust), JIrorectienc 937 (k-62253, PO, Byps-
tust), TymaiikoBckast benosepnas (k-62641, PO, Camapckas
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0011.), [TpoxopoBka (k-62644, PO, Caparosckas 06:1.), Bopo-
Hexxekas 10 (x-64101, PO, Boponesxckas 061.), Tymyrckast 12
(k-64361, PO, UpkyTckas o0i.), Attis (k-64873, I'epmanus),
Nandu (x-64888, ['epmanust). Beero BeisiBiieHo 116 00pasiios,
XapaKTEePU3YIOIIHUXCSI CPEHEN BBICOTOM M YyCTOMUYHUBOCTBIO K
TIOJIETaHUIO, TIPH 3TOM B KadeCTBE HCTOYHUKOB MOXKHO PEKO-
MEH/10BaTh JIMIIb 16 00pa3oB, GOPMUPYIOIINX YPOXKAHHOCT
BBIIIIE CPEIHEN 10 OaJTHPHOM OIIEHKE, B CPETHEM 3a TOJIBI MC-
cnenosanus (Ipunoxenne 1)!.

Macca 1000 3epen usmensuiach oT 17.0 r y obpasua
k-24818 (PO, UpkyTtckas 061.) 1o 56 Ty obpasma Hofed 1
(x-44566, ABctpanust). B nienom nambonee KpymHoe 3epHO
dhopmupoBau 00pasiibl, u3yueHHbie B 1972 1. (cpeaHee 3Ha-
YeHHE TI0 H3y9eHHBIM 00pa3iam — 42 T, ¢ TIpeielaMu BapbH-
poBanus ot 25 1o 56 r) n 2003 . (42 1, BapeupoBanue 30—
51 ). Camoe Merkoe 3epHO 00pa3iisl hopmupoBaiu B 1996 1.
(cpennee — 26 1, BappupoBanue 13—41 r).

Bricoknm cpenanmM 6amtom (9) mo macce 1000 3epen xa-
pakTepu3oBaiich 16 00pa3oB, npencrasiaeHHbx B [Tpunoxke-
uun 2: Dowerin (k-44489, ABctpanust), [pexym 114 (k-45858,
P®, Mockosckas 06i1.), Nepal 297 (x-62539, Uamus), Xapsb-
koBcKas 18 (k-62894, Ykpauna), Ynesnosckas 100 (k-65250,
P®, VnesnoBckas 061.), Omckas Kpaca (x-65599, PO,
Owmckas 00:1.), Hofed 1 (k-44566, ABcrpanus) u ap. Cneny-
€T OTMETHUTh, YTO He Bce 00pasiibl (popMHUpOBAIN ypoxKai-
HOCTb BBIIIE CPETHEN B ToAbl n3yueHUs. CpeHIO0 U BbIIIE
cpenHeil ypoxaitHocTs (5-9 GamoB) uMenu jaumse 7 00-
pasuoB u3 16. Jlyumuii oOpa3ser; Mo COBOKYMHOCTH IOKa-
3areneir — copt Omckas Kpaca, popMHPYIONTHI BBICOKYIO
ypoxaiinocts (500 r/M?) B coueTaHUM € BBICOKOM Maccoii
1000 3epen (44.5 ).

ITo kpymHOCTH 3€pHa CTaHAAPTHI PaCIpEACIINCh ClIe-
naytommm obpazom: HoBocubupckast 67 — 34.3 T (cpenneit
kpynHoctn), HoBocubupckas 15 — 34.0 r (cpeaneit kpyn-
Hoctn), HoBocubmpckas 29 — 36.2 r (cpemHeit KpymHOCTH),
Hosocubupckast 31 — 37.0 r (cpeaneii kpynaoctu), O0-
ckas 2 —42.0 r (kpynuoe), Cubupckas 12 — 35.5 r (cpenueit
KPYITHOCTH).

Macca 3epHa koJioca Bapbuposaia ot 0.13 vy oO6pasnos
k-42046, B3(a) (k-28827) u3 Kuras u Cartilla (x-20637, Mcna-
Hus) 10 2.30 Ty copra Dkama 70 (k-64547, PO, YnesHOBCKas
00611.). OnrtumanbHas s stecocrenu [IproObst Macca 3epHa
konoca 0.8—1.0 r (I'onuapos H.II., Tonuapos IL.JI., 2009).
B mennom HambombIryro Maccy 3epHa Kojoca (pOpMHUPOBAIN
o6pasisl, m3yuennsle B 2002 1. (cpennee 3Hauenue 1.89 1, ¢
npenenamu Bapbuposanus ot 1.00 g0 3.00 r). Camoit HU3KO#H
Maccoif 3epHa Koioca 00pasIbl XapaKTepu30BaINChH B 1977 1.
(cpennee — 0.25 1, BappupoBanune — 0.03—1.76 r). B o6a rona
HaOJTFOIAJICS] HEOOJBIION H30BITOK YBIAXKHEHHUS, HO pacipe-
JISJIEHUE 0CaIKOB 3HAYUTEIBHO pa3nnyanock. Tak, B 2002 .
3HAYMTENbHAS 9aCTh OCA/IKOB BhITIaJIa BO BTOPOH JIEKa 1€ HIOHS
(82 MM, cperHEMHOTrOJIETHEE 3HaYeHKE — Beero 16 MM), Torna
kak B 1977 . — B aBrycre (67 MM, 214 % ot HOpMBI), TIpH
atoM B 1977 1. BO BTOpO#1 ieKajie UIOHSI, B MOMEHT 3aKJIaJIK1
OCHOBHBIX 3JIEMEHTOB CTPYKTYpHI Konoca (IepBas-BTopas
JIeKaJIbl MIOHS ), 0CAJIKOB OBLIO JIUTIH 4 MM.

BbIicoknM cpesHUM 3a rofsl u3ydeHus oayutoM (8-9) npu
OLIEHKE MacChl 3€pHa C KOJI0Ca XapaKTepPU30BaINCh 00pas3LIbL:

1 Mpunoxexuna 1-4 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx12.pdf
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[Mamstu Jleonthena (k-65245, PO, Omckas 00:1.), Dkaaa 70
(x-64547) n CumOupuuT (x-64548) n3 YpsHOBCKOH 00macTi
P®, Don Jose (k-51195, AprenTuna), Yong-Liang 4 (k-62456)
u Long-Mai 11 (x-62542) uz Kuras (ITpunoxenue 3). Cpenu
HUX NPEACTABIISIOT IEHHOCTB JUIs CEJIEKIIUH 00pa3Ibl, Xapak-
TEPU3YIOIINECs yPOXKaHHOCTBIO He HIDKe cpenHero: [TamsaTu
Jleontnena (525.0 r/m?), Cumbupuur (358.3) u Dkana 70
(408.3 r/m?).

CraHaapThl UMEJH CIICTYIOUINE TTOKa3aTeI MacChl 3epHa
c xostoca: HoBocubupckas 67 — 0.97 r, HoBocubupckas 15 —
1.08, HoBocubmpckas 29 — 1.23, HoBocubupckas 31 — 1.54,
Oobckast 2 — 1.67, Cubupckas 12 - 1.25 1.

Ypoxaiinocts Bapsuposana ot 22.0 r/mM? y o6pasua
k-23002 (IOrocmasus, mo 1990 1) mo 525 r/mM? y copra Ila-
Msatu JleonTheBa (k-65245, PO, Omckas o6im.). [loTeHIm-
ajyibHas ypoXKaltHOCTh Jyis Jiecoctenu [IproObs cocrasser
5-6 1/ra, uto coorsercTBYeT 500600 /M2 (ToHuapos H.I1.,
Tonuapos I1.J1., 2009). B nenom Hanbonpmas yposkaiHOCTh
dhopmupoBanack y 00pasios, usyueHHbix B 2000 . (cpeauee
3HAYEHHE 10 M3yYeHHBIM oOpasnam 407 /M2, ¢ TpeaenaMu
BapbupoBanust ot 250 1o 575 r/m?). Camast HU3Kast ypoKaii-
HOCTh (hopMupoBanack y o0pasuoB B 1994 r. (cpennee —
51 r/m2, BapsupoBanue — 40—137 r/m2). BEICOKYIO CPEIHION
ypoxaitHocTh 00pa3noB B 2000 I. MO’KHO OOBSCHHUTH OITH-
MaJIbHBIMU YCJIOBHSIMHU T0JId U CBOEBPEMEHHBIMH 0CaIKaMH
(I'TK = 1.93), Torna kak B 1994 r., HecMoTps Ha TO YTO TON
6611 He cambiii 3acynutublil (I'TK = 0.82), B camble BaykHbBIE
(ha3bl pa3BUTHS MIICHUIIBI (KYILEHUE U BHIXO B TPYOKY —KOJIO-
IIEHNE) PACTEHUSI HCIIBITHIBAIIN CTPECC OT HEAOCTATKA BIIArk
(B Mae ocaakoB 0110 Ha 21 % MEHbIIIE HOPMBI, B HIOHE — Ha
46 %, mpu4eM OCHOBHBIE OCAAKH BBITIAIIN BO BTOPOH-TpeThel
JIeKaJie Masi ¥ TPEThEH JieKajie NIOHS) U BBICOKUX TEMIIEpaTyp
(cpenuss Temneparypa Mast Obuta Ha 2.4 °, ntonst — Ha 4.5 °C
BBIIIIE CpeHEeMHOrojeTHel). Cxoxue pe3yabTaThl 10 3aBH-
CHUMOCTH ypOXXKalfHOCTH OT BJIaro- M TETI000€CIEUYEHHOCTH
B Ma¢ M MIOHE OBUIN TOy4YEHBI Ha CEJICKIIMOHHBIX JIMHUSAX U
coprax, coznanubix B CHOHUMPC, xotopble u3yyanich HaMmu
B Teuenne 1ty Jiet (2003-2008) (ITuckapes u ap., 2010).

W3 u3y4eHHBIX B pa3iMyHbIC TOJbl 00pa3loB CTaOMIBHO
BBICOKUM 0aJu1oM (9), BRIpaXKaloInuM ypOXKaHHOCTh, XapaKTe-
pmoBaick: Condestavel (k-45112, TToptyramms), PF 843025
(x-63093, Bpazumnms) n 06pasipl u3 Poccun — [Ipunenckas 19
(x-63470, Axyrtus), [lamatu Jleontsena (k-65245, OmMckas
0011.), Omckast Kpaca (k-65599, Omckas 06:71.) (Tabm. 3).

Beicokwnii 6ast (7.8-8.3) B cpeiHeM 3a rofibl U3y4eHHs OT-
MeueH y aeBsti o0pasinoB: Omckas 37 (k-64985), Dkana 6
(x-64543), Mapus 1 (k-65130), CumOupuut (x-64548), ba-
ranckas 95 (k-64864), Cepedpucras (k-64994), Dxana 70
(k-64547) u3 Poccun; k-44155 (Muaug) u TopunHChKa
(x-65151, Ykpauna).

[TaTpaecsaT deTsipe 00pasna, BBIACICHHBIX 110 OTIEIb-
HBIM CEJICKI[MOHHO-I[EHHBIM NPU3HAKAM 32 MHOTOJIETHUH
MEePUOJ U3YUCHUS, TIepelaHbl ISl CEJEKINOHHOW paboThI
B Cu6HUUPC — dpmman Ulul" CO PAH. B 2015-2017 rr.
B OTJEJIe TeHETUYECKUX pecypcoB mieHulbl BUP co3nana
0a3a OIEHOYHBIX JTAaHHBIX «Pe3yIbTaThl MOJIEBOTO U3YUIECHUS
00pasIoB IpoBOH MSATKOH MIIEHUIBI B ycinoBusx HoBocu-
OupcKoii odacTmy.

B pesynbrare MpoBeIEHHOTO KOPPENAIHOHHOTO aHAIIHN3a,
MIPE/ICTABICHHOTO B Ta0J. 4, HAMM BBISIBIICHBI CPEAHsS 3a-
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Table 3. Soft spring wheat accessions with high yields in the forest-steppe Ob region

VIR accession no. Name Origin
649 35 ............................. o mSka y a 37 .................................. R Foms k ...........
645 43 ............................. Ekada 6 ......................................... R Fu|yanovsk
55130 ............................. M a”ya1 ......................................... R FKemerovo
645 48 ............................. s |mb| rts.t ...................................... R Fu|y anOVSk
64864 | Baganskaya®s | RF, Novosibirsk
441 55 ............................. T | nd|a ..................
649 94 ............................. 5 erebnstay a .................................. R Foms k ...........
65151T0rCthka .................................... U krame .............
645 47 ............................. E kada 70 ....................................... R FU|y a nOVSk
45 1 12 ............................. c ond estave| .................................. p ortuga| ............
63 0 93 .............................. p F843025 ..................................... B raz.| .................
63470 ............................. p r||en5kaya19 .............................. R FYakut.ya .......
65 5 99 ............................. o m Ska yaKrasa ............................. R FomSk ...........
55245 .............................. p amyauLeonteva » .........................
st Novosiirskaya67 | RF, Novosibirsk
St ..................................... N ovos|b|rskaya15 » .........................
St ..................................... N ovos|b|r5kay329 » .........................
St ..................................... N ovos|b|rskaya31 » .........................
St ..................................... o bskayaz » .........................
St ..................................... 5 |b|rskaya12 » .........................
Mean ...............................................................................................................

Table 4. Analysis of yield dependence
on the manifestation of economically significant
quantitative traits in the soft spring wheat accessions studied

Characters correlating r
with productivity

Yact

Plant height 0.60 115.31%%
1000-grain weight 0.48 125.31**
Grain weight per spike 0.70 171.34%%

Note. tg,, Student’s t test; * significant at p < 0.01; ** significant at p < 0.001.

BHUCUMOCTh YPOXKaHOCTH OT BBICOTHI pactenus (7 = 0.60) u
Macchl 1000 3epen (7= 0.48) n3ydeHHBIX 00pa3I0B U CHIIbHAS
3aBHCHMOCTbH yPOXKaHHOCTH OT Macchl 3epHa Kostoca (» = 0.70).
[TponomkuTenbHOCTh MeXK(a3HBIX IEPHOOB U TIEPHOJA OT
BCXOJIOB /IO KOJIOIIEHHMS y H3yUEHHBIX 00pa310B HE KOppeu-
PYET ¢ YpO:KallHOCTBIO B IIEJIOM.
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Sprouting-wax Yield

ripening, days g/mz ............... G rade ...........
3154075 ............... 7 5 .................
.................................... 7 93345077
3434333 ............... 7 7 .................
.................................... 7 40358377
915470880 .................
.................................... 7 72407580
848481330 .................
810463333 .................
300408333 .................
.................................... 7 40510090
.................................... 7 60503590
865425090 .................
890 ................................ 5 00090 .................
895 ................................ 5 25090 .................
.................................... 7 68257344
.................................... 7 05263843
.................................... 7 35263245
.................................... 7 65465074
740 ................................ 3 800 .............. 7 o .................
823230952 .................
794 ............................... 1943 ....................................

Kpome paccMOTpeHHBIX BbILIE MPU3HAKOB, BAKHBIMU Xa-
pPaKTEepUCTHKAMH MCXOJHOTO Marepuaja Mpu MIaHWpPOBa-
HUM NPHUBJICYCHUSI UCTOYHUKOB B CKPEIIUBAHUS SIBISIOTCS
YCTOMUMBOCTB K 0OJIE3HSIM U 3aCyXOYCTOHYHUBOCTh B PErHO-
He. BBuay He 4acToil MOBTOPSAEMOCTH 3aCyLUIMBBIX JIET,
TIOJTHOLICHHOW OLIEHKH BCE 00pas3Iibl HE MOIYYHIIH, TOITOMY
HaMH OXapaKTepHU30BaHbI JIMIIb UCTOYHUKHU, BbIJCICHHbBIE
o apyrum npusHakam (IIpunoxenne 4). Tak, cpean o6pas-
OB ¢ Bbicokoi Maccoil 1000 3epeH MOXKHO BBIIEIUTH JBA C
BBICOKOH 3acyX0ycToiunBocThio (7 6amioB) — Sapporo Haru
Komugi 9 u TAO-9, u copt Omckas 20, KOTOPBIH XapakTe-
pH3yeTCs BBICOKOH YCTOHUMBOCTBIO K TOJICTAHUIO M CPEIHEH
JUIMHOM COJIOMUHBIL.

Cpenu BBIAEIEHHBIX HCTOUHUKOB, LIEHHBIX IS CEJIEKINH,
MOXHO OTMETHUTH 19 00pa3noB, YCTOMYMBBIX K MyYHHCTOH
poce (7-99 GamnoB) u 16 ycTOHYUBBIX K Oypoi prKaBYMHE
mmreHuts! (oM. [punoxenne 4). Oco6oro BHIMaHUS 3aCITy-
JKUBaIOT copTa Dkaza 70, Dkana 6, Omckas 37, Cepebpucras
u obpasen; PF 843025, koTopbie, MOMUMO YCTOMYHUBOCTH K
OJJHOMY HJIM JIByM MAaTOT€HaM, OTIMYAINCh BBICOKOH ypo-
JKaHOCTBIO.

O6¢cyxpeHue

BaxxHoii 6nonornieckoil XapakTepUCTUKOM, KOTopast orpe-
JIesieT EHHOCTh COpTa MIIEHUIIBl U €r0 MPUTOAHOCTh K
BO3/ICIBIBAHHIO B TOW WIIM WHON KIMMAaTHYECKOH 30HE, sB-
JISIIOTCS IPOAOJDKUTENBHOCTh M CTPYKTYpa BETE€TallHOHHOTO

Plant gene pool and breeding
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nepuona pacrenuit. J{ns necocrenu 3anaanoit Cubupu, B
CBSI3U C OCOOEHHOCTSAMU KJMMara, HEOOXOIMMO CO3/1aBaTh
copTa C YKOPOYEHHBIM ITEPHOIOM OT BCXOJIOB JI0 CO3PEBaHUs,
HO 1IpH 3TOM (popMHupyIoILUe TpruemieMblid ypoxkaii. ITo pe-
3yIabTaTaM MHOTOJIETHEW paOOTHI OBITH BBISIBICHBI 00PAa3IIbI,
COUETAIOIINE ITH IPU3HAKH B YCIOBHAX JiecocTenu [IproOsst.
Crenyer OTMETUTD, 4TO JIy4LIXM 00pa3lioM, y KOTOPOTO paH-
Hee co3peBanue (71.3 mHA, MOYTH HA YPOBHE paHHETO COpTa
HoBocubupckas 15) coueraercsi ¢ BBICOKOH ypOXKaifHOCTBIO
(7 6annoB u3 9), Mo pe3ynbpTaraM MHOTOJICTHHX HCCIICI0Ba-
HUH, OKa3aJcs TOMYIIEHHBIH K HCIIOIH30BaHUIO B 3ammatHOH
Cubupu copt Ilamsatu BaBenkoBa. Habnronaemast Hamu 3a-
KOHOMEPHOCTb, YTO MPOIIE UCTIOIB30BaTh B CENEKIUU paii-
OHUPOBAHHbBIE B PETHOHE COPTa BBHUJLY MX JIy4IIeH MPHUCIIO-
COOJIEHHOCTH, coracyeTcs ¢ paboTamu Ipyrux aBropos (/a-
BbII0Ba, Kazauenko, 2013). DTo HaxXonuT CBOE OTpaKEHUE B
POZIOCIIOBHBIX COPTOB, JOMYIICHHBIX K MCIOJIb30BAaHHUIO Ha
tepputopun Poccuiickoit @enepanuu. Kak npasuno, ogna
U3 POAUTENHCKHUX (POPM OKa3bIBaeTCs JIMOO PacIpoCTpaHeH-
HBIM B PETHOHE COPTOM, JIMO0 CO3/IaHHON B JaHHOM PETHOHE
muaueit (I'ocynapcrBeHsslii peectp. .., 2018). Copt [Tamsaru
BaBeHkoBa sBJISIETCS OJHOM M3 POTUTEIBCKUX (HOPM paHHETO
copta HoBocubmpckas 16, KOTOpBIif IPOXOINT TOCYAaPCTBEH-
Hoe coproucneiTanue ¢ 2016 .

Panee B apyrux paborax ObUia IMOKa3aHa 3aBUCHMOCTD
YPOXXaifHOCTH COPTOB 3€PHOBBIX KYIBTYP OT IPOOIKUTEb-
HOCTH BereTarroHHoro nepuona (Benpos, Xamurmckuit, 2009;
MHbIX u ap., 2014; ManbsuukoB, MsicaukoBa, 2015). D910 He
COITIACyeTCsl C TOMYYCHHBIMH HaMH PEe3yibTaTaMu. AHAIN3
YPOXKaHOCTH M3y4aeMbIX 00pa3I0B M IPOIODKUTEIBHOCTH
BETeTaI[IOHHOIO NMEePHO/Ia U €r0 OTAENbHBIX COCTaBIISIONINX
MOKa3aj OTCyTCTBHE Takod 3aBucumocTH (r = —0.1...0.0;
p > 0.001). Janneiii Gakt mo3BoiseT BHISABIATH JOHOPOB
BBICOKOH YPOXKaHHOCTH, XapaKTEePU3YIOLUXCS pPa3IuYHbIMU
CpPOKaMM co3peBaHusl. Tak, BEreTallMOHHBINA ME€PUOJ BblJE-
JICHHBIX B HaIIei paboTe HCTOYHUKOB BBICOKOH ypOXKaitHOCTH
BapeupyeT oT 74 nueii y copra CumOupuur go 91.5 nus y
copra baranckas 95.

Bericora pacTeHnit — BaXXKHBIN TIOKa3aTellb ApXUTEKTOHUKN
pacTeHuil 1 yOOpo4HOro MHJeKca 3epHa u ypoxas (Maccaferri
et al., 2008; Sadeque, Turner, 2010). Ona KOHTpOTUpPYyETCS
MHOTHUMH F'€HaMH, U3 KOTOPBIX HanOoIIee BayKHbIE — TeHbI Rht
(reduced height) (JIo6aues, 2000). Ounu Haunbonee 3¢pdek-
THUBHBI B YCJIOBUSIX JJOCTaTOYHOTO YBJIQ)KHEHUS/OPOILCHNUS,
BHECCHUS YIOOPEHHUI M 3aIUTHl PACTCHHH OT COPHSKOB U
napa3uToB. [Ipyn upe3smepHOM yKOpadMBaHUU COIOMHUHBI YXY/I-
MIAI0TCS yCIOBHA (PYHKIIMOHNPOBAHHS (DOTOCHHTETUIECKOTO
armapara (O6pasuos, 1981). st rena Rht-D1b npyu n3ydeHnu
n3oreHHbIx JguHuil AHK-12 Obur nokaszaH miedoTpornHbIit
s dext camrenns maccsl 1 000 3epen (JIuxenxo, [llamanmH,
2003; Uzorennas muans AHK-12, 2018). HeobxomumocTts
HCTIONBb30BaHMS B CEJICKIIMOHHBIX IPOrpaMMax Al yCIOBUH
3amagHoi CHOMpPH CpeHEPOCITBIX U BEICOKOPOCIBIX COPTOB
MPOANKTOBAaHA TeM (PAKTOM, UTO YPOXKaHHOCTh YacTO CBSI3aHa
C BBICOTO# pacTeHusi, 0COOEHHO B YCIIOBUSIX HEJOCTATOYHOTO
yBnaxuenusa (Tumomrenkosa, Camywmios, 2011; I{pi0eHoB,
Bunryes, 2016). B pesynbrate KOppessSIOHHOTO aHAIM3a
JaHHBIX y 2470 u3yueHHbIX 00pa3lloB HAMU BBIIBICHA JI0-
CTOBEpHAsl CPEHSS TTOJIOXKUTENbHASI 3aBUCHMOCTD BBICOTHI
n ypoxaiinoctu (r = 0.6, p > 0.001). [TosTomy HE0OXOTMMO
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HCTIONIb30BATh B CEJIEKIIMH FeHETHYECKIE MCTOUHUKH BBICOKOM
YPOKaMHOCTH, YCTOWUUBBIE K TIOJETAHUIO U XapaKTEPHU3YIO-
Imyecs CpeJHei BEICOTOM MItH BEICOKOpocibie. Taknumu uctod-
HUKAaMH MOTYT CIIY)KUTh PEKOMEH/IOBaHHbIE B Halllel pabore
COpTa, COYETAIOIIIE OTHOCUTEIBHO BBICOKYIO YPOXKAHHOCTD U
YCTOMUUBOCTB K NOJETaHHIO CO cpeaHel BricoTor 70—80 cm.

KpynHoctb 3epHa B ycioBusix 3anaanoii Cubupu, B cBs3u
€ 0COOEHHOCTSIMHU PACTIPEECTICHUSI 0CaIKOB B IIEPHO]] BETETa-
IIMH, UTPAET CYIIECTBEHHYIO POJIb B OBBIIICHUH POLYKTHB-
HOCTHU KoJI0ca. OCHOBHBIMM XapaKTEPUCTUKAMHU KPYTTHOCTH
3epHA CIIy’KaT pa3Mep M Macca 36pHOBKH; KOCBECHHBIM IO-
KazaTeseM, yYUTHIBAIOIUM 00a MpH3HaKa, SBISETCS Macca
1000 3epen. KocBeHHBIM TTOATBEPIKACHHEM HEOOXOAUMOCTH
CO3/1aHUSI KPYTTHOCEMEHHBIX COPTOB SIPOBOM MSTKOH MIICHUIIBI
B PETMOHE MOXKET OBITH CPEITHSIS OJIOKUTETbHASI KOPPEIISIIUS
ypokaitHocTu 1 Maccsl 1 000 3epen (= 0.5; nocToBepHa npu
p < 0.001), paccuntanHas Mo pe3yabTaTaM MHOTOJIETHETO
n3ydeHust 00pasIos.

B.I". 3axapos u O./]. SIxosneBa (2016) BEIIBUIM CYIIECTBEH-
HOE TIpeBBIIIeHNE moka3arens Maccsl 1000 3epeH y copToB
BTOPOTO IIEPUOAA COPTOCMEHBI B PETHOHE HaJl 3HAYCHHEM
copTa IepBOro Nepruoa COpTOCMEHbI. PerpeccroHHBII aHaIn3
MOKa3al, 9TO C MPOXOKACHUEM O4YEpPETHON COPTOCMEHBI B
pe3ysbTaTe CeNeKInH BeNYMHA MPU3HAKa YBEIMYMBAIACH HA
0.9 . Hamu BeIsiBIEHO 3amMeTHOE yBenuueHnue maccol 1 000 3e-
PEH H3ydaeMbIX 00pa3IoB B MOCIECAHNE TOAbI (KOPPEISIINsI
MEX/1y roJlaMu ucciefoBanus u cpenneii maccoit 1000 3epen
r=0.6; p>0.001).

Macca 3epHa Koioca — OMH U3 HanboJiee BaKHBIX IIEMEH-
TOB CTPYKTYPBI Yporkast IICHUIIBI HA PAHHHX JTarax ceiek-
IIHOHHOTO Ipoliecca, TaK KaK CENEeKIINOHEPHI OCYIECTBIISIOT
WHIMBHUIYaJIbHBIH OTOOP HOBOTO CEJIEKI[OHHOTO MaTepHaia
1o kosocy. [IpoBeieHHBIIT KOPPEISIIMOHHBINA aHAIU3 TTO03BO-
JIUJI BBISIBUTH 3HAYUTEINIbHYIO 3aBUCHMOCTD YPOXKaHHOCTH OT
Macchl 3epHa koioca (» = 0.7; p > 0.001), gTo cormacyercs ¢
pesyabraramu pyrux aBropos (KopobeitnnkoBa, Kpacuib-
HukoB, 2015; Bonkosa, 2016; Konosasnosa, boraan, 2016).
Kpome Toro, Tpu u3 1mecTu HCTOUHUKOB C BBICOKOM Maccoi
3epHa KOJI0Ca BBIJICIISIOTCS 110 YPOXKAHHOCTH.

YpokaliHOCTb SIpOBOI MATKOM MILIEHULIbI CKJIA]IbIBAETCS U3
TPEX OCHOBHBIX KOMIIOHEHTOB: YHCIa MPOTYKTHBHBIX KOJIO-
ChEB Ha CJMHUILY IUIOIIAIHN, YUCIIa 3ePEH B KOJIOCE U MACChl
3epHa Koyioca. YHCI0 KONOChEB 3HAUUTENBHO 3aBUCUT OT
HopM BriceBa (IIpoxopenxko u ap., 2007) u cnabo — oT Kodd-
(unmenTa npoayKTHBHOW Kyctucroctn reHoruna (Lnnbke,
1974) ¢ aBTOpETYIUPYFOIIUMHE CIIOCOOHOCTSIME COPTA SIPOBO
nmIeHuIs! B crednecroe (JIyorun, 2006). [ToaToMy BEISIBUTH
JIOHOPOB BBICOKOH YPO)KAIfHOCTHU CIIOXKHO M3-33 HAJOXKCHUS
CHJIBHOTO MOZTU(UIMPYIOLIETo BIUSHUS cpefibl. Tem He MeHee
B PE3y/bTaTe MHOTOJICTHETO MCCIIEJOBAaHMUS HAMU MOJy4YCH
PSIIT COPTOB, COUETAIOIINX BBICOKYIO YPOXKAHHOCTH C BEICOKOM
BBIPXXEHHOCTBIO APYTUX HEHHBIX MPU3HAKOB, YTO TIO3BOJISIET
PEKOMEH/I0BAaTh NX KaK MCXOHBIN MaTepHa sl CEJICKINHT B
ycnoBusix 3anagnoit Cubupu. [lo pesymsraram Koppernsiim-
OHHOTO aHajM3a JAaHHBIX HAMHU BbISBJICHA TEHJCHIMS yBe-
JMYEHUS ypOXKaHHOCTH M3y4aeMbIX 00pa3IoB 3a MOCIECTHNE
TOJIb! (KOPPEILSIIUS MEXKAY FoJaMu 1 ypoxaiHoCThIo = 0.3,
HO HEJIOCTOBEpHAs).

[Ipu paccMoTpennn poaocioBHEIX 141 paltoHnpoBaHHO-
ro (o cocrostHuio Ha 1 despainst 2018 1) mo 9—11 pernonam
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COpTa MOXHO 3aMETUTh, YTO U3 BBIJCJICHHBIX B pe3yinbTare
UCCIIEIOBAaHUS MUCTOUHHKOB CKOPOCIIEJIOCTH MPU CO3JaHUHU
COPTOB OBIIIM MCIIOIB30BaHBI JINIIL copta Tymyn 15 (B pono-
CJIOBHOM cpenHepannero copra TymyHckast 11), xapakrepusy-
I0IINICS KOPOTKUM IIEPHOJIOM OT BCXO/I0B JI0 KOJIOIICHNS, HO
IPY TOM HE BBIJIEIMBIIHMHNCS 110 ypoxkaliHocTH (4.1 6amna), u
CumbupKa (B pOJOCIOBHOM CPEIHECIICIIONO COpTa YIIbSHOB-
ckas 105), koropas Tarke GOpMUPYET CPETHIOI0 ypoXKaii-
HOCTB (4.5 6ara n3 9). V3 BEISIBICHHBIX HCTOYHUKOB BEICOKOH
Mmaccol 1000 3epen muuib copt I'pexym 114 apnserca oqauM
u3 poxuTenei panoHMpoBaHHOTO 1Mo Bocrounoit Cubmupn
¢ 2012 r. copra Byparckas 551. [lna copra bypsrckasa 551
xapaxTepHa BeIcokast Macca 1000 3epeH 0THOCUTENBHO paio-
HUpOBaHHBIX B CHOMPCKOM permoHe copToB (IO JaHHBIM
T'occoprokomuccnu PO macca 1000 3epen 1o 44 1). CambiM
YCHEUIHBIM U3 UCIONb3YEeMbIX B CEJICKI[UH COPTOB CPE/IU BbI-
JICTICHHBIX B PE3YyJIbTaTe MCCIIEI0BAHMS HCTOUHIKOB MOYKHO
Ha3BaTb copT OMckas 20, KOTOPBIN ABISAETCA OAHUM U3 PO-
JIUTENIEH cpa3y 4eThIpEeX COPTOB, BKIKOUEHHBIX B l'ocpeectp
P® no Ypay u Cubupu: Anraiickas 105, Omckas 38, bar-
kupckas 28 u Canasar FOnaes.

Taxum oOpa3om, U3ydeHHE KOJUIEKIIUN MIIEHUIIBI MATKOH
SIpOBOH, mpoBeneHHoe ¢ 1972 1o 2016 1., mo3BONIACT BBIICTUTH
00pa3Iibl, XapaKTePH3yIOIINecs BHICOKOH BEIPAKEHHOCTHIO Ce-
JIEKITMOHHO-IIEHHBIX MPU3HAKOB, TAKMX KaK KOPOTKUI TIEPHOJ
«BCXOJIBI—KOJIOIICHNEY, KKOJIOIIEHUE—BOCKOBAsI CIICIIOCT» U
«BCXOJIBI—CO3peBaHue», Beicokas macca 1000 3epen, macca
3epHa KOJI0Ca, YPOyKafHOCTh U yCTOWYMBOCT K ITOJICTaHUIO.
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Analysis of strawberry genetic collection
(Fragaria L.) for Rca2 and RpfI genes

with molecular markers

LV. Luk’yanchuk ®, A.S. Lyzhin, LI Kozlova

1.V. Michurin Federal Scientific Centre, Michurinsk, Tambov region, Russia

Strawberry (Fragaria x ananassa Duch.) varieties are
susceptible to many fungal diseases. Identification of forms,
carrying resistance genes, is an important stage in breeding
programs leading to resistant varieties. The use of molecular
markers allows to determine with high reliability the presence
of the necessary genes in the genome and to identify
promising forms. Some of the common strawberry’s diseases,
causing significant damage to strawberry plantations, are
anthracnose (Colletotrichum acutatum Simmonds) and red
stele root rot (Phytophthora fragariae var. fragariae Hickman).
Dominant Rca2 gene is involved in monogenic resistance to
C. acutatum pathogenicity group 2. Rpf1, Rpf2, Rpf3 genes

are determined in monogenic resistance to red stele root

rot. The purpose of this study was molecular genetic testing
genotypes of genus Fragaria L. to identify carriers of Rca2
allele anthracnose resistance and Rpf1 allele red stele root

rot resistance. The objects of study were the wild species

of the genus Fragaria L. and strawberry varieties (Fragaria

X ananassa Duch.) of different ecological and geographic
origin. To assess allelic state Rca2 anthracnose resistance gene
the dominant SCAR marker STS-Rca2_240 was used, was
linked to the resistance gene Rca2 with a genetic distance of
2.8 cM. Rpf1 gene red stele root rot resistance was identified
with the dominant SCAR marker R1A, was linked to the
resistance gene Rpf1 with a genetic distance of 3.0 cM. The
resistant allele of the marker STS-Rca2_240 was identified in
the Laetitia variety (Rca2Rca2 or Rca2rca2 genotype), which
allows us to recommend it as a promising source in breeding
for anthracnose resistance. The other studied forms have
homozygous recessive state of the marker STS-Rca2_240
(putative genotype rca2rca2). The resistant allele of the marker
SCAR-RTA in the varieties and wild species of strawberry under
study is absent, which presumably indicates their homozygous
recessive genotype of Rpf1 gene (rpf1rpfT).

Key words: strawberry; molecular markers; resistance;
anthracnose; red stele root rot; Rca2 and Rpf1 genes.
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AHanus reHeTNYeCcKOl KOIJIeKIUn
3eMJisHUKU (Fragaria L.) 1o reHaM
Rca2 vt Rpf1 ¢ ncronb30BaHEM
MOJIEKYJISPHBIX MapKepOB

V.B. AyKbaHYYK ®, A.C. Abokun, VL.V KosaoBa

DepepanbHblii HayUHbI LeHTp um. U.B. MunuypuHa, MuuypurHck,
Tambosckasa obnactb, Poccua

Coprta 3emnAHKKM cafoBoi (Fragaria x ananassa Duch.) Boc-
NMPUUMUYMBbI KO MHOTM FPpUBHbIM 3ab6oneBaHunamM. ineHtnou-
Kauma Gopm, HeCyLMX reHbl YCTONYMBOCTH, ABMAETCA BaXKHbIM
3Tanom ceneKLUMOHHbIX MPOrpamm Mo CO3AaHMI0 YCTONYMBBIX
copToB. /icnonb3oBaHne MoneKynsapHbIX MapKepos No3Bo-
NAET C BbICOKOW HAA&XHOCTbIO OnpeAenuTb NPUCYTCTBME B
reHomMme HeobXoAUMbIX FeHOB U NAEHTUGMLMPOBATL Nepcnek-
TUBHble opmbl. K uncny pacnpocTpaHeHHbIx 3aboneBaHui
3eMAAHUKY, HAHOCALLMX 3HAUMTENbHBIN ylepb HacaKaeHUAM,
OTHOCATCA aHTpakHo3HasA rHunb (Colletotrichum acutatum
Simmonds) n utodpTopo3Hoe ysagaHue (Phytophthora
fragariae var. fragariae Hickman). MoHoreHHas yCcToOM4MBOCTb
k C. acutatum BTOPOW FPynnbl NATOFEHHOCTU KOHTPOANpPYeT-
CA AOMUHAHTHbBIM reHOM Rca2. MoHOoreHHas yCTOMUY/BOCTb
3eMNAHUKN K GUTOPTOPO3HO KOPHEBOW FHUIN AETEPMUHU-
poBaHa HeckonbKumu onuroreHamu — Rpf1, Rpf2, Rpf3. Lienbio
HacToALEero NccnefoBaHna 6bl10 MONEKYNAPHO-TeHeTNYECKOe
TecTUpOBaHWe reHoTUNOB popa Fragaria L. pna npeHtudurka-
Lunn HocuTenem annenem Rca2 ycToMmunBOCTY K aHTPaKHO3Y U
Rpf1 ycTonumneoctn K ¢utodpTopo3Hoi KopHeBol riunmn. O6b-
eKTaMu NCCneoBaHUA ABAANNCH AMKOPACTYLIME BUAbI POaa
Fragaria L. n copTa 3eMnAHWKIN aHaHacHow (Fragaria x ananassa
Duch.) pasnuuHoro skonoro-reorpaduyeckoro npomc-
XoxAeHunA. [Ina oueHKM annenbHOro cCoCcToaHnA reHa Rca2
YCTONUMBOCTY K @HTPAKHO3Y UCMONb30Bann JOMUHAHTHbIN
SCAR-mapkep STS-Rca2_240, nokannsoBaHHbIV Ha PacCTOAHUN
2.8 cM ot reHa. inA BbiABReHWA reHa Rpf1 ycTonumnsBocTy K du-
TOPTOPO3HOW KOPHEBOW MHWAN NCMOMNb30Bav AOMUHAHTHBbIN
SCAR-mapkep R1A, HaxopAawwmica Ha pacctoaHum 3.0 cM ot
reHa. lomnHaHTHbIV annenb mapkepa STS-Rca2_240 npeHTn-
duumpoBaH y copta Laetitia (reHotun Rca2Rca2 wnn Rca2rca2),
4TO NO3BOJIAET PEKOMEHA0BATH ero B KauecTBe NepcrneKTrB-
HOrO NCTOYHMKa YCTOMYMBOCTUN K aHTPaKHO3Y [/1A Cenekuuu.
OcTanbHble n3yyeHHble pOPMbl XapaKTepu3yoTca peLiec-
CVIBHbIM FOMO3UIOTHbIM COCTOAHNEM Mapkepa STS-Rca2_240
(Npennonaraemblil reHOTUN rca2rca2). JOMUHAHTHBbIN annenb
mapkepa SCAR-R1TA y nsyyaembix COPTOB 1 AUKOPACTYLLMX
BUI0B 3eMJIAHUKW HE BbIABMIEH, YTO NPEAMNONOXKITENIbHO CBU-
LeTenbcTByeT 06 NX peLeccBHOM FOMO3UFOTHOM FEHOTUME MO
reny Rpf1 (rpf1rpf1).

KnioueBble crioBa: 3eMNISIHKKA; MOMNEKYNAPHbIE MapKepbl;
YCTONUNBOCTb; aHTPAKHO3; PUTOPTOPO3; reHbl Rca2; Rpfl.



popular and economically important berry crop

(Hummer, Hancock, 2009). The commercial plantations
of strawberry are cultivated in 75 countries and it account for
over 2/3 of the world berries production (FAOStat, 2018). At
the same time, the strawberry is susceptible to many diseases
and the mass development of them can lead to the 100 % death
of the crop (Folta, Davis, 2006).

Anthracnose (Colletotrichum acutatum Simmonds) and
red stele root rot (Phytophthora fragariae var. fragariae
Hickman) are among the most harmful strawberry diseases
causing significant damage to strawberry plantations in Europe
and America (Smith, 2008; Newton et al., 2010). The most
of commercial strawberry varieties of foreign breeding are
susceptible to anthracnose and red stele root rot (Van de Weg,
1997a; Denoyes-Rothan et al., 2005). For the last years the
pathogens of anthracnose and red stele root rot being tested
in strawberry plantings of Russia and besides Phytophthora
fragariae var. fragariae is included in the list of Quarantine
pests, weeds and plant diseases in Russia (Aleksandrov et al.,
2007; Golovin, 2014; Dudchenko et al., 2015).

Anthracnose affects the aboveground part of strawberry:
fruits, flowers, petioles, leaves, stolons, causing a significant
suppression of the plant, and sometimes there can be the death
of plant. Pathogen can be located on a plant for a long time
in latent state, this fact significantly complicates the reliable
identification and protective measures (Leandro et al., 2001).
The losses of marketable yield of strawberries because of
anthracnose may reach 80 % (Dudchenko et al., 2015).

P, fragariae var. fragariae affect the root system, inhibit-
ing the growth, causing withering and afterwards death of the
plants. It is difficult to diagnose the pathogen visually because
of similarity of symptoms of infection and stress factors (de los
Santos et al., 2004; Aleksandrov et al., 2007). The occurrence
of pathogen can be observed mainly after using of infected
planting material, and the oospores can persist in soil in the
absence of host plant according to the different data from 3 to
17 years (Duncan, Cowan, 1980x Szkuta, 2006).

In connection with it, the development of new highly resis-
tant to pathogens strawberry varieties is an important breed-
ing task. The cultivation of varieties with genetic resistance
to diseases will increase the profitability of plantations and
as well as positively effect the ecological state of strawberry
agrocenoses due to reduce to pesticide load (Korbin, 2011).

To improve the strawberry assortment it is very important:
to deepen the genetic research, to reveal the patterns of loci
inheriting economically important trait and to identify the
donors. One of the promising trends to raise the efficiency of
strawberry genetic studies became the use of contemporary
techniques of molecular genetic analysis of genome apply-
ing DNA markers. At present time the molecular markers are
wide applied in the analysis of genetic diversity, mapping,
and strawberry variety genotype identification. But molecular
markers are less involved in strawberry breeding (Whitaker,
2011).

The purpose of current study was to carry out molecular
genetic testing of genus Fragaria L. genotypes. It was neces-
sary to identify carrier of Rca2 anthracnose resistance gene
and Rpf1 red stele root rot resistance gene.

E ;trawberry (Fragaria * ananassa Duch.) is the most
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Materials and methods

Biological material was represented by wild species of the
genus Fragaria L.: F. orientalis Los., F. moschata Duch.,
F. ovalis Rydb., F. virginiana Rydb. ssp. platypetala and
strawberry varieties (Fragaria * ananassa Duch.) of different
ecological and geographical origin from genetic collection of
the FSSI “I.V. Michurin Federal Scientific Centre (FSC)”, such
as Lastochka, Privlekatelnaya, Urozhainaya CGL, Feyerverk,
Flora and Yarkaya breeding by FSSI “I.V. Michurin FSC”
(Russia), Baron Solemacher (Germany), Elsanta, Korona,
Kimberly, Vicoda, Vima Tarda, Vima Xima, Vima Zanta
(Netherlands), Florence (England), Kent (Canada), Lactitia
(Italy), Red Gauntlet (Scotland).

To assess allelic state Rca2 anthracnose resistance gene
was used the dominant SCAR marker STS-Rca2 240. The
SCAR marker STS-Rca2 240 was multiplexed with the
microsatellite marker EMFv020 used as the positive PCR
control (Lerceteau-Kohler et al., 2005).

The Rpf1 red stele root rot resistance gene was identified
with the dominant marker SCAR-R1A (Haymes et al., 2000).

Primer sequences and product length are reported in
Table 1. Used in this study primers were synthesized by
Syntol (Russia).

Total genomic DNA was extracted from the fresh leaves
using the Diversity Arrays Technology P/L (DArT) protocol.
However, the use of the basic protocol did not allow obtain-
ing DNA extract with the degree of purity necessary for PCR
analysis because despite of the high concentration of DNA
in solution, inhibition of test PCR was observed. To reduce
the content of inhibitory impurities in the DNA solution, an
additional double purification of DNA with 5M NaCl with
reprecipitation with 70 % ethanol included the following steps
was used. 100 ul of SM NaCl and 400 pl of 70 % ethanol were
added to the DNA solution; mix centrifuged at 13,000 rpm
for 5 min; the supernatant was removed; the precipitate was
washed twice with 80 % ethanol, dried at room temperature
and dissolved in deionized water. As a result of these steps,
DNA extract with necessary of concentration and purity for
PCR reaction was obtained.

PCR reactions were performed in 15 pl final volume
containing: 20 ng of genomic DNA, 0.2 mM of each dNTP,
2.5 mM MgCl,, 0.2 uM of each primer, 0.2 U of Taq DNA
polymerase (0.8 U for multiplex PCR STS-Rca2 240 +
EMFv020) and 1.5 pl of PCR-buffer (+(NH,),SO,, -KCl). All
components produced by Thermo Fisher Scientific.

The amplification was performed in T100 Thermal Cycler
(BioRad). PCR conditions for the multiplex PCR reaction
(STS-Rca2 240 and EMFv020) were as described by
Lerceteau-Kohler et al. (2005) as follow: 3 min denaturation
at 95 °C, 35 cycles of 50 s at 95 °C, 50 s at 64 °C, and 1 min
at 72 °C, and a final extension step of 5 min at 72 °C.

PCR conditions for the SCAR-RIA marker were
as described by Haymes et al. (2000) as follow: 3 min
denaturation at 94 °C, 25 cycles of 30 s at 94 °C, 45 s at 60 °C,
and 1 min at 72 °C, and a final extension step of 7 min at 72 °C.

The amplification products were separated on a 2 % agarose
gel and visualized by ethidium bromide staining. GeneRuler
100 bp DNA Ladder (Thermo Fisher Scientific) was used as
a molecular weight marker.

Plant gene pool and breeding
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Table 1. Primer sequences and product length in base pairs of the molecular markers used in the study

Gene Marker Primer sequence (5'—3’) Product length (bp)
Rca2 STS-Rca2_240 F 5'-GCCACGTCACTAGTCAAATTCAA-3’ 240
R 5-TCATGGACAGTGGTCTCAGC-3’
EMFv020 (koHTponb MNUP) F 5'-CAGGCGCCAACGGCGTGCTCTTGT-3’ ~170
R 5'-CAGCGCCGCCAGCTCATCCCTAGG-3’
Rpf1 SCAR-RTA F 5'-TGCATCATTAATGTAGAAGTCTTT-3’ 285

R 5-TGATGCGACATACAAAAATATTAG-3'

STS-Rca2_240 —>
PCR control —>

Fig. 1. Electrophoresis profile of marker STS-Rca2_240 at strawberry genotypes.

1 - Elsanta, 2 - Kent, 3 - Red Gauntlet, 4 - Florence, 5 - Laetitia, 6 — Vima Tarda, 7 - Urozhainaya CGL, 8 - Vicoda, 9 - Feyerverk, 10 - Privle-
katelnaya, 17 - Kimberly, 12 - Vima Zanta, 13 — Korona, 74 - Yarkaya, 15 - Flora, 16 — Lastochka, 77 - Vima Xima, M — DNA ladder.

Results and discussion

Fragaria x ananassa Duch. is difficult object for molecular
genetic analysis. The high ploidy level (8x), the combination
of different basic genomes in the genotype, complex gene
interactions, and polygenic control of traits make it difficult
to study the genetics of strawberry. Disease resistance in
strawberry in most cases is also controlled quantitatively.

Currently, however, monogenic resistance factors have
been identified for some pathogens (C. acutatum, P. fragariae
var. fragariae) (Van de Weg, 1997a, b; Lerceteau-Kohler et
al., 2002) and this allows effective screening of resistant
genotypes using molecular markers.

Anthracnose resistance in strawberry is controlled by
quantitative and monogenic factors. Resistance to C. acutatum,
pathogenicity group 1 is quantitative (Denoyes-Rothan et al.,
2004). Single dominant gene, Rca2, controls the resistance
to C. acutatum, pathogenicity group 2 (Lerceteau-Kohler et
al., 2002).

The SCAR marker STS-Rca2 240 was linked to the
resistance gene Rca? with genetic distance of 2.8 cM. The
PCR product associated with the resistance Rca?2 allele has
240 bp. The linked inheritance of the marker alleles and the
Rca2 gene allows, based on the presence or absence of the
marker alleles, to identify the allelic state of the Rca2 gene
(Lerceteau-Kohler et al., 2005).

In studied collection of strawberry, the resistant allele of the
marker STS-Rca2 240 was identified in the Laetitia variety
(Rca2Rca?2 or RecaZrca2 genotype). The other studied forms
have homozygous recessive state of the marker STS-Rca2 240
linked to Rca?2 resistance gene (putative genotype rcaZrcal)
(Fig. 1, Table 2).

leHodoHp 1 ceneKkuma pactTeHuin

The absence of a dominant allele of the STS-Rca2 240
marker in the anthracnose resistant variety Vicoda can
be presumably due to two factors: the recombination that
occurred in the variety (or its parental forms) between the Rca2
resistance gene and the marker STS-Rca2 240 (Lerceteau-
Kohler et al. (2005) noted similar recombination for the US292
genotype and its parent form Arking.) or the presence of other
genetic resistance factors.

The recessive state SCAR marker STS-Rca2 240 in species
F virginiana ssp. platipetala and strawberry variety Elsanta
confirmed in literature data (Njuguna, 2010; Sturzeanu et
al., 2016). It should be noted that, according to W. Njuguna
(2010), the dominant allele of the STS-Rca2 240 marker
linked to the Rca?2 gene is present in the Red Gauntlet variety,
while, according to our research, in this variety the Rca?2
gene is presumably represented by the recessive allele. Such
a discrepancy in the results may be presumably due to an
identification error and requires additional research. However,
according to the results of artificial infection, the Red Gauntlet
variety is susceptible to C. acutatum (Simpson et al., 1994),
which indirectly confirms our data.

Monogenic resistance to red stele root rot of strawberry
determined several genes. W.E. Van de Weg analyzing
the interaction model of strawberry varieties and races of
P. fragariae var. fragariae identified 5 resistance factors
(R1-RS5), corresponding to specific pathogen avirulence
gene (Avrl—Avr5) (Van de Weg, 1997b). The main role in the
formation of strawberry red stele root rot resistance belongs
to three genes — Rpf1, Rpf2, Rpf3 (Whitaker, 2011). RpfI gene
ensuring resistance of strawberry genotypes to 16 races of
P, fragariae var. fragariae (Sasnauskas et al., 2007).
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Table 2. Presence (1) or absence (0) PCR products of the indicated markers, linked to ¢ Rca2 anthracnose resistance gene
and Rpf1 red stele root rot resistance gene in different strawberry varieties

Species/variety

Putative
genotype

SCAR-R1A —>

Fig. 2. Electrophoresis profile of marker SCAR-R1A at strawberry genotypes.

K - Tristar (control), 7 - Elsanta, 2 - Kent, 3 - Red Gauntlet, 4 - Florence, 5 - Laetitia, 6 - Vima Tarda, 7 - Urozhainaya CGL, 8 - Vicoda,
9 - Feyerverk, 10 - Privlekatelnaya, 77 — Kimberly, 72 - Vima Zanta, 13 - Korona, 14 - Yarkaya, 15 - Flora, 16 — Lastochka, 77 - Vima Xima,

M - DNA ladder.

The marker SCAR-R1A was linked to the resistance gene
Rpfl with genetic distance of 3.0 cM. The PCR product
associated with the resistance RpfI allele has 285 bp. In
genotypes with a homozygous recessive state of the gene
Rpf1 (rpf1rpf1), this product is not amplified (Haymes et al.,
2000). The molecular analyzes performed with SCAR-R1A
marker showed the absent PCR product of 285 bp in studied
strawberry varieties (Fig. 2), which presumably indicates their
homozygous recessive genotype of RpfI gene — rpf1rpfI (see
Table 2).

The recessive state SCAR-R1A marker in the Elsanta
and Kent varieties is confirmed in literature data (Haymes
et al., 2000; Sturzeanu et al., 2016). According to the data
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of W. Njuguna (2010), the populations of F. virginiana ssp.
platipetala of various growing sites also have not the dominant
allele SCAR-R1 marker linked to the RpfI gene.

Thus, according to the results of molecular genetic analysis,
the studied strawberry genotypes were identified as susceptible
to red stele root rot by assessing the allelic state of the Rpf7
gene. The Laetitia variety is characterized to anthracnose
resistance by assessing the allelic state of the Rca2 gene, which
allows us to recommend it as a promising source in breeding
for resistance to C. acutatum, pathogenicity group 2.
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BappupoBaHue XIUPHOKNCIOTHOI'O COCTaBa
Macjia CeMSH B KOMIEKIUN NHOYVIINPOBAHHBIX
MVTAHTOB JIbHA Macan4HOro (Linum humile Mill.)

A.B. Turoa®, A.J. Copoxa

WHCTUTYT MacnnyHbIX KynbTyp HaumoHanbHOM akageMuy arpapHbIxX HayK YKpaunHbl, 3anopoxckan 0651acTb, 3anopockunii paiioH, noc. ConHeyHbli, YKpanHa

LLinpokoe pasHoobpasue chep NpPYMeHeHUA CeEMsAH fibHa TpebyeT oT
cenekLMOoHepOB BblBEAEHNA COPTOB C Pa3/IMYHbIMK NMOKa3aTenamu,
COOTBETCTBYIOLMMM Ha3HaYeHWI0 KOHeYHoW npoayKunn. OgH1M 13
cnoco6oB pelleHnsa 3Tol 3aaum ABNAETCA METOZ SKCNeprMeHTaslb-
HOro MyTareHesa, Mo3BONALMI 32 OTHOCUTENTbHO KOPOTKNIN CPOK
co3paTh B NpeAesiax O4HOro BrAa MyTaHTHbIE IMHUN C pa3HOObpasHbI-
MU MOPGOMETPUYECKMI 1 BUOXUMUNYECKUMMN NPU3HAKaMK. B cTaTbe
NnokKasaHo, YTo 06paboTKa cemsaH NbHa MaciyHoro (Linum humile Mill.),
copToB Aincbepr n CONHEYHbI HOBBIMY XUMUYECKUMI MyTareHamu
Aar-2, ar-6, Ar-7, Ar-9 — npovssogHbiMm AuMeTuncynbdata, a Takke
MyTareHamu gumeTuncynbdata 1 sTunmeTaHcynbdoHaTa npusena K
NoMyYeHNI0 MyTaHTHbIX IMHWIA 1 06Pa3LOB C U3MEHEHHbIMU MOPO-
METPUYECKUMYN 1 BUOXUMUNYECKUMM NMOKa3aTenammn. CeMeHa UCXOLHbIX
copToB 06pabatbiBany 0.5 1 0.05 % BOAHbIMY PacTBOPaMy BbllLeyKa-
3aHHbIX BELWECTB 1 BbICEBaNN B NoJjie AnA NoayyeHns nokoneHunin M,,
M, 1 Ms. B ntore BbifiBNeHO 27 TMNOB MyTaLWi, KOTOpble pa3feneHbl
Ha NATb rpynmn No MoppomMeTprYeCcKUM XxapakTepmcTmkam. MsyyeH
YKMPHOKMCNOTHDBIV COCTaB Macsla CEMAH BblAeNeHHbIX MyTaHTHbIX
dopm: coiepKaHme NanbMUTUHOBOW, CTEaPUHOBOW, ONIEMHOBOM,
nuHonesou (w6) 1 TMHONEHOBOM (W3) KNCNOT, a TakXkKe COOTHOLLEHne
w6/w3. CTaTUCTUYECKNIA aHaNn3 NoKasasn AOCTOBEPHYIO PasHULY MeX-
Ly MyTaHTHbIMU IMHUAMMN 1 06pasLammn No GMOXMMUYECKOMY COCTaBy
macna. MpoaemMoHCTprpoBaHa CunbHasA oTpuLaTeNibHaa Koppenauu-
OHHasA B3aVIMOCBA3b MeXAy COAepKaHNeM IMHONEBON U IMHONEHO-
BOW KC/IOT U NONIOXKUTENbHAA 3aBUCUMOCTb CPEAHEN CUITbl MeXay
cofepkaHnem CTeaprHOBOW 1 OSIEMHOBOI KNCOT Y 060UX COPTOB.
MonyyeHHble MyTaHTHble 06pa3Lbl MOTYT MCMOJIb30BATbCA B KaUecTse
NCXOLHbIX GOpM AnA BefeHNA CenekLMoHHON paboTbl MO NbHY B pas-
NNYHBIX HAaNpaBneHUsAX.

KntoueBble crioBa: néH; MyTareHes; XUMNYECKUN MyTareH; gumeTui-
Cyﬂbd)aT; 3TI/II'IMeTchy.l'Ib¢OHaT; MyTauuaA; TNHUA; o6pa3eu; XUpPHaA
KncnoTa.
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Variation of fatty acid
composition in seed oil in the
collection of induced oil flax
(Linum humile Mill.) mutants

AV. Tigova@, A.L Soroka

Institute of Oilseed Crops of the National Academy of Agrarian
Sciences of Ukraine, Zaporozhye, Settl. Solnechnyy, Ukraine

A wide variety of application fields for flax seeds
requires for breeders to develop new varieties with dif-
ferent characteristics, corresponding to the intended
final product. The method of experimental mutage-
nesis is one of the ways to solve this problem. This
method allows mutant lines with an array of morpho-
metric and biochemical traits to be created from a
single species and within a relatively short period of
time. The article demonstrates that treatment of Linum
humile Mill. seeds of the cultivars Iceberg and Solnech-
ny with the new chemical mutagens DG-2, DG-6, DG-7,
DG-9 (derivatives of dimethyl sulfate (DMS)) as well as
with the mutagens DMS and EMS resulted in the pro-
duction of mutant lines and accessions with altered
morphometric and biochemical parameters. Seeds of
the initial cultivars were treated with 0.5 and 0.05 %
aqueous solutions of the above mentioned substances
and planted in the field to raise M,, M,, and M; genera-
tions. Ultimately, 27 types of mutations were identified
and subdivided into five groups by morphometric
characteristics. The fatty acid composition of seed oil
for the isolated mutant specimens was studied: the
content of palmitic, stearic, oleic, linoleic (w6) and lino-
lenic (w3) acids, as well as the w6/w3 ratio. The statisti-
cal analysis showed significant distinctions between
the mutant lines in the biochemical composition of the
oil. A strong negative correlation between the content
of linoleic and linolenic acids was demonstrated, as
well as a positive relationship of average strength
between the content of stearic and oleic acids for the
both varieties. The mutant accessions obtained can be
used as donor material for conducting breeding work
on flax in various directions.

Key words: flax; mutagenesis; chemical mutagen;
dimethyl sulfate; ethyl methanesulfonate; mutation;
line; accession; fatty acid.



€H — OJlHA U3 LICHHEUIINX CEJIbCKOXO3SHMCTBEHHBIX

KynbTyp. CeMeHa JIbHA MCTIONb30BaIHN B MHIIEBBIX,

MEIUIMHCKAX M TEXHUYECKUX LENAX elle C APEBHUX
BpeMmeH. [lepBoe ynomuHanue o MEAMIMHCKOM IIPUMEHEHUH
CEeMsIH JIbHA MOSBIISIETCS B paboTax ABHIIEHHBI, [ nnmokpara,
Jlmockopuia, B CpeTHEBEKOBBIX TpaBHUKAaX EBporbl n A3nn
(JIsx u nmp., 2009). B HacTosIee BpeMs B pa3BUTHIX CTpaHax
MHpa HaOJFOaeTCsl MOBBIIIEHHBIN HHTEPEC K KYJIBType JIbHA
CO CTOpPOHBI ITHUILEBON M (papManeBTHIECKON HPOMBIIIICH-
Hoctu (Ilenumnenko u ap., 2014). 3a nocnennue 15-20 ner
OBUTH TTOAPOOHO M3YUYEHBI OMOXMMHYECKHN COCTaB CEMSH
JbHA, 3HAYCHHE JJISI OpPraHU3Ma YeJOoBeKa BXOJSIINX B Ce-
MEHa XUMHUYCCKUX COeMUHECHUI U ux MeTabonu3m (Huzosa,
Bpad, 2010).

JIpHstHOE ceMst — OoraThlii HCTOYHUK O-JTIMHOJICHOBOM KHC-
JIOTBI, PACTBOPUMBIX BOJIOKOH, @ TAaK)K€ INIABHBIA MCTOUYHHK
JUETUYECKUX (PCHONBHBIX COCTUHEHUH (HUTO3CTPOreHHOM
MPUPO/IBL, HA3bIBACMbIX JIMTHaHAMU. Cpely TNTHAaHOB CaMbIM
pacnpoCTpaHeHHBIM SIBISIETCS] CEKOM30JIAPUIIPEINHONIA JIH-
rmroko3uf (SDG) (Prasad, 2000; @ecpkoBa u ap., 2009). 310
OJIMH W3 IVIaBHBIX MPEANICCTBEHHUKOB JUTHAHOB MJICKOIIHU-
TAIOIIUX — YHTEPOJIAKTOHA U SHTEPOHOJIA, KOTOPBIE UTPAIOT
Ba)KHYIO POJIb B 3aIIUTE OT TOPMOHO3ABUCHMBIX BHJIOB paka
(pak MOJIOUHOM >KeJIe3bl, MPOCTATHI, IIUTOBHIHON >KEJIE3bI
u T. 1.). Kpome Toro, B psie pador (Prasad, 2001; Spence et
al., 2003; Rodriguez-Leyva et al., 2010) nén pexomenmyercs
MPUMEHSTH TIPH aTepPOCKIIEpO3e, caxapHoM anadere, ocTeo-
1opo3se, Mpu MmpodiemMax MelyJl0uHO-KHIIEYHOTO TPaKTa,
00JIe3HIX KOXKH M HEKOTOPBIX APYTHX 3a00JICBaHUAK.

OCHOBHBIM XMMHYECKUM KOMIIOHEHTOM CEMSH JIbHA SIB-
JISIETCSl MACJIO, KOJIMYECTBO KOTOPOTO COCTABISIET B CPETHEM
ot 27 1o 47 % u naxe 6omee. I1o cogepkanmnio OHOIOTHIECKN
[ICHHBIX KOMITOHCHTOB JBHHSIHOE MAaciIO 3aHHMAeT IepBOe
MECTO CPEe/IM APYTUX MUIIEBBIX PACTUTEIbHBIX Macel (bpax-
HUKOB M Ap., 2015). Tpurnmuuepuasl Maciia JbHa COCTOST
MPEUMYIIECTBCHHO M3 ISATH JKUPHBIX KHCJIOT: JIBYX HAacChl-
mieHHbIX — naTbMUTHHOBOH (C 16:0) 1 creapunoBoii (C 18:0)
W Tpex HEeHaCHIMEHHBIX — osienHOoBO# (C 18:1), nmuHoME-
Boii (C 18:2) u nmmuonenosoit (C 18:3), coxepxanue KoTo-
PBIX, [0 HAIIUM JIAaHHBIM, Ul COpPTa-CTaHAapTa YKpauHb
«tO>xHas HOUBY B cpemHeM coctasiser 6.4, 3.0, 19.7, 15.6
n 55.3 % coorBercTBeHHO. [leneOHbIe CBOMCTBA JILHSIHOTO
MacJia ONpeAessIFOTCS MPEXK/IE BCEro BHICOKUM COZEPIKaHUEM
B HEM OHMOJIOTMYECKH aKTHBHBIX HE3aMEHUMBIX MOJIWHEHA-
CBIIIEHHBIX JKUPHBIX KHCIIOT: JIMHOJIEBOH (oMera-6) u Ju-
HOJICHOBOH (oMmera-3) ¢ IByMS U TpeMsl IBOMHBIMU CBA3SIMU
COOTBETCTBEHHO. Ha MO0 TMHOIEHOBOI KUCIOTEI OOBIYHO
npuxogutcs 50-60 % oT cyMMBI JKUPHBIX KUCIIOT Maciia. Ha-
JIMYUE TPEX JIBOMHBIX CBsI3CH B €€ MOJICKYJie 00yCIIOBIUBACT
BBICOKYIO OMOJIOTHYECKYI0 aKTHBHOCTH KHCIJIOTBI, ObICTpOE
BBICBIXaHHE Macja U HENPOAODKUTEIBHBIA CPOK €ro XpaHe-
HYsl. IMEHHO BBICOKOE COJIEpIKaHHE JIMHOJICHOBOM KHCIIOTHI
MIO3BOJISIET JIETIATh U3 JIbHSIHOTO Macja BHICOKOKa4eCTBEHHbIE
JIAKOKpAcOYHbIE MaTE€PHAIIbl, CIeIHAIbHBIC aHTHKOPPO3HOH-
Hble NOKpbITHA 1 JnHONeyM (Green, Marshall, 1984). B to
JKE€ BpEMs BBICOKAs KOHIIEHTPAIHs JIMHOJIEHOBOI KHCIOTHI
00yCITOBIMBACT OBICTPOE OKHUCIICHUE (TIPOTOPKAHKE) JTHHSIHOTO
macia. [To 9Toil mpuunHe OHO MOXKET XpaHHUThCS He Ooliee
Tpex mecsiues. [Ipobnema XxpaHeHns IbHIHOTO Maciia pera-
eTcs myTeM co3nanus MmyTaHToB (Brutch, Kutuzova, 1999), a

leHodoHp 1 ceneKkuma pactTeHuin

3aTeM U COPTOB, coleprKaiux He ooee 2.5 % JTMHOICHOBOU
kucnothl (Dribnenki et al., 1996).

W3 nuTepaTypHBIX JaHHBIX H3BECTHO, YTO CHHTE3 JKUPHBIX
KUCJIOT Y JIbHA HAaUMHAETCs ¢ 00pa30BaHMsl NaJbMUTHHOBOM
kucnorsl (CH;—~CH,),,~COOH) na ocHose anetnn-KoA 1 me-
noHMI-KoA 1os elicTBHEM MyITBTH(EPMEHTHOTO KOMITIEKCA.
Creapunosas kucinora (CH;~(CH,),,~COOH) cunresupyercs
U3 MAJIbMUTHHOBON C ITOMOIIBIO 3JI0HTa3, OTBEYAIOMINX 3a
YAJIMHEHHE LENH JKUPHBIX KHCIOT. DTOT MPOIIeCcC KOHTPOIH-
pyet ren FABI. TlocnenosareibHoe 00pa30BaHKE JABOMHBIX
CBsI3€il B LIETTH CTEaPUHOBOM KHCIIOTHI OCYIIECTBIISIIOT PA3JINy-
Hble fecaTtypasbl. CHauana creapon-ACP gecarypassl, KOTo-
pbie konupytorcesi renamu SAD 1 u SAD2, hopMupyIOT IEpBYIO
JIBOWHYTO CBSI3b B 9 MOJIOKEHUH YIIICPOAHOM 1erH, 00pasys
onennosylo kucnory (CH,~(CH,),~CH=CH—(CH,),—~COOH).
OJieMHOBAsI KHCJIOTA CIYXKUT TPEIIIECTBEHHHUKOM JIMHOJIE-
soii (CH;—(CH,),~CH=CH-CH,-CH=CH—(CH,),—~COOH),
y KOTOpO# jo0aBisieTcst ele oHa JIBOWHas CBS3b B 6 IO-
JIOKEHUH T10J] JICHCTBHEM YKMPHOKUCIIOTHBIX Jiecarypas-2,
KompyeMbIx TeHamu FAD2A, FAD2B. VI3 TiHONEBO KUCIIOTHI
oOpasyercs o-muHonenosas kuciora (CH,~CH,-CH=CH-
CH,~CH=CH-CH,~-CH=CH—(CH,),~COOH) npu y4yactun
reHoB FAD3A, FAD3B n FAD3C, xoTopble KOHTPOIUPYIOT
Jecarypasbl-3, GOpMHUpYIOIKE B 3 MOJOKEHUH TPETHIO TI0
cuery ABOIHY!10 cBsi3b (Vrinten et al., 2005; Banik et al., 2011).
Bce nepeunciennble TeHbl IMEIOT MHOKECTBEHHBIC aJlIEIH,
HecyIye aenennu u rodednsie Mmytanuu (Krasowska et al.,
2007; Khadake et al., 2009; Thambugala et al., 2013). I'erst
Jecarypasbl-2 y JbHA MPU3HAHBI OCHOBHBIMH, OIPEAEISIO-
IIMMH JKUPHOKUCIIOTHEIN cocTaB Macina (Fofana et al., 2006).
CoBMelleHHe MyTalMid 10 JaHHBIM JIOKycaMm B T'€HOTHUIIE
OIIHOTO PaCTEHUS PUBOANT K PE3KOMY MOBBIIIIECHUIO YPOBHS
COZIEpKaHUsl JTMHOJIEBOW KHCIIOTHI, @ KOJIMYECTBO JINHOJICHO-
BOM KHCIIOTHI cHUKaeTcst 10 2 % (Vrinten et al., 2005).

BriepBrie BbIcOKOMMHOIEHOBBIE (Oosee 62.7 %), BRICOKO-
onenHoBEIe (Oonee 25.1 %) M HU3KOJIMHOJICHOBBIC (MCHEE
2.3 %) NuHUM JbHA OBUIA CO3[aHBI B ABCTPAIHH METOIOM
xuMudeckoro mytarenesa (Green, 1986). Ha ocHoBe nmHIH €
HU3KUM COJICpP>KaHHEM JINHOJICHOBON KHCIIOTHI OBUI MOTy4eH
copt (tuna solin) Linola, ¢ IBOWHBIMHU PELIECCUBHBIMH TOMO-
3UTOTaMH 110 KOMIIeMeHTapHbIM reHaM [n ] u [n2 (Dribnenki
etal., 1996). [To3auee nmomy4eHs! Ipyryue copTa, 00Ia1aomme
cOaJaHCHPOBaHHBIM JUIS IHMIIEBBIX LIEJIeil COCTaBOM Maciia
(Nichterlein et al., 1988).

B Uncruryre Mmaconunsix kyasTyp HAAH Vipaunsl (T 3a-
nopoxkbe) ¢ 1989 r. Begercs ycnemHas pabora 1o co3aaHuio
HOBBIX COPTOB JIbHA MacIMYHOTO, KOTOpast OCYIECTBISIETCS
TPAJUIMOHHBIMA (THOPHIM3ALUs, MACCOBBIM W WHIIUBHILY-
QJIBHBIH 0TOOD, SKCIIEPUMEHTAILHBII MyTareHe3) 1 HOBEHIIIHN-
MM (TIBUTBIIEBAST CENIEKINS, KyAbTypPa MbIIIbHUKOB) METOAAMH
CEJICKIMN /TSI TEXHUYECKUX M MUIIEBbIX 1enel. CormacHo
CETO/IHSIHUM NPEJICTABICHHSIM, IIPH UCTIOJIb30BAHHH JIbHA B
MUTAHAN PEKOMEHIYeTCs COOTI0IaTh COOTHOIIEeHHE W6/ 3-
kucaoT 5-10/1 mist oO6sruHOr0 nuranus U 3—5/1 — mus Jie-
yeOHoro ([TopoxoBuHoBa u np., 2016). [TosTomy cenekiuio
COPTOB JIbHA TI0 )KUPHOKUCIOTHOMY COCTaBY, NAIOIIUX HE
TEXHUYECKOE, a MUIIEBOC Macjo, IPOBOJST B OCHOBHOM Ha
M3MEHEHHE COZIEPXKaHUs YPOBHSI JINHOJICHOBOM KHCIIOTHI J10
YKa3aHHBIX BBIIIE TPEAETIOB COOTHOMICHHUS ®6/®M3-KUCIOT,
PEKOMEH/JOBAaHHBIX JJIS 37I0POBOTO MJIH JICYeOHOTO ITUTAHMSI.
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Variation of fatty acid composition
in seed oil in the induced flax mutants

Ilenpr0 HAIIMX HCCIEIOBAHMK OBLIO CO3MAHHME M OICHKA
HOBBIX MYTAHTHBIX JIMHHUH JIbHA MAaCIHIHOTO C Pa3IHIHBIM
JKUPHOKHMCIOTHBIM COCTaBOM Macja JJisl paclIMpEHUs FeHe-
THUYECKOTO Pa3HOOOpa3usi U Pa3BUTHSI HOBBIX HaIpaBICHUN
WCTIONB30BaHUS JTHHOTIPOIYKIINH.

MaTtepwuanbl n metogbl

VcXoqHbIM MaTepraaoM ATl CO3AAHUsI TEHETUUECKOTO pas-
HOOOpa3us MOCITYKHIH Ba 00pasiia U3 TeHeTHIECKOH Kol
nexkuuu MHCcTHTyTa Macnuunbeix KyiasTyp (MMK) HAAH
Ykpaussl — copta AiicOepr n COMHEUHBIN JIbHA MACITHIHOTO
Linum humile Mill. Copt AiicOepr co3maH METOAOM WHIY-
[IUPOBAHHOTO MyTareHe3a IyTeM 00pabOTKH raMMa-aydamu
cemsH copta Llman 8 UMK HAAH. [laaHsr1ii copt nmeert Oe-
JIbIC JIETIECTKH, KPEMOBBIE IIBUIBHUKH U KOPHYHEBYIO OKpac-
Ky cemsiH. CopT ConmHeuHbIH, cenieKinu THCTUTYTa TeHETUKU
n uuronorun HAH benapycu, ominyaeTcss HU3KUM COAeEp-
kaHueM (MeHee 2 %) TUHOIeHOBOH KucaoThl. Y copra Cod-
HEYHBIH LBETKU T'OJyObIe C (PHOJICTOBBIM OTTEHKOM, TOJIyOble
MIBUTBHUKY U JKEJTasi OKpacka CEMsIH.

CemeHa nipHa Macau4yHOTO L. humile coptoB AiicOepr u
Comnneunstit (mo 300 mT. Ha BapuanT) 3amaunBanu B 0.05
n 0.5 % BOXHBIX pacTBOpax MyTareHOB B TedeHue 16 d.
B koHTpoOIIEe ceMeHa 3aMaunBalIy B IUCTHIUINPOBAHHOM BOJIE.
OO0paboTaHHbIE CEMEHa ITPOMBIBAIM U B TOT )K€ JICHb BhICE-
BAJIM B OTKPHITHIN rpyHT. CoOpaHHbIe ¢ pacTeHnii M, cemena
MOCEMEWHO BBICEBAJIM Ha CIICIYIONIMH TOA ISl TTOMyYCHUS
pacrenuit M,. Kaxxnas cembs B M, — 3T0 HOTOMCTBO OJHOTO
u3 pacrennit M. B nokonennu M, pOBOAMIIN y4ET BUAUMBIX
WU3MEHEHHUH, a X TeHETHYECKYIO TPUPOJY MOATBEPKAAIIH
MOCJIe aHAIM3a HACJEeIOBAHUA JaHHBIX MYTAaIUil B MOKOJIe-
Huu M;. Kpome Toro, B nokosieHnd M, BBIOJIHSICA 0TOOD
HOBBIX 00pa3IOB ¢ M3MEHEHHBIMH TIPU3HAKaMHM, He HaOIio-
JaBUIUMKCS B M,, HACIIEI0BAHUE KOTOPBIX Oy/IET IPOBEPATE-
Cs B OCJIEAYIOIINX ITOKOJICHUSIX.

B kauecTBe MyTareHHBIX areHTOB MCIIOIb30BAIIM XOPOIIO
u3BectHbie MyTareHbl JIMC (aumermicynbdar) u OIMC (3TuiI-
METaHCYIb(OHAT), a TAKIKE HOBBIE XUMHIECKHE COSANHEHUS
cepun I, npousBoansle nquMermicynsgara (AI-2, AI-6,
JAT'-7 u AT-9), cunresuposanubie B VHCTUTYTE OMOOpTraHu-
yeckoit xumun u Heprexummn HAH VYipauas! u mo6e3H0
npenocrasineHnsle K.X.H. ILI. JlynsueBsim. IIponsBonnsie
cepun /II" panee B akCriepMMEHTaIbHOM MyTareHe3€e Ha KyJib-
Type JIbHa He TPUMEHSITHCH. D(PPEKTHBHOCTD AEUCTBHS 3THX
COCIMHCHUI CpaBHHUBAIH ¢ UCXOMHBIM BemecTtBoM (JIMC),
MOCJY)KUBIIMM OCHOBOI JIJIsi CHHTE3a BBILICYIOMSHYTBIX
COEIMHEHUH, N TAKUM IINPOKO MU3BECTHBIM B CEIIbCKOXO3SH-
CTBEHHOH NPAKTHKE MyTareHoM, kak SMC. B psine pador yxa-
3aHo0, yTo MmyTarenHnoe nercteue JIMC u OMC 3axmouaeTcs
Yale BCEro B peaKy aIKHINPOBAHNS T'yaHUHA B ITOJI0KEHUN
7-ro aTroMa a30Ta, 4TO IPUBOJMT K OIIMOOYHOMY CTIAPUBAHHIO
ryaHMHa ¢ THMMHOM BMECTO LIUTO3MHA, B PE3yJIbTaTre 4ero
MOT'YT BO3HMKATh MyTallysl TUIA TPAH3UIINU, XPOMOCOMHBIE
MHBEpCHH, pa3pbiBbl XxpomocoM (Luan et al., 2007; Rajarajan
et al., 2014; Deepthi, Remesh, 2016).

Brinenennsie Mo MOpQOIOTHIECKUM U (pu3nomornge-
CKMM NPU3HAKaM MYTAHTbI aHAJIM3WPOBAIH B J1abopaTopuu
ouoxumun UMK HAAH VYkpaunbl 0 TakuM OHOXMMHUYeE-
CKUM TIOKa3aTessM, Kak COAEp)KaHWE Maciia B CEMEHax, U
UX JKUPHOKUCIOTHOMY COCTaBy. MaciIHYHOCTb ONPEeIIsTN
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1o mMacce o0e3KMpeHHOTo ocrarka B ammapare Coxciera
(ACTY 7577:2014, 2015). )KupHOKHCIIOTHBIN COCTaB Maciia
HaXOJMJIN METOJIOM Ta30KMKOCTHOW Xpomarorpaduu Me-
THII0BBIX 2¢upoB Ha xpomarorpade HEWLETT PACRARD
HP 6890 (TOCT 30418-96, 1998). [ns 3T0T0 aHaImM3a CIry-
YJaiiHBIM 00pa3oM opmuposany BEIOOpKy u3 1000 cemsiH oT
20-30 pacTeHuit KaXJI0r0o MyTaHTHOTO 00pasiia.

Maremarnieckyto 00pabOTKy MOITyUSHHBIX JaHHBIX OCY-
IIECTBIISUTN COTIACHO OOIIETIPHHATHIM METOJUKAaM CTAaTUCTH-
4yeckol 00paboTKH IKCIeprUMeHTaabHOro Marepuana (Was-
serman, 2005).

PesynbraTbl n 06CyxaeHne

O06paboTka ceMsH JbHA XUMHYECKUMHU MyTareHamu J[['-2,

Ar-o6, Ar-7, Ar-9, AMC u 9MC B xonuentpauusx 0.5 u

0.05 % mpuBoauna B MOKOJAEHHH M, K CyLIECTBEHHOMY W3-

MEHEHHIO BEIKMBAEMOCTH PACTEHHH, a TAK)Ke K N3MEHEHHIO

psina MOpP(OIOTHYECKUX XapaKTEPUCTUK — BBICOTHI pacTe-

HUH, KOIWYeCTBa OOKOBBIX MOOErOB Ha IJIaBHOM CTeOEe U

KOJIMYeCcTBa KopoOouek Ha ogHoM pacteHnu (Turosa, Copo-

Ka, 2016).

B noxonennn M, Hamu ObUI MOIy4YeH MIMPOKUH CHEKTp
MYTAaIUH, TPEICTAaBICHHBIN 27 THITaMH H3MEHEHHH, KOTOpPHIe
ObUTH pa3esieHbl Ha MATh TPYIIIL:

1. MyTauuu ¢ HapyleHHeM CHHTe3a XJI0poduIia y BCX0/10B
¥ B3poCHbIX pacteHnit (8 tumoB): albina, viridis-albina,
xantha, chlorina, viridis, lutescent, striata, corroded.

2. MyTauuu CTpyKTypbl CTe0JIs1, T0OETOB U JIUCTHEB (5 THIIOB):
mpu cemsa00aU, BbICOKOPOCIbIE PACMEHUs, HUSKOPOCIble
pacmenusi, KApaIuKu, 3ue3a2000pasusiil cmebdeinb.

3. i3MeHeHne OKpacKH JIEMIECTKOB BEHYMKA M IbIIHHUKOB,
(hopmBI eTiecTKOB 1 OyTOHOB (6 THIIOB): c8em.io-201y0bie
Jlenecmku, Oenvle NbLIbHUKU; 20/1y0ble TenecmKiL, 201y0ble
NbLILHUKU; USMEHEHHAs (opMa JlenecmKos; c6emio-po-
306ble J1enecmKU, Kpemosble NblibHUKL Oelble J1enecmKu,
Kpemosble NbLIbHUKU; HEPACKPbIBAIOWUTICS BEHYUK.

4. MyTaluu OKpacKy ceMsiH (4 TUIIa): dcenmast, Kopuunesas,
20pUUUHASL, NECMPAZL.

5. Myraunu 1o (GpU3HOIOTHYECKUM TIPU3HAKaM POCTa U pa3-
BUTHSL (4 THIIA): CKOpOCheivle pacmenus, NO30HECnenble
pacmenus, Mymayus cmepuibHOCmu, Hapyuienue pas-
BUMUS CEMSH.

XapakTep MyTallMOHHOW M3MEHYMBOCTH B 3HAYUTEIbHOMN
CTETICHN ONPEJIEISUICS BUAOM M KOHIIEHTpAINeH MCTIOIb30-
BaHHOTO MYTarcHa, a Takke TeHOTUITMYECKHMH OCOOEHHO-
CTSMH COpTa. YCTaHOBJICHA MOBBILICHHAs MHIYIIMPOBaHHAS
MyTa0MIFHOCTE copTa CONTHEYHBIH 110 CPABHEHHIO C COPTOM
AticOepr. Ommuns B MyTaOHIBHOCTH COPTOB MPOSIBISIIINCH B
Pa3IMYHBIX YaCTOTE U CIIEKTpe BUAMMBIX MyTaimii (Turosa,
Copoxka, 2017). Kpome Toro, Ipu H3y4eHNH CTIEKTPa My TaIui
Ha (DEHOTHIMYECKOM YPOBHE Y pa3HBIX COPTOB OOHapyXeH
rapajuieliu3M B SKCIEPUMEHTAIbHON MyTallMOHHON HU3MEH-
YHBOCTH.

B noxonenuu M, Ha 0CHOBE 0TOOPaHHBEIX 0OPA3IIOB IO-
KoneHus M, ¢ u3MeHEeHHBIMH MOP}ODH3UO0NIOrHYECKUMU
XapaKTEPUCTUKAMU OBUIN BBIJICIICHBI U MPOAHATN3NPOBAHbI
MYTaHTHBIC JIMHUH, PA3INYAIOMINAECS MEXIy coOOH Kak 110
MapKepHbIM, TaK M 110 XO35MCTBEHHO LIEHHBIM IPU3HAKaM,
BKJIFOYasl KOJIMYECTBO Macjia B CEMEHAX M )KUPHOKHUCIIOTHBIN
COCTaB MacJa.

Plant gene pool and breeding



BapbupoBaHue XMPHOKNCNOTHOIO COCTaBa A.B. Turosa 2018
Macsa CeMAH y UHAYLMPOBaHHbIX MyTaHTOB JSibHa A.WN. Copoka 22.7
Table 1. Oil fatty acid compositions in the M; generation of mutants derived from oil-bearing cultivar Iceberg treated
with mutagens at the concentration 0.5%
Muta- Speci- Marker trait of the mutant Oil content, Fatty acid percentages in seed oil (18:2)/
gen men line/specimen % T e o e e e (183)
palmitic  stearic oleic linoleic linolenic
c16:0 C18:0 c18:1 c18:2 c18:3
- Control (white petals, 47.23 6.16 3.71 19.54 19.27 51.31 0.38
brown seeds)
DG-2 MA-1 Modified flower shape 43.37 6.18 2.36 18.60 14.71 58.16 0.25
MA-2 Blue petals, 45.94 5.62 4.13 18.50 13.60 58.15 0.23
blue anthers
MA-3 High plants* 46.97 6.67 3.31 18.15 14.56 57.31 0.25
MA-4 Low plants* 43.93 6.96 1.63 17.27 14.31 59.82 0.24
DG-6 MA-5 High plants* 47.09 6.18 2.39 16.36 11.02 63.56 0.17
DG-7 MA-6 Early maturing plants 47.75 6.40 2.64 17.74 14.96 58.28 0.26
MA-7 Late maturing plants* 44.69 6.74 1.36 16.37 15.36 59.67 0.26
MA-8 Low plants 45.19 5.06 2.89 19.47 12.44 60.13 0.21
MA-9 High plants* 46.05 6.23 2.68 16.49 14.08 60.58 0.23
MA-10 Blue petals, 47.30 6.32 4.15 20.39 14.50 54.65 0.27
blue anthers
MA-11 Blue petals, yellow seeds 45.95 6.68 1.63 16.26 25.75 49.68 0.52
DG-9 MA-12 Blue petals, 46.44 5.34 3.29 18.22 17.19 55.77 0.31
blue anthers
MA-13 Blue petals, 46.95 5.35 2.21 16.99 32.00 43.45 0.74
yellow seeds
MA-14 Low plants* 48.88 6.59 2.90 17.55 18.54 54.41 0.34
MA-15 High plants* 48.37 5.96 1.93 15.61 14.66 61.84 0.24
EMS MA-16 Light-blue petals 46.12 5.74 1.31 18.81 12.73 62.03 0.21
MA-17 High plants* 45.97 6.23 1.97 16.25 12.14 63.52 0.19
MA-18 Low plants 47.96 6.59 2.79 18.11 15.27 57.24 0.27
MA-20 Dwarf 44.12 5.82 343 22.89 13.18 54.68 0.24
MA-22 Blue petals, 45.15 6.32 3.99 18.06 29.88 41.76 0.72
yellow seeds
MA-23 Blue petals, 43.01 6.97 1.46 16.56 15.20 59.82 0.25
blue anthers
Xinean £ Sy 46.06+0.35 6.19+0.12 2.59+0.20 17.84+0.36 16.48+123 56.88+1.27
Cv 3.52+0.54 8.70+1.34 34.54+533 9.37+1.45 34.34+530 10.20+1.57
LSDy o5 0.97 0.19 0.09 0.56 0.55 1.78

Note. Here and in Tables 2-4, the least values among all specimens are shown in italic and the greatest, in bold.

*Specimens chosen in M Verification in M, is required.

Tak, oOmias MacIU4IHOCTH copTa AHcOepr B KOHTpOJIE CO-
craBuia 47.23 %. [Ipu obpadotke myrarenamu JI'-7, -9
n ODMC B xonnerTpanuu 0.5 % BBIAETICHBI THHUN U 00pa3-
usl MA-6, MA-10, MA-14, MA-15 u MA-18, y KoTopbIX
MaCIIMYHOCTD ObLIIa HA YPOBHE KOHTPOJISI MIIH IPEBOCXO/IUIIA
9TOT MOKa3arenb. MacInIHOCTh YKa3aHHBIX 00pa3IioB cOCTa-
Bwia 47.75, 47.30, 48.88, 48.37 u 47.96 % COOTBETCTBEHHO
(tabmn. 1).

[ToMIMO MacIMYHOCTH, U3MEHEHUS 3aTpParuBalid U CO-
JIepKaHUE Pa3IUYHBIX JKUPHBIX KUCIIOT. B BapmaHTe KOH-

leHodoHp 1 ceneKkuma pactTeHuin

nerTpanuu 0.5 % HaOMODAIN U3MEHYHUBOCTH TI0 YPOBHIO
naneMuTHHOBOU KuciaoThl (C 16:0) B Macie nmpu 00paboTke
BCEMH M3YUYCHHBIMH MyTareHaMiu. B GOJBITHHCTBE CiTydaeB
0TMEUAIOCh YBEIMYCHHUE JAHHOTO TIOKa3atess. HanumeHbIee
COZICpIKaHUE MaIbMUTHHOBOW KUCIIOTHI ObLIO Y HU3KOPOCIION
muau MA-8 (5.06 %), momydeHHoOW npu 0O6paboTKe MyTa-
reaom JII'-7, a Haubomnpmee — y muann MA-23 (6.97 %) ¢
royiy0oil OKpacKoil JICIIECTKOB U TONyObIMH MBUTBHUKAMH,
moiy4eHHoi npu obpaboTtke myrtarenom DMC. Coxepxa-
Hue creapuHoBoil kucnotsl (C 18:0) n3mensnocsy Gonbreit
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Variation of fatty acid composition
in seed oil in the induced flax mutants
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Table 2. Oil fatty acid compositions in the M, generation of mutants derived from oil-bearing cultivar Iceberg treated

with mutagens at the concentration 0.05%

Muta- Speci- Marker trait of the mutant Oil content, Fatty acid percentages in seed oil (18:2)/
gen en line/specimen % et R e s e (18:3)
palmitic  stearic oleic linoleic linolenic
C16:0 C18:0 c18:1 c18:2 Cc18:3
- Control (white petals, brown seeds) 47.23 6.16 3.71 19.54 19.27 51.31 0.38
DG-2 MA-24 High plants® 46.00 6.40 2.16 16.67 35.15 39.63 0.89
MA-25 Yellow seeds 42.77 6.04 241 17.11 16.05 58.39 0.27
MA-26 Blue petals, 42.12 6.54 1.63 16.82 14.48 60.53 0.24
blue anthers
MA-27 Blue petals, 45.22 5.90 2.46 18.84 12.03 60.77 0.20
yellow seeds
DG-6 MA-28 High plants™ 45.28 6.54 2.28 17.95 17.72 55.51 0.32
DG-7 MA-29 High plants 44.90 6.81 2.21 15.94 12.05 62.99 0.19
MA-30 Blue petals, 45.73 6.06 2.29 15.11 13.53 63.02 0.21
blue anthers®
DG-9 MA-31 Blue petals, 44.18 6.20 233 16.85 15.68 58.94 0.27
yellow seeds
MA-32 High plants® 44.08 6.25 3.23 16.48 14.40 59.64 0.24
DMS MA-33 High plants® 43.17 6.68 2.30 16.94 11.16 62.92 0.18
EMS MA-34 High plants 45.58 6.19 2.01 17.42 12.02 62.36 0.19
Xmean £ S 4446+0.39 6.33£0.09 2.30£0.12 16.92+£0.29 15.84+2.03 58.61+2.02
Cv 2.92+0.62 4.55+£0.97 16.63+£3.55 5.77+1.23 42.39+£9.04 1145+244
LSDg g 0.76 0.20 0.08 0.55 0.55 1.87

YacThIO B CTOPOHY YMEHBIIICHHS 3TOTO IoKasaTess. Bo Bcex
BapraHTax 00pabOTKK HAOIIOMAIN CHIDKEHHE YPOBHS CTea-
PUHOBOW KUCNOTHI, kpoMe muHuid MA-2, MA-10 u MA-22
(4.13,4.1513.99 % coOTBETCTBEHHO), TOJyYEHHBIX IIPH 00-
pabotke mytareramu J1I"-2, 17 u OMC. U3MeHsI10Ch Takxke
cojiep)KaHUe OJIEMHOBOM KHCIOTHI B Macie. HauOombmmit
nokasaress (22.89 %) uMena TUHUSA KapIUKOBBIX PACTCHUN
MA-20, momyuennas npu o0paboTtke mytareHoM OMC, a 'y
obpasia MA-15 BBICOKOPOCIBIX pacTeHUI OBIIO BBISBICHO
MUHHMAaJIbHOE KOJHMUYECTBO OJEUHOBOI KHUCIOTHI — 15.61 %
(cm. Tabm. 1). MakcumanbHOE cofepKaHNe JIMHOIEBOM KHUC-
notel (C 18:2) ormeueno y nuanit MA-13 1 MA-22 (32.00
u 29.88 % COOTBETCTBEHHO), & MUHUMAJIBHOE — y 00pas-
1a MA-5 Beicokopocibix pactennit (11.02 %), umesrero
Takke OOJIbIIOE KOJIMYECTBO OJIEMHOBOM KHCIOTHL. bonee
63 % JIMHOJICHOBO KUCJIOTBI COJIEPKUTCS Y 00pa3iioB MA-5
u MA-17, BelgeneHHbIX Tpu 00paboTke mytarenamu JI'-6 n
OMC. V stux e 00pa31oB HaOIIOAAICS HU3KUH ypOBEHb
nuHoneBol kuciotsl — 11.02 u 12.14 % coOTBETCTBEHHO.
ITpu 06paboTke MyTareHaMu B 3TOH >ke KoHueHTpanuu 0.5 %
B KOJUIGKIIMH paccMaTpHBaeMbIX 0OpasloB Oblia BEIABICHA
auHus MA-22 ¢ roay0oii OKpacKoil JISECTKOB U JKEATHIMU
CEMEHaMU C OTHOCHTEILHO HU3KUM KOJIMYECTBOM JIMHOJE-
HOBOH KHCJIOTBI, KOTOpOoe cocTaBmiio 41.76 % (cm. Taodm. 1,
PHUCYHOK, a).

CootHomrenne ®6/m3 B Maciae B 3HAYUTEIBHON CTETIEHU
BapbUpOBaj0. MUHUMAIbHOE 3HAUYEHUE ITOTO MPU3HAKA
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(0.17) umen oopazers MA-5 BBICOKOPOCIIBIX PACTEHHIA, @ MaK-
cumansHoe (0.74) — muans MA-13 ¢ romy6oi okpackoii je-
MIECTKOB M KeNThIMH ceMeHaMu. Koaddunuent Bapnannu
JUISL II0Ka3aTesaed MAaCIUYHOCTH, YPOBHS IaJIbMUTUHOBOU
1 OJeWHOBOH KucioT coctaBmi MeHee 10 % (cm. Tabdm. 1),
YTO CBHUJETENILCTBYET O ClIaboil BapHaOEIbHOCTH TaHHBIX
[IPU3HAKOB. B TO e Bpemsl U1 CTEapUHOBOW U JIMHOJIEBOT
KucyoT ko3¢ unnent Bapuanun npesbiman 10 %, uro me-
MOHCTPHPYET 3HAYNTEIbHYI0 N3MEHUYNBOCTD YPOBHS IAHHBIX
KHCJIOT Y MYT@HTHBIX JIMHUH, MOJY4YEHHBIX NpH 00padoTke
XMMHYECKUMH MyTareHamu B koHueHTpanun 0.5 %, u roBo-
PHT O BEICOKOM TIOTEHIIHAIIE 715t 0TOOPA 110 ATUM ITPHU3HAKAM.

IIpu Oonee HU3KOM KoHIeHTpaluu 0opadcoTku (0.05 %)
BBICOKOMACIMYHBIX JTHHUH, TPEBOCXOSAIINX KOHTPOJIb IO
0011IeMy BBIXO/Ty Maciia, BBISIBIIEHO He Ob110 (Tadu. 2). Y Oonb-
IMUHCTBA MYTAaHTHBIX JIMHUU COICpKaHUC MaJbMUTHHOBOM
kucaoTel (C 16:0) B Macne mpeBwIIIago KOHTPOIb. Makcu-
MaJIbHBIH YPOBEHb NAIbMUTHHOBOM KHCIOTHI 3a()MKCUPOBAH
y obpasua MA-33 (6.68 %), moy4ueHHOro npu 00padoTKe
myTtareHoM JIMC. CymiecTBeHHOE YMEHBIIICHNE YPOBHS 3TON
KHCJIOTHI TIO CPaBHEHUIO ¢ KOHTpojeM (6.16 %) BbIIBICHO
TONBKO Y ofHOM JuHuu — MA-27 (5.90 %). Kpome Toro, BO
BCEX BapHaHTaxX 00paOOTKH HAOIIOMANN YMEHBIIICHHE YPOB-
Hs creaprHoBO# kncsoTsl (C 18:0). JInaMii ¢ MOBBIIIEHHBIM
COZIep’KaHWEM CTEapUHOBOW KHCIIOTHI BBIJICJICHO HE ObLIO.
MuHMMaNbHBIH yPOBEHBb CTEapHHOBON KuciOTH (1.63 %)
yCTaHOBIIEH IpH 00padoTke myTarenoM JI'-2 y muann MA-26

Plant gene pool and breeding



BapbrpoBaHyie XNPHOKNCIOTHOTO COCTaBa
Mac/ia CemMAH Y UHAYLMPOBAHHbIX MyTaHTOB JibHa
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Contents of (7) linoleic and (2) linolenic acids in seed oil from M3 plants derived from oil flax cultivars Iceberg and Solnechnyy by treatment

with mutagens at the concentrations 0.5 and 0.05%.

¢ rosry0oi OKpacKo# JIETIECTKOB U TOJyOBIMH MBUIBHHUKAMHU
(cM. Tabm. 2). YpoBeHb OJEHHOBOW KHCIIOTHI y ONMCAHHBIX
MYTaHTHBIX JIMHUI ObUT HMXKe KOHTpois. HauMeHsblee ee
cozepxkanue Habmonanu y oopasua MA-30 (15.11 %), momy-
YEHHOTO Ipu 00paboTke MyTarenom JI'-7.

M3MeH4YUBOCTD 10 COACPKAHUIO JIMHOJIEBOU KUCIIOTHI
(C 18:2) BappupoBaia B CTOPOHY YMEHBIIIEHUS JTAHHOTO I10-
Kazaress (cM. pUCYHOK, 6). OnHako nmpu oOpaboTke MyTa-
rerom J{I'-2 Beigencen obpaser; MA-24 BBICOKOPOCIIBIX pac-
TEHUH C MaKCHMAaJIbHbIM COAEPKaHUEM JIMHOJIEBOW KHCIIO-
TbI — 35.15 %, OHOBpEeMEHHO 3TOT 00pas3ell SBISIETCS OTHO-
CHUTEJILHO HHM3KOJIMHOJIEHOBBIM (39.63 %). YV OosbinHCTBA
K€ OTOOpaHHBIX JIMHUH YPOBEHBb JIMHOJIEBOM KHCIIOTHI OBIIT
HIDKe KoHTpours. [Ipu o6paborke myrarenom JIMC nonyuen
o0pazerr MA-33 BBICOKOPOCIIBIX PACTCHUI ¢ MUHUMAJIbHBIM
YpOBHEM JIMHOJIEBOH kncnoTel (11.16 %) 1 MakcuManTbHBIM —
MaJIbMUTHHOBOH KHCIoTHI (6.68 %). YV o6pasina MA-30, BbI-
JICJICHHOTO TocJie 00paboTku myTtareHoM JII'-7 u uMeBIero
MHUHUMAJIbHBIA YPOBEHb OJIEMHOBON KHCIOTHI, ObLIO Oolee
63 % nuHONeHoBOM KHCA0Th. COOTHOLIEHUE TPUIITHLIEPUIOB
®6/®3 paznuyanock MEXIy NMpOoaHaIN3UPOBAHHBIMU JIMHHU-
SMH 1 00pa3IaMH B 3HAYUTENIBHON cTeneHn. MUHIMaJIbHOE
3HaueHne dtoro mokaszarens (0.18) mmen obpazenr MA-33
BBICOKOPOCIIBIX PACTCHUHU, MOJYyUYCHHBIH pu 00padoTKe
myTtarenoM /JIMC, a makcumainsHoe (0.89) — o6pazery MA-24
BBICOKOPOCIIBIX PacTeHHH, MOIYyUYeHHBIH IpHu 00paboTke

leHodoHp 1 ceneKkuma pactTeHuin

myTtarenoM /II'-2. B BapuanTe 00paboTKH ceMsSH MyTareHa-
mu B koHneHTparuu 0.05 % kodddumment Bapuanuu s
OIMCAHHBIX MYTAaHTHBIX JIMHUH M 00pa3LoB 110 CTEapUHO-
BOM, JIMHOJIEBOI M JIMHOJIEHOBOM KHCJIOTaM COCTaBHII 0oJjiee
10 % (cM. Tabu. 2), 9TO CBUICTEIBCTBYET O CYIIECTBEHHOM
M3MEHYMBOCTH AaHHBIX OMOXUMUYECKUX ITapaMeTPOB Maciia
CEMsIH JIbHA.

VY copra ConmHeuHbIi 0011as MacIMYHOCTH KOHTPOJIS Ha-
xonuiack Ha ypoBHe 40.69 %. OOpaboTka MyTareHaMu B
6ornee BbICOKOH KOHIEHTpanuu 0.5 % MpakTHYEeCKH BO BCEX
BapHaHTaX MPUBOJIIJIA K ITOTyYESHHUIO JIMHUHA 1 00pa31oB, rpe-
BOCXOJIMBIIMX KOHTPOJIb [0 JAHHOMY IOKa3areito (Tadi. 3).
MakcuManpHy0 Macau4HOCTh (45.18 %) Habmronamu y
auHun MC-27 ¢ KOpUYHEBOH OKPACKOM CEMSH, a MHHH-
MasbHy0 (37.89 %) — y nuaun MC-24 co cBeTJIO-pO30BOM
OKPAaCKOH JIETIECTKOB U KPEMOBBIMH TNbUIbHUKAMU. M3 nu-
TEpaTypHBIX JaHHBIX M3BECTHO, YTO HAKOIUICHHE 3allaCHBIX
JIMITU/IOB B CEMEHAX PEryJaupyercsi OOJBUIMM KOJIMYECTBOM
TOPMOHAJIBHBIX U META0OINYECKUX CUTHAIBHBIX CHCTEM,
BXOJSIIMX B psiji reHeTHueckux nporpamm (Baud, Lepiniec,
2010). Cpenu onucaHHbIX (aKTOPOB 3HAUUTENIBbHAS POJIb
yIeNnsAeTcsl TPAaHCKPUIIIIMOHHBIM JE€TEPMUHAHTAM, MHOTHE
13 KOTOPBIX SIBIISIIOTCS TaK Ha3bIBAGMBIMH IJIABHBIMH PETy-
JSITOPaMH, MOCKOJBbKY CIIOCOOHBI BJIMSITH Ha aKTHBHOCTH
TEHOB, PETYJINPYIONINX CHHTE3 U HAKOIJICHUE 3arlacHBIX
BellecTB. Tak, BBICOKHI ypoBeHb dkcnpeccuu reHa LECI y
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Variation of fatty acid composition A.V.Tigova
in seed oil in the induced flax mutants A.l. Soroka

Table 3. Oil fatty acid compositions in M, mutants derived from oil-bearing cultivar Solnechnyy treated with mutagens
at the concentration 0.5%

Muta- Speci- Marker trait of the mutant Oil content, Fatty acid percentages in seed oil (18:2)/
gen men line/specimen % palmitic stearic oleic linoleic linolenic (18:3)
c16:0 C18:0 C18:1 c18:2 c18:3
- Control (blue petals, 40.69 6.05 5.81 20.03 66.53 1.59 41.84
yellow seeds)
DG-2 MS-1 White petals, 44.37 6.65 2.62 17.87 17.52 55.34 0.32
brown seeds
MS-2 White petals, 44.16 6.62 2.92 17.87 20.62 51.98 0.40
variegated seeds
MS-3 White petals, 39.72 6.56 3.27 20.82 34.69 34.67 1.00
creamy anthers
MS-4 Brown seeds 39.66 6.88 2.71 20.27 20.56 49.59 0.41
MS-5 Light-pink petals, 42.96 6.13 2.76 18.64 11.72 60.74 0.19
mustard-colored seeds
MS-6 Light-pink petals, 4231 6.92 2.57 17.40 63.63 9.47 6.72
creamy anthers
MS-7 Light-pink petals, 44.76 5.98 2.81 18.19 26.99 46.04 0.59

variegated seeds®

White petals,
variegated seeds*

MS-13 White petals, 43.44 6.35 2.87 18.50 29.24 43.05 0.68
creamy anthers
MS-14 White petals, 42.56 6.48 3.64 19.49 37.87 32.51 1.16
ariegated seeds
MS-15 Light-pink petals, 4428 6.32 3.17 16.67 24.12 49.72 0.49
creamy anthers
MS-16 Mustard-colored seeds 44.21 6.55 343 17.45 26.35 46.22 0.57
DG-9 MS-17 High plants® 39.46 6.04 3.80 18.31 47.51 24.34 1.95
MS-18 Low plants* 43.83 6.16 441 19.02 63.75 6.66 9.57
MS-19 Light-pink petals, 4345 6.29 3.01 20.33 4412 26.25 1.68
creamy anthers
MS-20 White petals, 43.02 6.17 4.92 20.16 58.18 10.58 5.50
creamy anthers
MS-21 White petals, 43.23 6.04 340 15.87 50.99 23.70 215
mustard-colored seeds
EMS MS-22 Zigzag stem 43.36 6.17 4.27 19.07 63.23 7.26 8.71
MS-24 Light-pink petals, 37.89 6.17 347 20.22 46.11 24.03 1.92
creamy anthers
MC-26 White petals, 44.62 6.65 3.85 21.15 44.87 23.42 1.92
creamy anthers
MC-27 Brown seeds 45.18 6.36 3.00 19.03 46.68 24.93 1.87
Xean £ Sy 42.96+0.38 640+0.05 3.33+0.13 18.73+0.28 42.59+3.41 2895+3.49
Cv 442+0.63 4.28+0.61 1935274 7.44+1.05 40.04+£5.66 60.30+8.53
LSDy o5 0.70 0.20 0.11 0.59 1.45 1.03
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BapbrpoBaHyie XNPHOKNCIOTHOTO COCTaBa
Mac/a CemMAaH Y UHAYLPOBaHHbIX MyTaHTOB JibHa

apabunorncuca, renoB GmDof4 u GmDof1] y cou BbI3bIBaI
MOBBIIIEHHYIO SKCIIPECCHIO T€HOB M3 CEMEHCTB, y4acTBYIO-
MUX B OMOCHHTE3€ JKUPHBIX KUCIIOT, YTO MPUBOAWIO K CYy-
IIECTBEHHOMY YBEJIHUCHHIO COJACPXKAHUSA Macja B CeMEHax
(Cunopos, Lpinennambaes, 2014). I[Tockonbky 6mocuHTE3
TPHALMITIIMIEPUIOB Y BBICIINX PACTCHUH XapaKTepH3yeTCst
00IIMMHU METa0OINYECKUMH Ty TSMH, MOKHO TIPEOI0KHTH,
YTO OOJBIIOE KOJTMYECTBO MYTaHTOB copTra COTHEYHBIH C
MOBBIIIEHHON MacIMYHOCTBIO CBSI3aHO C MyTaIlMel OHOTO
U3 IJIaBHBIX PETyNIATOPOB (PaKTOPOB TPAHCKPHIIINH, TPHU-
Be/IEH K CBEPXIKCIPECCHH BBIMIECYTIOMSHYTHIX T€HOB HIIH
MX aHAJIOTOB.

UYro xacaeTcs KUPHOKUCIOTHOTO COCTaBa Macia y My-
TaHTOB copra COIHEUHBIH, MOTYYCHHBIX B BapHaHTaxX C
koHueHrparuei 0.5 %, To, B UaCTHOCTH, COAEPKAHUE MaTbMU-
THUHOBOM KUCIIOTBI COCTABIISIIO OT 5.98 110 6.92 %. 13 Tabd. 3
BHUJIHO, YTO 00pabOTKa XUMUYECKIMHU MyTareéHaMH BbI3bIBAJIA
TMIOBBIIIEHUE YPOBHS MTaJIbBMUTHHOBON KHUCIIOTHI IIPAKTHICCKU
Y BC€X MyTaHTOB. MakCHMaJIbHOE COAepKaHUE ITON KUCIIOThI
Habromanock y 1uHUE MC-6 co CBETIIO-PO30BOI OKPACKOH
JIEIECTKOB U KPEMOBBIMH MbUIBHUKAMK — 6.92 %. YpoBeHb
cteapuHOBO# kuca0Th (C 18:0) yMeHbIINIICS ITO CPAaBHEHUIO
C KOHTPOJIEM BO BCEX BapHaHTaX 00paboTki. MUHUMAaIBHOE
ee 3HaueHue (2.44 %) 6b110 y 06paszna MC-10 BICOKOPOCITBIX
pacTeHuil, nosyuyeHHoro npu odpadoTke myrarenom JII-7.
Conep:xanue onenroBoi kucmots (C 18:1) B Macie Bappupo-
Bajio oT 15.87 10 21.15 %. Ilpu ’TOM MUHUMAaIBHBIA YPOBEHB
HaOmonany y muaun MC-21 ¢ 6enoii oKkpackoi JIeTecTKoB 1
TOPYNYHBIMHU CEMEHAMH, OITy4YeHHON ITpHu 00paboTKe MyTa-
reaoMm /-9, a makcumanbHblil — y smann MC-26 ¢ Oemnoit
OKpacKOM JICTIECTKOB U KPEMOBBIMH BUILHUKAMH, TTOJTyYEH-
Hol ox reiictBreM MmyTtareHa OMC. CozmeprxaHue THHOIEBON
KHCI0ThI MeHsutoch oT 11.72 no 68.32 %. MakcumanbHbII
ypoBeHb (68.32 %) BoisiBieH y 0Opasiia MC-11 HU3KOPOCIIBIX
pacTeHu, moIy4eHHOro mpu 00paboTke myTtareHoMm [II'-7
(cm. Tabn. 3, pucyHoOK, g). Kpome toro, obpazenr MC-11 xa-
paKTepU3yeTCsl TOCTATOYHO HU3KUM YPOBHEM JIMHOJICHOBOH
kucaoTsl (4.24 %), BBICOKOI MacnmuaHOCTHIO (44.63 %) n
OTHOCHTEJIHHO BBICOKHM COZACpXaHHUEM NaJlbMHUTHHOBOM
KHCHOTHI (6.63 %) (cM. Taba. 3). MuHUMAaNbHBINA yPOBEHb
mHONeBOH KUCTOTH (11.72 %) BeIABNeH y muauu MC-5 co
CBETI0-PO30BOI OKPACKOH JIETIECTKOB U TOPUYMUHON OKpacKOH
cemsH. CozeprkaHue JTMHOJICHOBOM KHCIOTHI B Macyie MEHsI-
mock ot 4.24 (obpazery MC-11) mo 60.74 % (muans MC-5)
(cm. Tabm. 3, pucyHOK, 6). COOTHOIICHUE TPUTIUIICPUIOB
®6/®3 3HaUKTENBHO BaphupoBaiio: oT 0.19 (;muaus MC-5) no
16.11 (o6pazery MC-11).

KoadduimenT Bapuanum Takux NpU3HAKOB, KaK MaCIn4d-
HOCTb, COJEPKaHUE TAIbBMUTUHOBOU U OJIECMHOBON KUCIIOT Y
MyTaHTOB copTa COJHEUHBIH, MMOTydYeHHBIX TPH 00paboTke
mytareHamu 0.5 % xoHuenTpanuu, He npessiman 10 %,
YTO CBUACTEIBCTBYET O JOCTATOYHO BBICOKOH CTAOMIBHO-
CTH JaHHBIX OMOXMMHYECKHX ITOoKazarenei. OnHako 1is
CTEapHHOBOM, JINHOJICBON M JIMHOJIICHOBON KHCIIOT KOdddu-
nMeHT Bapuanuu coctarisut 20 % u Gonee (cM. Tadm. 3),
YTO JIEMOHCTPUPYET 3HAUYUTEIbHBIE BOZMOKHOCTH OTOOpa
10 CO3JJAHUIO HOBBIX CEJIEKIIMOHHBIX JIMHUN C M3MEHEHHBIM
YPOBHEM JJaHHBIX KUCIIOT.

[Ipu 06paboTKE XUMITYECKUMH MyTareHaMH B O0Jiee HI3KOH
xounentpanun (0.05 %) nmpakTHYeckn BO BCEX BapHaHTAX

leHodoHp 1 ceneKkuma pactTeHuin

2018
22.7

A.B. Turosa
AM. Copoka

BO3/ICHCTBHS yPOBEHb MAaCIMYHOCTH Y OTOOPAHHBIX MyTaHTOB
MOBBICHJIICS M KoJiebancs B mpexenax oT 39.58 mo 46.69 %
(tabn. 4). [To HamMM TaHHBIM, COJIEp KaHHE MTAIbMUTHHOBOK
KHCJIOTHI B Maclie U3MEHSJIOCH B inamnasoHe ot 5.94 (MC-32)
10 6.88 % (MC-52). CriemyeTt TakKe OTMETHTb, 9TO B OOJb-
IIMHCTBE CIy4YacB COJEPKaHWE MAIbMUTHHOBOW KHCIIOTHI
MIPEBBIIIAI0 WK HAXOIUIIOCh HA ypoBHE KOHTpoutst. Konnye-
CTBO CTEaPUHOBOM KUCIIOTHI B MACJIe MyTaHTOB YMEHBIIMIOCH
TI0 CpaBHEHHIO ¢ KOHTposieM. [Tox neficTBueM Beex M3ydeHHBIX
MYyTareHOB OTMEYaJOCh CHM)KEHHE YPOBHS CT€apHHOBOI
knciotsl. CoziepkaHue OJIENHOBON KHCIOTHI B Macie TaKkKe
BapbUPOBAIIO: MUHUMAIIBHBIH ypoBeHs (15.29 %) nabmrona-
mu y quHuu MC-35 BBICOKOPOCIBIX PacTeHHH, MOTyYeHHON
pu 06pabotke myTtareHoM J{I'-6, a MakcHManbHBIN yPOBEHD
(22.34 %) — y muann MC-42 ¢ 6emnoit OKpackoi JIETIECTKOB U
KPEMOBBIMH TbUTbHUKAMH, TTOJYUSHHOH ITp1 00paboTKe MyTa-
reaoM [1I'-7 (cm. Tab. 4). ConeprkaHue JTHHOIECBON KHCIOTHI
Yy MyTaHTHBIX 00pa3I0B H3MEHSIIOCH B Ipesienax ot 18.77 no
70.09 %. Haumensmuii nokaszarens numena auaus MC-43 ¢
0eJ10if OKpacKO JETIECTKOB 1 TIECTPHIMU CEMEHAMH, TTOTyICH-
Hast 11pu 00paboTke myTareHom /II'-7. Tem He MeHee BcTpeya-
JIMCh MYTaHTBI, Y KOTOPBIX COJIEP)KaHHE JIMHOIEBON KUCIIOTHI
MIPEBBIIAT0 KOHTPOIbHBIE 3HaueHust — MC-36 (69.95 %) n
MC-45 (70.09 %), a ypoBEeHb JIMHOIECHOBOW KHCIIOTHI OBII
oTHOCHUTENBbHO HU3KUM (8.83 1 3.06 % COOTBETCTBEHHO), UTO
JIeNaeT UX ICHHBIM MCXOAHBIM MaTEpPHaIOM JUISl CEIEKINU
COPTOB NHIIEBOTO HANpaBiIeHUS (CM. Ta0l. 4, PUCYHOK, 2).

Yro kacaercsi COOTHOUICHUsI ®6/®3 KUPHBIX KHUCIOT, TO
pu 00paboTKe MyTareHamu faHHOH KoHneHTpaun (0.05 %)
OHO B 3HAUUTENBHON CTENIEHU BapbUPOBAIO. MUHUMAILHOE
3HayeHue 3toro nokazarens (0.35) Obuto y muaun MC-43 ¢
OeTol OKpacKol JIETIECTKOB M IMIECTPHIMU CEMEHAMH, a MaK-
cumanbHoe (22.91) —y o6pasna MC-45 HU3KOpOCIIBIX pacTe-
Huid. KoaduumenT Bapuaryn 1sist Mpru3HaKOB MacIMYHOCTH,
CoJepKaHUs MAaIbMUTHHOBOW M OJEHMHOBOH KHCIOT OBII
OTHOCHUTEJIBHO HU3KHM, YTO TOBOPHUT O HE3HAYNTEIHHON U3-
MEHYHMBOCTH JIaHHBIX OMOXUMHYECKHUX MoKazareneil. OiHaKo
JUISL OCTAJIBHBIX KUPHBIX KUCIIOT — CTEAPUHOBOM, JINHONIEBOI
1 JIMHOJICHOBOM — K0a(¢punment Bapuaryu npesbimain 30 %
(cM. Tab. 4), YTO CBUIETEIBCTBYET O 3HAUUTEIBHOMN MTOTCH-
IIUATIbHON BapHAOETBHOCTH UX COIEPKAHUSL.

V3MeHYMBOCTH YPOBHS JINHOJICBOI M JIMHOJIEHOBOW KHC-
JIOT B Pe3yJbTaTe BO3ACHCTBHUS XUMHYECKHMMHU MyTarecHaMu
B xoHneHTpanuax 0.5 n 0.05 % y copra Alicoepr Oblna He-
3HAYUTENIFHOM, OHaKo y copra CONHEUHBIH ypOBEHb 3THX
KHCJIOT CHJIBHO BapbUPOBaJl, YTO OOBSCHSETCS TeHOTHITNYe-
CKAMH OCOOCHHOCTSAMH copTa (cM. puCyHOK). IlomydeHnHsie
Ppe3yabTaThl MO3BOJISIOT OTONPATh 00pa3Lbl C PA3HBIM XKUP-
HOKHCJIOTHBIM COCTaBOM MacJia M BECTH CEJIEKIHIO B JTIF000M
HAaIpaBJICHUM.

Kak cremyer 3 mosmy4eHHBIX HAMH JaHHBIX, COJCP)KaHHE
M3YYEHHBIX )KUPHBIX KHCIIOT B3aUMOCBsi3aHo (Tadu. 5). Taxk,
y copTa AiicOepr comepikaHue OJICHHOBON KHCIOTHI OTpHUIIa-
TEJIFHO KOPPEIMPOBAIO C MAJIBMHTHHOBON M ITOJOKUTENb-
HO — CO cTeapuHOBOH KucioToil. Kpome Toro, Habmonanach
CWJIbHAsI OTPUIATENbHAS KOPPEISIUS 0NN JIMHOIEBOH U
JIMHOJICHOBOM KMCIIOT B Macje, YTO NMPUBEJIO K TOSBICHUIO
B MOIYJSIIMM MYTaHTOB OOJIBIIOTO KOJMYECTBA 00pa3LoB
C YMEHBIICHHBIM YPOBHEM JINHOJIEBOW KHCIOTHI B TOJIB3Y
JIMHOJICHOBOM (CM. PHCYHOK, d, 0).
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Variation of fatty acid composition A.V.Tigova
in seed oil in the induced flax mutants A.l. Soroka

Table 4. Oil fatty acid compositions in the M, generation of mutants derived from oil-bearing cultivar Solnechnyy treated
with mutagens at the concentration 0.05%

Muta- Speci- Marker trait of the mutantline/ Oil content, Fatty acid percentages in seed oil (18:2)/
gen men specimen % palmitic stearic oleic linoleic linolenic (18:3)
c16:0 c18:0 C18:1 c18:2 c18:3
- Control (blue petals, 40.69 6.05 5.81 20.03 66.53 1.59 41.84
yellow seeds)
DG-2 MS-28  High plants* 4533 6.68 3.24 20.17 45.47 24.44 1.86
MS-29  White petals, 4443 6.10 3.43 19.10 4358 27.80 1.57
creamy anthers
MS-30  Light-pink petals, 4543 6.21 2.26 18.08 46.92 26.54 1.77
variegated seeds
MS-31 Light-pink petals, 43.61 6.43 2.64 17.73 4434 28.86 1.54
creamy anthers
MS-32 Brown seeds 44.77 5.94 2.21 20.13 27.44 44.29 0.62
MS-33  Variegated seeds 44.67 6.68 1.77 17.07 21.82 52.66 0.41
MS-34  White petals, 45.65 6.86 1.19 16.20 20.20 55.55 0.36
variegated seeds®
DG-6 MS-35  High plants 46.47 6.14 2.50 15.29 56.39 19.68 2.87
MS-36  Light-pink petals, 46.63 6.29 3.26 17.67 69.95 8.83 7.92
mustard-colored seeds
MS-37  Light-pink petals, 45.89 6.73 3.27 17.49 55.26 17.25 3.20
creamy anthers
MS-38  Light-green plant 43.71 6.52 3.90 20.23 41.61 27.73 1.50
MS-39  Light-green plant, 46.05 6.03 2.99 18.55 23.66 48.78 0.49
brown seeds
DG-7 MS-42  White petals, 4273 6.24 2.09 22.34 29.65 39.68 0.75
creamy anthers
MS-43  White petals, 41.18 6.64 1.95 18.86 18.77 53.78 0.35
variegated seeds
DG-9 MS-44  High plants* 42.40 6.76 3.86 18.15 60.29 10.95 5.51
MS-45  Low plants* 39.58 6.02 247 18.37 70.09 3.06 22.91
MS-46  Brown seeds 40.34 6.62 4.48 18.02 48.80 22.08 2.21
MS-48  Light-pink petals, 44.51 6.51 2.57 20.18 57.41 1333 4.31
creamy anthers
DMS MS-49  White petals, 43.91 6.82 2.52 18.84 42.62 29.19 1.46
late maturing plants*
MS-50  White petals, 45.10 6.87 2.31 17.64 23.06 50.14 0.46
variegated seeds®
MS-51 Light-pink petals, 44.38 6.52 1.98 19.68 27.83 43.99 0.63
creamy anthers
MS-52 White petals, 46.69 6.88 1.71 16.17 20.68 54.57 0.38
creamy anthers*
MS-53  Light-pink petals, 44.31 6.44 2.23 16.04 26.80 48.50 0.55
variegated seeds®
EMS  MS-54  High plants 44.83 6.33 3.22 17.55 49.09 23.81 2.06
MS-55 Low plants* 43.65 6.00 3.70 17.41 50.41 22.48 2.24
MS-56  White petals™ 4358 6.23 3.51 20.82 63.03 6.42 9.82
MS-57  Light-green plant 43.78 6.82 4.31 21.12 55.86 13.90 4.02
MS-58 Light-green plant, 43.22 6.77 4.01 21.81 44.52 17.88 2.49

brown seeds
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BapbrpoBaHyie XNPHOKNCIOTHOTO COCTaBa
Mac/ia CemMAH Y UHAYLMPOBAHHbIX MyTaHTOB JibHa

Table 5. Pearson’s correlations between fatty acid contents in seed oil from mutants and cvs. Iceberg and Solnechnyy treated

with mutagens at the concentrations 0.5 and 0.05%

Linoleic
Cc18:2

Stearic
Cc18:.0

Fatty acid Palmitic Oleic

Number 33
of mutants

Note. Boldface indicates significant correlation coefficients at p = 0.05%: r > 0.35 for cv. Iceberg and r > 0.27 for Solnechnyy.

VY copra ConHEUHBIH MOMOKHUTEIbHYI0 KOPPEIALUI0 Ha-
Omromany MeXIy YPOBHEM CTCAapHHOBOH M OJIEMHOBOM, a
TaK)Ke CTCapMHOBOH M JIMHOJEBOH KUCIOT. OTpUIaTeIbHAsS
KOppeJssinyst ObliIa M1y YPOBHEM JIMHOJIEHOBOW U CTE€apu-
HOBOM KHCJIOT, U B TO € BPEMsI — IMHOJIEHOBOH U JIMHOJIEBOM
KHCJIOT. YBEJIIMUCHNUE YPOBHS JIMHOJIEHOBON KHCIOTHI, 110
CPaBHEHHIO C KOHTPOJIEM, BO BCEX BapuaHTax 00padOTKH
MPUBEJIO K YMEHBIIEHHUIO YPOBHS JIMHOJIEBOH KHCIOTHI (CM.
PHUCYHOK, 6, 2), IOCKOJIbKY CHHTE3 3THUX >KUPHBIX KHCIOT
B3aUMOCBSI3aH.

Crnemyer OTMETHTB, 9TO Y cOpToB Aficoepr n COMHEUHBINA
CIEKTPbI MyTaIMi MO COZEPKAHUIO JIMHOJIEBOH M JIMHOJIE-
HOBOH KHCIJIOT CyIIECTBEHHO pa3nuyanuck. [lomapmnstomee
OOJIBIIMHCTBO MyTaHTOB copTa COIHEYHBIH MMENO TOBBI-
IIEHHOE, 110 CPABHEHHUIO C KOHTPOJIEM, COAEPIKaHUE JINHOIIE-
HOBOW KUCIIOTBI. MyTaHTBI copTa AlicOepr 1o coepKaHuio
JIMHOJIEHOBOW KHCIIOTHI OTJIMYAIUCh OT KOHTPOJIIBHOTO COpTa
B 3HAYNTEIHHO MEHBIIIEH cTeneHn (Ko UIIEeHT BapHaluu
10.20-11.45 %). Kpome Toro, ObUIH BBIICICHBI MyTaHThI KaK
C TIOBBIIICHHBIM, TaK U C MOHW)KEHHBIM YPOBHEM JIaHHOM
KHCIIOTHI.

Pesynbrarsl U3yueHHs MyTaHTOB 000HMX COPTOB TOBOPST 00
OTCYTCTBUM MyTanuii B reHax FABI, SADI n SAD2, Tax xax
JIOJIS TAJIbMUTHHOBOM, CTEapUHOBOI 1 OJICMHOBOI KHCIIOT B
MacJiie CUJIbHO He U3MeHMIack. MyTarun B reHax f4 D2 Toxe,
CKOpee BCETO, OTCYTCTBYIOT, HOCKOJIBKY CyMMBI JINHOJIEBOH
Y JIMHOJICHOBOM KUCIIOT TOXKE CHIIBHO HE BapbHPYIOT. Takum
00pa3oM, BBISIBIISIEMbIE MyTaI[MK 3aTPOHYIIN, BUIUMO, TCHBI
FAD3.Y mytanToB copra Aiicoepr MA-11, MA-13, MA-22 u
MA-24 HabmronaeTcs IOBBIIICHIE KOHIICHTPAIIH JTHHOICBOU
KHCJIOTBI U CHUKECHUE COLEPKaHU JINHOJIEHOBOU. BeposiTHO,
4acTh pacTeHui (a B My MOXKeT HaOIroaThCsl paciieNieHue
M0 MyTaHTHBIM NMpPU3HAaKaM) ObUIM HU3KOJIMHOJICHOBBIMH, a
4acTh — BHICOKOJIMHOJIEHOBBIMH, 1 OBLIN CMELIaHbI B IPOLecce
otOopa MaTepuraa Juisi aHann3a. To eCTh B 3TUX CEMBSIX MOTYT
OBITH MyTaHTBI TeHOB FAD3.

leHodoHp 1 ceneKkuma pactTeHuin
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Coprt ConHeuHBbIH, Cy/st IO COCTaBY €ro Macia, HeCeT My-
TaIUIo B OMHOM M3 TeHOB FAD3. B maHHOM ciydae MyTaIun
TOXe He 3aTpoHynu renbl FABI, SADI u SAD2, a taxxe FAD2.
OpHaKo MPAKTUYECKH Y BCEX MOITy4YEeHHBIX MyTaHTOB, CKOpEe
BCET0, MPOM3OIIIH 00paTHBIE MyTaIllK B TeHax FAD3, 9Tto
CHM3MJIO KOHIIEHTPALIUIO JINHOJICBOI KUCIIOTHI M TIOBBICHIIO —
JIMHOJICHOBOH. Pa3znuuus B ypOBHE BOCCTAHOBIICHUS CUHTE3a
JIMHOJIEHOBOH KHCJIOTBI, OYEBH/IHO, TAKIKE CBSI3aHBI C HEOIHO-
POIHOCTBIO MaTepHralia CCICIOBAaHHBIX 00PA3IOB CEMSH.

Takum oOpa3oMm, B HacTosIIEH paboTe mokasaHa 3PQek-
TUBHOCTbH HCIIOJIb30BAHMS HOBBIX XUMHYECKHX MYTareHOB,
MIPOU3BOIHBIX AUMETHIICYIb(ATA, 115 IOy YESHUS ITHPOKOTO
CIIEKTpa MyTaHTHBIX JITHUI U 00pa3LOB JIbHA 110 )KUPHOKHC-
JIOTHOMY COCTaBY Macjia CEMSH. YBEIMUEHUE TCHETHYECKOTO
pa3zHoOOpa3us M0 AaHHBIM MPHU3HAKAM IT03BOJIIET BECTH
CEJIEKIIMOHHYI0 paboTy 10 CO3JaHUI0 COPTOB JIbHA JII00OTO
HaIpaBJIeHNs! HCTIOJIb30BAHN JIBHSHOTO Macila B 3aBUCUMOCTH
OT ITOCTABJICHHBIX LIEJICH.

3akniouyeHue
ITokazano, uro obpaborka HOBEIMU (-2, AT-6, AT'-7 u
AI'-9) u xnaccuueckumu (JIMC, OMC) XuUMHUYECKUMH MY-
TareHaM¥ MpUBeia K TOJyYeHHIO MyTaHTHBIX JIMHUHN U 00-
Pas3IoB ¢ pa3HBIM YPOBHEM MACITHYHOCTH U JKUPHOKUCTIOTHBIM
COCTaBOM MacJjia ceMsiH. [IepCreKTHBHbBIC MyTAHTHBIC JIHHUU
0TOOpAHBI IS TaJbHEUIIeH CeNeKIIMOHHONW PaOOTHI.

BrrgeneHsl TuHIE 1 00pa3Ibl ¢ MAaKCHMATbHBIM H MUHU-
MaJIbHBIM YPOBHSIMU JIMHOJICBON ¥ JIMHOJICHOBOMW KHCJIOT Y
copta Aticoepr (MA-5, MA-13, MA-24, MA-30) u y copra
Comueunsiit (MC-5, MC-11, MC-34, MC-43, MC-45).

Jlokazana 3(PeKTHBHOCTh UCIIOJIb30BAHUS HOBBIX XUMHU-
YECKUX MYTareHOB /IS CO3IaHUS [EHHBIX B MPAKTHIECKOM
MIPUMEHCHHH JIMHUH JIbHA MACITHYHOTO C MAapPKEPHBIMHE TIPH-
3HAKaMU.

YcraHOBIIEHO, YTO 00€ MCIIONBE30BaHHBIE KOHIICHTPAIIH
myTtaretoB (0.5 u 0.05 %) sddexTuBHbI A5 MOTYyUCHUS

BaBuWNOBCKMI XKYpHan reHeTUKN n cenekuyumn « 2018 « 22 « 7

809



Variation of fatty acid composition
in seed oil in the induced flax mutants

00pasLoB ¢ pa3HbIM YPOBHEM MAacCIUYHOCTH M JKUPHOKHC-
JIOTHOTO cocTaBa Macia. Tem He MeHee y copTta Aficoepr
Oosiee BBICOKAs! KOHIIGHTPAIIMS BbI3bIBaAJIA OOJIBIIUH pazmMax
HU3MEHYUBOCTHU 110 CPAaBHCHHUIO C COPTOM COJ'IHC‘-IHI:-II‘/II, 4qTo
CBUETEIBCTBYET O CHEIM(PUIHON peakIMy TeHOTHIA Ha
KOHIIEHTPAIMIO MyTareHa.

[IponemoHCTpUpOBaHa CUIIbHAS OTPUIATENbHAS KOppes-
IIMOHHAS B3aMMOCBS3b MEXIY COIEpPKAHUEM JINHOJIEBON U
JIMHOJICHOBOM KHCIIOT, & TAK)KE TOJIOKHUTENbHAs 3aBUCHMOCTh
CpeaHell CUIIbl MEXAY COJepKaHUEM CTEapUHOBOM U OJIeU-
HOBOM KHCIIOT y 000MX U3Y4YEHHBIX COPTOB.
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Allelic and epigenetic DNA variation
in relation to F; heterosis manifestation
in F; hybrids of Capsicum annuum L.

M.N. Shapturenko! @, S.V. Vakulal, L.A. Tarutinal, T.V. Nikitinskayal, T.V. Pechkovskayal, L.A. Mishin?, L.V. Khotyleval
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Managing F; heterosis is one of the major objectives in hybrid
crop breeding programs. The classical theory considers the
heterozygosity in F; hybrids to be the main factor contributing
to heterosis and therefore presumes a linear relationship
between the value of genetic polymorphisms in parental lines
and the heterotic response of their F, offspring. Therefore, the
genetic diversity information is viewed as a tool for selection
of promising cross-combinations, but results published

by different researchers are inconsistent. In this work, we
studied the contributions of structural and nonstructural

DNA polymorphisms to F; heterosis manifestation. We used
SSR and methyl-sensitive AFLP (MSAP with Hpall and Mspl
izoshisomers) protocols for obtaining specific patterns for
heterotic and nonheterotic F, hybrids of sweet pepper
(Capsicum annuum L.) from a Belarusian breeding program. We
found out that a certain portion of heterosis for yield-related
traits might be explained by the polymorphism revealed

by SSR analysis. According to our data, the total number

of polymorphic SSR loci and the ratio of polymorphic and
nonpolymorphic loci demonstrate a significant predictive
value and can serve as additional prognostic criteria for the
selection of promising cross-combinations. From the MSAP
assay, we found a relationship between heterosis and the
numbers of methylated and nonmethylated DNA loci for yield
traits. Our results indicate that cross-hybridization may favor
epiallelic modifications in F, hybrids, presumably responsible
for heterosis. Thus, epigenetic DNA variation may explain

the absence of a linear relationship between the level of
structural DNA divergence and F, heterosis, as well as the
manifestation of heterosis in crosses of related (genetically
similar) accessions.

Key words: Capsicum annuum L.; heterosis; F, performance;
SSR allelic variation; DNA methylation.

AnnenbpHas U SNIUTeHeTUYEeCKast
Bapuanydga JIHK B cBsI3u

C IIPOSIBJIEHIEM reTepo3iica

B F; Capsicum annuum L.

M.H. lllantypenxo! @, C.B. Bakyaal, A.A. Tapyrunal,
T.B. Huxutusckas!, T.B. ITeukoBckasl, A.A. MummnnZ,
A.B. Xorbiaesal

T MIHCTUTYT reHeTki 1 umTonorui HaumoHanbHOM akafemum Hayk
Benapycn, MuHck, benapycb

2 YHcTuTyT oBOWEBOACTBa, CaMOXBanoBruy, MiHCKan 061acTb,
Benapycb

OpHa 13 OCHOBHbIX 3aflay ceneKkuny — noslyyeHme rmépraos C
Bblpa)KeHHbIM 3¢ dekTom reteposuca. MNpu sTom nHdopmauus
0 reHeTMYeCKOM PasHoobpasnm ceneKkLMOHHOro MaTepuana
paccmaTpuBaeTca Kak MHCTPYMEHT 0TOopa NepcrneKTUBHbIX
KOMOVHALMI CKpeLmBaHmMs, Tak Kak, COrMacHo Knaccmyeckom
TEOPUU, reTePO3nUroTHOCTb ABNAETCA OCHOBHbBIM GpaKTOpPOM,
obycnoBnBaioLwmM NPeBOCXOACTBO rmbpuaos F, Hag poauTe-
namMun. B cBA3M € 3TMM NpefnonaraeTca Hanmume NPsSMon 3aBu-
CUMOCTUN MeXJy YPOBHEM reHeT14Yeckoro nonmmopdusma uc-
XOLHbIX POANUTENLCKNX GOPM 1 reTepo3ncom B nokoneHuu F,
nx rmbpugos. OnybanKoBaHHbIe K HAaCTOALEMY BPEMEHW faH-
Hble, HanpaBieHHbIE Ha NMOVCK KpUTepUeB NPOrHo3MpoBaHUA
retTeposunca y pacTeHui, nokasanm pasHopeumBble pe3ynbraThbl.
B Halwem nccnefoBaHNM Mbl M3y4nnv BKNaf CTPYKTYPHOTO U
HecTpykTypHoro IHK-nonnmopdusma B peanusauumto retepo-
3uca F, y nepua cnagkoro. bbinu ncnonbsosanbl SSR- 1 metun-
yyBcTBUTENbHBIN AFLP-npoTokon (MSAP c ncnonb3oBaHvem
n3owwmsomepos Hpall n Mspl) ans BoisBneHns cneyneuyHbix
annenbHbIX BAPUAHTOB M SNMUreHeTUYEeCKUX NaTTePHOB Y
reTepo3mnCHbIX U HereTepo3nCHbIX TMOPUAOB NepLa ClagKoro,
BKJIIOYEHHDBIX B 6€10PYCCKYI0 CENEKLMOHHYI nporpammy. Mpu
n3y4yeHun cTpykTypHoro nonumopéusma IHK c ucnonbsosa-
HMEeM MUKPOCATENNIUTHBIX MapKepOoB OOHAPYKEHO, UTO YacTb
BapvaLMm B NPOABIIEHNY FreTepo3nca MOXET OblTb 0ObACHEHa
nonnMopdr3Mom, KOTopbIii BbiAiBRAeTCA Npu SSR-aHanumse.
CornacHo Halym pe3synbTatam, obLiee Yncno NoAMMOPOHbIX
NOKYCOB 1 KO3OOULMEHT COOTHOLLEHUA NOANMOPDHBIX 1
MOHOMOP®HbBIX JTOKYCOB MOTYT CNYKUTb JOMOMHUTENbHbBIM
KpuTepriem oTbopa nepcrneKTMBHbIX KOMOMHaLWI CKpeLlrBa-
HMA HapAdY C KNnaccnyeckumm metopamm cenekumu. Mpw nsy-
YyeHun anvreHeTndeckmnx mognoukaumn HK, BosHmKaowmx
npu rmbpramnsaumu, 6bina obHapyXeHa TeCHasA CBA3b MeXAy
cTatycom metunuposaHuna [1HK n retepo3ncom Ana OCHOBHbIX
nokasatenei NPoAyKTMBHOCTM rMOPMAOB nepLa CagKoro.
MonyyeHHble pe3ynbTaTbl NOATBEPAVAN NPEANONOXKeHEe

0 TOM, YTO rMbpuan3aLma cnocobCTBYET BO3HNKHOBEHNIO
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ormance of F, hybrids over their parents, has been
exploited by agricultural practices since the beginning
of the 20th century. It became a milestone event in plant
breeding. The first bushels of hybrid corn seeds were sold in
1924 (Crabb, 1947), and hybrid production has been in rapid
progress since that. With the large body of experimental infor-
mation obtained in the study of maize hybrids and mathemati-
cal calculations, several genetic concepts were put forward to
explain heterosis by various types of gene action (Shull, 1908,
1952; Bruce, 1910; East, Hayes, 1912; Jones, 1917). These
concepts underwent various modifications and interpretations
with new methodological approaches and knowledge about
molecular mechanisms (Charlesworth, Willis, 2009; Kaeppler,
2012). According to the types of gene action, all of them refer
to single-locus or multi-loci models. The first one proposes
dominance and overdominance, whereas the second is focused
on epistasis or nonallelic interactions. In fact, this segrega-
tion is not obvious. To date, there is evidence for single-locus
heterosis (Shpak et al., 2004; Krieger et al., 2010; Singh et al.,
2013), but its usefulness is limited. Most of quantitative traits
are polygenic, and their phenotypic expression is influenced
by multiple factors with relatively low effects. Evidently, a
heterotic phenotype comes out from crosstalk of two paren-
tal strains in a context-dependent manner rather than from
interaction in a single specific locus. If so, it is reasonable to
assume a close relationship between heterozygosity and het-
erosis I, 1. e. the heterotic expression of phenotype should be
correlated with genetic diversity (Melchinger, 1999; Springer,
Stupar, 2007).

Earlier studies demonstrated that the relationships between
molecular marker heterozygosity and hybrid performance
were highly variable, depending on germplasm, mating design,
type of used markers, and the architecture of the target trait
(Perenzin et al., 1998; Gutierrez et al., 2002; Schrag et al.,
2009; Usatov et al., 2014). In spite of considerable efforts,
DNA markers promising for prediction of heterosis have not
been well developed for hybrid breeding (Reif et al., 2012;
Kawamura et al., 2016).

Some investigations suggest that the regulation of hetero-
tic response in F, is mediated by epigenetic modifications
of DNA, in particular, methylation, which alters differential
gene expression (Groszmann et al., 2011; He et al., 2013;
Ryder et al., 2014; Greaves et al., 2015). It has been found
that hybrids F, have not only parental epialleles but hybrid-
specific epialleles with altered frequencies (Shen et al., 2012).
Some of these alterations in the F, epigenome may be the
first in the set of events leading to the formation of a perfect

e phenomenon of heterosis, known as superior per-
| fi
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(heterotic) phenotype. This concept assumes the key role of
regulatory genes under epigenetic modifications, so that even
the expression of their small portion can cause the distribution
of their effect at the level of regulatory networks involved
in the formation of the mature phenotype (Becker, Weigel,
2012). Probably, the differences in gene activity caused by
both differential methylation of parental forms and epigenetic
modifications F, due to hybridization influence the formation
of heterotic response.

In this work we evaluated SSR allelic variation and the
DNA methylation status in sweet pepper with regard to he-
terosis manifestation to demonstrate thereby that a heterotic
phenotype can be a product of both structural and nonstructural
(epigenetic) variation.

Materials and methods

Plant materials. Eleven sweet pepper accessions from differ-
ent geographic areas were taken as parents in breeding aimed
at developing high-yielding long-fruited hybrids (Suppl. 1)'.
These genotypes were subjected to two full diallel crosses
(5§%5, 6x6). Parental and hybrid plants were grown for phe-
notypic evaluation in an unheated greenhouse in randomized
blocks with 35 x50 cm area for each plant in five replications.
Phenotypic data were randomly collected from the middle
15 genotypes of each accession. The main yield components
recorded were fruit weight per plant (FWP), fruit number per
plant (FNP), average weight of one fruit (AWF), and fruit
length (FL).

Microsatellite DNA assay. The 11 parental lines were
fingerprinted following standard protocols with twelve
simple sequence repeat (SSR) markers: Hpms1-1, Hpms1-5,
Hpms1-111, Hpms1-143, Hpms1-168, Hpms1-172, Hpms2-13,
Hpms2-21, CAMS-864, CAMS-236, CAMS-647, CAMS-811
(Lee et al., 2004; Minamiyama et al., 2006; Mimura et al.,
2012) (Suppl. 2). The resulting amplification products were
resolved on an Applied Biosystems Genetic Analyzer 3500
automated sequencer. Fragment sizes were recorded by Gene-
Mapper Software Version 4.1 and manually checked.

Methyl-sensitive arbitrary polymorphism assay. Methyl-
sensitive amplified polymorphism (MSAP) analysis was
performed to identify methylation-susceptible anonymous
5'-CCGG sequences and assess their methylation status in
sweet pepper lines and their F, hybrids in both seedling and
flowering stages. The upper thirds of young leaves were used.

MSAP is a modification of the standard AFLP technique. It
employs EcoRlI as a rare cutter and methylation-sensitive fre-

1 Supplemantary Materials 1-7 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx13.pdf
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quently cutting restriction enzymes Hpall and Mspl, which are
a pair of isoschizomers recognizing the same tetranucleotide
5'-CCGQG but differently sensitive to methylation at the inner
or outer cytosine (Reyna-Lopez et al., 1997). We tried several
selective primers and chose a set that gave many consistently
scorable bands. The primer sets used were the EcoRI reverse
primer with one of Hpall/Mspl forward primers (Suppl. 3).

The analysis of MSAP results was based on comparisons
of binary presence—absence matrices for individuals obtained
with the EcoRI-Hpall and EcoRI-Mspl primer combinations.
The presence of both EcoRI-Hpall and EcoRI-Mspl products
was denoted as the nonmethylated state. The presence of either
EcoRI-Hpall or EcoRI-Mspl corresponded to the methylated
state. The analyses showing neither EcoRI-Hpall nor EcoRI-
Mspl were interpreted as uninformative, since such cases
might be caused by either fragment absence or hypermethyla-
tion (Ashikawa, 2001).

The resulting MSAP products were resolved using the auto-
mated sequencer Applied Biosystems Genetic Analyzer 3500.
The data on fragment size were recorded by GeneMapper
Software Version 4.1 and manually checked.

Data analysis. Mid-parent (MPH) and high-parent (HPH)
heterosis indices were calculated from equations
P = _Pi+P,

7 where P = 5

MPH = 100 x

F,-BP

BP
where BP is the best of the parents. If a hybrid was inferior to
the worse of its parents, the negative heterosis was calculated
against the worse parent.

The software Treecon was used to calculate genetic dis-
tances (GD) and to construct a neighbor-joining phylogenetic
tree with 100 bootstraps (Nei et al., 1983).

Genetic distances were calculated from SSR data based
on the Nei and Li algorithm (Nei, Li, 1979). Differential me-
thylation (DM) was evaluated by counting the number and
ratio of methylated and nonmethylated loci for each cross-
combination of lines.

The relationships between genetic distances, differential
SSR allelic polymorphism (DP), differential methylation, and
heterosis were assessed by correlation analysis.

and HPH = 100 x

M.N. Shapturenko, S.V. Vakula, L.A. Tarutina, T.V. Nikitinskaya
T.V. Pechkovskaya, L.A. Mishin, L.V. Khotyleva

Results

Quantitative analysis and hybrid performance

of two diallel sets

ANOVA revealed significant (p < 0.05) to highly significant
(p <0.01) differences among pepper lines for all traits under
investigation. For mating design, the lines were divided into
2 sets (I, red and II, yellow) and crossed in the 5% 5 and 6 x 6
full diallel manner. The subsequent trial of 50 hybrids F, and
its parents with analysis of variance components showed that
the general (GCA) and specific (SCA) combining abilities
differed from zero significantly for all traits. The ratio of the
GCA:SCA variance component exceeded zero except for
AWF in the 2nd group (6 x 6), where SCA > GCA. Therefore,
GCA (or the additive effect) is expected to be responsible for
the greatest part of variation in hybrid performance in this
factorial.

There was a significant difference among pairwise combina-
tions in heterotic effect for yield component traits. The mean
heterosis values for two sets of hybrids were positive for all
traits. Frequencies of heterosis manifestation were higher for
FWP and FNP. The levels of heterosis varied broadly from
one cross to another within each diallel set, and differed be-
tween two sets. The distribution of the levels of mid-parent
and high-parent heterosis is presented in Table 1. The widest
range of variation in MPH for FWP was observed among the
crosses in the 1st group, but for FNP and FL, in the 2nd group.
Crosses with high hybrid superiority (>30 %, FWP) over the
mid-parent level were found in both diallel sets, but negative
implementations of heterosis were more frequent in set I.

High-parent heterosis was observed in both sets of hybrids
for all traits under study. Its level for FWP varied from 0.3
to 68.8 % in set I and from —14 to +68 % in set II. Among
50 diallel hybrids, only 23 expressed heterosis for this trait:
¥ in set I and % in set II. The HPH levels for other traits were
significantly lower.

Genetic diversity by SSR analysis

A high level of genetic diversity at the 12 SSR loci was ob-
served. Of the 60 detected alleles, 54 were polymorphic,
including 9 unique alleles. The mean number of alleles per
SSR locus was 5.0, ranging from 2 to 7 (see Suppl. 2). There

Table 1. Means, range of F, performance, mid-parent heterosis (MPH), high-parent (HPH) heterosis for fruit weight per plant
(FWP, kg), fruit number per plant (FNP), average weight of one fruit (AWF, g) and fruit length (FL, cm) in two sets of diallel hybrids

Set Trait F, performance

Mean ...................... R ange ........................

........................ pr03105~13
FNP90167~120 ....................
AW|:396675~1120 ................

|:|_ ........................... 1358 ...................... 115~160 ..................

" .................... pr ....................... 11807~17 ......................
60N130 ....................
................................................................ ”68~2137

7

814 VavilovJournal of Genetics and Breeding - 2018 - 22 - 7

Plant gene pool and breeding



AnnenbHasa 1 anureHeTnyeckas Bapuauma JHK M.H. WanTtypeHko, C.B. Bakyna, J1.A. TapyTrHa, T.B. HUkntnHckas 2018
B CBA3U C NposBneHnem reteposuca B F, Capsicum annuum L. T.B. Meukosckas, J1.A. MuwwuH, J1.B. XoTbinesa 22.7
were seven loci in which more than 5 alleles were resolved. L2889 ]
3 ; 3 3 L2890
Among two sets of lines, there were six specific alleles in
three loci, from which two were represented only in set [ and _‘—': :jgg? setl
four in set 11 (S}lppl. 4). S 12893 _|
Nei’s coefficient of genetic dissimilarity for the SSRs data 13165
ranged from 0.136 to 0.434, the mean being 0.287. The two L3168
sets showed some specific features: inbred lines in set IT de- L3166 | setll
monstrated higher genetic diversity than set I. tz 12;
UPGMA clustering based on Nei’s distances was in accor- — L3164

dance with the line diverging into two sets, i.e. it coincided
with phenotypic features of the fruit (Fig. 1). Probably, some
of the analyzed loci are associated with specific germplasm
and particular traits.

Correlation among genetic distances,
heterosis F,, and hybrid performance
Genetic distances based on SSRs accounted for diallel set I
pointed to strong positive correlations with MPH and HPH for
AWF and FL (Table 2). Its coefficient of determination calcu-
lated from the regression of heterosis FL on GD was higher

Fig. 1. Dendrogram based on the SSR-based genetic distances (GD)
among 11 pepper accessions.

for half-diallel hybrids (#> = 49 %; 50.4 %), but of heterosis
AFW, for reciprocal hybrids (2 = 38.4 %; 49 %). Significant
negative correlations (» = 0.52) were observed for FNP with
a higher impact of reciprocal hybrids (» =—0.67).

In set II, despite of a significant reciprocal effect, the
relationships of GDs and the manifestation of heterosis in

Table 2. Correlation between differential SSR polymorphism, F, hybrid performance (x;), mid-parent heterosis (MPH),
and high-parent heterosis (HPH) for fruit weight per plant (FWP, kg), fruit number per plant (FNP), average fruit weight (AFW, g),

and fruit length (FL, cm) in two sets of hybrids

Hybrids Index  x; MPH HPH

FWP ....... FNp ........... AFW ........ F|_ .......... pr ........ FNp ........... AFW ........ F|_ ........... FWP ........ FNP ........... AFWFL ..........

Seil il 6 005 o060t 033 031 0se o oo 03 o oar o

hybrids Np|_ ........ 012 ......... 010 ......... 009 ......... 035 ....... _015 ...... _042 ......... 035 ......... 068**_015 ....... _027 ......... 032 .......... 051* .....

w030 ont ot oas omose oz oest 03 oast 009 oer

R ............. 016 ......... 008 ......... 019 ......... 046* ..... _023 ...... _047* ....... 030 ......... 070**_021 ........ _031 .......... 020 .......... 061**

Half-diallel GD 018 023 003 054 -016 -048 025 070" -028 -032 012  071*
hybrids

Rec.proca| .................................................................................................................................................................................................................
hybrids

set|||:u||d|a||e| .................................................................................................................................................................................................................
hybrids

Half-diallel GD  -026 -019 017 014 024 -025 004 042 -020 023 004 022

hybrids NP|_ ...... _004 ....... _016 ......... 020 ....... _012 ....... _011 ....... _023 ......... 015 ......... 009 ........ _015 ....... _021 .......... 022 ........ _021 .......

NML ..... _026 ....... _021 ........ _0]2 ....... _023 ......... 004 ...... _016 ......... 023 ......... 004 .......... 027 ....... _007 ......... 020 .......... 030 .......

R ............. 004 ....... _006 ......... 018 ......... 000 ....... _008 ...... _011 .......... 001 .......... 010 ........ _015 ....... _012 ......... 011 ........ _025 .......

Reciprocal GD 018 042 -048 060 026 038 -027  073** 033 040 001  055*

hybrids Np|_ ........ 003 ......... 007 ....... _003 ....... _005 ......... 009 ........ 005 ......... 001 .......... 006 ........ _004 ....... _004 ....... _011 ........... 0]0 .......

NML ....... 032 ......... 023 ....... _001 ........ _0” .......... 015 ........ 019 ....... _004 ....... _014 .......... 016 ......... 034 ......... 006 ........ _010 .......

R ........... _006 ....... _001 ........ _003 ....... _005 ......... 005 ...... _003 ......... 006 ......... 007 ........ _006 ....... _014 ....... _007 .......... 010 .......

Note: GD, genetic distances; NPL, number of polymorphic loci; NML, number of monomorphic loci; R, NPL/NML ratio; *p < 0.05; **p < 0.01.
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Fig. 2. Methylation status of sweet pepper hybrids and their parental lines at the flowering stage.

all 30 F, for FL assumed the values 0.56 and 0.46 for MPH
and HPH, respectively, whereas measurement correlations in
reciprocal hybrids exceeded (» = 0.73; 0.55) both the overall
and half-diallel levels.

There were no significant correlations between GDs and
hybrid performance for all measured quantitative traits; only a
poor correlation between GDs and FL was observed in set II.

Correlation between differential SSR polymorphism,
heterosis F;, and hybrid performance

Simple correlation coefficients — the differential polymor-
phism (DP) of the parents, F, performance, mid- and high-
parent heterosis — were strong for FL, as GDs in set I (see
Table 2). The impact of polymorphic locus number into MPH
manifestation reached 46 % (r2); into HPH, 26 %. The ratio
of poly- and monomorphic loci (Rypypnmr) Was responsible
for 49 % and 37 % of the F, heterotic response for MPH
and HPH, respectively. The tightest links between NPL and
Ryprnmr, corresponding to () 0.71, were identified in half-
diallel F, hybrids.

The number of monomorphic loci was directly associated
with FNP and inversely, with heterosis for FL. The correla-
tions increased in the reciprocal F, (= 0.7) and decreased in
the half-diallel F,. A similar tendency was found for AFW,
where a significant positive link (» = 0.66) was detected for
the number of polymorphic loci and HPH of this trait.

The analysis of relationships among indexes under study
in set II revealed no significant associations.

Methyl-sensitive amplified polymorphism

Hybrids of 7 cross-combinations (L3164 xL3167, L3166 %
xL1.3164, L3165 x13168, L2892 x.2889, L2893 x L2892,
L2889 x1.2890, L2891 x L2889) with different manifestation
of heterosis, from negative to positive effects, were analyzed
by MSAP with four AFLP markers. A total of 203 loci were
detected in plant seedlings Py, P,, F,, of which 24 showed
variability in DNA methylation (Suppls. 5-7). We found
differences between parental and maternal lines in both the
polymorphism of amplified loci and its epiallelic variability.
The following cross combinations of allelic variants were
detected (P,/P,): Met/dMet; dMet/dMet; Met/Met; Met/0;
dMet/0. It is worth noting that in all analyzed hybrids at the
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seedling stage status dMet (demethylated) was predominant
regardless of the statuses of parental lines, except for five al-
leles, where both parents were methylated (ver. Met/Met) and
the hybrid inherited the methylation status. It may be presumed
that the early superiority of I, seedlings could be caused by
demethylation and the resultant rise in gene expression, which,
in turn, contributed to heterosis.

At the flowering stage, we evaluated 95 AFLP loci, which
were differentially methylated in two parents and their hy-
brids. The most informative primers were Hpall/Mspl-tctt and
Hpall/Mspl-tctc, which allowed us to consider 46 and 32 loci,
respectively, including 30 and 28 differentially methylated
among parental lines (Fig. 2). With Hpall/Mspl-tcaa, we
analyzed 17 loci, of which 14 were differentially methylat-
ed, including 13 de novo in hybrids. The highest number of
de novo F, methylation patterns were detected with Hpall/
Mspl-tett. Three (L3164 x L3167, L2893 x1.2892, L3165 x
xL.3168) of the seven analyzed hybrids had elevated methy-
lation levels as compared to parents. Hybrid L2889 x1.2890
had a reduced level of methylation, whereas L3166 x L3164
and L2892 xL2889 were methylated additively, i.e. within
the parental range (Fig. 2, Table 3). The total number
of nonmethylated loci in F, hybrids was comparable to
parents.

The Met/dMet ratio varied among cross-combinations from
zero to 0.44. Its highest rate was found in L2893 x1.2892
and L3165x%L3168, and the lowest, in L2889 xL2890. In
the last case, there were found no Met loci and this hybrid
(L2889 x1.2890) displayed the highest HPH levels for most
traits analyzed.

Impact of methylation to heterosis

Analysis of F, methylation status in relation of heterosis
found out that the total number of non-methylated loci in F,
positively link (» = 0.647) with mid-parent heterosis (MPH)
for FWP, whereas both the number of methylated loci and the
Met/dMet ratio have lower impacts (Table 4).

For high-parent heterosis (HPH), we found a positive effect
of the prevalence of dMet loci and negative effects of both the
number Met loci and the Met/dMet ratio on FWP and FNP. In
contrast, the heterosis for AWF was negatively predetermined
by the numbers of both Met and dMet loci.

Plant gene pool and breeding
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Table 3. Methylation status, high-parent (HPH), and mid-parent (MPH) heterosis for some traits
Hybrids Number of Number of Ratio Fruit weight Fruit number Mean Fruit length
dMetloci  Met loci Met/dMet  per plant per plant fruit weight
HPH .......... M PH ......... H PH ......... M PH ......... HPH .......... M PH ........ H PH ......... M PH .......

5 e t .I ....... |_2 889>< |_ 28 9 0 3 7 0 ..................... 0 0 OO ............ 6 88** ....... 2 91*428** ...... 140* ........ 2 02* ......... 152* ........ e 1 59* ......

|_2 8 91 X |_238 9 42 ................... 1 1 ................... 0 261 ............. 2 75* ........ 8 43**4”** ...... 6 37** ...... e 1 70* ........ 0 8 ............ 168* ......

|_2 8 92 ><|_288 9 3 8 .................. 1 1 ................... 0 289 ............ e 6 30** ....... : 41 .......... 7 50** ...... R - 04 ......... e 9 0 ..........

|_2 8 93 ><|_289 2 41 ................... 1 8 ................... 0 4 39 ............ R 7 60** ....... R 5 10** ...... R 1 75* ........ 2 12 ......... 2 57* ......

S e t .I.I ...... |_3166>< |_ 31 6 4 ..... 1 7 4 ..................... 0 235 ............ - 60 .......... - 78 .......... : 251* - 333* ...... 130 .......... 3 55** ...... 5 8 ............ 122* ......

|_3164><|_3167369 ..................... 0 250 ............ R - 75 ........... : _694 ....... R - 05 .......... e - 31 .........

|_3 1 65 XL316 8 45 ................... 1 3 ................... 0 4 00 ............ 2 40 .......... 3 38 .......... 2 10* ........ 2 93* ........ e 2 2 ............ : 44 ......... _ 130*

M ean e 3 66 ................ 1 01 ................ 0 267 ............................. 3 86** ....................... 3 17** ....................... 122* ........................ 7 5 ..........

Note: "’ intermediate inheritance; dMet, demethylated loci; Met, methylated loci. *p < 0.05; **p < 0.01.

Among hybrids of set I, the HPH values for FWP and FNP
decreased with increasing Met/dMet ratio and the number
of methylated loci. However, there were not significant rela-
tionships for MPH. Interestingly, hybrid L2889 x L2890 was
characterized by the full absence of methylated loci, and it
demonstrated the highest heterotic effect on FWP, FNP, and
AWF.

As opposed to set I, hybrids of set IT displayed a rise in HPH
and MPH for FWP and FNP with increasing Met/dMet ratio.
The highest level of heterosis was noted in hybrid L3165 x
x L3168 with the greatest Met/dMet ratio and the numbers of
both methylated and nonmethylated loci.

Discussion

The accessions under study represented the major components
ofthe gene pool of sweet pepper breeding program in Belarus
targeted at raising long-fruited and high yielding hybrids F,.
Set I comprises lines with red-colored triangular fruit, and
set II, with orange-colored rectangular fruit. It is apparent
from the data that a considerable proportion of the crosses
expressed high degrees of heterosis, indicating that heterosis
is generally high in sweet pepper.

The SSR analysis of the two sets of accessions revealed
some interesting features of allelic variability in sweet pep-
per. The diversity measure based on SSR clearly divided
accessions into two groups concordant with phenotypic trait
expression among set I and II. On the one hand, this was
due to possible associations of some SSR loci with specific
germplasm and particular traits, on the other hand, due to the
differential selection for certain phenotypes (such as fruit
shape and color).

One of the most important issues about heterosis is its pre-
determination by the extent of heterozygosity, assessed from
DNA polymorphism in parental lines. Several attempts have
been done to assess the adequacy of this approach (Mel-
chinger, 1999). To characterize heterozygosity and its impact
on heterosis manifestation, we used two measures. The first
was the Nei—Lee genetic diversity (GD), and the second,
differential polymorphism (DP) evaluated by counting the
numbers of polymorphic and monomorphic loci in each
pairwise combination. Our data indicated that the strength of

leHodoHp 1 ceneKkuma pactTeHuin

Table 4. Correlations among differential DNA methylation,
high-parent (HPH) and mid-parent (MPH) heterosis for fruit
weight per plant (FWP), fruit number per plant (FNP),
mean fruit weight (AFW), and fruit length (FL)

in heterotic and nonheterotic hybrids

Index HPH MPH
FWP ...................... d Met ....................... 0341 ..................... 0647 ................
M et ....................... - 0422 .................... 0500 ................
M et/dMet ............ - 0675 .................... 0343 ................
FNP ....................... d Met ....................... 0652 .................... 0737 ................

*p < 0.05.

relationships between GD and heterosis varied from one data
set to another depending on the trait. The highest relation-
ships were observed between GDs and heterosis manifesta-
tion for fruit length in both sets, with some differences in
groups of half-diallel and reciprocal hybrids. We also found
significant associations between GDs and SCA. These ob-
servations appear to be promising for selection of heterotic
cross-combinations. As in the case of GDs, the differential
polymorphism of SSR loci was the most significant for fruit
length in set I. The number of polymorphic loci was large and
directly associated with F| performance and heterosis for this
trait. The number of monomorphic loci was inversely linked
with fruit length, but directly with heterosis for fruit number
per plant. The correlation values varied among half-diallel and
reciprocal hybrids, which might be caused by maternal (cyto-
plasmic) effects. No significant associations among analyzed
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parameters were identified in set I1. Possible explanations are:
(i) different selection forces acted between initial germplasms
in set [ and set II; (ii) some SSR loci are likely to be linked
with QTL fruit length. These suggestions are supported by
correlations of SSR GD, DP with F, hybrid performance and
heterosis for this trait. The contribution of SSR GD and DP
had a greater effect on set I, whose selection was aimed at
increasing fruit length. The presence of inverse relationships
of GDs with FWP and FNP looks logical when we assumed
links between SSR markers and FL, which could not affect
the plant yield, not being associated with FWP or FNP. Our
result argues for the suggestion that measures of heterozygos-
ity are useful for predicting the heterotic response only when
a significant portion of the selected markers are linked with
heterotic QTLs or HTL of the trait at issue.

The predicting value of molecular markers for trait heterosis
is expected to be low. SSR diversity characterizes the genome-
wide diversity, while the heterozygous loci of target traits are
expected to be localized (Xu et al., 2002). Quantitative traits
of interest are complex. Consequently, they involve many
genes with small effects, and it is difficult to find markers as-
sociated with such genes. One more issue is the expression of
heterozygous or potentially heterotic loci in F,. The molecular
basis of heterosis may be attributed to the altered regulation of
gene expression in the hybrid (Shen et al., 2012). Two different
parental alleles brought together in F, may create a combined
pattern and cause deviations from a simple additive model,
acting in favor of heterosis manifestation (Swanson-Wagner
et al., 2006; Li et al., 2015). One of the mechanisms of tran-
scriptional regulation is DNA methylation. Correlation studies
suggest that epigenetic effects, including cytosine methylation
of DNA, carry important phenotyping consequences and that
they may be involved in pathways contributing to heterosis
(Tsaftaris et al., 1997; Chodavarapu et al., 2012; Ryder et al.,
2014; Ong-Abdullah et al., 2015). It was observed in various
plant taxa that a great majority of the cytosine methylation
sites manifested stable inheritance from inbred parents to hy-
brids, but some sites showed deviation from expected parental
additivity (Zhang et al., 2010; Becker et al., 2011; Lauria et
al., 2014). Vergeer et al. (2012) suggested that inbreeding
depression was linked with increased DNA methylation, re-
duced in outbreeds. However, other works (Sanghera et al.,
2011; Shen et al., 2012) argue in favor of the importance of
methylation for hybrid vigor. According to Sanghera et al.
(2011), inbreeding depression is caused by lower genes expres-
sion due to homozygosity of methylated DNA in regulating
factors, whereas heterosis, on the contrary, stems from higher
levels of gene expression due to heterozygosity for methylated
and nonmethylated alleles. To date, the relative impacts of
hypermethylation and hypomethylation on heterosis are not
clear (Kawanabe et al., 2016).

In this study, we analyzed differential methylation among
P,, P,, and their F, hybrids and found some contrasting pat-
terns in both the seedling and flowering stages. Our data
suggest that the early superiority in some F, seedlings can be
caused by demethylation and the resulting rise in gene expres-
sion, which should contribute to heterosis. Further heterosis
manifestation, though, should be associated with the methyla-
tion/nonmethylation status. Correlations between heterosis
and the numbers of methylated and nonmethylated loci at the
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flowering stage suggest that cross-hybridization promotes the
rise of epigenetic modifications in the hybrid genome. These
modifications are likely to be associated with methylation, as
their effects are eliminated at different developmental stages.
Probably, these modifications influence the functional status of
various genes, causing a cascade response in gene networks,
which in turn modulates metabolism and contributes to the
heterotic response.

Our results support the relative importance of epigenetic
changes in F|, in addition to the structural DNA-polymor-
phism, for heterotic expression. Epigenetic modifications
bring some nuances into the explanation of heterosis, and
their genetic effects need to be tested. Their actions explain
(i) the lack of linear relationships between genetic diversity
and heterosis and (ii) the high heterotic effects in F, from
closely related lines.
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MeTonmueckKmue VKa3aHN 110 OLOEeHKeE COAeP>KaHNA
dMMJJIO3bI I aMNJIOIIEKTIVIHA B KapTO(l)e.TIbHOM KpaxmaJie

10.A. Xopowrapunb 2, B.K. Xaectxkun! @

1 DepepanbHbIit cCnefoBaTeNbCKII LeHTP UHCTUTYT LMTONOTUM 1 FreHeTHKn CUBMPCKOro OTAeneHns POCChitckol akaaemn Hayk, HoBocubupck, Poccus
2 HoBocrbrpcKmii HaLoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCMOMpPCK, Poccna

CraTbA NocesLleHa pa3paboTke s¢pPpeKTVBHON METOANKI onpeaene-
HUA coflepXKaHnA aMnIo3bl U aMUSTONEKTUHA B KapTodenbHOM Kpaxma-
ne. MockonbKy KapTodenbHbI Kpaxmar — BaxXHoe BO306HOBNAeMoe
Cbipbe A4 Lenoro paga otpacsiein NpoMbILWAEeHHOCTH, ANA cenekumnn
KapTodens no coctaBy U GU3NKO-XMMUYECKMM CBOMCTBAM Kpaxmana
1 €ro NPOMBILLIEHHOTO NPUMEHEHNA BaXKHO MMETb CNocob, No3Bons-
oWt GbICTPO TeCTMPOBATb 06pa3Lbl KapTodenbHOro Kpaxmasna Ha
coflepkaHue nonvcaxapuaos. PazpaboTaHHasa MeETOAMUKA BKIOYAET B
cebs aneMeHTbl paHee pa3po3HEeHHbIX METOA0B PACTBOPEHUS U CMEK-
TPOPOTOMETPUYECKOTO ONpeeNieHA aMmnno3bl B Kpaxmare 1 nmeet
cnegyiolme npeumyLlectsa: 1) obpasubl Kpaxmana pacTBOPAOTCA

B opraHnyeckom pacteoputene (B 0.5 % pacTBope 6pomumaa nutua

B gumeTtuncynbdokcrge AMCO); 2) n3mepeHre abcopbumm ceeta
NPOWN3BOANUTCA Ha ABYX AJIMHAX BOJMH — 550 1 510 HM; 3) meTogMKa
afanTMpoBaHa ANA NPUMEHEHUS HA MAHWETHOM CMEeKTPOPpOTOMETPE.
ST0 no3BonAeT n3bexaTb rMApPoNN3a NoNNCcaxapuaoB Kpaxmana B
npouecce pacTBOpeHus, Aenaet 6osiee TOUHbIM CNeKTpPodoTOMETPU-
yecKkoe onpefeneHne KOHLEeHTpaumy Komnaekca ammniosbl C NOAOM B
|pacTBOpE 1 OTKPbIBAET BO3MOXHOCTb UCMONIb30BaHNSA 3TON METOA-
K1 ANA NOTOYHOrO TeCTMPOBaHUA 06pa3LoB Kpaxmana. MNprmeHas
npennoXeHHYI0 NpoLeaypy pacTBOPEHN, yaaeTca Takxke nsbexartb
06pa3oBaHMA CryCTKOB XeMPOBAHHOIO Kpaxmasna 1 nonyyatb pac-
TBOPbI, COAEPKaLLME aMUN03Y Y aMUJIONEKTUH B TEX »Ke NMPonopLuax,
YTO U B CXOLHOM Kpaxmarse. Pa3paboTaHHas meToamka onpoboBaHa
Ha obpasLax Kpaxmana, BblAesleHHbIX 13 Ky6Hel Kaptodensa copTos
JInHa, BennkaH, lony6unsHa, DaBopuT OTeUeCTBEHHOW ceneKkumm, n
MOET BbITb MCMONb30BaHa Kak Ans NprKnagHbix paboT no onpege-
NEHVIO COAEPXKaHMA 1 COCTaBa aMuI03bl B 06pasLiax kapTopesibHoro
Kpaxmana, Tak 1 B Hay4HbIX NCCNeOBaHNAX ANA BblIABNEHWA accoLna-
LI «reHOTUM—NPU3HaK».

KnioueBble cnoBa: Kpaxmars; aMnno3a; aMUnoneKkTuH; cnekTpodoTo-
MeTpus; GEHOTUNMPOBAHME.
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A modified procedure

for the evaluation of the amylose
and amylopectin content

in potato starch

Yu.A. Khoroshavin!’ 2, V.K. Khlestkin! ®
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The article is devoted to the development of a tech-
nique for determining the content of amylose and
amylopectin, effective for potato starch. Since potato
starch is an important renewable raw material for a
number of industries, it is important to have a through-
put approach that allows potato starch samples to be
tested quickly for the content of its constituent poly-
saccharides for potato breeding for starch properties
and for starch industrial application. The developed
technique includes elements of previously disjointed
procedures for dissolution and spectrophotometric
determination of amylose in starch, and combines the
following advantages: 1) starch samples dissolve in

an organic solvent (0.5 % solution of lithium bromide
in dimethyl sulfoxide (DMS)); 2) measurement of light
absorption is performed at two wavelengths, 550 and
510 nm, and 3) the technique is adapted for use with a
plate spectrophotometer. This procedure allows starch
polysaccharides to avoid to avoid hydrolysis during
dissolution, allows the precise spectrophotometric
determination of the concentration of amylose com-
plex with iodine in solution, and opens the possibility
of using this technique for throughput phenotyping.
Applying a certain dissolution procedure, it is also
possible to avoid the formation of gelled starch clots
in solutions for spectrophotometry, which is important
for the preparation of solutions containing amylose
and amylopectin in the same proportions as in the
original starch. The technique was tested on starch
isolated from potato tubers varieties Lina, Velikan,
Golubizna, Favorit of domestic selection. The tech-
nique developed can be used for phenotyping starch
of an extended set of potato varieties (determining the
content and composition of amylose in potato starch
samples) to identify “trait-genotype” associations.

Key words: starch; amylose; amylopectin; spectropho-
tometry; phenotyping.



€J1b HACTOSIICH PabOThI — pa3padOTKa METOIMKH, Y100~

HOM JUTS IPaKTHYECKOTO TECTUPOBAHNUS KapTO(PETHHOTO

KpaxmaJja Ha cofep)KaHue aMHIJIO3bI, JUTS 1albHeHIIen
KJIacCU(UKAIMK 110 3TOMY ITPU3HAKY CEJIEKLIMOHHBIX COPTOB
KapToderst ¥ CO3/1aHNs TeHETHIECKUX MAapKEPOB, CBI3aHHBIX
C 9THM TIPU3HAKOM.

Kak n3BecTHO, KpaxMal MpeicTaBiseT co00i rpaHylbl,
(hopmupyroIIHECs B IIIACTHAAX KIETOK PACTEHUH U CITy Kallne
B OCHOBHOM JUTS 3alIaCaHMs U TTOy4eHHs SHeprin. CortacHo
MPUHATON B HaIIe BpeMs KiactepHoit moxenu (Wang et al.,
1998), rpaHymbl Kpaxmaia OPraHM30BaHBI B BHJIE YePEIyTO-
MUXCS KPUCTAITMIECKUX ¥ aMOP(HBIX CII0EB, 00Pa30BaHHBIX
JIBYMsI TUITaMH TTOJIMMEPHBIX MOJIEKYJI — aMUJIO3bI M aMHUJIO-
nekTHHA. M amMmmiio3a, 1 aMHIONEKTHH MPEACTABIIOT COO0H
ToJIcaxapy/ibl, MOHOMEPaMH KOTOPBIX SIBIISIOTCS ()parMeH-
ThI O-IJIOKO3BI. [Tpy 3TOM ammiio3a — NMpeuMyIeCTBEHHO
JMHEHHBIA OIMMEp ¢ HEOOIBIINM KOJIMYECTBOM KOPOTKHUX
OTBETBJICHUH, B KOTOPOM (DparMEeHTHI O-ITTFOKO3bI COCIMHEHEI
MeXIy co0oil (1—4) IIMKO3UIHBIMU CBSI3SIMH, OH MMEET
MOJIEKyTspHYI0 Maccy 105-10° a.e. M. AMHIIOIIEKTHH — pas-
BETBJICHHAs! MOJIEKYyJa, B KOTOPOH ()pParMEHTHI O-TIIFOKO3BI
coeanHeHsl Kak (1—4), Tak 1 (1 —6) TTUKO3UTHBIMU CBA3SIMH,
MMEET MONEKYIIApHyTo Maccy 107-10% a.e. m.

ConeprkaHue aMHII03bI B IPHPOTHOM KapTO(heTbHOM Kpax-
MaJie cocTaBisieT, kak npasuio, 20—30 %. Panee paboThI 110
MOy YCHUIO JINHUH KapTo(ders ¢ M3MEHEHHBIM COIepKaHNEM
AMMJII03bI TIPOBOAMIINCH TPAJAUIMOHHON CEIEKIUEeH U CIIOH-
TaHHBIM MyTareHe3om (Schwall et al., 2000), HO 3HAYUMBIX
pe3yabTaToB, MO-BHIMMOMY, TOOUThCA HE ynanock. OgHako
CYIIECTBYIOT TCHETHYECKH M3MEHEHHBIC JIMHUU KapTogers,
PO LIUPYIOIINE KPaxMall, COAEPIKAIINH IPEUMYIIECTBEHHO
WA aMUJI03Y, WIIA aMHJIONIEKTHH (XIeCTKUH 1 ap., 2017).

WzBectno (van der Leij et al., 1991), uro conepxanue
aMMJIO3bl B KPaXMaJle — MOHOTE€HHBIN IPU3HAK, KOTOPBII
KOHTpospyeTcs reHoM GBSS1, KonupyIoniM COOTBETCTBRY-
I0IINii OeJIOK 3aKpEeIICHHON Ha rpaHylie KpaXMaJloCHHTA3bI
(granule-bound starch synthase). /lelicTBuTeNLHO, aHTHCEHC-
HOKAyT TI0 3TOMY TeHYy MPUBOANT K TaK Ha3bIBAEMBIM BOCKO-
BBIM (Waxy) JINHHUSAM KapToderrs, Coep KaIiuM MPaKTHIECKH
UCKIIoUnTEeNbHO amuitonekTuH (98—100 %) (Visser et al.,
1991). Kpaxmain n3 Takoro kaproderst odragaeT yrydeHHbI-
MH reseo0pasyomnMy CBOHCTBAMH (CKOPOCTh 00pa3oBaHus,
MPO3PAYHOCTh U BSI3KOCTH I'€JIsl) U MOXKET ObITh BOCTpeOOBaH
B MUINEBOH, OyMa)kKHOH W KJI€EeBOI MPOMBIIIICHHOCTH. Jlo-
TUYHO, 4To B EBpomne Brepsble ObIT O(QUIMAIBHO 3aperu-
CTPUPOBAH FeHHO-MOIU(PHUIUPOBAHHBINA KapTO(helb HIMEHHO
¢ monudukanuerd mo rery GBSS (Ryffel, 2010; Wandelt,
2014). HemaBHO Takoii KapTodeis, Naromunii 0e3aMIIO3HBIH
kpaxmal, Obut mosydeHn Metoqom CRISPR (Andersson et al.,
2017).

3HAUUTENBHO CIOKHEE MOYYNUTh JINHUN ¢ HU3KAM COZIep-
yKaHueM amuitonekTiHa. CojaepikaHue aMUIIOTIEKTHHA OTIpe-
JiensieTcsl TeHaMU BETBIICHHSI MOJHCaxapuI0B Kpaxmara,
KOAMPYIOIINX COOTBETCTBYIomME Oenku (starch branching
enzyme, SBE), u ux xax munumym nsa — SBEI u SBEII
[Iprdem HOKAyT 1O OAHOMY M3 HHMX HE MPUBOAUT K 3HAYH-
TEJIFHOMY COKpAIIECHHIO COJCP)KaHMs aMMJIONIEKTHHA W3-3a
KOMIIEHCATOpHOTO 3ddeKTa, Korga Apyroi reH Oeper Ha
cebs1 (PYHKIMIO HOKAyTHPOBAHHOTO TeHa. M TONbKO HOKayT
10 000MM T'eHaM TTO3BOJIMII MOJYYUTh JTMHUM KapToQens ¢

leHodoHp 1 ceneKkuma pactTeHuin

KpaxMaJioM, CoAepKaluM B cpenHeM MeHee 40 % ammiio-
nektrHa (Andersson et al., 2006). Takol BEICOKOAMHUIIO3HBIH
KpaxMmall MOXKeT 00J1a1aTh 3HAYUTEIILHON PE3UCTCHTHOCTHIO
Y HU3KHUM INTMKEMHUYCCKUM MHACKCOM, UTO JAa€T BO3MOKHOCThb
UCIIONB30BAaTh €r0 B JUETHYECKOM IMHTAaHWH (IIOBBIIICHHAS
PE3HUCTEHTHOCTh BHICOKOAMUIIO3HOTO KpaxMalia Ha IprMepe
pHCOBOro Kpaxmaja Ioka3aHa B uccienoBanuu (Srikaeo,
Sangkhiaw, 2014). IIpeacTaBiseT Taxke ONpeIeICHHBIN
MHTEpEC UCMONB30BaHUE TAKOTO Kpaxmaja B TEXHHUYECKHX
nesnsix (Jobling, 2004).

MeTtoanueckue noaxopbl, NpuMeHsieMble

ANA N3MmepeHna cogepXaHna ammnosbl

n aMmnUnoneKkTHa B Kpaxmane

W3-3a 3HAYNTENBEHOTO PA3INIHs MOJICKYJISIPHBIX CBOMCTB aMH-
JI03bI ¥ aMWJIOTIEKTHHA (PU3UKO-XUMHUYECKUE CBOIMCTBA Kpax-
Majla B 3aBUCUMOCTHU OT COJEP)KaHHs 3THX MOJINCAXapUIOB
cuitbHO BapeupyloT (Jobling, 2004). CymecTByeT HECKOIBKO
MIO/IXOJIOB K OIPEJEIICHUIO 9TOTO MPH3HAKA, CPAaBHEHUE KO-
TOPBIX MpHUBEIeHO B padote (Zhu et al., 2008). Ha mpaxTuke
yarie MCHoNb3yloTcs JBa U3 HuX. IlepBbIii 6asupyercst Ha
BBICOKOA((EKTUBHOM JKUJIKOCTHOH Xpomarorpaduu, MeTo-
Jie, TpeOyIOIIeM CIIeHaIbHON IOATOTOBKY M 000PyIOBaHUS
(Kobayashi et al., 1985). ITockonbKy aMHIONEKTHH — pa3-
BETBJICHHBIH MOJIMMED C OOJBILIUM MOJIEKYJISIPHBIM BECOM,
HY’KHBI TaKXK€ CIIEIINaIbHbIE KOJIOHKH, IOPOrOCTOSIINE TIO-
JMcaxapuIHbIe CTAH/IapTBI, IETEKTOP, TIOAXOMAIINH IS HICH-
TUUKaKMK nonrcaxapuioB. KonnuecTBeHHOE pacTBOpeHHE
00pa3IoB Kpaxmaya B PaCTBOPUTEINSAX, TMOAXOAAIINX IS
xpomarorpaduu, He BCerJa BO3MOXKHO 0e3 pa3pyIIeHHs I10-
JucaxapuioB. Bee 3To ienaet MeTo 1 HETOUHBIM, IOPOrOCTO-
SAIIAM U HEJIOCTYITHBIM JUISI MHOTHX JIAOOpaTopHii.

Bropoii monxon ocHOBaH Ha CIEKTPOGOTOMETPHICCKOM
OIpe/IeIeHUH KOHIEHTPALH KOMILIEKCa aMHJIO3bI C HOJIOM
B pacTBope. M3BeCTHO, 4TO ¥ aMUII03a, ¥ AMUJIOTIEKTHH CIO-
COOHBI K 00pa3oBaHHUIO KOMIUIEKCOB ¢ Hoxom (Davis et al.,
1994). Jlnst aMuiI03bI 3TOT KOMILJICKC MPEACTABISIET COOOM
CYTPaMOJIEKYIISIPHOE COSIMHEHHE BKIIFOUEHHNS ¢ HOIOM, HMEIO-
Iee MIMPOKYIO TOJIOCY IMOTIONICHHUS ¢ MAKCHMYMOM IIpH
Anax = 620 HM. B cityuae aMUJIONEKTHHA KOMILIEKC UMEET
JIpyTyI0 Tpupoay (He COEOMHEHHE BKIIIOYECHHUS) CO 3HAYH-
TEJIFHO MEHEe HHTEHCHBHON KPACHO-KOPUYHEBOH OKPACKOM.
Bb110 OKa3aHo, YTO TOYHOCTH ONPEJIeNICHNs] aMHUJIIO3bI 3HA-
YUTEJIBHO MOBBIIIANACH TIPU HCIIOJB30BAHNU PA3HUIBI B
HOITIOINECHHH CBETA IpU A, = 620 EM U TIpA A, = 510 HM —
JUIMHE BOJIHBI, COOTBETCTBYIOILICH JIOKAIbHOMY MHHUMYMY
normorienust (Zhu et al., 2008). Takum 06pazoM, GOITBITTHCTBO
CHEKTPOPOTOMETPHUUCCKUX METOUK OMPE/ICIICHHS aMHUIIO3bI
OCHOBaHO Ha U3MEPEHUH TTOTJIOLICHUSI CBETa €€ KOMILIEKCOM
¢ floroM Ha OHOM WM ABYX JUTMHAX BOJH, MTOCKOJIBKY 3TOT
MEeTo/l HanOoJiee SKOHOMHUYEH U TIPOCT B UCTIOITHEHHH.

OCHOBHbI€E CJIOXKHOCTU I1p060|10ﬂ|'0TOBKI/I

npu cnekTpopoToMeTpUYeckom MeToge
onpeaeneHna cogepKaHnMAa aMmniiosbl B Kpaxmarne
[maBHBIM pa3nuuneM MeXay CIEeKTPO(hOTOMETPUIECKUMHU
METOJMKAMH, a TAKKE KIIFOUEBOH CII0KHOCTHIO IPH HCTIOJb-
30BaHUU TOTO METOJA AaHAIN3a SBJIIeTCA IPOOOIIOATOTOBKA,
B 4aCTHOCTH ITPUTOTOBJICHHE PACTBOPA KapTO(ETHHOTO Kpax-
mana. KaprodenbHblii kpaxmai, B OTIMYHE OT 36pPHOBOTO,
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MMEET JIMIIb CJIEJIOBbIE IPUMECH JKUPOB U OesikoB. OjiHaKo
BBICOKHI MOJIEKYJISIDHBIH BEC M TUIOTHAS CIIOXKHASI KOMIIOHOB-
Ka TpaHyJl KpaxMaJa 3HaYNTEIIBHO YCIOKHSIOT MPOLIECC €ro
KOJIMYECTBEHHOTO PACTBOPEHUSI [UIsl MTOJTY4YEHHS] HCTHHHOTO
pacTBOpa 0€3 HapyIIeHUs] CTPYKTYPBI BXOAAIINX B HETO I10-
JIMCaXapuIoB.

Vcropruecky METOJJMKH U3MEPEHUsI COOTHOLICHHS aMH-
JI03bI U aMHJIOTIEKTHHA OBLIM OCHOBAHBI Ha PAaCTBOPEHUHU
KpaxMmaya B BOOHBIX, mienoyHbix (McCready, Hassid, 1943)
i kucnotHbIx (Hovenkamp-Hermelink et al., 1988) cpenax.
Hamu Ob1tn IpeANpHHSTEI HONBITKA HCIIOJIB30BaTh METOJUKY
pacTBOpeHHs KpaxMaia B ropsaeii menoun (Zhu et al., 2008),
COTIaCHO KOTOpO# Kpaxman pactBopsitoT B 1 M NaOH npu
80 °C. Ilocne pa3baBneHus BOIOH, HEUTPATH3AINA U OKpa-
MIMBaHUS HOIOM U3MEPSIIN ONITHYECKYIO INIOTHOCTH 00pa3na.
[Tpu 5TOM HE yaBaIOCh MOIYYUTH YIOBIECTBOPUTEIHLHON BOC-
MIPOU3BOJMMOCTH PE3YJIBTAaTOB, YTO CBA3aHO, TO-BUANMOMY,
C YaCTHUYHBIM pa3pylICHHEM Ioincaxapunos. Ha ananorny-
HbIE MTPOOJIEMBI C THIPOJIM30M KpaxMalia B IIEJIOYHbIX yCII0-
BUSX YKa3bIBaIOT U Apyrue padotsr (Wu et al., 2014). Pactso-
peHue Kpaxmalia B UUCTOH BOJIE MPH BBICOKOH TeMIIepaType
(Bbrze 90 °C) mpuBeIO K CYIIECTBEHHO 3aBBIIICHHBIM JAHHBIM
0 KOHIIEHTPAITNH aMUJIO3bI B PacTBOpE M Kpaxmaie (Oomee
60 % aMHUIIO3bI B IIepecyeTe Ha COCTaB Kpaxmasa). ITO MOIJIO
MIPOM30MTH MO0 M3-3a HETIOJIHOIO PacTBOPEHHs Kpaxmaia,
HaOyXIIIHe TPO3PaIHBIE CI'yCTKH KOTOPOTO BO MHOTHX CITydastx
XOpouIo ObUIM BHHBI Ha CTEHKaX, JIMOO M3-3a Jerpagannu
Kpaxmajia c 00pa3oBaHUEM M3 aMHJIONIEKTHHA JIMHEHHBIX OJIH-
rOCaxapu/10B, KOTOPBIE TAKKE CIOCOOHBI 1aBaTh OKPAIICHHBIC
COCIMHEHUS ¢ O/I0M, KaK ¥ aMHJIO3HBIE IIETIH.

B oprannueckix MaJonoJIipHBIX U HE 00pa3yroNX CHIIb-
HBIX BOJIOPOIHBIX CBsI3ell pacTBOPUTENAX (YIIIEBOLOPOIbI,
CIIOKHBIC M TPOCTBIE 3(UPBI, alleTOH, CIUPTHI) Kpaxmai
MPaKTUYECKH He pacTBopsiercs. PaccmarpuBasi opraHmdeckne
PacTBOPUTEIH B KaU€CTBE CPEIBI ATl CIEKTPO()OTOMETpHIC-
CKOTO OTIpe/IeNICHNs] KOMITIEKCa aMIIIO3bl ¢ HOIoM, HEoOXO0-
JIIMO TIPUHUMATh BO BHUMaHHE KaK PaCTBOPEHHE Kpaxmalia
U HEOPTaHMUYECKUX HOMMIOB, TaK U CaMy BO3MOXHOCTb 00-
pa3oBaHus CyNpaMoJIEKyIIPHOTO KOMIUIEKca. B mureparype
MMEIOTCS IaHHbIE O PACTBOPEHNH KpaxmaJia C HCIO0JIb30BaHHU-
€M TaKuX pacTBOpHUTeNei, Kak mMuaa3on (Zdanowicz et al.,
2016), iumeruncynbpokenn (AMCO) (Kurtzman et al., 1973)
u numetunaneramun (Striegel, Timpa, 1995).

Hawm ynanock Ha OCHOBE pa3IHUHBIX MPOLEAYp pa3pado-
TaTh M a/IallTUPOBATh METOIUKY, TO3BOJISIONIYIO PACTBOPHTH
KapTo(esbHbIH KpaxMall 0e3 pa3pyIIeHHs TOJIHCaXapUIHbBIX
Leneil, MPOU3BECTH €r0 OKPALIMBAHUE U U3MEPEHHUS B BOAHON
cperie, a TAKXKE BBIYUCIIUTD COACPKAHME aMIIIO3bI, OITPEIeIIsist
OINTHYECKYIO INIOTHOCTH 00pa3iia Ha IBYX JUIMHAX BOJIH. Me-
TONKA MOXKET IMPHUMEHSTHLCS KaK CO CTAaHAAPTHBIMU CIIEKTPO-
(hoTOMETpHIECKNMH KIOBETaMH C JUTMHON ONTHYECKOTO ITyTH
10 MM, TaK ¥ B TOTOYHOM BapHUaHTE C TOMOIIBIO IJIAHIIETHOTO
CHEeKTPOOTOMETpA.

MNocTpoeHne KannbpoBOUYHOI NPAMON
Jl1s monmydeHuss KaaTuOpOBOYHOHN MPSMON HMCIOIB30BAIN
aMMJI03Y, BBIICIICHHYIO HAMH U3 KapTO(eIbHOro Kpaxmarna
o metonuke (Mua, Jackson, 1998).

Awmmnosy pactBopuin B 0.5 % pactsope LiBr B JIMCO,
pa30aBUIN MOJTYYEHHBIC PACTBOPHI BOMOW UIS MOTYUYECHUS
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Fig. 1. Calibration curve (solid) based on the difference between light ab-
sorption at 550 and 510 nm. Approximation curves for light absorption
values at 550 and 510 nm are shown separately.

The dispersion according to separate data on light absorption for 550 and
510 nm is higher than on the data on the difference between these values, in
agreement with Zhu et al. (2008).

pacTBOpa ¢ KoHIeHTparwel okoso 0.15 mr/mi. [lanee B myH-
Kax TUIaHIIETHI TOMEIaIl aTHKBOThI IPUTOTOBIEHHOTO pac-
TBOpa 00beMoM ot 0 10 100 MK 1 TOBOIMII BOJIOW 00BEM
pacTBopa B kaxaou ayHke 10 100 mxi1. I[Tocne aToro cMechro
utparaoro oydepa (0.1 1, pH 6) ¢ pactBopom fiona (2 r Kl u
0.2r1, ra 100 M1 BOABI) 10BOAMIIN 0OBEM PACTBOPA B JTyHKAX
J10 300 Mkn. IIpu 3TOM NPOUCXOAUT UHTEHCUBHOE OKPAIIIH-
BaHHE PacTBOPA, LIBET KOTOPOT'O B THEBHOM CBETE BU3yaJIbHO
ompenensercs Kak roiny0oi. MI3MepeHne morIomeHns cBera
B [UIAHIIETHOM CIIEKTPO(OTOMETPE MPOBO/IHIIH HA ABYX JUTH-
Hax BOJH — ripu 510 u 550 uM, cormacHo (Zhu et al., 2008)
BBIYHCIISIN PA3HUILY U TIOMYYECHHBIC JAHHBIC UCITIOIb30BaIN
JUIS TIOCTPOCHUS! KAJIMOPOBOYHOH MPSMOH M OJTydEHUS ypaB-
HEHUS! 3aBUCUMOCTH Pa3HMIIbI IIOIIONICHHSI Ha JBYX JUIMHAX
BOJTH OT COZIEp KaHWs aMIIIO3Bl B oOpasie (puc. 1). Beero
TIOJTYYHITH IBE ITOBTOPHOCTH TI0 YHCITy HABECOK aMHUIIO3BI U
TPH TOBTOPHOCTH T10 YUCITY U3MEPEHHH.

MeToaunka nsmepeHus

cogepxaHmnAa ammunosbl 1 aMUIONeKTUHa

Jlnist mpoBesieHNsT M3MEPEHHs COAEPKAHUSI aMUIIO3bI B Kap-
TOo(heJIFHOM Kpaxmaje IPUTOTOBHIM PACTBOP HABECKH Kap-
togenpHOro Kpaxmana (npumepro 5 mr) B 0.5 % pactBope
6pomuna mutus B IMCO myTeM IIHTETFHOTO BCTPSIXUBAHNUS
npu HarpeBanuu 0 80 °C Ha TepMoILeiiKepe A TOCTUKEHUS
TIOJIHOTO pacTBOpeHHs Kpaxmaia. Kak okazanock, KpUTHIECKH
Ba)KHO 00ECTIEUNTh pABHOMEPHOE pacipeieieHie HaOyXIero
B HarpeTOM PacTBOPHUTEINE KpaxMasla 1o BceMy 00beMy pac-
TBOPA C caMOI0 HadaJla IpoLiecca pacTBOpeHus. BusyansHoe
OTCYTCTBHE OCaJIka B IPOOHPKE HE 0053aTEIBHO 03HAYAET €TO
TMIOJTHOE PACTBOPEHHE, KpaxMall MOYKET HaXOJUThCSI B pacTBO-
pe B BUJAE KPYNHBIX [IPO3pauHbIX amiomeparos. I[losromy B
TeueHne nepsbix 30 MUH HarpeBaHHsl pacTBOP MHTCHCUBHO
BCTPSIXUBAIIM BPYYHYIO TPUMEPHO OAMH pa3 B 10 mun. Jlanee

Plant gene pool and breeding



MeToguueckmne yKkasaHus rno oLeHKe copepaHus

am

MnNo3bl N aMUJTONEKTUHa B KapTOC‘)EJ’IbHOM Kpaxmane

pactBop kpaxmaina B JIMCO pasbariisiin Booi B 25 pas 1o
MOJYYEHHUsI pacTBOpa, comepxamiero mpumepHo 0.15 mr/mi
Kpaxmaiia. Ornpe/eneHre pa3HOCTH ONTHYCCKUX INTIOTHOCTEH
nosrydeHHoro oopasia npu 550 u 510 HM 12710 BOBMOXKHOCTh
BBIYHMCIIUTH COZICPIKAaHUE aMHJIO3bI B 00pasie ¢ MOMOIIbIO

Ka.

By
oT

JTUOPOBOYHON MPSAMOU. DKCIEPUMEHTHI MTPOBOIMINCH B
€X TEXHUYECKHX ITOBTOPHOCTSIX C PACUCTOM CTaHIAPTHOTO
KIIOHEHUS (pHuc. 2).

lMpoToKon nsmepeHna n pacyeta
cofep)KaHnA amuiosbl B Kpaxmarne

1.

6.

7.

10.

I1.

12.

13.

14.

[TomecTHTh B MOMMIpONMIEHOBEIE MpoOupku THIa Eppen-
dorf ua 1.7 M1 5 Mr kpaxmaiia (110 TPH HOBTOPHOCTH JIJIsI
Ka)JIoTo 00pasia Kpaxmana).

. Hobasuts 1.3 mi 0.5 % pactsopa LiBr B JIMCO.

. [loctaButh npobupku B Tepmomeiikep (400 06./mMuH,
80 °C, 20 u). [Tepsrie 30 MuH oauH pa3 B 10 MuH qommom-
HUTEJIBHO BCTPSIXUBATH MPOOMPKH BPYUHYIO C TIEPEBO-
pavyrBaHUEM JUIsl IPEIOTBPAIEHHsI 00pa30BaHUs KOMKOB
HaOyXIIIero Kpaxmaia Ha JTHe.

. IIpuroroButs pactsop #oxa (2 r Kl u 0.2 r I, na 100 mn
pacTBopa). DTOT pacTBOp CTAOMIICH U MOXKET XPAHHUTHCS
B TEMHOM MECTE B TEUCHUE HECKOJIBKUX HE/IEIb.

. 200 Mk pacTBOpa Hona pa36aButh 10 10 M IUTPAaTHBIM

oydepom (0.1 M, pH = 6). DToT pacTBOp MEHEe CTaOMICH

(TomeH onnH-11Ba Yaca), ero Hy>KHO HCITOJIb30BaTh CBEKE-

MIPUTOTOBJICHHBIM HEMOCPEACTBEHHO TIEPE] aHATTH30M.

[To 200 MKJT K2KT0TO M3 TIOJTyYEHHBIX Ha I1are 3 pacTBOPOB

KpaxmaJia pa30aBUTh IPH IEPEMEIINBAaHUH U HATPEBAHUH

110 50 °C aucTHIUTMPOBaHHOM BOZOH 10 CyMMapHOTO 00be-

Ma 5 mi1. Harpesanue u iepemelnBaHue NpeioTBpaliaor

BBITIA/IEHUE aMIJIO3bI B TBEPZOM BUAE IIPH CMEIINBAHUH

BOJIHOTO ¥ HEBOJTHOTO PAaCTBOPOB.

ITo 100 MK OTy4€HHBIX Ha I1are 6 pacTBOPOB TOMECTUTh

B JIyHKH 96-JTyHOUHOTO TUIAHIIIETA JUTS TPOBEICHUSI CTIEK-

TPOPOTOMETPHUUCCKUX U3MEPEHHH.

. ITo 200 MK mOJTy4YeHHBIX Ha Iare 5 pacTBOPOB Hona B
Oydepe 106aBUTH B TYHKH TUIAHIIETA, JOBEIS TAKHM 00-
pa3oM CyMMapHbIil 00beM KUAKOCTH B KaXJIOH JIYHKE /10
300 mxu1. ITpu 3TOM IPOUCXOUT OKpAIIMBaHKUE PACTBOPOB
B TOTy0O# IBET (TIPH JTHEBHOM OCBEIIICHHH).

. B Tpu cBoGonHBIC TyHKH 100aBUTH 10 300 MK IIUTpAT-

Horo 0ydepa (0.1 M, pH = 6) B kauecTBe pacTBOPOB CpaB-

HEHUSI.

[TnaHmer ycTaHaBUTh B CIIEKTPOPOTOMETP U HHKYOHPO-

BaTh IIPU BCTPSAXUBAaHUM B TeueHHe 30 MUH.

W3meputs 3HaueHne abcopbunu cBeta mpu 510 u 550 HM

B KQJ)K/I0M 3aIT0JTHEHHOM JTyHKE, aBTOMaTHYECKH yIUTHIBAs

pacTBophl cpaBHeHus (cM. mar 9). Kaxnoe uzmepenue

BBITIOJTHUTD B TPEX TEXHUUYECKUX MTOBTOPHOCTSIX.

JlaHHBIE HKCIIOPTUPOBATH B MPOTpaMMy Ui 00pabOTKH

(B Hamem ciyvae Excel). [IpoBectu ycpeanenue o mno-

BTOPHOCTSIM, HAITH pa3HUILy 3HaYCHUI abcopOIMy CBETa

Absgs;—Absg .

[TonyueHHble TaHHBIE ITOJICTABUTH B YpaBHEHHE KaJIOPO-

BOYHOM KPHBO 1 HAMTH cofiep KaHIe aMIJIO3bI B 00pasIie.

CozeprkaHne aMHJIONIEKTHHA B KpaxMmalie OIpeIeNseTcs

kak 100 % munyc conepkanue aMmuio3ssl (B %).

KannOpoBouHas mpsiMast MoTydeHa 1o 3TOMY K€ ITPOTOKOITY

C UCTTOJIb30BAHNEM HABCCKHU aMUJIO3bl BMECTO HABECKH Kpax-

leHodoHp 1 ceneKkuma pactTeHuin
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Fig. 2. Amylose contents in samples from four potato varieties bred in
Russia.

masta. Ha mmiare 7 ncnons3oBars anukBoTsl 110 0, 20, 40, 60, 80,
100 MK pacTBOpa aMUII03bI, 10BeIeHHbIE BOAOH 10 100 MKJI.

HGOGXOAVIMbIe mMaTtepualbl N oGopynosaHme

1. Bona nuctmiuinpoBanHast 1 HAOOp aHATUTHYECKOH ITOCY/IbI
JUTS OMOXUMHYECKOTO aHAJIN3a Kpaxmalia.

2. YO-cuexTpodoToMeTp 10001 MOJIEITH, CTIOCOOHBIH N3Me-
PATH ONTHYECKYIO INIOTHOCTH 0Opasna nmpu 550 n 510 HM.
B wuccrienoBanuy MCIONB30BaIM IIAHIIETHBIA CHIEKTPO-
¢orometp Epoch2 ¢ 96-myrHounsMu mmanmmeramu Costar
C INIOCKHM JHOM. MeTo1Ka orpoOrpoBaHa TakKe Ha Kio-
BETHOM criekrpodoTomerpe BioRad ¢ kBapueBbiMu KroBe-
TaMU ¢ JITUHON ONTHYecKoro myTu 10 MM.

3. O6pazern aMmII03bl OBUT MOJYYEH B CEKTOPE XMMUYECKOIH
ouonoruu pacrenuit Ul ul" CO PAH, comtacHo MeToauke
3 (Mua, Jackson, 1998). Meronuka momydeHns Kpaxmaia
n3 kaprodenst — o (Chung et al., 2014).

3aknioyeHune

ConepxaHne aMHIIO3bI B Kpaxmalie pPa3HbIX COPTOB M TH-
Opu1oB KapTodessi pa3IinyHO U MOXKET ObITh HUCCIEIO0BAHO
MeToZ0M YD-CIIEKTPOCKONIMY Ha ABYX JUIMHAX BoJH. Ha no-
CTOBEPHOCTD PE3YJIBTATOB 3HAYUTEIIHHOE BIMSHIE OKa3bIBAIOT
HpO6OH0[lFOTOBKa 1 Y4ET NOITIOICHU CBECTA Ha ABYX JJIMHAX
BOJTH, B CBSI3U C 4eM Obl1a pa3paboTaHa METOIWKA, KOMOH-
HUpyIomas: 1) omnpeneneHnyo Mpoueaypy pacTBOPEHHS B
OpraHUYeCKOM PacTBOPUTEIIE, 2) U3MepeHHe abcopOLnK CBETa
Ha JIBYX JUTHHAX BOJIH 1 3) BO3MOXHOCTb UCTIOJIb30BaHNUS TSI
MOTOYHOTO CKPUHMHTA Ha TUIAHIIETHOM CHEKTPOPOTOMETpE.
[Toka3zaHo, 4TO coziepKaHHe aMUIIO3bI B Kpaxmalie KapToderst
coproB Jluna, Benukan, ['omyOnsna, @aBopuT BapbupyeT OT
18.2 no 24 %.

[TpumeHeHHne Takoil METOMKH JUIsl OOJIBILIOTO YHCia 00-
Pas3oB J1acT BO3MOKHOCTB OIIEHUBATH COJCP/KAaHNE aMUIIO3bI
KaK IPU3HAK /TS TOMCKA aCCOLMMPOBAHHBIX C HUM JIOKYCOB H
JIHK-mapkepoB 1 HCTIONB30BAHUS TOCTIEHNX B COBPEMEHHBIX
HayKoeMKkux Meronax cenekiun (Khlestkin et al., 2018).
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T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LMTONOTUM 1 reHeTHKi CUBUPCKOTo oTAeNeHs Poccuiickoi akaaemum Hayk, HoBocu6upck, Poccua
2 HayuHO-MCCNIe0BATENbCKMI UHCTUTYT GyHAAMEHTAIbHON 11 KIMHUYECKOM MMyHomNorin, Hoocubupck, Poccns
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5> HOBOCMBNPCKMIN HayYHO-NCCNIEAOBATENBLCKMI MHCTUTYT TPABMATONOrMM 1 opTonenn um. 1. LinebaHa MUHNCTEPCTBA 3/paBOOXPaHEHNS

Poccuiickon Oepepaunn, HoBocnbupck, Poccns

W3 dparmeHTa TKaHu OnNyxonu, B3ATOrO BO BPeMA X1Pypruyeckomn
onepauumm y 605bHbIX K. (keH., 61 1., AnarHo3s: peyuams rnvobna-
cTombl) 1 XK. (keH., 60 neT, ArMarHo3: peunans rmruobnacTombl), Obinm
nonyyeHbl NEPBUYHBIE KY/IBTYPbl KNETOK MM06MacToOMbl YenoBeka.
Ha ocHoBe HOBOW CTpaTermm CMHXPOHM3aL My CTBOMOBbIX MHULU-
MNPYIOLMX PAKOBbIX KNETOK 1 NMPW UCMONb30BaHNM pa3paboTaHHOro
pexnma nx apagmKkaumm «3+1» 6bina oueHeHa 3GHeKTUBHOCTb
HOBOrO TePaneBTUYECKOro NOAXOAa, HaNPaBIEHHOro Ha pa3py-
LUIEHNe PAaKOBOrO K/IETOYHOrO COOOLLEeCTBA, HAa MePBUYHbIX KNETOY-
HbIX IMHMAX FMO6IACTOMbI YenoBeKa. KnoueBbiMu 31emeHTamum
cTpaTerun CAyXnnu cnefytoLmne NHAMKaToOpHble pe3ynbraTbl:

1) oLeHKa NPUCYTCTBUA B aHaNU3MpyeMblX KybTypax CTBOMOBbIX
VHULUMPYIOLMX PAKOBbIX KNETOK MO X CMOCO6HOCTI NornoLwaTth
asyuenoyveynyio [IHK, meueHHyto kpacutenem (TAMRA+ kneTtku);
2) onpepeneHvie penepHbiX BPeMeHHbIX TOUEK LKA penapauum
MexLenoyeyHblx clumBok HK, nHAyLmMpoBaHHbIX KPOCC- MIMHKK-
pYOLWMM LUTOCTaTUKOM MUTOMULMHOM C; 3) OLleHKa CUHXPOHU-
3aUMn KNeToK B pa3ax KNeTOYHOro UMKna; 4) onpeaeneHve aHa
nocsie Hayana Tepanuu, Ha Kotopbil TAMRA+ KneTKy CUHXPOHHO
npucyTcTBYIOT B G1/S-hase KNETOUHOrO LKA, YyBCTBUTENIbHOW
ans 06paboTok; 5) onpeaeneHne pexnma spagmkaumm TAMRA+
KNeTOK (CTBOMOBbIX MHULMUPYIOLMX PakoBbIX KNeTok). O6paboT-
Ka KyNbTyp NPOBOAUIACH KPOCCINHKMPYIOLWMM LIUTOCTaTUKOM
MUTOMULMHOM C 11 CIOXKHOKOMMO3ULMOHHbBIM Npenapatom OHK.
Moka3aHo, UTo Nocsne NPoBeAeHHbIX 00PABOTOK KNETKM NepecTatoT
[enuTbCa 1 KynbTypbl Aerpagnpytot. KnetouHasa nnHma K. K 30-m
CyTKaM HabnogeHns NONHOCTbIO ferpagmposana. Konvyectso
KneToK KynbTypbl K. K 15-M CyTKam HabnogeHnsa ynano oT Ncxoa-
HOro NpakTUYeCcKn B TP pasa. DTOT NOKa3aTeslb MO OTHOLIEHMIO K
KOHTpOto Ha 15-1 feHb n3mepeHna coctasun 1/7.45 pna mutomm-
ymHa Cn 1/10.28 ana mutomuumHa C n JHK. OcHoBHOe gencreue
KoMb6uHauua npenapatos MutomuumH C n HK okasbiBaeT Ha
TAMRA+ cTBONOBbIE UHNLMMPYIOLLME PAaKOBbIe KNEeTKN KNeTOUHbIX
nonynayuii rno6nactom. Micnonb3osaHre mutommumHa C Kak B
N30MMPOBaHHOM BUfE, Tak 1 B KombrHaumm ¢ AHK nemoHcTpu-
pyeT 3¢ deKTUBHOE SNMMUHMPYIOLLEee AencTBUe Kak Ha TAMRA+
CTBOJIOBbIE UHNLMMPYIOLLME KIEeTKM, TaK U Ha MePBUYHbIE KyNbTy-
pbl FMO6IACTOM YenoBeKa B LIENTOM.

KntoueBble cnosa: rnnobnactoma; neperyHas KynoTypa;
MUTOMULIMH C; CTBOJIOBbIE MHULIMMPYIOLLME pakoBble KNeTKY;
TAMRA-$nyopoxpom.
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for tumor-initiating stem cell
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Primary cultures of human glioblastoma were obtained
from the surgical material of patients K. (female, 61 years,
Ds: relapse of glioblastoma) and Zh. (female, 60 years,

Ds: relapse of glioblastoma). The effectiveness of a new
therapeutic approach aimed at destroying the cancer cell
community was evaluated on the primary cell lines of hu-
man glioblastoma culture by employing a new strategy of
tumor-initiating stem cell synchronization and a domestic
strategy of their eradication “3+1". The key elements of the
strategy were the following indicator results: (1) evalu-
ation of the presence of tumor-initiating stem cellsin a
population of cells from analyzed cultures by their ability
to internalize double-stranded labeled DNA (TAMRA+
cells); (2) determination of the reference time points of
the repair cycle of DNA interstrand cross-links induced by
cross-linking cytostatic mitomycin C; (3) evaluation of cell
cycle synchronization; (4) determination of the time (day
after therapy initiation) when TAMRA+ cells were synchro-
nously present in phase G1/S of the cell cycle, sensitive to
the therapy; and (5) establishment of the TAMRA+ (tumor-
initiating stem cells) eradication schedule. The cultures
were treated with cross-linking cytostatic mitomycin C and
a compositional DNA preparation. After the treatments, cell
division slows down, and the cultures degrade. The K cell
line completely degraded within 30 days of observation.
The cell number of the Zh culture fell to nearly one-third of
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the starting value by day 15 of observation. On day 15, this
indicator constituted 1/7.45 for mitomycin C and 1/10.28
for mitomycin C + DNA with reference to the control.

The main target of the mitomycin C + DNA regimen was
TAMRA+ tumor-initiating stem cells of the glioblastoma
cell populations. The action of mitomycin C alone or in the
combination with DNA demonstrated effective elimina-
tion of TAMRA+ tumor-initiating stem cells and the whole
primary cultures of human glioblastomas.

Key words: glioblastoma; primary cell line; mytomycin C;
tumor-initiating stem cells; TAMRA-fluorochrom.
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nrobIacToMa — Hanbosee pacIpoOCTPAaHEHHBIN M 37I0Ka-

YEeCTBEHHBIN THIT IEPBUYHO OMyX0JIM MO3ra. JTa pa3Ho-

BHUJIHOCTbH OITYyXOJIM UMEET MHBA3UBHBIA XapakTep U pac-
TIOJIATAETCs B )KU3HEHHO BaXKHBIX 00JIACTSIX TOJIOBHOTO MO3Ta,
YTO JIENAeT €€ yNaJCHUE YPE3BBIYANHO CIIONKHBIM JUI XH-
pypruyeckoro BmeniareibcrBa (Omuro, DeAngelis, 2013).
I'mroMbl cocTaBisAOT B cpenHeM 24 % Bcex omyxoseil ro-
JIOBHOTO MO3Ta U SIBJIAIOTCSI BTOPBIMH II0 YacTOTE BCTpeda-
emoctu y B3pocioro Hacenenus (McNeill, 2016). Cpennsist
MIPOJOJIKUTENBHOCTD KU3HU MAIIMEHTOB C aHATUIACTUYECKOH
ACTPOIIMTOMOM U TTHOOIacTOMOM cocTaBisieT 15.2 n 6.9 mec.
coorBercTBeHHO (Gilbert, Ross, 2011).

BbIcokast cTerneHb 310KaueCTBEHHOCTH ITIHO0IaCTOMBI 00y-
CJIABJINBACTCS] HATMYUEM CaMOOOHOBIISIOIINXCST CTBOJIOBBIX
(mHMnuupyrommx) pakoBsix kinerok (CHUPK), koropsie cro-
COOCTBYIOT MHUIIMAIMHU OITyXOJIH M TEPANEBTHUECKON yCTOMN-
ynBoctu (O’Brien et al., 2010). Tax, CUPK oM criocoOHBI
CaMOBO300OHOBIISITHCS B Psijly MTOKOJICHUI, (POPMUPOBATH HEH-
pocdepsl, UMEIOT CTOCOOHOCTH K Au(depeHInPOBKE, BBICO-
KYIO TIOJIBIDKHOCTB U OTIpeziesIeHHOe MUKpooKpyxkenue (Gil-
bert, Ross, 2011; Brescia et al., 2012). CuuTaercsi, 4T0 UMEHHO
CHUPK mmoM yCTOWYHMBHI K IEHCTBHIO IIUTOCTATUKOB U TaM-
ma-o0mydenust (Carruthers et al., 2015). Yka3zannsle KIeTKH
001a1al0T MOBBILIEHHON JKCIPECCHEH IH0TEIHaIbHOTO
(haktopa pocrta cocynos (VEGF). Ycranosneno, uro CUPK
TIMOM 00J1a1al0T BBICOKOH Mposi(epaTHBHON aKTHBHOCTHIO
U JIGKapCTBEHHOM PE3UCTEHTHOCTHIO Onarojapsi akTHBHOM
paboTe TaKuX CHTHANBHBIX TyTei, kak Notch, Hedgehog-Gli,
Whnt/B-xarennn, TGF-B/SMAD, PI3K/Akt/mTOR (Beier et
al., 2007; Qiang et al., 2009; Schreck et al., 2010; Takezaki
etal., 2011; Hukncdoposa u ap., 2016). DTOT THI KIETOK OT-
JMYaeTcst TAaKkke MMMYHOpe3ncTeHTHOCThIO (Bao et al., 2006;
Kase et al., 2013).

K coxanenuto, 10 HaCTOSIIEr0 BPEMEHH HET yHH(UIH-
poBaHHO# nHpOpMaIn oTHOCHTENbHO MapkepoB CUPK rm-
OM, UYTO CIIY)KUT IPUYMHON OTCYTCTBUSI TAPI€THBIX CIIOCOO0B
JICYSHHS paKa TOJIOBHOTO Mo3ra (Zhang et al., 2008; Chen et
al., 2010; Brescia et al., 2012; Kase et al., 2013; Dahlrot et
al., 2014). Takum oOpa3om, OOHApYKEHHE YHHBEPCAIHLHOTO
creruduaeckoro mapkepa CUPK rmmom — mpuopuretHas
3ajada.
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B UnctutyTe nntonornu u reHetnkn CHOUPCKOTO OT/Ie-
nenns Poccwiickoit akagemun Hayk (MLul" CO PAH, na6o-
paropusi MHIYLIHPOBAHHBIX KJIETOUHBIX MPOLIECCOB) OOHA-
PYKEHO paHee HEM3BECTHOE CBOMCTBO HHM3KOIU((DEpEHITH-
POBaHHBIX KJICTOK Pa3JIMYHOTO TeHE3a, BKJIIOYAsi CTBOJIOBBIC
KJIETKU U CTBOJIOBbIC MHULMHMPYIOIUE PAKOBbBIE KIIETKH, 3a-
XBaTbIBaTh SKCTPAKIECTOYHbIE (DparMeHThl JBYIETIOUEUHOMN
JIHK nMMaHEHTHBIM (CBOMCTBEHHBIM TOJIBKO STHM KJIETKAM)
MEXaHU3MOM.

C ucnonp30BaHNEM HalfIGHHOTO CBOMCTBA ATOTO THTIA KIIe-
TOK, a TAK)KE JIPYTOro, BIEPBHIC ONMMCAHHOTO MX CBOMCTBA —
HECaHKIMOHMPOBAHHOTO y4YacTHsl 3aXBaUYCHHBIX dKCTpaKIIe-
touHbIX (parmentoB JIHK B pemaparmBHOM mporecce, uc-
KyCCTBEHHO MH/TyITIPOBAHHOM B CTBOJIOBBIX KJICTKaX, yaJlOCh
pewuTs Be 3a1aun: spaaunposars CUPK, nummus omyxoins
TYMOPOTE€HHOTO Havajla, U BBIICYUTH 3KCHEPHUMEHTAIBHBIX
MBIILIEH OT B BBICILIEH CTENEHH 3JI0KaY€CTBEHHOM aCIIUTHON
¢dbopmbl kapiuHOMBI Kpebc-2 U ee CONMIHOTO BapUaHTA.
CyTb nozixoa 6a3upyercst Ha IPUMEHEHNH IBYX HAlIEHHBIX
CBOICTB M BIIEPBBIE Pa3pabOTaHHOM PEKUME CHHXPOHU3AINH
CHPK B uyBcTBHUTENBHOM JUIsl TEpanny (aze KJIETOUHOTO K-
na, 9to Heooxommmo 1t spaaukarm CUPK. Tpu ykazanaOM
MOJIXOJIE pa3pylIacTcss XpOMaTHHOBBIN OCTOB («XpedeT»)
KJIETKH, 4TO IIPUBOAMT K ee Tubesnn. HeoOxonnmbIM yciioBrem
MIPUMEHEHNS Pa3pabOTaHHOM CTPATeTuH SBISETCS CTIOIb30-
BaHME CJIO)KHOKOMIIO3UIIMOHHOTO TIpernapara, COCTaBHbIC Ya-
CTH KOTOPOro TU(depeHIpOBaHHO MHTEP(EPUPYIOT CTAINI0
SKCIIM3MOHHON pemaparmy HykieoTunoB (NER — nucleotide
excision repair) ¥ CTaJUI0 TOMOJOTHYHONH PEKOMOMHAIINHU B
CHPK. Takoii mpUHIIUIT TOTHOCTHIO JIUIIAET BO3MOKHOCTH
CHPK mpeononers TepaneBTHIECKy0 00padoTKy, 4TO COIPO-
BOX/IACTCS X pa3pylLIEHHEM U BBUICUMBAHHEM )KUBOTHBIX OT
paka (Dolgova et al., 2014; Potter et al., 2016).

Ipuammn cuaxponmsanun CUPK B uwyscTBuTEenpHON G1/S-
¢aze xirerouHoro nukia onucan B padore (ITorrep m ap.,
2016). [Tocne opueHTHpOBaHHOIO Ha (ha3bl pernapaTuBHOIO
IIUKJIA TPEXKPATHOTO BBEACHNUS UKJIO(OChana MPOUCXOANT
MacITabHOE aroNTOTHYECKOE Pa3pyIEHHE PAKOBBIX KJIETOK B
OIIPE/EIICHHBIN, 3aBUCALIMN OT TUIIA PAKa, JICHb II0CIIE HaYaJ1a
obpaborok (st omyxomm Kpebe-2 1o Opimnr 8—12-¢ cyTkn
oT nepBoil nHbeKuK nukiopocdana). I[Ipu sTom Bece co-
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OueHKa a3pajivKaumm CTBOMOBbIX PakoBbIX KNETOK
Ha NpuMepe NepPBMYHbIX KY/IbTYpP rMo6iacToMbl YenoBeka

XpaHuBIIHE MOP(OJIOrHIECKYIO 1IEJIOCTHOCTh ACLUTHBIE Pa-
KOBbIE KJIETKH, IPOAHAIN3UPOBAHHBIC B YKAa3aHHBIA JICHD
(BBIIEICHHBIC HA (DPUKOJII-BEpOTpa)uHOBOM TI'DAUCHTE),
HaxonsTcs B G1/S-¢aze KICTOYHOTO LUK, a KOJIHMYECTBO
TAMRA+ xiterok nocturaetr ~13 % (1-3 % B ©cxomHOM ac-
IIUTE), YTO ITOJpa3yMeBaeT KOHIICHTPAINIO BBDKUBILHX ITOCIIE
tepanuu CHPK.

B Ki1eTo4YHOM cO00IIECTBE ACIIUTHBIX PAKOBBIX KIETOK Cy-
IIECTBYET JIBE AMCKPUMUHHUPYEMBIE 10 TPU3HAKY HHTEPHAIIN-
3auun TAMRA-meuennoit JIHK nomyssiun kieTok, KOTopble
3axBarbiBaroT JIHK-3011 (TAMR A+ kJ1eTkn) ¥ He 3aXBaTbIBa-
1ot ero (TAMRA- knetkn). M3BectHO, uTo TAMR A+ KiteTkn
obmanaror cBoiictBamu CUPK (Dolgova et al., 2014; Potter
et al., 2016, 2017). Beio cienano MpemoNoKeHne, 9To 3TH
JIBE TIOIYJISIINH KJIETOK ITO-Pa3HOMY 3aBEPIIAIOT OCTAHOBKY
KJIETOYHOTO IMKJa B mo3auei S/G2/M-da3e KICTOYHOrO
nukina. Kommutuposanasie (TAMRA—-) pakoBbie KIETKH
paspyIIaloTcs aloNTo30M ¢ MOCIECAYIONMM BTOPUYHBIM He-
kpo3oM (Alyamkina et al., 2015). YacTh snureHeTHYCCKA
skcTpemanbHo TacTHaHBIX TAMRA+ CUPK BriiepkuBaet
tepanuio. [locie 3aBepumienns apecra B no3aneit S/G2/M
KJIETKU BBIXOJSIT M3 PENapaTHBHOTO MPOLECca U CTPEMSITCS
3aBEPUINTH JiesieHHe. [IpOMCXOANT TMOMHAs CHHXPOHU3ALNS
BCEX BBDKUBIIMX Noce nposeaeHHol Tepanun CUPK, n onn
OJTHOBPEMEHHO BXOIST B TepByro mocie apecrta G1/S-dazy
(KaK 3TO creayeT N3 aHaJIN3a COCTOSTHUS KJIETOYHOTO IIUKIIA U
nponeHtHoro coaepxkanust TAMRA+ kietok Ha 8—9-¢ cyTkn
OT Hauayia 00padoTKH).

beino chenano BakHEHIIee 3aKIOYEHHE, YTO MMEHHO
9Ta TOYKA MOXKET MO3BOJHMTH HAHECTH 3aBEPIIAIONINN yaap
o BceMm octaBmuMcs npuanHHbiM CUPK Kpebc-2. bes
(huHATEHON 00PabOTKH Yepe3 HECKOIBKO CYTOK MPOUCXOANUT
€CTECTBEHHOE PACXOJK/ICHHUE OCTABIINXCS PAKOBBIX KJICTOK, B
toMm yncie u CUPK, no ¢azam kierounoro ukina, u CUPK
CTAHOBSITCSI HEAOCATAEMBIMHU IJISI JOTIOJHUTEIBHON OIHO-
KpaTHOH 00paboTKM 1O cxeMe pa3padaThiBaeMOTO Tepares-
THYECKOTO PEKUMA.

B HacTosIeM HccIen0BaHNY TPEATIPHUHSTA MOTIBITKA TIPH-
MEHUTH HaWJCHHYIO CTPATETHIO HA JIByX MOJEIBHBIX KYJlb-
Typax KJIETOK Iino0iiacToMbl 4yenoBeka. OCHOBHasI 3a/ia4a
COCTOsJIa B TIOWCKE peknMa 00paboTOK, KOTJja COBMECTHOE
JISWCTBHE ABYX IPENapaToB — KPOCCIMHKHUPYIOIIETO IIHTO-
CTaTHKa 1 CI0KHOKOMIO3UIIMOHHOTrO0 npenapara JJHK — npu-
BommiIo Obl K monHON anmumuHanuun CUPK w3 momynsnnn
KJIETOK ITEPBUYHBIX KYJIBTYP H, KaK CJICJICTBHE, K Pa3pyIICHHIO
TYMOPOTEHHOTO MOTEHIINAJIA YKa3aHHBIX KYJIBTYpP KIIETOK.

MaTtepwuanbl n metogbl

IIpuroroB/ieHue cycrieH3UU KJIETOK IIM00IACTOMBI, a TAK-
sKe MIePBUYHBIX KYJbTYP M3 ONePallHOHHOI0 MaTepHaJa.
3a00p onepanroHHOr0 MaTepHala U BCe MOCIeyIoIue He-
CJIe/IOBaHMSI [TPOBOJIMIIH ITOCIIE ITOJTYYEHHS TUCbMEHHOTO HH-
(hopmMHIpOBaHHOTO cornacys MarueHToB. CyCIeH3HIO KIETOK
TIIMOOIACTOMBI TTOJTydadn U3 (parMeHTa TKAHU OITyXOJIH,
B3sITOTO BO BPEMsI XUPYPIUUICCKO omnepaiuu y 60ibHbIX K.
(xeH., 61 T, AMAarHO3: PEUHUINB TIINOOIACTOMBI, TEMEHHAS U
3aThUTOYHAs 0JIM JeBoro romymapus) u XK. (xen., 60 ner,
JIMarHo3: PELHIUB IIIM00IaCTOMBI, JIOOHAS U TEMEHHas! JI0JIN
JeBOTO Toymapus). TkaHb OMyXOiIH MEXaHHYECKH U3MEb-
YaJli C ITOMOIIBIO CKAJIBIIENs, 3aT€M JBaXK/bl OTMBIBAJIN B
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dhocdaraom Oydepe (PBS). [asee omyxosneBbiii MaTepua
nHkyOuposanu B Teuenne 30 mun B 0.1 % pacTBOpe Komna-
renassl (tun 1A, Sigma-Aldrich) npu 37 °C. Yepes 30 mun
nobasisuin cpeny DMEM (Gibceo) ¢ 10 % smOproHaibHON
6sraneii ceiBopoTkor (HyClone) u 3aTem mpoMBIBaiM 3TOU
JKe cpeioit onuH pa3. KieTku moMemanu B KyabTypalbHbIH
(himakoH. Yepes 5—7 CyT HENPHUKPEIUICHHbBIE K TACTUKY KIICT-
K1 TIEPEHOCIIIN B CBEXHUI (DI1akOH M KyJIBTHBHUPOBAIN €IIE
3-5 mueit 8 DMEM, nomomuenso#t 10 % smOpuoHamsHON
OBIYbEIi CHIBOPOTKH. 3aT€M OKOHUYATEIILHO HEMPUKPETIICHHbIE
K TUTACTUKY KJIETKH yaaysuin. Qpaknnio are3uBHbIX KIETOK
BO BCeX (MIaKOHAX MTPOIOIIKAIIM BECTH JI0 TIOKPBITHS KJIETKAMH
70-80 % rutomau QiakoHa ¢ TIOJTHOM 3aMEeHOM KyJIbTypalib-
HOM Ccpezibl OMH-/IBA Pa3a B HE/IEIIO.

Hoayuyenne meuenoro TAMRA-dUTP-5'-IHK 3onna.
Meuenue Alu-noBTopa dyenoBeka (uryopopopoM MpOBOIUIN
npu nomorm ITLP, xak omucano B padore (Dolgova et al.,
2014). B xadecTBe MaTpHIIbl MCIOIb30BAIN KIOHHPOBAH-
Hyto B asmuzae pUC19 nocnenosarensHocTh A/u-1ioBTOpa
genoseka (AC002400.1, 53494-53767), koTopast COCTOUT U3
KOHEYHOW M Ha4aJIbHOI yacTel ByX TaHIEMHO PacIOOXKeH-
HBIX TIOBTOPOB: AluJu AluY. B kauecTBe mpaiiMepoB UCIIOJb-
30Bany cTangapTabie M 13-nipaiiMepbl. OT HEBKITIOUHBIITHXCS
HYKIJICOTHIOB H30aBIsUTHCh TiepeocakaeHuem JJHK.

C/10:)KHOKOMITO3UIIMOHHBII Mpenapar IByleno4e4Hoit
JHK. IToxppobuas nHpopMaIis 0 COCTaBe U CrIoco0e MPUTo-
TOBJICHHS KOMITO3HIIMOHHOTO nperapara JIHK npencrasnena
B pazzuene «Marepuansl 1 Mmetoabl» B pabore (Alyamkina et
al., 2015).

Anaan3s TAMRA+ kjieTOKk B IePBHYHBIX KYJIbTypax
KJIETOK IIno6aacTomMbl. Kietku paccaxnBainy B yaiku [le-
Tpu (nmametp 3.5 cm). [IpuKperieHHbIe KIETKH TPOMBIBAIIH
PBS, B wamiky Ilerpu no6asisiiu cpeny 6e3 cbIBOpOTKH, Alu-
JIHK, B koimuectBe 0.5 Mxr/mit, uHKyOupoBaiu 20 MuH, 3a-
TeM — siiepHbIi kpacutenb Hoechst (Termo Fisher Scientific)
1 MHKyOupoBany eme 15 muH. KitleTkn ananusupoBany npu
MTOMOIIY HHBEHTUPOBAHHOTO ()TyOPECIICHTHOI'O MUKPOCKOIIA
AxioObserver Z1 (Zeiss) nu mporpamMmsl ZEN. B kax 01t Touxe
npoananu3uposano 2000—4000 kieTok.

AHaJIN3 penapanuy IByleno4e4HbIX pa3pbiBoB. Kyiib-
Typy KJIETOK TITHOOIACTOMBI YeJI0BeKa B 24-TyHOYHOM IIIaH-
mete nHKyonpoBaiu ¢ 10-20 mxr/mi mutomuiaa C (MMC)
(Sigma-Aldrich) B cpene DMEM 6e3 chiBopotku nipu 37 °C B
TeueHne ogHoro Jaca. Ilociae HHKyOMpOBaHUS C IUTOCTATH-
KOM KJIETKH HPOMBIBAJIU CPEIOH C CHIBOPOTKOM, J100aBIISsITH
ceexyro cpeay DMEM, nononuennyro 10 % smOpruoHanbsHOM
Obrupeli chIBOPOTKH, M MHKyOuposanu B CO,-uHKyOarope.
Kaxnaple 6 4 KJIeTkn oTOMpany M 3ajuBajlyd B OJIOKU C JIeT-
KoIJIaBKOM araposoil. biaoku 3acteiBanu npu 4 °C, 3arem
nux nepenocunu B 0.5 M D/ITA. Ilepen HaHeceHneM Ha
anekrpoope3 Onoku ormbiBasin B TE-Oyepe, nepeHocunu
B usupyromuii oydep (1 % maypuicapkosmi, S0 MM DJITA,
nporenHa3a K 1 mr/mi), musuposamm 61oku ipu 50 °C B Te-
yenue 15 MuH. DnexTpodopes OIOKOB IIPOBOAMIN B TCUCHHE
30 muH, 0.75 B/cm B Tpuc-auerarHom Oydepe ¢ 1o0aBiieHneM
OpommucTOoro HTHANS. 3aTeM OJIOKHM BRICYIITUBAIIH U aHATN3UPO-
BaJIH C TIOMOMIBIO (IITyOpECLIEHTHOTO MUKpOcKora Axiolmager
(Zeiss) n nporpammsl ISIS. AHanus copepxaHus AByLENO-
4yegHbIX pa3pbiBoB (LIP) mpoBoawiIi ¢ MCTIONB30BaHNEM T1a-
pamMeTpa «XBoCcToBOM MoMeHT» (tail moment, TM) (TM = ymu-
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Ha XBOCTa KOMETHI X mpolieHTHoe coaeprkanue JJHK B komeT-
HOM XBocTe) B mporpamme CASP (Wang et al., 2013).

AHAJIM3 CHHXPOHHM3AIINHU KJIETOK mocJie 00padoTKku nu-
TOCTATHKOM. KyIIbTypbI KIIETOK YelIOBE4eCKON IIIM00IaCcTOMBI
obpabarsBany nuToctatnkoM MMC 20 MKT/MIT TpeXKpaTHO
yepe3 Kaxble 36 4. Jl1st 3TOro KynabTypy KIETOK DIIHo0Oia-
CTOMBI YesioBeka HHKyOupoBamu ¢ 20 mxr/ma MMC B cpene
DMEM 6e3 ceiBopotku mpu 37 °C B TeueHHE OIHOTO Haca.
[Tocie nHKYOMPOBAHUS C TUTOCTATHKOM KJIETKH IIPOMBIBAIII
CpeJioii ¢ ChIBOPOTKOM, 100aBisiin cBexyto cpeny DMEM,
nornonHeHHyo 10 % sMOproHanbHOM OBIYbElH CHIBOPOTKH,
u unkyouposamu B CO,-unkydarope. Jlo 00paboTKu 1uToO-
CTaTHKOM M Ha 4—7-€ CYTKH C MOMEHTa MepBOi 00paboTKH
KJIeTKH oTOMpanu Ha aHanmn3 TAMRA+ kieTok.

O0padoTKa KyJIbTYP KJIETOK YeJI0Be4ecKo INIn00I1acTo-
™Mbl K. 1 K. nurocrarukom n npenaparom IHK, noacuer
adcostoTHOrO Kosmyecrsa TAMRA+ kietok. Knetku pac-
cayii B yamky [lerpu (3.5 cm) o 185 Teic. muist KynsTypst K.
n 200 Teic. ast XK. B npukpeniieHHoM Buje KieTku oopada-
teiBast MMC n ipeniaparom JIHK. Kiretku mpomeisamm PBS,
MOMEIAIN B cpefy Oe3 CHIBOPOTKH C j00aBieHHEM OO
uroctaruka MMC (20 w10 mxr/min), nmubo npemnapara
JIHK (0.5 mxr/mir). OOpaboTKy MPOBOAMIN B TEYSHHE OTHOTO
yaca. 3areM KIeTKH npoMbiBaau PBS u momemanu B cpeny
DMEM c no6asinenuem 10 % smOproHaIIbHOI ObIUbEli CHIBO-
POTKH. B KOHTpOJIBbHBIE TOUKH U3 KaX/I0H TPYIIIBI 3a01panu
o yamke [lerpu u cuntany B Hell IPOIIEHTHOE COIEPKaHUE
TAMRA+ KJIeTOK, KaK 3TO OMKMCAHO BBIIIC. 3aTeM KIICTKH
canMaiy TpuncuHoM/ D[] TA n cuntanm ux koamuecTBo (N) B
kamepe ['opsiea. AGcomorHoe komnaecTBO TAMRA+ kiteTok
(X) cuuranu o hopmyiie X = N % (% TAMRA+ kierok)/100.

Craructuueckuii ananu3s. CTaTucTudecKuii aHaIN3 Ipo-
BOJIMJIM TIPH TIOMOIIH ITporpammsl Statistica 10. Ha rpadukax
MMPUBCACHBI CTAHAAPTHBIC OTKIIOHCHM, 4 TAKXKE JOBECPUTEIIb-
Hele nHTEpBansl (p < 0.01). IocTOBEepHOCTH MONYYEHHBIX
pe3yabTaroB B ciyyae cpaBHeHus: noiu TAMRA+ kierox
OIIEHUBAIIM TIPH TIOMOIIM KPUTEPHS Y2 ¢ YYETOM TIOMPABKU
Merca. TIpu cpaBHEHNH 3HaYEHHMIT XBOCTOBOTO MoMeHTa (TM)
JIOCTOBEPHOCTH OICHHWBAJIM IIPH ITOMOIIM KpuTepus Man-
Ha— YUTHU.

Pe3ynbratbl

Ba3oBble nHAUKATOpPBLI pa3padaTbiBaeMoii cTpaTeruv U

IKCIIePUMEHTAJIbHBIN TU3aliH 1/ HX OLIEHKH HA MOJeJIH

NMEePBUYHBIX KYJBTYP INIH00JacTOMBI YesioBeka. Mcxoms

13 OCHOBHBIX MTOJIOKEHUI HOBOM CTpaTeruu CHHXPOHU3AUU

Y 3paJIiKalliy CTBOJIOBBIX HHUIIMUPYIOIINX PAKOBBIX KIETOK

«3+1», Ob11 pazpaboTaH 3KCHEPUMEHTAIBHBIN AN3aiiH, co-

CTOSIIIIMM U3 CIEYIOLINX CTaIN:

1) obnapyxenne n nemoncrpamuss TAMRA+ kieTok B aHa-
JM3UPYEMBIX KYJbTypax;

2) aHanu3 [UKJIa penapanuy Mexienodedssix curok (MIIC)
TIpY OTHOKpaTHOM BBeneHnH nutoctarnka MMC. ITockoms-
Ky paOOTaromuii B 9KCTIEPUMEHTAX i1 ViVO KPOCCIMHKUPY-
0L [IUTOCTATUK LUKIO(POChaH B CiIydae KyJIbTyp KIETOK
6pu1 He mpuroneH (uukiaodocdan maaynHpyer MLIC 3a
cuer JeicTBHs Metadbonuta, pochopamMua Mycrapaa, 00-
pasyronerocs B eYeHN ), B IKCIIEPUMEHTaxX Ha KYJIbTypax
KJIETOK MBI TPEUIOKIINA Hcnonb30BaTh MMC, KOTOpEIiA
nenocpenactsenHo unaynupyetr MLC B JIHK knerox;
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3) pa3paboTKa CXeMbl TEPAITUH [IUTOCTATHKOM U IIperapaToM
neynenoueqnoi JIHK Ha ocHOoBaHuM aHanm3a Qa3 penapa-
THUBHOTO IIMKJIA;

4) aHanM3 KJIETOYHOTO LUKJIA B KYJIbTypaXx, MPOIIEALINX Te-
pamnuio MUTOCTAaTHKOM TI0 pa3paboTanHON cxeme. OTeHKa
rxonnuectBa TAMRA+ kietok Ha mpoTsbkeHHH 12 cyT
HOCJIe TPEXKPaTHOH 00pabOTKK LIUTOCTATUKOM, YTO HEOO-
XOJMMO JUISl BBISIBIICHUSI TOUKH (DUHATBHOTO MPUMEHCHHUS
tepanun MMC+/JIHK;

5) TepaneBTHYecKas 00paboTKa Ha OCHOBAHHUH PeKUMAa «3+1».
Ananmm3 Ha mpoTshkeHHH mocienyronmx 30 cyT obmiero
KOJINYECTBA PAKOBBIX KIETOK M konmuuecTtBa TAMRA+
KJIETOK, ITEPEXKUBIINX 00pabOTKY.

XapaKTepUCTHKA KJIETOYHBIX KYJbTYP INIM00JaCTOM
yejgoBeka U onenka Haamuuss B Hux TAMRA+ CUPK.
IlepBuuHBIE KyJIBTYpBl TIMOOJACTOMBI YEIOBEKA MallUEH-
toB JK. n K. mpencraBieHbl Xopo1mo NPUKPEIVIEHHBIMU K
MOBEPXHOCTH KYJIBTYPAIbHON MOCY/IBI KJIETKAaMH, KOTOPHIE
HUKOTJIa B OKCIIEPUMEHTAJIBHBIX YCIOBHUSIX HE 00OpasyloT
Heripocdepsl (puc. 1, a). Ham He yranock MOTyIHuTh OITyX0JH
IIPU TPAHCIUIAHTAINHU KIETOK 00CHX KYJIBTYp B JKEIYTOUKH
Mo3ra ummyHonepuuTHeiM MbiiiaM NOD/SCID (nanHbIe
HE TIPE/ICTABICHBI), TO3TOMY BCE KCIIEPHUMEHTHI C 3TUMHU
KyJIBTypaMHt TIPOBOAMIINCH ex Vivo.

[lepBoHa4yaabHO OBLIO HEOOXOAMMO MTPOJEMOHCTPHPOBATH
nammare CHUPK B kynsTypax mmobiactoM gemoBeka. [1po-
nentHoe coaepxkanne CUPK B kynpTypax olieHHMBanM Kak
JIOJTIO KJIETOK, CHOCOOHBIX Iortomars asyuenodednyo JJHK,
MeueHHyI0 KpacurteneM (cM. puc. 1, a). dnsg xymsrypsr XK.
npoueHTHoe coaep:xkanue TAMRA+ kieTok cocTaBuio
0.64+0.22 %, ns kynsrypsl K. —2.46+£0.61 % (cm. puc. 1, 6).
Takum 00pa3oMm, MBI MOATBEPAMIN HAIWYHE B KYJIBTYpax
rro6nactomsl ueaoBeka CHPK, criocoOHBIX K MOMIOIIEHHIO
neyuenoueunoit JIHK, kotopsle, o HalieMy MHEHHIO, TOTK-
HBI SIBIISITHCS] OCHOBHOI MUIIIEHBIO IPOTHBOPAKOBOM TEparuu
(Dolgova et al., 2018).

AHaIn3 BpeMEeHHBIX IMapaMeTPoOB penapanuu AByle-
noyeyHbIx paspbiBoB JJHK B KyJbTypax KjeTOK 4eJsio-
Beueckoii riamoodaacrombl K. m 7K. mocsie Bo3aeicTBuS
LUTOCTATHKA. PaHee B DKCIEPUMEHTaX in Vivo HUCIOIIb30-
BaJICSI KPOCCIMHKHAPYIOMINH IMUTOCTATUK MUKIO(OoCchaH.
B pesynbraTe Merabonusma nukiogpocdaHa B KIETKaX
napeHXuMbl nedeHn obpaszyercss Metabonut dochopamun
MYCTap/, MOJIEKYJTbl KOTOPOTO HHTEPKAIMPYIOT MEXK Ly LIETICH
JIHK xpomocom n popmupyror MIIC. Knerka HemeimeHHO
IIPUCTYNAET K pernapanyuy HHIyLUPOBAHHOTO ITIOBPEKICHUS.
Penaparmst MILIC mpoTtekaet B aBe craguu. B mepoii daze
pernapanuy IpouCXoAiT OCTAHOBKA PEIUTUKALNH U Y/IaJICHHE
kpocciunka (¢asza NER), Bo BTopoii a3e — BOCCTaHOBIICHHE
PETIMKATUBHON BUJIKH B PE3YJIbTaTe TOMOJIOTHYHON PEKOM-
ounamnuu. Ilepas dasza xapaxkTepusyercs HaKOIICHHEM
JLP, Bropas — ux ynanenuem (Niedernhofer et al., 2004).
ITo sTOMy IpU3HAKY, XOPOIIIO JETEKTHPYEMOMY HIIH METOIOM
KOMET, MJIM aHTHTeNnaMu K ructony YH,AX, onpenensercs
rpanuna AByx (a3 penaparuBHoro mnpoiecca. [Tockonbky
paboTa mpoBOIUIACh HA KYJIBTYpe KIETOK, B KAUECTBE KPOC-
CIIMHKHPYIOIEro areHTa 661 Beiopan MMC, KOTOpBIi 4acTo
HCIIOJIL3YETCS B CTAHIAPTHBIX LUTOPENYIUPYIOIIUX TEPANUAX
U TaK ke, Kak nukiodocdan, HAyIHPYeT GOpMUpOBaHHE
MIIC, HO, oHaKO, HE TPeOyeT aKTUBALMH META0OIMIECKUMH
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Fig. 1. TAMRA+ cell detection in primary human glioblastoma cell lines K and Zh obtained from surgical material.

(a) Cytological images, DAPI chromatin staining, TAMRA exogenous DNA probe. Scale bar 20 um. (b) Percentages of TAMRA+ cells in cultures. Standard deviation

is shown.
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Fig. 2. Analysis of double-stranded break formation induced by mitomycin C and their repair in primary human glioblastoma cells.

(a) Double-stranded break repair in cell line Zh. (b) Comet tails 6, 12, 18 h after mitomycin C treatment of cell line Zh. (c) Double-stranded
break repair in cell line K. (d) Comet tails 6, 12, and18 h after mitomycin C treatment of cell line K. Differences between points are significant
at p<0.001 (Mann-Whitney test). Confidence intervals (p < 0.01) are shown. White brackets in (b) and (d) indicate the mean size of cells with

comet tails estimated with CASP software.

cucremamu opranusma. [Tockomsky MLIC, mHAYIIHpOBaHHBIE
JF0OBIM areHTOM, YJIAJISTIOTCSL OJJHOM M TOM e perapaTuBHON
CUCTEMOM, CUUTAJIOCh, YTO PE3YJbTAThl 110 BPEMEHHBIM I1a-
pametrpam penapari MLIC, BbI3BaHHBIX IUKIO(OChaHOM,
OyayT aHAJOTHYHBIMHU JJIS JIFOOOTO JPYroro IIUTOCTATHKA
(marmpumep, MMC) B npMeHEHUH K JaHHOI KJIETOYHOH MO-
JIETTN B yCIIOBHSIX, aI€KBAaTHBIX CHEHU(PUIECKOMY AEHCTBUIO
urocrarika. TakiuM 00pa3oM, MPOBE/ICH aHAIIN3 BPEMEHHBIX
[apaMeTPOB PENapaTUBHOIO IIMKIIA IEPBUYHBIX KYJIBTYp KiIe-
TOK yestoBeueckoi rmoomactoMsl K. 1 XK. mocre Bo3aeiicTBus
mutoctarnka MMC (puc. 2). Oka3anock, YTO MakCUMyM

AKTyanbHble TEXHONOrMMN KNeTouHoi 6uonorumn

obpazoBanus I[P y 00enx KIECTOUHBIX JIUHUH TPUXOIUTCS
Ha 12 9 ¢ MomenTa 06padotkn MMC (p < 0.001). {1 Kyib-
Typb! K. ObUTH TpoaHann3upoBaHbl JIOMOJHUTEIbHbBIE TOUKH
W OTMEYEH BTOPOH MUK, mpuxomsamuiics Ha 36 9 (p < 0.001
OTHOCHUTEJIBHO HYJIEBOM TOUKH).

AHaJu3 pacnpeaeeHusi KJIeTOK MEPBUYHONH JUHHI
riauodaacrombl K. no kjeTouHoMy HUKJY 1ocje Bo3/eii-
CTBHUSI NUTOCTATHKA MUTOMHIMHA C. AHaNM3 CHHXPOHU-
3allUH KJIETOK B OIIPE/IeTICHHOH (ha3e KIIETOYHOTO LIUKIIa OKa-
3a71cs MaJIOMH(GOPMATUBHBIM U CIIOKHO HHTEPIIPETUPYEMBIM
(mannbIe HE IPUBOIATCS). CIOKHOCTD OLIEHKH MOITYYCHHBIX
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Ppe3yJIbTaToOB COCTOsLIA B ciieaytomeM. KieTku 00enx KysibTyp
nocye o6pabdorku rrroctatnkoM MMC M10X0 AETHIHCE, 9TO
3aTPYyIHIIO HApabOTKy JTOCTATOYHOTO KOJIMYECTBA KIIETOK,
HEeo0X0MMOT0 JIJIsl TOJTHOMACIITa0HO! OlleHKH. B pesynbrare
anonToTryeckoit nectpykiun B G2/M-¢a3ze ocTaTku Jierpa-
JIMPOBAHHBIX KJIETOK 10 YPOBHIO HHTEHCHBHOCTH (ryopec-
LEHLUH TIPOITHJIUS HO/IMIa pactipe/IeNsioTcst 110 BceM (azam
KJIETOYHOTO IIUKJIA, UCKaXasl peallbHyl0 KapTHHY COOBITHIA.
Kpowme storo, mpu MacTabHOM aromnTo3e, HHIyIHPOBAaHHOM
00paboTkaMH, BOSHUKAIOT TEXHUUECKHUE ITPOOJIEMBI B OLICHKE
KJIETOYHOTO IMKJIA B CBSI3M C MUHHMAJIBHBIM OCTAaTOYHBIM
KOJIMYECTBOM KJIETOK.

[TockonbKy IIaBHBIM COOBITHEM, HEOOXOANMBIM JUIS yC-
MENTHOM TepaIuH, SBISETCS ONpeeICHNE MOMEHTa CHHXPO-
Huzanu TAMRA+ KJIeTOK B 9yBCTBUTEIBHOH (pasze KieTod-
Horo 1ukia (G1/S), 6bUI0 PelIeHo sl ONPEISIICHUS TOUKH
(hrHATBEHOM 00pabOTKH HCTIONB30BaTh MMEHHO TOT ITPHU3HAK.

Ananu3 cuaxponmsannu TAMRA+ KJIeTOK B KyJbTY-
pax K. n 7K. npu o6padoTke HUTOCTATHKOM MUTOMMIIU-
HoMm C. Jlns ycnenrHo# snuvuHarmn Bcex CUPK u3 omyxo-
JIEBOM Macchl HEAOCTATOUHO 00pabOTOK IUTOCTATHKOM HITH
LUTOCTAaTUKOM COBMECTHO ¢ dk3orenHoi JIHK, nepekpniBa-
forrmux 1k perrapanun CUPK. OcraBmmecs nocne 6a30Boit
Tepanuy LUTOCTaTUKOM U IIpenaparoM asyuenoueunon JJHK
CHPK, xoTopble B CHIIy HAaXOX/IE€HHUS B HEUYyBCTBUTEIBHON
K aeficTBuro npenaparoB G2/M-da3ze KIeTOYHOTO ITUKIa He
TIOTIaJIH 110/ BO3JICHCTBHUE ITPENaparoB, BIIOCIEACTBUN CTAHYT
npuanHoit passutus peruausa (Potter et al., 2016). {ist Toro
YTOOBI YIAJTUTh 3TH KJIETKN, HEOOXOANMO HalTH MOMEHT, KOT-
nma CUPK OynyTt cuaxponnzosansl B G1/S-¢a3e kieToqHoro
LUKJIA, YTOOBI B 3Ty TEpPaIEeBTHYECKYI0 BPEMEHHYIO TOYKY
MIPOBECTH JOMOTHUTENBHYIO 00paboTKy MpemapaTam.

AmHanm3 pacrpeneneHns Bcei Macchl KIETOK 1o (azam Kiie-
TOYHOTO [MKJIA HE B OJHON Mepe MOAXOAUT [UIS OTIPEACIICHUS
crerienu cuaxpoHm3aru CHUPK, mockombky, Kak moKa3ain
pannue uccnenosanus (Potter et al., 2016), muk koaudecTBa
(akxymymsiimsi) CUPK nociie 6a30Boi Teparnuu orpeiesnsiercs
Ha OAIWH-]BA JIHS PAHBIIIE, YEM TIOJIHASI CHHXPOHH3AIHSI BCEX
OCTaBIINXCS Tocyie 6a30Boil Tepanuu kietok B G1/S-uys-
CTBUTENBHOIT (paze kieTouHoro 1ukia. OnpeneneHue B 0HOM
SKCHEPUMEHTE ISl IEPEBUBAEMBIX KyIIbTYp Iitoonactom K. u
K. 1MHaMUKH KJIE€TOYHOTO LUK U akkyMyisini TAMRA+
KJIETOK OKa3aJoCh TEXHHMYECKH HEBO3MOXXHBIM. B CBs3u C
3THM OBLIO PELIEHO MPHUHATH 33 (PUHAIBHYIO TOUKY TEparnuu
JleHb MakcuMasibHOH akkymynsauud TAMRA+ kineTok.

C ucnosnb30BaHNEM CTaHJaPTU30BAHHOTO BO MHOTHX Ha-
mmx myonukarusx medenoro JIHK-3ou1a (4 /u-pparmenr ye-
noseka) (Dolgova et al., 2014; Potter et al., 2016) 65110 O11C-
HeHo BpeMst akkyMyisiud TAMR A -1I03UTHBHBIX KIIETOK, UITH
TAMRA+ xnerox (oueBngno, CUPK), B oOpasmax KymeTyp
yenoBeueckoi mroodnacromsl K. u XK. Ha done o6paboTkn
uTocTatukoM. J1iist aToro Kietku obutn 06padoTans MMC
U B OIPEAEIEHHBIX TOYKAX MPOBEJECH aHAIHM3 COICPIKAHUS
TAMRA+ kieToxk.

Hcxons U3 aByx MukoB oOpaszoBanus u pernapauuu JL[P
(cMm. puc. 2), 66u1 TOKOOpaH CIEAYIONHNN PeXIM 00padOTKH
MMC: ob6paboTka nntoctatukoM B 0 u 18 1 (20 Mxr/min) u
27,36, 54 u 63 1 (10 MKI/MJI) C MOMEHTA [1EPBOM 00PabOTKH
(puc. 3, a). Ilpn TakoM pexmumMe, BO-TIEpBHIX, B Toukax 0, 18,
36, 54 nepekpbiBatoTcst (hazbl pernapaTuBHOTO Ipolecca s
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BCEX OCHOBHBIX HOHyJ'lHLll/Iﬁ KJIETOK, HAXOAAIMUXCA B pa3jiny-
HBIX (hazax KJIETOYHOTO ITUKIIA; BO-BTOPHIX, B TOUKax 27 1 63
OIIOKHMPYIOTCSI KJIETKH, (POPMUPYIOIINE HEOXKHJaHHbIH BTOPOH
UK (pe3ym>TaTL1 JOMOJHUTCIIBHBIX O9KCTIEPUMEHTOB, JAHHLIC
He MPUBOAATCS). Tak Kak, 1o HaIeMy MHEHUIO, JUTS YCTICIITHON
Teparuu ObUI0 HEOOXOMMO JT00ABHUTH JBE TOMOTHUTEIBHBIC
00paboTKU HUTOCTATHKOM (B 27 ¥ 63 ), TO B OJIHM3IICHKALIIX
TOYKaX 00pabOTKHN UTOCTATUKOM (36 U 54 4 COOTBETCTBEH-
HO) KOHIeHTpanus MutomunuHa C ObUIa CHM)KEHA BJIBOE
(10 Mkr/mi), "B cymMMe HaOHpasiach HCXOIHO UCIIOIb3yeMast
no3a 20 mxr/mi. Ananus comepkanust TAMRA+ kireTok mpo-
BOAMIICS HA 3—8-€ CyT ¢ MOMEHTa 00pPaOOTKH INTOCTATHKOM.
brin naiinen momeHT cuuxponuzanun TAMRA+ kietok,
KOT/Ia X KOJIMYECTBO 3HAYMTEIHLHO BO3pacTaeT (CM. puc. 3, 6).
Jst kyneTypel K. CHEXpOHHM3AIS IPUXOANTCS HA 5-€ CYT, KOT-
na konmnuectBoO TAMRA+ KIIeTOK yBEIMUUBAETCS B 1BA pasa
(c 1.41 10 2.89 %). st KynsTyphl KieTok JK. Ob11a 00Hapyxe-
Ha CJIe/TyIomIast KapTHHA U3MEHEHUSI KOJMYECTBA ITO3UTUBHBIX
KJIETOK: Ha 5-¢ cyT konndectBo TAMRA+ kiieTok Bo3pacTaer
B ueTsipe paza (c 1.47 no 5.88 %); Ha 7-e cyT kommuecTBo
TAMRA+ xnerok moBsimaercs 10 9.55 % (B8 6.5 pa3 ot uc-
xoaHOr0). Takoii pe3ynbrar MOT ObITh OOBSICHEH JBYyMsI IPE/I-
MIOJIOKEHUSIMA. BO-TIepBbIX, N3MEHEHHUE YHCIa MO3UTHBHBIX
KJIETOK COOTBETCTBYET PEaJbHOW KapTHHE CHHXPOHH3ALUH
9TOrO THUIIA KJICTOK Ha 7-¢ cyT HabmoneHus. Bropoe o0bsic-
uHenue >pdexra cremyromiee: TAMRA+ kiIeTku g0CTHTIN
MaKCHMaJIbHOW CHHXPOHH3ALMH Ha 5-€ CyT 3KcrepuMenTa. Ha
6-€ CYT MX KOJIMYECTBO COXPAHMIIOCH, TIOCKOJIbKY OHU OBbLIH
apecToBaHBI B OHOU (haze KieToyHoro mukiaa. Ha 7-e cyr
MIPOU30IILIA MACCOBAsl aNONTOTHYECKAs ACTPAJAHsl 3TUX
kietok (CUPK). O6pa3oBaHHbIC allONTOTHYECKUAEC BE3UKYJIbI
TIEPBOI1 BOJTHBI ATONTOTHUYECKOTO Paciia/ia eIle COXpPaHWIN Ha
CBOEH ITOBEPXHOCTH (PAKTOPHI MHTEPHAIN3AINH, & BHYTPEH-
HEro cBOOOJHOTO 00bEMa BE3HKYIIBI €I1Ie JIOCTATOUYHO JJIsl HH-
TepHaIm3anuu skctpakierognoro JJHK-30uma. D10 siBeHme
1 BBI3BAJIO BO3PACTAHUE JETEKTHPYEMOTO IIO3UTHBHOTO MaTe-
puajia. Ilo HamMM MHOTOYMCIIEHHBIM Ha6J'IIOIleHI/IﬂM, alloIl-
TOTHYECKHE YaCTHIIBI IEPBOM BOJIHBI Pa3pyIIEHNs KIETKH 10
pa3Mepy HEUETKO OTIIMYAIOTCS OT IEJIBIX PAKOBBIX KIICTOK U
nipu ycioBuu 3axBata JIHK-30H12 MOTyT onpenensTbes Kak
IeNTbIe KJIETKH, COIepIKalire MapKep. DTOT MEXaHU3M OyieT
MIPUBO/INTH K MCKQKEHHIO PE3YyJIBTAaTOB MOCYETA.

Takum 00pa3zom, ObUTH IPOBE/ICHBI BCE ITOATOTOBUTEIbHBIE
9KCTIEPUMEHTHI JJIs1 Pa3pabOTKH peXnuMa Teparuu KIETOK
Mo0OIacToMbl uenoBeka rurocrarukoM MMC n nipertapatom
akcTpakierouHoii apynenodeyHon JJHK. ITpoananusupoBan
ki penapauuu AP B kinerkax. [TokazaHo, 4TO KJIETKU CHH-
XPOHU3UPYIOTCS B ONpEJENICHHON (ha3e KISTOYHOTO IMKIIA
npu obpadotke 1urocrarnkoM. OnpenesieHo BpeMs, Kora
npoucxonuT akkymyssiuss TAMRA+ knerok. [loxydenasie
JTaHHBIC TTO3BOJIMJIN TTPOBECTH OLIEHKY 3(p(heKTHBHOCTH Haii-
JICHHOTO TEpareBTHYECKOr0 PeXMMa Ha KIeTKax IIHooia-
CTOMBI YEJIOBEKA.

O0paloTka KyJbTYpP KJIETOK 4YeJIOBeYeCKOoi IriinodJia-
crombl K. u K. uurocratrukom Mmuromunuaom C u npe-
naparom IHK B pesxknme, HanpaBieHHOM Ha 3paJuKaLHUI0
CHUPK (TAMRA+ kaerok). /s ouenku 3¢pdekruBHOCTH
BO3/CICTBUS TEPANIEBTUYECKOIO PEKUMA HA KIIETKU KYJIBTYP
mmobmactoms! K. 1 JK. Op1r BEIOpaHBI 1Ba MapaMeTpa: Ko-
JIMYECTBO NMPHUKPETICHHBIX KIETOK (BIMSHHUE Ha >KU3HECIIO-
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Fig. 3. Analysis of TAMRA+ tumor-initiating stem cell presence in human glioblastoma cell lines K and Zh upon cytostatic

mitomycin C treatment.

(a) Points of MMC treatment and TAMRA+ analysis. The dashed curve shows the course of DSB formation and repair after MMC treatment.
(b) TAMRA+ cell quantities in cell lines K (solid curve) and Zh (dashed curve) after MMC treatment. Standard deviations are shown.
*p < 0.001 in comparison with the zero point (Chi-square test).
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Fig. 4. In vitro mitomycin C and compositional DNA preparation treatment of human glioblastoma cell lines K and Zh Individual
treatments of cultures: blue arrows, cell line K; red arrows, cell line Zh.

cobHoctb) 1 KosmmuectBo TAMRA+ kiietTok (orieHka Bo3ziei-
ctBus Ha CUPK).

Ha ocHoBaHMHM pe3ynbTaToOB aHAJIN3a PEIAPaTUBHOTO U
KJICTOYHOTO IMKJIA [UIss KyJIbTypbl KieTok K. Obu1 paspabo-
TaH crexyrommii rpadguk o6padoTok nurocrarnkoMm MMC
1 KOMIIO3UMLUMOHHBIM npenapatoMm jByuenodeunoit JJHK
(puc. 4).

O6pabotky rroctarikoM mpoBoarti B 0 m 17 1 (20 Mxr/mit
B TEUCHHE OJTHOTO Yaca) B 35, 54 4 1 Ha 5-¢ CyT C MOMEHTa

AKTyaanble TEXHONOrM KNeTo4YHon 6uonorun

Havasia Tepanuu (10 Mxr/mt B reuerue 30 mu). [Ipenaparom
neynenouednoi JIHK o6pabarsiBanm B konmdectse 0.5 MKT
B TeueHue 40 muu B 10, 26, 46 u 64 4 ¢ MOMeHTa NepBOI
00pabOTKU UTOCTATUKOM U Ha 5-¢ ¢yT uepe3 10 u mocie 00-
padorkn MMC. Kak BumHO U3 cXxeMbl 00pabOTKH mpemapa-
TamMH Ha puc. 4, TOUKoil Juis nocnenneit oopadorkn MMC +
JHK siBisunace 00paboTka Ha 5-€ CyT B MOMEHT aKKyMYJISILIA
TAMRA+ CHUPK, neobOxomumast JuIsl TIOJHOM DIIMMUHAIIAN
YKa3aHHBIX KJIETOK.

831

BaBuWNOBCKMI XKYpHan reHeTUKN n cenekuyumn « 2018 « 22 « 7



Evaluation of tumor stem cell eradication
in primary human glioblastoma cultures

a 3001 Control
S50l 254 B MMC
S MMC + DNA
X 200
3
o o150+
3 98
3 100} 94
S
< 48 39.5
50 38 2
0 1 l 1 . 1 ]
3 5 7 15
b 35. n Control
--A-- MMC
op T L @ MMC +DNA
S st
i)
g 20f g -1
b
< 15F
<§c 10} x **
. ’ L 3
0.5 X eereessesnsens ? S
0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Days after the first MMC treatment

Fig. 5. Quantitative analysis of adherent cells and TAMRA+ cells of human
glioblastoma cell line K following mitomycin C and compositional DNA
preparation treatments.

(a) Numbers of adherent cells on days 3, 5, 7, and 15 after the first mitomycin C
treatment. (b) Percentage of TAMRA+ cells. Standard deviations are indicated.
The confidence of the results in comparison with the reference value is esti-
mated by the Chi-square test, **p < 0.01, *p < 0.001

B mpouecce npoBeeHNs SKCIEPUMEHTA MTPOAHATUZUPO-
BaHO TPH TPYIIIBL: KOHTPOJIb — HHTAKTHBIE KJIETKH, KOTOPBIE
He roaBepraiuck oopadorke; MMC — rpyma, KoTopyro 00-
pabarbIBaJIM TOJIBKO IIUTOCTATUKOM II0 CXeMe, yKa3aHHOH Ha
puc. 4; MMC + JJHK — rpynma, xotopyro oOpadaTsiBanu
muroctatnkoM MMC cOBMECTHO ¢ KOMIIO3UIIMOHHBIM TIpe-
naparom JIHK. Knerkn Obuin paccaxensl B yamku [lerpu
(3.5 cMm B qmameTpe) B KonmmgecTBe 185 ThIC./9amKy; Bce yar-
KH B Tpynax odpadarsiBainy napamiensao. Ha 3, 5, 7-e cyrc
MoMeHTa repBoii 0opadorku MMC no onHoii vamike [letpu
13 KaXI01 Tpynmsl Opanu as anamm3a TAMRA+ u obmiero
KOJIMYECTBA )KU3HECTIOCOOHBIX KIIETOK.

Vxe K 3-M CyT 9KCIIEpUMEHTa KOJIMYEeCTBO KIJIETOK B KOHT-
POIBHOIT TpyTIe Bo3pociio a0 254 Tric. (B 1.4 pasa). B rpymn-
nmax MMC u MMC + JIHK konn4ecTBO KJIETOK MOCTEIIEHHO
cHIKajock. Tak, kK 7-M CyT B o0Opa3siax IeTeKTUPOBAIOCH
26 teic. (MMC) u 39.5 te1c. (MMC + JIHK) X71€TOK, 9TO CO-
OTBETCTBYET MaJICHHIO KOJINUECTBA KJIETOK OT HCXOJHOTO B 7.1
u 5 pa3 coorBercTBeHHO. K 31-M CyT KJI€TKM IMpaKkTHUeCKU
He aeTekTupyrorca. B uamkax IleTpn MOXHO «yJIOBHUTBY
TOJIBKO €IMHUYHBIC KIIETKH, MHOTHE U3 KOTOPBIX HAXOAMINCH
B OTKPETJICHHOM COCTOSIHUU. ONpeaennTh 3HAYUMO€e eTEK-
TUPYEMOE KOJINYECTBO MPUKPETIICHHBIX KU3HECTIOCOOHBIX
KJIETOK OKa3aJI0Ch HEBO3MOKHBIM (pHC. 5, a).

[IpoBeneHa cpaBHUTEIbHAS KOJWYECTBEHHAs OLIEHKA
TAMRA+ knetok (cM. puc. 5, 6). VI3Ha9ambHO B KYIBType
KJIETOK npoueHtHoe conepkanne TAMRA+ kneTok coctas-

832 VavilovJournal of Genetics and Breeding - 2018 - 22 - 7

E.V. Dolgova, A.S. Proskurina, E.A. Potter ...
A.A. Ostanin, E.R. Chernykh, S.S. Bogachev

r .
¢
5 ¢ Control
L - = - MMC
ke MMC+ DNA

TAMRA+ ells x10°
w

m-
1 1 **”-
0 1 2 3

Days after the first MMC treatment

Fig. 6. Absolute numbers of TAMRA+ cells found in human glioblastoma
cell line K upon mitomycin C or combined treatment with mitomycin C
and compositional DNA.

No cells are detectable by day 30; apparently, the number of TAMRA+ cell has
reduced to zero.

ms110 2.46+0.61 %, 1 3TO KOIMUYECTBO C TEUEHHEM BPEMEHHU
ocraBaJioch B npenenax ommoOku. ITocie Hawama 00padboTok
(Ha 3-u cyT) mpoueHTHoe conepxkanue TAMRA+ kinetox
nmoctoBepHO (p < 0.001) cHmKaeTcs B 0benx rpymmax: 0
0.75+0.19 % B rpynne MMC u 1o 0.44+0.08 % B rpynmne
MMC + IHK. 3arem xonuuectBo TAMRA+ kietok Ha-
4ypHaeT Bo3pacrarb. Ha 5-e cyT mpoueHTHoe cojep:kaHue
TAMRA+ knerok B rpynne MMC cocrasnstet 1.98+0.25 %
u Ha 7-e cyT 2.174+0.23 %, 4To TOCTOBEPHO HE OTIUYAETCS
ot koHTpOoist. B rpymme MMC + JIHK xonmmaectBo TAMRA+
kaeTok cocrasisieT 0.47+0.08 % na 5-e cyrn 0.71+£0.14 %
Ha 7-€ CcyT, Takue 3HaueHus 1octoBepHo (p <0.001 up <0.01
COOTBETCTBEHHO) HI)KE, YEM B KOHTPOJIE.

MBI IpoaHaIM3UPOBAIN INHAMHUKY A0COIIOTHOTO KOJIHYE-
CTBa IMO3UTUBHBIX KJIETOK U BBISCHHUIIH CJIEIYIOLIYIO 3aKOHO-
MepHOCTb. [0 Xoay mpoBeeHHOH Tepanuy abCOTIOTHOE KO-
mmyectBo CUPK (TAMRA) neyknonno nanaet. K 7-m cyt
HaOII01aeTCsl UX MUHUMAJIBHOE KOJIMYECTBO, XOTSl B IPO-
[IEHTHOM OTHOIIEHHUH MTPOHU30IILIO YBETUICHUE OTHOCHTEIb-
Horo konnuectBa TAMRA+ knerok. Takast kapTuHa MOXET
CBUJICTEJIBCTBOBATh 00 MX akKymyssiuuu. J{nHamuka abco-
moTHOTO KomnyectBa TAMR A+ kireTok mpuBeneHa Ha puc. 6.
[TomyueHHbIE TaHHBIE CBUIETEIBCTBYIOT, YTO UCIIOIb3yeMast
Tepartst CHkaeT abcortotHoe koinuecTBo TAMRA+ kitetok
Kak B ciy4dae obpabotkn omauM MMC, Tak M Tpu CHHEp-
ruynoM aeiicteun MMC u THK. Cnenyet oTMeTUTB, YTO
3 PEeKTUBHOCTH CHHEPIMYHOTO JACHCTBHUS B JIBa pa3a BbILLE,
geM 00paboTKka MUTOCTATUKOM B PEKHME MOHOTEPAIIHH.
[Tpu nauansrOM KonnuectBe CUPK, paBHOM ~ 5000 KneTok,
Ha 7-¢ cyT HabmroneHus abcomoTHoe KoimuecTBo + CHPK
npu obpadorke MMC manmaer go ~500 (B 10 pa3), a npu
cuaepruyHoit oopadorke MMC u JIHK mo 250 (B 20 pa3).
CpaBnuBas cHikeHue konudectsa CUPK ¢ ymensmeHnem
00II1eT0 KOJMYEecTBa KIETOK B 00pasie, MOKHO 3aKIIFOUUTD,
YTO 7100aBJICHHE B TEPAIUIO CIIOKHOKOMITO3UITHOHHOTO TIpe-
napara JIHK cymecrBeHHo yBenuunBaer 3((EeKTHBHOCTH
snumuHanun CUPK (K, =0.71 jia MMC, K = 0.25 nis
MMC + JIHK). YuursiBas Tot ¢akrt, uro k 30-M cyT HalI0-
JICHUS! TIOMYJISILMSI TIINOOIaCTOMHBIX KJIeToK K. MosHOCTBIO
SIMMMUHHUPYETCS, MOXKHO 3aKITIOYUTb, YTO IPUMEHEHHBIN pe-
JKMM TTOJTHOCTBIO COOTBETCTBYET BCEM PaHEE ONPECICHHBIM
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Fig. 7. Quantitative analysis of adherent cells and TAMRA+ cells of human glioblastoma cell line Zh after treatments with mitomycin Cand compositional

DNA.

(a) Numbers of adherent cells on days 3, 5, 7, and 15 after the first mitomycin C treatment. (b) Percentage of TAMRA+ cells. Standard deviations are indicated. The
confidence of the results in comparison with the reference value is estimated by the Chi-square test, *p < 0.001.

perepHBIM apaMeTpaM 1 JEMOHCTPUPYET BEICOKHUIN YPOBEHb
3G PEKTUBHOCTH.

HerﬂMOHHHeﬁHbIe HU3MCHCHUS ITPOLUCHTHOI'O OTHOLICHUA
TAMRA+ kJIeTOK CBSI3aHBI C TEM, YTO IIPU IPOBEIEHHOM
aHaJIM3e HAKIIA/bIBAIOTCS J[BAa B3aMMOMCKIIOUAIONINX APYT
Jpyra Iporecca, OnpeAeIsionMX OTHOCHTEIBHOE KOJInYe-
ctBo TAMRA+ CHPK, a nMeHHO >MMMUHAINSA yKa3aHHBIX
KJIETOK M ITPOIIECC YBEINYEHHS UX TIPOLIEHTHOTO OTHOIICHUS
K YMEHBIIAIOIEMYCSI YUCITy KIIETOK.

B cBs13u ¢ Tem, urto rpaduku penaparmu AP kyasTyp Kite-
Tok mo6mactomsl K. n JK. ObIIM aHATOTHYHEL, JJ15T KyJTBTYPbI
kieTok JK. ObuIa MCIONBb30BaHA TaKas JKe cxema 00paboToK
ruTocTaTikoM MMC ¥ KOMITO3HIIMOHHBIM MTPEMapaToM 9K30-
renHoi asyuenoyeunoit JIHK, 3a uckimrouenneM nocieaHux
00paboTOK, KOTOPBIC MPOU3BOIUINCH B MOMCHT aKKYMYJISIIHA
TAMRA+ knerok Ha 7-¢ 1 10-e cyT (cm. puc. 4). JlomomHu-
TenpHast 00padoTka Ha 10-e cyT ObliIa 1o0aBIeHa Ha CITy4ai,
ecnu npu oneHke cunxponuzanuu TAMRA+ kinetox (cm.
puc. 3), Ml He 3axBaTiii MakcuMyM TAMRA+ kieTok Ha
7-e cyT.

B nporuecce npoBeneHnst SKCIEPUMEHTa, Kak U B Cllydae
KyasTypsl K., OBITO MTpoaHATU3UPOBAHO TPH TPYIIHI (KOH-
tpons; MMC u MMC+ THK) no cxeme, moka3aHHOW Ha
puc. 4). Knetku paccaaunu no yamikam [etpu (3.5 cm B qua-
MeTpe) B kommuecTe 200 ThIC./9alKy, BCe Yallky B TPyIIIax
obpabarsiBanu mapamiensHo. Ha 3, 5, 7u 15-e cyT ¢ MomenTa
niepBoii 00pabotku MMC o onHo varke [leTpu u3 kaxmon
rpynmsl Opanu st anannza TAMRA+ kineTok u oGrmiero
KOJIMYECTBA )KU3HECTIOCOOHBIX KIIETOK (puc. 7, a, 0).

K 3-M cyT Kkonn4ecTBO KJIE€TOK B KOHTPOJIBHOM IpyTIIIe MpakK-
THYECKU HE M3MEHSIOCH M coCcTaBWIO 203 TBIC., UYTO MOKET
TOBOPUTH O HU3KOH CKOPOCTH MpoH(epauy JaHHOH KyJlb-
Typsl. B rpynmax MMC u MMC+ JIHK konndecTBo KJI€TOK
MOCTENEHHO CHIKAIOCH. Tak, K 7-M cyT ocTtaercs 156 Thic.
(MMC) u 160 teic. (MMC +IHK) KIETOK, T.€. OT HCXOA-
HOTO YPOBHS MX KoimuuecTBo manaeT B 1.3 u 1.25 paza. Ha
9-e cyT KOMMYeCcTBO KJIETOK cocTaBisiio 111 Teic. m 112 ThIC.
(amxe HagambHOTO ypoBHS B 1.8 pa3 B obenx rpynmnax). Ha
15-e cyT B KOHTPOJIE KOTMUECTBO KIETOK 0CTUTraeT 596 ThIC.,
B rpyrme MMC — 80 Tsic., B Tpyrmme MMC + JIHK — 58 Thic.
[IpoucxonuT siBHAs TepaieBTHYECKAs 1T pagaliist KyJIbTypBbI,
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Fig. 8. Absolute numbers of TAMRA+ cells found in human glioblastoma
cell line Zh upon mitomycin C or combined treatment with mitomycin C
and compositional DNA.

CBUICTENBCTBYIOMAs 00 3 (EKTUBHOCTH MPOBEACHHBIX 00-
paboTok (cM. puc. 7, a).

HeoxxunanHbIM 0OKa3aics aHaIu3 KOJIMYECTBEHHOU OLICHKU
TAMRA+ knetok (cM. puc. 7, 6). 3HauapHO B KyNbType
KJIETOK npoueHTHoe conepkanne TAMRA+ kneTok coctas-
asno 0.67+0.37 %, 3TO KOIUYECTBO C TEUEHHEM BPEMEHU
JIOCTOBEpHO HE M3MeHstock. Ha 15-e cyT HacumThIBaiIOCh
0.55+0.36 % yxazanHbIxX KineTok. [Tocne Hagama 06paboTox
(1a 3-u cyt) komuuectBo TAMR A+ kitetok B o0pasiax MMC
JocToBepHO He ynaino u coctasuio 0.40+0.21 %. B rpynme
MMC+ JHK noxazarens cauzuics 1o 0.17+0.03 %. Bo
BCEX MOCIEeAyoNMX Toukax konndectBo TAMRA+ kieTok
PE3KO BO3pACTaET U ACPKUTCS HA YPOBHE TOCTOBEPHO BBHIIIIE
koHTpOA (p <0.001). Tak, Ha 5-¢ cyT kommyectBo TAMRA+
KieTok cocrapisieT 5.41+2.34 % (MMC) u 5.82+2.33 %
(MMC+ IHK). Briocnencteun ypoBeHb TAMRA+ kieTox
MIPOJIOJKACT HE3HAYMTENBHO IOBBIIATECS B rpynne MMC
(mo 7.68+2.55 %) u He3HAUUTETHHO MMOHUKATHCS B TPYIIIE
MMC+IHK (70 5.09+1.67 %).

Onenka abdcomrorHoro konmudecrsa TAMRA+ xireTok Ha
15-e cyT skcmepuMeHTa MoKasaja CIeAYIolne 3HauYeHus
(puc. 8): B rpyne MMC xomrraectBo TAMR A+ kieTok cocra-
Buno ~6000; mst rpynnst MMC + JIHK ~3 000 knerok. Ipu
833
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9TOM B KOHTPOJILHOM IpyIIIie a0COTIOTHOE KOJIMYECTBO KIIETOK
cocTtaBmiio ~3500, XOTSa KCXOIHO aOCOIIOTHOE KOJIMYECTBO
cocraBisuio ~ 1 300 kireTok. [ToBeImeHNe aOCOMIOTHOTO KOJTH-
yectBa TAMRA+ CHPK npu yBenndyenuu Bceil momymsiiuu
PaKOBBIX KJIETOK M COXPAHEHHWHU TPOLEHTHOTO COAEPKAHUS
9THX KJIETOK I10 OTHOIICHHIO K YBEJIMUHMBIICHCS Macce paKo-
BBIX KJIETOK COIIACYeTCs C HAIIMMHU PAHHUMHM 3KCIEPUMEH-
tamu (ITorTep u np., 2016; Potter et al., 2016). B yka3zaHHBIX
paborax mpuBonutcs KoHnennus, 4To TAMRA+ xneTku
SIBJISIIOTCSI «KJIETKaMHU-OIepaTopamMmi», GOpMHUPYIOIUMHU pe-
TYISITOPHBIN INTOKMHOBBIHN IPOQUITE, ¥ UX HU3NOTOTHIECKOE
KOJIMYECTBO MOCTOSIHHO U HaxoauTed B npeaenax 0.5-3 % ot
o011eii Maccel Ki1eTok. Takum 00pa3oM, B KOHTPOJIE IPOU30-
nuto ectectBeHHoe yBenmuenne CHUPK-omepatopoB 1o ko-
JMYeCTBa, HEOOXOMMOTO ISl OpPraHU3alUK KJIETOYHOTO CO-
ob1ecTBa. B McXoiHOM MOMyIIsiyu POILIEHTHOE COJIepIKaHue
TAMRA+ knerok cocraBisio ~0.65 %, B KOHEUHOU TOYKE
n3mepenus ~0.6 %.

OOHapy)XeHHOE YBEJIMUEHHE KaK IPOLIEHTHOTO COofiepkKa-
HHUSL, TaK 1 abcomoTHoro kommuectBa TAMRA+ CUPK moxxHO
OOBSCHUTH HECKOJIBKUMH MPEAIIOIOKECHUIMH. Bo-11epBhIX,
MBI HEMIPABHJIBHO OITPE/ICIINIIN 0a30BbIE TapaMeTPhl TEPAIIHH,
4TO 00YCIIOBHIIO BO3AEHCTBHE, HO HE 3PAANKAIINIO 3TOTO THITA
KJIeTOK. BoccTaHOBHBIINCH 1TOCTE HE BIONHE 3P GEKTUBHOMN
Tepanuy, KJISTKH Hayald CUMMETPUYHO JEIUTHCS, YTOObI
BOCCTAQHOBUTb OTEPSIHHYIO KJIETOUHYIO MACCY, 3TO COMPOBOX-
JIalIoch YBEJIIMUEHHEM MX KolndecTBa. Bropoe oObsicHeHne
3aKJII0YAETCs] B TOM, YTO MBI AETEKTHPYEM M CUMTAEM arorl-
TOTHYECKHE KIIETOUHbIC JIETPaIaHThl, KOTOPBIE ACCOLMUPYIOT
¢ IHK. Ha 3T0T pakT MOXKET yKa3bIBaTh KaK CONOCTABIICHUE
LUTOJIOTMYECKOH KapTHUHBI KJIETOK (MEJIKHE XpOMaTHHOCO/Iep-
KaIIFe Be3UKYISIPHBIC CTPYKTYPHI) 1 Jokann3aimn TAMRA-
MEYEHHOT'0 MaTepHaa, Tak U TO, 4To o0IIee KOJIMIEeCTBO Kile-
TOK Kak Ju1s peskuma MMC, Tak u anis pexxuma MMC + JTHK
3HAYUTEIBHO MagaeT 10 80 U 58 ThIC. COOTBETCTBEHHO, YTO
CBUJICTEIIBCTBYET 00 IMMHHHUPYIONIEM BO3ACHCTBUU Tepa-
niu. Tperbe 00bscHeHne peHOMEHa 3aKITI04aeTCsl B TOM, YTO
BCe ocTaBInuecs crnocoOHbie 3axBarbiBaTh JJHK-30H1 CIPK
KyJIBTypBl Ki1eToK JK. MpooibKaroT monajaarh 1moj yCIoBUs
apecTa KJIETOYHOTO IUKJIA U HAKaIUIUBaThCs B JETpagupy-
IOIIEH MOMYJISAIMN KIETOK TIIHO00IacTOMbL. [Ipu 3TOM YeTko
HaOromaercst TapreTHoe Boszelicteue Ha TAMRA+ CHUPK
JIBYX NIpErapaToB, padoTaloLIMX OJHOBpeMEHHO. B nporecce
aHaM3a Ha 3-M CYT OKa3aJlocCh, YTO MPOLIEHTHOE COJCpKa-
HHE 3THX KJIETOK B 0Opa3nax MMC He ymalio ¥ coCTaBuIIO
0.40+0.21 %, rorna kak B rpynne MMC + JIHK nokazarens
yman g0 3sadenus 0.16+0.03 %. B kondecTBEHHOM BBIpaske-
HUM 310 coctaBmiio 550 mit MMC (B 2.4 paza MEHBIIIE, YeM
TAMRA+ CHPK B xonTpone) u 235 kierok aus MMC + JIHK
(B 5.5 pa3za mensie ncxogHoro). Ilomy4eHHbIH pe3yasTart
MOKa3bIBACT, YTO NPEHMYIIECTBEHHOE M NEPBOOUYECPEAHOE
Bo3zeicTBHe Tepanus okazana Ha TAMRA+ CHUPK. Ouenka
TAMRA+ marepunana Ha 15-e cyT sKcTlepuMeHTa, HECMO-
Tpsl Ha CJIIOKHOCTh MHTEPIPETAINH, ITPOJIEMOHCTPUPOBAJIA,
gyro B obpasiax MMC+/IHK konuuecTBO JeTEKTHPYEMOTO
TAMRA+ marepuana B 1Ba pa3a MEHBIIIE, YeM [T BAPHAHTA
MMC. 310 TaKke CBHICTENBCTBYET O Oounbinei 3¢ pexTns-
HOCTH CHHEPrH4HO# Tepanuu st KynbTypsl XK. Koaddu-
muenTsl BeokuBaemoctr CUPK miist mcrons3yemoit Tepanuu
coctapmsitoT: MMC K, =35.5, 4To HHTEepIpeTHPYETCs KaK

BBIK
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HAKOILUIEHUEe 3TuX K1eTok; i MMC+IHK K = 23.95,
9TO TaK)Ke CBUACTENBCTBYET 00 yBenmuueHnn ancina TAMRA+
KJIETOK, HO ¢ 3()(pexTuBHOCTHIO Ha 30 % MeHbIIe.

O6¢cyxpeHue

B nacrosiem rccieioBaHiy IPOBeieHa OlLleHKa () (HeKTHB-
HOCTH IPUMEHEHUS TepaneBTHUECKoro pexuma «3+1» (Potter
etal., 2016) B agantupoBaHHON (hOpMe [T TEPBUIHBIX KYyJTb-
Typ mmobnactomsl yenoseka K. u XK., momyuennsix B HoBo-
CHOHUPCKOM HAyYHO-HMCCIIE0BAaTEIbCKOM HHCTUTYTE TpaBMa-
Tosioruu u oproneauu uM. .JI. L{luBbsiHa U KyJIbTUBUPYEMBIX
B 1a00paToOpuy MHIYyIHPOBAHHBIX KICTOUHBIX ITPOILECCOB
Wlul" CO PAH. [lononuurensHo Obl1a orieHeHa () GeKTrB-
HOCTb JJEHCTBUS KPOCCIMHKUPYIOIETO IIUTOCTAaTHKA B hopme
MOHOTIpEnapaTa B 3IallTHPOBAHHOM JIJIsl IEPBUYHBIX KYJIBTYP
pexume «3+1» i «5+1». Panee Obu10 mokasaHo, 4ro 00-
paboTKa KPOCCIMHKUPYIOIINM IIUTOCTaTHKOM B PEKUME
«HAKJIAJBIBAIOIINXCSI APECTOBY KJIETOYHOTO IMKJIA MPUBOIUT
K YBEJIMUEHHIO CPEAHEN NMPOAOIKUTEIBHOCTH JKU3HHU KCIIe-
PUMEHTAIBHBIX XKUBOTHBIX B IIeCcThb-ceMb pa3 (Potter et al.,
2016). Ecnu Takoit s ekt nmeeT 001mednoIornieckyo oc-
HOBY, TO NTapaAurMa peKUMOB BBEJICHUS [IUTOPEAYLIUPYIOIINX
MPETIapaToB MOXKET OBITh CKOPPEKTHPOBaHa. Takast KOppEeKIHsI
MIPE/IIIONAraeT MPUBA3KY PEKUMOB BBEACHUS IIUTOCTATHKOB
K nukity penapaiyuu MIIC nomynasiuu KJIeToK-MUIIEHEH.

IlokazaHo, 4TO aganTUPOBAHHBIN K KYJIbTYpaM pPEXHUM
«3+1» npuBomuUT K 3 PEeKTUBHON TepaneBTHIECKOH ierpaia-
1K 00enX KJIeTouHbIX nomyssiiuid. K 30-M cyT st KyabTy-
pbI K. K13HECTIOCOOHBIX KIIETOK, KAK KOMMUTHPOBAHHBIX, TAK
u TAMRA+ CHUPK, B KynsTypasibHOU cpefie TPAKTUYECKH HE
obHapysxuBaercst. st Kynsrypsl JK. aHanmu3 ObLI IpoBeieH
1m0 15-x cyT oT Hawyana skcrepuMenTa. s 3Toi KyIbTyphl
TaKXKe TOKa3aHO CYIIECTBEHHOE CHIDKCHHE OOIIETo KoJIude-
CTBa KJIETOK B 3KCIIEpPUMEHTANbHBIX Toukax. [Ipu 3ToM B
KOHTPOJIE KJIIETKH YCTIEITHO Pa3MHOKAJHCh. BasKHO OTMETHTB,
YTO, HECMOTPSI Ha 00IIee MCTOIIECHUE MOMYJISIMN KYJIBTYp
kietok, konuuectBo CUPK B obenx Kynabrypax MeHsETCs
HENPSAMOJIMHEHHO Kak B oOpasiax, oOpabOTaHHBIX OJTHUM
MMC, tak 1 MMC + JIHK. Pe3ynbraTsl cBUAETEIBCTBYIOT O
cuHepruuHoM TapretHoM jaericteun MMC+ JIHK na CUPK
(TAMRA+). Tem He menee oguH MMC B pexxume «HaKJa-
JIBIBAOLIMXCSI APECTOBY KIIETOUYHOTO IUKJIIA TaKKe (P PEKTHB-
HO JICUCTBYET Ha PaKOBbIC KJIETKH B 1I€JI0OM, 0€3 aKkleHTa Ha
CHPK (TAMRA).

[IpoBenenHas OLEHKA CBHICTEILCTBYET O TOM, YTO Hai-
JICHHBIM PEKUM M CTPATErM4YECKUU I0XOJ B ONPEACIICHUU
WHJIUKATOPHBIX TOUEK PEKUMA B L[EJIOM OBLIN ONPEIEIICHbI
MPaBWIBHO U TepareBTuiecku 3dextuBHbl. BMecTe ¢ Tem
B XO/I€ 9KCIIEPUMEHTOB ITOSIBUJINCH HEOXKUAaHHBIE (PAKThI OT-
HocutensHo noeaennss TAMRA+ CUPK, kotopsie TpebyroT
JTAJIHEHIIIEr0 aHaIN3a M ONpE/IeNICHUS NCTHHHBIX MPUYNH
BO3HHKIINX OTKJIOHEHHUH OT 0XKHJIa€MOr0 pe3ybTara.

Heynaunsie mombITKH MHTpaIepeOpasbHON TpaHCIIaH-
TalMK TPENOIAraloT N3MEHEHHE DKCIEPUMEHTAIBHOTO
Ju3aiiHa B Cllydae KyJIBTYp KJI€TOK IIHOOIACTOMBI YeJIOBEKa
U, TI0-BUANMOMY, APYTUX KyIbTHBUPYEMBIX €X Vivo KIeTOou-
HBIX coobmiecTB. [Ipenmnonaraercs B ciaydae IIaHUPOBAHUS
HKCIIEPUMEHTOB MO OLIEHKE d(PPEKTUBHOCTH ITPOBEJCHHBIX
mporeayp 1o rpadTHHTY 00pabOTaHHBIX ex Vivo KIETOK MPe-
BapHUTEJIFHO aHATU3HPOBATh CIOCOOHOCTH 3TOM KYJIBTYPHI 1a-
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OueHKa a3pajivKaumm CTBOMOBbIX PakoBbIX KNETOK
Ha NpuMepe NepPBMYHbIX KY/IbTYpP rMo6iacToMbl YenoBeka

BaTh YBEPEHHbBIE TPAHCIIAHTATBI. TO HEOOXOIUMO IS T10-
JIO)KUTETBHOTO KOHTPOJISI B TIOCJIEAYFOIINX IKCTIEPUMEHTAX.
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ITaTTepH sTuaepMIca JMCTa IMIIeHNIIbI
KaK MOJie/b IJIs1 I3YUeHUsT BINSHUS
CTPEeCcCOBBIX VCIOBUIL Ha MOpdoreHes

V.C. 3y6anposal @, A.B. Aopourkos! 2@

T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LIMTONOTUM 1 reHeTuKi CUBUPCKOTo oTAeNeHs Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccua
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SnuaepMnC NMCcTa OAHOAO0SIBHOIO PacTEHMA — LUIMPOKO UCMOob3yemas
MogenbHasa cnctema ana nyyeHus auddepeHUpoBKI KNeToK pacTe-
HU. OH coflepKUT CneLnan3npoBaHHble KNeTKN, KOTOpble NIerko
HabnofaTb. B HacToAwen paboTe npegnaraeTca KOHLENLMA NCMONb-
30BaHUA PaCTYLLEro N1CTa 31aKoB /1A U3yYeHUA CTPeCcc-UHAYyLnpo-
BaHHbIX U3MEHEHU MopdoreHesa B ANHAMMKE. JIMHEHbBIN NNCT nLe-
HULbI BO Bpema cBoero GopmrnpoBaHna AnuTenbHOe BPemsa COXpaHsaeT
a3y cTaymoHapHoro pocta. 3To NO3BONAET HabNOAATL CepUto Nocse-
ZoBaTeNIbHbIX COObITUI MOpdOreHesa, 3adUKCMPOBAHHbIX B KNETOY-
HOW CTPYKTYpe B3pOC/IOro NncTa. 1A nsyyeHuna KNeTouHom apxuTek-
TYpbl NMAepMm1ca NNCTa NWEHWLbI TPUMEHEH NOAXO[, OCHOBAHHbIN
Ha nosyyeHnmn n obpaboTke KOHPOoKanbHbIx 3D n306pakeHNi NNCTbeB
NWeHNLbl, OKpaLLEeHHbIX ¢priyopecleHTHbIMU KpacuTtenamu. OH faeT
BO3MOXHOCTb NPOBOANTb TOUHOE MOPPOMETPUYECKOe onmncaHne un
onpeaenATb KONMYECTBEHHbIE XapaKTepPUCTUKK NaTTepHa anugepmMmmuca
nucta. Hu3kmne Temnepatypbl ABAATCA OAHUM U3 GaKTOPOB, TMMU-
TUPYIOLWMX BO3[eSbIBaHE KySIbTYPHbIX PaCTEHUN B yMEPEHHOW 30He.
MokasaHbl 3HauMMble HapyLleHna MopdoreHesa yCTbMYHOrO annapa-
Ta B anuaepmuce npeadnaroBbix MMCcTbeB coptoB CapaToBcKas 29 n
AIHeykmc MpobaT B OTBET Ha XONOLOBON CTPECC. YCTaHOBJIEHO, UTO B
30He MaKCMManbHOro NPOABIEHNA CTPECCOBOrO BO3AENCTBUA Npe-
obnagatoT GyHKLMOHaNbHO HapyLUeHHble YCTbMLa, TOTAa Kak B 30HaX,
chOPMMPOBAHHbBIX 1O 1 NOC/IE HEro, aHOManumn Pa3BMTUA CBOAATCA
TOMbKO K HapyLUeHno MmopdoreHesa o6KMafouHbIX KneTok. [insa copTa
CapaTtoBckas 29 6bIn0 BbIABIEHO GOPMUPOBAHUNE 3HAUMMOTO KONUYe-
CTBa SKTOMUYECKNX TPUXOM B pAfaXx, AeTEPMUHMPOBAHHbIX K 06pa3o-
BaHu10 ycTbuy,. C NprMeHeHem npeanaraeMoro nogxona MoXHo no-
nyyaTb CTaHAAPTN30BaHHbIE KaYeCTBEHHbIE 1 KONIMYECTBEHHbIE OLieH-
KU1 CTpecc-MHAYLUMPOBaHHbIX HapyLLeHWI MopdoreHesa anvaepmMmmuca
NNCTa NweHnLbl. BnocnencTBum 3tm faHHble MOryT ObiTb MCNONb30Ba-
Hbl 4nA BepuprKaLMm KOMMNbIOTEPHbIX Mogenen mopdoreHesa mcra.
[JanbHelilwee N3yyeHe MeEXaHN3MOB AeCTBMA XOIOL0BOro cTpecca
Ha MopdoreHe3 NO3BONUT HANTU AOMONTHUTENbHbIE BO3MOXKHOCTH MO-
BbILUEHWA YPOXKANHOCTY NLEHNLbl B 30HaX PUCKOBAHHOIO 3emneenys.

KnioueBble cfioBa: X010[0BO CTpecc; MopdoreHes; Markas nileHmua;
SMVAEPMIC JINCTA; YCTbULA; KNETOYHAsA CTPYKTYpa TKaHW; KOHpOKaslb-
Has MUKPOCKOMWS; aHann3 N306paxxeHuni.
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Wheat leaf epidermal pattern

as a model for studying

the influence of stress conditions
on morphogenesis

U.S. Zubairoval @, A.V. Doroshkov! 2@

TInstitute of Cytology and Genetics SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

The leaf epidermis of a monocotyledonous plantis a
widely used model system for studying the differen-
tiation of plant cells, as it contains readily observable
specialized cells. The approach proposed in this paper
uses a growing cereal leaf to study stress-induced
dynamic changes in morphogenesis. In the process of
formation, the linear leaf of wheat remains in the sta-
tionary growth phase for long. This fact permits us to
observe a series of successive morphogenetic events
recorded in the cellular structure of the mature leaf.

In studying the cellular architecture of the wheat leaf
epidermis, we obtained and processed confocal 3D
images of wheat leaves stained with fluorescent dyes.
This procedure allows an accurate morphometric de-
scription and determination of quantitative character-
istics of the leaf epidermal pattern. Low temperatures
are among the factors limiting the growing of crop
plants in the temperate zone. In the present work, we
show significant aberrations of stomatal morphogen-
esis in the epidermis of boot leaves of wheat varieties
Saratovskaya 29 and Yanetskis Probat in response to
cold stress. We found that nonfunctional stomata pre-
dominated in the zone of maximum manifestation of
stress, whereas in the zones formed before and after
the stress impact, the developmental anomalies come
to the disturbance in the morphogenesis of subsidiary
cells. In Saratovskaya 29, a significant amount of ecto-
pic trichomes formed in rows predetermined to stoma
formation. The proposed approach can provide stan-
dardized qualitative and quantitative data on stress-
induced morphogenesis aberrations in wheat leaf
epidermis. Subsequently, these data can be used for
verification of computer models of leaf morphogen-
esis. Further study of the mechanisms of the effect of
cold stress on morphogenesis will add to the search
for additional opportunities to increase wheat yields in
areas of risky agriculture.

Key words: cold stress; morphogenesis; wheat; leaf epi-
dermis; stomata; cellular pattern; confocal microscopy;
image analysis.



W3KHE TeMIepaTypbl — OMH 13 a0HOTHYECKUX CTpec-
COBBIX (pAKTOPOB CPEAbI, JINMUTHPYIOIINX MTPOTYK-
TUBHOCTH W apeall CeJIbCKOXO3IHCTBEHHBIX PAaCTCHUN
B YMEPEHHBIX 30Hax 3eMiH. B HacTosiiee BpeMs B MHUpe
WHTEHCUBHO BEyTCs pabOTHI 110 NCCIIEAOBAHMIO MEXAHIU3MOB
(hopMupOBaHUs PACTUTEIBHBIX TKAHEH U OPraHOB B HOPME U
B OTBET Ha pa3JIM4HbIC CTpeccoBbie dakTopsl (Xiong et al.,
2002), ropmons! (Matias-Herndndez et al., 2015) u np. B xa-
YecTBE MOJICITBHON CHCTEMBI JUTs HCCIIEI0BAHNS MOp(OTeHe3a
PACTUTENbHBIX TKAHEH pacCMaTpUBAETCs Pa3BUTHUE IUIEP-
MHca JuCTa ¥ (POPMHUPOBAHNE B HEM CHEHATU3MPOBAHHBIX
kietok (Yang, Ye, 2013).

B mporecce ajanraiyy K HU3KUM TEMIIEpaTypam Ipouc-
XOIUT TIepecTpoiika pocToBrIX mporeccos (Yadav, 2010),
YTO, B CBOIO OYE€PE/b, MPUBOANT K CHIKEHUIO HETaTHBHOTO
BO3JCICTBYS HU3KUX TEMIIEPATYP Ha KJIETOUHbIE CTPYKTYPBI.
N3BecTHO, YTO PaCTEHUSIM CBOMCTBEHHO IMHAMUYECKOE H3-
MEHEHHE Pa3MepOB KIETOK. DTO CITYKUT BXKHOH aJJaTHBHOM
(yHKIMEH B peakluy pacTeHUH Ha aOMOTHYECKHE CTPECCHI
(Limin, Fowler, 2001). Bo3neficTBue xonona mpu 3akiaaaKe
OpraHOB pacTeHUH MOXET BBI3bIBAaTh H3MEHEHHE MOp(OreHe3a
U CKa3aThCs BIIOCIIEICTBUU Ha pazMmepe, Gpopme u GpyHKIUH
3pEIBIX OPTAHOB.

Krnetku pacTeHuit 00beAMHEHBI 00IIeH KIIETOYHON CTEHKOH
B MEXaHUYECKUI aHcaMOJIb U HE UMEIOT BO3MOKHOCTH CABHU-
raThesl APYT OTHOCUTENBHO JIpyTa B Iporecce pocra. st 31ma-
KOB XapaKTepeH JITHEHHBIM THIT pOCTa JINCTA 33 CUET JICTICHUS
1 YIJIMHCHUS KJIICTOK B 0a3aabHOM YaCTH JINCTOBOM IIJIACTUHKH
(puc. 1, a). 1o ckopocTr pocTa TUCTA 3TaKOB MOYKHO BBIZIC-
muth TpH cragun (Skinner, Nelson, 1995). Ha nepBoii craanmn
HaOJIF01aeTCsl YBEIMYEHHE CKOPOCTH, Ha BTOPOM OHA ITOCTOSIH-
Ha, a Ha TPEeThei cHIbKaeTcs. Bo Bpems pocra nmicrta B 6a3aib-
HOH 4acTH HAOMIOAI0TCsl XapaKTepHbIE YYaCTKH: 30Ha pocTa
JIeIEHHEM U 30Ha POCTa pacTshkeHHeM (cM. puc. 1, a). Ha Bro-
PO cTainy, MPOAOIKAIOLIEHCS HECKOIBKO THEH, pa3Mep 3TUX
30H OCTAETCS OTHOCUTENIBHO MOCTOSTHHBIM. OJTHOBPEMEHHO C
POCTOM JIMcTa B €ro 0a3ajbHOM YacTH MPOUCXOIUT CIelua-
JU3anus OTAEIBHBIX KIETOK M (hOpMHpOBaHHE KICTOUHOMH
apXUTEKTYpbI TKaHel. B yacTHOCTH, B 31naepmiuce Habrona-
eTcs MopdoreHes Crielinaln3uPOBAHHBIX CTPYKTYP — TPUXOM
(cm. puc. 1, 6) 1 yCTBHIHBIX KOMIUIEKCOB (CM. pHC. 1, 8).

OTnnuuTenbHas YyepTa SMUACPMAIBHOrO IaTrTepHa 3i1a-
KOB — OpraHusanus KJICTOK B BUAC IMTPOAOJIbHBIX KJICTOYHBIX
psinoB. [Ipn 3TOM criennan3upoBaHHbIE KIETKH, B YaCTHOCTH
TPUXOMBI M yCTHHIIA, 00pa3yIOTCs B OT/JCIBHBIX PsiIax KIETOK
(Gallagher, Smith, 2000; Rudall et al., 2017; Hepworth et al.,
2018). TpuxombI 00pa3yroTcs B pe3yabTaTe aCHMMETPUIHOTO
nenennsi. Ha nucranbHOM KOHIIE MaTrepUHCKON KIICTKH OT-
JACIACTCA MEHbIIAasA 110 pasMepy MHUILIHMAJIb, KOTOpasA B JaJib-
HelmeM (GopMHUpyeT BHEITHHH SMUACPMATIbHBIA BBIPOCT.
YcThUHBIE KOMIUICKCHI Y 31aKOB, B YACTHOCTH Y STAMEHS, Ky-
KypY3bl U MIIEHUIBI, TAK)KE HAOIIONA0TCsl B 000COOICHHBIX
MIPOIOTBHBIX pAAax KIeTok (cM. puc. 1, 8) (Gallagher, Smith,
2000; Liu et al., 2009; Peterson et al., 2010; Chateret al., 2017,
Rudall et al., 2017; Hepworth et al., 2018). Ha nepsom stare
B pE3yJbTaTe ACHMMETPUYHOTO JICNICHNS KIETOK 3TOTO PsAaa
Ha JIMCTAJIBLHOM KOHIIE 00pa3yeTcsi MaTeprUHCKast KiIeTKa (CM.
puc. 1, ¢2). Ilepen crieayromuymM MUTO30M OHA HHIYIUPYET
ACUMMETPUYHBIE JICIEHUS] B COCEIHMUX KJIETKaX CMEXKHBIX
KJICTOUHBIX PsIIOB (cM. puc. 1, 63). OHM NpOHU3BOIAT OOKIIa-
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JIOUHBIE KJIETKH, BOXKHbIC 17151 QYHKIIMOHUPOBAHUS YCTHUIIA.
[lanee MaTepHHCKas KJIETKa CHMMETPUYHO JIETUTCS B 00pasy-
€T JIBE 3aMBIKAIOIINE KIETKH (CM. puc. 1, 64). Takum obpazom,
MPaBHIBHO COPMUPOBAHHBIN YCTHHYHBIN KOMIUIEKC COCTOUT
13 YeTHIpeX KIETOK (cM. puc. 1, 85).

Omnwucanusle 3Tansl MopdoreHe3a NpoTEKalOT MOCIEI0-
BaTeJIHO BJIOJIb OCH POCTA JIUCTA M MO3BOJISIIOT HAOIIOAATh
HECKOJIBKO CTaIWil OHOBPEMEHHO. DTO JeJaeT JIHICPMUC
JUCTa 371aKOB YAOOHBIM OOBEKTOM JUIsl M3Y4YECHUST MOpQO-
reHesa. [loHmkeHHe TemIieparypsl BIMsSET HA OMOMEXaHU-
YecKHe CBOHCTBA M CKOPOCTH JIENEHUS KIETOK, IPOHCXOIAT
M3MEHEHHUS CTPYKTYPBI pacTuTeNnbHOM kiteTku (Yadav, 2010),
B YaCTHOCTH 3HAYMTEINIbHbIC H3MEHEHHS ITpeTepIieBaet (hoTo-
cuHTeTHYeCcKui anmapat (Bemwxkuk u ap., 2012). Bozaeticteue
HU3KOH TeMITepaTypbl MOXKET ITPUBECTH K OMOMEXaHNYECKUM
OTPaHUYCHHSM, U3MEHEHHUSM aKTHBHOCTH MaKpOMOJIEKYJI
U YMEHBLICHHIO OCMOTHYECKOTO NMOTEHIHAA B KJIETOUYHOH
cpene (Xiong et al., 2002). Tak, poCT JINCTHEB MOKET CHIIBHO
3aME/UIUTHCSI B TEUECHHE JIBYX MUHYT OXJIaXICHHs KOpPHEH
(Dale et al., 1990). OnHako MeXaHU3M JCHCTBUS XOIOJOBOTO
cTpecca Ha MOp(oreHes3 KJIETOUHOH apXUTEKTYPbI PAaCTUTEIb-
HBIX TKAQHEH J10 KOHLA HE ACEH.

B nacrosmieit paboTe mpenaraeTcs METOANKA UCTIONB30-
BaHUs MATTepPHA JIUICPMHUCA JHUCTA MIICHHUIBI B Ka4eCTBE
MOJICIN JIJIsl U3YyUYCHUsI BIMSIHUS CTPECCOBBIX YCIOBUI Ha
Mopoorenes. [Ipennoxkena u ampodrupoBaHa METOIMKA CO3-
JIaHUS CTPECCOBBIX YCIOBHUH M N3BJICUCHHS KaU€CTBECHHBIX U
KOJIMYECTBEHHBIX OL[EHOK O JIMHAMKKE HapyIlleHni Mopdore-
He3a CIIenUaIn3uPOBAHHBIX KJIETOK BO BPEMs CTAllHOHAPHOTO
pocTta nucTa. B KOHTpOIMPYyeMBIX YCIOBHUSIX XOJIOIOBOTO
cTpecca ObUIM MPOBEAEHBI OCHOBHBIC ATAIlbl aHAJIM3a — OT
nondopa IIUTEIbHOCTH BO3AEHCTBHS 10 MOTyYEeHHs JaHHBIX
0 THINAaX M 4acTOTax HapylIeHWH Mop¢oreHe3a TPUXOM H
ycrbul. JlJist n3ydeHus KJIETOYHON apXUTEKTYPbI SITUIEPMH-
ca JIMCTa IIICHHIIB! IPUMEHEH IT0JX0/], OCHOBAHHbINA Ha II0-
Jy4eHHun 1 00paboTke KoH(pOoKaIbHBIX 3D n300pakennii snm-
JIEpMHCa JINCTHEB ITIICHUIIbI, OKPAIIEHHBIX (IIyOPECLIEeHTHBI-
MH KPaCHTEISMH.

MaTtepwuanbl n metogbl

I'eHeTHYecKMii MaTepUaJI U YCJIOBUS BbIpaluBaHus. s
9KCIIEPUMEHTAIBHOM PadOThI HCIIOIB30BAIN PACTEHHS MATKOH
nenusl Triticum aestivum L. coptoB Caparosckas 29 (C29)
u Suenxuc [Ipobat (SI1). Copt C29 mmeet pazHooOpa3HBIi
KJIETOYHBIH COCTAB AMUAECPMHICA, COACPKALINI KAK OCHOBHBIC
KIJIIETKU SITUACPMHUCA U YCTbHUIIA, TaK U TPUXOMbI pa3jiIndyHOT'O
pasmepa (Hopomkos u ap., 2011; Doroshkov et al., 2016),
MO3TOMY OH IIPHUEMJIEM JUISI anpoOaruy MeTosa MU3y4eHUs
CTpecC-MHYLIUPOBAHHOIO HapylleHus: Mopdorenesa Kie-
TOYHOH apxuTekTypsl snmaepmuca. Copt All nmeer cmabo
BeIpakeHHoe onynreHue smcta (Doroshkov et al., 2016). st
CO3J1aHus CTaHAAapTHBIX yCﬂOBI/lﬁ HCIIOJIB30BaJIM THAPOIIOH-
HYIO TEIUTHIly U Ba30OHBI C KEPaM3HTHBIM IpyHTOM. J[inHa
CBETOBOTO JIHS TTO/IEpKHBaNIack 16 4. Bcero 6pu10 BhIpaIeHo
1o 20 pacTeHui KakJ0ro copra.

Co3ganue cTpeccoBbIX yea0BHii. CxeMa SKCIIepUMEHTa
npuBesicHa Ha puc. 2. Ha ctamun 4eTbIpex 3pesibIX JIMCThEB
TOJIOXKEHUE CBOOOJHOW YacTH pacTylIEro MsaToro JIMCTa OT-
MeJaoch MapkepoM. B 9To BpeMst B HOpMAaJIbHBIX YCIOBHSIX
IATHIN (TIpehIaroBeIi) JIMCT HAXOAUTCS B (pase crannoHap-
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Fig. 1. Schematic representation of the morphogenesis of common wheat leaf epidermis according to (Rudall et al., 2017; Hepworth et al., 2018).

(a) Leaf formation in the stationary growth phase. (b) Trichome morphogenesis. (c) Stoma morphogenesis. DZ, division zone; EZ, extension zone; MZ, mature cell
zone; CMZ, zone of trichome and stoma morphogenesis. Common epidermis cells are shown in gray; trichomes, in blue; and stomata, in orange.
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Fig. 2. Stress experiment: (a) the general outline; (b) change of the location of stress-induced anomalies in the morphogenesis

of specialized leaf epidermis cells with leaf growth.

Dz, division zone; EZ, extension zone; MZ, mature cell zone. Numerals indicate leaf whorls.
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Wheat leaf epidermal pattern as a model for studying
the influence of stress conditions on morphogenesis

HOTO pOCTa M SIMJEPMHUC TTOCIIEIOBATEIBHO MTPOXOJHUT BCE
sTarnsl GOPMUPOBAHNS C TIOCTOSHHON CKOpOCThIO. PacTenus
Ha ATOW CTaJIMU MOMELIATH B KIMMATHYECKYI0 KaMepy HpH
+4 °C c coxpaHeHHeM CBETOBOTIO JHs (cM. pHc. 2). 715 ApoBBIX
COPTOB MSTKOH MIIEHHUIIBI B IEPUOJ BETE€TAINH ONITUMAIbHAs
Temmneparypa — B uHTepsane ot +10 1o +24 °C, a remneparypa
+4 °C ci1y>KUT CTPECCOBBIM BO3/ICHCTBUEM U BBHI3bIBACT 3HA-
YUTEIBHOE 3aMeIEHNE POCTA. BbuTH C(hOPMHUPOBAHBI TPYIIIIHI
PpacTeHHH, ToIBEpraBIINecs pa3HOH JUTNTEITLHOCTH XOJIOI0BO-
ro Bo3zeicTBuA (2,4, 6 11 8 CyT), a Tak)Ke KOHTPOJIbHAS IPpyTIia
pacteHuii. B kaxo#i rpyTimne ObUI0 110 BOCEMb paCTEHHUH IBYX
n3ydaembIX coptoB. ITocie X01010BOTO BO3AEHCTBUS BCE
IPYIIIbI PACTEHUI BO3BpAILAJId B OJaroNpHsTHBIE yCIOBUS
U BBIPAIIMBAIN A0 CTAUM KOJIOMICHMs. PacTeHns kaxmoi
TPYIIIBI 3aTeM OBUTH MOABEPTHYTHI BU3YaJIbHON HWHCTICKIIHH.
Juis ananmza orOupanu nsThle (npenduaroBbie) JUCThs C
MeTKaMH (CM. puc. 2, ).

Oxpacka npenaparoB M U3BJe4YeHHEe JAHHBIX O AMHA-
MHKe HapylieHuii MopdoreHesa cnenuaIn3HpoOBaHHbIX
KkJeTok. O0acTu JrcTa ¢ HapyHmIeHUIMHI Mop(doreHe3a uH-
KyOupopoBaiu B ¢pukcarope 3: 1 (3TaHOI : YKCYCHAs KHCIIOTa)
B TEUEHHE TPeX WK Ooliee yacoB. J[iist okpammrBaHus HCIOINb-
30BaM Kpacutenu 4’,6-auamMuanno-2-penununamon (DAPL,
Sigma-Aldrich) u Propidium Jodide (PJ, Sigma-Aldrich). 3tor
Ha0op Kpacurtenel Ha (UKCUPOBaHHOM Marepuaie obecrie-
YHMBAET JOCTATOYHO yCTOIUMBYIO K BBITOPAHHUIO OKPACKY sSIAEP
1 KJIIETOUHBIX CTEHOK, a TAKXKE MTO3BOJISIET PA3INYaTh IITyOOKO
3ajeraronye cocyabl. OKpacKy MPOBOIMIIN B 1B ATaIa ¢ Mpo-
MEXyTOUHOW TIPOMBIBKOI HEUTpaIbHBIM (QochaTHBIM Oyde-
poM. OTMBITBIE ABYKpPaTHO (pparMeHTHI JUCTa MOMEIIATIH B
pactBop PJ 10 mkr/mi Ha 30 MuH, 3aTeéM CHOBa OTMBIBAJIU J[BA
pazamo 15 mun. [lanee ¢pparMeHTsI TUCTA pa3aesiig Ha 30HBI
(cM. puc. 2, 6), okpammBaiu pactBopoM DAPI 10 Mxr/min B
Teuenne 30 MUH U 3aKJIFOUaJIH [10]] TOKPOBHOE CTEKIIO. B Ka-
YECTBE peareHTa, MPEeTsTCTBYIOIIETO BRITOPaHUTo (aHTH(EH-
na), ucrionb3oBanu peareHT DABCO (Sigma-Aldrich). 3to
[IO3BOJIMJIO B JAJIHEHILIEM IIPOBOIUTH MHOTOKPATHbIM MUKPO-
ckonmueckuii ananu3. DABCO OpL1 pa3BeieH COTIIACHO
crannaptHoit Mertoauke (25 mr/man DABCO B cmecu 90 %
muuepus, 10 % 1 xPBS pH = 8.6). Takas cmech 1 3aKiio-
4yeHHs1 00JIaflaeT 10CTaTOUYHON BSI3KOCTBIO TS YICpKAHUS
MIOKPOBHOT'O CTEKJIa Ha (hparMeHTe JIMCTA MIICHHIIBI.

[TonyuenHble npenaparhbl OLIEHUBAIN TIPU ToMoIIH (Iryo-
pectienTHoro Mukpockora ZEISS Axioskop 2 ¢ mensio Ha-
XOXKJICHUS] ONTUMAIIbHOM JTTUTEIILHOCTH XOJIOJJOBOTO BO3/ICH-
CTBHS, KOTOpas oOecreyrBaeT JUIMHY 30HBI HapyLICHUS
MoporeHesa Ha B3pocioM Jucte B npeaenax 20 mm. 3oHa
TAKOTO pa3Mepa, M0 HalllMM OLIEHKaM, COIEPXHUT okoio 200
9JIEMEHTOB KJIETOYHOTO ATTePHA B KAKIOM N3y4aeMOM IIpo-
JIONIBHOM DS, YTO MO3BOJISIET ONPEAEIUT CTATHCTHUECKYIO
JIOCTOBEPHOCTh M3MEHEHHMS YacTOT IMOSIBICHUH HapyIICHNH
MopdoreHesa yCTbHUI] [10 CPABHEHHIO C KOHTPOJIBHOW 30HOM.
3arem mpemaparsl ¢ OTOOpAaHHOW TPYMIIBI PACTEHUH ObLTH
n3ydeHsl npyu nomomu mukpockona ZEISS LSM 780 NLO
B pexuMe «tile scan» mpu Cieayronx HaCTPOUKax: yBelu-
yeHne o0bekTHBa 20X, KpaTHOCTh YBETUYCHUS MPH CKaHH-
poBannu 0.6, pacCTOsIHNE MEXKY COCETHUMHU ONTHYCCKUMHU
cpe3aMu 10 BePTUKAJIBHOM ocH 2.5 MKM. YCUJIEHHE CUTHAJIA
oIoMpanock AMHaMu4Iecku. Pazmep mikcestst Ha ONTHYECKHX
cpe3ax UTOroBOTo M300paxeHust cocTasisi 1.38 x 1.38 Mkm.
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Takne HaCTPOMKH MO3BOJISIOT TOJIy4aTh U300pakeHHsI, Ha
KOTOPBIX BHMMAsl TOJIIMHA KJIETOYHON CTEHKH COCTABIIACT
2—-4 mmkcens. [Iporsxennsie (40-50 MM JumHOI) obmacti
BJIOJIb JINCTA, PABHOYAAJCHHBIC OT LICHTPAJIbHOM JKHIKU U
Kpasi, ObIIIM MCIIOIb30BAHbI B aHAJIN3E.

Amnanu3 n300paxxeHHH MPOU3BOIMIIN B Tporpamme Imagel
(Collins, 2007) npu nmomomu miaruaa CellCounter (https://
imagej.nih.gov/ij/plugins/cell-counter.html), koTopsrii m03B0-
JISIeT OTMEYaTh Ha M300payKeHUH TOUKH C 331aHHBIM THITOM, a
3aTeM U3BJIEKaTh UX KOOpAMHATHL. B psinax, B Hopme coaep-
Kalx ycThuma (cM. puc. 1, ), ObUTH OTMEYECHBI 3JI€MEHTHI
KJICTOYHOTO TaTTepHA: YCThHUYHBIC KOMIUIEKCHI U OOBIYHBIC
KJIETKU 3MHJEPMHUCA. 30Ha CTPECCOBOTO BO3/EHCTBYSI Oblia
pa3bura Ha OTPE3KH IUTHHOHN MO 2 MM, BKJIFOYAIOIINE OKOJIO
20 51IeMEHTOB KJIETOYHOTO NMAaTTepHa B KaXKJIOM H3ydaeMOM
MPOJOIBHOM psiny. I OTPE3KOB OLIEHUBAJIUCH YAaCTOTHI
HOPMaJIBHBIX U HapyIICHHBIX AJIEMEHTOB KIETOYHOW apXu-
TEKTyphl. B kauecTBe KOHTPOJIBHOW 30HBI MCIIONH30BAIN
OTPE30K JIMCTA JUIMHOU 4 MM, KOTOPBIH chopMupoBaics 10
BO3/IEMCTBUS XOJI0A0BOrO cTpecca. Ha kakaoM oTpeske Bbl-
yucisiin meauany, 0.25 u 0.75 kBaHTWIM, MUHUMAaJIbHOE U
MaKCHMaJIbHOE HaOitofaeMble 3HaueHus. OTHeNbHO ObLIH
OIICHEHBI COOTHOIICHHUS 0l HapyIIeHni (HopMUpOBaHHUS
3aMBIKAIOINX W OOKJIQJOYHBIX KJIETOK YCThUII. Bcero mis
JIByX T€HOTHUIIOB B paboTe n3y4eHo okono 15000 anemenToB
narrepHa. OIeHKa mapaMeTpoB PacIpeieIeH I, TOCTPOCHUE
rpa¢ukoB u 3D pexoHCTpyKuuii (parMeHTOB JIMCTA MPO-
M3BOJIMIIACH C TIOMOIIBIO CTaHIAAPTHHIX (DYHKIUH B MaKETe
Mathematica 10.

PesynbraTbl n 06CyxaeHune

[Tocne x0momoBOro BO3AEHCTBUS Pa3HOW UIMTEIBHOCTU Ha
CTa I KOJIOIICHHS PACTEHHUS CHOPMHUPOBAIH Mpei(IIaroBbie
JIUCThSI HOpMaJibHOTO pasMepa (amuHa 150-250 MM, mupuna
8—12 mm). B porniecce Bu3yanbHOI MHCIIEKITUH OBIIIO yCTa-
HOBJICHO, YTO MOCJE JIBYXJHEBHOTO JEHCTBHS XOJOIOBBIX
YCJIOBUH HET BHJIMMBIX WU3MEHEHUH MOP(OIIOrHH JIUCTA.
[Tocne 4eTbIpexAHEBHOTO IEHUCTBUS B MPEACKa3aHHON 30HE
(cM. puc. 2) Ha pacCTOSTHUN OHOW TPETH JIMHBI OT Oa3alib-
HOW YacCTH JINCTOBOW IUIACTHHKU HaOIonaeTcst PparMeHtT ¢
BUAMMBIMU HapyIIEHUSIMH T€OMETPUH >kmikoBanus. Iloc-
Jie MIeCTH- U BOCBMHUJHEBHOTO BO3/ICHCTBUS XOJIOJIOBOTO
cTpecca u3ydaemasi 30Ha CTaHOBUTCs Oojiee MPOTSHKEHHOH 1
cocrapmser 10-25 MM. DT0 moATBEpPXKaAET, 9TO MOp(OreHe3
9TOM YacTH JIMCTA MPOXOIHI B CTPECCOBBIX yCIOBUsX. Jlist
JACTAJIbHOTO U3YyUCHUSA YaCTOTHOM JUHAMHUKHU ITOSABJICHUS
HapymeHnid Mop¢oreHesa Oblia BRIOpaHa JITUTEIHHOCTH B
IIECTb CYTOK. bputn oToOpans! pparmenTsl ucta copra C29 u
AT pvnoit 80 MM, cofieprkaliue B IIEHTPe MpenoiaraeMyro
30HY CTpPECC-WHAYIHNPOBAHHOTO U3MEHEHHs MOopQoreHesa.
[TarTepn mucra, HaOIIOAAEMBIH B SKCIIEPUMEHTE, COOTBET-
CTBOBAJI IAHHBIM O KJICTOYHOM apXUTEKType MHUIepPMHCa JIUC-
Ta MATKOW MIeHuIbl. KiIeTKu paHKupoBaHbl B IPOJIOTbHBIE
PSIIBL, U OT/GNBHBIC PSAIBI AETCPMUHUPOBAHbBI Ha 00pa3oBa-
HUE ONPCACTICHHBIX 2JIEMEHTOB NATTEPHA — TPUXOM U YCTHUI]
(puc. 3). [leTepMHHUPOBAHHOCTH PAAOB COXPAHSIIACH TIO JITH-
He (hparMeHTa JIMCTA, YTO TO3BOJIMIIO B OOJIBIINHCTBE CITy4acB
[IPOCIIEAUTD IMHAMUKY YaCTOT HapYyILLIEHUN BHYTPU KaX10I0
psna. HecmoTps Ha TO, 9TO HAOIIOMAEMBIH MTATTEPH B YCIIO-
BUSIX CTpEcca COXpaHsSET KICTOUHBIC PSAbI, OH NCKPUBICH
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Fig. 3. Fragment of the 3D structure of common wheat leaf epidermis, cv. Saratovskaya 29.
The reconstruction is performed with common modules for visualizing 3D images in Mathematica 10 package on the base of our
data obtained by laser scanning microscopy.

Files normally containing (7, 3, 4) trichomes and (2) stomata are indicated. Stomatal complexes: (a) normal, (b) abnormal. Trichomes:

(c) normal, (d) underdeveloped.

M MIMEeT MHO)KECTBO BH3YaJbHO Pa3MUMUMbIX HAPYIICHHH,
TaKUX KaK HeIOPa3BUTHE TPUXOM (CM. pHC. 3, 2) U aHOMAJIUU
pa3BuTHA YCTHHUI (CM. pHC. 3, 6). KUKy mpHu 3TOM Tpo-
XOJISIT 30HY HapylICHHH HACKBO3b, H3MEHEHNUS UX YHCIIA HE
HaOJII0/1AJI0Ch.

Brumn oTobpans! Hanbosnee THMUYHBIE (ParMEHTHI JIUCTA
000MX T'€HOTHIIOB ¥ TPOCKAHMPOBAHEI C HIDKHEH (a/1aKcrallb-
HOW CTOPOHBI) BIOJB JIUCTA +/— 25 MM OT IICHTpa 30HbI Ha-
pymrenust Mopgomnorun. Ha paccrosaun 50 MM OT Kpast 30HBI
JIOKJIN3AIMY HapyHIeHHH Mop¢oreHe3a B CTOPOHY KOHYHKA
JUcTa ObLIa BBIZCICHA KOHTPOJIbHAS 001acTh JTHHOHN 10 MM.

XapakTepHbIi MaTTEPH MUAECPMHUCA JTUCTA MIIEHHUIIBI N3Y-
YaeMBIX COPTOB B HOPME MPE/ICTABIICH YEPETOBAHUEM PSI/IOB,
CoACpKallluX OCHOBHBIC KJIETKH, TDPUXOMBI U YCTbHUILIA. Hau
JKUIJIKAMHU PACTIONIOKEHBI KIETOYHBIE PSIZIbI, KaK MPaBHIIO,
HeCyIue KpyMHbIe TPUXOMBI. MeX/ly HUMH HaOII0gaeTcst
YepeZoBaHUE PSIJIOB, COAEPIKAIINX YCTHUYHBIE KOMIUICKCHI,
PSIOB B KOTOPBIX HaOMIOMaroTCs 0ojee MEIKHE TPUXOMBL, a
TaKXKe psII0B 0e3 CIeHaIN3UPOBAHHBIX KIETOK (CM. pHc. 3).
OtmetnM, uto 3nuaepmuc aucta copra All conepxut MeHb-
I1ee KOJIMYECTBO TPUXOM, YCTYTIAIONIHX 0 pa3Mepy TPUXOMaM
C29. B psnax, B HOpME BKITIOYAIOIINX TPUXOMBI (CM. pHC. 3),
B 30HE CTPECCOBOTO BO3/ICHCTBHUSI BCTpEUaroTCs Kak chop-
MHUpPOBaHHBIE (OCTAHOBWIIMCH HA CTaIuH 64, cM. puc. 1), Tax
1 Hec(hOpMHUPOBAHHBIC TPHUXOMBI (OCTAHOBHJIMCH Ha CTa/INH
62, cM. puc. 1), KOTOpbIC OTINYAIOTCS OT OOBIYHBIX KICTOK
snuaepMuca GopMoii U yCTYIaroT UM B pa3Mepe (IpUMepHO
B TPH-IISITH pa3 MEHbIIIE, YEM CECTPUHCKHE KJICTKH TPHXOM).
le/I 9TOM YCpPCAOBAHNEC OCHOBHBIX KJIETOK U TPUXOM B CO-
otHomeHnu 1:1 coxpansercsa. OmHaKo B COCETHHUX pPsIax,
JICTEPMUHUPOBAHHBIX HAa (POPMUpOBaHHME TPUXOM, HO 00-

AKTyaﬂbeIe TEXHONOrM KNeTo4YHon 6uonorun

Pa30BaBIINXCS HaJl MPOBOJSMIIUME ITyYKaMH, HA 3TOM K€
pacCToOAHUU OT OCHOBAHMA JIMCTA TAKUX HapyﬂleHI/lﬁ HE
HaOromaeTcs. DTO JOKa3bIBAaeT, YTO MOP(HOTEHE3 TPUXOM B
HEIoCPEeICTBEHHOM OJIM30CTH OT MPOBOJISIIETO ITyYKa MEHEe
YyBCTBUTEJICH K JICHCTBHIO XOJIOJJOBOTO CTpecca.

Ha puc. 4 mpusenens! kinaccuukanys HapyeHid Mopdo-
reHe3a yCThHIl ¥ HaloaeMble mpuMepsl. [lokazana cTpyk-
Typa HOPMAJIbHBIX YCTBUUHBIX KOMIUIEKCOB (CM. puc. 4, a),
OTIIMYAIOIINXCSA OKPYTIION (POPMOIT M COCTOAIINX W3 Taphl
3aMBIKAIONINX KJIETOK, OKPYXEHHBIX IBYMS OOKJIaIOYHBIMHU
KJIeTKaMu (cM. puc. 1, 64—65). Onu HabMIOMANHNCH KaK B KOH-
TPOJNBHOM 00JIaCTH, TaK U B 30HE, C(HOPMHUPOBAHHOH TOCIIE
JieiicTBHA cTpeccoBoro (akropa. B ycinoBusix crpecca Obutn
3a(h)MKCUPOBaHbI HAPYILEHUSI OTACIEHNUS OTHOH (CM. pHc. 4, 6)
1 AByX (cM. puc. 4, 8) 0OKIIQTOYHBIX KJIETOK, a TaKXKe Hapy-
IIeHUsT 00pa30BaHMsI 3aMBIKAIOIINX KJIETOK: KOMITJIEKCHI 0e3
00KJIaIOYHBIX KJIETOK (CM. puc. 4, 2), ¢ 0HOM (cM. puc. 4, 0)
1 AByMs OOKJIaJIOYHBIMH KJIeTKaMu (cM. puc. 4, e). Cnemyer
OTMETHTb, UTO IIPH HOPMAJIBHOM MopdoreHese oTeneHue 0o-
KJIaJI0YHBIX KJIETOK IPOUCXOAUT paHblie, 4eM (popMUpOBaHUE
3aMBIKAIOIIUX KJIETOK. DTO TOBOPUT O TOM, UTO ITPH HapyIIIe-
HHUH CaMbIX PaHHUX CTaJNH pa3BUTHUS YCTHUIl (POPMUPYETCS
000c00IeH b1 3a49aToK (cM. puc. 4, 2). [Ipu ocTaHOBKE Ha 00-
Jiee TTO3JHUX 3Tarax HaOIroAaeTcs OTAeICHHE 00KIIaI0THBIX
KIICTOK (CM. pHC. 4, 0, ). OmHaKO 715l HAOJMFOACHUS 3a9aTKOB
ycThHIL (CM. puC. 4, 6, 8), COIEPKAIINX 3aMbIKAIOIINE KIIETKU
1 HETIOHEI HaOOp 0OKITaI0YHBIX, TOJDKHO IIPOU30UTH pas/e-
JICHUE MaTePHHCKOM KIETKH 0e3 OT/IeTICHHS OJJHOH MITH 00eHX
00KJIa/IOUHBIX KIIETOK. Takue HapyeHus CBU/IETEIbCTBYIOT B
TMOJIBb3Y YaCTUYHON HE3aBUCHMOCTH F€HETHUECKOTO KOHTPOJIIS
MIPOXOXKJICHUS 3THX 3TaroB Mopdorenesa.
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Fig. 4. Stomatal complexes: (a) normal, (b)-(f) abnormal.

Anomaly schemes and corresponding microimages are shown. Anomalies: (b) in the segregation of one subsidiary cell; (c) ditto, two cells; (d) formation of a guard
cell without subsidiary cells; (e, f) with one and two subsidiary cells, respectively. Scale bar 50 pm.
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Fig. 5. Variation in the frequency of elements of common wheat leaf epidermis along cell files normally containing stomata: (a, b, e) cv. Saratovskaya
29, (c, d, f) cv. Janetskis Probat.

The variation is shown along fragments of (g, c) leaves exposed to stress and (b, d) control areas. At the bottom, ratios between the anomalies in the formation of
(e) guard cells (GC) and (f) subsidiary cells (SC) are shown. The ratios of anomalies in leaf fragments (a1-a5) are shown in graphs (e1-e5); the ratios for fragments
(c1-c5), in graphs (f1-f5), respectively. For all dots, box plots are shown, in which the horizontal line indicates the median, box sides, quantiles 0.25 and 0.75; range
boundaries, the least and the greatest values in the sample. In graphs (a) and (c), dots corresponding to distribution medians for identical pattern elements on
neighboring segments are connected.
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Jlist KOMMYEeCTBEHHOTO aHan3a Obljla OLleHEeHa JMHAMHKA
pacmpesienieHus HapyIeHHH B psifaX, JeTePMUHHUPOBAHHBIX
Ha 00pa30BaHME YCTHUIL, BJIOJIb OCH POCTA JINCTA JIIst 00pas-
1oB coptoB C29 (puc. 5, a) u AII (cm. puc. 5, ). B psagax, B
HOPMe COZeprKaIIiX YCThUIIA (CM. pHC. 1, 8), OBLIH OTMEUEHBI
CJIC/TYTOIIHE 3IIEMEHTHI TTaTTepHa:

e OCHOBHBIC KJICTKH (B])lTﬂHyTI)Ie KJICTKH 663 OTJIIMYUTCIIBbHBIX
MOP(OIOTHIECKUX 0COOCHHOCTEH, PACTIONOKEHHBIE MEXKITY
YCTBUIIAMH);

e TPUXOMBI,

o HOpPMaJIbHBIC YCTBUUHBIC KOMITIEKCHI;

o YCTBHYHBIC KOMIUICKCHI C HapylIeHHeM Mopdorenesa 00-
KJIaAO4YHBIX KJICTOK!

— HapYIICHUS OT/IEICHHUS OTHOW OOKIIaI0THOMN KIICTKH;

— HapyUICHUs OTAEICHHS 00enX 0OKIIQTOYHbIX KIICTOK;

— 1e(hOpMUPOBAHHBIC YCTHUYHBIC KOMIUICKCHI, COACPIKAIIIE

JIOTIOJTHUTENbHBIE OOKIIaJOUHBIE KICTKH;

o YCTBUYHBIC KOMIUIEKCHI C HapylIeHHeM MopdoreHesa 3a-
MBIKAKIIUX KICTOK:

— 0e3 00KIIaOYHBIX KJIETOK (HAONIomaeTcss Kak Hepasze-

JICHHAst MaTEepUHCKAs! KIIETKA);

— C OJTHOH M3 OOKJIAJIOYHBIX KJIETOK (HaOMIoaeTcst Kak He-

pasaeneHHast MAaTEpPUHCKAs! KIIETKA);

— C JIByMs OOKJIQJIOUYHBIMH KJIeTKaMH (HaOIfoaeTcst Kak

HepasJlelIeHHAs! MaTePUHCKas KJIETKA).

Ha puc. 5, a—2 noka3ansl pacpeesIeHnsi OTHOCUTEIbHBIX
JIOJIEHl OCHOBHBIX KJIETOK 3ITHJICPMHCA, HOPMAJIBHBIX M aHO-
MaJIbHBIX YCTBUYHBIX KOMIIJIEKCOB, a TAKKC JSKTOIMMYCCKUX
TpuxoM. JlaHHBIC NTPUBEICHBI KaK BIOJb N3ydaeMbIX (par-
MEHTOB, COJCpP)KAIMX 30HY JCHCTBHS XOJIOJIOBOTO CTpecca
(cm. puc. 5, a, ), Tak U Il KOHTPOJIBHBIX OOJacTer (CM.
puc. 5, 0, 2).

Ha xoHTpONBHBIX rpadukax (cM. puc. 5, 0, 2) HabIIomaeTes
YepeaOBaHNEC OCHOBHLIX KJIIETOK 1 HOPMAJIbHBIX YCTBHIL B CO-
otHomreHuu 1:1 (otaensHbIe YacTOTH! 0KOITO 0.5). Iyt 06omx
TEHOTHITOB aHOMAJIbHBIC YCTEUYHBIE KOMIUIEKCHI M 3KTOIIMYC-
CKHE TPUXOMBI B HOPME He BbIsBILOTCS. IIpy paccmorpenun
JUHAMHMKH M3MEHEHHS 3THX 4acTOT BAOJb OCH POCTA JIHCTa
(cM. puc. 5, a, 8) ObLIIO ITOKA3aHO, YTO CYIIIECTBYET 30HA JINCTA,
B KOTOpOﬁ J0JI1 HOPMAJIbHBIX YCTBUYHBIX arlliaparoB HUXKE
JIONM HAPYIICHHBIX YCTRIYHBIX alllapaToB (CM. puc. 5, a2—a4).
371ech pacronoXeHbl yCThbHYHbIE KOMIUICKCHI ¢ HApyIIEHHSAMH
Ha pa3HbIX dTanax pa3BuTus (cM. puc. 4). IlporsxeHHOCTH
9TOH 30HBI JJIs1 00pa3IoB Pa3HBIX TEHOTHUIIOB OBITa CXOXa —
i copra C29 ona Obuta 22 MM (CM. pHC. 5, @ OT TOUYKH
18 MM 10 TOukM 38 MM BKIIFOUUTENBHO), a a7t SIT — 24 MM
(cMm. puc. 5, 6 ot Toukn 20 MM 110 TOYKH 42 MM BKITFOUUTEIb-
HO). DTa 30Ha OTpakaeT PEaKIMIO0 Ha XOJOIOBOH cTpecc.
B kauecTBe mMapkepa CTPECCOBOIO OTBETa BBICTYHAeT JOJIs
aHOMaJIMH B Pa3BUTHN yCTHHYHBIX allllapaToB OTHOCUTEIHHO
00IIIETO KOJIMUECTBA IIEMEHTOB TaTTEepHa KJIETOYHOTO Psijia.
[Tpu »TOM Hayaylo BO3AEHCTBHS CTpecca XapaKTepu3yeTcs
YMEHBIIEHUEM J0JIH HOPMAIbHO C(hOPMUPOBAHHBIX YCTHUY-
HBIX aIlliaparoB 3a CYET POCTa KoJM4yecTBa HapymieHnid. Ha
oTpe3ke, CHOPMHUPOBABILEMCSI B YCJIOBUSX XOJIO/1a, IIPAKTH-
YECKH BCE 00pa30BaBIIMECS YCThHIA UMEIH aHOMAJINH, a
MocJIe BO3BPAILCHNSI K HOPMAJIBHOI TeMmIepaTrype ux 0
MOCTENEHHO CHU3MJIACh K YPOBHIO JI0 BO3JICUCTBHS cTpecca.

B nmpaBoii wactu rpaduka (B HarpaBIeHUN KOHYHUKA JHCTA)
B 000MX CIly4asx HaxoIuTcs 30Ha, (JOPMHPOBABILIASCS /10
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HACTYIUJICHHsI CTPECCOBBIX YCIOBUH (cM. puc. 5, al). 3aech
HaOMroaeTcs ypoBeHb 4AaCTOT IEMEHTOB NATTEpPHA IIIU-
JIepMHCa, COOTBETCTBYIOIINI KOHTpOII0. JIeBee (B cTopoHy
6a3ayIbHON YaCTH JINCTOBOM IJIACTUHKH) PACHOJIOKEHA 30HA,
KOTOpasi, MPEAIONOKUTENbHO, (OpMHUpOBaIach Mocie AeH-
cTBHs cTpecca (M. puc. 5, al). YacTtoTra 211eMEHTOB ITaTTepHa
AMUICPMHCA B ITOH 30HE Y 000X MCCIIE/IOBAHHBIX TEHOTUIIOB
TaKKe CTPEMUTCS K KOHTPOJIbHOMY ypOoBHIO. OIHaKo y copTa
C29 ormedeHb! cyniecTBEHHBIC OTIHNYUS. Tak, 0T YCTBUI]
B 3TO# 30He coctaBmster 0.36 (cMm. puc. 5, al), 4TO HUXKE
KoHTposbHOTO ypoBHA (0.47) (cM. puc. 5, 6). B n3ygaembx
KJICTOYHBIX psiiaX HAOMIONAIOTCS KTONTNYECKUE TPHXOMBI CO
cpenueit yacroroii okoso 0.1. B 30Hax, copMupoBaHHBIX 10 1
BO BpeMs CTpecca, MX 4acToTa OJm3Ka K Hy o (CM. pHc. 5, a).
Takum o6pazom, jurs copra C29 nocie JeliCTBHS X0I00BOTO
CTpecCa B U3YUCHHBIX KJIICTOYHBLIX pAdaX CHU3UJIACH T0JIA
YCTBHII, YACTUYHO 3a CYET HKTONMUYECKUX Tpuxom. Cremyer
OTMETHUTb, YTO IOSBICHHE YKTOIMYECKUX TPUXOM OOHapy-
>keHo Hamu Jutst copta C29, HO He HabIonaeTcs A copTa
SI1. Bo3MOXXHO, 3TO CBSI3aHO C OCOOCHHOCTSIMH PETYIISAIIIH
(hopMupoBaHUs TPHXOM Yy 9THX J1BYX copToB. SI1 popmupyer
MCHBIICC YHCJIO TPUXOM U MPAKTHYECCKU HUCKIHOUYUTCIBHO
BIOJIb TIOIUIHKAIINX TIPOBOIAIINX ITy4KOB, a copT C29 006-
pasyeT TPUXOMBI B HEKOTOPBIX PSAAaX MEX.IY HPOBOSIIMMHU
my4kamu B HopMme. J1i1st 000MX JIMCThEB YepeloBaHNE IEMEH-
TOB MATTEPHA BHYTPH POJOIBHBIX PAJOB YCTHUIE/OCHOBHAS
KJIETKa COXpaHSIETCSl Ha NMPOTSIKEHUHM Bcero Qparmenra,
MOATOMY JI0JIs OCHOBHBIX KJIETOK OCTaeTcsi CTaOMIIbHOM Ha
yposse 0.5.

OtaenbHO OBUTH IPOAHATM3UPOBAHbI HApYIICHHS (hopmu-
poOBaHNA 3aMbIKArOIINX U O6KJ'IaI[O‘-IHbIX KJIIETOK YCTBHUIL IO
BBIJICIICHHBIM 30HaM (CM. pHC. 5, 0, e). BaskHO OTMETHTB, 9TO
HapyIieHne Mopdoreneza 00KIIQTOYHBIX KIETOK CIIOCOOHO
MPUBONTH K (POPMUPOBAHHIO YACTHYHO (DYHKIIMOHAIBLHOTO
yCTBHIIA, TOTJa KaK IIPU HAPYIIEHUN MOpP(OreHe3a 3aMbIKa-
IOMIMX KJIETOK (YHKIHS MOJHOCTBIO yTpaduBaeTcs. [Toka-
3aHO, YTO B 30HE MAaKCHMAJILHOTO MPOSIBJICHUSI CTPECCOBOTO
BO3/IEHCTBHA (CM. pHC. 5, 0, e; cpeaHue rpadukn) B 000mx
ciryyasix jjoctoepHo (p < 0.005) nmpeobagatoT HapyIIeHUs
3aMBIKAIOIIUX KIIETOK, TOT/Ia KaK B 30HaX, CHOPMHUPOBAHHBIX
JI0 | TIOCJIE CTPECCOBOTO BO3AEHCTBUS, JOCTOBEPHO MPEOO-
JaIal0T HapyleHns Mopdorene3a 0OKIaJ0YHBIX KIETOK
(cMm. puc. 5, 0, e, 6okoBble rpaduku). Takum oOpazom, B nar-
TepHEe, CPOPMUPOBAHHOM B CTPECCOBBIX YCIIOBHSIX, IPEOO-
JaJlafoT aHOMAJIbHBIC YCTBHUIA, (PYHKIHUS OOJIbIICH YacTH U3
KOTOPBIX yTpauyeHa.

3aKknioyeHune
Krnerounslit marTepH snuaepMuca JIMCTa 31aK0B, CONIEpKAIIU
CHeTHaIM3UPOBAHHBIC KIETKH, KOTOPBIE JIETKO HAOIIONATh,
LIMPOKO UCTIOIB3YETCsl B KaUeCTBE MOJICIBHON CUCTEMBI JIJIs
n3ydenust Mmopdorenernyeckux npoueccon (Peterson et al.,
2010; Yang, Ye, 2013). B mactosmeit paboTe moka3aHo, 9To
MIPU CO3JIaHUH CTPECCOBBIX YCIOBUM BO BpEMsI CTAl[MOHAPHOTO
pocTa JINCTa MATKO#H MIICHHUITBI HAOIIONACTCSI 3HAYUTEIILHOE
M3MEHEHHUE NIapaMeTPOB KIETOUHOM apXUTEKTYpbl: Hapyllia-
I0TCsI MOP(OTeHE3 TPUXOM, (POPMHPOBAHUE YCTHIHUHBIX KOM-
TJIEKCOB. PacmonoykeHre 30HbI BIUSHUS XOJIOI0BOTO CTpecca,
paccMOTPEHHOTO B HamIel paboTe, mpeIcKka3yeMo, BU3yaIbHO
TP PEpEeHIIIPYEMO U MO3BOJISIET TONIYyYaTh KaK KaueCTBCH-
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HBIE, TaK U KOJIWYECTBEHHBIE XapaKTEPUCTUKU HapyLIeHUN
Mop(oreHesa Criennaa3upoOBaHHBIX KIeToK. [IpenmymecTBo
MPEJIOKEHHOTO MOAX0Ja — B Kaue€CTBE KOHTPOIBHOM 30HBI
MOYKHO HCIIOJIb30BaTh ()ParMeHT ITOTO XKe JINCTA, YaIeHHbIN
OT 30HBI CTPECCOBOTO BO3/IEHCTBHSA B CTOPOHY KOHYHKA JINCTA,
MopdoreHe3 KOTOPOro Ha MOMEHT CTPECCOBOTO BO3/ICHCTBUS
3aBepIleH. DTO M03BOJISET HUBEIUPOBATH BIMSHUE pa3InIui
B YCIIOBUSIX BBIPAIIIMBAHNSA OTACIBHBIX PACTEHUN U paboTaTh
C TeTEepOreHHBIMH BBIOOPKAMH: THOpPHUIaMH, MOJIEBBIMU 00-
pasuamu 4 T. 1. [IpumeHeHune mpepinaraeMoro MeToia Jaet
BO3MOKHOCTB I10JIy4aTh CTaHAAPTU30BaHHbIE KAYECTBEHHBIE
U KOJTMYECTBEHHBIE OLICHKH O CTPECC-UHAYLUPOBAHHBIX Ha-
pylIeHusix Mop¢orenesa B dIUACPMHUCE JIMCTA TIICHULBI.
B nanpHeiimem 3T TaHHBIE Oy T BasKHBI 1715 BEpU(DUKALINT
KOMITBIOTEPHBIX Mojienei Mopdorenesa nucta. [Ipu mondope
COOTBETCTBYIOIINX YCIOBUI METOI MOKET OBITh HCIIOIb30BAH
Ha JIPyTUX OJHOHANPABIEHHBIX PACTYIIMX OpPraHaX PaCcTeHUH,
MPEXK/IE BCETO TUCTHSX 3JIAKOB, U IIPH IPYTUX BUJIAX CTPECCOB.
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T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LMTONOTUM 1 reHeTuKi CUBUPCKOro oTAeneHus Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccua
2 LleHTpanbHbIli cnbupcknin 6otaHnuecknin cag Crnbrpckoro otaeneHna Poccuinckon akagemmnmn Hayk, HoBocnbrpck, Poccns

HacToswas paboTta noceaLieHa GpeHonoruy MHANBMAYaNbHOro LBeTe-
HVIS M MOCTPOEHMUIO Ha €€ OCHOBE CTPYKTYPHO-AVHAMUYECKIX MOJe-
new atoro npouecca. MpeacraBneHbl pesynbraTbl NCCIef0BaHUA GpeHo-
noruv useteHna Campanula bononiensis, C. sarmatica v Platycodon
grandiflorus. NMonyyeHHble faHHble XapaKTepu3yloT GeHonornyeckue
NpUV3HaKu (Bpems v NPOAOIIKUTENBHOCTb LIBETEHUS, [NINTENIbHOCTb
XKM3HU OTAENbHOIO LBETKA) 1 CTPYKTYpPHbIe (CTeneHb BeTBNEHNs
couBeTUs, ANVIHA OCeiA, YNCIIO LIBETKOB, MOPAAOK UX PacnycKaHus),
onuncbiBaKoLMe LBETEHNE MOHOKapnuyeckoro nobera. CouBeTus nsy-
YEHHbIX BUAOB YANIMHEHHbIE MHOFOLIBETKOBbIE, OTHOCATCA K XapaKTep-
Homy ans Campanulaceae nepexogHoOMy TUMY 1 OTAMYAKOTCA BbICOKOM
BaprabenbHOCTbIO BCEX CTPYKTYPHbIX MPU3HAKOB. Pe3ynbTaThl Habnto-
LeHu 6b11n 06paboTaHbl CTaHAAPTHBIMY CTAaTUCTUYECKMMI MeToAaMU
1 CMOJIb30BANINCh AJ1s MOCTPOEHUA CTOXaCTUUECKMX KOMMbIOTEPHBIX
MoAenen uBeTeHUs Noberos, Npu 3ToM NPOMyCKY B pAaax Habnoae-
HII BbINN BOCCTAHOBIEHBI METOAOM MAKCVMManbHOTO NPaBAonoaootus.
BbifiBNeHbl NaTTepHbI LIBETEHUA BUAOB, OOYC/IOBNIEHHbBIE Pa3iMunAMM
beHoNornyecKrx u CTPYKTYPHbIX MPU3HAKOB. [1oKa3aHo, UTo $opmbl
KPVBbIX LIBETEHMNA 3aBUCAT OT COrNAacOBaHHOCTY BO BPEMEHM pacnyc-
KaHWs LiBETKOB Ha rMaBHo ocu (1-ro nopsgKa) 1 60KOBbIX 0CAX 2-TO
nopsgka. Y C. bononiensis Ha KpriBOW LiBETEHNSA OTMEYaeTCA OfVH He-
CUMMETPUYHBIN MWK C YLUIMPEHUEM CNIeBa, AOCTUrAeMbIVi NPV OfHOBpe-
MEHHOM pacnycKaHWM LUBETKOB B BEPXHEN U HUMKHEN YaCTAX [NaBHOM
0CK 1 Ha GOKOBBIX OCAX B CPefIHel YacTy COLBETUSA, FAe LBeTK/ 1-ro
nopsfKa yxe otusenu (nocnegHue obecneunnu ywupenwe). Y C. sar-
matica v P. grandiflorus KpviBble LiBETEHWs1 ABYXMOJANIbHbIE, MPU 3TOM
nepBbIi MK 06YCNIOBIEH PACNyCKaHNEM LIBETKOB Ha MMaBHOM OCy,

a BTOPOW — Ha 6OKOBbIX OCAX. [onyyYeHHble MOLENMN C eCTECTBEHHOM
BaprabenbHOCTbIO BOCMPOU3BOAAT KapTrHY LIBETEHUA NO6GErOB 1
MOTYT MPUMEHATLCA AJ1 MOAENMPOBAHMA LIBETEHUA rPyNbl 0coben
(nonynayuw), HanpumMep, Npu NaHAWadTHOM NPOEKTMPOBAHNM. B Kom-
6VHaLMN C BHELUHUMU MPOrpamMmMamm BU3yanu3auum nx MOXHO 1C-
nosib30BaTb AJIA 3anofHeHNA 6a3 AaHHbIX M306paXKeHU CUHTETUYe-
CKMX PacTeHUiA Ha Pa3HbIX CTafUAX Pa3BUTUSA, KOTOPbIE MPUMEHVIMBI,
Hanpvimep, Ana 06yyeHUs HeMPOHHbBIX ceTell B 3ajadax GeHoTMNMpo-
BaHWIA.

KnioueBble C/I0Ba: MAaTTEPHbI LIBETEHUSA; MOLENVN LIBETEHWS;
Campanulaceae; no6er; couBeTune; 1eKOPaTUBHbIE MHOTONETHUKN.
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The present work is devoted to the phenology of indi-
vidual flowering and the construction of structure-dy-
namic models of this process on its basis. The results
of the study of the flowering phenology of Campanula
bononiensis, C. sarmatica and Platycodon grandiflorus
are presented. The data obtained characterize both the
phenological (time and duration of flowering, lifespan
of individual flowers) and structural features (degree
of branching of the inflorescence, length of floral

axes, number of flowers, order of their blooming) that
describe the flowering of a monocarpic shoot. Inflores-
cences of the species are elongated and multiflorous,
of the compound type inherent for Campanulaceae,
and characterized by a high variability of all structural
features. Observation data were processed by standard
statistical methods and used to construct stochastic
computer models of flowering shoots, while omissions
in data were restored by using the maximum likeli-
hood method. Flowering patterns of the species, due
to differences in phenological and structural features,
have been revealed. It has been shown that flowering
curves depend on the synchrony in the flowers bloom-
ing on the main (first-order) axis and lateral (second-
order) axes. C. bononiensis has one asymmetrical

peak with a broadening on the left, achieved with the
simultaneous blooming of flowers in the upper and
lower parts of the main axis and on lateral axes in the
middle part of the inflorescence, where the first-order
flowers have already finished blooming (they provided
the broadening). Flowering curves for C. sarmatica and
P. grandiflorus are bimodal, with the first peak being
due to the flowers blooming on the main axis and the
second one on lateral axes. The constructed models
reproduce the patterns of individual flowering well,
with natural variability, and can be used to simulate
the flowering of a group of individuals (population),
for example, in landscape design. In combination with
visualization tools, they can be used for augmenting
plant phenotyping datasets with rendered images

of synthetic plants for the purpose of training neural
networks in this field.

Key words: flowering patterns; flowering models;
Campanulaceae; shoot; inflorescence; ornamental
perennials.



BETEHHE — BaXKHEii111ee COObITHE B CE30HHOM LIUKJIE pa3-

BUTUS PACTEHUH, peajln3alysi KOTOPOTro B 3HAUYUTEIbHON

CTETeHH OIPE/ICNACT PEIPOLYKTUBHBIH YCIIEX U CITY)KUT
OTHUM U3 KPUTCPUEB aJaliTallui BUa K yCIIOBUAM O6I/lTaHI/IH.
OT0T Ipolece MOXKET N3Y4aThCsl HAa PA3HBIX YPOBHAX Opra-
HU3alUN — OPTaHHOM, WH/AWBHUIyaIbHOM, MOMYIISIIMOHHOM,
(PUTOLIEHOTHYECKOM, KaX/IbIH M3 KOTOPBIX XapaKTepH3yeTcs
CBOMM Ha0OpOM 3ajad M METOAOB HccienoBanus (JleBuHa,
1981; Primack, 1985; JKmbutes u ap., 2009).

B unTpOonyKuuu qeKOpaTUBHBIX PACTCHUM LIBETCHUE U3Y-
gaeTcs TIIaBHBIM 00pa3oM Ha YpOBHE OCOOM WIIM TPYIIIBI
0co0eil 1 aKIEHTHPOBAHO Ha MapaMeTpax, 00yCIOBIMBAIO-
KX JIeKOpaTUBHBIN ddeKT (CPOKH, MPOAOIIKUTEILHOCTh
Y UHTEHCHBHOCTb LIBETCHUS, [UIUTEIILHOCTD )KU3HH LIBETKA,
CTPYKTYpa COLIBETHH M MOPSAOK PACITyCKAHHSI B HUX LIBETKOB),
a TaKKe KOPPEeJsIMU 3TUX NapamMeTpoB Mexay coOoi U ¢
IKOJIOTHYECKUMHU YCIOBHAMH. [Ipu 3TOM (heHOIOrnYecKu-
MH JaTaMH Hayaja U KOHILA L[BETCHHUs OTAEIBHOTO IBETKA
CUYMTAIOTCS BU3YyaJIbHO PErUCTPUPYEMBIE AAThI PACITY CKAaHUS
U, COOTBETCTBEHHO, YBSIaHUs OKOJIOIIBETHUKA (BEHYHKA), a
Ha OoJiee BBICOKMX YPOBHSIX — JIaThl 3alIBETAHUS IEPBOTO U
nocyeaHero 1BeTkoB (Jlesuna, 1981).

OnHUM U3 CIIOCOOOB OIMCAHMS AWHAMHUKH PAa3BUTHS Kak
PacTUTEIBEHOTO COOOMIECTBA B LIEJIOM, TaK M OTJEIBHBIX Op-
raHOB PACTCHUS, ABJIAIOTCA q)eHOJ'IOFl/I'-IeCKI/IC KPpUBLIC, OT-
paxkarolye M3MEHEHNE TeX WM HHBIX IPU3HAKOB B TCUCHUE
BereTallMoHHOro repuona. Hanbospliee npuzHaHue cpeau
HUX TOJTYYUJIU KPUBBIC IBETCHUSA, [TapaMETPhl KOTOPLIX: Bpe-
Ml HavaJa, CpeHss JaTa, MAaKCHMYM, TPOIOJDKUTEIILHOCTB,
CHHXPOHHOCTB 3allBETaHUs (IUCIICPCHS) U ACUMMETPHS OT-
paxaror ¢uiorenernueckuii Tun nerenus (Rathke, Lacey,
1985). Pan nccnenoBareneid mpeIoKuIA IPOTHOCTHIECKIE
MOJIETN (PEHOJIOTHYECKOTO Pa3BUTHS, BKIIOUAs I[BETCHUE,
JJI pa3jIMYHbIX TAKCOHOMUYCCKUX U 6I/IOMOp(1)OHOl"I/I‘leCKI/IX
rpynm pactenuit (Osawa et al., 1983; Chuine et al., 1998;
Blionis et al., 2001; Normand et al., 2002). IToka3ano, 4to
JUIsl TIONYJISIMAY OOIIMI XapakTep KPpUBOW [IBETEHHUS OIHCHI-
BAeTCSI KPUBOH TUIOTHOCTH 0OOOIIEHHOTO aCHMMETPHIHOTO
HOPMAJIBHOTO pachpeeeH s, Ui pacyeTa napaMeTpoB Ko-
TOPOTO MCIOJIb3YETCS METOI MAKCHUMAaJIBHOTO MPaBOIIO00Ms
(Clark, Thompson, 2011). BOoXBIINHCTBO CYIIECTBYIOIIIX
MOIeNIeH ONMCHIBAIOT MTPOIIECC IBETEHHS IMEHHO Ha yPOBHE
HOHyJI)II.lPIﬁ, TOTAa KaK MOACIMPOBAHNIO UHIAUBUAYAJIBHOI'O
[[BETCHUS yAJIAETCS HEIOCTaTOYHOEe BHUMAaHUE, 4TO OBUIO
OTMeYeHO B Kiaccudeckoit padore (Primack, 1985). Mexny
TeM ()CHOJIOTHS I[BETCHHUSI OOYCIIOBIICHA [IAaBHBIM 00pa3oM
SHIOT€HHBIMH (haKTOPaMH, HO CPOKH €0 HACTYIICHHS 1 IIPO-
JIOJDKUTEIIBHOCTD CYIIECTBEHHO 3aBHCSAT OT SKOJIOTHYECKHUX
ycinosuit (Cepedpsikos, 1966; 3aiines, 1978; Ausin et al., 2005;
Erwin, 2007), mosTOMY aKTyaJIbHO W3yYeHHE ATOTO SBICHUS
Ha OpraHU3MEHHOM YPOBHE.

WHTepec kK MOIEIMPOBAaHHIO Pa3BUTHS PACTEHUI Ha yPOB-
HE OTJENIHOTO OpraHM3Ma CBs3aH TaKXkKe C pa3padoTKoil B
MOCJICTHUAE TO/IbI ABTOMATH3UPOBAHHBIX CUCTEM (DEHOTHIH-
pOBaHHUsI pacTEeHUH, KOTOPbIE OCHOBAaHbI HAa PACIIO3HABAHUU
obpazos (Li et al., 2014; Adonuuxos u ap., 2016; Zhang et
al., 2016; Carranza-Rojas et al., 2017). Beicokue 3arparsl Ha
cOOp ¥ aHHOTAIHIO OOJIBIINX 00BEMOB JaHHBIX, HCOOXOTUMBIX
JUIsl HACTPOMKHU [TapaMETPOB PACIIO3HAIOLEN HEHPOHHOM CETH,
OrpaHUYMBAIOT Pa3BUTHE MPUIIOKECHUH B 3TN obnacth. s
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CHIDKEHUSI OCTPOTHI POOJIEMbI MOXKHO HCIOJIb30BaTh M30-
OpakeHUs, TeHepUpPyeMbIe KOMITBIOTEPOM B HEOTPAHUUCHHOM
KOJMYECTBE TO 3a/laHHON TPEXMEPHOW MOJENN pacTEeHUs
(Ubbens et al., 2018). HecMoTpsi Ha HECOMHEHHbBIE yCIIEXH
TPEXMEPHOTO MOJICIMPOBAHMUSI, TTOJXOAbI, OCHOBAHHBIC HA
MpaBHJIaX M OTPaHUUYCHHSX U HE Oa3UpYyIOIIHecs Ha peaTbHbIX
nmansbIx (Prusinkiewicz et al., 1993; Deussen et al., 1998; [jiri
et al., 2005), BpAa 1M MOXXKHO CYMTATh MOIXOMSIIAMH, ITO-
CKOJIbKY OHH MIMUTHPYIOT, @ HE BOCTIPOM3BOJISIT peajibHYO Ba-
pHadenbHOCTh PACTEHUH B CTPYKTYPE M JTUHAMHKE PA3BUTHSI.
Jist perienns 3Toi 3agauu 0osee IPUEMIEMBIMHE SIBIISTFOTCS
pa3BHBaeMbIC B ITOCIIEHHUE TOABI ITOX0/bI, OCHOBAHHBIEC Ha
peanbHbix qaHHbIX (Neubert et al., 2007; Zhang et al., 2014;
Zheng et al., 2017).

Cpenn MHOT00Opa3us TPAaBSIHUCTBIX PACcTEHUH, O1arogapst
BBICOKOW JICKOPATUBHOCTH W 3HAYUTEILHOMY COJIEPIKAHHIO
Pa3IUYHBIX IPYIN OHOJIOTHUECKH AKTUBHBIX BEIIECTB, UH-
Tepec MPEJICTAaBISIOT BUABI CEMEHCTBA KOJIOKOJIBYMKOBBIX
(Campanulaceae Juss.) (Pactutenbhbie pecypcsl. .., 1991; Xa-
mumoBa, 2005; Scariot et al., 2012). []nsa cemeiicTBa xapaxrep-
HBI MHOTOIIBETKOBBIE COLIBETHS, CTPYKTYpa KOTOPBIX CIIOXKHAs
W BechMa BapradesbHas, 4To 3aTPy/AHSET UX TUIH(UKALIUIO.
[To mueHuto OonpmuHCTBA aBTOPOB (Ky3Herosa u nip., 1992;
Bukropos, 2000; Fomina, 2001; bano6anosa, 2017), oHn
NPHUHAJIEKAT K IEPEXOJHOMY THITY MEKIY PAllEMO3HBIMU U
IIUMO3HBIMH COIBETHSMHU. DTO MOATBEPKAACTCS HATUINEM
Yy HEKOTOPBIX BHJIOB O0OMX THIIOB COIIBETHH, CMEIIAHHBIM
XapaKTepOM PacIyCKaHUsl [IBETKOB, MHOTOI[BETKOBOCTbIO 0O-
KOBBIX oceil. B paMkax (hH3nOHOMITYECKOTO TIOIX0/a IIPOCTHIC
congerusi Campanulaceae onmuCHIBaIOTCS KaK KHCTEBU/IHBIC,
a CJIOKHBIC — KaK MCTCJIBYAThIC. COLIBCTI/IH Yy npeacraBuTe-
Jel ceMelcTBa MOTYT OBITh 3aKPBITHIMHM, €CIIU IVIaBHAsl OCh
3aKaHYMBACTCS TEPMHUHAIBHBIM IIBETKOM, PEXKE — OTKPBITHI-
mu. [lopsigok pacnyckaHusi HIBETKOB B HUX HEOJMHAKOBBIN.
B npocThIX conBETHSX TIEPBBIM PACKPBIBACTCS TEPMUHATIBHBIH
I[BETOK, BTOPBIM — [IBETOK, PACIIOJIOKCHHBIH B HH)KHEH TPEeTH
couBeTHs, JalibHelIIee paciyCKaHue aKpoleTalbHOE HIIH
JTUBepreHTHoe. J[pyroii BapuaHT: MepBHIM 3a1BeTacT Oa3uIe-
TAJILHBIN MIIN PACIOJIOKCHHBIN B HIDKHEH TPETH LIBETOK, J1ajiee
TOPA 0K aKpOHeTaﬂbeIﬁ 50040 ﬂHBepFeHTHbIﬁ, HO TEpMHHAJIb-
HBIA I[BETOK BCET/a omepexaeT 2—4 HIKepacIONOKESHHBIX
[[BETKA. B CIOXHBIX conBEeTHAX OOIMINE 3aKOHOMEPHOCTH
HIBETCHUA COXPAHAIOTCA; Ha 60KOBbIX 0CiX TepMI/IHaﬂbelﬁ
I[BETOK PACKPBIBAECTCS IIEPBBIM, JIaJIee PACITyCKaHHE HJIET, KaK
MIPaBUJIO, AKPOIIETAIBHO.

denonorus MHAWBUAYAJIbHOTO HBETCHUS paCTeHI/Iﬂ orpe-
JieTsieTcs Tpa KoM pacilyCKaHHs [IBETKOB U JOJITOBEYHOCTHIO
OT/ICIBHBIX IIBETKOB, @ TAK)KE 3aKOHOMEPHOCTSIMH, 00yCIIOB-
JICHHBIMHU CTPYKTYPOH COLIBETHH (CTEeTEeHb BETBICHNUS, TTHHA
OOKOBBIX OCEH, YHCIIO IIBETKOB, MOPSIOK UX PACITYCKAHU).
HccnenoBanue 3THX apaMeTpoB BO B3aNMOCBSI3H 00ecTieun-
BaeT BO3MOXXHOCTb OCTPOCHUS CTPYKTYPHO-THHAMHYECKHX
MoOJIeTIeH IIBETEHUSI OCOOM WU €€ CTPYKTYPHOW €IMHHUIIBI —
nobera. Y TpaBSHUCTBIX MHOTOJICTHUX PACTCHUH NMEETCs B
BUJ1y NIOOET C COLBETHEM, PA3BUBAIOLIMICS U3 TOYKH BO300-
HOBJICHHS B TEUEHHE OTHOTO BETE€TAIIMOHHOTO IIEPHO/a 1 Ha-
3bIBaEMbIF MOHOKAPITHYECKHM.

Lenp Hacrosieil paboThl — MOCTPOSHHE KOMITBIOTEPHBIX
MoJierield, OCHOBAaHHBIX Ha JAHHBIX HAOMOICHNI 32 IIBETEHHEM
psina BunoB cemeiictBa Campanulaceae, u uccienoBanue ¢
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MaTTepHbl M MOAENM LIBETEHVA HEKOTOPbIX BUOB
cemeiictBa Campanulaceae Juss.

HX TOMOIIBIO MATTEPHOB LBETCHUS HA YPOBHE OTICIBHBIX
00Eeros.

Matepuanbl u metogbl

O0bekTaMu UCCIIE0BAHNUS TTOCITY KU KOJTOKOJIBINK OOJIOH-
ckuit Campanula bononiensis L., KOTOKOJIBYNK cCapMaTCKUi
C. sarmatica Ker-Gawl. 1 IIMPOKOKOJIOKOJIBIUK KPYITHOIIBET-
koBblii Platycodon grandiflorus (Jacq.) A. DC. U3 KOJUIEKIIUA

3.C. DomuH
T.N. DomuHa

2018
22.7

JIEKOPaTUBHBIX PacTeHU npupoxHoi ¢uiopsl LlenTpansHoro
cubnpcroro 6oranngeckoro cana CO PAH (HoBocmbupck)
(puc. 1). D10 OpUTHHAIBHBIE KPACHBOIBETYIIIME MHOTOJIET-
HUKH C IPOJOJDKUTEIBHBIM U OOMIIbHBIM IIBETCHUEM, BIIOJIHE
aJIalITUPOBAaHHbIE K YCIOBHUSM JIECOCTEIHOM 30HBI 3arai-
Ho# Cubupu (Gomuna, 2012). OHn XapakTepu3yIoTcs JIeTHe-
LBETYIMM (PEHOPUTMOTHUIIOM C JISTHUMH CPOKaMH Havaja
userenns y Campanula (KOHEI HIOHS—CEepeANHA UIONSA) U

2
*; 4(\1st order

5-1 % &l . Generative
! o d organs
7 -
7-2 81
7-1 3 2nd order
8-3
9 /
9-2
9-1 8-2

10-1
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Fig. 1. General view of the inflorescences: a, Campanula bononiensis; b, C. sarmatica; ¢, Platycodon grandiflorus; d, inflorescence
scheme for the Campanulaceae family (h,, total shoot height; h;,q,,, inflorescence height).
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Patterns and models of flowering
of some Campanulaceae Juss. species

no3aHeNneTHUMu — y Platycodon (BTopast MOJOBUHA HIONSA).
YV Bcex BHIOB €KETOTHO (DOPMHUPYIOTCS YAJIHMHEHHBIE BETe-
TaTHBHO-TEHEPATHBHBIC MTOOETH ¢ TEPMHHAIBHBIMH MHOTO-
IIBETKOBBIMH COLIBETHUAMU.

Mop¢omeTprueckre MoKa3aTeIn IBETCHUS U CTPYKTYPY
COIIBETHH Ka)kKI0TO BHA WCCIIEIOBAIN B TEUCHNE YETHIPEX-
mecty Jiet. [Ipy onncanuy colBeTHi UCIONIb30BaIM O01IIe-
MPUHSTBIE METOANYECKHE MoaAxo bl (PeopoB, APTIOMIEHKO,
1979; Kyznenosa u 1p., 1992). ®eHonornio HHIMBHIyIBHOTO
1BereHust n3ydas B 2007 1. Ha TpeX Y4ETHBIX Mo0erax Kax/0-
ro Buaa. HabmoneHns mpoBOANIN PETYISPHO, KaK IPaBHIIO,
Ka)kJple TPU JHS B TEUCHHE BCETO Iepruoja nBeTeHus. s
Ka)KJIOr0 TeHEepaTnBHOIO OpraHa Ha rodere ormevainu (asbl
OyTOHM3amMH, HavYala [BETCHUs (pa3gBIKCHHE JIOMacTen
BCHYMKA), [[BETKa, KOHI[a I[BEeTeHHS (YBsIIaHUE U IOOypeHUE
BEHUMKa) 1 3aBsi31 (Hayasio hopmupoBanus rwioaa). Hymepa-
IS [{BETKOB OCYIIECTBIUIACK T10 TOPSIIKY MX PACTIONOKEHUS
Ha TJIABHOM OCH COIIBETHSI CBEPXY BHH3, TOYHO TaK )K€ — Ha
OOKOBBIX OCSIX: KOPOTKUX — HBCTOHOXKaX U YIJIMHCHHBIX —
nmapakiaanusax (cM. puc. 1, 2). Ha ypoBHe mobera nuHamMuKy
I[BETCHUSI OTMEHaJIN MO cieayomuM (eHodazam: Hadaso
(pacmyckaHue MepBoro BETKa), TOJTHOE I[BETEHHUE (PACITyCTH-
JIOCh OKOJIO TIOJIOBHHBI IBETKOB, TIOSIBUJINCH TIEPBBIC 3aBSI3H)
n koHer (mocyienHue 1-2 nBeTka).

HpOHyHIeHHI)Ie JaHHBIC B Ha6J'IIOI[eHI/IHX BOCCTaHOBJICHBI
METOIOM MaKCHMAaJIFHOTO MPaBOMOA00HS (CM. HIDKE), TIPH
9TOM MUHMMU3ANUs (QYHKIIMH MaKCHMaJILHOTO MTPaBI0TI0/0-
Ousl BBITIOJIHEHA C TMOMOIIBI0 anroputMma bpoiinena—drer-
gepa—lompadapba—Ilanno (BFGS), peannsoBanHOTO B
oubmorexke GSL (Galassi et al., 2009). Bece rpaduku u
JMarpaMMsbl IOCTPOEHBI B rpaduyeckoil yruiaure gnuplot
(Williams, Kelley, 2013). Cxemarndeckue CTPyKTYpHI IO-
0EroB MOJYYCHBI C MCMOIb30BAHUEM IaKeTa PACIINPEHUS
TikZ nns cucremsl Bepctku nokymentoB LaTeX (Tantau,
2010). Bce pacueTsl, CBS3aHHBIE C TOTYYEHHEM CTAaHJAPTHBIX
CTaTHCTHUYECKHUX MapaMeTpOB MOJIETICH U HEMOCPEICTBEHHO
C MOJICTIMPOBAHUEM, CJICJIaHbl B OPUTHHAJIBHOW MPOrpaMme
Ha s13p1ke C++ B OC Linux.

BoccTaHoBIeHME NPONYLEHHbIX faHHbIX

CoOpaHHBIN HCCIETOBATEIBCKAN MaTepual IPeICTaBIsACT
€000 COBOKYITHOCTB 3aIMCeH, KaX1ast U3 KOTOPBIX BKIIIOYAET
3HaueHHUs1: WACHTU(UKATOD 1IBETKA, a3y pa3BuTus, AaTy Ha-
6mronennst. [TockosbKy HaOIIOAEHNS TIPOBOAMIINCE B CPETHEM
pa3 B TpH JHS, TO M3 TaKUX JAHHBIX HEJIb3s OINPEAEICHHO
CKa3arh, KOIJ|a Hauyauach M KOTJa 3aKOHYMJIACh Ta MM MHas
(haza pa3BUTHS KaXKI0TO IBETKA. B mydmem cirydae n3BecteH
MIPOMEXXYTOK BPEMEHH MEXJy COCEIHUMHM JaTraMy HaOIrio-
JICHUH, KOTOPBIH CONEPKHUT AaTy CMEHbI (a3, a B XyJIIeM
Clyyae M3BECTHA TOJIBKO OJHA M3 TPAHMI] 3TOTO MPOMEKYT-
Ka. Bo3HMKaeT BONpocC, Kak yTOYHUTH UMEIOLIHUECs JaHHbIe
" MOJYYHUTb HaubOoJiee BCPOATHBLIC 3HAYCHUA CTAHAAPTHBIX
CTaTHCTHUYECKHUX MapaMEeTPOB, TAKUX KaK CPEIHEE 3HAUYCHNE
MIPOJIOJKUTENTLHOCTH KaXKI0H (ha3bl U ee CpeTHeKBapaTHy-
HOE OTKJIOHEHHE.

Crioco6 BOCCTaHOBIEHHS MPOIYIIEHHBIX TAaHHBIX IMPO-
JIEMOHCTPUPYEM Ha TpHMepe Mpou3BoONIbHOH (a3sl ¢. [TyTh
MBI IMEEM MHOKECTBO F 00BEKTOB, COCTOSIIIEE U3 IIBETKOB
BBIOPAHHOTO BHA PACTEHHH, 00IIINM 006eMOM B /N 3IEMEHTOB.
Just mro6oro i-ro o0bekTa U3 MHOXKecTBa F y Hac nmerorcs
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E.S. Fomin
T.I. Fomina

cretyrolue nanuble: TV — nocnenHss gara, korya hasza ¢ s
00beKTa i el He Habmozanacs, 1) — nepsas nara, Korjua 00b-
eKT { ObUT OOHapy’KeH B 3a/IaHHOM (hasze @, r(’) — HOoCIeHsAs
nara Habmonenus hassl @ W Tjj) — mepBas xata, Korma 00b-
eKT i OBUT OOHApYKEH B CIEIyIomel (ase pa3sBUTHA ¢ # @.
To ecThb /U KaskI0r0 00BbEKTa €CTh YEThIPE 3HAYEHHUS, PE/I-
CTaBJISIONIME TPaHuIbl 1BYX uHTepBasioB: [1\), )] — unrep-
BasT mosByeHus hassl ¢  [tf), 1{j) | — HHTepBaN 3aBepIIeHMs
dasbl . TakuM 06pazoM, MPOJOIKUTENLHOCTh (ashl ¢ IS
i-ro o0BeKTa cocrapiser ot t) — 1) 10 tf) — 1) ameit.

JlomycTrM, 9TO TIPOAOIDKUTETTFHOCTD At (basbl ¢ JUTs OOBEK-
TOB MHOeECTBA F MOA4MHAETCS HOPMATLHOMY pacrpesierie-
HUIO C IUIOTHOCTBIO BEpOSITHOCTH P(A?|1G), C HEN3BECTHBIMU
CPE/IHUM 3HAYEHHEM |l U CPEIHEKBAIPATUYHBIM OTKJIOHEHH-
eM G. JIiis MOoMydeHHs CTaTMCTHYECKUX MapaMeTpoB WL U G
BOCIIOJIB3YEMCSl METOJIOM MAaKCHMAJILHOTO TIPaBIOOI00HS.

Ecnu Hagano ¢assl 1715t i-ro 00beKTa MPOUCXOTUT B MOMEHT
spemenn 1) € [1%), 1] n 3aBepuienye — B MOMEHT BpeMeHH
@ e [1f], (’)] TO HPOIOIKUTENBHOCTD (ha3bl paBHa Ar') =
= t(’) 0. Bepo;ITHOCTL HaOJII0IEHUs TAKOTO CITydas CO-
racHo HOPMaJIbHOMY PacrpesieicHHIO PaBHa

@) _ () _
exp wa_u] _
\/2_7t 202

OneHka MOoJTHON BEPOSTHOCTU TOTO, YTO Bce N 0OBEKTOB
Gy/LyT HMeTh 3a1aHHbIe s HUX 3HadeHns T u 1), paBua

P(t(’) 'c(’) |H, 0) =

N
PG, e, 12,70, 200, 0, ) = [P, 40, o)
F
Ionyuennas onerka epostaoctu P(r(), 14, 12, 1§
), 100 |uo) sBserca dynkimeit npaBuonouo6Ma }1.]'[51 ILaH-
HOIT 3a1a9u. Ee MaKCMMHU3aIisi OTHOCUTENBHO HEM3BECTHBIX
3HAYEHMH MapaMeTpOB MO3BOJISAET HAHTH Takoe pacrpese-
JIleHHe, KOTOPOE HAMJTYUYLIMM COCOOOM ONMHUCHIBAET JJAHHBIE
HaOJTIONEHUI.
3aMeTHM, YTO B BHIMUCIIECHUSAX yI0OHEH HCKATh HE MAKCH-
MyM ¢yHkuun P, a MunuMywMm sorapudma 310t hyHKIMK C
00paTHBIM 3HAKOM, T. €. QyHKIUH L,:

L, =~ (P!, o), <2, <2, ..

WA, paCKpBIBast JOTapudMm,

0 1) |, ),

L. = Nn(o) + L= " (20 — ¢ _ n)2
, = Nln(c) FZ(T[, -t —p)~
0%i=1
Jlnst obecriedennst ycnoBus, uto nepemennbie 1) u 1) mpu-
HAJUIEKAT U3BECTHBIM M3 HAOIFOIEHNH BPEMEHHBIM HHTEPBA-
mam: 19 € [, 1] u 1)) e [}, 111, noGasum Kk dymKmHH
L, perynspu3anMOHHbI YIeH Lreq BUJA

3 (12, if 10 <)
L — Creq
req 2

= M=

% (€02, if o>
o
0, otherwise
3 i) N2 e (D) i)
i; (r(é —rgf) ,if T <rf3’1
2 (it >
0, otherwise
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rae Koo huueHT perysispusanum Cieq > 0 ABIACTCS IPOM3-
BOJIGHBIM TOJIO)KUTENBHBIM BEIIECTBEHHBIM YHCIOM. Pery-
NAPU3ALMOHHBIN uleH L, He BIMseT Ha 3HAUYEHME 1IeNeBOi
dynxunn L =L, + L, ecan Bee kodbdummentsr ) u 1)
YAOBJIETBOPSIIOT HEOOXOAMMBIM YCJIOBHSM, OJJHAKO 32 BBIXOJ
NEepEeMEHHbBIX W3 3aJaHHBIX JUAla30HOB HajaraeT Ha Hee
«mrpad» %Crqur%, KBaJPAaTUYHO 3aBUCAIIMNA OT «CTere-
HY HapyIeHus» At?.

Aprymentsi {1, 1), 12, 1@,..., 70, 1)), u, o}, npu
KoTopbix (GyHKuMs L, HazpiBaemas Taike (QyHKIHMEH Io-
Tepb, JOCTHUIaeT MHHUMYMa, SIBJISIIOTCS PEIICHHEeM JaHHOI
3a/1a4H:

{0, 1@, 12,19, 1,0, 1, 0} = argmin(L, + Lioy)-

Pe3yn bTaTbl N OﬁCY)KIJ,EH ne

OcobeHHOCTN LiBETEHUA
ITo pe3ynbTaraM HalIMX MHOTOJIETHUX UCCIIEIOBAHUN CTPYK-
TYpBI COI[BETHH, MMOPSAKA PACITYCKAHUSA B HUX IIBETKOB, IIPO-
JIOJDKUTEIIBHOCTH IIBETECHMS OTJCIBHOTO IIBETKA U COL[BETHS
B I[€JIOM IOJTy4€HBI CIEAYIOIINE XapaKTePUCTHKHU BUJIOB.
Campanula bononiensis. ColiBeTre — 3aKpbITasi WIA OT-
KpBITast PpOHIyIe3Has KUCTh (cM. puc. 1, a). BeTBnenue no
oceill 2-ro mopsi/ika, Ha OTAEIBHBIX 0Oerax BO3MOXKHO (op-
MHUPOBAHNE SAMHUYHBIX O0Ceil 3-r0 MopsAaKa B HIKHEH YacTh
compeTust. YuCIo y310B B 30HE COLBETHS BApbUPYET B IIpe/ie-
nax 15-80. BepxHsist uacTh NIaBHOM OCH HECET IIBETKH TOJIBKO
I-ro mopsinka (829 mt.). [lanee Mo HampaBlICHHIO BHU3 B
y3J1ax COLBETHS MOSIBIAETCS 110 1—5 OOKOBBIX I1BeTKOB. Dopma
KHCTH KOJIOCOBH/IHAS 33 CUET CWJIBHO YIJIMHEHHOW IIaBHOM
0CH, KOPOTKHX OOKOBBIX OCEH (IIBETOHOXEK) M COMMKEHHBIX
Y3JIOB COLBETHs. B penknx cirydasx OTMEYaeTcsi pa3BUTHE
YAJIMHEHHBIX OOKOBBIX Ocel (70 16 cM) B HIDKHEH 4acTH co-
[BETHSI, HECYIIUX 110 6—13 IBETKOB UM OJTMH BEPXYIICUHBIN
I[BETOK. B mepBom ciydae mapruaibHOE COIBETHE MOXKET
OBITB KaK 3aKPBITHIM, TaK ¥ OTKPBITHIM. [Ipy pa3BUTHH TPYIIIBI
VAJIMHEHHBIX MapakiajueB COLBETHE NmpuodpeTaet popMy
KHCTEBHHO-METeNbIaroro. LiBeTenne HaunHaeTcest B CpeHei
YaCTU WIN HIDKHEH TPETU COLBETHS U PaCIIPOCTPaHIeTCs JTH-
BEPIre€HTHO, OJHOBPEMEHHO C POCTOM INIaBHOM ocH. L{BeTeHue
MHOTOIIBETKOBBIX ITapakJia/IeB akporeTanpHoe. Pacyckanue
L[BETKOB APYKHOE: MAKCUMYM TOCTUTAETCS CIyCTs 3—5 aHel
OT Hayala [BeTeHHs; B a3y MOJHOTO LBETECHHS, B 3aBHCH-
MOCTH OT Pa3BUTOCTH COLBETHS, OJHOBPEMEHHO PACKPHITHI
12-39 uBetkoB. IIpo1oIKUTENLHOCTh AKU3HU OTHOTO I[BETKA
cocTaBisieT 2—4 JHs, MPOAOKUTENBHOCTD IIBETCHHSI MTO0Oe-
ra— 15-25 nguei.

3.C. DomuH
T.N. DomuHa
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Campanula sarmatica. Couperue — 3aKpbiTasi OTHOOOKasI
(hpoHayne3Has KUCTh, IPOCTasi WM C BETBICHUEM OCEH 10
2-ro nopsiaka (cM. puc. 1, 6). B CIOXHBIX KHCTSIX BEpXHHE
3-9 nBeTKOB 1-r0 MOpsiiKa, HUXKE 00pa3yroTCs OOKOBBIE I[BET-
Ku B grcie 1—2, 3arem B uncie 3-5, T. e. Hanbosee pa3BUTHIC
0okoBEIe ocH (10 13.5 cM IIHHOI) pacTIONOKEHBI B HUKHEH
gacTu conpetust. [locnennee cocrout u3 6—19 y3nos. [opsaox
[[BETEHHA [T0OETa Pa3IMIHbIH, 9acTo OazuneransHbIi. MHOTIA
[[BETEHHE HAYMHACTCSI C TEPMUHAIBHOTO [[BETKA, COITPOBOXK-
naeMoro 3—4 mBeTKaMHu B HUIKHEH TPETHU COIBETHS, Jaliee
WAET AUBEPreHTHO. Ha mapakia s HOpsIOK IIBETCHUS CMe-
IIaHHBIA. B 1iesiom nBeTenue nodera pacTsHyTOE, IPH 3TOM
TEMITbI PACITYCKaHUsI IIBETKOB B BEPXHEH ITOJIOBUHE COLIBETHUS
MOTYT CYIICCTBEHHO OTICPEKaTh WX TOSBICHUE B HIDKHEH.
JITITeNbHOCTD KU3HU OJHOTO L[BETKA COCTABIISICT 2—4 IHS,
MPOJOJKUTENBLHOCTD IIBETEHUS 1o0era — OKoJIo 15 jHei.

Platycodon grandiflorus. CoueTtre — 3aKkpbiTas GpoHI03-
Hast KHCTh C BETBJICHHEM Ocei 10 2-To mopsizika (M. puc. 1, g).
Uwucno y3moB colBeTus BapbupyeT B mpenenax 4—17. Ha
TJIABHOM OCH 10 30HBI BETBICHHS Pa3BUBACTCS 2—5 I[BETKOB,
Ha OOKOBBIX OCSIX X YHCIIO He npeBbIimaeT 1-3. [Topsinok 1se-
TEHHMs BceX oceil modera 6a3urneTanbHbIN. JIMiib Ha TaBHON
0CH OTMEYAETCSI HEKOTOPOE HAPYIIEHHE TIOCIIET0BATEIbHOCTH
pacmyckaHus, koraa 1-3 nBeTka 1oj| TepMUHAIBHBIM OTCTAIOT
OT HIDKEPACHOIOKEHHBIX I[BETKOB. XapaKTep paciyCKaHUs
MTOCTENCHHBIH, IPY 3TOM JUTHTEIEHOCTD KIU3HH OTHOTO IBET-
Ka cocraBisieT 7—10 IHEH, T. e. 3HAYUTEIBEHO OOJIBIIE, YEM Y
Bun0oB Campanula. 310 00yCIIOBIUBACT MPONOIKUTEIILHOE,
oKkoJ10 1.5 Mecsiia, nBeTEeHHE oodera.

Hexoropsle noka3zarenu, XapakTepHu3yole IBETeHUE H,
CJeI0BaTeIbHO, JEKOPAaTUBHBIC Ka4eCTBAa MCCIIEAOBAHHBIX
BUIOB, IpHBeIeHBI B Tabn. 1. O0beM BBIOOpKH IS pacdeTra
napameTpoB cocTaisii oT 10 1o 50 namepenuii. Bapnabeins-
HOCTb OOJIBIIMHCTBA TIOKa3aTelieil BhICOKas, 0COOCHHO Kaca-
FOIIIXCS COI[BETHUH — MX BBICOTHI M UMCJIA IBETKOB, TOTAA KaK
pa3Mepsbl [IBETKOB MEHEee H3MEHYHBBI.

Mopenu uBeTeHuA noberos

Bo3MOKHOCTD TOCTPOEHUSI CTPYKTYPHO-TUHAMUYECKUX MO-
JIeJICH BETCHUS TIOOCTOB OCHOBBIBACTCS HA METAMEPHOCTHU
OpraHu3aluy MOCIEIHUX U HAJIUYUU YCTOMUMBBIX B3aHMMO-
CBsI3el MEX/1y TIOJIOKEHUEM 1IBETKOB B COLIBETUHM U BpEMEHEM
UX paciyckanus. B cuity BEICOKO# BapruaOeTbHOCTH BCEX MPH-
3HAKOB PACTEHUH B MPOIIECCE POCTa M PAa3BUTHUS, TIOTOOHBIE
MOJICITH HEU30CKHO SBISIOTCS CTOXaCTUYCCKUMHU, TTPUIECM
HAOJTFOIaeMbIC TIOBTOPSIEMOCTH CTPYKTYPhI B HUX OIHCHIBA-
10TCSL QYHKIUSAMH pacIlpeesIeHus CIIy9aifHbIX BEJUYHH, a

Table 1. Morphometric indices of flowering in species of the Campanulaceae family

Index C. bononiensis
M im ..................... | ,m (V%) ............
Totalshootheight,cm 1117448  55-170(288)
Inflorescence height,cm 00422 12-81(387)
Flowers per inflorescence 112¢10  34-267(51.1)
Co rO”a : h e,ght c m ............................. 1 72i0 02 ............. 1 5 _20 . (82) .......
Co ro”a . d ,am ete r C m ......................... 1 7410 04 ............. 1 1 _22 (153) .....

CucremHas 6uonorus

C. sarmatica P. grandiflorus
Mim ..................... | ,m(v%)Mim ..................... | ,m(v%) .............
65312336_90(214)497125 ............... 3 1_70(215) ........
413127 ............... 15_73(396) .......... 164i18 ............... 8 _35(472) ..........
12116_25(422)9114_16(429) ..........
308011 25-35(111)  528+0.08  37-67(147)
3855007 34-41(56) 7004030  45-91(17.9)
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Table 2. Structural indices of shoots examined

Index C.bononiensis  C.sarmatica P. grandiflorus

Mio[n]Mio[n]Mio[n] ..............
n1440i”9 ............. 117i82 ............... 123i29 .............
n2623i296 ............. 157i127 ............. 153162 .............
ko 23%11°[81]  20£10°123]  16+05028]
nmﬂor ................. 130i4056i12 ................. 17i05 ...............
nparac308i14580i57 ................. ”7i19 .............
nsmgleo7i0903io4 ................. 0 7i05 ...............

Designations: n;, the number of flowers on the ascending axis (1st order);
n,, number of flowers on 2nd-order axes; k;, mean number of flowers on
2nd-order axes; g, mean number of flowers on the ascending axis to the
inflorescence branching; np, .., mean number of 2nd-order axes; Ngnqje Mean
number of flowers on the ascending axis below the inflorescence branching.
For each index, values averaged over examined shoots are presented.

Table 3. Flowering-related indices of shoots examined

Index C. bononiensis  C.sarmatica P. grandiflorus
M=o [n] M=o [n] M=o [n]
Nstart 31.3+5.1 8.7+0.6 47+0.2

Designations: ny,, order number of the nonterminal flower that
effloresced first; wy,,, the number of flowers efflorescing concurrently
With Ny Ateerme time from the efflorescence of ng,,, to the start of the
terminal flower efflorescence, a negative value indicates that the terminal

flower effloresced first; At,,, time from the efflorescence of ng,, to the
efflorescence of the last flower on the ascending axis above the branching
zone; Atyg,,n time from the efflorescence of n,,,, to the efflorescence of
the last flower on the ascending axis below the branching zone; At,,
time from the efflorescence of the first flower on 2nd-order axes to the
efflorescence of the last on the same axes; Aty mean lifetime of one
flower; At mean duration of bud development. For each index, values
averaged over examined shoots are presented.

B3aMMOCBSI3H «IIOJI0KEHHE IIBETKA—BPEMsI €0 pacirycKa-
HUS» — PErpecCHOHHBIMU 3aBUcHMOcTsIMH. Ocoboe moso-
JKeHHE B COLIBETHM 3aHHMAaeT TePMUHAJIBHBIN IIBETOK, pac-
ITyCKaHNE KOTOPOTO HE TOYNHSIETCS] 3aKOHOMEPHOCTSIM, OT-
MEUEHHBIM JAJIS1 OCTAJIBHBIX [IBETKOB, IOITOMY OH yUUTHIBA-
€TCsl B MOJICNIN OT/IENBHO.

[TapameTpsl MozIeTN MOMYyYEHBI CTAaTHCTHYECKOH o0pa-
OOTKOM MMEIOIIEroCsT MacCHBa JIAHHBIX HaOroneHui (Ooee
4300 KOHTPOJIBHBIX TOYEK) M MPEACTABIEHBI B BUJAE Map
M=o (cpenHee 3HaYEHHWE + CPEIHEKBAAPATHIECKOE OTKIIO-
HeHne). JIOmoNMHUTENbHO A KaXK/J0r0o MapaMeTpa yKa3aHo
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Table 4. Regression parameters of shoots examined associated
with flowering dynamics

Index C. bononiensis C. sarmatica

P. grandiflorus

Designations: g, b, coefficients in the regression equation t = a + bx;
Ay by, are coefficients of the regression equation describing the order of
efflorescence on the ascending axis above the branching zone calculated
with respect to ny,, (Table 3); Ayoun baown ditto, below the branching
zone; a,, b,, coefficients of the regression equation describing the order
of efflorescence on lateral axes calculated with respect to the start of ef-
florescence on the axis.

YHCJI0 TOYEK /1, UCTOJIb30BAHHBIX I UX monydcHus. Jljis

TeX MapaMeTpoB, IPH pacyeTe KOTOPHIX OBLIO JOCTYITHO HE

Ooee Tpex TOYCK, MX YHCIIO He ykazaHo. B Tabm. 2 u 3 s

Ka)JIOTO MPU3HAKA YYETHOrO MoOera MpUBEACHbI MapaMeT-

PBI er0 (PYHKIMH TIOTHOCTH pacIipefesieHus, a B Ta0m. 4 —

Ha00p KOA(h(OUIIMEHTOB a U b THHEWHBIX PErPeCCHOHHBIX

OTHOIICHUH ¢ = a + bx U151 KaXKI0H B3aUMOCBSI3U ITOJIOKCHHE

I[BETKA X—BpeMsI €ro pacirycKaHus ¢». [lapaMeTpsl Momenu

OIIHCHIBAIOT:

o CTPYKTYPY COILIBETHS yYSTHOTO [T0OETa — YUCIIO IIBETKOB Ha
IaBHOM ocH (1-ro mopsinka), 9icio BETKOB Ha OOKOBBIX
ocsx 2-ro nopsaka (cM. Taom. 2);

o JIMHAMHKY I[[BETCHHUS YYCTHOTO MOOETa — YHCIIO U JIOKAJIH-
3aI{I0 IIBETKOB, PACITYCKAIOIINXCS MEPBBIMA; IEPHUOA OT
HayaJia [BETCHUS IEPBBIX [IBETKOB 10 Hayaa [BETCHHS
MOCJICIHUX B PA3JIUUHBIX 30HAX COLBETHS; CPEIAHIOO TIPO-
JIOJDKUTEITLHOCTD JKU3HU IIBETKA (CM. Taod. 3);

o PErpecCHOHHBIC OTHOUICHUS MEXKIy BPEMEHEM pacITycKa-
HUS [[BETKOB Ha OCSIX 1-T0 ¥ 2-TO MOPSIJIKOB M UX TOJIOXKE-
HHEM B cOIBETHH (CM. Ta0II. 4).

[Ipu mocTpoeHNH perpecCHOHHBIX 3aBHCUMOCTEH HCIIONb-
30BaJICh OTHOCUTEIIbHBIC BEJIUYMHBI, KaK 10 MOJOKCHUIO
I[BETKOB, TaK M 110 BPEMEHH PACIyCKaHU: TOJI0KEHHUE I[BET-
KOB Ha TJIABHOM OCH OTCYHTHIBAIOCH OT HETEPMHUHAIBHOTO
I[BETKA, 3a1IBETAOIICTO TICPBBIM; ITOJIOKCHHE [[BETKOB Ha OCSIX
2-ro TOpsi/iKa — OT [IBETKA Ha BEPXYIIKE OCH; BPEMS pacIry-
CKaHWsI I[BCTKOB Ha TIABHOW OCH — OTHOCHTEIHHO BPEMEHHU
paciycKaHus TIEPBOr0 HETCPMUHAIBHOTO [BETKA; BPEMsI pac-
ITyCKaHUS [IBETKOB Ha OCSIX 2-TO TIOPSIIKA — OT BPEMEHH pac-
ITyCKaHUs [IBETKA Ha BEPXYIIIKE COOTBETCTBYIOIICH ocu. Bee
K03 (OUITHMCHTBI PETPECCUU TOMYUCHBI P HOPMUPOBAHUU
MaCCHBOB TOYEK K €IMHUYHBIM MHTEpBaJaM IO adcuucce u
opauHare. Vcnonp3yemMbple HOPMHPOBKH TTO3BOJISTFOT MAKCH-
MaJIbHBIM 00pa30M CBECTH APYT K APYTY JaHHBIC C PA3THIHBIX
YYIETHBIX TI0OETOB IPH 3aMETHOM CHIDKEHUHU THCTICPCHH,
KOTOpast 0CTAaeTCsl HEYUYTEHHOH PerpeCCHOHHBIMU MPSIMBIMH.
Koo puuments: nerepmunanuu (R?), KOTOpbIE MOKA3BIBAIOT
JTOJTFO YYTEHHOU PErpeCCHOHHBIMU MPSIMBIMU AUCTICPCHH, IS
I[BETKOB HA IIABHOI OCH B 30HE BBIIIC MEPBOTO IIBETYIICTO

Systems biology



MaTTepHbl M MOAENM LIBETEHVA HEKOTOPbIX BUOB
cemeiictBa Campanulaceae Juss.

HETEPMUHAIIFHOTO [[BETKA PABHBI Rﬁp =1{0.742,0.927,0.774};

HA HHX K€, HO B 30HE HIIKE 9TOTO LBETKA Riyy, = {0.880,

0.269, 0.386} ; uTst LIBETKOB Ha OCsiX 2-ro mopsiaka R3 = {0.354,

0.200, 0.035} — st C. bononiensis, C. sarmatica n P. grandi-

florus coorBeTcTBeHHO. Bee paccunranuble K03 GHUINECHTHI,

3a €QUHCTBEHHBIM HMCKIIOYECHUEM R% st P grandiflorus,
3HAYUMBI IO /-KpuTeputo CThiofeHTa. 3HaueHus KodGhhuIm-

CHTOB JICTEPMHUHAIIMH ITOKa3bIBAIOT, YTO ITOCIIECI0BATEILHOCTD

pacnyCKaHus HBETKOB Yy BCEX UCCIICJOBAHHBIX BUI0B TOJILKO

B BEpXHEW YacTH COLBETHS C XOPOLIEH TOUHOCTBIO MOAYHU-

HSIETCS IMHEHHOMY COOTHOILICHHUIO, A B HIKHEH YacTH ¥ IS

[IBETKOB 2-TO MOPSIKA 3TU 3aBUCHUMOCTH OClabeBaroT (Tak,

s P grandiflorus 3anBeTanye BETKOB 2-TO MOPSIAKA Xa0-

THUYHO).

HeCMOTpﬂ Ha TO YTO YaCThb YUCTHBIX JaHHBIX OITUCBIBACTCA
ACHMMETPHYHBIMU PacTIpeAeICHUSIMU, B MOAEIH aCHMMET-
pHYHOCTB He yunThIBaeTcs. [lapameTpsl Mozieny, oy YeHHbIC
U3 TaKUX paclpeliesieHuid, TTOMEYeHbl CUMBOJIOM «+». Jlo-
MOJTHUTENBHO CIIEAYET OTMETUTD HAINYNE CHCTEMaTHIeCKOM
ommOku B mapamerpe Afy 4 (CpeHss IpOIOIKHTEIFHOCTE
pasBuTHs OyTOHA) B CHIJIY HEOINPEIEICHHOCTH JIaThl Hadaia
OyTOHM3aINN.

ANTOPUTM TEHepalyy CIy4ailHOro MOAEIbHOTO robera
u3 QYHKIUN pacupeneCHUs U PErPECCHOHHBIX OTHOMICHHUN
COCTOHT U3 CIEAYIOINX IIaroB:

1) renepanyst CTpyKTypbI COLIBETHSI — YHCIIO IIBETKOB HA OCH
1-ro nopsaKa 10 30HbI BETBIICHHUA COLUBETUA ninﬂorH HUXKE
OTOH 30HBI 11, |, THCIIO OCEH 2-TO MOPAIKA 1y, M IBETKOB
Ha Ka)X10H U3 HUX k| (eIMHUYHBIE IBETKH HA OCAX 3-TO MO-
psiZika He ObUIM YYTEHBI) COINIACHO COOTBETCTBYIOLIMM
pacIpeneneHusIM;

2) reHepaius mopsAKOBOro HOMepa HETEPMUHAIILHOTO [IBET-
Ka, 3aL[BETAIOILET0 MEPBBIM 71y, ., U YHCIIA LBETKOB W,
OIHOBPEMEHHO L[BETYIINX C HUM;

3) U1 KaXJ10T0 IBEeTKa (criepBa Ul BceX LBETKOB 1-ro mo-
psiaKa, 3aTeM JJIs IBETKOB 2-TO MOPSJIKA):

a) TeHepanys JaThl Hadaja MBETCHUS £y, ., 9TO BKIIOYACT:
— pacyeT OTHOCHTEIBHOTO PACCTOSHHS X /IO I[BETKa,

IBETYHIETO IEPBLIM;

— BBIOOP PErpecCHOHHOTO OTHOLICHHUS B 3aBHCHMOCTH
OT 30HBI JIOKAJIN3AIHY;

— TIOIIy4eHHUe JJOIyCTUMOTO Aara3oHa 1 reHeparys ciy-
YaiHOM JaThl HAYas1a LIBETEHHU £y, . B 9TOM JUAIIA30HE;
0) renepanys NPOJOIKATEALHOCTH KU3HU Aty
B) reHepalys MpOoA0JDKUTEIBHOCTH (a3bl OyTOHM3ALUU

At, 4 ¥ YCTaHOBKa JIaThl €€ Hadaja IIyTeM OOpaTHOro
CIBHUIa OT JaThl HaYa/la IBETCHMUS ]

4) mpoXOKJIeHHE TT0 IUKIY BCEX BO3MOXHBIX AT Pa3BUTHUS
rmo0era 1 N3BJICUYEHHE Ha KaXKTYT0 MaTy TeKyIei Gpenodaspr
JUISL KaKI0TO I[BETKA (B CIydae HEONpPEACICHHOCTH (a3bl
JUISl pAaHHUX JIaT CYMTAETCs, YTO OYTOH erie He copmu-
poBaJicsi, a IS TTO3IHUX JaT — YTO OH Tepemren B (azy
3aBsI3bIBAHUS TUI0/A).

[IpoBepka aJieKBaTHOCTH ITOJy4E€HHON MOJICIIH CJIeJIaHa ITy-
TEM CPaBHEHHMS KPUBBIX [[BETCHHS, TIOTyICHHBIX U3 YIETHBIX
JIAaHHBIX ¥ MOZIETIMpOBaHKEM. J{JIst MOIETMpPOBaHHUS HCTIONB30-
BaJIMCh BbIOOpKH 13 1000 cityyaifHbIX MOJCIBHBIX TOOETOB.
Pa3mep BBIOOpKH mOmOWpancs TaKuM, 9YTOOBI 00eCIIeYnTh
MOBTOPSIEMOCTB XapaKTepa KPUBBIX [[BETCHNUS, TOCTPOCHHBIX
Ha pa3HbIX BbIOOpKax. HaOop MaHHBIX, HCOOXOMUMBIX IS
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MOCTPOEHUS TUarpaMM U CXeM I[BETeHHsI (MacCcHB 3aIuceH,
OTIPEIeIIATONTIH JIOKATN3AIINI0 KaXKI0TO IIBETKa Ha To0ere 1
Ha KXy 1aTy — a3y ero pa3BUTHS ), MOTYJaJICs yCpPeTHE-
HUEM. KpI/IBLIe IBETCHUSA MMOJYYEHbI CYMMHUPOBAHUEM YU CJIa
PaCKPBITHIX IBETKOB HA KaXKIYIO AaTy. Pe3ynbrars! pacueToB
s C. bononiensis, C. sarmatica u P. grandiflorus, Bximodast
TaKXKe JUIs CPaBHEHUs Pe3ysIbTaThl HAOIIOJCHUH YUYETHBIX
M0OeToB, TIPe/ICTABICHBI Ha pHC. 2—4.

Ha Bcex pucyHKax s AHarpaMM U KPUBBIX I[BETCHUS UC-
MOJIB3YETCsI €IUHASI OCh A0CIIMCC, HA KOTOPOH YKa3aHO BPeMs
B IHSX OT Ha4aja [[BeTeHus mobdera. KpuBbie 1IBETEHUS MPH-
BSI3aHBI K JICBOW OCH OPJIMHAT, TOKA3BIBAFOT YMCIIO OTKPBITHIX
IIBETKOB I’lf Ha 3aJIaHHYIO J1aTy U NOJIYYCHBI CIIIA)KUBAHHUEM C
TTOMOIITBIO KyOMUYEeCKUX CIUTaiHOB. J{narpaMMbl IPHBSI3aHbI K
MIPaBO OCH OPIMHAT U YKa3BIBAIOT TUAITA30HBI JaT I[BETCHUS
Ka)JIOTO IIBeTKA. 3HAUCHUs Ha MPaBOW OCH OpauHAT, 000-
3HAYAIONIIEe HOMEpa I[BETKOB, BO3PACTAIOT B HAINIPABICHUH
CBEpXY BHHU3, MTOCKOJIIBKY WX HyMEpalus HAuMHACTCS OT
TEPMUHAILHOTO LBeTKa. Hauano userenus ¢, oTMedaercs
KPY’KKOM, @ €T0 IPOJOIKUTETBHOCTH Af — OTPE3KOM COOTBET-
CTBYFOIICH JTHHBL [[BeTKH, JTOKaIM30BaHHbBIC HA TTOOerax 1-ro
1 2-T0 TIOPSIAKOB, JOTIOJIHUTEIHHO PA3IUYaIOTCS C TOMOIIBIO
BepxHero nHaekca i = {1, 2}. [[BeTkH, TOKaTH30BaHHBIC HA
moberax 2-To MOpsaKa, MPUBSI3aHBI IO OCH OPAHMHAT K CO-
OTBETCTBYIOIIEMY HOMEpY IIBeTKa 1-ro mopsnaka. B mpaBoit
4gacTu puc. 2—4 MpUBEICHBI CXEMBI COIIBETHH TEX jke TOOETOB
B IWHAMHKE [IBETCHHS: d — HA4Yallo, b — MOJHOE, ¢ — KOHEII.
B s1eBoii uacTi prCyHKOB clieiaHa puBsi3ka (a3 BeTeHus 110
JlaTaM K KpUBBIM I[BeTeHUs. CXeMBI COI[BETHI UCTIONB3YIOTCS
JUTS BU3YaJIU3aliX PEe3yIbTaTOB HAOIIOICHUH U TAHHBIX, CTe-
HEPUPOBAHHBIX MOJICJIBIO. che):LHeHI/le JAHHbIX IJIs1 MOACIIb-
HOTO TI00era MPUBOAUT K CHIDKCHUIO YPOBHA JCTaTH3aIUN
KPUBBIX [[BETCHUSI.

C. bononiensis (puc. 2). Habnromaercst KaueCTBEHHOE COB-
MaJeHUe JUarpaMM M KPUBBIX [[BETECHUS IS YUETHOTO U
MOJICITFHOTO TI0OETOB C KO3 PHUITHCHTOM KOPPEIISAIIUU MEKITY
kpuBbiMH 1BeTeHus1 0.83. OOmumii xapakrep KpuBO# 1BeTe-
HUS — OJJTH HECUMMETPUYIHBIN ITHK C YITHPeHHEeM (110 3 1Hei)
C JICBOW CTOPOHBI. YIIHPEHHUE O0YCIOBICHO PACITyCKaHHEM
LIBETKOB, JIOKaJIM30BaHHbIX Ha INIaBHOM ocu couserus. [1ux
JIOCTUTAETCS TIPH OTHOBPEMEHHOM PACIyCKaHHH IIBETKOB B
BEPXHEH U HIKHEH YaCTSIX IIAaBHOM OCH M Ha OOKOBBIX OCSIX
B CpellHEeH 4acTH COIBETHsI, IJIe I[BETKU |-ro mopsiaka yxe
orgend. [Ipu ’TOM MaKCHMyM IIBETEHHS CMEIICH K KOHILY
KPHUBOH; MEPUO]] OT Hadasla BETCHUS 10 MAKCUMyMa PaBeH
10 gusiM, @ OT MaKCUMyMa JI0 KOHIIA IIBETEHUS — 4.

C. sarmatica (puc. 3). Habmrogaercsi Ka4eCTBEHHOE COB-
MaJCHUE JUarpaMM M KPHUBBIX [[BETCHUS IS YYCTHOTO U
MOJIEJIBHOTO TOOETOB ¢ KOI(DPHUIUEHTOM KOPPEIISILIHN MEKITY
KkpuBbIMH 1BeTeHIsI 0.77. O0muii XxapakTep KpUBOH IIBETEHNUS
JIBYXMOJQJTbHBIH, TPUYIEM MEPBBINA MUK 00YCIOBJICH I[BCTCHH-
€M TJIaBHOHM OCH, a BTOpPOW — oceil 2-ro nopsijka. B cioyuae
MPOCTON KHUCTH KPHUBAs IIBETCHUS OyIeT OIHOBEPIIMHHOMN.
Pacmyckanue pacTsHyTOE, IOCKOIBKY IIBETKH Ha OOKOBBIX
OCsIX 3al[BETAIOT MOCJIe TOro, Kak OoJbllias 4acTh UX Ha
TJIABHOM OcH oTIBerna. V3-3a OTCYTCTBHS HAJNIOKEHHS ITHKOB
XapakTep KPUBOH I[BETCHUS 3aMETHO OTIIMIACTCS OT TAKOBOU
st C. bononiensis. MakCUMyMBbI I[BETCHUSI HE CMEIICHBI, C
PaBHBIMHU TIPOMEXyTKaMu (4 IHS) OT Havyaya I[BETCHUS 10
MEPBOr0 MaKCUMyMa, OT MEPBOrO MaKCHMyMa J0 BTOPOTO
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Fig. 2. Graphs and flowering curves (left), inflorescence schemes (right) of C. bononiensis for (A) an examined shoot and
(B) a model shoot. Flowering phenophases: a, beginning; b, maximum; ¢, end.
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Fig. 4. Graphs and flowering curves (left), inflorescence schemes (right) of P. grandiflorus for (A) an examined shoot and (B) a model
shoot. Flowering phenophases: (a) beginning, (b) maximum, (c) end.

M OT BTOPOTO MakCHMyMa JI0 KoHIIa IiBeTeHus. CoBmaaeHne
MEXIy CTPYKTypaMH YYETHOTO W MOJEIBHOTO MOOETOB He-
CKOJIBKO Xyxke, yeM y C. bononiensis. He BOCIIpOU3BOAUTCS
TIPOTIOPITHS B UMCIIE IIBETKOB HA OCSIX 2-TO TMOPSAKA B BEpXHEH
W HIDKHEH 9acTsX COIBETHS. DTO CBSI3aHO C IIPOCTOTON MOIE-
JIh, B KOTOpyIO HEC 6bIJ'II/I BKJIFOYCHBbI perpeccym, OIIUCBhIBAOIIIHNEC
MOOOHYIO 3aBUCHMOCTb.

P. grandiflorus (puc. 4). HaOmonaercst kauecTBEHHOE CO-
BIIaJICHUC ZlI/IanaMM u KpI/IBI)IX IBETCHUA OJId yquﬂoro nu
MOJeTBHOTO 1M00eroB ¢ kKoddduureHTom koppemauu 0.65.
OO0t XapakTep KpUBOW IBeTeHUS, Kak u it C. sarmatica,
JByXMozaibHbli. [lepBbiii MK 00yCIIOBJIEH paciyCKaHHEM
I[BETKOB 1-TO TOpsIIKa, BTOPOU — IIBETKOB HAa OOKOBBIX OCSIX.
B omimiume ot C. sarmatica, oTMedaeTcs CHIIbHAS 3a7epPiKKa
L[BETCHUS BCETO IoOera Mocjie paciyCKaHus TePMUHAIBHOTO
1BeTKa. [IepBrIii MaKCHMyM CMEIIeH Ha 28 IHEH oT Havasa
[BETCHUS, TICPUOJ] MEXKITy THKaAMH paBeH 12 IHsAM, Torma
KaK [EePHOJI OT BTOPOI'0 MaKCUMyMa JI0 KOHIIA [IBETCHHUS CO-
CTaBIIIET BCETO 4 JTHS.

3aknioyeHue

HWccrenoBana WHAMBHIyATbHAsT (DCHOIOTHS [[BETCHHUS Tpa-
BSHHCTBIX MHOTOJIETHUX pactenuii Campanula bononiensis,
C. sarmatica v Platycodon grandiflorus B cBsi3u ¢ 0COOEHHO-
CTSIMH CTPYKTYPBI COIIBETHIA. BBISBIICHBI TATTEPHBI [[BETCHHS
BUJIOB, XapakTepu3yeMble (DEHOIOTHYECKUMH MPU3HAKAMHU
(BpeMst ¥ IPOIOIKUTEBHOCTD [IBETEHUSL, JUTUTEILHOCTD KU3-
HH OT/ICJTBHOTO I[BETKA) ¥ CTPYKTYPHBIMH (CTETICHB BETBIICHHS
COILBETHSI, JUIMHA OOKOBBIX OCEHU, YUCIIO I[BETKOB, MOPSIOK

CucremHas 6uonorus

ux pacmyckanus). C UCIONB30BaHUEM ITHUX TapaMeTpPOB
MOCTPOCHBI KOMIIBIOTEPHBIC MOJICNN LBETEHHS CTPYKTYpPHOM
CIMHUIIBI 0COON — MOHOKAaPIHUECKOro rmobera. OCHOBaHHEM
JUISL TIOCTPOCHMS TaKUX MOAENEH SBISIOTCS, BO-TIEPBBIX,
METaMepHOCTh Tobera u ero (UIOpaibHOW 30HBI, KOTOpAs
onuchBaeTcsl GYHKIHUSIMU pacrpeiesieHus ClydaiiHbIX Be-
JMYHH (CTOXaCTUYIECKHN); BO-BTOPBIX, HAJIMUHE YCTOWINBBIX
B3aUMOCBSI3€H MEX/Ty MOJOKCHHUEM I[BETKOB B COLBETHU M
BPEMCHEM HUX pacCIlyCKaHUs, OITUCBIBAEMOEC PEIrPCCCUOHHBIMHA
3aBUCHMOCTSIMH.

Co3nannble Ha 6a3e peabHbIX JTAHHBIX MOJICIIH C €CTeCT-
BEHHOW BapHaOeIbHOCTBIO BOCIIPOU3BOST KapTHHY L(BETE-
HUS TT00ETOB M MOTYT OBITH pacmupeHsl. Hampumep, BO3MOX-
HO MOJICIIMPOBAHKE [[BETEHHS TPYIITBI 0COOeH (MOMyIISIHN)
[IpY [IPOCKTUPOBAHUU JEKOPATUBHBIX KOMIIO3ULUHI IIyTEM
TeHEpaI MHOXKECTBA MOOETOB M PA3IMUYHBIX JaT Hadajia
IBETEHMS Ul HUX. Ha OCHOBaHMM CTeHEpHPOBAHHBIX CXEM
COLBETHI1 C MCIOJIb30BAaHUEM ITPOTPAMM BU3YAIN3AIMU BO3-
MOYKHO TIOCTpPOeHHE 0a3 JaHHBIX CHHTETHYECKUX H300pa-
JKEHUH, KOTOPbIE MOTYT MPUMEHATHCS IISL PSAa 3a/1a4, B TOM
qucIie 1715l 00y4eHUs] HeWPOHHBIX CETel B aBTOMaTU3UPOBAH-
HBIX cucTeMax ()eHOTUNHMPOBAHMS PACTEHUI, OCHOBAHHBIX
Ha paclio3HaBaHWU 00pa30B. KpuBbIC IIBETCHUS OTPAXKAIOT
9HJ/IOTEHHYIO PUTMHKY 3TOTO MpOIECCa y MCCIEIO0BAHHBIX
BUJIOB, HO PEaIM30BAHHYIO IIPU aJaNTallld K KOHKPETHBIM
9KOJIOTUUECKIM YCIIOBHSIM, ¥ TOTOMY MOTYT pacCMaTpHBaThCs
KaK HOBBIN (DEHOTHIMYECKHH MPHU3HAK JJIsl ONUCaHUsT OHO-
Mopd. Vcnionp30BaHHBIE B pabOTe METOAMUECKUE TTOIXOIBI
MPUMEHHUMBI JUISI TIOCTPOCHHS MOJIENICH IIBETEHUS JAPYTHX
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TIOJIE3HBIX PACTEHHI B paMKaxX U3yUeHHs U COXpaHeHHs OHo-
pa3Ho0Opasms.
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Studvyng the effects of Cantharellus cibarius
fungi on Opisthorchis felineus trematode
and on parasite host — C57BL/6 inbred mice
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Opisthorchiasis is a dangerous parasitic disease caused

by trematodes in the family Opisthorchiidae. One of the
causes of this infection is the species Opisthorchis felineus,
which is common in the Russian Federation and Western
Europe. The disease has a large number of complications
and relatively few effective treatments, so nowadays it is
relevant to look for new drugs for the treatment of opis-
thorchiasis, with the maximum antiparasitic and minimal
side effect. In this work, a potentially anthelmintic effect of
the methanol extract of the golden chanterelle mushroom
(Cantharellus cibarius) was investigated. In in vitro experi-
ments, the significantly reduced mobility and survival rates
of juvenile O. felineus specimens with increasing concen-
trations (10-1000 pg/ml) of the C. cibarius extract were
shown. In in vivo studies, administration of the C. cibarius
extract on the first day after parasitic infection of inbred
C57BL/6 mice resulted in a decrease of the number of
helminths in the bile ducts of the liver, evaluated 6 weeks
after infection. In another series of experiments, adminis-
tration of the C. cibarius extract for 7 days to mice infected
with O. felineus for five weeks had no anthelmintic effect.
In both cases, the state of the infected hosts, evaluated

by a number of physiological and biochemical parameters
(relative weight of organs, blood indices), did not dete-
riorate, indicating that there was no adverse effect of the
C. cibarius extract. The results obtained suggest that the

C. cibarius extract might have anthelmintic properties if
applied as parasite larvae excyst.

Key words: Opisthorchis felineus; methanolic extract of
Cantharellus cibarius; C57BL/6 mice; blood biochemical
markers.
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HccnemoBaHue 3¢pdpeKkToB rpubdos
Cantharellus cibarius Ha TpeMaToOOoy
O. felineus 1 Ha X03sIMHA T1apa3uTa —
MHOpeaHbIX MbIliieli C57BL/6

M.A. L[bIraHOBl' 2®, LB. BI/IH.IHI/IBeL[Ka}Il, T.IT. KyKMHa?’,
.B. COpOKI/IHaB, M.H. AbBoBal’4, MLA. HpoueHKoS,
H.E. Koctunal, A.O. ABFYCTI/IHOBVI‘{l

T DepepanbHbIii cCneaoBaTeNbCKMIA LEHTP VIHCTUATYT LMTONOTUM 1 FeHEeTHKN
Cunbupckoro otaenexuna Poccninckon akagemmm Hayk, HoBocnbmpcek,
Poccua

2 HoBOCUBMPCKII HaLMOHaNbHbIN UCCNIEOBATENbCKIAN FOCYAAPCTBEHHbII
yHuBepcuTeT, HoBocnbupck, Poccns

3 HoBocnbrpcKmnin MHCTUTYT opraHmyeckoin xummm nm. H.H. Bopoxuosa
Cnbupckoro otaeneHusa Poccuinckon akagemmmn Hayk, HoBocnbmpck,
Poccua

4 HoBocnbrpcKkmii rocyaapcTBEHHbI MEAVLIMHCKNIA yHUBEpCUTET
Mwun3apasa Poccun, Hosocmbupck, Poccua

> [ocynapCTBEHHbIiI HayUHbIi LIEHTP BUPYCONOTUM 1 B1OTEXHONOMAN
«BekTop» PocnoTpebHaasopa, HoBocnbupck, Poccus

OnuncTopxo3 — onacHoe napasutapHoe 3abonesaHue, Bbi3biBae-
Moe TpemaTogamu cemenctaa Opistorchiidae, B Tom uncne sugom
Opisthorchis felineus, pacnpocTpaHeHHbIM Ha TeppuTopumn Poccuin-
ckon ®epepauunm n 3anagHown EBponbl. B Halwe BpemaA ocTaeTca
aKTyalbHbIM MOUCK HOBbIX MPenapaToB AN JIeYeHNA OnncTop-
X03a C MaKCMManbHbIM MPOTUBOMapa3nTapHbIM Y MUHUMATbHbBIM
no6oyHbIM AeicTBreM. B paboTe nccnenosaHbl NOTeHLUMaNbHble
AHTUreNIbMUHTHbBIE 3 PeKTbl SKCTpaKTa rpnboB JIncnyka o6bIKHO-
BeHHasn (Cantharellus cibarius). B akcnepviMmeHTax in vitro noka-
3aHO, YTO MNPV NOBbILWEHNY KOHLEeHTpaumu akcTpakTa C. cibarius
(10-1000 MKr/mn) NOABUKHOCTb 1 BbPKMIBAa@MOCTb I0BEHUIbHbIX
ocobei O. felineus 3HaunTeNIbHO CHUXKaETCA. B nccnegoBaHmsx

in vivo akcTpakT C. cibarius, BBOAMMbI MblLLaM UHOPE[HOW TIMHUN
C57BL/6 B nepBble CyTKM Nocie NHGUUMPOBaHMA, NPUBOAWA K
CHVXKEHWIO KOSTMYECTBa FefIbMUHTOB B eNUYHbIX MPOTOKaX NeyeHy,
oLieHBaeMOMY Yepes LeCTb Hefenb Nocie MHGULMPOBaHNA.

B npyroii cepun skcnepnMeHTOB BBeEHMNE SKCTPAKTa B TeueHmne
CeEMU SHEN MbILaM C NATUHERENbHBIM CPOKOM MHGULMPOBaHUS
He OKa3blBano aHTUrenbMUHTHOro 3ddekTa. B o6omx cnyyasax co-
CTOAHMe X03AMHa NapasnTa, oLeHBaemoe no psaay ¢usnonornye-
CKUX 11 BUOXMMIMYECKMX NMapaMeTPOB, He YXYALLIANoCh, YTO FOBOPUT
06 OTCYTCTBMM KaKOro-nnbo HeraTyBHOMO JENCTBUS SKCTPaKTa

C. cibarius. TonyuyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT B MOMb3Y
BO3MOHbIX aHTUreNIbMUHTHbIX CBONCTB 3KcTpakTa C. cibarius npu
NPYIMEHEHNM Ha CTaAMM SKCLMCTUPOBAHMA JINYMHOK NapasunTa.

KntoueBble cnoa: Opisthorchis felineus; MeTaHONbHBIN SKCTPAKT
Cantharellus cibarius; mbilumn C57BL/6; 6uoxnummyeckmne nokasatenu
KpOBMU.



pancreas, caused by trematodes of the Opisthorchiidae

family including Opisthorchis felineus. The Ob-Irtysh
region is the biggest area of O. felineus-induced opisthorchiasis
in Russia. Infection of urban population is up to 80 %, in rural
areas — more than 90 % (Mordvinov et al., 2012; Yurlova et
al., 2017). Opisthorchiasis is characterized by inflammatory
processes in liver and bile ducts (Sripa, 2003; Nair et al.,
2011). O. felineus infection results in multiple pathologies
of liver and pancreas: cholangitis, cholecyctitis, strictures
of bile ducts, gasllstones, hepatitis-like symptoms (jaundice,
hepatomegalia), pancreatitis (Paltsev, 2005; Saltykova et
al., 2016). Some authors have noted a correlation between
O. felineus infection and oncology of human hepatobiliary
system and pancreas (Brazhnikiova, Tolkaeva, 2002).

Due to the large-scale Opisthorchiasis distribution, duration
of'the disease and severe consequences caused in the infected
humans and animals, constant search for drug treatment
methods is conducted on laboratory animals. To this purpose,
Opisthorchiasis is frequently modeled on golden hamsters —
Mesocricetus auratus (Pinlaor et al., 2009; Pakharukova et
al., 2015). However, these animals are not natural hosts for
this trematodes. Some Opisthorchiasis studies are performed
on knock-out (Nair et al., 2011) and C57BL/6 inbred mice
(Zelentsov, 1974; Avgustinovich etal., 2016;2017a, b, 2018).
For O. felineus-infected C57BL/6 mice, a prolonged (up to six
weeks) juvenile marita stage is typical, which distinguishes
them from hamsters. It gives particular advantages in studying
the chronic effect of agents on immature O. felineus maritae.

Praziquantel is the main and most effective agent for
human opisthorchiasis treatment. Some authors assume
that parasites develop resistance to this agent (Greenberg,
2014). Praziquantel also has side effects (Erko et al., 2012)
and considerable cytotoxical influence on liver cells (Sripa
et al., 2011). Therefore, researching new compounds,
effective against opisthorchiasis remains important. Fungi of
Cantharellus genus, particularly C. cibarius, are considered
as potential source of such agents. These fungi demonstrate
anti-nematode properties in nature (Muszynska et al., 2016).
They are broadly use in traditional medicine (Cieniecka-
Rostonkiewicz et al., 2007), because the fungus contains
substances with potential therapeutic properties against
various diseases (Valverde et al., 2015; Nyman et al., 2016).
In vitro and in vivo studies revealed high antioxidant and anti-
inflammatory properties of fungi extracts, more pronounced
in alcohol extracts than in aqueous extracts (Vamanu, Nita,
2014). Methanolic fungi extract has an advantage over
aqueous extract due to its antimicrobial effect (Kozarski et al.,
2015; Muszynska et al., 2016), while antimicrobial activity of
methanolic extract against Escherichia coli is 7 times higher
than ethanolic extract (Aina et al., 2012). Single-dose or
chronic intraperitoneal introduction of C. cibarius methanolic
extracts are used for mice, the dose range — 200-800 mg/kg
(Khalili et al., 2014, 2015). No studies of C. cibarius efficacy
in treating opisthorchiasis infections have been performed.

Thus, the study objective was to determine anthelminthic
properties of C. cibarius methanolic extract in two modes of
administering to mice of C57BL/6 inbred line: at the stage
of introducing O. felineus (the first day of infection) and at
the stage of parasites attached to biliary ducts (5 weeks of

Opisthorchiasis is a disease of hepatobilary system and

CucremHas 6uonorus

infection). Fungi extract effect upon O. felineus was also
assessed in vitro. In addition, we intended to obtain and
compare the chemical compositions of C. cibarius methanolic
and ethanolic extracts.

Materials and methods

Animals. Mature male mice of C57BL/6 line were obtained
from the Center for Genetic Resources of Laboratory Animals
(RFMEFI161914X0005 and RFMEF161914X0010) of the
Institute of Cytology and Genetics, Siberian Branch, Russian
Academy of Sciences (Novosibirsk, Russia). The animals
were kept in groups (3—6 animals) in standard cages 36 x
23 x 10 cm with light conditions — 12:12 h (day:night), air
temperature 24 °C, food and water ad libitum. All procedures
were performed in accord with the Directives of the European
Communities Council of 24 November 1986 (86/609/EEC),
and in line with the standards of the Bioethics Commission
of the “Institute of Cytology and Genetics” Federal Research
Centre (No. 26 Protocol of 13.03.2015).

O. felineus metacercariae were separated from naturally
infected Leuciscus idus, inhabiting the Ob river within the
boundaries of Novosibirsk. Metacercariae were washed
with 0.9 % NaCl sterile solution and contained at 4 °C no
longer than 24 h for in vivo experiments and up to 7 days

in sterile phosphate buffer with added kanamycin antibiotic
(25 pg /ml) for in vitro experiments.

Obtaining of C. cibarius extract. The extracts were ob-
tained from C. cibarius fungi collected in the Novosibirsk
region. The extracts were made using the method of T. Kukina
with co-authors (2016). Fungi, dried at the temperature not
exceeding 40 °C, were powdered on an electric mill, and
then the raw material was sieved through 2 mm holes. A 50 g
sample was loaded in a Soxhlet extractor for 20 h. Methanol,
ethanol and ethanol with methanol reextraction were used as
the extraction agents. The obtained substances were evapo-
rated to dryness on a Buchi rotor evaporator (Switzerland)
with water bath at 40 °C and reduced pressure (20-30 mm
Hg) due to use of a waterjet pump. Methanolic extract was
used in in vivo and in vitro experiments according to recom-
mendations of other researchers (Aina et al., 2012). For in vivo
studies C. cibarius extract was suspended in 10 % Tween 80,
which is used in animal experiments as a solvent (Teufack et
al., 2017). For in vitro studies, the extract was dissolved in
dimethyl sulfoxide (DMSO).

In vitro studies. Excycstation of juvenile worms was
achieved by adding 0.06 % trypsin solution (Sigma, USA)
to metacercariae, keeping it for 15 min at 37 °C. Then the
worms were washed five times with incubation medium [the
composition: RPMI 1640, L-glutamine (Life Technologies,
USA), antibiotics (100 pug /ml streptomycin + 100 unit/
ml penicillin, Sigma, USA), an antimycotic agent (25 pg /
ml amphotericin B) and 1 % glucose] and put in wells of a
standard cultural plate, containing 990 pul of the medium and
10 pl of the studied agent. Dry fungi extract was diluted to the
required concentration in 100 % DMSO so that adding 10 pl
to the medium made the concentration of DMSO 1 %, and
the extract — 10, 100 or 1000 pg /ml. There were two wells
per concentration, each containing 60—80 juvenile O. felineus
specimens. 1 % DMSO was added to the control wells. The
plate was put in CO,-incubator (37 °C, 5 % CO,) for 24 h.
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Mobility of juvenile worms was analyzed in 24, 72, 120 and
168 h after adding the agent based on the method of J. Keiser
with co-authors (2013). Mobility was assessed visually using
a Axiovert 40CFL microscope (Zeiss, Germany) according
to a 4-score scale (4 — active continuous worm movement,
3 — poorly pronounced, slow movements of the entire body,
2 —very rare movements, mostly limited to a single body part,
1 — complete immobility), and then normalized by the control
group (1 % DMSO). A day after adding the agents, the average
effective agent concentration, when complete immobility
occurred in 50 % of all worms (IC,,), was calculated using
CompuSyn 1.0 software (ComboSynInc).

In vivo studies. Two schemes of introducing C. cibarius
extract to the infected animals were used. In the first series
of experiments at 6 pm metacercariae in 0.1 ml saline were
injected to half of the animals (100 larvae/mouse), and 0.9 %
NaCl to the other half. On the next day at 10 am a single dose
of C. cibarius extract solution or a solvent (10 % Tween 80)
was introduced. C. cibarius extract was administered to half
of the animals in each group, and the solvent to the other half.
Each subgroup had 7-14 mice. In the second series of the
experiments C. cibarius extract (or solvent) were administered
to the infected animals daily during 7 days, 5 weeks after
introducing O. felineus metacercariae. Two groups of 14—
15 mice were used. The substances were administered to the
mice intragastrically via special probes (Braintree Scientific,
Inc., USA). A 600 mg/kg dose was chosen based on the
literature data (Khalili et al., 2014).

During both experiments the animal body mass was mea-
sured every ten days. In 6 weeks after infection the mice were
euthanized by decapitaton and the biomaterial for further stud-
ies was taken. Liver, spleen and thymus were weighted and
the relative organ mass was calculated to gram of body mass.
Liver was put in 0.9 % NaCl solution to calculate the number
of parasites in biliary ducts and gall bladder and to determine
their maturity state. For exposing worms and analyzing the
state of biliary ducts, an Axiovert 40CFL light microscope
(Zeiss, Germany) with x4 magnification was used. The blood
collected during decapitation was centrifuged at 3000 rpm,
4 °C, 20 min. Serum was separated and stored at —70 °C until
performing the biochemical studies.

Biochemical studies. Activity of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and lactic dehydrogenase (LDH)
enzymes, the content of glucose (GLU), total protein (TP),
cholesterol (CHOL), triglycerides (TG) in blood serum was
determined with a standard reagents kit (Biocon, India). The
measurements were performed using a Photometer-5010
biochemical semiautomatic analyzer (Boehringer Mannheim,
Germany).

Studying biochemical composition of C. cibarius ex-
tracts. The content of protein, polysaccharides, phenol com-
pounds, flavonoids and carotinoids in C. cibarius extracts were
determined applying an earlier described method (Protsenko
etal., 2018).

Statistics. Statistical processing of the data was made in
Statistica 6.0 (StatSoft) software suit. Two-way analysis of
variance (ANOVA) was carried out for the first scheme of
administration: the first factor was “infection” (infected —
non-infected), the second factor was “agent” (C. cibarius
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extract, solvent). To analyze the extract effect in the second
administration scheme, one-way ANOVA was used. Body
mass changes were evaluated by the Wilcoxon test criteria
for paired comparison. The data were presented as the mean
value + error of mean. The results were considered statisti-
cally significant at p < 0.05 and as a trend at 0.05 <p <0.1.
Parasite survival in the in vitro experiment was estimated with
Kaplan—Meier method, the survival curves were compared
using y* The curves differed at p < 0.05.

Results

In vitro study
In the first minutes after introducing the extract or 1 % DMSO
no changes in worm appearance or activity were observed.
In 24 h worm mobility in wells with 10, 100 and 1000 pg/ml
extract concentration was 6.15 %, 7.69 % and 41.15 % below
the control mobility respectively. Further on (in 72—-120 h)
worm mobility was gradually decreasing. In 120 h the group
with 10 pg/ml of extract had 64 % less mobility than in the
control group; in 100 pg/ml group — 71.2 % less than in the
control group; and in the 1000 pg/ml group complete termi-
nation of activity was observed. In 168 h most worms died.
In 24 h after adding C. cibarius extract IC, was 1.58 pg/ml.
At each stage of observation the number of dead (immobile,
non-transparent) worms was calculated. Mortality in the con-
trol group was 0 % 24 h after the beginning of the experiment,
9.41 % —in 72 h, 37.65 % —in 120 h and 87.65 % —in 168 h;
in the group with concentration of C. cibarius extract 10 pg/ml
the results were 2.08, 29.86, 70.14 and 97.92 %, respectively.
With 100 pg/ml extract concentration the values were 3.96,
37.62,77.23 and 91.19 %, respectively, while with 1000 pg/ml
extract concentration — 12.08, 87.25 and 100 % in 120168 h.
In all cases the parasite survival diagrams upon administering
C. cibarius extract were significantly different from the control
values (10 pg/ml: ¥*=41.57, p=1.14 - 107 100 pg/ml: y>=
=17.33,p=3.13-1073; 1000 pg/ml: x*=227.48, p = 0.000).
The appearance of parasites had changed under the agent
influence: many worms in wells with 10 and 100 pg/ml extract
doses had enlarged excretory bladder in 72 h (Fig. 1, a, b),
maintained further on. No such changes were observed in the
control worms during the entire 168-hour period (Fig. 1, d)
and specimens with 1000 pg/ml extract concentration that had
nearly all died by that time (Fig. 1, ¢).

In vivo study

Single-dose C. cibarius extract administered on the first day
after infection led to a statistically significant (F, = 4.36,
p =0.048) decrease of the number of parasites in biliary ducts
of liver 6 weeks after infection (18.1 £ 1.5), in comparison
with the control group (23.5 = 2.2). No considerable changes
in the appearance of the parasites separated from mice liver
with and without introducing C. cibarius extract were found
microscopically. The worms were mostly immature, with two
properly visualized intestine branches. Both groups had an
animal with one mature O. felineus specimen.

No significant effect of the “infection” and “agent” factors
on the relative mass of liver and spleen in the analyzed
groups was found; there was no interaction between the
factors (Table 1). Thymus mass increased in O. felineus-
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Fig. 1. Appearance of juvenile O. felineus specimens in 72 h after exposure to 10 ug/ml (a), 100 pg/ml (b) and 1000 pg/ml (c) C. cibarius extract and the
solvent (d).

The arrows point at excretory bladder.

Table 1. Relative organ mass after single-dose introduction of C. cibarius extract on the first day
after infecting mice with O. felineus

Organ, mg/g Control O. felineus
I S ST S
e T e ST
FooC = 2.34,p = 0.136; Fgs = 2.10, p = 0.156; Fy e - = 0.20, p = 0.655
s Ry L T T R
Fras = 0.24,p = 0.628; F; 55 = 043, p = 0.514; Foos = 2.70,p = 0.109
e TR e PP T

Figs = 3.48,p = 0.070; F; 56 = 0.25,p = 0.618; Foos = 2.53,p = 0.120

Note: #p < 0.05 in comparison with the control group. Of — the “infection” factor; Cc — the “agent” factor.

infected animals with administration of C. cibarius extract,
in comparison with mice from the control group.

No impact of C. cibarius extract upon animal body weight
gain in the 6 weeks of the experiment was discovered: mice
in each subgroup were equally gaining weight that increased
on average by 2.5-3 g.

group of mice (p = 0.000) and from 28.2 + 0.58 g to 27.2 £+
0.42 g in mice with C. cibarius extract (p = 0.015).

Biochemical blood analysis
Table 2 shows the results of biochemical studies of infected and
non-infected mice after single-dose introduction of C. cibarius

In the second series of experiements intriduciton of
C. cibarius extract for 7 days in 5 weeks after infecting did
not cause any statistically significant change in the number
ofparasites (26.2£0.89 — C. cibarius, 28.4 + 1.85 — solvent;

F o= 1.16,p=0.292). At the same time, the worms separated
from biliary ducts after intriducting solvent and C. cibarius
extract were different: the latter had considerably enlarged
excretory bladder (Fig. 2, a, b). All worms were immature,
had properly visualised two intestine branches in all mice,
except two in each group that had a single mature O. felineus
specimen (Fig. 2, ¢).

In 7-day introduction, no differences were found between
animals that received C. cibarius extract and the control mice
in terms of the relative liver mass (F 5= 2.10, p = 0.159)
(51.6 = 1.07 mg/g — control; 48.5 + 1. 75 mg/g — C. cibarius)
and spleen mass (F,,=2.85, p=0.103) (3.1 + 0.09 mg/g -

control; 3.4+0.15 mg/g — C. cibarius). There were no in-
tergroup differences in body mass at the beginning (F, 5=
=0.036, p = 0.851) and at the end (F,4=1.24, p = 0. 275)
of the experiment. At the same time, the body mass of mice
reduced in both groups during the peirod of agent introduction
(7 days): from 28.0 £ 0.50 g to 26.6 + 0.46 g in the control
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or the solvent. ANOVA did not find any influence of the
“agent” factor on activity of ALT ((F%5 0.01, p = 0.915),
AST (Flcc35 = 0.02, p = 0.898) and LDH (FF 55 = 0.29,
p=0.591). The effect of the “infection” factor was significant
with introducing both C. cibarius extract and the solvent (ALT:
FPis==13.16,p=0.001; ACT: F2}, =14.06,p=0.001; LDH:
Flogs =12.68, p = 0.001). No factor interaction was noticed
(ALT: Fﬁ;’;Of = 0.06, p = 0.805; AST: F{5°" = 0.25,
p = 0.623; LDH: FI5°T = 0.05, p = 0.821). Statistically
s1gn1f1cant influence of both the “infection” factor
(FPS5 =7.35, p=0.010), and the “agent” factor (F{§; =4.51,
p = 0.041) was shown for ALP with no factor interaction
(FI55°2T=1.06,p = 0.311). As demonstarted with further post
hoc comparison, ALP activity in the group of non-infected
animals was decresaing with introducing C. cibarius extract,
which was not observed in the infected mice. Moreover,
the infected mice displayed much higher ALP activity with
administration of C. cibarius extract in comparison with
the non-infected animals. The effects of the “agent” and

“infection” factors on the glucose level were statistically

significant (F{S; =4.54 p=0.040; Fis=4.23 p=0.047,
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Fig. 2. Appearance of O. felineus specimens separated from mice livers.

a - the control group; b - the group received C. cibarius extract; ¢ — a mature O. felineus specimen.

Table 2. Blood biochemical values of the control and O. felineus-infected mice

after a single-dose introduction of C. cibarius

Index Control O. felineus
. s o|v e nt .................................... (_' c, ba nus ................................. s o IVent ..................................... (_' C ,bar,us ..............................

A|_'|' u m t/| ................................ 4 7316 15 ................................ 4 5515 6 7 ................................ 3 3019 40# .............................. 9 2311 . 3 87 L

As‘r u n|t/| ................................ 1990i2617 ........................... 1344113 68 ........................... 2 75213315# ......................... 2 33811 9 ; 1 4 L

A|_pun|t/| ................................ 2 56811991 ............................ 2 09211138 ........................... 2 32311496 ........................... 2 65711322## .....................

. |_ DH . u n|t/| ............................... 2 873 3122336 ....................... 3 140 9126429 ....................... 4 1900147553# ..................... 4 2993¢ 290 8 1## .................

GLUmmo|/| ............................ 1101078 ............................... 1001047 ................................ 1001036 ............................... 9 11032 ...............................

Tp g/| ....................................... 3 33+19 9 ............................... 8 3315 6 3 ................................ 9 ogi1 5 4 ............................... 8 6712 02 .............................

CHOL mmo|/| ......................... 3 5¢023 .................................. 3 o¢043 .................................. 2 81026 .................................. 2 9¢019 ...............................

TGmmo|/| .............................. o 31004 .................................. o 2i003 .................................. 0 2¢002(#) .............................. o 21001 ................................
*p <005 - in comparison with the solvent; *p < 0.05; #p < 0.01; 10,05 < p <0.1 - in comparison with the control.

respectively], with no factor interaction (F%’;Of = 0.01,

p = 0.937) Post hoc comparison, however, did not reveal
any differences between the groups. There were no effects
of the “agent” factor on the content of total protein (TP)
(FISs = 1.45, p = 0.237), triglycerides (TG) (F{5; = 0.10,

p =0.757) and cholesterol (CHOL) (ch35 0.34, p = 0.565).

The “infection” factor (FOf 35 = 422, p=0.047) determined
noticeable, though statistically insignificant, reduction of
TG level against solvent introduction (p = 0.072). No effect
of infection upon the content of protein and cholesterol
in blood was found (FPi; = 0.61, p = 0.441; FY%; = 1.65,
p = 0.207). ITo Bcem TpeMm ToKa3aTeNsIM B3aMMOJICHCTBUE
p=0.207). There was no factor interaction for all three parameters
(TP: F{$"=0.01,p=0.914; TG: F{5° = 0.85,p=0.362;
CHOL: ng’;Of =0.87, p=0.357).

Table 3 gives the results of the biochemical studies of the
infected mice administered the solvent or C. cibarius extract
daily during 7 days, 5 week after infection. There was no
difference between the mice of the compared groups in all
measured parameters, except glucose (ALT: F, ;= 0.01,
p=0.936; AST: F,,= 1.14, p = 0.295; ALP: F 0.04,
p = 0.838; LDH: F127 2.64, p = 0.116; TP: F12 1.28,
p=0.268; CHOL: F, ,,= 0.004, p = 0.951; TG: F127—0 004,
p = 0.949). C. cibarius extract increased the glucose level
(Fy37=5.35,p=0.029).

C. cibarius extract composition

Composition of different C. cibarius extracts was analysed.
It was found that metanolic extraction is better for separatng
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Table 3. Biochemical blood values in O. felineus-infected mice
after 7-day introduction of C. cibarius

Index Solvent C. cibarius
A|_Tun|t/|61oi774 ...................... 6 02i502 ....................
AST u n|t/| ....................... 2 32112 2 : 9 4 .................. 2 06011004 ...............
A|_pumt/| ....................... 2 74511358 .................. 2 7081”77 ...............
LDHumm ...................... 3 9336i3ogg3 ............. 3 41374_,10366 ...........
GLUmmo|/| ................... 3 31030 ........................ 9 1i021 ......................
Tpg/|845ios3 ...................... 8 301110 ....................
CHomeom ................ 2 9J_ro1o ........................ 2 8i027 ......................
TGmmo|/|02J_roo1 ......................... 0 21001 ......................

* p < 0.05 in comparison with solvent.

phenol compounds, and ethanol extraction — for carotinoids
(Table 4). Reextraction by ethanol after methanolic extraction
helps increase the number of polysaccharides and phenol
compounds, but is accompanied by considerable protein loss.
In all three types of extraction the equal and insignificant
content of flavonoids was obtained.

Discussion

In the present work, the first data on anthelminthic
activity of C. cibarius extracts on a model of O. felineus-
induced opisthorchiasis in mice was obtained. Earlier,
anti-inflammatory effects (Vamanu, Nita, 2014), insecticide
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Table 4. Composition of C. cibarius extracts in three extraction techniques

C. cibarius extract

activity (Cieniecka-Rostonkiewicz et al., 2007), antioxidant
and hepatoprotective properties — decreased fibrotic liver
changes associated with induced inflammation (Aina et al.,
2012; Khalili et al., 2014, 2015), as well as cytotoxic effects on
cancer cells in vitro (Sari et al., 2017) for C. cibarius extracts
were demonstrated. In view of the above, one might expect a
possible inhibitory action of C. cibarius directly on helminths.

Our in vitro experiments proved that survival and mobility
of juvenile O. felineus specimens reduces in accordance with
increasing the dose of C. cibarius extract in the incubational
medium. In 120 h after starting the experiments, actively
moving worms were found only in the control group. Enlarged
excretory bladder in parasites also indicate anthelminthic
activity of C. cibarius: similar morphological changes
were observed as an effect of praziquantel (Pakharukova
et al., 2015). It is believed that praziquantel damages
parasite’s metabolism affecting membrane transport proteins,
particularly, proteins of the parasite’s excretory system
(Greenberg, 2014). It is possible that C. cibarius also affects
performance of the excretory system of O. felineus.

IC,, of C. cibarius extract (1.58 mg/ml) is much higher
than IC, of other clinically used agents such as praziquantel
(IC,,= 0.33 ug/ml for juvenile specimens and 0.14 ug/ml for
adult specimens) (Pakharukova et al., 2015) or tribendimidin
which is used to treat clonorchiasis (IC, = 0.05 pg/ml for
adult specimens) (Keiser et al., 2013). It can be explained by
low content of potentially anthelminthic compounds in used
C. cibarius extract. Such substances in C. cibarius could be
specific beta-glucans as immunomodulators with cytotoxic
effect on tumor cells (El Enshasy, Hatti-Kaul, 2013; Valverde
et al., 2015; Sari et al., 2017), ergosterol — fungal steroid
with antioxidant properties, as well as phenol compounds
(myricetin and catechine) involved in antioxidant processes
(Ebrahimzadeh et al., 2015; Valverde et al., 2015; Muszynska
et al., 2016). Several authors emphasize high activity of
flavonoids (Kozarski et al., 2015). The obtained composition
of C. cibarius extract shows presence of a considerable
number of polysaccharides, with prevalence of beta-glucans
(Muszynska et al., 2016). Flavonoids and phenol compounds
are present in smaller quantities. Ergosterol was discovered
earlier in C. cibarius extracts by other researchers (Muszynska
et al., 2016).

The in vivo model demonstrated a prolonged juvenile stage
of parasite development in mice in comparison with hamsters
(Avgustinovich et al., 2017a, 2018). Almost all parasites were
immature: only two intestine branches were visible, and there
were no gonades. In natural hosts (humans, cats), parasites
mature in a month after infection (Beyer, 2005). It can indicate
that mice have special resistance mechanisms to O. felineus

CucremHas 6uonorus

infection. Mice groups with solvent and C. cibarius extract
under both schemes of administering had only single mature
worm specimen. Therefore, it can be assumed that the extract
did not influence maturation of O. felineus specimens in case
of natural worm development. Enlargement of worm excre-
tory bladder after administering C. cibarius extract to mice,
similar to those found in the in vitro study, corroborates the
anthelminthic effect of C. cibarius extract on parasites.

It should be emphasized that single-dose administration
of C. cibarius extract on the first day after infecting caused a
statistically significant reduction of the number of worms in
the animals’ biliary ducts. Therefore, possible preventative
anthelminthic effect of C. cibarius extract on the model of
O. felineus-induced opisthorchiasis is shown for the first time.
There were no statistically significant changes in the number
of parasites in the animals’ biliary ducts when C. cibarius
extract was administered for 7 days, 5 weeks after infection.
Probably, some time after O. felineus migrate to biliary ducts,
they become resistant to the effects of C. cibarius extract even
under longer administration conditions. Thus, C. cibarius
extract prevents worm attachment to the walls of biliary ducts
and helps wash them out, but is not efficient against already
attached parasites. However, we do not exclude that a higher
concentration of one of the extract components could have the
anihelminth effect at the later stages of infection.

C. cibarius extract did not effect changes in the relative
mass of liver, spleen and thymus in intact as well as infected
animals under both schemes of introduction of C. cibarius
extract. It means that the extract does not have any apparent
toxic effect upon host organisms. Since the infected animals
that received C. cibarius extracts had increased relative thy-
mus weight in comparison with non-infected animals that
were administered the extract, it is possible to assume that
C. cibarius extract can stimulate T-cell immunity of host in
parasitic infections.

Single-dose introduction of C. cibarius extract did not
prevent normal body weight gain in animals, which implies
absence of any negative effects upon the organism of hosts.
The observed decreased mice body weight when C. cibarius
extract was administered for 7 days is most likely related to
an impact of daily stress from the substance administering
procedure, which other authors also pointed out (Charmandari
et al., 2005).

O. felineus infection increased activity of ALT, AST, and
LDH. Such changes are noted in opisthorchiasis as well as
other inflammatory processes in liver (Wonkchalee et al.,
2012). Administering of C. cibarius extract did not normalize
but also did not worsen these parameters. One can assume
that single-dose introduction of the extract does not have
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any adverse effect immediately after infection start as in
the control group of mice. Reduced ALP can be considered
a positive effect, indicating possible anti-cholestasis effect
of the extract, because increased ALP activity is observed
in chronic opisthorchiasis and other diseases that cause
cholestasis (Dechakhamphu et al., 2010). It is possible that
reduced ALP activity in the non-infected animals caused by the
extract is due to N-glucans, which are considered as potential
immunomodulators (Sari et al., 2017).

Based on the biochemical blood values, the 7-day
administering of C. cibarius extract did not have a noticeable
therapeutic effect upon the infected animals; at the same time,
no adverse impact of the extract was found too. The observed
increased level of glucose in the animal blood can be explained
by the stress from the agent administering procedure.

Thus, the study has revealed an anthelminthic effect of
C. cibarius extract administered on the first day after infecting
of animals with O. felineus metacercariac. Damaged vital
activities of parasites were shown in vitro and in vivo, visually
demonstrated as enlarged excretory bladder. The observed
anthelminthic effect means a higher extract efficacy at the
state of parasite excystation. Absence of impaired body and
organ weight in animals as well as their biochemical blood
parameters prove that the fungi extract has no adverse effects.
Further studying of certain components of C. cibarius extract
is necessary to evaluate their anthelminthic properties.
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Posb nonumop@Horo 1okyca VNTR reHa arrpekaHa
B PasBUTUN OCTeOapTPO3a V KeHIIIVH

A.A. lllanosarosal @, A.B.Tiopun?, C.C. Autsunos!, 9.K. Xycuytannosal, PVI. Xycannosal

TUHCTUTYT G1OXMMIN 1 TeHETUKM — 060COBEHHOE CTPYKTYPHOE NoapaszeneHiie YOUMCKOro deaepanbHOro 1cCnefoBaTeNbCkoro LieHTpa
Poccuiickoi akapemun Hayk, Yéda, Poccua
2 BalKMPCKIIl FOCYAaPCTBEHHBIV MEAULIMHCKUI yHUBEPCUTET MUHUCTEPCTBa 3apaBooXpaHeHus Poccuiickor Qepepalinm, Yoa, Poccua

OcTeoapTpos (OA) — Hanbosnee pacnpPoCTpPaHEHHOE MHOrOdaK-
TOpHOe 3aboneBaHne CyCTaBOB, OAHUM 13 BEPOATHbIX paKTOPOB

The role of VNTR aggrecan gene

purcKa pa3BuUTUA KOTOPOro ABnaeTcA HeanddepeHLMpoBaHHasA
ancnnasua coeguHutenbHon TkaHu (HACT) - reHeTnyeckmn getep-
MUHVPOBaHHOE HapyLUeHWe CTPYKTYPbl COeANHUTENbHON TKaHW, B
TOM yncne u B cyctaBax. lMpobnema couetaHus OA ¢ eHoTUNMYe-
ckumn nposasneHnamn HACT upesBblualiHO akTyasbHa, ABNAETCA
Kak dyHAamMeHTanbHON, TaK Y NpaKTMYecko 3agadel, pelueHve
KoTopoi1 ByzeT cnoco6CcTBOBaTh pa3paboTKe MOAXOLOB PaHHew
anarHocTnkmy OA n npodunakTrke 3abonesaHus. ArrpekaH npeg-
cTaBnsieT coboi OCHOBHOW NPOTEOTIMKaH BHEK/IETOYHOTO MaT-
pUKca CyCcTaBHOrO XpALLa, OH OTBEYaeT 3a CMOCOBHOCTb TKaHW
BblAepXKMBaTb CKMMaloLMe Harpy3kn. Y 316 )eHWwuH (cpeaHnin
Bo3pacT 50.5+4.77), o6cnefoBaHHbIX Ha HaslMuve Npr3Hakos
HOCT n OA, BbinosiHeHo nccneposaHmne nonumopdursma VNTR reHa
arrpekaHa (ACAN), KoTopbli NpefcTaBieH BaprabesibHbIM YMCIOM
TaHAEMHbIX MOBTOPOB, KaXKAbll N3 KOTOPbIX COCTOUT N3 57 HyKneo-
Tnaos. OcylecTBieH NOMCK accoumaLmMin M3y4eHHOro JIoKyca C
OA B LienIom, € y4eToM NToKanu3aLum naTosiormyeckoro npoLiecca,
a TakxKe Hannuma npusHakos HACT. O6HapyxeHo 12 annenbHbIX
BapuaHToB 1 24 reHotmna VNTR nonumopdu3ama reHa arrpeka-

Ha (ACAN), Hanbonee yacTbiMy OKa3anucb annenu c 27,28 n 26
NoBTOPamW. YCTaHOB/IEHA 3HAYMMOCTb ansiens ¢ 27 NoBTopamu

B GOPMUPOBAHIM OCTE0APTPO3a Y KEHLLVMH B Lesiom (x2 = 6.297,

p =0.012, odds ratio (OR) = 1.50; 95 % foBepuUTENbHbIN NHTEP-

Ban (ON) 1.09-2.05), OA KoneHHbIx cycTaBos (x? = 4.613, p = 0.031,
OR = 1.52; 95 % [ 1.04-2.23) n nonuaptpo3a (x> = 4.181, p = 0.04,
OR =1.68; 95 % 1N 1.02-2.78). [OMO3UTOTHbIV FeHOoTUN *27¥27
aCcCoLMMpPOBaH C OCTE0aPTPO30M B LIeIOM Kak B M30/IMPOBaHHOM
coctoAHun (x> =3.921, p = 0.047, OR = 1.72; 95 % AW 1-2.96), Tak
B coyeTaHUn ¢ HeanddepeHUPOBaHHON ANCMNa3neln CoefNHN-
TeNbHOW TKaHu (2 = 5415, p = 0.019, OR = 2.34; 95 % [N 1.13-4.83)
Y KEHLLMH.

KnioueBble cioBa: ocTe0apTpo3; HefnddepeHUMpoBaHHas guc-
nnasua CoeMHNTENIbHON TKaHw; arrpekaH; VNTR nonumopdusm;
reHeTYecKas NpeapacrnoNoXeHHOCTb.
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polymorphism in the development
of osteoarthritis in women

D.A. Shapovalova1 ®, AV Tyurinz, S.S. Litvinov?,
E.K. Khusnutdinoval, R.I. Khusainoval

TInstitute of Biochemistry and Genetics — Subdivision
of the Ufa Federal Research Centre, RAS, Ufa, Russia

2 Bashkir State Medical University of the Ministry of Health
of the Russian Federation, Ufa, Russia

Osteoarthritis (OA) is a common multifactorial joint disease.
Undifferentiated connective tissue dysplasia (uCTD) is a
genetically determined lesion of the connective tissue
structures, including joints, and it can be one of the factors
predisposing to development of OA. Solving the problem
of comorbidity of OA and uCTD signs will contribute to
the early diagnosis and prophylactics of OA. Aggrecan is
one of the major structural components of cartilage and

it provides the ability to resist compressive loads through-
out life. We examined 316 women (mean age 50.5+4.77)
for signs of uCTD and OA. A study of the aggrecan gene
(ACAN) VNTR polymorphism, which is represented by a
variable number of 57 nucleotide repeats, was performed.
We searched for associations between the VNTR locus and
OA in general and with an account of the localization of
the pathological process, as well as with the presence of
uCTD signs. Twelve allelic variants and 24 genotypes of the
VNTR polymorphism of the aggrecan gene (ACAN) were
identified, the most frequent variants were alleles with 27,
28 and 26 repeats. A significance of allele *27 (3> = 6.297,

p =0.012, odds ratio (OR) = 1.50; 95 % confidence interval
(Cl) 1.09-2.05) in the development of OA in general, knee
OA (y>=4.613,p=0.031,0R = 1.52; 95 % Cl 1.04-2.23),
and multiple OA (x> =4.181, p = 0.04, OR = 1.68; 95 % Cl
1.02-2.78) was revealed. Homozygous genotype *27%27
was associated with OA (y>=3.921,p =0.047, OR=1.72;
95 % Cl 1-2.96), and OA with uCTD signs in women
(*=5.415,p=0.019, OR = 2.34; 95 % Cl 1.13-4.83).

Key words: osteoarthritis; non-differentiated connective
tissue dysplasia; aggrecan; VNTR polymorphism; genetic
predisposition.



CTE0apTpo3 (0CTEOAPTPUT — B 3apyOSIKHOM JIUTEpaATY-

pe) — mporpeccupyromniee 3a00IeBaHNe CyCTaBOB He-

W3BECTHON ATHOJIOTHH, XapaKTepHu3yloleecs mopa-
JKEHHUEM BCEX KOMIIOHEHTOB CyCTaBa — Xpsillia, CyOXOHIpajb-
HOW KOCTH, CHHOBHAJIEHON 000JIOUKH, CBA30K, KAIICYIIBI OKO-
nocycraBHbeIx Mpin (Reynard, Loughlin, 2013; Steinberg,
Zeggini, 2016). Octeoaptpo3 (OA) sIBIISIETCSI CaMBbIM pactpo-
CTpaHEHHBIM 3a00JIEBAHUEM CYCTABOB B MUPE, OH MOPAKACT
npumMepHo 10 % myxumH u 18 % sxeHimuH crapme 60 ner
(Wang et al., 2016).

MHuoxecTBO (haKTOpPOB, BKIIIOYAst BO3PACT, )KEHCKHUI 1107,
M30BITOYHBIN BEC Tella, TPABMBI, aHOMAJIMH PAa3BUTHS CyCTa-
BOB, BHOCST BkJaj B pasputue OA (Brandt et al., 2009; Mu-
sumeci et al., 2015). OganM 13 Takux (HakTOPOB, BEPOSTHO
npepacrosaraomux K passutuio OA, BeicTynaeT Henudde-
pEeHIMpOBaHHas qucIiia3us coequuuTenbHoi Tkanu (HCT) —
TEHETUYECKH JETEPMUHUPOBAHHOE HAPYIICHUE Pa3BUTHS
COCIMHUTEIBHON TKaHHU, XapakTepusylomeecs AepeKTaMu
BOJIOKHUCTBIX CTPYKTYPp MU OCHOBHOT'O BC€IIECTBA, IMPUBOIA-
I1ee K paccTpoiicTBY TOMEOCTa3a Ha TKAHEBOM, OPTaHHOM U
opranm3MeHHoM ypoBHsx (Ts0yt, Kaparemr, 2009). B Ho-
meHkiarype 6onesneit (MKB-10) repmun «aucriasus coenu-
HUTEILHON TKAaHW» HE 3HAYUTCS HO30JIOTHYECKON EMHULEH,
OT/IeNbHBIC CHHIPOMBI KaK TG PepeHIIMPOBAHHBIX (HACIe -
CTBEHHBIX), Tak ¥ HequddepeHunpoBaHHbIX (MHOTO(hAKTOP-
ubIX) dopm JICT «paccesHb» B pa3nuaHbIx pyopukax XIIT
n XVII knaccos.

Cuwuraercs, uto y 10-22.5 % HaceneHus MUpa BCTPEUAOTCsI
thenorunmueckue npusHaku HACT pa3numaHON BRIpaXKeH-
HOCTH, HE YKJIa/IBIBAIOIINECS B CTPYKTYPY HACIECICTBEHHBIX
cunnpomoB (Kanypuna, [opOynoBa, 2009), koTopbie, Kak
MIPABUJIO0, HOCAT MPOTPECCUPYIONINHA XapakTep M JekKaT B
0CHOBE ()OPMHUPOBAHNS 3HAYUTEITEHOTO YHCIIa COMATHIECKOH
MaTOJIOTUH, YXY/IIIasi TPOrHO3 OCHOBHOTO 3a00seBanus (3eM-
oBckui, 2008).

Hemuddepenunposannas aucniasusi COCTUHUTEIHHON
TKaHH XapaKTepHU3yeTcsl HapyIIEHHEM CTPOeHHUS U QYHKIIUH
MEXKJIETOYHOTO BELIECTBA COCAMHUTEIHHONW TKaHH, YTO
MaToreHeTHIecKu cxoaHo ¢ pazsuruem OA (Hewaesa u np.,
2008; SxosneB, HewaeBa, 2011). Takue u3MeHeHus 3arpa-
THBAIOT HE TOJIBKO (DPHOPUIIISIPHBIA KOMIIOHEHT MaTpHKca —
BOJIOKHA KOJUIAT€Ha, 3IacTHHA, (pUOPWIUINHA, HO U JIpyTHe
KOMIIOHEHTbI MaTPUKCAa, BaXKHEHIINI U3 KOTOPBIX — arTpeKaH.
OH npescTaBIsgeT COO0H TIaBHBIN MPOTEOTITUKAH CyCTaBHO-
TO Xpsilla, OTBEYACT 33 CIIOCOOHOCTh TKAHU BBIACPIKUBATH
C)KUMAromure Harpy3Kku, ¢ KOTOpbIMU CYCTaBbl CTAJIKUBAIOTCA
Ha TIPOTSDKEHUH BCEH KHU3HHU. DTa (PyHKIHS TECHO CBA3aHA
CO CTPYKTYpOIH MakpOMOJIEKYINIbI arrpekana, oOpasyromei
OoJIbIIIME TIPOTEONIMKAHOBBIE arperarsl B COYETaHUU C I'Ha-
myponoBo#i kuciotoit (Roughley, Mort, 2014; Mort et al.,
2016). Arrpekan conep:kut Tpu cpepuueckux gomena (G1,
G2, G3) u KOpoTKU UHTEPIIOOYNApHBIN foMeH Mexay Gl
n G2 nomenamu (Doege et al., 1991; de Souza et al., 2008).
O6nacte G1 oTBeuaer 3a B3aMMOJCHCTBHE THATYPOHOBOMH
KucioThl ¢ arrpekanoM (Hardingham, 1979), nnminHbI noMeH
TIMKO3aMHUHOIIMKaHa, HaXoAsAmuiics mexxay nomenamu G2 u
(3, cOCTOUT U3 CMEKHBIX 00IACTEH, COlepIKaIHX LeTH Kepa-
tuncynbgara (KC) u xonapoutuncyibdara (XC) (Roughley
et al., 20006). Ilemmu KC n XC obecrniednBarOT 0CMOTHIECKHE
CBOMCTBA, OTBETCTBEHHBIE 32 COXPAHEHHE BOJIBI ITPH HATPY3-
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Kax, peoTpaiias nopexxaenus tkaner (Urban etal., 1979;
Mort et al., 2016). benok arrpexan xomupyercst renoM A CAN
(AGC1I), pacnioioxxeHHBIM Ha 15- XpoMOocoMe B perHoHe
q26.1 (Doege et al., 1991; de Souza et al., 2008). YcraHoBie-
Ha pOJIb MyTaluii 3TOro reHa B Pa3sBUTHH HEKOTOPBIX BUJIOB
XOHJPOANCIUIA3UH, MHOKECTBEHHO-3MN(U3AIBHON nCTIIa-
31U, PaCCEKAIOIIEro OCTEOXOHPUTA, COMPOBOXKIAOIIUXCS
passutreM panHero OA (Gibson, Briggs, 2016). Psx uccie-
JIOBaHHH BBISIBAJI aCCOLMAIINY TOJIUMOP(HBIX BAPUAHTOB reHa
arrpekada ¢ pasBuTHEM MaTOJIOI'MU MEKITO3BOHOYHBIX JUCKOB
u cBsi3ogHOTO anmapara (Kawaguchi et al., 1999; Roughley et
al., 2006; Ryder et al., 2008; Xu et al., 2012). O6napyxena
3Ha4YuMocTh VNTR nonumopdusma, pacroiokeHHOro B 12-m
9K30HE T'eHa arrpeKkaHa, KOTOPbIH COCTOUT U3 BaPbUPYIOIIETO
YHCciIa TaHAEMHBIX TOBTOPOB IPOTSKEHHOCTHIO 57 HYyKIIEo-
TUAOB, Koaupyoumx 19 amuHokucaoT. OnKcaHbl ajjIean B
nmuarna3one ot 13 1o 34 moBTropoB. Kaykaplil MOBTOP CONEPIKHUT
CCpUH-TIIMIIMHOBBIC Maphl KaK JBE BO3MOXHbIE TOUKH KpETl-
nenust i nened XC, KpallHU#M Auana3oH ajiene MOoxKeT
00ycnoBIMBaTh Bapualmio kommaectsa XC 1ierneii B MOHOMEpe
6emka 10 30 % (Rodriguez et al., 2006; de Souza et al., 2008).
Takum 00pa3oM, JJIMHA OCHOBHOTO O€JIKa U3MEHSIETCSI PSIMO
MIPOTIOPIIMOHAIBHO KOJIMYECTBY MTOBTOPOB, N3MEHEHHE 3TOH
JUIMHBI MO>KET TIPUBECTH K U3MEHEHMAM B (DYHKIIMOHAIBHBIX
CBOICTBaX coeauHUTENbHOU TKanu U xpsia (Doege et al.,
1997). Nmeromuecs qaHable 0 BIUsHUM ajuteneil VNTR Ha
COCIMHUTENIFHYIO TKaHb ITPOTUBOPEUMBBI M TPEOYyIOT JaJib-
HEUINX UCCIICJOBAHUN.

Ilenbro HaCTOSIIETO UCCIICAOBAHMUS OBLI IOUCK aCCOIHAITII
anneneid u renorunoB VNTR nokyca rena ACAN ¢ ¢popmu-
poBarreM OA pa3aMyYHBIX JOKAIU3ALMNA C YYETOM HATHYHUS
npu3aakoB HCT y skeHImnH, MpokuBaromux B Pecmyomimke
BamxkoprocraH.

MaTepmanbl n metogbl

B kadecTBe Mmarepuaina JUIs MCCIIEIOBAHHS HCIIOIb30BAIH
o6pasupl JJHK 316 xenmun (cpeannii Bozpact 50.5+4.77),
obcnenoBanHbIX Ha Hamuue npu3zHakoB HACT u OA B Tepa-
MIEBTHYECKOM OT/ICJICHUH TOPOJICKOH KIIMHUYIECKOH OOTBHUIIBI
Ne 18, a Taxxe B nonukiuaukax Ne 2, 18, 38 Y ds1. Mccneno-
BaHHE 0100peHo bnostnaecknmu komuteramn OI'BOY BO
Bamxkupckoro rocynapcTBEHHOTO MEIUIIMHCKOTO YHHUBEp-
curera 1 UlHCTHTYTa OMOXMMHUH ¥ TEHETUKH 000COOJIEHHOTO
CTPYKTYPHOTO Tofpa3neieHus Y puMckoro QeneparbHOTo
HCcIeI0BaTeNbCcKoro enTpa Poccuiickol akajeMun Hayk,
BCE MAIMEHTBHI MOJIKCAIN HHPOPMHUPOBAHHOE COIIacue Ha
ydacTHE B UCCIIEJJOBAHUU B COOTBETCTBUH C XEITbCHHKCKOI
Jeknapanueid BceMupHoi MeTUIIMHCKON accolatuu « ITH-
YECKHC MMPUHUUIIBI TPOBEACHUA MEIUILTMHCKUX I/lCCﬂC}IOBaHI/Iﬁ
C y4acTHeM YeJI0BEKa B KAYECTBE CyObEKTay.

o aTHHYECKOMY COCTaBY BEIOOPKY COCTABIISUIN SKCHIIIUHBI
116 (37 %) pyccxoro, 122 (36 %) — Tarapckoro, 27 (8 %) Oarii-
KHPCKOTO MPOUCXOKAEHHSI, METHCHI M MIPEICTABUTENH APY-
rux 3THOCOB — 51 (16 %). DTHHUYEcKas MPUHAIICKHOCTh
olpe/elisiach Ha OCHOBaHMM MH(POPMAILMK O HPEeaKax o
TPETHETO MOKOJIEHUS. B CBA3M ¢ 3THUUYECKON HEOJHOPOIHO-
CTBIO BEIOOPKH HAMU ITPOBEJICHA OIIEHKA HATTWYHS 3HAYMMBIX
pa3Iu4Mii B pacpeieeHUU 4aCTOT ITEHOTUIIOB MEX Ly I'pyII-
[1aMU Pa3HOW 3THUYECKOM PUHAAJIEKHOCTU C IPUMEHEHUEM
kommbioTepHoi nporpammbl RxC (Rows x Columns), xoro-
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Ponb nonnmopdHoro nokyca VNTR reHa arrpekaHa
B Pa3BUTMM OCTE0APTPO3a Y >KEHLLMH

past MO3BOJISIET IPOBECTH TOYHBIH TecT Duinepa Ha TadHLe
COIPSKEHHOCTH JII000TO pa3Mepa IOCPEICTBOM HCIIONIb30-
BaHus anroputma Merpononuca (Miller, 1997). He BbisiBie-
HO CTAaTHCTHUUYECKH 3HAYUMBIX PA3IHUUi MEXIY TPyMIamMu
JIUII C PYCCKOM, TaTapCKON M OamIKNPCKOW STHUYIECKOH MpH-
HaJuIe)kHOCTRIO (p = 0.089), uTO MO3BOMNAET paccMaTpUBATH
BBIOOPKY Oe3 pasjiesieHHs: Ha TPYIIIbI 110 THUYECKOH IMpu-
HAaJUIC)KHOCTH.

Kpureprem HCKII0OUeHNS N3 UCCIIEA0BAHMS ObUTH HATUINE
OHKOJIOTHUYECKOH [aTOJIOr MM, CACTEMHBIX 3a00JI€BaHUI COeIH-
HUTEJIBHON TKaHH, IPU3HAKOB aKTHBHOTO BOCHAIUTEIHEHOTO
nporecca Kak HHPEKIIMOHHON, TaK 1 HeMH(EKIIMOHHON ATHO-
JIOTUH, TPAaBMaTHUECKHIE OBPEXKICHHS CYCTaBOB B aHAMHE3E,
06epeMeHHOCTD (MITH KOPMSIIIINE KSHIITMHBI), 0TKa3 OT y4acTHs
B MICCJIC/IOBAHHH.

I'pynmy sxennus ¢ OA coctaBuiau 155 nmanueHTok, rpynmy
cpaBHeHHs — 161 >xenmmHa 6e3 mpu3HakoB OA. Jlmaraos
OA BBICTaBIICH B COOTBETCTBHHU C KPUTEPHSIMH AMEpPHKAH-
CcKoif accoumanuu pesmarosoros (1995 r.), knaccudukanu-
eit B.A. HaconoBoit u M.I'. Actarnenko (1989) u pertrenomno-
THYECKUM MOATBep)KAeHUeM. [lonnapTpos quarHocTupoBaH
y 38 xxeHmuH (24.52 %), ronaptpo3 —y 81 (52.26 %), kok-
coaptpo3 — y 36 xeHuwH (23.22 %). Pentrenonorunueckas
cramus 11 (mo Kellgrene-Lawrence) 0puta y 97 manmeHTOK
(61.4 %), Il — y 40 (25.3 %), IV —y 21 (13.3 %). lnuresb-
HOCTB 3a0oyeBaHms cocTaBmia oT 3 mo 18 set (B cpegHeM
4.7+1.8 rona). Cumnromoxomruiekc H{CT ObUT BBISBICH y
151 uenosexa, cpenu HUX y 123 sxennuH (81.45 %) — nerxoit
cremneny, y 28 (18.54 %) — BoipaskenHol crenenu. Hammuane
¢enornnmyeckux npuzHakoB HJICT onenuBanock B Oammax
1o kpurepusim, npeanoxernsiM T.W. Kaxypunoii u JIL.H. AG-
6axymoBoii (2008), B mogudukammuu aBTopos. [Ipu cymme
6amtoB ot 9 no 14 ompenensiiace HACT nerkoii creneHu,
cBbilie 15 0amioB — BeIpakeHHast. Bbl10 ChopMHUPOBAHO HE-
CKOJIBKO TPYTII CPAaBHEHNS, B 3aBUCUMOCTH OT HAJIW4Hs U OT-
cyrcTBus npu3HakoB OA B H30JMPOBAaHHOM U KOMOPOHTHOM
coctosHuAX ¢ HJCT, nokanusamuun OA U BBIPAKEHHOCTU
H/ICT. YncnenHOCTh KaXKA0# BEIOOPKH yKa3zaHa B Tadm. 1-3.

JHK Beigensun u3 nepudepruieckoi KpoBH CTaHIapTHBIM
metonoM (heHosbHO-XxJ10podopMHOI dkcTpakiuu (Mathew,
1985). I'eroTHIIMpPOBaHNE MPOBOIMIN C IPUMEHEHHUEM Me-
Toma monuMmepasHoi nenHoi peakuuu (I1LP). ®dparmeHTHI
nonumopduoro sokyca VNTR rena ACAN Obutn amMIuiu-
(hUIIIPOBAHBI C HCIIOIB30BAHUEM MPSIMOTO TIpaiimepa 5'-TAG
AGG GCT CTG CCT CTG GAG TTG-3' u obparHoro mpaii-
Mepa 5'-AGG TCC CCT ACC GCA GAG GTA GAA-3". Nna
peaknuy aMIDTHHUKAIIN UcToiap3oBanmn npudop Thermal
Cycler 2720 Applied Biosystems. AMmumdunupoBaHHbIe
(hparmeHTsI BapbrpoBaiu oT 1143 nmap ocHoBaHwuii (11. 0.) Uist
amens ¢ 19 moBropamu, 1o 1770 1. o. st amens ¢ 30 moBTo-
pamu. [Tpoxyxrs! IILP pa3nensnu B 6 % nonmakpuiaMuaHOM
rejie IIpu OJJMHAKOBOM AJIMHE pa3roHa (25 ¢M) 1 OKpalnuBaiu
pacTBopoM Opomuia 3Tu NS YHCIIO TOBTOPOB MTOATBEPKACHO
METOZOM CeKBeHNpoBaHus 1o Canrepy. OLeHKyY pe3ysibTaToB
JeKTpodopesa OCYIIECTBISUIN C MCIOIB30BAaHUEM BHJIEO-
renpaoKyMeHTHpYtomier cucremsl Geldokulant (Opanmms).

Craructndeckas o0pabOTKa MONYyYEHHBIX JaHHBIX IPO-
BeJ/IeHa Ha OCHOBAHUH OOLICTIPUHSTHIX METOJ0B BapHallMOH-
HOM CTaTUCTUKH C MCIIOIb30BAHUEM CTAHIAPTHBIX IAKETOB
Microsoft Excel 2007, Statistica 6.0, MedCalc, Rows x Co-
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lumns. [Ipu cpaBHEHNH YaCTOT ajuiesieil ¥ TeHOTHIIOB B IPYII-
nax GOJNBHBIX U KOHTPOJS MPUMEHSUICS KpuTepuit x2. Jlist
TaOMHI[ CONPSIKEHHOCTH 2 X 2 MCIONb30BaH KpUTEpHii x> ¢
MONPaBKOM Mercana HETPEPBIBHOCT, €CJIM YaCTOTa XOTs ObI B
OJTHOM sTaeiike TaOMuITel ObLTa MEHBIIIE MK paBHA 5. CTETIeHb
accolyanyii ONEHUBAIN B 3HAYCHUSX ITOKA3aTessl OTHOIIIE-
Hus maHcoB (OR). MccienoBanue KIMHUKO-TEHETHYECKHX
B3aUMOZEMCTBUI MPOBOJWIOCH C MCIIOJIB30BAHUEM METOJA
MHOTO()AaKTOPHOH JIOTUCTHYECKOH PErpeccHy ¢ MOCTPOCHHU-
eM ROC-KpUBBIX; COCTOSITEIbHOCTh UTOTOBBIX ypaBHEHHUH
perpeccuu OLEHUBAIU IYTEM BBIYMCICHUS IUIOIMAAN O]
kpuBoii (AUC —area under ROC curve), noka3zarenb KOTOpOi
B nuanazone 0.6—0.7 cuurancs cpenuaum, 0.7—0.8 — xopotum,
0.8-0.9 — ouens xopomum. [TorpaBka Ha MHOKECTBEHHOCTh
CPaBHCHUIl paccuMTHIBajach ¢ NMpUMEHEHHEM Metona ben-
oxamuau—Xokoepra (FDR — false discovery rate).

Pe3ynbratbl
B uccnenoBanHON HaMu BEIOOPKE KEHIIMH BBISBICHO 12 aj-
JIeNBbHBIX BapuaHTOB U 29 reHotunoB VNTR momumopdu3ma
rera ACAN, conmepxamux ot 19 1o 30 moBTOpOB, HanboIEEe
YaCThIMHU M3 KOTOPBIX OKazaiuch auienu ¢ 26 (14.74 %),
27 (44.47 %) n 28 (31.97 %) moBTOpaMH KaK y MalMeHTOB
¢ OA, TaKk 1 B KOHTPOJIbHOI Tpynre (cM. Tabi. 1). Amenu
¢ yuciaom noBTopoB 19, 20, 21, 24, 30 ObIH peaKUMH U
BCTPEYAIINCh B €IMHNYHBIX CIIydasx. | eTepo3UroTHOCTH 110
HCCIIelyeMOMY JIOKYCY B LieaoM cocTaBuia 62.97 %.

Jlnst noATBep KIACHUS pazMepa IIOBTOPOB HaMH ObLIO BbI-
OpaHo TPM TOMO3HUTOTHBIX TI0 UCCIEAYEMOMY JIOKYCY 00pasiia
C Pa3HBIM YHCIIOM TIOBTOPOB U MPOBEAECHO CEKBCHUPOBAHHUE
no Courepy. [Ipy 3ToM ObIIIM OOHAPY)KEHBI BapHALMH HYK-
neotunoB (ACC ACT, ACC GCT, ACT GCT u ACT ACT)
B 17 m 18 xomoHax BHYTpU MOBTOPOB, COCTOSAMIMX H3 57
Hykseotu0B (19 xomonos). B uccnenosanusax K.J. Doege
¢ xomreramu (1997) cooGmanock o monuMopQu3Me BHYTPH
MIOBTOPOB, HAIIN PE3YJBTATHI COMNIACYIOTCS C STUMH JJAHHBIMH.
Bapuant ACT GCT sBnsieTcst caMbIM pacIpOCTPaHEHHBIM.
Taxum 00pa3oM, CymecTByeT HE TOJIBKO IOIHMOP(HU3M B
YHcie MOBTOPOB, HO M OJAHOHYKJICOTHAHBIA MonmuMopdu3m
BHYTPH JIOKYCa, YTO TIPUBOAMUT K BBICOKOW T€TEpPOre€HHOCTH
Oemnka arrpexaHa.

CpaBHUTENBHBIN aHAIN3 PACTIPEICNICHNs YacTOT ajllesei
MEK/1y TPYIIaMH ITallMeHTOB U KOHTPOJISI BBISBUJI CTaTUCTH-
YEeCKH 3HaYMMbIC PA3IHUMs TI0 4acToTe ayuiess *27 mexmy
rpyrmamMu skeHIwH ¢ OA (0.497) u xontpons (0.398) (x* =
=6.297,p=0.012), OR coctaBun 1.50 (95 % 11 1.09-2.05),
YTO CBU/IETEIHCTBOBAJIO O MTOBBIIIEHHOM pHCKe pa3zBuThs OA
Juist Hocutened ayutens *27. Tlpu paccMOTpeHNH BBIOOPKH
narueHToB ¢ OA, B 3aBUCUMOCTH OT JIOKaJTU3aI[1 TaTOJIOTH-
YEeCKOTO IpoIiecca, aens *27 Hanbosee 9acTo BCTpeyacs
y XKEHIIUH C apTPO30M HECKOJILKUX CyCTaBOB (IIOJINAPTPO3),
nocturas 0.526, ¢ HaMMEHbIIIeH YaCTOTON BBISIBJICH Y )KEHIIIUH
¢ xKokcaptpo3oM (0.458). ObHapykeHa acCOLMAIHS aJIIeIs
*27 ¢ monuapTpo3oM u roHapTposzoM (x* = 4.181; p = 0.04;
OR = 1.68 (95 % AU 1.02-2.78) u y* = 4.613; p = 0.031;
OR = 1.52 (95 % A1 1.04-2.23) cootBeTcTBEHHO). OTCYT-
ctBue accormaryu ¢ OA Ta300e1peHHOT0 CycTaBa, BO3MOKHO,
CBSI3aHO C MAJIOYMCICHHOCTBIO ATOM TPYIIIBI KEHINUH. Takum
oOpazom, amnens *27 sBIseTcs MapKepoM PHCKa Pa3BUTHS
OA B 1I€TIOM U €ro pa3auyHbIX JOKaJIU3aLni.
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The role of VNTR aggrecan gene polymorphism
in the development of osteoarthritis in women

D.A. Shapovalova, A.V. Tyurin, S.S. Litvinov
E.K. Khusnutdinova, R.l. Khusainova

Table 1. Comparison of allelic frequencies of the VNTR polymorphism in the ACAN gene in women with OA, hip OA, knee OA,

polyarthritis, and the control group

Allele Groups compared
Contro|(16'|) ...................... o A(155) ............................. |-| OA(35) ............................ K OA .................................... p A(38) ...........................

19 .......................... 1(0003) ............................. 0 0 .......................................... 0 ......................................... 0 ....................................

20 .......................... 0 ......................................... 2 (0006)0 .......................................... 1(0006) ............................. ”0013) ........................

21 .......................... 1(0003) ............................. 1(0003)0 .......................................... 1(0006) ............................. 0 ....................................

22 .......................... 0 .......................................... 2 (0006) ............................. 1(0014)0 .......................................... 1(0013) ........................

23 .......................... 1(0003) ............................. 3 (00”)0 .......................................... 2 (0012) ............................. 1(0013) ........................

24 .......................... 1(0003) ............................. 0 00 .......................................... 0 .....................................

25 .......................... 13(0040) ........................... 6 (0019)0 .......................................... 3 (0019) ............................. 3 (0040) ........................

26 .......................... 5 2(0161)42(0135) ........................... 1 3(0181)22(0136) ........................... 7 (0092) ........................

27 .......................... 123(0397) ......................... 154(0497) ......................... 3 3(0453) ........................... 8 1(0500)40(0526) ......................
x2=6.297 x2=0.900 2=4.613 12=4.181
p=0.012 p=0.342 p=0.031 p=0.04
OR=1.50 OR=1.52 OR=1.68
Cl 1.09-2.05 Cl1.04-2.23 Cl1.02-2.78
23 .......................... 117(0363) ......................... 9 5(0306) ........................... 2 4(0333)43(0297) ........................... 2 3(0303) ......................
29 .......................... 8 (0 025) ............................. 3 (o 011) ............................. 1(0 014) ............................. 2 (o 012) ............................. 0 ....................................
30 .......................... 0 ......................................... 2 (0006)0 .......................................... 2 (0012) ............................. 0 ....................................

Designations: HOA, hip osteoarthrosis; KOA, knee osteoarthrosis; PA, polyarthrosis (involving several joints).

Table 2. Comparison of allelic frequencies of the VNTR polymorphism in the ACAN gene in OA women with uCTD signs,

uCTD of various grades, and control groups

Groups compared

Allele Control (165)  uCTD (151) uCTD
moderate (123)
19 .................. 1( 00 03) ................ o ....................................... 0 ..........................

20 .................. O ............................. 2 (O 007) ........................... 2 (0 008) ..............

21 .................. 1( 0 0 03) ................ 1(0003) ........................... 1(0 004) ..............

22 .................. 1( O 0 03) ................ 1(0003) ........................... 1(0 004) ..............

23 .................. 3 ( 0 0 09) ................ 1(0 003) ........................... 0 ..........................

24 .................. 1( 00 03) ................ 0 ....................................... 0 ..........................
25 .................. 12(0036) ............. 7 (0023)4(0017) ..............
26 550167 390129 330139
7 138(0418)  1440477) 117(0476)
¥2=2.194
p=0.138
8 11000334 1020339 84(0341)
29 .................. 7 (0021)4(0013) ........................... 3 (0012) ..............
30 .................. 1( 0 0 03) ................ 1(0003) ........................... 1(0 004) ..............

Groups compared

uCTD OA+ OA- uCTD-
severe (28) uCTD+ (93) (103)
0 0 1 (0.005)
0 2(0.011) 0
0 1(0.005) 1 (0.005)
0 1 (0.005) 0
1(0.018) 1(0.005) 1 (0.005)
0 0 1 (0.005)
3(0.054) 4(0.022) 10 (0.048)
6(0.107) 23(0.124) 36 (0.175)
27 (0.482) 92 (0.495) 76 (0.369)

¥2=6.305

p=0.012%

OR=1.674

Cl1.12-2.51
18(0.321) 60 (0.323) 75 (0.364)
1(0.018) 1 (0.005) 5(0.024)
0 1(0.005) 0

*The association remains significant after applying the multifactorial logistic regression analysis.

uCTD, undifferentiated connective tissue dysplasia.

[Tpun ananu3ze pacrpeneneHus 4acToT ajiejeid H3y4aeMoro
nonaumopdusma y nmaruerton ¢ OA ¢ yuerom Hammaust HJCT
HaMu OBIII0 00HAPYKEHO CTATUCTHYECKH 3HAYMMOE Tpeodia-
nmanue aimens *27 y mur ¢ OA B coueranuu ¢ HICT (0.495)
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(x*=6.305,p=0.012, OR =1.67; 95 % AN 1.12-2.51), npu
aToM nokazatenb OR ctain Bolie, yem mpu ananuze OA 6e3
yuera npusHakoB HJ{CT, 4To CBHAETENBCTBYET O IIOBBIICHUH
pucka passutust OA y sxermmH ¢ HICT (cm. Tabom. 2).
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Table 3. Comparison of allelic frequencies of the VNTR polymorphism in the ACAN gene in patients with OA vs. the control group,
patients with uCTD vs. the control group, and OA + uCTD patients vs. the control group in women

Genotype Groups compared Groups compared Groups compared
.................................. o A+(155)0A_(161)uCTD+(151)ucTD_(165)OA+uCTD+(93)OA_uCTD_(103)
19/27 ...................... 0 ................................. 1 (0006)0 .................................. 1(0006) ..................... 0 ................................. 1 (0010) ...................

20/25 ...................... 1(0006) ..................... O ................................. 1 (0007) ..................... 0 .................................. 1 (0011) ..................... 0 ...............................

20/23 ...................... 1(0006) ..................... 0 ................................. 1 (0007) ..................... 0 .................................. 1 (00”) ..................... 0 ...............................

21/27 ...................... 0 ................................. 1 (0006)0 .................................. 1(0006) ..................... 0 .................................. 1 (0010) ...................

21/28 ...................... 1(0006) ..................... O ................................. 1 (0007)0 .................................. 1(00”) ..................... 0 ...............................

22/28 ...................... 2 (0013) ..................... o ................................. 1 (0007) ..................... 1(0006) ..................... 1(00”) ..................... 0 ...............................

23/27 ...................... 1(0006) ..................... 1(0006) ..................... 1(0007) ..................... 1(0006) ..................... 1(00”) ..................... 1(0010) ...................

23/28 ...................... 1(0006) ..................... 0 O .................................. 1(0006) ..................... 0 .................................. 0 ...............................

24/27 ...................... 0 ................................. 1 (0006)0 .................................. 1(0006)0 .................................. 1(00]0) ...................

25/26 ...................... 1(0006) ..................... 1(0006)0 .................................. 2 (0013)0 .................................. 1(0010) ...................

25/27 ...................... 3 (0020) ..................... 8 (0051)5(0033)6(0036) ..................... 3 (0032) ..................... 6 (0058) ...................

25/23 ...................... 1(0006) ..................... 3 (0019) ..................... 1(0007) ..................... 3 (0018)0 .................................. 2 (0019) ...................

25/29 ...................... 0 .................................. 1 (0006)0 .................................. 1(0006)0 .................................. 1(0010) ...................
26/26 ...................... 1(0006)4(0025)0 .................................. 5 (0030)04(0039) ...................
26/27 ...................... 2 4(0156) ................... 2 0(0124) ................... 1 7(0”3)27(0164) ................... 11(0”7) ................... 14(0136) .................
25/28 ...................... 15(0098) ................... 2 3(0143)22(0145) ................... 16(0097) ................... 12(0129) ................... 13(0126) .................
26/29 ...................... 1(0006) ..................... 0 0 .................................. 1(0006)00 ................................
27/2741(0255) ................... 2 8(0174) ................... 3 9(0258) ................... 3 0(0182) ................... 2 5(0269) ................... 14(0136) .................

¥2=3.921 2 =5415

p =0.047 p=0.019*

OR=1.72 OR=234

Cl1-2.96 Cl1.13-4.83
27/2341(0265) ................... 3 5(0217) ................... 3 8(0251) ................... 3 8(0230) ................... 2 5(0269) ................... 2 2(0213) .................

27/29 ...................... 2 (0013) ..................... 5 (0031)4(0026) ..................... 3 (0013) ..................... 1(00”) ..................... 2 (0019) ...................

2 7/30 ...................... 1(0006) ..................... 0 ................................. 1 (0007) ..................... O .................................. 1 (0011) ..................... 0 ...............................

23/23 ...................... 16(0104) ................... 2 7(0163) ................... 19(0125) ................... 2 4(0145) ................... 10(0107) ................... 13(0175) .................

28/29 ...................... 0 ................................. 2 (0012)0 .................................. 2 (0013) ..................... 0 .................................. 2 (0019) ...................

28/30 ...................... 1(0006) ..................... 0 O .................................. 1(0006) ..................... 0 .................................. 0 ...............................

¥ The association remains significant after multifactorial logistic regression analysis.

He BhisiBIeHa accouuanus amiens *27 (y* = 2.194, p =
=0.138) ¢ uICT Ge3 yueTa Hamu4Msl MATOJIOTUM CYCTaBa U ¢
YYeTOM €€ CTETIeHH TSHKECTH (CM. Taod. 2).

CpaBHUTENBHBIN aHAIM3 PACIpEIeNICHNs] YacTOT TeHOTH-
noB jiokyca VNTR rena ACAN moka3zai, 4TO TOMO3UTOTHBIN
TeHOTHN *27*27 cTaTHCTUYECKU 3HAYUMO JaIlle BCTPedaeTcs
Takke y xeHmuH ¢ OA 6e3 yuera Hanmmuns npusHakoB HCT
(0.265) u c OA B coueranuu ¢ H/ICT (0.269) no cpaBHEHUIO
¢ rpyrmamu korTpons (0.174 u 0.136; ¥2 = 3.921, p = 0.047
uy>=5.415, p=0.019 COOTBETCTBEHHO) ¥ OKA3aJICS MAPKeE-
POM TOBBIIIEHHOTO pucka pa3BUTHs OA B M30JUPOBAHHOM
u xomopouaHoM ¢ HCT cocrostausax (OR = 1.72; 95 % AU
1-2.96 u OR = 2.34; 95 % JIN 1.13—4.83) cOOTBETCTBEHHO
(cm. Tabm. 3).

C ydeToM TOro 4YTO 3a00JE€BaHHE MHOTO(DAKTOPHOE, IS
KOMITJICKCHOH OIEHKH KIMHUKO-TCHETHYECKUX B3aMMOICH-

MeguumHCcKas reHeTrKa

CTBHUI OBUT MPUMEHEH METOJ MHOTO(aKTOPHOH JIOTHCTH-
YECKOW perpeccuu. bbuln UCIIOIb30BaHbl IBE MOAEIHU — UL
passutus OA B nenom u it OA B couetannu ¢ HACT (pu-
CYHOK).

B nipenBapuTesbHOE ypaBHEHHE PErpeccuy ObUIO BKITFOYE-
HO YETBIPEe KIIMHUYECKUX TPEANKTOPA (BO3PACT, HHAEKC MACCHI
tena, crenens Tspkect HCT, cymma 6annos n/ICT) u Ba-
puaHThl reHoTUnoB JIokyca VNTR. I1o pe3ynbraraM aHanusa,
B HTOTOBOE ypaBHEHHE perpeccuut s OA B 11eI0M BOIUTH
Bo3pact, Hanmaue HJICT u renorun *27*27 noxyca VNTR,
quist couetanust OA u v/ICT — Bospact u reHorun *27*27
nokyca VNTR. OGe momrydeHHBIE MOAETH ObUTH CTaTHCTH-
yecku 3HaunMbI (F =2.76; p =0.0078 u F = 2.15; p = 0.0055
COOTBETCTBEHHO) M 00Iajany JOCTaTOYHOM MPOTHOCTHYE-
ckoit coctostenbHOCTRIO (AUC = 0.781 u AUC = 0.727
COOTBETCTBEHHO).
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ROC analysis: (a) for OA; (b) for OA with uCTD signs.

HecMoTpst Ha cHUKEHME CTaTUCTUYECKOM 3HAYMMOCTH psilia
ACCOIMAIIMH 1TOCIIe BBEACHHUS TTOTTPABKH HA MHOYKECTBEHHOCTD
CPaBHEHUI, TEHICHLUSI K TPE00JIalaHNI0 YaCTOThI TEHOTHIIA
*27%*27 coxpaHseTcs B IIEJOM U ISl COYeTaHHON TTaTONIOTUH
(OA + sJICT +), sBISISICH IPEANKTOPOM B PErpecCHOHHOMN
MOZIeIH. DTO TO3BOJSIET paccMarpuBaTh *27%27 kak OluH
n3 (haKTOpOB PHCKA PA3BUTHSI MATOJOTHU U TTOTYEPKHBACT
€ro poJlb B MaTOTeHe3e HapyIIeHHs MeTa0oIn3Ma COeTMHNI-
TEJIbHOU TKaHU.

Taxum 00pa3om, BEIsIBIIEHa acconnanys ajens *27 VNTR
nommmopdusma rena ACAN 1 ero TOMO3UTOTHOTO T€HOTHIIA
B GopmupoBanuu OA B I[EJIOM, Pa3InYHBIX JOKATH3AUNA U
B couetannu ¢ H{CT y sxeHIInH.

O6cyxpeHue

Pe3ynbraThl HcceI0BaHUIN BINSHUS JJICTBHBIX BAPUAHTOB
nokyca VNTR rena ACAN Ha cOCTOSIHHE XpsIlla U COETUHH-
TENbHOM TKaHU HEMHOTOYMCICHHBI U TPOTUBOPEUUBEI. J[H-
Ha OCHOBHOTO 0€J1Ka U3MEHSETCS MPSIMO MPOTMOPIIHOHATIBHO
KOJIMYECTBY MOBTOPOB, 1 BapHAINs 3TOH JITMHBI MOXKET ITPHU-
BECTH K HapyuieHuro gyHkuuu xpsima npu OA, BHOCS CBOI
BKJIa]] B CTPYKTYpY BHEKJIETOUHOTO MAaTPUKCA M €TO MEXaH!U-
yeckue coiicta (Doege et al., 1997; de Souza et al., 2008).
Morekynbl arrpekata, UMeromue 0ojee JAIUHHBIE TOMEHbI
XC, OyayT 00:1anaTh MOBBIIIEHHON TUIOTHOCTHIO |, TIPE/IIOIIO-
JKUTEIIBHO, JTy4IIINMH OCMOTHYECKIMH cBOMcTBaMHu. [ToaTomy
MOXXHO ITPOTHO3UPOBATH, YTO TKaHb, COIEPIKAIlasl arrpekaH
¢ 6omee KopoTkUMHU oMeHaMH XC, MOXKeT (PyHKIIMOHATBEHO
ycTymnarb ¥ ObITh O0JIee BOCHPUUMYHUBON K MEXaHUUECKOMY
Bo3elicTBHI0. O/IHAKO TaKasi 3aKOHOMEPHOCTD COOJTIOIAeTCs
HE BCerya.

Uccnenosanns VNTR nonumopdusma B nomyssiuusix Poc-
CHUM paHee He MPOBOAMUIIMCH. B uuncie nepBbIX HO30J0THH,
MpH KOTOPBIX M3ydeHa poib VNTR momuMopdusMa reHa
ACAN, 6butn 601Tb B CITMHE U JIETCHEPATHBHBIC TIOPAKECHHS
ME)KITO3BOHOYHBIX JUCKOB. Pe3ynbTaThl 3THX HCClIeA0BaHUN
0000IIIeHBI B IBYX MeTaaHaIN3aX. B 07THOM U3 HUX, TIPOBE/ICH-
HOM J. Gu ¢ kxomreramu (2013), ucmons30BaHbl TaHHBIE 965
OOJIBHBIX C JIEreHEPAaTHBHBIMH [TOPAKEHUSIMU MEKITO3BOHOU-
HBIX IUCKOB 1 982 YeoBeK KOHTPOIEHON TPYTITEI U3 BOCEMHU
nccienoBanuii. Bee o0cieoBaHHbIC OBIITH pa3AeieHbl HA TPH
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TPYTIBI, B 3aBUCHMOCTH OT KOJIIMYECTBA MOBTOPOB JIOKyCa
VNTR — «xopotkue» aten (13—25 moBTopoB), «HOpMaIIb-
HbIe» (26—27 TOBTOPOB) U «UIMHHBIEY» (28—32 MOBTOPOB).
Kopotkue anneny yBeInIMBaIn PUCK Pa3BUTHUS 3a00JI€BaHUS
Ha 56 % B menmom (OR 1.54; p = 0.03) u mo 65 % y manueH-
TOB azuarckoi aTHHUYeckoi rpymnmsl (OR = 1.65; p = 0.004).
AHanu3 eBpoIreonIoB HE BBISBIII CTATUCTUYECKH 3HAUMMBIX
acconuanuii. B npyrom meraananmse, omyOIMKOBaHHOM TO-
nom panee, G. Xu ¢ xomteramu (2012) nmpoBoauian cpaBHe-
HHE MEXAy MalleHTaMu ¢ MajbM (MeHee 23 u 25) u 6071b-
MMM YHCJIOM ITOBTOPOB. KOpOTKHE aien yBeInInBaIi PUCK
pa3BuUTHs 3a00JIEBaHMSI KaK B LIEJIOM I10 MOMYJSLHUH, TaK U
IIPU JIeJIEHUH, B 3aBUCHMOCTH OT 3THHUYECKOW MPUHAIIICHK-
HOCTH.

T.B. de Souza ¢ xomneramu (2008) BBISBUIIM ACCOIHALINIO
KOPOTKHX aJUIEJIbHBIX BAPUAHTOB JIOKyca VNTR ¢ pa3BUTHEM
PEBMATONIHOTO apTpHUTa. 3HAYEHUE «AJUICIBHOTO HHJICK-
ca» — CpeAHeH UIMHBI JBYX aJlelIeld — B IPYIIE KOHTPOJISL
CTAaTHCTHUYECKH 3HAYUMO TPEBBIIIAIO TAKOBOE y MAIMEHTOB
¢ peBMaTouaHbIM apTputoM (53.7 1 52.7 COOTBETCTBEHHO,
p=10.001).

Wzyuenne Biusiaus noxyca VNTR rena ACAN Ha pa3BuUTHE
OA mnavanoch B koHne 20-ro Beka. ITo pesynbraram padoT
W.E. Horton ¢ xoyuteramu (1998), B Be10OpKe U3 93 Myx4uH
(ot 60 ner u crapie) Hamuune amiens *27 ObUIO aCCOIUH-
poBano ¢ OA kucteii (OR = 3.23), Ho He ObUTO 0OHApYXEHO
CTaTUCTHYCCKU 3HAYUMOH CBsI3U Mexay aienem *27 u OA
JPYTHX JIOKAJIN3aLUH, YTO YJACTUIHO COITIACYETCs C MOTyYeH-
HOI HaMu accouuanuer amiens *27 ¢ OA B 1eJIOM, a TaKiKe
¢ OA KONeHHBIX CYCTaBOB U MOJHOCTE0APTPO30M.

B uccnenopannu O.P. Kdmiridinen ¢ xomteramu (2006),
BKITtOUaBIeM 630 KeHIMH (UHCKON MOmyIsuu oT 45 1o
60 J1eT, HarIPOTHB, aJIeNb *27 ObUI IPOTEKTUBHBIM B Pa3BUTHH
OA xucTeil pyK. AJUTeTbHbBIE BApUAHTHI C OOJIBIITAM KOITHYe-
CTBOM ITOBTOPOB (28—34) B TOMO3UTOTHOM COCTOSTHUH yBEJIH-
YUBAJIM PUCK pa3BuTHs narojoruu (p = 0.036; OR = 1.73),
YTO MPOTHUBOPEUHT PE3yIbTaTaM HAIIUX HCCIIEIOBAHUI.
P.J. Roughley ¢ komneramu (2006) He oOHapyXmiu craTu-
CTHYECKOH cBsI3U Mexy ajutesieM *27 u OA 'y 63 My»KuuH U
YKEHIIMH eBporeiickoro mpoucxokaenns ¢ OA tazodenpen-
HBIX CYCTaBOB, UTO ITOJTBEPKIAIOT U HAIIN PE3YJbTATHI.
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Uccnenosanue 134 6musnenoB K.M. Kirk ¢ xomneramu
(2003) moxa3zayi0 HE3HAYUTENBHBIA MPOTEKTUBHBINA () (heKT
ameneit *25 u *26 s pa3BUTHS TOHAPTPO3a U *28 s
Pa3BHUTHSI KOKCAPTPO3a, YTO TAKXKE HE IPOTUBOPEUUT HALLIUM
JTAaHHBIM.

[To pe3ynbraTaM CeKBEHUPOBAHMS U CPABHEHMS C PE3YITb-
tatamu K.J. Doege ¢ komuteramu (1997), nHamu 661 0OHApY-
JKeH YK€ M3BECTHBIN momumopdusm B 17-m n 18-M xomoHax
Ka)KJIOr0 MOBTOPA, BCTPEUAIOLIMICS BO BCEX TPEX TOMO3HU-
TOTHBIX MCCJIEIOBAaHHBIX 00pa3uax, cogepxammx 19 u 26
MOBTOPOB BHYTPH KaxkJoro amiens. Hamm ncciaenoBaHus
MO/ITBEP)KIAIOT TAKXKE OMMCAHHBIA paHee aMHUHOKHCIIOTHBIH
nonuMopdu3M, MOCKOJIbKY 3aMEHa IEPBOTO MIIH ITOCIIETHETO
Hykneotuaa 18-ro mwin 19-ro kogoHa MPUBOIUT K YepeIoBa-
Huto amuHOKHCIOT Thr/Ser/Ala.

Takum 00pazom, MOTydeHHBIC HAMH PE3YIBTATHI SIBIISFOTCS
LIEHHBIM BKJIAJIOM B TIPEACTABICHUS O POJIM HOJIUMOP(HHOTO
nokyca VNTR rena ACAN mipu HapymieHUH CTPYKTYPHI U
(DYHKINU COCIMHUTENBHOW TKaHU M Xpsina. Acconuarus
ajutenst *27 v ero TOMO3UTOTHOTO TEHOTHITA C Pa3BUTHEM I1a-
TOJIOTUH CYCTAaBOB JIEMOHCTPUPYET HEOJHO3HAYHOCTh CYXK-
JICHHSI O BIIMSIHUU JJIUHBI OCJIKOBOW MOJICKYJII Ha MOp(ho-
(DYHKIMOHAJIbHBIE XaPaKTEPUCTHKU CYCTAaBHOTO Xpsllia M
COC/IMHNTEIbHOM TKaHH B 1IEJIOM. BeposiTHO, 3TOT ayienbHbIH
BapUaHT M €ro OCJIKOBBIA MPOMYKT MOTYT 00Jajgarh MOBBI-
IIEHHBIM CPOJCTBOM K BO3JEHCTBHUIO MPOTEOIUTUYECKUX
(hepMEHTOB, OTBEUAIOIINX 3a KAaTaOOJIM3M MEKKICTOUHOTO
MaTpUKCa COCTUHUTEIBHONW TKaHU. JJI1 OKOHYATEIHHOTO
ycranoBnerust ponu VNTR monmumopdusma rena ACAN B
pa3BUTHH 3a00JI€BaHUN COCTMHNTEIBHON TKAaHHU B IIETIOM U
OA B YaCTHOCTH HEOOXOAMMBI MPOBEACHNE MCCIEIOBAHNN
B MOMYJIALUSX PA3HBIX PETMOHOB M PA3JIMYHOIO MPOUCXOXK-
JICHUS, & TAK)KE aHAJIM3 FeHO-(DEHOTUITMYECKUX KOPPEISIUi
1 MOp(OPyHKIIMOHAIBLHBIX OCOOCHHOCTEH Xpsillia y JIUI] C
BapuabesIbHBIMHU AJUIEIbHBIMU BapuaHTamu VNTR nomumop-
¢usma rena ACAN.
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IToMCK M3MeHEeHII HYKJIEOTUIHOM I10C/IeJOBaTEeIbHOCTI
reHa peMoaeanpoBaHnda XxpoMmaTtinHa PBRM1
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Pak nouku (PM) — 370 reTeporeHHas rpynmna 3110Ka4yeCcTBeHHbIX OMyX0-
new, nogasnsioliee 60bLMHCTBO KOTOPbIX MpeacTaBnsaeT cobo no-
YeUHO-KNEeTOYHbIe KapLMHOMbI Pa3fINYHbIX MOP$ONOrMyecKnx TMnos.,
Hamnbonee YacTo BCTPeYaeTCs CBETIIOKNETOYHbIN pak nouku (CPM).
Ocoboe BHMMaHMe B KaHueporeHese CPl1 ygensetca pagy reHoB-Cy-
NpPeccopoB OMyX0JIEBOrO POCTa, PACMONIOKEHHbIX HAa KOPOTKOM Mnneye
TpeTben XpOMOCOMbl. OfHUM 13 TaKNX reHOB, NHAKTUBMPYEMbIX MPU
CPI, sanaetca reH nonuépomo 1 (PBRM1), Kogupytowwuii cyobeanHm-
uy PBAF SWI/SNF komnnekca pemogennpoBaHua xpomatmnHa BAF180.
[eH PBRMT pacnono<eH Ha KOPOTKOM MnJieye TpeTbell XpOMOCOMbI B
obnactn 3p21 B6nm3n reHa doH Xunnena-Jivngay (VHL), mytaumm B
KOTOPOM yalle Bcero npovicxoaat npu CPI. Lienbto HacToAwero nc-
cnefoBaHmA Oblf MOUCK M3MEHEHWUIA HYKIeOTUAHON nocnefoBaTtesb-
HOCTV reHa-cynpeccopa onyxonesoro pocta PBRM1y nauneHToB co
CBET/IOKNETOYHbIM PaKoOM MouKK. B paboTe nccneposaHo 210 napHbIX
06pasyos [JHK, BblaeneHHbIX 13 OMyX0NeBOo TKaHU MOYKM 1 NpUnerato-
e HoOpMasibHOW NoYyeyHoW NapeHxmMbl nauyneHToB ¢ CPI. AHann3
VN3MeHeHWI HyKneoTnaHom nocnepoBatenbHoctv IHK nposoannu
METOLOM BbICOKOUYBCTBUTENIbHOTO aHanu3a KprBbix nnasneHuna (HRM)
C nocnenywLmm ceKBeHpoBaHyeMm. B reHe PBRM 1 6bino o6Hapyxe-
HO iBe comaTmyeckre mytaumm (¢.233G>A (p.D45N) Bo 2-M 3K30He

1 €.1675-1676delTC B 15-M 3K30He), He OnrCaHHble paHee, N OANH
N3BECTHbIV NONMMOPQHDBIV BapuaHT rs17264436 (B 23-M 3Kk30He). Yac-
TOTa BbIABJIEHHbIX MyTaLuil cocTasuna 0.95 % cnyyaes. OueHka dyHK-
LIMOHaNbHON 3HAYMMOCTN TaKUX N3MEHeHWI NoKasana, Yto MmyTauum
€.233G>A (p.D45N) n c.1675-1676delTC B reHe PBRMT nmetoT NoTeH-
LnanbHO NaToreHHbIN Xxapaktep. AHann3 accouymaumnm annenemn noau-
MOpPHOro fIoKyca rs 17264436 BbiSiBAN CTAaTUCTUYECKMN 3HAUMMOE
MOBbILEHNE PUCKA Pa3BUTUA 3a60NeBaHUA C TAXKENbIM TeUeHNEM Y
HocuTenel annens rs17264436*A, 4To MOXeT ObITb MCMOSIb30BAHO
npwv paspaboTke NaHenemn NPOrHoCTUYECKMX MapKepoB. Bo3MoxHO,
HM3Kas YacToTa MyTaLuii y NCCIeAOBaHHbIX 06pa3L0B CBA3aHa C TEM,
YTO MHaKTMBaUWA reHa PBRM T nponcxoanT NHbIMU cocobamu, a TakxKe
MOXeT 6bITb 00YyCNOBMIEHA STHOCNEUNOUYHOCTBIO U3YYEHHON FPyMmbl
naumneHToB.

KntoueBble cfioBa: NOYeYHO-KNEeTOYHaA KapLMHOMa; reH nonnbpomo 1
(PBRM1); myTaumu; reHbl-Cynpeccopbl OMyxo/ieBOro pocTa.
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Kidney cancer is a heterogeneous group of malignant
tumors, the vast majority of which are renal cell carci-
nomas (RCC) of various morphological types, of which
the most common is the clear cell renal cell carcinoma
(ccRCQ). Particular attention in the carcinogenesis of
the ccRCC is given to a number of tumor suppressor
genes located on the short arm of the third chromo-
some. One of these genes, which are inactivated in

the case of ccRCC is the PBRM1 gene encoding the
PBAF SWI/SNF subunit of the chromatin remodeling
complex, BAF180. The PBRM1 gene is located on the
short arm of the third chromosome in the 3p21 region
near the von Hippel-Lindau gene (VHL), the mutation
in which is the main event in the occurrence of ccRCC.
The aim of our investigation is identification of changes
in the nucleotide sequence of the PBRM1 tumor sup-
pressor gene in patients with ccRCC. 210 pairs of DNA
samples isolated from ccRCC tissue were studied. Ana-
lysis of changes in the nucleotide sequence of DNA was
carried out by HRM analysis and direct sequencing. In
the PBRM1 gene, two somatic mutations were found
(c.233G>A (p.D45N) in exon 2, ¢.1675-1676delTC in
exon 15) which were not described previously, and one
known polymorphic variant rs17264436 (in exon 23). The
frequency of detected mutations was 0.95 % of cases.
Analysis of the allelic association for the polymorphic
locus rs17264436 showed a statistically significant in-
crease in the risk of developing advanced kidney cancer
in carriers of allele rs17264436*A, which can be used in
the development of prognostic marker panels. Perhaps
the low frequency of mutations in the samples we studi-
ed is due to the fact that the inactivation of the PBRM1
gene takes place in other ways, and may also be due to
the ethno-specificity of the studied group of patients.

Key words: renal cell carcinoma; polybromo gene 1
(PBRMT); mutations; tumor suppressor genes.



ak ouku (PIT) — 310 rereporeHHas rpymna 310Ka4yeCTBeH-

HBIX OITyXOJICH, TMOJaBIIsIONIee OOIBITHHCTBO KOTOPHIX

MIPEACTABIISIIOT COOO0H MOYEUHO-KJICTOYHBIE KapIIMHOMBI
Pa3IMYHBIX MOP(OIOTNUECKHUX TUIIOB, U3 HUX HAHOOJIEe 4acTO
BCTpEYaeTCs CBeTIOKIeTouHbIH pak mouku (CPIT). ExeromHo
B Mupe peructpupytor 6oiee 300 Tbic. HOBBIX ciydaeB PIT
(Ricketts, Linehan, 2014), B Poccuu 3ta 1udpa cocrasiser
18 trIC., B Pecnybnmke bamxoproctan — 400—450 ciny4aes B
ron. Oco6oe BHUMaHwe B KaHieporeHese CPII ynenstercs psimy
T€HOB-CYIIPECCOPOB OIYXOJIEBOTO POCTA, PACMOIOKEHHBIX
Ha KOPOTKOM IIIede TPEeThe XpoMocoMbl. OHUM U3 TaKUX
TeHOB, MHAaKTHBHpYeMbIX mpu CPII, siBisieTcs ren moanopo-
Mo 1 (PBRM1), kopupytomuii cyosequnuiy PBAF SWI/SNF
KOMIUTeKca pemonenupoBanus xpomatnaa BAF180. bemok
PBRMI1 cnocoGeH H3MEHATh CTPYKTYPY XpOMaThHa, a Tak-
JKe 00ecreYnBaTh Peryisiui0 TPAHCKPUIIIMU [TOCPEICTBOM
KkoHTpos foctynHocTy JJHK 1 BavsiHuS Ha TpaHCKPUIILMOH-
HyI0 akTUBHOCTH p53 (Macher-Goeppinger et al., 2015). I'en
PBRM1 pacnionoxeH Ha KOPOTKOM IUIeU€e TPEThel XPOMOCOMBI
B obmactu 3p21 BOmm3u rena pon Xunnens—Jungay (VHL),
MYTallH B KOTOPOM MPEZCTABIAIOT CO00H OCHOBHOE COOBITHE
npu Bo3HukHOBeHHH CPIT (Audenet et al., 2011).

Lesp0 HACTOSAIIETrO MCCIIENOBAHUS OBIIT TOMCK M3MEHE-
HUN HYKJIECOTUIHOW MOCIEI0BaTeIbHOCTH B rene PBRM1 y
MAIMEHTOB CO CBETJIOKIIETOYHBIM PAKOM MTOYKH OAIIKHPCKOH,
PYCCKOM U TaTapCKOM 3THUYECKON IMPUHAJIEKHOCTH.

MaTtepwuanbl n metogbl

[Ipoanamusuposano 210 mapusx o6pasznos JJHK, Beinenen-
HBIX U3 OIyXOJIEBOW TKaHH MOYKM M MPHIICKAIIEH HOpMallb-
HOM TIOYEYHOH MapeHXMMbI HepOACTBEHHBIX 00nbHBIX CPII,
MIPOKUBAIOIINX Ha TeppuToprn Pecmyonmku bamkoprocTas.
Bce obcnenoBannble Obutn manueHTamu PecryOnmkanckoi
kiauHuueckoi 0onpHuIb! UM. [.1°. KyBarosa n kiuHuku bai-
KHPCKOTO TOCYJapCTBEHHOTO MEIHUIIMHCKOTO YHUBEPCHTETA
. Ybl. 3a00p 00pa31ioB TKaHEi MPOBOAMICS COTPYIHUKAMHI
kagenpsl yposoruu. Vcenenosanue ono0peHO OO THYESCKIM
koMuTeToM MHCTHTYTAa OMOXUMHH U TeHETHKH. B m3ydaemoit
rpymre 56.7 % marueHTOB UMENTN HavallbHbIC CTaIuu 3a00-
nesanus (I-1I ctaguu 3m0KkaueCTBEHHOTO MPOLIECcCa, COITACHO
TNM xrnaccudpukanmn) u 43.3 % manueHToB — MO3IHUE CTa-
mun (III-1V). Tlo sTHUYecKON TPUHAICKHOCTH MAI[HCHTHI
pacipeneuinuch cienyrmuM obpasom: 14.7 % OGarkup,
49.5 % pycckux u 35.8 % tarap. BozpacT nanueHToB Ha MO-
MEHT IMOCTAHOBKH JIMarno3a Bapbuposai ot 27 1o 80 set. Ana-
JIU3 acconuanyy anseneit s/ 7264436 rena PBRM1 ¢ puckoM
pasButus CPII 6611 ipoBenieH y 234 mannueHToB CO CBETIIO-
KJIeTOYHBIM pakoM nouku (18.7 % Oamkwup, 44 % pycckux,
37.3 % Tarap) u 268 UHAUBHUIOB U3 KOHTPOJIBHOW TPYIIIBI
(23.3 % OGamxkup, 36.6 % pycckux, 40.1 % Tarap). Konrt-
pOJIbHAsI TPYTITIA IO BO3PACTY, MOy U TEPPUTOPHH ITPOKUBA-
HUSI COOTBETCTBOBAJIA IpyIire 0obHBIX. Bee Onosnornueckue
MaTepHuabl MOIy4YeHbl ¢ HH(YOPMUPOBAHHOTO COTIIACHS TIa-
IIUECHTOB.

Boigenenue reromuoii JIHK u3 mapHbix 00pasiioB omyxo-
JIEBOM TKaHU IIOYKH U ITPWIEraroniel HOpMaJlIbHOM OYeYHON
MTapEHXHMMBI, 2 TAK)KE M3 BEeHO3HOH KPOBH POBOJIMIIH METO/IOM
(henos-xnopodopmHoii 3kcTpakiuu. [Torck MyTaruii B rese
PBRM oCymIecTBISITH ¢ TOMOIIBIO BEICOKOTYBCTBHTEIIEHOTO
aHanmm3a kpuBbIxX masnenus (high-resolution melt, HRM) ¢
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nociyenyomum cekBenuposanueM. HRM-ananu3 ocHoBaH
Ha cBoiicTBe JJHK m3MeHATH CBOIO KOH(OPMAIIHIO TIPH T10-
CTETICHHOM BO3pAacTaHWU TEMIIEPATyphl U3 JBYLEHOYCUHOMN
MOJIEKYJIbl B COCTOSIHUE OJHOLIENIOUEYHO. B Xone aHanusa
nmpoBoauTes peakiyst ammmndukannu JTHK B mpucyrcTBun
MHTEPKATMPYIOMNX (DIIyOPECIEHTHBIX KpacuTelel, akTHB-
HO CBA3BIBAIOIINXCA C IBYHETIOUYCYHBIMU MOJICKYJIaMU HHK
WHTEHCUBHOCTH (DITyOpPECIEHIINH JJTaeT BO3MOKHOCTH Olle-
HUTH Hakoruienue npoxykra [P n Tepmudeckn nHmynn-
poBanHoe pacuierienue JIHK. AHanu3 KpuBBIX TJIaBJICHUS
BBIMONHsUTH Ha mpuoope Roche LightCycler® 96 ¢ ucmons-
30BaHHEM (QuyopeciieHTHOro Kpacurens Eva Green. Ompe-
JiefieHre TeHOTUNOB 7517264436 rena PBRM1 nipoBonu-
JIM C MOMOILBI0 METOAA MOJMMEPA3HON LENHON peakuuu
(ITIIP) ¢ mocnenyomuM u3yd4eHHEeM Hoimmopdusma JUmH
pectpukinonnbix GparmentoB (I1JIPd-ananuz). Peakuunio
aMmruingukanuu 23-ro 3x30Ha reHa PBRM I mpoBonunu
C HCIOJIB30BAaHUEM CHEHU(PUIHBIX OJUTOHYKICOTHIHBIX
npaiimepoB: F-TCCTCCCCAAGAATTGAAAAAGT,
R-AATTTTCTCTTTCAGGAAAGTGTGC mnpu temnepa-
type omkura 61 °C na mpubope Biorad T100. ITLIP-nipoxykT
00beMOM 8 MKIJT 00padaThIBAICs SHIOHYKIIEA301 PECTPUKIINT
Acul (ThermoScientific). DnekTpodopeTrnaeckoe pa3neneHre
¢dparmentoB JIHK 6bu10 IpoBesieno B 7 % nonuakpuiiaMu-
HoM rete. ['esib ObuT Okpaten B 1 % pacTBope OpoMHCTOrO
STUAMS U BU3YaJH3MPOBAH B IPOXOAAIIEM YyibTpaduoiero-
BOM CBETE Ha reJib-10KyMeHTHpyomiel cucteme Vilber-Lour-
mat (Ppanuust). YacToThl TeHOTHUIIOB U auieneil noaumMopd-
HOTO BapHuaHTa rs/7264436 y MaIlMeHTOB C PaKOM MOYKH U
B KOHTPOJILHOM TPyTIIE CPAaBHUBAIHCH MOMIAPHO C TIOMOIIBIO
TOYHOI'O IByCTOPOHHETO Kputepus duiiepa, mpu 3T0M JOCTO-
BEPHBIMH CUNTAINCH PA3IHYHSI YACTOT aJuIeJIei M TeHOTHIIOB
npu 3HaueHuu p < 0.05.

Pesynbratbl

B xoze aHanm3a HyKJICOTH/JHOM MOCIIE0BATEIbHOCTH BO BTO-
poM 3k30He reHa PBRM 1 y maiiueHTa ¢ MeTacTaTHYeCKUM pa-
KOM TTOYKH ObLUTa 00HapyKeHa MUCCeHC-MyTarst ¢.233G>A,
KOTOpast MIPUBOJIUT K 3aMEHE aclaparnHOBOW KHCIOTHI Ha
acnaparut B 45-m nonoxenun Oenka (p.D45N). 3amena
OTPHULATENLHO 3aPSKEHHOH acliaparuHOBOM KUCIJIOTHI HA 1O-
JISIPHBIH acTiaparvH MOXKET BIHMSATH Ha CBOMCTBA OEJKa 1 BbI-
3bIBaTh U3MEHEHUE CANTOB CIUIAfCUHTA.

B 15-m sx30He Tena PBRM 6vuta oOHapy»XeHa paHee He
ONHCcaHHasl coMaTndeckas myramus c.1675-1676delTC y
HalueHTa ¢ MEepBOM CTaJueil OIlyX0JIeBOro Ipouecca, Ipu-
BOZSIIAS K CIIBUTY PAMKH CUUTHIBAHUS, 0Opa30BaHUIO CTOII-
komoHa (L5261fs*6) u cuHTe3y HemoHOIeHHOTO Oenka. My-
taus ¢.1675-1676del TC siBnsuiach NpUYMHON MOTEPH KOH-
CepBaTHUBHBIX obOnacTel Oenka, Takux kak BAHI1-momen
(956-1074 ammHOKUCHOTH) 1 BAH2-momen (1156-1272
amuHOKHCIOTHI). Kpome Toro, myrauust ¢.1675-1676delTC
obycnasmuBana yrpary HMG-nomeHa, o6ecTieqnBaromero
pacrio3HaBaHWE TPAHCKPHUITIUOHHBIMHU (aKTOpaMH IOCie-
nosarenpHOcTell JIHK-mumeneit. Panee y atoro manumenra
HaM# ObUIa BIIEPBBIE MACHTH()HUINPOBAHA IENEIUs CEMHU
HYKJICOTHOB B 3-M dK30HE reHa (oH Xwummens—Jluagay
(VHL), (c.498 504del), xoTopas Takxke Belia K CABUTY PAMKH
CUNTHIBAHMSA W 00pa30BaHMIO CTOM-KOAoHA (P.V166V{s*1)
(KyteieBa u ap., 2012).

Medical genetics



2018
22.7

MoncK N3mMeHeHNI HYKNeoTUAHON NocnefAoBaTelbHOCT
reHa PBRM 1y nauneHTOB C pakoM MOYKM

E.A. KnumeHnToBa, U.P. Tunasosa, A.A. iamainos, .M. CyntaHos
M.A. Bepmuiuesa, B.H. MaBnos, 3.K. XycHyTanHoBa

Table 1. Prediction of the impact of the PBRMT gene mutations on protein structure and function

Prediction method Mutation Deleterious Threshold
C233G>A(PDASN) C1675-1676delTC  c3622T>A(pP1174P)
PBRM1 (p.L526Ifs*6) PBRM1 PBRM1
s|FT ............................................. N A .......................................... o o()D ..................................... N A .......................................... < 005 ...................................

po|yphen2_HVAR ...................... N A .......................................... 0 971D ................................... N A .......................................... > 05 .....................................

po|yphen2_HD|v ....................... N A .......................................... 0 899D ................................... N Ao5 .........................................

|_ RT .............................................. N A .......................................... o 843 D ................................... N A .......................................... < 0999 .................................

M utanonTaste .- .......................... 0 990 D .................................. 0 810 D ................................... 0 666 D .................................. > 05 .....................................

MutanonAssessor ..................... N A .......................................... o 476M .................................. N A065 .......................................

FATHMM ..................................... N A .......................................... 0 1841_ ................................... N A2045 ...................................

MCAP ........................................ N A .......................................... 0 6300 ................................... N Aoozs .....................................

CADD .......................................... 2 52 ......................................... 3 14 ......................................... 8 9>15 ......................................

Designations: SIFT: D, deleterious; Polyphen2: D, Probably damaging; LRT: D, deleterious; MutationTaster: D, disease-causing; MutationAssessor: M, medium;

FATHMM: D, Damaging; M-CAP: D, deleterious; CADD: deleterious with the degree >15, higher values are more deleterious.

Table 2. Frequency distribution of alleles and genotypes for the polymorphic locus rs17264436 in the PBRMT gene
in renal cancer patients and healthy residents of Bashkortostan with regard to the severity of the disease

Patients

Genotypes
and alleles

Healthy controls

Cremyer OTMETHUTD, YTO BBISBICHHBIC N3MEHEHHS MOTYT
OBITH HUBEJIMPOBAHBI CUCTEMOI HOHCEHC-0MOCPEAOBAHHOTO
pacmaga PHK. OmHako pe3yasraToM JecTBUS 3TOW CHCTEMBI
OyneT monHas norepst GenkoBoro npoxykra PBRM .

Onenka (QyHKIMOHAIBHOW 3HAUUMOCTH OOHApPY>KEHHBIX
M3MEHEHUH Oblia MPOBElEHa C MCIOIb30BAaHUEM CIIEAYIO-
mux aHamutudeckux nporpamm: SIFT, Polyphen2 HDIV,
Polyphen2 HVAR, LRT, MutationTaster, MutationAsses-
sor, FATHMM, M-CAP u CADD (tabm. 1). B pe3ymnbsrare
aHaM3a ObUIO TMOoKa3aHo, yTo MyTanuu ¢.233G>A (p.D45N)
u ¢.1675-1676delTC B rene PBRM 1 nMerOT NOTEHIHAIBHO
[IaTOT€HHBII Xapakrep.

IIpu ananuse 23-ro sx30Ha reHa PBRM] caBur KpuBon
TuiaBJeHus ObLI 3amedeH B oOpasiax JIHK kak 3 onyxoneBoit
TKaHU, TaK U U3 HOPMaJbHOW MOYEYHOU MapeHXUMbI. B pe-
3yNbTaTe CEKBEHHPOBAHMS YKa3aHHBIX Yy4acTKOB ObLT OOHa-
PY’KEeH paHee ONMCaHHbBII MOJMMOPQHBIN JIOKYC 151 7264436,
XapaKTepU3YIOLIUIIC CHHOHMMHUYHOM 3aMEHOM IpOJiIMHA B
1174 nosumnun 6enxa (p.P1174P). lanubiid noauMophHbIH
BapUaHT paHee ObUT 00HApYKEH IPH paKe MOYEBOTO ITy3bIps,
KpOMe TOro, OblIa MPOJEMOHCTPUPOBAHA ACCOLUALNS €T0
anyesnel ¢ pUCKOM Pa3BHUTHI paka MoJIOUHOM »kene3bl (He et

MeguumHCcKas reHeTrKa

al., 2014; Huang et al., 2015). Hamu 65110 BBIIBUHYTO TIpeI-
MOJIOKEHUE, YTO AJLJICITH OIUMOPGHOTO JIoKyca 51 7264436
MOTYT OBITh ACCOLIMMPOBAHBI C PUCKOM Pa3BUTHS paKa MOYKH.
B cBsi31 ¢ 5TM OBUT IPOBEZIEH aHAIIM3 ACCOLMALIMY TCHOTHIIOB
u ayenei rs17264436 rena PBRM 1 ¢ puckom passutus CPIT
y MAIMEHTOB CO CBETIIOKIIETOYHBIM PAKOM IOYKH 1 MHANBHIIOB
13 KOHTPOJBHOU rpynisl. [Ipu cpaBHEHUH TPYyTIITBI OOJIBHBIX
C Y4YETOM TSDKECTH TeUeHHsi 3a00JIeBaHUSI HAMH BBISIBJICHBI
CTaTUCTUYECKN 3HAYUMBIE PA3JINUHS B PACIIPE/ICIICHUN YaCTOT
anyenei moauMopdHoro jokyca rsl 7264436 rena PBRM]I.
Annens rs17264436*4 Bcrpevancs B Tpylie OOJBHBIX C
TSOKETIBIM TeueHueM 3aboneBanus B 48.3 % cmyuaes, Torna
Kak B KOHTPOJBbHOW Tpynme — B 38.2 % ciyuyaes (Tabm. 2).
OOHapyX eHO, uTo ajuieib rsl7264436*A MOXeET CIyXKHUTh
MapKepoM pHCKa Pa3BUTHS PaKa MOYKU TSKEIOTO TEUCHUS
(p=0.023; OR =1.51 (95 % CI = 1.05-2.15)). Kpome Toro,
BBISIBJICHO, 4TO reHoTurl rs/7264436*T/T (p = 0.029; OR =
=0.53; (95 % CI=0.29-0.94)) rena PBRM1 siBisieTcs Tpo-
TEKTUBHBIM MapKepoM B oTHomeHnu pa3sutust CPII tsokenoro
TeueHus. OOHapyXeHHas accouuanus aymiene rsl7264436
MOKET OBITh MCIIONB30BaHA MPH CO3/IaHUU MAaHENN MPOTHO-
CTHUYECKUX MapkepoB pucka pa3zsutus CPII.
BaBuNOBCKMNI XKYpHan reHeTUKN n cenekuyumn « 2018 « 22« 7
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O6cyxpaeHue

benox BAF180, xogupyemslit renom PBRM 1, cogepkut
mects OpomosnoMeHoB, aBa BAH-nomena u nomen HMG,
omuskmit k C-xoHiy. benku, comepikamme OpoMOIOMEHBI,
(DYHKIIMOHMPYIOT KaK SITUTCHETHYECKHE CUMTBIBATEIH (MO~
JIM pacrio3HaBaHMsi OeJIKa), KOTOPbIE PACIIO3HAIOT AllETUIIUPO-
BaHHBIE THCTOHOBBIE XBOCTBI JUIs 00JIETYEHNS TPAHCKPUIIIINT
reHoB-munieHei. CyniecTByIOT COOOIIEHHS, YTO MyTalllU B
6pomooMeHax 0OHAPYKUBAIOTCS ITPU PA3TUIHBIX THUIIAX paKa
(Lloyd, Glass, 2017). ®ynkius nomenoB BAH B HacTosmiee
BpeMsI B 3HAYNTEIILHOM cTeneHu Hen3BecTHa. CoOBpeMEHHbIE
HCCIICOBAHUS IMOKa3bIBAIOT, 4TO JoMeH BAH 00bI4HO MMeeT
TEHECHINIO K B3aUMOAEHCTBHIO C HyKJIEOCOMAMH/THCTOHAMH/
METWINPOBAHHBIMHA TUCTOHAMHM, B TOM YHCIIE BOKPYT OCTa-
HOBJICHHBIX PEIUTMKAIIMOHHBIX BIJIOK H, BO3MOKHO, CTIOCOOEH
PETyIMpOBATh ACCONMALINIO IPYTHX CBA3BIBAIOIINX XPOMATHH
0EJIKOB KOHKYPEHTHO, TIPUBOASI K M3MEHEHUIO JIOKAJIbHOM
cTpyKTypbl Xpomaruna (Niimi et al., 2015).

[oreps ¢hynkimn rena PBRM 1 B pe3yibTare MyTamui H3y-
YeHa ITPYU MHOTHX OHKOJIOTMUECKHX 3a00JIEBaHUSX, TAKMX KaK
PaK MOJIOYHOM JKeNe3bl, MOYEBOTO ITy3bIPs, IMYHUKOB, IIOUKH
(Xia et al., 2008; Varela et al., 2011; Huang et al., 2015).
B pa6ote A.H. Shain u J.R. Pollack (2013) mpoananu3upo-
BaHO 24 OMyOIMKOBAHHBIX MOJTHOAK30MHBIX HCCIIEIOBAHUS
reaoB SWI/SNF koMmrutekca mpu pa3inyHBIX THIIAX paka H
MOKa3aHo, YTO HanOoJIee 4acTo MyTaIlK B ATOM KOMILIEKCE
00HAPYKUBAIOTCS [IPU PaKe SUYHUKOB U PAKE IIOYKH, IPUUEM
P paKe NOYKH HanOoIIee 4acTo My TallHOHHBIM H3MEHEHUSM
nofBep keHbl TeHbl PBRM 1 v ARID1A4 (AT-6oratbrii toMeH
B3aUMOJICHCTBHS ), OTHOCAIIMECS K cyobeannuiaMm SWI/SNF
KOMILIEKCA, KOTOphIE, KaK IpeoiaraeTcs, 00manarT QyHK-
[IMOHATIBHOM crierduaHocThio. KpoMe Toro, U3BECTHO, YTO
OTIYXOJIA TIOYKH ¢ MyTalusiMu B reHe PBRM ] uMeroT crienu-
(hraeckwii mpoHITH IKCIIPECCHU IPYTUX TEHOB, YTO MOXKET
OBITH UCIIOIB30BAHO ISl MOJICKYJISIPHO-TEHETHUECKON Kiac-
cuduranuu cniopagudeckoro CPIT (Kapur et al., 2013). beiio
TaKKe MOKa3aHO, YTO MyTanud B PBRMI cOmpoBOXAAIOT
CBETJIOKJICTOYHBIH MOTHIT TOYEYHO-KIICTOUHBIX KapIIHHOM 1
OTCYTCTBYIOT IIpu capkomarouHoM PII, rne yaiue Bcrpeua-
toTcs HapymeHns B reHax SETD2 u BAP1 (Wangetal., 2017).
IToMumoO TOrO, COMaTUUECKUE OJHOHYKJICOTUIHBIE 3aMEHEI,
a TakXKe MoTeps reTepO3UTOTHOCTH B reHax VHL, PBRMI u
SETD2, mpeArnonoKuTeIhHO, TPEACTABITIOT COO0M COOBITHS,
CIOCOOCTBYIOIINE PA3BUTHIO CApKOMATO3HBIX HJIEMEHTOB B
CPIT (Kluzek et al., 2017).

Yactemm cobpiTiieM nipu CPIT siBRsitOTCS Menmenyn B TeHe
VHL, nokann3oBaHHOM B o0sacTu 3p, mpudeM rnorepsi 00oJib-
IIMX Y9aCTKOB XPOMOCOMBI MOYKET 3aTParuBaTh HAXOSIIMICS
B 2TOM e obmactu reH PBRM . Takum 00pa3oM, HHaKTHUBA-
st reia PBRM 1 MOXeT criocoOCTBOBATh PA3BUTHIO OITYXO-
JIM B Cllydasix, Korna noreps resa VHL He nocraTodHa Ajis
OITyXOJICBOTO I'eHe3a. B HEKOTOPBIX HCCiIeI0BaHUAX ONICaHa
koppessiys norepu PBRM 1 ¢ XyAIIUM pe3ylbTaToM JIEUeHUs
(Gao et al., 2017). B uccnenoBanuu A. Hogner ¢ koyuteramu
(2018) BBIsIBNICHA OTHOBpEMEHHAs MOTepsi TeHOB PBRM1 n
VHL B omyxonsax nouku B 60.4 % caydasx. beina nokazana
KOPPEJSIIH COBMECTHOI MOTEPH 3THUX T'€HOB C yPOBHEM
rpajauuu U craaueil onyxosuu. B uccienosanuu, rae B Ka-
YECTBE MOJICTBHBIX JKHBOTHBIX HCIIOJIB30BAJINCH MBIIIH, TPO-
JIEMOHCTPUPOBAHO, UTO 1oTepst PBRM yaydiaeT mpHcIo-
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COOJICHHOCTB KJICTOK C ieheKTaMu B reHe VHL, ycunnBast ux
nponuepaTHBHYIO CIOCOOHOCTD M KJIETOYHBIN pocT. Kpome
TOTO, y MBIIICH MOXKMIJIOTO BO3pACTa, a TAKKE KUBOTHBIX C
nedeKTaMH TOJBKO B OJHOM U3 reHoB, VHL nubo PBRMI,
HHUKaKNX [OYEYHBIX OIyXoJel He HaOmoganocs. Harmporus, y
MBIl ¢ nedexramu B o0onx renax B 100 % cimydaes pa3Bu-
JIUCh PaKOBBIE 3a00JI€BaHUS TTOUEK K 20-MeCSIUHOMY BO3PACTy
(Espana-Agusti et al., 2017). Otmeueno, uto yposeab MPHK,
WHTyIUPOBaHHBIX runokcueit oo HIF, Beie B omyxomsax
CPII ¢ nedexramu B oboux renax, VHL u PBRM1, o cpas-
HEHHIO C OITyXOJISIMH, TZI€ MyTaI[H IPUCYTCTBYIOT TOJIBKO B
rene VHL (Gao et al., 2017).

CormacHo JIUTEpaTypHBIM TaHHBIM, YaCTOTa COMaTHYECKUX
MmyTanuit B reHe PBRM nipu pake mouku gocruraetr 40 %
(Sato etal., 2013). B pesynbrare noncka n3MeHEHHI HYKJICO-
TUJTHOM MOCeN0BaTeIbHOCTU TeHa PBRM 1 y IallMeHTOB U3
PecryOnuku bamkoproctaH coMaTHuecKHe MyTalUuHu ObLTH
BbIsABIEHBI B 0.95 % (2/210) ciydaeB MepBUYHBIX OITyX0JIei
mo4ykyu. Bo3sMokHO, HU3Kas 4acTOTa MyTallUil y UCCIIEAO0BaH-
HBIX HaMH 00pa3LoB CBs3aHA C TEM, YTO MHAKTHUBAIMS T'eHa
PBRM ] ipourcXOMUT UHBIMH CITIOCOOAMH, 2 TAK)KE MOXKET OBITh
00ycIoBiIeHa ATHOCHEHU(UYHOCTBIO HCCIIEyEMON TPYIIIIbI
MAIMCHTOB.
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I'eHeTHUYeCcKIie MeXaHI3MBbI BINSHISI CBeTa
n (l)OTOTpaHC,I[YKLU/II/I Ha ITPpOOO/DKUNTE/IbHOCTD JKIMNI3HU

Drosophila melanogaster

M.A. ConoBbésl 2, M.B. Illamoumnukos!, A.A. Mockaaesh 23 45@

" UncTutyT 6ronorm Komm HayuHoro LieHTpa YpanbCckoro oTenenmua Poccuiickoi akafemnm Hayk, ChIKTbiBKap, Poccis

2 CIKTBIBKAPCKNI FOCYAaPCTBEHHbIN YHIBepcuTeT um. Mutpuma COpoKnHa, Kadbeapa 3Konori, VIHCTUTYT ecTecTBEHHBIX HayK, CbIKTbIBKap, Poccns
3 MocKoBCKMit Gpr3NKO-TEXHUYECKMIA VNHCTUTYT (rocyfapcTBeHHbIN yH1BepcuTeT), [onronpyaHbiin, Poccna

4 NncTutyT MonekynsapHoit 6ronorum um. B.A. SHrenbrapaTa Poccuiickoi akafemum Hayk, Mocksa, Poccus

5 WHcTtutyT 06Lweit reHeTnkm um. H.W. BaBrnosa Poccuiickon akagemmn Hayk, Mocksa, Poccus

CBeT BUAMMOro cnekTpa (c AnnHamm BonH 380-780 HM) — OfUH U3
dyHAaMeHTanbHbIX abUOTNYECKMX GaKTOPOB, K KOTOPbIM OpraHu3-
Mbl BbIHY>[I€Hbl ObININ aJanTUPOBATHCA C MOMEHTA NX BO3HMKHO-
BeHUA Ha 3emne. MHOrouncieHHble UTepaTypHble UCTOUHUKIN
YCTaHaBNVBAIOT CBA3b MEXAY AJIUTENIbHOCTBIO SKCMO3MLMM NPpK
[LHEeBHOM CBeTe, KaHLIepOoreHe30M 1 MPOJOSIXKNTENbHOCTBIO XU3HK,
ybeunTenbHO NoKasblBasA 3HauUMTeNIbHOE CHUKeHWe 3aboneBaemMo-
CTV PaKoM Yy CnerbixX fofel, a TakKe B SKCNeprMeHTax no NHAyLm-
pyemomy KaHLieporeHesy 1 NOACYETY NPOAOKUTENBHOCTY XKN3HM
Ha CNienbIX OT POXAEHNA N MEXaHUYECKM OCNIENIEHHbIX XKMBOTHbIX.
C pyron CTOPOHbI, OTMEYEH CTUMYNMPYIOLWNIA XapaKTep BO3aen-
CTBMA HEMPEPbIBHOFO OCBELLEeHNA Ha PeNPOAYKTUBHY GYHKLMIO,
B YaCTHOCTU M3BECTHbI 3G deKTbl yBenmnyeHns NnofaoBUTOCTY Ca-
MOK pa3finyHbiX BUAOB. MoBbILLEeHVEe ABUraTeNIbHON aKTUBHOCTN

1, KaK CrefiCTBME, CKOPOCTM MeTaboM3Ma 1 TepMoreHesa npu
nepmMaHeHTHOM OCBeLLeHNM TaKXKe COKpaLlaeT SHepreTnyeckme
pe3epBbl OpraHM3mMa 1 NPOACIKUTENBHOCTb XM3HW. KpUTNYHbI
[N1A CTapeloLLero opraHn3ma He ToNbKO BpeMA SKCNO3MLUK, HO
TaKXe 1 BO3pacT Hauana BO3AeiCTBMA NMOCTOAHHBIM OCBeLLeHNEM,
ob6paTHble 3dPeKTbl 0OHaPYXKMBaKOTCA NPY COAEPKaHNM NOAOMbIT-
HbIX XVMBOTHbIX B TEMHOTE. 3a ANUTESbHbIN Neprog 3BooLNmn
CUCTeM TPAHCAYKLMIN CBETOBOIO CMrHana NoABUIOCh MHOXECTBO
MeXaHV3MOB, MO3BOMALNX CHOPMUPOBATL alEKBATHbIN OTBET
OopraHr3mMa Ha OcBelleHre, akTUBUPYA BbICOKOKOHCEPBATUBHbIE
curHanbHble kackagbl (FOXO, SIRT1, NF-kB, mTOR/S6k, PPARa v ap.),
accouuvpyemble, B TOM YMCIIE, CO CTaPEHUEM U MPOJOSIKUTENIbHO-
CTblo XM3HW. B HacToALeM 0630pe nccnefoBaHa CBA3b NPOAOST-
MKUTENbHOCTM XN3HU, OTOPEXKIMMA, @ TaKKe SKCMPeCccn reHoB
311eMeHTOB GOTOTPAHCAYKLMOHHOIO Kackaja 1 LMpPKaaHbIX YacoB
MKMBOTHbIX. PaCCMOTpPeHbI B KOHTEKCTE CTapeHus Knaccuueckmne
TPaHCAYKTOPbI CBETOBbIX 1 MHbIX CUTHAMOB, TaKMe Kak cemeil-

cTBO peuenTtopos TRP (transient receptor potential), G-6enkuy,
docdponunaza C v ap. BbiABUHYTHI rMNOTE3bI O CYLLECTBOBAHUN
CBA3eN Mexay MexaHn3mamMm TepmopeLenyum, TemnepaTypHomn
CUHXPOHV3aLUMM LMPKagHOro ocuunnaTopa (CUcTeMbl TPAHCKpU-
LIMOHHO-TPAHCNIALMOHHBIX NeTenb 06paTHO CBA3M, aBBTOHOMHO
NnoaAepKrBatoLLel KonebaHnsa SKCNpPeccun reHoB 1 dpusmonornye-
CKUX noKasaTenen) U NPOACIKUTENbHOCTbIO KN3HW AP030dusbl.
Ha ocHoBe aHann3a ony611KoBaHHbIX AaHHbIX CGOPMyY/IMpPOBaHa
rmnoTesa o BO3pacT-3aBUCUMON poTope3ncTeHTHOCTM Drosophila
melanogaster. BBefieHO NOHATNE BO3PaCcTHON GpOTOPE3NCTEHTHO-
CTW, MO KOTOPOW NpefnaraeTca NoHNMaTb yTpaTy CroCO6HOCTM
afanTypoBaTbCs K GOTOPEXMMY, CBA3AHHYIO C BO3PACTHBIM CHIKe-
HMEM SKCMPeccum reHa cry, KOGUPYLWEero peLenTop CMHero cBeTa.

KnioueBble cnosa: GoTopeuenuus; GoTOTpaHCAYKUMS; LpKaaHble
Yacbl; GOTOPEXKMMBI; CTaPEHNE; MPOLOSIKUTENBHOCTD XKU3HU.
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The light of the visible spectrum (with wavelengths of
380-780 nm) is one of the fundamental abiotic factors

to which organisms have been adapting since the start

of biological evolution on the Earth. Numerous literature
sources establish a connection between the duration of
exposure to daylight, carcinogenesis and longevity, con-
vincingly showing a significant reduction in the incidence
of cancer in blind people, as well as in animal models.

On the other hand, the stimulating nature of the effect

of continuous illumination on reproductive function was
noted, in particular, the effects of increasing the fecundity
of females of various species are known. Increase in motor
activity and, as a result, in metabolic rate and thermogene-
sis during permanent exposure to light also reduces the
body’s energy reserves and lifespan. In principle, in the
context of aging, not only the exposure time, but also

the age at the onset of exposure to constant illumination
matter, the reverse effects are valid for the maintenance
of experimental animals in the constant darkness. Over
the long period of the evolution of light signal transduc-
tion systems, many mechanisms have emerged that allow
to form an adequate response of the organism to illumina-
tion, modulating the highly conservative signaling cas-
cades, including those associated with aging and lifespan
(FOXO, SIRT1, NF-kB, mTOR/S6k, PPARg, etc). In this review,
we consider the relationship between lifespan, photoregi-
mens, and also the expression of the genes encoding the
phototransduction cascade and the circadian oscillator
elements of animal cells. In the present paper, basic trans-
ducers of light and other signals, such as the family of TRP
receptors, G proteins, phospholipase C, and others, are
considered in the context of aging and longevity. A rela-



KAK LULUTUPOBATDb 3TY CTATbIO:

tionship between the mechanisms of thermoreception,
the temperature synchronization of the circadian oscillator
and the life span is established in the review. Analysis of
experimental data obtained from the Drosophila melano-
gaster model allowed us to formulate the hypothesis of
age-dependent photoresistance - a gradual decrease in
the expression of genes associated with phototransduc-
tion and circadian oscillators, leading to deterioration

in the ability to adapt to the photoregimen and to the
increase in the rate of aging.

Key words: photoreception; phototransduction; circadian
clocks; photoregimens; aging; lifespan.
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pe3yJbTare eCTeCTBEHHOTO 0TOOpa OpraHnu3Mbl ChopMHu-
POBAJIH S TCHETHYECKU JCTEPMUHIPOBAHHBIX CHCTEM,
BOCTIPHHIMAIOIIHX U TIEPEIAIOIINX CBETOBBIC CUTHAJIBI.

[ponomxurensrocts xu3uu (IDK) HapaBHe ¢ miomoBu-
TOCTBIO — COCTaBHAs YaCTh IIPUCIIOCOOJICHHOCTH Bia. Panee
Ha Monenu Drosophila melanogaster OBIIIO YCTaHOBJICHO
HETraTUBHOE BIIMSHUE HEITPEPBIBHOTO OCBEILEHUS U YBEIUYE-
HUs JUTHHBI cBeToBOTO NHA Ha [1DK (Mockanes u ap., 2006).
B addexrax cBeToBoro pesknma aHa [TK aToro opranmsma BbI-
SIBJICHA POJIb TeHETUYECKUX MEXaHU3MOB, CBSI3aHHBIX C TPAHC-
KpunuoHHbIM akTopom FOXO, nearerniazaMu riCTOHOB
CHUpPTYHHaMH U Oenkamu TeruioBoro moka HSP70 (Mockanes,
Mansimesa, 2010), a Takke MeXxaHM3MaMU JE€TOKCHKAI[UU
cBOOOMHBIX pajukanoB u pernapanuu JJHK (Mockanes, Ma-
memieBa, 2009; Shostal, Moskalev, 2012). B sxciepimenTax
C TPBI3yHAMH U B SMUAEMHUOJIOTMYECKUX UCCIIEAOBAHUAX IO
3200J1€Ba€MOCTH PAKOM B YEIOBEYECKOH MOMYIIAINN TOKAa3aH
BKIIaZ (OTOpEKMMA B KAaHIIEPOTEHE3 W TPOIECC CTAPEHHUS
(Anisimov et al., 2012; Aaucumos u ap., 2013). C npyroi
CTOPOHBI, OTMEUCH CTUMYIHPYIOIINI XapaKTep BO3IEHCTBUS
HETIPEPBIBHOTO OCBEMICHHUS Ha PEIPOAYKTUBHYIO (DYyHKIIHIO,
B YaCTHOCTH yBEJIMYEHUE IJIOIOBUTOCTH caMok D. melano-
gaster (Mockanes u ap., 2006).

Cormacuo Teopun otpadoranHoi comsl (Kirkwood, 1977),
PerpoyKTHBHAS (QYHKIUS U CKOPOCTh CTAPEHUST HAXOSTCS
B 00paTHOM 3aBHCHMOCTH, YTO MOXKET OBITh OJHOW U3 TPH-
yuH cHKeHus [DK nmpy yBeTmaeHIH ITTIHEBI CBETOBOTO JTHSL.
[ToBbIIeHNe ABUTATEILHON aKTUBHOCTH U, KaK CIIEJICTBHE,
CKOpOCTH MeTaboIM3Ma ¥ TEPMOTEeHE3a TUIOJOBOI MyXH MIPH
MTOCTOSTHHOM OCBEIICHIH COKpaIaeT YHEPTETHUECKUE pe3ep-
BbI opranusma u IDK (Mockanes, Mansimesa, 2010). Kpome
3TOTO, BBICOKYIO JIETAJIbHOCTh KYKOJIOK JIpo30(UIIbI IPU He-
MIPEPHIBHOM CBETOBOM BO3/E€UCTBHUU C JAJUMHAMHU BOJIH 378,
440 wu 467 HM, OTHOCSIIUXCS K «CUHEI» 001acTH CIIEKTpa,
00yCIOBIMBAET OKCHUIATUBHBIN CTpecC, MHIAYITUPYEMBIH
BCJIEZICTBHE BO30YKICHHUS KBaHTaMH cBeTa ()OTOCCHCHOMITH-
3UPYIOIIUX (pJIABOHOM/THBIX M MOP(GHUPHHOBBIX COSTUHEHHH,
TeHepHPYIOUNX cBoOoaHbIe popmMbl Kucmopoaa (Hori et al.,
2014). C maHHBIMH 3THX aBTOPOB COTJTIACYETCS PE3YIIbTaT,
MOJYYCHHBIH B SKCIEPUMEHTaxX Ha Jpo3oduiie, copepka-
IIEWCs IPH IUKJIE OCBEUICHHUS, B KOTOPOM OCBEIIEHHOCTH B
TeMHOBYI0 a3y O0pura 1, 10 1 100 nx. B skxciepumenTe Ha-
0J1F0/1JT0Ch CHM)KEHUE KOJIMUECTBA OTKIIAIbIBACMbIX CAMKAMH

leHeTMKa XKMBOTHbIX

sl (McLay et al., 2017). OnHako yBelW4eHUs] BpEMEHHU
IOBEHWJIBHOTO Pa3BUTHS 3aPErUCTPUPOBAHO HE OBLIO, OTMe-
4aoch ToNbKo cokpammenue [DK nmaro (McLay et al., 2017).
Iokazano, uro addext coxpamenus [DK npozodust B ycio-
BUSIX TIOCTOSTHHOTO OCBELIEHHS 3aBUCUT OT T10J1a M TaKKX (hak-
TOPOB, KAK UHTEHCUBHOCTh CBETA M KOHIIEHTPALUs 3TaHOJIA B
nurarenbHol cpene (Shen et al., 2018). DtaHon HEBeNUpyeT
MOBPEXK/AIOIIee BO3EHCTBUE TTOCTOSHHOTO OCBELICHHUS Y
camroB 1 Ha 20 % cokpamaeT KU3Hb CaMOK, OOMTAFOIITIX
B T€X K€ YCJIIOBHSX. B OTCyTCTBHE 3TaHONIA B MUTATEIBHOM
cpezie y caMIloB oTpuIatesbHbii d3pdext Ha [DK meHee BbI-
pakeH, yeM y camok (Shen et al., 2018).

OnHuM 13 IpeAnonaraeMbIx (pakropos, 00yCIOBINBAOIINX
camxenne [ DK, sBnsercs Heliponereneparys, HHAyLUpyeMas,
B TOM YHCIIE, TyCKIIBIM HENPEphIBHBIM ocBemeHneM (Kim
et al., 2018). YV npozodunisl npn UHIyIHpPYyEeMOH SKTONH-
ueckoit skcnpeccun Genka Tau (Elav-GAL4>UAS-hTau®W
wiu Elav-GAL4>UAS-hTau”T) npu ocsentennoctu B 10 jik
OBUIO OTMEYEHO yCWJICHHE BaKyOJIM3allid HEHPOHOB MO3ra
(Kim et al., 2018). [1pu 3Ha4UTETLHOM POCTE KOHLIEHTPALIUH
6enka Tau peructpupyercs HapylIeHHE MEPUOAA, aMILIHU-
TYIBl U YCTOMYMBOCTH IMPKAJHBIX PUTMOB JIOKOMOTOPHOM
AKTHBHOCTH, COIPOBOXKIAIOIIEECs JEKOHCOINAAIMEH CHa 1
coKkparieHueM ero cymmapaoro Bpemenn (Kim et al., 2018).

[TpoROmKUTEIFHOCTE 3KCIIO3ULIH HApsITy C BO3PacTOM Ha-
Yajia BO3JCUCTBHS IIOCTOSTHHBIM OCBEILEHUEM ITPUHIIUITHAIIb-
Ha B KOHTEKCTE CTapeHHsI opranniMa (AHHCUMOB 1 Ip., 2012;
Jlotomr u 1p., 2013). YcraHOBIIECHA CBSA3b MEXKTY ITPOXKMBAHH-
€M B MECTHOCTSIX CO CBETOBBIM 3arPsSI3HEHUEM H [TOBBIIICHHEM
PHUCKOB pa3BUTHs OHKolormdecknux 3aboneBannii (Kloog et
al., 2008-2010; Kamdar et al., 2013). OtmeTum, uto 3¢pdek-
TBI OTCYTCTBUSI OCBELICHUS MM CIIOCOOHOCTH K pELEeNInU
CBETOBBIX CUTHAJIOB MIPOTHUBOIOJIOKHBI BO3JIEHCTBHIO CBETA,
HaIpuMep, CIIeTIoTa MPOAJIeBacT )KU3Hb caMIIoB KpbIc (Lehrer,
1981), mocTostHHOE coAepKaHKUe B TEMHOTE IPhI3yHOB CHHXKA-
€T PUCK Pa3BUTHS 3JI0KAYECTBEHHBIX OIMyXxoiel (AHUCHUMOB,
2008; Anisimov et al., 2012; Burorpanosa, ArucHMOB, 2012).
B T0 ke Bpemsi nepBHYHas CIICTOTA y KEHILMH YMEHbIIAeT Be-
POSITHOCTBH 3a00JIEBAHUSI PAKOM MOJIOYHOH JKEJE3bI, TAK, PUCK
€ro pa3BUTHsI 00PaTHO NPOIOPIIMOHAIECH CTEICHH YTPAThI
CIOCOOHOCTH BOCIIPUHUMATH cBeT. VccrnenoBanue uctopui
6omne3nn xxuteneit CkaHAMHABCKOTO MOIyOCTPOBA MTOKA3aIo,
YTO CJIENOTA 3HAYUTEIFHO CHU)KACT PUCK PA3BUTHSI OHKOJIO-
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TUYecKuX 3a0oneBannii (AHICHMOB 1 1p., 2013). Henpekpa-
maronmasics «QyHKIUOHATbHAS HOYbY CIICTIBIX MPEISTCTBYET
YMEHBILIEHHIO BHIPAOOTKM Ha CBETY TOPMOHA MEJIaTOHUHA,
OTBETCTBEHHOT'O 32 PETYIISIHIO PA3IMYHBIX OHONOTHYSCKUX
PUTMOB, MTOCKOJIbKY UCKITFOYMTEIIBHO CBETOBOE BO3/ICHCTBHE
Ha OpraHbl 3peHUs CIIOCOOHO MH/YLMPOBATh MPEKpAICHUE
€ro CHHTE3a B CyNPaxua3MaTHIeCKOM SIIPE MICKOTTUTAIOIIHX
(Anucumos, 2008; Anisimov et al., 2012; Bunorpamosa,
AnncumoB, 2012). TepaneBTHUECKU METAaTOHUH SIBIISIETCS
TePONPOTEKTOPOM U OHKOCYIIPECCOPOM, TAKMM 00pa3oM, He-
MPEPBIBHOE MOICPKAHUE €0 YPOBHS B KPOBU CIIOCOOCTBYET
poQHUITaKTHKE HEKOTOPBIX OHKOJIOTHYECKHX 3a00JIeBaHUI 1
3amemisiet mporecc craperus (Hardeland, 2017).

B HacTosiiiee BpeMst aKTUBHO U3y4aroTCs CUCTEMBI (POTO-
peLeNIU U MOJIEKYJISIPHO-TeHETHUECKHIE ITyTH (POTOTpaHC-
JIYKIIUH, CBSI3aHHBIE C BBINICOMMCAHHBIMU (D PEeKTaMHU.

Cuctembl poTopeuenumn

I'pynmst poTopenenTopHBIX MOJIEKYIT BBIEISIOT 0 HECKOJIb-
KUM rapamerpam: GpyHKIHSIM, CIIEKTPaIbHbIM KapTam, THITaM
XpOMO(OPOB, JTOKAITM3ALUH, [0 TIPUCYTCTBUIO ONPEAETICHHBIX
0EJIKOBBIX JIOMEHOB WJIM THUIIAM T€HEPHPYEMOTO Ha BBIXOJIE
curnana. Kiaccudukanust mo Tuiy xpomodopa — oJjHa 13 Hau-
0onee pacpoCcTpaHEeHHBIX. B HE#l BBEIICTAIOT KPUIITOXPOMBI,
pononicunbl (Ostrovsky, 2017), KCaHTONICHHBI, PUTOXPOMEL,
LOV-nomennsie, BLUF-1oMenHbIe, IUTHATHBIE (CTEHTOPHH-
acconunpoBanueie) 1 UVRE Genku (Bjorn, 2015). [danee
pedb MONAET TONBKO O PEHENnTOpax, MPHUCYIINX KUBOTHBIM
(KpUNTOXpOMax M POJOIICHHAX), a TAK)KE HIKEICKAIINX
KacKa/laX TPaHCLyKINUH CUTHAJIOB, TIOCKOJIBKY Halll 0030p cTa-
BUT ILIEJBIO BBISIBICHUE MOJEKYSIPHO-TEHETHYECKUX MeXa-
HU3MOB COMNpPsDKEHUs poTopeneniny 1 GOTOTPaAHCAYKIUH C
CUTHAJIbHBIMU ITy TSIMH, y4aCTBYIOIIUMH B ITPOLIECCE CTAPEHUSI
IJI0ZI0BOM MYXH.

MexaHn3m ¢poToTpaHCcayKuUn
CucreMa OTOTPaHCIYKIIMHN JOCTaTOYHO KOHCEPBAaTHBHA CpE-
TV JKUBOTHBIX. B HacTosieit pabote (hoTOTpaHC Iy KIIMOHHBIN
KackaJ paccMOTpeH Ha npumepe D. melanogaster.
DOTOpEIeNTOPHI MyXH OUCHb TyBCTBUTEIHHBI H PEarHPYIOT
Ha oxmHOouHbIe GpoToHbl B 10—100 pa3 ObicTpee, ueM najsouKu
MTO3BOHOYHBIX, HO, TOZOOHO KOJIO0UYKaM, MOTYT OBICTPO a/iar-
THPOBATHCS BO BCeM Juarazone ocBenenHoctd (Randall et al.,
2015). CriekTp, B KOTOPOM Jpo30(duia criocoOHa BOCIPUHH-
Marh CBET, OTIINYAETCS OT YEJTOBEYECKOTO 32 CYET IPUCYTCTBHS
pononicraoB Rh3 n Rh4, ynmaBmBaromux aeKTpoMar HUTHEIC
BosiHbI yMHON 300-350 HM, mpu 5TOM BepXHss TpaHUlA Y
Tpo30(UIBl HUXKE, OHa cocTaBiseT He Oonee 600 HM, B TO
BpeMs Kak y uernoBeka gocruraet 650 am (Song, Lee, 2018).
V 11010BO¥ MYIIIKH, KaK U Y IPYTHX IBYKPBUIBIX, CIIOXKHBIC
(haceToUHBIE IT1a3a, COCTOSIINE U3 TPHUMEPHO 750 cymeprnos3u-
IIUOHHBIX HEHPATBHBIX OMMATH/IUCB IECTHYTOIBHOM (POpMBI
(dacerok). Ommaruauii — cTpykTypa, chopMupoBanHas u3 19
KieToK: 8 horoperentopoB U 11 BCIOMOraTe/IbHBIX KIETOK.
®DOTOPEIIEITOPHI SNATCS Ha TPH THTIA: IECTh KIICTOK MEPBO-
ro tuna R1-R6, okpyxaromux nucransHyto R7 (Bropoit Tvin)
Y MIPOKCUMAaNIbHYI0 R8 (TpeTuii ThI) 1eHTpalbHbIe KIETKH.
PoroBudHas XUTHHOBAS TMH3a BEHYaeT OMMATH/IN, OHA pac-
TMOJIOXKEHA HAJT YCTHIPHMSI KOHHYCCKUMH U IBYMsI [ICPBUYHBIMU
nurMeHTHbIMU Kiietkamu (Wolff, Ready, 1993). Ha moBepxHo-
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cTH (POTOPEILETITOPOB PACIIOJIOKEHO T10 YETHIPE KOHMYECKUX
KJIETKH, KOTOPBIE OKPYKEHBI IBYMS NTEPBUYHBIMH ITUTMEHT-
HBIMH KJICTKaMH, COTPHKACAIOIIUMHUCS IO CPEIHEH JIMHUU
ommatuaus. CeTka U3 BTOPUYHBIX U TPETHYHBIX ITMTMEHTHBIX
KJIETOK OKPY’KaeT SI[p0 OMMATHANS, Cozieprkaniiee (oToperern-
TOPBI, KOHUYECKHUE KJIETKH U IEPBIYHBIC TMTMEHTHBIC KIIETKH,
00pasysi CTPyKTYpY, OI0OHYO MYETHHBIM cOTaM. BropudHsie
MTUTMEHTHBIE KIETKN JIEXKAT MEXLy KaXIbIMH JBYMsI OMMa-
TUUSIMH, TPETHYHBIC TUTMEHTHBIEC KJICTKH CONPHUKACAIOTCS
OJTHOBPEMEHHO C TpeMsi OIHM3JIeNalMi OMMAaTHIMSIMH B
marpuiie. B crpykrype maza 1po30( sl IpHCYTCTBYIOT TaK-
K€ MEXaHOCEHCOPHBIE IIIETHHKH, HE OTHOCSAIINECS] OHTOT€HE-
THUYECKU K OMMATH/IMIO, HO IPOCLUPYIOLINE €r0 CEHCOPHBIE
aKCOHBI B MO3T. PabGnoMepaMn Ha3bIBAOTCS BMEIIAIOIINE
POZIOIICHH aNMKaJbHbIE MMOBEPXHOCTH (POTOPELENTOPHBIX
KJIETOK, KOTOpble 00pa30BaHbl INIOTHBIMU CTOITKAMU MHUKPO-
BopcuHOK (0koi0 60000), hopmMupyeMBIX MIa3MaTHIECKON
MeMOpaHoii kietku-gporopenentopa (Wolff, Ready, 1993).
DiieMeHTBI Kacka/ia (POTOTPAHCAYKIMU HAYMHAIOT (PyHKIIHO-
HUPOBAaTh NMEHHO B MpeJeNax 3THX KIETOK, MPUBOAS K UX
JICTIOJISIPU3ALINH.

MHorue 2J1eMeHTbI MOJIEKYJISIPHOTO MeXaHn3Ma (oToTpaHc-
JYKIUH MO>KHO BCTPETUTD B TUIMYHBIX (POCHATHININHOZH-
tonbHBIX Kackamax (Plachetzki et al., 2010). TpaaummmonHO
BBIJICIISIIOT PELenTop, CBsi3aHHbIH ¢ G-OenkoM (poaorcuH,
Komupyemsiit ninak), hocdommmnazy C, Kogupyemyto norpA,
rereporpumepHbiii G-6enok (Gg) u nBa ceszannbix Ca*-mpo-
HUIIAEMbIX KaTHOHHBIX KaHala, KOOUPYEMbIX TeHaMH {rp U
trpl. ®ocdonmmaza C (phospholipase C, PLC), TRP, mpote-
naknHaza C u muosnd Il (ninaC) popMupyrot MoneKysipHbie
KOMIUTEKCHI Tipu coneiicteuu inaD (Plachetzki et al., 2010).

Dochommmaza C runponusyet pochaTnania-nHo3uToN-4,5-
oucocdar (PIP2). B 3T0ii peakiiy NpogyKTaMu SBISIFOTCS
muanruiepoi (JAI@), unosuron-1,4,5 tpudocdar (IP3)
U MIPOTOH, HO KaKOH MMEHHO MPOIYKT aKTHBUPYET KaHAJbI,
noka He sicHo. [lokaszatenscTBO B nonb3y JAIL nomydeHo Ha
myTtaHTax rdgA, atot ren xomupyer JAI-kunazy (DGK),
KoTopast KoHTponupyeT ypoBHHU JIAT myTtem ero docdopu-
nupoBaHus 10 (hochaTuIHON KUCIOTHL. Y rdgA MyTaHTOB
TRP u TRPL n0CTOSHHO aKTUBHBI, YTO IPUBOAUT K TIKEIION
JIETeHepaIny CeTYaTKu. [ nmomopdHbIe My TaIy reHa norpA
(norpA™2, norpA'® u norpA™7) cumkaroT ciocoGHOCTH ceT-
4aTku (JOpMUPOBATH OTBET Ha OcBeleHre. OTHAKO Y JIBOHHBIX
MYTaHTOB norpA u rdgA ue Tonbko 3¢ddext MmyTannu rdgA
CKOMIICHCUPOBaH, HO U (heHoTHN norpA MeHee BBIpakeH,
T. €. HaOJIIO/IaeTCsl PELMITPOKHASI TeHETHYECKasi KOMIICHC AN
(Hardie, Juusola, 2015). B HacTosimee BpeMsi HEM3BECTHO,
MEHSIETCSI JIM TPOJIOJDKUTEIEHOCTD JKU3HHU W/HIIM CKOPOCTh
CTapeHusl y JBOMHBIX MyTaHTOB norpA u rdgA.

VY D. melanogaster xackaJl HHTPAOKYISAPHOHN (OTOTpaHC-
JIyKuu (puc. 1) He SBIsSeTCs eIMHCTBEHHBIM, MTApaJUIEIbHO C
HUM (yHKIIHOHUPYET CUCTEMa KPUIITOXPOM-OIIOCPEIOBAHHOM
CHHXPOHM3ALNH IIUPKaJHBIX 9ACOB KJIETKH, KOTOpAast aKTHBHA
MIPAKTHYECKH BO BCEX TKAHAX (MeXaHW3M ee (pyHKIHMOHHPO-
BaHUs OIKCAH B CIEAYIOLIEM pa3szielsie 0030pa). Y uesoBeka
OCHMIUIATOpaMH Nepr(eprIecKuX TKaHEH yIpaBiIseT cympa-
XHMa3MaTHYECKOE AP0 MOCPEACTBOM TOPMOHA MEJIATOHNHA, B
TO BpEeMsl KaK IJIOI0BAsi MyXa PEeLENTHPYET CBET BCEMH KJIET-
KaMH, ¥ CHHXPOHHU3AIIHS IPOUCXOANT dKcTpaokyssipHo (Fogle
etal., 2015).
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leHeTnYecKMe MexaHN3Mbl BINAHNUA CBETa U GOTOTPAHCAYKLNM
Ha NPOAJOMKNTENbHOCTb XM3HK Drosophila melanogaster

Light
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Fig. 1. Light transduction pathway in Drosophila melanogaster.

Designations: GDP, guanosine diphosphate; GTP, guanosine triphosphate, DAG, diacylglycerol; P, phosphate; G, and others, G protein
subunits; IP5, inositol triphosphate; NCX, sodium/calcium exchanger, PIP,, phosphatidylinositol bisphosphate; PUFA, polyunsaturated fatty
acid; TRP, transient receptor potential channel; TRPL, TRP-like channel.

LleHTpanbHbIN OCLUNNATOP

[{upkaiHble Yachl KJIETKU, N3BECTHBIC TAKIKE KaK IICHTPaJIb-
HBII MOJICKYJSPHBIA OCIHJUIATOP, MPEACTABIAIOT COO0H
TPAHCKPHITIIMOHHO-TPAHCISIUOHHBIE aBTOHOMHBIE METIN
00paTHOHN CBsI3U, KOTOPbIE TEHEPHUPYIOT OKOJIOCYTOYHbIE
(uMpKagHbIe) PUTMBI KCIPECCHH TEHOB U, KaK CJIEACTBUE,
MepHOINUECKUE KoJleOaHusT (PU3HOIOTMIECKUX MOKa3areseit
U TIOBE/ICHHE OpraHu3Ma B 1iesioM. PaHHue HaOIoeHus orpe-
JeIIAIIN, YTO [UPKaJHbIE PUTMBI — HE IIPOCTO OTBET Ha LIUKII
CMEHBI JTHSI ¥ HOYH, HO M KOJICOAHUSI, CIOCOOHBIE COXPAHSTHCS
B IIOCTOSIHHOH TEMHOTE C TIEPUOJIOM, TIPHUOIN3UTENILHO COCTAB-
JSIOIIUM 24 4, YTO YKa3bIBaeT Ha X YHIOTCHHYIO IPUPOLY.

[eneTnueckast OCHOBAa IMPKAJIHBIX PUTMOB OblIa yOeau-
TEJILHO MPOJEMOHCTPUPOBAHA OTKPBITHEM MEPBOIO «4aco-
BOrO» TeHa D. melanogaster, HazBaHHOTO period (per). Hy-
JIeBOIl ajuleNb TOTO T'eHA BBI3BIBAJ YTPaTy PUTMUYECKOTO
MOBEJICHHUSI, TOT/Ia KaK MHCCEHC-aJliesin 00HapyKUBAIKCh
Yy MyX C KOPOTKHMH (0K0JI0 19 9) wimy AMMHABIMA (TIpUOITH-
3uTeNBHO 29 1) nepuonamu cBoOOIHBIX ocrmiuisinni (Gie-
bultowicz, 2017).

[Mocnenyromye uccaenoBaHus Ha Apo30(HiIax U MbIIax
MIPUBEIH K OTKPBITHIO JPYTHX TEHOB [IEHTPAJIBHOTO OCIIUII-
JSITOpa, KOTOpble (OPMUPYIOT TPAHCKPHUIIIIMOHHO-TPAHC-
JSILMOHHBIC METIM MOJOKHUTEIBHON MO0 OTpHUIATeIbHOM
oOpaTHOH cBsI3W, Mepe3alrycKaloIuecs 4yepe3 Kaxaple 24 4
Kak I10]] BO3/ICHCTBHEM BHEIIHUX CTUMYJIOB, TaK U CAMOCTO-
arenbHO (Dibner, Schibler, 2015). Ynpomennas rpagudeckas
MOJIeNIb TPAHCKPUIIIMOHHO-TPAHCISIIMOHHBIX TIETENb 00-
PaTHOM CBSI3M LUPKAJHOTO ocuuuiAaTopa D. melanogaster
[I0Ka3aHa Ha puc. 2.

I'erepomumvep CLK/CYC, aneMeHTBI KOTOPOTO KOAUPYIOTCS
renamu Clock (Clk) u cycle (cyc nnu dBmall), popmupyer
TIOJIOKUTEIIBHYFO NIETII0 00PAaTHOW CBS3U ITyTEM CBS3bIBAHUS
¢ mociietoBarensHOCTSIMU E-box B mpomMoTopax reHoB period
(per) u timeless (tim) ¥ CTAMYJIMPYET UX TPAHCKPHIILIUIO TIPH
HacTymieHuH panHed Houu. besnku PER u TIM nakariuBaror-
Cs1 B s1/Ipax KJIETOK ITO3/THO HOYBIO M CBS3BIBAIOTCS C IUMEPOM
CLK/CYC, uHakTHBHpYs €ro, 4To BJe4eT 3a cO00ii rojasie-

leHeTMKa XKMBOTHbIX

HHE TPAHCKPHIILIH per U tim 10 TEX TP, TTOKA PEPECCUBHBIH
rerepoaumep PER/TIM He nerpaaupyer u MojaoKuTEIbHAs
oOpaTHasi CBsI3b HE BO300JaJlaeT HaJl OTPHLATEIBHOMH, T.e€.
MOKa OCIIMILIATOP He nepesammyctutcs. CyTouHble KoaeOaHus
JIOTIOJTHUTENBHO YCHUIIUBAKOTCS YepEe3 NOCTTPAHCIIALUOHHBIE
Moar(UKAIIMK OCITKOB OCIIHIUIATOPA, 0COOCHHO MTOCPEICTBOM
nocaexoBarenbHoro Gochopmmmposanus (Ito, Tomioka,
2016). B To BpeMst Kak OCHMIUISAIIMN COXPAHSIOTCS B YCIOBHAX
MOCTOSIHHOW TEMHOTBI, CHHXPOHHM3AIMsl KOJIeOaHUi 00BIYHO
MIPOUCXOIUT OTHOCHUTEIBHO (POTOPEKMUMA YEPE3 CBETOTYBCT-
BUTEJIBHBIA KOTUPYeMBIi reHoM cry (maBonporenH CRY
((praBrHAICHUHIMHYKIICOTH]I BBICTYIAET B HEM B Ka4eCTBE
xpomodopa). Ilpn axtuBanmu ceetom CRY cBs3pIBaercs ¢
TIM, npuBozs k ero xerpagamun. [lockonpky TIM crabumu-
3upyeT PER, nociiennuii Taxoke aerpaaupyer pyu CONEHCTBUN
DBT B TeueHue HECKOJIBKUX YacoB mocie akruBanuu (Ito,
Tomioka, 2016).

Cyl1iecTByeT 1 albTepHATUBHBIA MEXaHU3M (pOTOTPAHCIYK-
un, onucanseiid K.J. Fogle ¢ xommeramu (2015). Unayrm-
posanHblil cBeToM CRY 3amyckaet npouecc 1enonspu3aniu
MeMOpaHbI Yepe3 BHICOKOKOHCEPBATHBHBII CEHCOp pelloKc-
cTaryca, 0OHapyXHMBAaeMbIil B CTPYKType MOTEHIINAI-3aBHU-
CHMOTO KaJINEBOTO KaHalla, B YACTHOCTH €T0 B-CyObeJMHUIIBI
(Kvp), xoTopast kogupyetcst reHom hyperkinetic (hk). Heii-
POHAIIBHBIN OTBET HA CBET MOYTH MOJTHOCTBIO OTCYTCTBYET y
MYTaHTOB /1k. MHOXeCTBEHHBIE 0.-CYObEANHHIIBI KaJTHEBOTO
KaHaja, Kogupyembie renamu Shaker (Sh), Ether-a-go-go
(eag) u Ether-a-go-go-related (Elk), B3aumoneiictByrot ¢ Hk,
UX MyTallUH TaKKe BIMSIOT Ha MPOTeKaHue mpouecca (hoTo-
TpaHcaykiuu. CeeroBas uHaykuus CRY, Takum obpazom,
MPUBOINT K JETIONSPU3ALIHA MEMOPAHBI, yIAIIEHNIO CUTHAJIN-
3alU1 HEHPOHOB U U3MEHEHUSAM B IOBEIEHUH. BOBIIMHCTBO
IIUPKAHBIX TCHOB 3YKapHOT KOHCEPBATUBHAI, YTO MO3BOJISET
COIIOCTABIISATh PE3YNIBTATHI 3KCIEPUMEHTOB, BBIIIOJIHEHHBIX
Ha JIpo30¢uiie 1 MiIeKkonuTamux. OTIm4ns KacaioTcst TOoTo,
4TO B rerepoauMepe-pemnpeccope muekonuraromux TIM He
YUYaCTBYET, BBICTYIIAs, CKOPEE, PErYIATOPOM KIETOYHOTO IIHK-
na. Ero mecto B 6enkoBoM Komrutekce 3annmaeT CRY 1 mim
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Fig. 2. The circadian oscillator in Drosophila melanogaster.

CRY?2. Opronorom CYC y Miexonuraromux ciy>kut BMALI,
y HHUX IPHUCYTCTBYET Taroke ayonupytomuii ¢pynkmmo CLK
6enoxk NPAS2 (Fuhretal., 2015). Eme onHo omiinuue ot nup-
Ka/IHBIX 9aCOB OECII03BOHOYHBIX — MHOKECTBEHHOCTh T€HOB
LEHTPAIBHOTO OCIMIIISITOPA y MIEKOMHUTAIOIINX. [I0CKONBKY
MIPUCYTCTBYET JIBa MJIM OoJiee rapajiora, T0O apUTMHYHOCTb
JIOCTUTaeTcsl OAHOBPEMEHHON MHAYKLUMEH MyTalUWui WUiu
WHAKTUBALMEH BCEX BApUAHTOB TOTO MM MHOTO reHa (Fuhr
etal., 2015).

Bknap reHOB LipKagHbIX pUTMOB

B npouecc ctapeHunA

I'eHBI IUPKAIHBIX PUTMOB BHOCST CYLIECTBEHHBIH BKJAJ B
NPOLECC CTAPECHHS, AKTHBUPYSI CBOMMH MTPOITYKTAMH, U3BECT-
HBIMH B KaY€CTBE TPAHCKPUITIUOHHBIX (I)aKTOpOB, MHOXCCTBO
ACCOLIMUPYEMBIX CO CTapEHHEM CUTHAJIBHBIX KaCKaJI0B, TAKHX
kak p53/Atm, SIRT1, NF-kB, mTOR/S6k, Ppara u np. (J006-
poBoJibekas u p., 2016; ConoBbeéB u 1p., 2016; Moskalev et
al.,2017). B Ta6n. 1 mpuBeaeHO On¥caHne BIUSHIS MyTalluit
B TCHAX LIUPKAJHBIX PUTMOB JIHO0 X SKTOMHYECKON IKCIIPEeC-
CHUU B HepBHOﬁ CHUCTEMC Ha MEJIMAHHYIO IPOAOJKUTEIIbHOCTD
®u3Hu D. melanogaster.

Toukoii conpsikeHuUst KackagoB (OTOTPAHCAYKIUH, BEIy-
WX OT 3pUTCIIbHBIX TMTMEHTOB U OT KPUIITOXpOMaA, ABJIACTCSA
thocdonmmaza C (y apo3ohuinsl norpA, y MISKOIHTAIOIIIX
PLC), o nanaeiM 6a3s1 STRING (Szklarczyk et al., 2017).
Y MIICKOTIMTAIONIMX KPUIITOXPOM YTPaTHII CIOCOOHOCTD BbI-
CTyIIaTh B KA4€CTBE IIPKATHOTO (POTOPELENTOPa, CHHXPOHH-
3UPYIOIIEro OpraHu3M ¢ (GOTOPEKUMOM B 00XO]T 3PUTEITHHOTO
nytd (GoTtoTpaHcAyKIUK. J[aHHBIE MO BIUSHHUIO MyTalUi
U CBEPXAKCIPECCHU norpA Ha NMPOROIDKHTENBHOCTD KHU3HH
Jipo30drITel 00HAPYKUTH HE ynanock. OTHAKO, 10 HEKOTOPBIM
ucrounukam (Fortini, Bonini, 2000), cBepxakciipeccus norpA
y IUIOZIOBOM MyXH HCITONB30BaIach paHee IJIs MOJEITUPOBAHHUS
HellpoereHepauuy. B To Bpems kak 100aBICHUE KOMILICKC-
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HOTO C()MHTOJIMIIMIHOTO TpenapaTa (AMUTHPYET HHIYKIHIO
(hocomumaszsr C) B ULy IPOUIEBACT KNU3HD APOOKEH U IPO-
30¢u, HHAYKIUS dKkcpeccut Gocdonunasbl C B KPICHHBIX
(hubpobracTax mpuBOAHT K nX Onmactrpancopmaryn (Chang
et al., 1997). Beime Obuto mMoka3aHo, 4to ¢ocdomumnaza C
COIpsDKEHA B CUTHAJILHOM Kackajie ¢ G-0eskoM, KOTOpBIH, B
CBOIO Oouepenb, aKTHBHpYyeTcs rpymmoi penentopoB GPCR
(G-protein coupled receptors), k HuM npuuucisior TRP u
TRPL. G-6eiku y4acTBYIOT BO MHOYKECTBE CUI'HAJIbHBIX Kac-
kanoB. Ha monemn Caenorhabditis elegans Ob110 BBISICHEHO,
YTO 0COOM-HOCHUTENIM MYyTallMi yTpaThl PyHKIUHN CyOBEIH-
Hune! G, (odr-3 u gpa-1), Gy—cy61,ez[uﬂnum gpc-1 1 ocobu
¢ OKTOnMueckoi skcnpeccuei G, (gpa-11) umenn 661bmIyI0
MIPOJIOJKUTEIILHOCTD JKU3HH, HEXKEIIM YePBH, HE TIO/[BEpPIaB-
[IAECS] MAaHUYJISIIUSAM C TeHAMH, KOIUPYIOIIUMH JIEMEHTHI
G-6enka. Hanbonee BepOATHBIM MEXaHHW3MOM PETYISALINN
MIPOAOIDKUTEIBHOCTH XKHU3HU 1pH ydactnn G-6enkoB y C. ele-
gans asaserca FOXO-onocpenoBaHHbIN CUTHATBHBIN My Th.
B skcnepumentax H. Lans u G. Jansen (2007) mokazano,
yto DAF-16/FOXO myrauus, Beaymas K yrpare (QyHKIIH,
MOJIHOCTBI0 HUBENUPYET AP (EKThI BCeX BAPHAHTOB My TallUii
cyosenuunn G-6enka (Sheng et al., 2017).

Penenrroper TRP Takske yuacTBYIOT B peryssiuuy mpojo-
JKUTEJIbHOCTH KHM3HH, IPA ITOM PUMEPBI 3TOH CBS3U MOKHO
HaiiTh, cxopee, B cemelicTBax TRP-momoOHBIX OenkoB, acco-
IIUAPOBAHHBIX C TEPMOCEHCOPHOH CHCTEMOH, TOCKOJILKY OHHU
M3y4YeHBI 00JIee MTYOOKO, HEXKEITH ITOATPYIIIIbI, YIaCTBYIOIIHE
B MyTsX (DOTOTPAHCAYKIMHU. JJOCTaTOYHO NaBHO M3BECTHBI
MEXaHU3Mbl CHHXPOHHM3ALNU [EHTPAIBHOTO OCIMIUIATOPA
TEMIIEpaTypHBIMHA CTUMYJIAMH, YTO MOJKET YKa3bIBaTh Ha CO-
MPSKEHHOCTb MEXaHM3MOB TEMIIEPaTypHOI KOMIIEHCALINH 1
JICTEPMUHUPOBAHUSI MIPOJOJKUTEIILHOCTH JKU3HH U IUPKAJI-
HBIX PUTMOB, TIOCKOJIBKY B IIepe3allyCKe [IUPKaHOTO OCIMILIsI-
TOpa yJacTByeT IMEHHO cemeiicTBo perientopoB TRP (Poletini
et al., 2015). Hanpumep, npu akTuBanuy HU3KMMHU TEMIIEpa-
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Table 1. Effects of mutations in circadian rhythm genes on D. melanogaster longevity

Mutant genotype Phenotype Reference
pe rS ..................................... M Lreducuon. n . ma|e5 ....................................................................... K |arsfe|dRou y e r 1 9 98 .................................................
cycm .................................... s H en d ”Cks e t a| 200 3 ....................................................
perm .................................... s . nshnanetalzoog ......................................................
t,mm M perm ....................... s K atewaeta| 20 16 ........................................................
o MLinmalesisreduced (-33t0-35%)  [lobposonbckasuap,2016
cry02 .................................... |ns|gn|ﬁcantM|_|ncreasemma|e5(+3%) ....................................... R

Note. ML, median longevity.

Table 2. Comparison of the expression of genes for elements of the light transduction signaling pathway in Drosophila melanogaster

Gene Protein Mammalian homologs

and orthologs

Change of the expression
in heads on day 47 with
reference to day 3, %
(Zou et al.,, 2000)

Change of the expression in the
light receptor on day 40 with
reference to day 3, %, (Hall et al.,

Note. -, no data; ¥, only genes with different expression patterns in the experiment are shown (significant according to Student’s t test, p < 0.05).
The comparison was performed with NCBI tools GEO Datasets: DataSetRecord GDS582, and Statistica 6.0.

typamu TRPA-1 y C. elegans vHULIMUPYET TEHETHYECKYIO
IPOrpaMMy, KOTOpasi aKTUBHO CIOCOOCTBYET JIOJTOJIETHIO.
Ota mporpaMma BKJIIOYAeT B ce0sl TAKNE ITAMBL, KaK HHITYKIIUS
nputoka noHoB Ca?*, akTHBAIINIO KaJIbIUH-4yBCTBUTEILHON
knHa3el PKC-2, FOXO-kuna3sr SGK-1 u ¢akropa Tpanc-
kpunuuu cemeiictea FOXO DAF-16 (Xiao et al., 2015).
HenaBHue uccienoBaHusi Ha MbIIIAx MOKA3ald, YTO HOKAYT
mo TRPV1 Benet k mpomrenuto xu3Hu (Riera et al., 2014).

[IpousBens aHaIM3 TPAHCKPUIITOMHBIX JAHHBIX 13 paOOTHI
S. Zou ¢ xomeramu (2000), mony4eHHbIX Ha TuHAN W18
D. melanogaster, Mbl BBISICHWIIH, YTO B TOJIOBaX 47-THEBHBIX
numaro HaoOxromaercs nopeirenue konnentpamun MPHK po-

leHeTMKa XKNBOTHbIX

JIOTICUHOB RA2-7 W CHYKEHUE HKCIIPECCHH POAOIICHHA 1, KO-
JupyeMoro ninaE Ha GoHe 3HAYUTEIEHOTO MaACHHUS IPOQH-
JIe SKCIIPEeCCHN HUXKEPACIIONOKEHHBIX 3JIEMEHTOB (OTO-
TPaHCAYKIMOHHOTO Kackana. OTHOCHTENbHbIE W3MEHEHUS
SKCIPECCUH AIEMEHTOB MPEICTABICHBI B Ta0M. 2.

Panee HaM¥ OBUTH MOJTYYEHBI JTAHHBIC O CHIDKEHHUH IKCIIPeC-
CHH T€HOB-JICTEPMHHAHT [IMPKAJHBIX PUTMOB C BO3PACTOM y
Jipo30¢hHIH (B TOIOBAaX CaMIIOB TeHEI cry, per i Clk, mo (Como-
BBEB M 1p., 2016) w1 cry, per, tim, cyc B TOTAIbHOM TOMOT€HATe
npo3oduisl, o (JJoopoBonbcekas u np., 2016). BaxxHo otme-
TUTB, 9TO 3()(HEKTH BO3PACT-3aBHCUMOTO CHIDKEHHUS OBLIH
MOKA3aHbl HA TOTAIBHOM rOMOreHare Myx Juauu w!l!é,
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JIro0OIBITHO OTMETHUTD, YTO TEHBI KJIIETOK camMoro (otope-
LENTOpa, HAXOAAIIErocs B (haceTKke, CKIOHHBI ¢ BO3PAcTOM
00OHapY)KUBATh CTATUCTUYECKU HE MOJATBEPAMBILYIOCS TEH-
JICHITUIO K MOBBINICHUIO TPO(UISE SKCIPECCUH, B OTIIHYUE OT
TCHOB, 3KCIIPECCUPYIOIINXCS B OCTAJIBHBIX KIICTKAX TOJOBBI
nposodui. B menoM cpaBHeHuE TPodUIIeH IKCTIpecCruu a0
JIOCTATOYHO MPOTUBOPEUUBYIO KapTHHY, HYKIAIONIYIOCS B
YTOUHCHHH U TPOBEPKE.

lMnoTesa Bo3pacTHO GOTOPE3UCTEHTHOCTU

JlaHHbBIe, IPUBENICHHBIC B paHee OITyOJIMKOBaHHBIX paboTrax,
YKa3bIBalOT Ha CHUXKEHHUE C BO3pacToM KoHLeHTpauuu MPHK,
IKCTIPECCUPYEMBIX TeHAMH, KOJUPYIOIINMH HHTPA- U KCTPa-
OKyIIsipHBIC (hoTopernenTopsl (Zou et al., 2000; Jo6poBoiib-
cKas u 1p., 2016), a TakKe 2IEeMEHTBI CUTHAJIBHOTO Kackaja
(dororpancaykimu. JTa TEHACHIMs OblIa OOHApy)KeHa Ha
npo3oduie (cM. Tabi. 2), y KOTOpO# KOMIICHCAIUS HETO0CTa-
tounoct MPHK pernientopa cunero cera cry npojsieaiia
JKH3HB. [IpOMILTIOCTPUPOBATH CYNTHOCTH MPOOJIEMbI MOKHO
Ha MpHUMepe TaToreHe3a WHCYIMHOPE3UCTEHTHOTO JauadeTra
BTOPOTO THIIA, IPY KOTOPOM IO TEM WIJIM MHBIM IPHYHMHAM
CHIDKACTCSI YUCIIEHHOCTh MHCYJIUHOBBIX PELENTOPOB, 4TO
BBI3BIBACT MHCYJIHMHOPE3UCTEHTHOCTh C XapaKTePHBIMU IS
Hee HapyUICHHSIMH TOMEOCTa3a U TOMeOIMHaMHUKH. Tak, Mbl
[peJITaraeM 1o aHaJIOTHH HAa3bIBATh (JOTOPE3UCTEHTHOCTHIO
HEJI0CTaTOYHOCTh PELENTHPYIOIUX CBET U TPAHCIYIHPYIO-
LIMX CBETOBOM CUTHAJ MOJIeKy B opranusme. [lokazano, 4to
mytantbl cry? D. melanogaster pOABISIOT MOBBIILEHHYIO
4yBCTBUTEIILHOCTh K rosofganuio (JJodpoBonbckas u ap.,
2016). Ha MieKonmuTaIONINX ONTUCaH MEXaHU3M, KOTOPBIH TH-
MTOTETHYCCKU MOXKET O0BACHSTE 3TOT 3 dekT. benmkn CRY 1
CRY?2 B HOpME NOAABISIOT IIOKOHEOTeHE3 (MOLYAUPYS [0~
KaroHOBBII CUTHAJIBHBIH 1y Th 1 pochopunuposane CREB),
a PER2, kpoMe 3TOro, MHTEHCU(PHUIIUPYET HAKOTUICHHUE TIIH-
KOTeHa B Ile4eHH. Takum 00pa3om, perpeccopHbIe AIEMEHThI
LEHTPAILHOTO OCILMJIISITOPA IPOTHBOCTOSIT BBICBOOOXKICHUIO
[JIIOKO3bI U3 JICTIO B TIEYCHHU, YTO CIOCOOCTBYeT Hanboiee
s dpexTrBHOMY pacxonoBanuto nmkorena (Chaudhari et al.,
2017). Y mposodun myTanus cry?!, BeposTHO, IPENATCTBYET
HOPMaJIbHOMY MHTHOMPOBAHUIO MPOIIECCa BHICBOOOKICHUS
IJIIOKO3bI M3 JIETIO BO BPEMs TOJIOJIaHMUSI, YTO U IIPUBOAMT K
HaOoaeMomMy 3(h(eKTy CHIKEHHUS] yCTOWYHBOCTH.

Ha venoBeueckoil momysisiiuy mpsiMoii 3aBUCUMOCTH MEXK-
JIy 9KCpeccreil TeHOB M ()OTOPE3NCTEHTHOCTHIO MOKA YCTa-
HOBJIEHO He ObLT0, 0JJHaKO caM (heHoMeH n3BecTeH. Ero nino-
ctpupyet padota (Daneault et al., 2014), B koTOpOii Ha IBYyX
Pa3HOBO3pACTHBIX IPYIIAxX JIIOJICH MoKa3aHa TEHACHIHS K
yTpare ¢ BO3pacToM CIIOCOOHOCTH (hOPMHUPOBATH aI€KBATHBIN
OTBET Ha CBET CHHEr0 CIEKTPa, OKA3bIBAIOIINA CTUMYIIHU-
pytouiuii 3G (HEeKT Ha KOTHUTUBHBIC CIIOCOOHOCTH MOJIOIOTO
opraHuzma. Y MOXKHJIbIX UCIIBITYEMbIX OTBET Ha CHHUI CBET
B MIOJIYIIIKE TallaMyca, aMUT/Iale, TETMEHTYME, HHCYIISIPHOM,
npepOHTAIFHON M OKIMIHUTAIBHON KOpe ObLI CHIIKEH Ha
(byHKIIMOHATTLHON MarHUTHO-PE30HAHCHOW TOMOTpamMMe B
peaibHOM BPEMEHH OTHOCHTEIBHO MOJIOAOM TPYIIIbI, YTO
MOXKET OBITh KOCBEHHO IPH3HAHO INPOsIBICHUEM (OTOPE3H-
CTEHTHOCTH, XOTS U OTIIMYAIOILEHCs, BEPOSTHO, HA MOJIEKY-
JISIPHOM yPOBHE.

[TonoGHoe 00cyXaaeMoMy sIBJICHHE OBLIO 3apPEruCTPUPOBaA-
HO y camiioB Mbiiu JIuHuU C57BL/6J. Y cTapbiX >KUBOTHBIX
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M0Ka3aHo CHW)XKEHHUE dKcrpeccuu cyObeauuunbl NR2B u
qyBCTBUTENBHOCTH K N-MeTmi-D-acmapraty (NMDA — aro-
HHCT TIIyTaMaTepruyeckux peLenTopoB), YYaCTBYIOLIEMY B
repeiade CBETOBOTO CUTHAJIA M CHHXPOHU3AIMY AaKTHBHOCTH
CyInpaxmua3MaTHuecKoro sapa ¢ GporopexxumoM. Benencraue
HaOJIFOIaeMOT0 CHIDKCHHS YyBCTBUTEIIBHOCTH K CHHXPOHH-
3UPYIOLIEMY BO3ICHCTBUIO CBETa BO3HUKAIOT HAPYIICHUS
[UPKAJHBIX PUTMOB (DH3HOJIOTHUECKOW aKTUBHOCTH, LIUKII
KOTOPBIX Mepe3aIyCcKaeTcsi He3aBUCUMO OT (hOTOPEIKMMA U3-
33 HEZOCTATOYHOCTHU PELENTUPYIOLINX U TPAHCAYLIUPYIOILHUX
MOJICKYJI, UTO BBI3BIBACT Ne3afanTaimio opraamsma (Biello
etal., 2018).

[IpuHumas BO BHUMaHue padoOThl, 0OHapyKUBaOIUE
CHIDKCHHUE PUCKA CMEPTH OT Pa3iIMYHBIX IPUYNH IIPH yTpaTe
3penust (Lehrer, 1981) n BpoxkneHHoii cienore (AHUCUMOB U
Jp., 2013), MOXKHO MPEATOI0KUTb, UTO ycuiieHHe Goropesu-
CTEHTHOCTH ITOCPEACTBOM CHIDKEHHUS C BO3PACTOM SKCIPECCUH
T€HOB, KOIUPYIOLIKX (HOTOPELENTOPBI X (POTOTPAHCIYKTOPHI,
SIBJISICTCS TCHETUYCCKU ﬂeTepMHHHpOBaHHOﬁ a;[anTauHei/'I K
MOBPEKAAIONIMM CTHMYJIaM (OTOpeKiMa, BO3HHKIIECH erie
Ha paHHUX 3Tarax BOIIOLHH, KOTA JKHBBIC OPraHU3MBbI 3KC-
MOHUPOBAINCH HE B MIPUMEP OOJIBIIUM J103aM ONTHYECKOTO
U KOCMHUYECKOTO H3JTyYeHHH, HEXEIM MBI MOXEM 3aperu-
CTPHPOBATh B HAacTOsIIee BpeMs. TecHas CBS3b IEMEHTOB
LEHTPAIBHOTO OCIUIISITOpA KISTKH U (hoTOHAa3, POTOpEaK-
THBALIMOHHbIE CBOICTBAa HEKOTOPBIX KPUIITOXPOMOB, & TAKKE
CIOCOOHOCTBH AJIEMEHTOB OCIMJUISITOPA Y4aCTBOBATH B KOHTPO-
ne kneroynoro 1ukia (Feillet et al., 2015) n penapaunu JJTHK
(Beeetal., 2015; Papp etal., 2015) cayxat moaTBep K ACHUSIMA
HAIIeTO MPEIIOI0KEHHU O CONMPSIKEHHOCTH MEXaHHW3MOB
(l)OTOTpaHC]IyKLll/II/I 1 KOHTPOJIA NPOAOJIKUTECIIBHOCTHU JKU3HU
(Patel et al., 2016).

Acknowledgments

This work was supported by State Projects “Molecular
mechanisms of ageing, longevity, and stress tolerance in Dro-
sophila melanogaster”, State Registration No. AAAA-A18-
118011120004-5; and «The combination of various factors
(cold, lack of insolation, restricted diet, and geroprotector
treatment) for the maximum prolongation of individual life
in the genus Drosophila” No. 18-7-4-23, State Registration
No. AAAA-A18-118011120008-3.

Conflict of interest
The authors declare no conflict of interest.

Cnucok nutepatypbl / References

AnucumoB B.H. Dnudus, OHOpUTMBI M cTapeHHe opraHusma. YCII.
¢dusuon. Hayk. 2008;39(4):40-65. [Anisimov V.N. Pineal gland, bio-
rhythms, and ageing. Uspehi Fiziologicheskih Nauk = Advances in
Physiological Sciences. 2008;39(4):40-65. (in Russian)]

Amnncnmos B.H., Bunorpanosa U.A., bopucenkos M.®., bykanes A.B.,
3abexunckuii M.A., Ilanuenko A.B., [Momosuu N.I., CemeHueH-
ko A.B., Teraasik M.JI. CBeToBO# pexxum, cTapeHue u pak. BectH.
Poc. yu-ta npyx0sl Hapomos. Cep. Memununa. 2012;(7):29-30.
[Anisimov V.N., Vinogradova I.A., Borisenkov M.F., Bukalev A.V.,
Zabezhinsky M.A., Panchenko A.V., Popovich 1.G., Semenchen-
ko A.V., Tyndyk M.L. Light regimen, aging, and cancer. Vestnik
Rossiyskogo Universiteta Druzhby Narodov. Seriya Meditsina =
Bulletin of People’s Friendship University of Russia. Medical Se-
ries. 2012;7:29-30. (in Russian)]

Animal genetics



leHeTnYecKMe MexaHN3Mbl BINAHNUA CBETa U GOTOTPAHCAYKLNM
Ha NPOAJOMKNTENbHOCTb XM3HK Drosophila melanogaster

AnncumoB B.H., Bunorpamosa W.A., bykameB A.B., Bopucen-
koB M.®., TlonoBuu W.I., 3abexunckuii M.A., [lanuenko A.B.,
Temasik ML, FOpoBa M.H. CBeToBO#1 J€CHHXPOHO3 U PUCK 3710-
KaueCTBEHHBIX HOBOOOPA30BaHUi Yy YENOBEKa: COCTOSHHE IPOO-
nembl. Bomp. onkonmorum. 2013;59(3):302-313. [Anisimov V.N.,
Vinogradova [.A., Bukalev A.V., Borisenkov M.F., Popovich L.G.,
Zabezhinsky M.A., Panchenko A.V., Tyndyk M.L., Yurova M.N.
Light-induced desynchronosis and risk of malignant tumors in labo-
ratory animals: state of the problem. Voprosy Onkologii = Problems
in Oncology. 2013;59(3):302-313. (in Russian)]

Bunorpanosa U.A., Anucumos B.H. CeroBoii pexxum CeBepa 1 BO3-
pactHast atonorus. [lerposaBozck, 2012. [Vinogradova [LA., Ani-
simov V.N. Light Regime in the North and Age-Related Pathology.
Petrozavodsk, 2012. (in Russian)]

Jlo6posonbckas E.B., ComoeéB WN.A., Tlpomkuna E.H., Mocka-
neB A.A. BiisiHEe CBEpPXaKTHBALMH T'€HOB LUPKAHBIX PUTMOB B
Pa3IMYHBIX TKAHSAX HA CTPECCOYCTOWYMBOCTH M HPOIOIKUTEINb-
HOCTb JKU3HU Drosophila melanogaster. TeopeTndeckast u IpuKiIa-
Has sxosorus. 2016;3:32-40. [Dobrovol’skaya E.V., Solovyov LA.,
Proshkina E.N., Moskalev A.A. Effects of circadian rthythm gene
overactivation in different tissues on stress resistance and longevi-
ty in Drosophila melanogaster. Teoreticheskaya 1 Prikladnaya Eko-
logiya = Theoretical and Applied Ecology. 2016;3:32-40. (in Rus-
sian)]

Jlorom T.A., Bunorpanosa 1.A., bykanes A.B., Auncumos B.H. Mo-
JMULIUPYIOLIee BIUSHUE MMOCTOSHHOTO OCBEIIEHHS HA OPTraHU3M
KpbIC B 3aBHCUMOCTH OT CPOKOB Hadasa Bo3zaeicTBusi. DyHnamMeH-
tanbHble uccienoBanus. 2013;(5-2):308-313. [Lotosh T.A., Vino-
gradova [.A., Bukalev A.V., Anisimov V.N. Modifying influence of
constant insolation on the rat body depending on the timing of the
impact. Fundamentalnye Issledovaniya = Fundamental Research.
2013;5(2):308-313. (in Russian)]

Mockanes A.A., Mansimesa O.A. Poitb CBETOBOroO peskiMa B peryis-
LUK IPOAOJDKUTEIBHOCTH Xu3HU Drosophila melanogaster. Jxono-
rust. 2009;40(3):221-226. [Moskalev A.A., Malysheva O.A. Effect
of illumination regime on life span in Drosophila melanogaster.
Russian Journal of Ecology. 2009;40(3):206-212.]

MockaneB A.A., MansimeBa O.A. Ponb T€HOB TPaHCKPUIIIMOHHOTO
¢axropa dFOXO, dSIR2 w HSP70 B W3MEHEHHH TPOIOKUTEIb-
HOCTH XU3HU Drosophila melanogaster npu pa3in4HBIX PeKUMaX
ocsemienust. Jkon. rerernka. 2010:;8(3):67-80. [Moskalev A.A.,
Malysheva O.A. The role of genes for transcription factors dFOXO,
dSIR2, and HSP70 in lifespan alteration of Drosophila melanogaster
under various light conditions. Ekologicheskaya Genetika = Ecolo-
gical Genetics. 2010;8(3):67-80. (in Russian)]

Mockane A.A., Ilocrans O.A., 3aiimymmn B.I. Tenernueckue
ACIICKTHI BIMSHUS PA3JIMYHBIX PEKUMOB OCBCILICHUS Ha MTPOIOIIKH-
TEIBHOCTD J)KU3HU Jp0o30duibl. Yeil. repontonoruu. 2006;18:55-58.
[Moskalev A.A., Shostal” O.A., Zainullin V.G. Genetics aspects of
the influence of different light regimes on Drosophila life span. Us-
pekhi Gerontologii = Advances in Gerontology. 2006;18:55-58. (in
Russian)]

ConoBeéB U.A., lobpoBonsckas E.B., Mockanes A.A. I'eHernue-
CKHMI KOHTpOJIb IIMPKAJHbIX PUTMOB U crapenue. ['eneruka. 2016;
52(4):393-412. DOI 10 7868/s001667581604010x. [Solovyov LA.,
Dobrovol’skaya E.V., Moskalev A.A. Genetic control of circadian
rhythms and aging. Russian Journal of Genetics. 2016;52(4):343-
361.]

Anisimov V.N., Vinogradova I.A., Panchenko A.V., Popovich 1.G., Za-
bezhinski M.A. Light-at-night-induced circadian disruption, cancer
and aging. Curr. Aging Sci. 2012;5(3):170-177.

Bee L., Marini S., Pontarin G., Ferraro P., Costa R., Albrecht U., Ce-
lotti L. Nucleotide excision repair efficiency in quiescent human fib-
roblasts is modulated by circadian clock. Nucleic Acids Res. 2015;
43(4):2126-2137. DOI 10.1093/nar/gkv08]1.

Biello S., Bonsall R., Atkinson D., Molyneux L., Harrington P.E.,
Lall G.M. Alterations in glutamatergic signaling contribute to the

leHeTMKa XKMBOTHbIX

2018
22.7

N.A. ConoBbés, M.B. LLlanowHnkoBs
A.A. Mockanes

decline of circadian photoentrainment in aged mice. Neurobiol. Ag-
ing. 2018;66:75-84. DOI 10.1016/j.neurobiolaging.2018.02.013.

Bjorn L.O. Photobiology: the Science of Light and Life. New York,
2015.

Chang J.S., Noh D.Y., Park LA, Kim M.J., Song H., Ryu S.H., Suh P.G.
Overexpression of phospholipase C-yl in rat 3Y1 fibroblast cells
leads to malignant transformation. Cancer Res. 1997;57(24):5465-
5468.

Chaudhari A., Gupta R., Makwana K., Kondratov R. Circadian clocks,
diets and aging. Nutr. Healthy Aging. 2017;4(2):101-112. DOI
10.3233/NHA-160006.

Daneault V., Hebert M., Albouy G., Doyon J., Dumont M., Carrier J.,
Vandewalle G. Aging reduces the stimulating effect of blue light on
cognitive brain functions. Sleep. 2014;37(1):85-96. DOI 10.5665/
sleep.3314.

Dibner C., Schibler U. Circadian timing of metabolism in animal
models and humans. J. Intern. Med. 2015;277(5):513-527. DOI
10.1111/joim.12347.

Feillet C., van der Horst G.T., Levi F., Rand D.A., Delaunay F. Coupling
between the circadian clock and cell cycle oscillators: implication
for healthy cells and malignant growth. Front. Neurol. 2015;6:96.
DOI 10.3389/fneur.2015.00096.

Fogle K.J., Baik L.S., Houl J.H., Tran T.T., Roberts L., Dahm N.A.,
Cao Y., Zhou M., Holmes T.C. CRYPTOCHROME-mediated pho-
totransduction by modulation of the potassium ion channel 3-subunit
redox sensor. Proc. Natl. Acad. Sci. USA. 2015;112(7):2245-2250.
DOI 10.1073/pnas.1416586112.

Fortini M.E., Bonini N.M. Modeling human neurodegenerative di-
seases in Drosophila: on a wing and a prayer. Trends Genet. 2000;
16(4):161-167. DOI 10.1016/S0168-9525(99)01939-3.

Fuhr L., Abreu M., Pett P., Relogio A. Circadian systems biology: when
time matters. Comput. Struct. Biotechnol. J. 2015;13:417-426. DOI
10.1016/j.¢csbj.2015.07.001.

Giebultowicz J.M. The circadian system and aging of Drosophila. Cir-
cadian Rhythms and Their Impact on Aging. Cham, Switzerland.
2017;129-145. DOI 10.1007/978-3-319-64543-8_6.

Hall H., Medina P., Cooper D.A., Escobedo S.E., Rounds J., Bren-
nan K.J., Vincent C., Miura P., Doerge R., Weake V.M. Transcrip-
tome profiling of aging Drosophila photoreceptors reveals gene
expression trends that correlate with visual senescence. BMC Ge-
nomics. 2017;18(1):894. DOI 10.1186/s12864-017-4304-3.

Hardeland R. Melatonin as a geroprotector: healthy aging vs. extension
of lifespan. Ed. A.M. Vaiserman. Anti-aging Drugs: From Basic Re-
search to Clinical Practice. Cambridge: Royal Society of Chemistry.
UK, 2017;474-495. DOI 10.1039/9781782626602-00474.

Hardie R.C., Juusola M. Phototransduction in Drosophila. Curr. Opin.
Neurobiol. 2015;34:37-45. DOI 10.1016/j.conb.2015.01.008.

Hendricks J.C., Lu S., Kume K., Yin J.C., Yang Z., Sehgal A. Gender
dimorphism in the role of cycle (BMALL1) in rest, rest regulation,
and longevity in Drosophila melanogaster. J. Biol. Rhythms. 2003;
18(1):12-25. DOI 10.1177/0748730402239673.

Hori M., Shibuya K., Sato M., Saito Y. Lethal effects of short-wave-
length visible light on insects. Sci. Rep. 2014;4:7383. DOI 10.1038/
srep07383.

Ito C., Tomioka K. Heterogeneity of the peripheral circadian systems in
Drosophila melanogaster: a review. Front. Physiol. 2016;7:8. DOI
10.3389/fphys.2016.00008.

Kamdar B.B., Tergas A.L., Mateen F.J., Bhayani N.H., Oh J. Night-shift
work and risk of breast cancer: a systematic review and meta-ana-
lysis. Breast Cancer Res. Treat. 2013;138(1):291-301. DOI 10.1007/
s10549-013-2433-1.

Katewa S.D., Akagi K., Bose N., Rakshit K., Camarella T., Zheng X.,
Hall D., Davis S., Nelson C.S., Brem R.B., Ramanathan A., Seh-
gal A., Giebultowicz J.M., Kapahi P. Peripheral circadian clocks
mediate dietary restriction-dependent changes in lifespan and fat
metabolism in Drosophila. Cell Metab. 2016;23(1):143-154. DOI
10.1016/j.cmet.2015.10.014.

BaBuNOBCKMNI XKYpHan reHeTUKN n cenekuyumn « 2018 « 22« 7

885



Genetic mechanisms of the influence of light
and phototransduction on Drosophila melanogaster lifespan

Kim M., Subramanian M., Cho Y.H., Kim G.H., Lee E., Park J.J. Short-
term exposure to dim light at night disrupts rhythmic behaviors and
causes neurodegeneration in fly models of tauopathy and Alzheim-
er’s disease. Biochem. Biophys. Res. Commun. 2018;495(2):1722-
1729. DOI 10.1016/j.bbrc.2017.12.021.

Kirkwood T.B. Evolution of ageing. Nature. 1977;270(5635):301-304.
DOI 10.1038/270301a0.

Klarsfeld A., Rouyer F. Effects of circadian mutations and LD periodi-
city on the life span of Drosophila melanogaster. J. Biol. Rhythms.
1998;13(6):471-478. DOI 10.1177/074873098129000309.

Kloog I., Haim A., Portnov B.A. Using kernel density function as an
urban analysis tool: Investigating the association between nightlight
exposure and the incidence of breast cancer in Haifa, Israel. Com-
put. Environ. Urban Syst. 2009;33(1):55-63. DOI 10.1016/j.com-
penvurbsys.2008.09.006.

Kloog I., Haim A., Stevens R.G., Barchana M., Portnov B.A. Light at
night co-distributes with incident breast but not lung cancer in the
female population of Israel. Chronobiol. Int. 2008;25(1):65-81. DOI
10.1080/07420520801921572.

Kloog I., Stevens R.G., Haim A., Portnov B.A. Nighttime light level co-
distributes with breast cancer incidence worldwide. Cancer Causes
Control. 2010;21(12):2059-2068. DOI 10.1007/s10552-010-9624-4.

Krishnan N., Kretzschmar D., Rakshit K., Chow E., Giebultowicz J.M.
The circadian clock gene period extends health span in aging Dro-
sophila melanogaster. Aging (Albany N.Y.). 2009;1(11):937-948.
DOI 10.18632/aging.100103.

Lans H., Jansen G. Multiple sensory G proteins in the olfactory, gusta-
tory and nociceptive neurons modulate longevity in Caenorhabdi-
tis elegans. Dev. Biol. 2007;303(2):474-482. DOI 10.1016/j.ydbio.
2006.11.028.

Lehrer S. Blindness increases life span of male rats: pineal effect on
longevity. J. Chronic. Dis. 1981;34(8):427-429. DOI 10.1016/0021-
9681(81)90041-2.

McLay L.K., Green M.P., Jones T.M. Chronic exposure to dim artificial
light at night decreases fecundity and adult survival in Drosophila
melanogaster. J. Insect Physiol. 2017;100:15-20. DOI 10.1016/j.
jinsphys.2017.04.009.

Moskalev A.A., Proshkina E.N., Belyi A.A., Solovyev [.A. Genetics of
aging and longevity. Russian Journal of Genetics: Applied Research.
2017;7(4):369-384. DOI 10.1134/s2079059717040074.

Ostrovsky M.A. Rhodopsin: Evolution and comparative physiology. Pa-
leontol. J. 2017;51(5):562-572. DOI 10.1134/s0031030117050069.

Papp S.J., Huber A.L., Jordan S.D., Kriebs A., Nguyen M., Mores-
co J.J., Yates J.R., Lamia K.A. DNA damage shifts circadian clock
time via Hausp-dependent Cryl stabilization. Elife. 2015;4. DOI
10.7554/eLife.04883.

Patel S.A., Chaudhari A., Gupta R., Velingkaar N., Kondratov R.V. Cir-
cadian clocks govern calorie restriction-mediated life span exten-
sion through BMALI1- and IGF-1-dependent mechanisms. FASEB J.
2016;30(4):1634-1642. DOI 10.1096/1j.15-282475.

ORCID ID

I.A. Solovev orcid.org/0000-0002-1038-2271

M.V. Shaposhnikov orcid.org/0000-0002-4625-6488
A.A. Moskalev orcid.org/0000-0002-3248-1633

886 VavilovJournal of Genetics and Breeding - 201822 - 7

I.A. Solovev, M.V. Shaposhnikov
A.A. Moskalev

Plachetzki D.C., Fong C.R., Oakley T.H. The evolution of phototrans-
duction from an ancestral cyclic nucleotide gated pathway. Proc. Biol.
Sci. 2010;277(1690):1963-1969. DOI 10.1098/rspb.2009.1797.

Poletini M.O., Moraes M.N., Ramos B.C., Jeronimo R., Castrucci A.M.
TRP channels: a missing bond in the entrainment mechanism of pe-
ripheral clocks throughout evolution. Temperature (Austin). 2015;
2(4):522-534. DOI 10.1080/23328940.2015.1115803.

Randall A.S., Liu C.H., Chu B., Zhang Q., Dongre S.A., Juusola M.,
Franze K., Wakelam M.J., Hardie R.C. Speed and sensitivity of
phototransduction in Drosophila depend on degree of saturation of
membrane phospholipids. J. Neurosci. 2015;35(6):2731-2746. DOI
10.1523/JNEUROSCI.1150-14.2015.

Riera C.E., Huising M.O., Follett P., Leblanc M., Halloran J., Van An-
del R., de Magalhaes Filho C.D., Merkwirth C., Dillin A. TRPV 1 pain
receptors regulate longevity and metabolism by neuropeptide signa-
ling. Cell. 2014;157(5):1023-1036. DOI 10.1016/j.cell.2014.03.051.

Shen J., Zhu X., Gu Y., Zhang C., Huang J., Xiao Q. Toxic effect of vi-
sible light on Drosophila life span depending on diet protein content.
J. Gerontol. Ser. A. 2018. DOI 10.1093/gerona/gly042.

Sheng Y., Tang L., Kang L., Xiao R. Membrane ion channels and re-
ceptors in animal lifespan modulation. J. Cell. Physiol. 2017;232(11):
2946-2956. DOI 10.1002/jcp.25824.

Shostal O.A., Moskalev A.A. The genetic mechanisms of the influ-
ence of the light regime on the lifespan of Drosophila melanogaster.
Front. Genet. 2012;3:325. DOI 10.3389/fgene.2012.00325.

Solovev 1., Shaposhnikov M., Kudryavtseva A., Moskalev A. Dro-
sophila melanogaster as a model for studying the epigenetic basis
of aging. Epigenetics of Aging and Longevity. Elsevier: Academic
Press, 2018; 293-307. DOI 10.1016/B978-0-12-811060-7.00014-0.

Song B.M., Lee C.H. Toward a mechanistic understanding of color vi-
sion in insects. Front. Neural Circuits. 2018;12(16). DOI 10.3389/
fncir.2018.00016.

Szklarczyk D., Morris J.H., Cook H., Kuhn M., Wyder S., Simo-
novic M., Santos A., Doncheva N.T., Roth A., Bork P., Jensen L.J.,
von Mering C. The STRING database in 2017: quality-controlled
protein-protein association networks, made broadly accessible.
Nucleic Acids Res. 2017;45(D1):D362-D368. DOI 10.1093/nar/
gkw937.

Wolff T., Ready D.F. Pattern formation in the Drosophila retina. The
Development of Drosophila melanogaster. N.Y. Cold Spring Harbor:
Cold Spring Harbor Laboratory Press. 1993;2:1277-1325.

Xiao R., LiulJ., Xu X.Z. Thermosensation and longevity. J. Comp. Physi-
ol. A-Neuroethol. Sens. Neural. Behav. Physiol. 2015;201(9):857-
867. DOI 10.1007/s00359-015-1021-8.

Zou S., Meadows S., Sharp L., Jan L.Y., Jan Y.N. Genome-wide study
of aging and oxidative stress response in Drosophila melanogas-
ter. Proc. Natl. Acad. Sci. USA. 2000;97(25):13726-13731. DOI
10.1073/pnas.260496697.

Animal genetics



BaBunoBcKuM xXypHan reHeTUKn n cenekummn. 2018;22(7):887-894
DOI 10.18699/VJ18.430

leHeTnKa XXNBOTHbIX 3
OPWUMMHANbHOE UCCNEOBAHVE / ORIGINAL ARTICLE

Genetic variation of the nuclear sequences
of mitochondrial origin associated

with retrotransposon Tv1 insertions

in Drosophila species of the virilis group

B.V. Andrianov®), D.A. Romanov, T.V. Gorelova

Vavilov Institute of General Genetics, RAS, Moscow, Russia

Mitochondrial DNA sequences integrated into chromosomes
are a promising object for designing genetic markers for
studies of phylogenesis and genomic instability. Mitochon-
drial genomes of D. virilis and other Drosophila species of the
virilis group contain (AT), microsatellites in the spacer region
between the atp6 and cox3 genes, and this microsatellite se-
quence is one of the hallmarks of the virilis group. The nuclear
genome of D. virilis contains many extended fragments of
mitochondrial DNA, which in total are several times longer
than the mitochondrial genome. These nuclear sequences

of mitochondrial origin contain all types of mitochondrial
sequences, including mitochondrial genes and the afore-
mentioned microsatellite sequence. The presence of the (AT),
microsatellite allows insertion of retrotransposon Tv1, which
can transpose into the (AT), microsatellite in a site-specific
manner. The TvT insertion into (AT),, close to the atp6 or cox3
pseudogenes produces a unique sequence. This sequence is
formed by retrotransposon Tv1 and pseudogenes atp6 or cox3.
This unique sequence can be detected in the genome by a
PCR-based method. We applied this method to the detection
and analysis of the nucleotide variability of the pseudogenes
atp6 and cox3 associated with Tv1 insertions in a D. virilis cell
culture and in the genomes of four Drosophila species of the
virilis group: D. virilis, D. montana, D. borealis, and D. lacicola.
We discovered new events of mitochondrial sequence transfer
to the nucleus in the transplanted cell culture of D. virilis, and
new TvT1 insertions, having emerged during the passage of this
cell line were detected in the genome of the D. virilis trans-
planted cell culture. We found atp6 and cox3 pseudogenes as-
sociated with insertions of retrotransposon Tv1 in the nuclear
genomes of four Drosophila species from the virilis group.
These chimeric sequences proved to be species-specific. The
age of the Tv1 insertion into the atp6 and cox3 pseudogenes
is estimated at 1.50 Ma for D. virilis, 1.31 Ma for D. lacicola, and
1.56 Ma for D. borealis. A specific situation was revealed for

D. montana, in which Tv1 insertions with nearly identical 5’and
3'long terminal repeats (LTRs) were present in accessions of
flies from Europe and Asia. The age of this insertion was about
300 thousand years, and the insertion was absent from the

D. montana fly line from North America.
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V3yueHre N3SMEeHUYMBOCTI

SIIepHBIX I10C/IelOBAaTeIbHOCTEeN
MUTOXOHAPUATILHOTO IIPOVICXOKIEHNS,
aCCOLMMPOBAHHBIX C MHCEPLVSMU
peTpoTpaHcrio3oHa Tvl, v BU0B
npo30odua u3 rpyIimnsl virilis

B.B. Auapuanos @, A.A. Pomanos, T.B. Toperosa

NHCcTUTyT 0bLweit reHeTukn um. H.U. BaBunosa
Poccuinckon akapemnn Hayk, Mocksa, Poccuna

MuTOXOoHAPVanbHble NoCNefoBaTeNIbHOCTY, UHTErPUPOBaH-
Hble B IHK xpoMocom, — nepcneKkTUBHbIN 06beKT Ans paspa-
6OTKM FrEHETNYECKMX MAPKEPOB duoreHesa n reHoOMHoM
HecTabunbHOCTU. MUTOXOHAPUaNbHbIV reHom D. virilis v ppy-
rx B1UAoB Apo3odun 3 rpynnol virilis copep T Mmkpocaten-
NUTHble nocnepoBaTtenbHocTy (AT), B cneiicepHon obnacTtn
MeXay reHamu atpé v cox3, 4To ABNAETCA OTINYNTENBHbBIM
Npr3HaKoMm rpynnbl Virilis. inepHbiil reHom D. virilis copepuT
60nbLUOE KONMMYECTBO NPOTAKEHHBIX GParMeHTOB MUTOXOH-
ApvianbHon [IHK, KoTopble B CyMMe B HECKOJIbKO pas3 AinHHee
MUTOXOHAPUANIBHOTO reHOMa. TV AfepPHble NocNefoBaTesNb-
HOCTV MUTOXOHAPVANbHOIO MPOUCXOXKAEHNA COAEP»KaT BCe
TUMbI MUTOXOHAPWANbHbIX NOCEA0BATENbHOCTEN, B TOM Uncie
MUTOXOHAPWANbHbIE FeHbl 1 MUKPOCaTeNIUTHbIE MOC/IeA0Ba-
TenbHocTH (AT), B cneiicepHom obnacti Mexay reHamu atp6 v
cox3. Hannumne munkpocatennuTa (AT), obecneuriBaeT BO3MOX-
HOCTb MHCEPLUN PETPOTPaHCMo30Ha Tv1, UMeloLLero CBOMCTBO
BCTpamBaTbCA canT-cneyndryHo B nocnefoBaTebHOCTH
MuKpocatennuta (AT),. B pesynbrate nHcepLum TpaHCNO30Ha
B MUKpOCaTeNnT obpasyeTca YHNKanbHan nocnefosatesib-
HOCTb, 06pa30oBaHHas SAAEPHON KoMMen reHa atp6 unm cox3 v
peTpoTpaHCcno3oHOM Tv1, KOTopasa MOXET ObITb BblheneHa 13
reHoma meTtogom lMLP. Micnonb3ysa 3ToT noaxof, Mbl BbIABUAN 1
NpOoaHanM3npPoBasn HyKNEeOTUAHYIO M3MEHUMBOCTb NCEBLO-
reHoB atp6 v cox3, acCoUMNPOBAHHbIX C UHCepumamn Tvi,

B KNeTouyHom Kynbtype D. virilis 'y ueTbipex BUA0OB fpo3odun
n3 rpynnbi virilis: D. virilis, D. montana, D. borealis v D. lacicola.
BbiABNEHbI HOBbIE COOBLITUA NePEeHOCa MUTOXOHAPUASIbHbIX MO-
cnefoBaTe/lbHOCTEN B AAPO KNETKM B NepeceBaemMon KynbType
D. virilis v HOBble CObbITVA NHCEPLMIA PETPOTPaHCNO30Ha TV B
reHome KNneToK nepeceBaemMon KynbTypbl, BO3HUKLLUX B XOAe
naccupoBaHUA AaHHOW KneToyHow nnHuK. MNokasaHa Bugocne-
UMPUYHOCTb GparMeHTOB MUTOXOHAPUASbHBIX NCEBAOrEHOB
atp6 v cox3, accoLMMPOBaHHbIX C UHCEPLIMAMMN PETPOTPaHCMO-
30Ha Tv1, B AlepHOM reHoMe BUAOB Apo30drn 13 rpynmbl
virilis, no3BonaioLwwan naeHTdGULMpPOBaTb BUAbI Fpynbl. Bos-
pacT nHcepumin Tvl B nocnefoBaTenbHOCT MUTOXOHAPWANb-
Horo npoucxoxaeHna y D. virilis paseH 1.50 mnH ner, D. lacicola -
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1.31 mnH ner, D. borealis - 1.56 mnH net. Ocobas cutyaumsa
HavgeHa ana D. montana. Y 3Toro BMaa BbiABNEHa NHcepLma
C MPAKTUYECKN MAEHTUYHBIMU 5" 1 3’ ANIVIHHBIMI KOHLIEBBIMY
NOBTOPaMM B IMHMAX MyX €BPOMNENCKOro 1 a3naTckoro npo-
ncxoxaeHusa. Bospact uHcepumm okono 300 TbIC. €T, ¥ OHa
oTcyTcTBYeT y nHumn D. montana n3 CeepHoit AMepuKu.

KnioueBble CI0Ba: MUTOXOHAPUANbHDBIN FeHOM; PETPOTPAHCMNO-
30HbI; numts; Drosophila; rpynna virilis.

Andrianov B.V,, Romanov D.A., Gorelova T.V. Genetic variation of the nuclear sequences of mitochondrial origin associated with
retrotransposon Tv1 insertions in Drosophila species of the virilis group. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal of
Genetics and Breeding. 2018;22(7):887-894. DOI 10.18699/VJ18.430

he cell has been found in all eukaryotic species studied

so far (Bensasson et al., 2001; Richly, Leister, 2004;
Hazkani-Covo etal., 2010). Fragments of mitochondrial DNA
in chromosomes were called numts (abbreviation of nuclear
sequences of mitochondrial origin) (Lopez et al., 1994). In
the literature, this term is variously capitalized and italicized.
We interpret numt as a genetic term and write it in lowercase
Roman letters. The numbers and lengths of numts vary among
species, depending on the ratios of their acquisition and loss.

The main source of data on the origin and variability of
numts is the comparative analysis of complete genomes. The
numbers of numts in the genomes of different fruit fly spe-
cies vary by an order of magnitude (Rogers, Griffiths-Jones,
2012). Such a significant variation is likely to be determined
by different rates of numt acquisition and loss. In Drosophila,
the frequency of fixation of a new numt type in the genome is
0.75 copies per million years (Rogers, Griffiths-Jones, 2012).
It is natural to assume that the speed of occurrence of new
copies of numts is highly variable in different species.

The number of numts detected in a complete genome de-
pends on search parameters. Therefore, data reported by dif-
ferent authors are controversial. In the genome of Drosophila
melanogaster Meigen (1830), the number of detectable numts
varies from 3 to 6 (Bensasson et al., 2001; Richly, Leister,
2004; Pamilo et al., 2007; Rogers, Griffiths-Jones, 2012;
Hazkani-Covo, Martin, 2017), and this is the least number of
numts among the studied genomes of Drosophila. As reviewed
in (Rogers, Griffiths-Jones, 2012), the numbers of numts found
in other Drosophila species are 5 in D. simulans Sturtevant
(1919), 9 in each of D. yakuba Burla (1954) and D. grimshawi
Oldenberg (1914), 20 in D. erecta Tsacas, Lachaise (1974), 24
in D. mojavensis Patterson (1940), 25 in D. sechellia Tsacas,
Bachli (1981), 26 in D. ananassae Doleschall (1858), 54 in
D. persimilis Dobzhansky, Epling (1944), 59 in D. virilis
Sturtevant (1916), and 67 in D. willistoni Sturtevant (1916).
D. virilis belongs to the group of Drosophila species with
the highest number of numts in the genome. In the nuclear
genome of this species, all sequences of the mitochondrial
chromosome are represented.

Since insertions of fragments of mitochondrial DNA into
chromosomal DNA cause mutations, a significant increase
in the number of numts in the genome can be a marker of
genomic instability. The frequency of mitochondrial DNA
fragment insertion into chromosomal DNA varies in the
course of evolution (Hazkani-Covo, Martin, 2017). It has been
suggested that in most cases the appearance of new numts in
the genome is related to the speciation process (Gunbin et
al., 2017). In this connection, it is of interest to study the as-

_|_he transfer of mitochondrial DNA into the nucleus of
t
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sociation of numts with retrotransposons, since the induction
of transpositions of retrotransposons and numts can cause
genomic instability. Numts are usually integrated into (AT),
microsatellite sites and are often flanked by retrotransposons,
or Alu repeats in humans (Tsuji et al., 2012). In Drosophila,
45 % of numts are located close to retrotransposons of LINE
type and LTR-containing type (Rogers, Griffiths-Jones, 2012).

The search for numts associated with retrotransposons in
the complete genome of D. virilis revealed an insertion of ret-
rotransposon 7v/ into the spacer region between the atp6 and
cox3 numts. Retrotransposon 7v/ was found in the D. virilis
genome and in the genomes of all species of Drosophila form-
ing the virilis group (Andrianov et al., 1999). Retrotransposon
Tv1 is integrated in a site-specific manner into the microsatel-
lite (AT), sequence to form a direct duplication (AT), at the
site of insertion (Andrianov et al., 2010). The presence of
the (AT), microsatellite favors 7v/ integration into this site.
As aresult of 7v/ insertion into the numt, a unique sequence
arises, which can be detected from the genome by a PCR-based
method. Using this approach, we analyzed the variability of
numts associated with 7v/ insertions in D. virilis fly lines, in
D. virilis cell culture, and in the genomes of four species of
Drosophila of the virilis group: D. virilis, D. montana Stone,
Griffen, Patterson (1941), D. lacicola Patterson (1944) and
D. borealis Patterson (1952). All numts associated with the
retrotransposon 7v/ in fly lines are located on the Y chromo-
some. Our data reveal new events of mitochondrial DNA
transfer into chromosomes and new events of 7v/ retrotrans-
position in D. virilis cell culture. This finding brought us to the
conclusion that the emergence of new numt—7v/ associations
were specific markers characterizing genomic instability in
D. virilis cell culture.

Materials and methods

Fly and cell lines. Drosophila lines of species of the virilis
group used in the work were obtained from the Genetic Col-
lection of Insect Lines and Insect Cell Cultures of the Vavilov
Institute of General Genetics of RAS (http://vigg.ru/index.
php?id=337), the Collection of Drosophila Genetic Lines of
the Koltzov Institute of Developmental Biology of the RAS
(http://idbras.comcor.ru/collection/Drosophila.pdf), and the
collection of the Tucson Drosophila Species Stock Center
(http://stockcenter.arl.arizona.edu). All Drosophila lines were
isofemale except for the old laboratory line L160. The charac-
teristics of the fly lines studied are shown in Supplement 1'.
The permanent D. virilis cell line 79f7Dv3g was obtained in
1979 (Braude-Zolotarjova et al., 1986). All Drosophila lines

1 Supplemantary Materials 1-4 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx14.pdf
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PCR primers
Primer Sequence 5'-3’ The genomic nucleotide Primer Species tested
designation sequence taken for primer design specificity with the primer
Dvir0.1F GTCAATGTTCAGAAATCTGTGG D. littoralis 06-17a FJ447340.1 cox2 D. borealis, D. kanekoi,
D. lacicola, D. montana
Dvir4.1F AAGGAACCCCAGCAATTCTT D. virilis 1051.87 BK006340.1 atp6 D. virilis, D. virilis cell line
Dvir5.1R TCGTAAACCAATAGTTACAGGGTAAG D. virilis 1051.87 BK006340.1 cox3 D. borealis, D. lacicola,
D. lummei, D. montana
Dvir5.2R AGCAGGTGGTCATGATGCTC D. virilis 1051.87 BK006340.1 cox3 D. borealis, D. lacicola,
D. montana
Dvir5.3R TCAATATCATGCTGCTGCTTC D. virilis 1051.87 BK006340.1 cox3 D. borealis, D. kanekoi,
D. lacicola, D. lummei,
D. montana
Dvir5.4R TTGTGAATGGTTTCCTTCCA D. virilis 1051.87 BK006340.1 cox3 D. virilis cell line
Dvir6.1F GTAATTCGACCAGGAACTTTAGC D. virilis 1051.87 BK006340.1 atp6 D. borealis, D. kanekoi,
D. lacicola, D. lummei,
D. montana
Dvir6.2F CTCTTTTAGGACCCTCAGGTCA D. virilis 1051.87 BK006340.1 atp6 D. borealis, D. lacicola,
D. lummei, D. montana,
D. virilis
Dvir6.3F TTCTGTATTCGACCCATCAGC D. virilis 1051.87 BK006340.1 atp6 D. virilis
Dvir6.4R TTCCTTGAGGAACTAAATGAGC D. borealis 0961.00 KF669860.1 atp6 D. borealis, D. kanekoi,
D. lacicola, D. montana
Dvir7.1R TTCCCGAATATGAACTGATTTATCT D. virilis Tvl complete sequence LTR Tv1 D. virilis
AF056940.1
Dvir7.2R CAATTCTTTATTTTCACTAACGGCTAC  D.virilis Tv1 complete sequence LTR Tv1 D. borealis, D. lacicola,
AF056940.1 D. montana
Dvir8.1F GCACCCACCCTTTCACAT D. virilis Tv1 complete sequence LTR Tv1 D. borealis, D. lacicola,
AF056940.1 D. montana
Dvir8.2F CAAAGCATTTACGTAAGCAATGA D. virilis Tv1 complete sequence UTR Tv1 D. virilis cell line

AF056940.1

and the cell culture used in this study are available upon
request to the corresponding collections or to the authors of
the article.

DNA isolation, PCR and sequencing of PCR fragments.
Genomic DNA was isolated from Drosophila imagoes and
cultured cells by the conventional phenol-chloroform ex-
traction method (Sambrook et al., 1989). PCR amplification
was performed on a template of total DNA isolated from an
individual Drosophila imago or from 10° cells of permanent
cell culture.

The primers used to amplify the azp6 and cox3 numts associ-
ated with the insertion of retrotransposon 7v/ and fragments of
the mitochondrial genes atp6 and cox3 of Drosophila species
of'the virilis group are listed in the Table. PCR was performed
on an Applied Biosystems (PCR System 2700) thermocycler
with a universal Encyclo Plus PCR kit (Evrogen, Moscow)
as recommended by the manufacturer, the reaction volume
being 25 pL.

PCR schedule: (1) predenaturation at 95 °C for 5 min;
(2) 5 cycles: denaturation at 95 °C for 40 s, annealing at
50 °C for 40 s, and elongation at 72 °C for 60 s; (3) 30 cycles:
denaturation at 95 °C for 30 s, annealing at 59 °C for 30 s,
and elongation at 72 °C for 60 s; (4) postextension at 72 °C
for 7 min.

leHeTMKa XKMBOTHbIX

All conceivable structures of “chimeric” sequences result-
ing from the insertion of retrotransposon 7v/ into the micro-
satellite (AT), sequence between the atp6 and cox3 genes in
the forward and reverse orientations relative to the orientation
of the mitochondrial genes are presented in Figure 1. There
may be four types of sequences, and they correspond to four
types of experimental design to obtain a “chimeric” PCR
fragments

Experiment al. The following pairs of primers were used
to amplify the atp6 numts associated with the insertion of
retrotransposon 7v/ in the forward orientation: (1) Dvir6.1F
and Dvir7.2R, (2) Dvir6.2F and Dvir7.2R, (3) Dvir6.3F and
Dvir7.2R. In case of D. virilis, primers Dvir6.1F and Dvir7.2R
were replaced by Dvir4.1F and Dvir7.1R.

Experiment cl. Primers for cox3 numts associated with
the insertion of 7v/ in the forward orientation: (1) Dvir8.1F
and Dvir5.1R, (2) Dvir8.1F and Dvir5.2R, (3) Dvir8.1F and
Dvir5.3R.

Experiment a2. Primers for atp6 numts associated with
the insertion of 7v/ in the reverse orientation: (1) Dvir6.1F
and Dvir8.1F, (2) Dvir6.2F and Dvir8.1F, (3) Dvir6.3F and
Dvir8.1F.

Experiment c2. Primers for cox3 numts associated with
the insertion of 7v/ in the reverse orientation: (1) Dvir7.2R

BaBuNOBCKMNI XKYpHan reHeTUKN n cenekuyumn « 2018 « 22« 7
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with retrotransposon Tv1 insertions in Drosophila

Experiment al Experiment c1

PrimerallL Primerc1L
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Primer a2l : anerc2L
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Prlmer a2R |

Experiment a2 Experiment c2

Fig. 1. Four types of experiments (a1, a2, c1, and c2) for identification of
atp6 and cox3 numts associated with the insertion of Tv1.

and Dvir5.1R, (2) Dvir7.2R and Dvir5.2R, (3) Dvir7.2R and
Dvir5.3R.

PCR of mitochondrial genes. Primers for fragments of mi-
tochondrial genes a#p6 and cox3 of Drosophila of the virilis
group (1) Dvir0.1F and Dvir6.4R for D. borealis, D. kanekoi,
D. lacicola, and D. montana; (2) Dvir6.2F and Dvir5.1R or
Dvir6.1F and Dvir5.3R for other Drosophila species of the
virilis group.

The results of electrophoretic fractionation of PCR frag-
ments formed by atp6 and cox3 numts associated with the
insertion of retrotransposon 7v/ are presented in Supple-
ment 2. The sizes of the PCR fragments can be indicated only
approximately, because atp6 and cox3 numts reveal indels in
interspecific and, sometimes, intraspecific comparison, and
the lengths of the spacer sequence between atp6 and cox3
differ among species.

Cloning. PCR products were run in agarose gel, eluted, and
purified with an elution kit (Zymoclean™ Gel DNA Recove-
ry Kit, Zymo Research, USA) according to manufacturer’s
recommendations. All PCR products were cloned prior to
sequencing. PCR product cloning was performed using the
pGEM®-T Easy Vector System according to standard proto-
cols (Fermentas InsTAclone™ PCR Cloning Kit). The result-
ing clones were sequenced. At least three independent clones
were sequenced for each PCR fragment. Sequencing of the
amplification products was conducted with both primers on
an ABI PRISM 3500 instrument using a BigDye® Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems, United
States), according to manufacturer’s recommendations.

Phylogenetic analysis. Alignment of the resulting se-
quences and phylogenetic analysis were carried out in the
MEGA®6.06 program (Tamura et al., 2013). For construction
of dendrograms, we used the NJ method and the Kimura
evolutionary model. The bootstrap support of 1000 replicas
was used. Indels were removed from the compared sequences
prior to the construction of dendrograms.

Results and discussion

To provide a basis for further work, we characterized atp6
and cox3 numts and associated insertions of retrotransposon
Tv! in the genome of D. virilis (Fig. 2).
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Experimental search for chimeric sequences of azp6 numt —
TvI in fly lines of D. virilis of different geographical origins
revealed the expected nucleotide sequence corresponding to
the D-01 map (see Fig. 2) in all fly lines examined. We com-
pared five D. virilis lines of different geographic origins (see
Supplement 1). They all contain the same numt. The nucleotide
divergence of this atp6 numt from the atp6 mitochondrial
gene of D. virilis is 0.09. The amino acid sequence contained
21 substitutions. This numt has no internal termination codons.
Insertions of 7v/ are also the same in different fly lines, ex-
cept for the insertion of 7v/ in line L160. The 7v/ associated
with the atp6 numt in this line has several point nucleotide
substitutions and two small deficiencies in the LTR sequence.
The lengths of numts in the genome of D. virilis flies and in
the permanent cell line are constant, being the same as in the
corresponding mitochondrial sequence. The genetic maps of
all experimentally obtained numts of D. virilis associated with
the insertion of 7v/ are presented in Supplement 3. Differences
in the length of PCR fragments, observed only on the DNA
template of the cell culture, are determined by differences in
the length of LTRs of retrotransposon 7v/. These differences
in length are due to the presence or absence of 40-bp long
duplications. Only one type of association of afp6 numts
with 7v/ in direct orientation was found in fly genomes, and
there were no associations of cox3 numts with 7v/, whereas
in the cell culture all the four possible types of associations
were identified (see Supplements 2 and 3). Consequently, they
emerged in the cell culture in the process of cultivation after
the obtaining of this culture in 1979 (Braude-Zolotarjovaetal.,
1986). Unfortunately, the D. virilis cell line was established
from a fly line that has been lost, and presently they cannot be
compared. However, with regard to the fact that D. virilis is a
nearly monomorphic species (Mirol et al., 2008), we can use
extant fly lines for comparisons with the D. virilis cell line.

This raises the question of the origin of these numts and the
origin of 7v/ insertions. Theoretically, there are two possible
sources of new numt insertions in the genome: mitochondrial
DNA and previously arisen numts (Hazkani-Covo et al., 2003).
To make it clear, we conducted a phylogenetic analysis of
the variability of the obtained numts and the corresponding
sequences of mitochondrial genes. The result of the compari-
son of mitochondrial genes with numts is shown in Figure 3.

We detected almost complete identity between the newly
emerged numts in the cell culture and the sequence of the
mitochondrial gene of D. virilis, and significant differences
from the numts of D. virilis flies. Consequently, the numts
that arise in the cell culture descend from mitochondrial DNA
rather than from preexisting numts. The genome-derived
numt associated with the insertion of 7v/ belongs to the most
divergent and probably the oldest insertions of numts in the
D. virilis genome. Comparison of the variability of numts and
associated copies of 7v/ provides an answer to the question
of the differences in age of these insertions. In doing it, we
analyzed the 7v/ LTR nucleotide variability from 7v/ inser-
tions in the numts. The result of the phylogenetic analysis of
TvI LTR variability is presented in Figure 4. In silico search
revealed 12 types of 7v/ LTRs in the D. virilis genome. We
also found two currently active types of 7v/ in the cell culture
(Fig. 4). These types differ from the 7v/ copy associated with
the numt in the genome. Hence, both numts of D. virilis and
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Fig. 2. Schematic representation of all atp6 and cox3 numts from the complete genome of Drosophila virilis line TSC # 15010-1051.87

(GenBank accession number: AANI00000000.1).

Each numt is assigned a unique name to the left of the map. Numts atp6 D-01 and D-02 are associated with insertions of retrotransposon Tv1

in the direct orientation.

the associated 7v/ LTRs in the cell culture are among the
youngest sequences in their groups, and they arose during
the cell culturing. The ages of the numt and 7v/ insertions in
the cell culture match.

To find out whether 7v/ insertions always occur in newly
formed numts, we searched some Drosophila species of the
virilis group for associations of numts with 7v/ according to
the experimental design shown in Figure 1. Numts marked
with TvI insertions were identified in D. virilis, D. borealis,
D. lacicola, and D. montana. Genetic maps of the PCR frag-
ments are presented in Supplement 4. Insertions of 7v/ in the
direct orientation with respect to atp6 and cox3 were found
in D. lacicola. The nucleotide divergence of the cox3 numt
from the sequence of the corresponding mitochondrial gene
of the same species is 0.05, and for the two detected atp6
numts, the nucleotide divergences are 0.06 and 0.07. The
numbers of amino acid substitutions for these numts are 6,
5, and 9, respectively. None of the nucleotide substitutions
generated termination codons. These two D. lacicola atp6
numts are associated with different copies of 7v/ (GenBank
accession numbers: KX399470, KX399471). As inferred from
the intercomparison of these numts, they diverged after the
transfer to the nucleus. A total of 14 nucleotide substitutions
were found; of them, 5 in the first position, 6 in the second,
and only 3 in the third position of codons, respectively. Note
that in the mitochondrial genome most nucleotide substitu-

leHeTMKa XKMBOTHbIX

tions fall in the third position. It is reasonable to suggest that
the observed differences accumulated after the transfer of the
sequences to the nuclear genome.

Insertions of 7v/ in the reverse orientation relative to atp6
and cox3 were found in the genome of D. montana. The
nucleotide divergence of the detected numts from the cor-
responding mitochondrial genes of this species is 0.09. This
level of nucleotide divergence suggests that the divergence
of the numts is ancient. We found 12 amino acid substitu-
tions and 1 termination codon. The cox3 numt of the same
species has 15 amino acid substitutions and 3 termination
codons. In total, four lines of D. montana were analyzed. In
the 1021.13, 20 OL8 and KR 13-09 fly lines, atp6 and cox3
numts are associated with retrotransposon 7v/ in the reverse
orientation. The 5" and 3’ LTRs of this 7v/ are nearly identi-
cal, which suggests a recent insertion of retrotransposon 7v/
into the ancient numt. In D. montana line 1021.19 from North
America, these numts were not found. In this line, we found
another cox3 numt, associated with the retrotransposon 7v/
in the reverse orientation. The nucleotide divergence of this
numt is 0.05; it has seven amino acid substitutions and one
termination codon.

An insertion of 7v/ in the reverse orientation with respect
to cox3 was found in D. borealis. The nucleotide divergence
of the detected numt from the corresponding mitochondrial
DNA is also large, 0.12. There are 14 amino acid substitu-
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Fig. 3. Reconstruction of the phylogenetic tree of atp6 numts from the
genome of the permanent cell culture of D. virilis and D. virilis fly lines,
in comparison with the mitochondrial atp6 genes of various Drosophila
species of the virilis group.

As an external group, we use atp6 of D. melanogaster. Each of the atp6 numts
of D. virilis found during in silico analysis of the complete genome is indicat-
ed with a capital letter and two digits. The genetic maps of these numts are
shown in Figure 2. The atp6 numt from the genome of D. virilis flies of the Dv40
line is marked with an arrow. The atp6 numts from the genome of the cell cul-
ture of D. virilis isolated in our experiments are indicated with a curly brace.
The first two characters in the names of the experimentally obtained numts
indicate the type of experiment in which the nucleotide sequences were ob-
tained. Nucleotide sequences were submitted to GenBank under accession
numbers JX560766-JX560769 and KF669862-KF669864. Nucleotide sequenc-
es of mitochondrial genes of the corresponding species of Drosophila of the
virilis group were submitted to GenBank with accession numbers KX399463,
FJ536196, FJ536199, FJ536203, and FJ536204. Mitochondrial sequences are
marked with black circles.

tions and 3 termination codons. In addition, D. borealis has
an unusual insertion of retrotransposon 7vI, located at the
beginning of the atp6 gene rather than between the atp6
and cox3 genes. The detected numt includes a#p6 and cox3
sequences associated with 7v/ in the direct orientation. The
nucleotide divergence of this atp6 numt from the D. borealis
mitochondrial afp6 gene is 0.14; it has 31 amino acid substitu-
tions and 1 termination codon. The nucleotide divergence of
this cox3 numt from the D. borealis mitochondrial cox3 gene
is 0.13; it has 11 amino acid substitutions and 2 termination
codons. All the detected atp6 and cox3 numts are associated
with retrotransposon 7v/ only in males (see Supplement 2),
which points to their location on the Y chromosome. It can be
assumed that the Y chromosome is the preferred place of the
preservation of numts, whereas in other parts of the genome
these sequences are rapidly lost.

Phylogenetic analysis reveals characteristic differences
in the time of the emergence of numts and insertions of 7v/
(Figures 5 and 6). Figure 5 shows the phylogenetic reconstruc-
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Fig. 4. Reconstruction of the phylogenetic tree of Tv1 LTR sequences
associated with atp6 numts.

0.005

LTRs from insertions into the numts of the cell culture are enclosed with a
dashed line, and the LTR associated with the numt from the fly genome is
boxed. The nucleotide sequences of LTR Tv1 were obtained by in silico analysis
of the complete genome of D. virilis line TSC # 15010-1051.87 (GenBank acces-
sion number: AANI00000000.1). The schematic representation and GenBank
accession numbers of the nucleotide sequences of PCR fragments containing
Tv1 LTRs are presented in Supplement 3.
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Fig. 5. Reconstruction of the phylogenetic tree of atp6 numts associated
with insertions of Tv1 in the genomes of flies of the virilis group.

The GenBank accession numbers of the numt sequences are given in Supple-
ment 3. Nucleotide sequences of mitochondrial genes of the correspond-
ing Drosophila lines were submitted to GenBank under accession numbers
KX399453-KX399459. The sequences of the atp6 genes of D. virilis and D. lit-
toralis are taken from the complete mitochondrial genomes of these species,
GenBank accession numbers BK006340 and FJ447340. Mitochondrial genes
are marked with black circles.
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Accoupnauma nacepunii MTAHK v nHcepumin
peTpoTpaHcno3oHa Tvly opo3odun

tion of the divergence of azp6 numts in
Drosophila of the virilis group. In all
examined cases, the time of divergence
between numts and the modern forms of
the mitochondrial genes is about several
million years. The ages of insertions of
retrotransposon 7v/ can be estimated
by comparing different copies of LTRs
associated either with the atp6 or cox3
numts in a particular line of flies. The
analysis is illustrated in Figure 6. If we
assume the rate of fixation of nucleotide
substitutions to be 0.016 substitutions
per site for one million years, the typi-
cal value for noncoding Drosophila se-
quences (Bowen, McDonald, 2001), the
age of 7v/ insertions into the numt of
D. virilis is estimated to be 1.5 million
years. A similar situation is observed in
D. borealis and D. lacicola. The oppo-
site is found in D. montana. Insertions
with nearly identical 5" and 3’ LTRs
are found in the 1021.13, 20 OLS8 and
KR 13-09 fly lines. The age of this 7v/
insertion is about 300000 years, and this
insertion is absent from line 1021.19,
which has another insertion of 7v/.

It is important to note that there is no
coincidence between the ages of numts
and of the associated insertion of 7v/ in
D. montana. Young copies of 7v/ are as-
sociated with the ancient numt. There-
fore, the transfer of these elements oc-
curred independently and at different
times. This fact points to probable dif-
ferences in the molecular mechanisms of
the appearance of numt-7v/ associations
in somatic cells of the cell culture and
germline cells.

Conclusions

We investigated the variability of ap6
and cox3 numts associated with site-
specific insertions of retrotransposon
Tvl in Drosophila of the virilis group
and D. virilis permanent cell culture.
The method of numt detection was based
on the ability of retrotransposon 7v/ to
transpose into the microsatellite (AT),,
sequence and on the presence of this
microsatellite in the spacer region be-
tween the mitochondrial genes atp6 and
cox3 in the mitochondrial genomes of
Drosophila of the virilis group. In the
D. virilis cell line, we found new events
of mitochondrial DNA transfer to the
nucleus and new 7v/ insertions. Most
ofthe new insertions of retrotransposon
Tv1 in the cell culture occur in the newly
emerged numts. As a result, the ages of
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Fig. 6. Reconstruction of the phylogenetic tree of LTRs of retrotransposons Tv1 associated with atp6
and cox3 numts in Drosophila of the virilis group.

The first two characters in the name of a sequence indicate the type of experiment in which the LTR se-
quence was obtained. The next two letters indicate the species of Drosophila: Mo for D. montana, Bo for
D. borealis, La for D. lacicola, and Vi for D. virilis. The next letters indicate the Drosophila line name. The
bootstrap support values are listed at the nodes of the phylogram. Trees are drawn in scale. The lengths
of branches correspond to the frequencies of nucleotide substitutions per site. Estimation of the age of
Tv1 insertions is provided by the formula T = d/2k, where T is age, Ma; d, nucleotide divergence; k = 0.016
(Bowen, McDonald, 2001). The LTR sequences of Tv1 and the associated sequences of numts were submit-
ted to GenBank under accession numbers KX399470-KX399482.

retrotransposon insertions and numt insertions in the cell line are the same. The
opposite situation was found in Drosophila species of the virilis group. Insertions
of TvI occur in ancient numts in the genomes of flies. As a result, the ages of ret-
rotransposon insertions and numts are different. The a#p6 and cox3 numts, which are
associated with site-specific insertions of retrotransposon 7v/, are species-specific
in Drosophila of the virilis group.
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PeKOHCTPYKUIMS CTPYKTYPbI reHO(OHJa Ka3ax0oB
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Mcnonb3oBaHme Ana nsyyeHns reHopoHaa KBasnreHeTuYeCcKmx
MapKepoB — Npr3HAKOB Hebuonornyeckon npupogbl (bammnus,
pop), HO YeTKO Hac/efyIoLWMXCA B MOKONEHUAX, — OAHO 13 Hanpas-
NeHuiA B NONYyNALMOHHON reHeTuKe yenoseka. Ecnv ana nonyna-
umii 3anagHon EBponbl, eBponerickor Yactu Poccnm n KaBkasa

B PONIV KBa3UreHeTNYECKMX MapKepOB BbICTyMatoT dammnmm, To
ana nonynauun LenTtpanbHon A3umn 3¢ppekTrBHbBIM KBa3UreHeTu-
YeCcKnM MapKepomMm ABASETCA pooBan NPUHALNEXHOCTb. B page
nccnefoBaHuii GbI10 NMOKasaHo, YTo A/1A LEeHTPanbHOA3NaTCKUX
nonynAuuii, B 0CO6eHHOCTH Ka3axoB, BO MHOTUX poAax npoche-
XKMBAeTCA MPOUCXOXKAEHME GONbLIMHCTBA YIEHOB POAa OT 06Lue-
ro 6ronornyeckoro npefka. B Hactoswel paboTe npeacTaBneH
aHann3 60sbLLIOro MaccMBa AaHHbIX 0 50 KaszaxcKux pogax y

~4.2 MITH YesioBeK B Hayane XX Beka B CpaBHEHUM C Pa3HO06-
pa3unem Y-XpOMOCOMbI B COBPEMEHHbIX Ka3axCKMX NonynaLunsx.
AHanus cocToAn 13 Tpex 6/10KOoB: onmncaHne pasHoobpasna Kea-
3UreHeTNYeCKNX MapKepoB CTaHAAPTHLIM METOAOM N3OHUMUNY;
CpaBHeHVie NoNynALMIA NO YaCTOTaM KBa3UreHeTNYeCKrX MapKe-
POB; CpaBHEHME KBa3NreHeTUYECKMX U FeHETUYECKMX AaHHbIX. [1o-
CTpoeHo 50 KapT YacToTbl NPeACTaBNeHHOCTY KaXKAoro poaa Ha
TeppuTtopun KasaxctaHa n paga CMeXHblx Tepputopuid. lNokasaHo,
YTO 3TU KapTbl YAaCTOT KBa3UreHEeTNYECKMX MAaPKePOB OKa3blBaOTCA
CKOPPENMPOBaHbI C KapTamu reHeTuYeckrx pacctoaHui. O cBasn
reHeTUYEeCKNX 1 KBa3UreHeTUYeCKrX PacCTOAHWNI CBUAETENbCTBYET
1 TecT MaHTens: o6Hapy»KeHa AOCTOBEPHAs KOPPEensaLna mexay
MaTpuLaMm reorpaduyecknx 1 KBasureHeTMYeCKnx pacctToaHmim
(r=10.60; p < 0.05). AHann3 MexxnonynsaLNOHHON N3MEHYNBOCTMN
BbIABNAET HanbosbLuee MeXrpynnoBoe pasHoobpasre mexay
reorpadnyeckrMmn TeppUTOPUAMI, COOTBETCTBYIOLLUMI COLab-
HO-TEPPUTOPUANbHBIM 06beAHEHMAM Ka3axCKOro XaHCTBA —
XKy3aMm, HeXeNn ApYrum NCTOPUYECKUM TePPUTOPUaIbHbIM 06b-
efiMHeHMAM (deopanbHble roCyaapcTBa, YNycbl, 06nacTu), cylect-
BOBaBLUNM Ha TeppuTopmmn KasaxcTaHa B npefLecTsyioLime 1 co-
BpeMeHHy1o 3noxu. C 3TUMM pe3ynbTaTaMu cornacytoTca rpadukm
rNaBHbIX KOMMOHEHT ¥ MHOTOMEPHOTO LIKaNMPOBaHUA, Ha KOTO-
pbix reorpaduyeckrie nonynAauMm o6beUHATCA B TPW Knactepa,
COOTBETCTBYIOLLME COLNANbHO-TEPPUTOPUASIBHBIM OO beNHEHN-
AM — TPEM >Ky3aM. TO YKa3blBaeT Ha TO, YTO OKOHYATeNIbHOe CTPYK-
TYpUpPOBaHMeE Ka3axCcKoro reHopoHAa MO0 NPON30NTU B SMOXY
CyLLecTBOBaHMA Ka3axCKoro XaHCTBa.

KntoueBble cnosa: FeHOd)OH,El} reHoreorpad)vm; KBa3nreHeTn4yeckmne
MapKepbl; Kasaxuy; pogopacceneHune.
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Applying quasigenetic markers — non-biological traits
which are nevertheless inherited in generations - is one
of the research fields within human population genetics.
For the West European, East European, and Caucasus po-
pulations, surnames are typical quasigenetic markers. For
Central Asian populations, particularly Kazakh, the clan
affiliation serves as a good marker: a set of papers demon-
strated that many clans include mainly persons which bio-
logically descent from a recent common ancestor. In this
study, we analyzed a large (~4.2 million persons) dataset
on quasigenetic markers - the geographic distribution of
50 Kazakh clans at the beginning of the 20th century, and
compared the dataset with the direct data of the Y-chro-
mosomal diversity in modern Kazakh populations. The
analysis included three steps: the isonymy method, which
is standard for quasigenetic markers, comparing frequen-
cies of quasigenetic markers, and comparing the quasige-
netic and genetic datasets. We constructed 50 maps of fre-
quency of the distribution of each clan and revealed that
these maps correlate with the maps of genetic distances.
The Mantel test also demonstrated a significant correla-
tion between geographic and quasigenetic distances
(r=0.60; p < 0.05). The analysis of inter-population vari-
ability revealed the largest diversity between geographic
territories corresponding to the social-territorial groups of
the Kazakh Khanate (zhuzes) rather than to other histori-
cal groups that existed on the territory of Kazakhstan in
preceding and modern epochs. The same is evidenced by
the principal components and multidimensional scaling
plots, which grouped geographic populations into three
clusters corresponding to three zhuzes. This indicates that



KAK UUTUPOBATbD 3TY CTATbIO:

the final structuring of the Kazakh gene pool might have
occurred during the Kazakh Khanate period.

Key words: gene pool; gene geography; quasigenetic
markers; Kazakh; clan.

»KabarvH M.K,, Bananosckuin O.1., Cabuto K.M., Temmpranues A.3., ArgxosaH AT, Kowenb C.M., PamaHkynos E.M., BanaHosckas E.B.
PeKoHCTpyKLMA CTPYKTYpbl reHodOHAa Ka3axoB Mo AaHHbIM 06 UX poaopacceneHn. BaBUnoBCKWI XXypHan reHeTV KU 1 ceneKLnM.

2018;22(7):895-904. DOI 10.18699/VJ18.431

HOW TO CITE THIS ARTICLE:

Zhabagin M.K., Balanovsky O.P, Sabitov Zh.M., Temirgaliyev A.Z., Agdzhoyan A.T., Koshel S.M., Ramankulov E.M., Balanovska E.V.
Reconstructing the genetic structure of the Kazakh from clan distribution data. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov
Journal of Genetics and Breeding. 2018;22(7):895-904. DOI 10.18699/VJ18.431 (in Russian)

TIOIYJISIIMOHHON TEeHETHKE YEJIOBEKa, B OTNINYNE OT U3Y-
4YeHHs TeHO(OH/IOB JIPYTUX BHJIOB, HIMPOKO MCIIOJB3Y-
I0TCSI HE TOJBKO JTaHHBIE MO (DEHOTHITMUECKOMY pa3HoO-
o6paszuto u JJHK-nonmmmopdusmy, HO 1 KBa3UreHeTH4IECKne
MapKepsl — MPU3HAKK HereHeTHueckor mpupozas! (Pesasos
u 1p., 1986), KoTophie, TeM HE MEHee, NePeaaroTcs Herpe-
PBIBHO B TIOKOJICHHSIX OJarosiapsi KyJIbTYpPHBIM TPaIHIHSIM.
HawuGosnee 3¢h(heKTHBHBIME CpEM KBa3UI'€HETHIECKUX Map-
KEpOB SIBISIFOTCS (haMUIINH, HACIIETYIOIINECS: B OCHOBHOM I10
OJTHOPOJHUTEIHCKOMY THITY — OTIIOBCKOW T'€HEaJIOTHUECKOM
nuHuK. W3ydenue damuibHOro hOHIA MPOBEACHO ISl 10-
mysiai 3anagaoit Espomner (King et al., 2006; McEvoy,
Bradley, 2006; King, Jobling, 2009; Martinez-Gonzalez et
al., 2012; Solé-Morata et al., 2015; Martinez-Cadenas et
al., 2016), eBpomeiickoit uactu Poccnn (bamanosckas u jp.,
2011) u KaBkaza (bananosckas u mp., 2000). ITo cpaBHEHUIO
¢ JIHK-mapkepamMu KBa3sUT€HETHYECKHE MapKepbl UMEIOT
CBOM JJOCTOMHCTBA: OHU CEJIEKTUBHO HEUTPAIIbHBL, U JAHHBIE
MOTYT OBITH COOpaHBI HE I HEOONBIINX BBIOOPOK, a JJIs
TotanbHOM nomyssanuu (bananosckas, bananosckuit, 2007).
YCTaHOBIIEHHOE COOTBETCTBHE MEKAY KBA3UTCHETHIECKUMHU
Y TEHETHYECKUMH MapKepaMH MO3BOJISIET NCIIONb30BaTh KBa-
3UI€HETHYECKHE MapKepbl Jyis oleHkH nHOpuauHra (Cavalli-
Sforza, Bodmer, 1971). IToaToMy kK HacTOsIIEMy MOMEHTY
C MOMOIIBIO AHTPOITIOHUMHMKH (TaHHBIE O (aMILTHSIX, POIAAax
U T.11.) U3y4€Ha FeHETUUECKasl CTPYKTypa MHOTUX HOMYJISILIUH
mupa: [laparsas (Dipierri et al., 2011), bomusun (Rodriguez-
Larralde et al., 2011), Yumu (Barrai et al., 2012), Anbanuun
(Mikerezi et al., 2013), l'ouxypaca (Herrera et al., 2014), Ap-
reatunsl (Dipierri et al., 2017), Boctounoit EBpomnst (Scapoli
etal., 2007), Poccuu (bamanoBckas u ap., 2005; CopoknHa 1
np., 2007; TToueurxoBa u nip., 2008; Enpaunosa u ap., 2009;
Tarskaia et al., 2009; Kyuep u ap., 2010; JlaBpsimmaa u ap.,
2011; Yapsnosa u ap., 2014). Mcnons3zoBanue dpammimii B
COYETAHUU C TeHOreorpauYecKuM IOAX0I0M [03BOJISIET
HaISITHO YBUJIETh M3MEHYMBOCTh TEHO(OH/IA C ITOMOIIBIO
kapt (bamanosckwuii u ap., 2001).
bau3kuM K amMuiusm SBIISIETCs TOHSATHE MTAaTPUIIMHEHHO-
TO pojia — IPYIIIIBI JIFOJEH, BO3BOAAIINX CBOE POUCXOKICHNE
K o0memMy npenky. OTHaKo 3TO IOHATHE MTPEXK/IE BCETO COLH-
aJIbHOE: TeHEeAIOTYEeCKast IIeTI0UKa Po/ia B OIHUX CITy4asix MO-
KET COOTBETCTBOBATH OMOIOTHUECKOMY POJICTBY, a B IPYTHX
oTinyarbes. B cutyanusx, Koraa Takoe COOTBETCTBHE HAOMIO-
JIaeTCsl, IPUHAJICIKHOCTD K POy HACIIELYETCsI B TOKOJICHHSX
TaK ke, Kak U Y-XpoMocoMa — OT OoTla K cbiHy. [locnennue
uccienoBanus HacesneHus LienTpanbHoit A3uH 10 H3y4eHUI0
CBSI3M Y-XPOMOCOMBI M POJIOBBIX I'PYII HPEHUMYIECTBEHHO
s kazaxoB (Chaix et al., 2004; Bir6 et al., 2009; Abilev
et al., 2012; XKabarun u np., 2014; Balanovsky et al., 2015;
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Balaresque et al., 2015; XKabarun u ap., 2016; Zhabagin et
al., 2017) BBISBIIIH, YTO OOJIBIIUHCTBO POIOB JICHCTBUTEIILHO
COCTOUT B OCHOBHOM M3 JIFOJIEH, MPUHAUISKAIINX K 00IeMy
OHoNornYecKoMy MPEAKY o My>KCKoi simann. [ToaToMy pox
B onyysuusix LleHTpanbHON A3MU MOXKET paccMaTpruBaThCst
Kak 2 (EKTUBHBIN KBa3UTCHETUIECKIH MapKep — HE MeHee,
ecsin He Ooee, a3 peKkTBHBIN, yeM dammmu B EBpore.

Onupasich Ha 3T TBEPJIO YCTaHOBJIEHHbIE (DAKTHI TECHON
CBSI3M POJIOBON NMPHHAJICKHOCTH JIOKAIBHBIX Ka3aXCKHUX
MOMYJISIMK U UX TeHO(OHIOB IO MapkepaM Y-XpOMOCOMBI,
MBI [PEANPHHSIN CIACAYIONMH MIar ¥ MpoaHaIu3upOBaIH
OOIIMpHBIC JaHHBIE O PACCENIEHUN Ka3aXCKUX POIOB U dac-
TOTE MX IPEJCTABICHHOCTH B pa3HbIX pernoHax Kasaxcrana.
OTH JlaHHBIE OBUIH, BO-TIEPBBIX, MPOAHAIU3UPOBAHBI CTaH-
JTAPTHBIMHU METOAAMH, UCIIOIb3yEMBIMH /ISl KBa3UTCHETHIC-
CKHX MapKepoB, H, BO-BTOPBIX, COTIOCTABJICHBI C MPSIMBIMHU
IeHEeTHYECKUMHU JIAHHBIMH O PacIpelelIeHHH TaIuiorpym
Y-XpoMOCOMBI B Ka3zaxCKux nomyisuusax. Kpome Toro, Ha
OCHOBE MCTOPHUYECKOH MH(POPMANU O MPUHAICIKHOCTH
reorpaduuecKix apeaoB paccesaeHus Ka3aXCKUX MOMyJISIIni
K TEPPUTOPHAIBLHBIM OOBEIMHEHUSAM, CYIIECTBOBABIIUM B
MCTOPHYECKOM TIPOIITIOM Ha Tepputopun Kazaxcrana, Obla
OLIEHEHA MEXIOMYJIALUOHHAsS U3MEHYHUBOCTh JUIS Ka)J0TO
13 TaKUX UCTOPUYECKHX 00BenuHEeHNH ((heomambHbIe TOCy-
JIapCTBa, YIIyChl, )Ky3bl, 00JIACTH) W ONpeJeNieHa UX POlb B
(hopMHpOBaHMN COBPEMEHHOI apXUTEKTOHUKU TeHO(OHIa
Ka3aXoB.

MaTtepwuanbl n metogbl

Marepuanom Ul UCCIIEIOBaHHUS KBa3UT€HETHYECKUX Map-
KEpOB TTOCITYXKMJI CBOJ| CTAaTHCTUYECKUX CBEICHUH MO pac-
CEJICHHIO Ka3axCKUX poioB «Marepuaibl 0 KMPTU3CKOMY
(ka3axCKOMY ) 3eMJIeTIONH30BAHHIO. ..» (~4.2 MitH yernoBek) (Ta-
cuioBa, 2017), 0CHOBaHHBIN HA JAHHBIX ITEPETIMCH HACCIICHUS
Poccwuiickoit uMnepun 006 0COOEHHOCTSIX X035IHCTBA U 3eMJle-
mob30BaHus B KoHIIEe XIX 1 Hagama XX Beka, COOpaHHBIX IO
pykoBozactBoM @. I1lepouna, B. Kysnerosa, I1. Ckpslmiesa,
I1. XBopocranckoro, B. IlepemierunkoBa (Temupranues,
2010). Hu st 6omee paHHUX (B CBA3H C OTCYTCTBHEM CHCTE-
MaTHYECKUX Mepenuceit), Hu st 0osee MO3AHUX MEePHOJIOB
(B CBSI3U C OTCYTCTBUEM B ITOCIICAYIOUINX MEPETIUCIX BOMIPOCa
0 POZIOBOI MPUHAIIIEKHOCTH ) HE IMEETCSI CTOJTB XKe TTOIPO0-
HBIX ¥ JOCTOBEPHBIX JIJAHHBIX O YUCIICHHOCTH NPE/ICTaBUTENCH
Ka)JIOTO Pojia B K&KIOM U3 peruoHoB. Hacrosiieit padoroit
MBI BBOJMIM 3TH YHUKAJIbHbIC JaHHBIC B 00JIe€ aKTUBHBIN Ha-
YUHBII 000POT, IPEICTaBHUB UX B BU/IE AIEKTPOHHBIX TAOINI]
u KapT paccenenust ponoB (Ilpunoxenust 1-3, pazmerieHb
Ha caiite www.reHopoHz.p¢). Beero m3ydeno paccenenue
50 kazaxckux pojoB. [IpoaHann3npoBaHbl YaCTOTHI POJIOB B
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PekoHCTpyKUMA CTPYKTYpbl reHodOoHAa Ka3axoB
Mo AaHHbIM 06 NX pofopacceneHnn

33 nomynsanusx (ye3nax), OTHOCSIIMXCS K BOCBMU UCTOpHYE-
ckuM obmactsam LenTpansHoil Azun Poccuiickolt mMriepun
a TaK)Ke YaCTOTHI POJIOB B MIECTH I'yOSPHHUSIX, TOTPAaHUIHBIX
C LIEHTpaJIbHOA3UaTCKUMH obJacTsimu Poccuiickoit umrepun
(puc. 1). Anst cpaBHEHHUS HCTIOJIB30BANIACH 0a3a JaHHBIX YaCTOT
rarmIorpynn Y-XpoMOCOMBI B COBPEMEHHBIX MOMYISINAX
Ka3axoB (paiioHbI).

AHanu3 JaHHBIX COCTOSUI M3 OMHCAHUS Pa3zHOOOpa3ms
KBA3UTCHETHUECKUX MAPKEPOB CTAHAAPTHBIM METOJIOM H30-
HUMUH; CPABHEHUS! TOIYJISILUI 110 4acTOTaM KBa3MI'€HETH-
YECKHX MapKepOB; CPABHEHMS KBa3HUTCHETHYECKHUX U T€He-
THYECKUX JTAaHHBIX.

[Tpu onucannu pazHooOpazusi HaumeHoBaHust Bcex 50 po-
JIOB pacCMaTpUBAJIUCh B KAaueCTBE ajuleled HEHTpaJbHOIO
MYJIBTHAIUICIIBHOTO JIOKYCa, HACIEIYIOIINXCS IT0 OHOPO/IN-
TEeJILCKOMY THITy. Ha OCHOBE TaHHBIX O YaCTOTaX POZOB B I10-
MyISIIUSAX C TIOMOIBIO TIporpaMMel Excel Ob1H paccunTaHbl
TaKue mapaMeTpsl, KaK:

— ciyyaitHast usonumus (Ir): Ir = Zqzi , [JIE g; — 9acToTa i-ro
poza B MOMYJISIN;

— ciyyaitaeiid naOpumuHT (f)): f, =1/4Ir, cooTBeTcTBYIO-
wui Fg Paiita (Crow, Mange, 1965), B ToM 4HCII€ C BBIYETOM
BKJIaJI0B O0J1ee BBICOKHX YPOBHEN MOIMYIIAIIOHHON CHCTEMbI
(bamanosckas u ap., 2000) o dpopmye:

fr?pal\;IOH—OGHaCTL) =f f

r(paiion) — r(06macts)’

— mokasarelns pazHoobpasus (a): oo = 1/Ir (Fisher, 1943;
Barrai et al., 1996);

—uHAeke murpay (v): v = o/(N+a), tae N — pasmep mo-
nymsiiun (Karling McGregor, 1967; Zei et al., 1983; Piazza
etal., 1985);

—sHrponus pacnpenenenus (H): H=-) q;log, q; (Barrai et
al., 1987, 1989) u moka3arenp u3dbiTounoctu (R): R =100 x
* (log, q;—H)log,q;.

Pacder reHeTHYECKUX PACCTOSHUNA MEKIY MOMYIISIISIMA
(Mo "acToTaM KBa3UT€HETHYECKUX MapKepOB) MPOBOIMICS
cornacHo (Nei, 1987) B mporpamme DJgenetic (Balanovsky
et al., 2008). ['eHeTHUECKHE B3aMMOOTHOIICHUST MEXKTY I10-
MyJSIUSIMA BU3YAJIM3UPOBAIIMCH B IporpaMme Statistica 8
(StatSoft, Tulsa, OK, CIIIA) MeTOI0M MHOTOMEPHOTO IITKa-
JMPOBAHWS U B ITPOCTPAHCTBE TNIAaBHBIX KOMIIOHEHT. Koppers-
IIMOHHBINA TecT MaHTeNs pacCcyiTaH B IPOrPaMMHOM MaKeTe
Arlequin 3.5 (Excoffier, Lischer, 2010), mpu 3TOM cTaTuCTH-
YecKasi 3HAYMMOCTh MapaMeTpoB ObLIa MPOTECTHPOBAHA C
nomonisio 1000 HEmapaMeTprudyeckux nepecTaHoBok. Pacuer
reorpaUECKUX PACCTOSHUNA MEXKIY ye3AaMU POBOIMICS
IO MX TeorpapuIecKuM KOOPANHATAM C TOMOIIBIO ITPOTPaM-
MbI DistGeo (Balanovsky et al., 2011). ['enoreorpagudeckue
KapThl OBITM CO3JaHbI C MOMOINBI0 Mporpammbl GeneGeo
(Balanovsky et al., 2011; Koshel, 2012).

PesynbTaTbl n 06CyxaeHune

XapaKTtepuctuka nonynsuMoHHOro pasHoobpasus

no KBasureHeTUYeCKMM MapKepam

[To oOmmpHOMY CBOY JaHHBIX «MarepHasl O KUPTH3CKOMY
(ka3axckoMy) 3emiterionb30oBanuio...» (Tacunosa, 2017) Obutn
noacurTansl yactorhl ponos (Ipunoxkenue 11), paccmarpu-

1 MpunoxeHuna 1-3 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx15.pdf
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Fig. 1. Map of the Central Asian part of the Russian Empire at the end
of the 19th - beginning of the 20th century (from Harvard World Map:
http://worldmap.harvard.edu/maps/russianempire with modifications).

Oblasts and governorates are indicated by text blocks, and uyezd centers are
shown as dots (Appendix 2).

BaEcMBIX Jlajiee B KaUeCTBE KBAa3UTCHETHUECKUX MAapKEPOB, B
MOMYJIALMAX Ka3axoB Hayana XX Beka (cM. puc. 1).

[Tompo6HbIe XapaKTePUCTUKH Pa3HOOOpa3Hus 4acTOT po-
noB npuBeneHs! B punoxennn 2 (www.reHoQoHI.pd).
31ech OTMETHM TOJIBKO, YTO aHAJIM3 MHOPHMHIA BIIIOJIHEH
Kak I TOMYJSAui (ye3a0B, HIDKHUH aAMUHUCTPATHBHBINA
YPOBEHb), TaK M JUIs O0BETMHEHHBIX OOJIACTHBIX TOMYJISIIAI
(BepXHUI1 aIMUHUCTPATUBHBIN ypoBeHb). [Ipu paccmoTperHnn
00IaCTHBIX MOMYJISIINI caMble BHICOKHE TTOKa3aTelId H30HU-
MuH 1 nHOpuauHTa (f f 110 0.156) oTMeueHBI Ha I0r0-3amaje
(B 3akacnuiickoit 061acTH, KOTOpast TAaKXkKe XapaKTepU3yeTcs
HaMMEHBIIIMM YHCJIOM POJIOB) M Ha ceBepo-BocToke (B Ce-
MUIMAJIATHHCKOM 00nactn). Hanporus, cample HU3KHE TO-
kasarenu uaOpuaunra (7, or 0.003 1o 0.018) ormevarorcs
Ha ceBepo-3amaae Kazaxcrana (Ypambsckas o0nacTe) U Ha
CMEXHBIX TeppuTopusix Poccun, B 3aypanbse u HikHEeM [lo-
BOJDKbE (pernonsl OpeHOyprekas, Camapckasi, ACTpaxaHCKasl,
Byxeesckast Opna). BepositHO, 3TH HaOMONEHUS 0TOOpaKatoT
CJIe/Ibl HCTOPUYECKOTO 3acelICHUS Ka3axaMu 3aBOJDKbS B
cBs3u ¢ oOpazoBanueM bykeeBckoii Opabl B XVIII Beke u
poctoM pomn OpeHOypra Kak aIMHHHCTPATHBHOTO IIEHTpPA
HenTtpanbHoil A3un.

Pesynbrarsl pacuera nuOpuaunra (f,) Ha HUOKHEM aaMu-
HUCTPATUBHOM ypOBHE (ye3IHbIC TOMYISAINN) KapTorpadu-
pPOBaHBI Ha pHUC. 2 B MpeAEiIax COBPEMEHHON TeppUTOpUHU
KaszaxcraHa (McxonHble 3HaY€HUsS NpeacTaBieHsl B [Ipu-
JOKEeHUN 2). 3HaUueHUs BAPBUPYIOT Ha LENBIH MOPSAIOK: OT
f, = 0.024 nns momymsmmn KAZ 29 (IlepoBckuii yesn) 1o
f.=0.227 ans nonyisinun KAZ 25 (KpacHoBozackuid ye3n).
ITatTepn cmyuaifHOTO MHOpUAMHTA KaK Ha YPOBHE yE3IIOB,
TaK W NPH aHann3e o0acTeil BBISBISIET BBICOKHE 3HAUYCHUS
Ha I0T0-3al1a/ie, HO TaK)XXKe MOKa3bIBAeT, YTO BTOpasi 00J1acTh
MaKCUMyMOB Ha CEBEPO-BOCTOKE SIBIACTCS reorpaduuecKu
Oosiee OOIIMPHON M 3aXBaTHIBACT YACTh IIEHTPAIBHBIX paiio-
HoB Kazaxcrana.

s LenTpansHOH A3nu, IO JaHHBIM JPYTHX HCCIIEIO0-
BaHMH, MCIOIB30BABIINX METO/l N30HUMHU Ha OCHOBE WH-

BaBuNOBCKMNI XKYpHan reHeTUKN n cenekuyumn « 2018 « 22« 7
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Reconstructing the genetic structure
of the Kazakh from clan distribution data

50° 60° 70°

M.K. Zhabagin, O.P. Balanovsky, Zh.M. Sabitov ...
S.M. Koshel, E.M. Ramankulov, E.V. Balanovska

80° 90°

Prediction of random inbreeding
from frequencies of quasigenetic markers
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Fig. 2. Random inbreeding distribution predicted from data on quasigenetic markers.

The color scale illustrates the values of a character: purple for maximum values to white for minimum ones. The right upper corner of the
legend shows statistical parameters of the numerical model of the character: K, the number of reference sites; N, the number of map grid
nodes; min, minimum; max, maximum; avg, average value; std, standard deviation. Correlation coefficients: Rlat, with latitude; Rlon, with

longitude.

(hopMaru 0 poOBOH MPHUHAUICKHOCTH, B CEILCKUX TOIY-
JSIUUSIX YCTAHOBJIEH BBICOKHMH YPOBEHb MHOPHIMHIA U B
Typxmenun, u B Y30exucrane (bouko u nip., 1984), mpuaem
B ATUX K€ TOMYJSIINAX OTMEUACTCS M BBICOKAsl OTSATOIICH-
HOCTb HacJIEACTBEHHOHU natonorueil. Iloatomy oOHapyxeH-
HBI HAMHM MaKCHMaJbHBIH HHOPUANHT B JTAHHOM HCCIIEIO-
BaHMU B IIPE/IeNax [Oro-3amajHbIX U CeBepO-BOCTOUHBIX Ka-
3aXCKHX TOIYJISIIUI TT03BOJISIET MPOTHO3UPOBATH BBICOKUI
TeHEeTHYeCKHH rpy3 B 9THX pernoHax Kazaxcrana, u, COOTBET-
CTBEHHO, YKa3bIBAaCT Ha IEPCIIEKTUBHOCTD UX MPSIMOTO IreHe-
THKO-3ITHJEMHOJIOT NYECKOT0 00CIEeI0BAHHUSL.

CpaBHeHMe KapT pacnpocTpaHeHNA poAoB
M reHeTNYeCKNX faHHbIX
ITo manuemM IIpunoxenns 1 6puta mocTpoeHa cepust u3 50
KapT pacrnpocTpaHeHus oTneNnbHbIX ponos (ITpunoxenue 3,
www.renodona.pd). Ha puc. 3 mpeacraBiieHbl IpUMEpsI
Takux Kapt (st pomoB Kermmrak, baityner, Hatiman, lynar).
SIBIISISICH JIMIIB OJJHUM M3 PE3YJIBTaTOB HAILIETO HCCIIeJOBAHMS,
MIPE/ICTABICHHBIE KapThl UMEIOT IIEPBOCTENEHHYIO HOBH3HY
JUIsl 3THOTPa(OB ¥ UCTOPUKOB, IIOCKOJIBbKY TTOJOOHBIE KapThl
pozopaccesieHus MoCIeHNHN pa3 peKOHCTPYHUPOBAIINCH B Ha-
YUHBIX paboTax oiryBekoBoii gaBHocTH (BocTpoB, MykaHoB,
1968), a HOBBIE KapThl, OCHOBAHHBIC HA YETKUX aITOPUTMAax
pacdeTa n BU3yaJHM3alliH, CO3/IaHbI BIICPBHIC.

OTH KapThl poiopacceeH s KpaitHe MOJIE3HbI B HCCIIEN0-
BaHWIX CTPYKTYpPHI reHOpOHIa KazaxoB. Ha puc. 4 mokaszana
TECHasl CBsI3b MEK/IY PaclpOCTpPaHECHHEM KBa3HTCHETHYE-
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CKOTO Mapkepa (pacceileHneM pona AprbiH), 9acTOTH OT-
JIEIBHOTO T€eHEeTUYEeCKOTro Mapkepa (ramiorpynmnsl G1-M285
Y-XpoMOCOMBI) 1 XapakTeprcTHKoH reHodonna Kapkapamma-
ckoro pariona Kazaxcrana (rme nons mpencraBuTeneii pona
AprbiH 0COOEHHO BBICOKA) 110 COBOKYITHOCTH I'€HETHYECKHX
MapkepoB. [IpakTiyecky MOITHOE COBIAIeHNE ITHX KapT Hil-
JIIOCTPUPYET U MOATBEPKIACT TO, UTO IAHHBIE O PACCEIICHUHT
POIOB MOTYT OBbITh 3((GEKTUBHBI JUIsl IPOTHO3a TeHO(POH A
B MOMYJISAUSX, TJ€ MPSIMbIE TEHETUYECKUE TaHHbIE MTOKa HE
noyueHsl. Takoe coBIajieHue KapT MO3BOJISET CAEIATh eIle
OJUH BaKHBIA BBIBOJ. IIO0CKOIBKY KapThl pOAOpACCENECHUs
[I0JIy4€HBI HAa MaTepuaiax Hadana XX BEKa, a TeHETUYECKUE
JTaHHBIE NPE/ICTABISIOT COBPEMEHHOE HACEJIEHHE, 3TO CITy’KUT
KOCBEHHBIM apryMEHTOM, YTO HaceJieHHe OOJIBIINHCTBA pe-
THOHOB COXPAHSUIO TEHETHUECKYIO IPEEMCTBEHHOCTD C KOHIIA
XIX no magama XXI Beka.

Ponb nctopryecknx nonynALNOHHbIX 06beAUHEHMI

B popMMpoBaHNN CTPYKTYPbl Ka3axcKoro reHo$poHaa
MesxnomymsiiOHHAas H3MEHYHUBOCTD 110 BCEH COBOKYTTHOCTH
(39 momynsamuii, BKIOUaomux 33 ye3qHbIE MOMYIAINN U
6 conpenenbHbIX TYOSpHHUI) TOCTUraeT BHICOKMX 3HAYCHUH
Fgr=10.35. {1 KonM4€eCTBEHHOM OLIEHKH CBA3H MEXKIIOIYIIs-
IIHOHHOHN N3MEHYMBOCTH U Te0TpauIeCKIX PacCTOSHIN MPo-
BesieH TecT ManTenst. Mexty 33 ye3namu ObUTH Onpe/ieNICHbI
reorpapuyeckue paccTossHusL. Mex 1y STHMH e ye3JaMu Ha
OCHOBE 4acCTOT POJIOB ObIIH PACCUNTAHBI KBA3UTECHETUIECKUE
PacCTOSIHUST aHAJIOTHYHO T'€HETHYECKUM paccTosHusM Hest.

Population genetics
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Fig. 3. Geographic distribution of some Kazakh clans: (a) Kypshak; (b) Bayuly; (c) Nayman; (d) Dulat.
Dots indicate Kazakh populations studied. The color scale illustrates the proportions of a clan in the population from purple (100%) to light-green (1%). Other

panels of the legend show statistical parameters of mapping.

CormocTaBieHne MONYyYeHHBIX ABYX MaTpHIL — reorpadude-
CKHX M KBa3MI'€HETHYECKUX PACCTOSHUH — JEMOHCTPUPYET
JIOCTOBEPHYIO BBICOKYIO KOppEJSLNI0 Mexay HuMu: 7 = 0.60
(» <0.05).

OTOT pe3yibTaT yKa3blBaeT Ha HU3KYI0 MHUIPALIHOHHYIO
AKTHBHOCTb Ka3aXCKOT'O HACEJIECHHS M MO3BOJISIET MEPEHTH K
aHAJIN3Y POJIM PA3IMYHBIX HCTOPUYECKUX COIMAIBHO-TEP-
PpHUTOpHATBHBIX 00beanHEeHnH. 1 peannzanmu 3ToH nenu
nposeneH anainu3z AMOVA (tabiuua), monyisuund ObLIH
CTPYTITAPOBAHBI COTIIACHO JAHHBIM 00 MCTOPHUYECKHUX 00-
pa3oBaHusX Ha TeppuTopun Kazaxcrana.

[lepBast rpynmnupoBKa MOMYISLUN («rocy1apCTBEHHASN)
OTpaXkaeT TPU TOCYIapCTBEHHBIX 00PAa30BaHUS B AIIOXY PaH-
Hero ¢peomammma (750—1050 rr.): Kumakckoe rocynapcerso,
Kapiykckoe rocynapcrso, Orysckoe rocyaapcrso. [Ipearo-
JIaraeTcsl, YT0 OHU MO BBICTYIHTh OCHOBOIOJIATAOIINM
(hakTopoM (OpMHpOBaHUS CTPYKTYpPbI TeHO(OHIa COBpe-
MEHHBIX Ka3aXOB.

Bropas rpynmupoBka TOMyIAnnil («yIycb») — TEPPUTO-
pHaATBHO-aIMUHUCTPATUBHOE HACIEeANE UMIepun YuHTHC-
xaHa — yiycel Jkyuu, Yrones u Yararasi, CylecTBOBaBIINe
Ha TEPPUTOPUH PACCENECHHS UCCIEIYEMBIX MOIYISIUN C
XIII mo XV Bek. JnuTenbHbIi Meproj CylIeCTBOBAaHUS Ta-

nOﬂyﬂﬂLWIOHHaiI reHeTukKa

KOT'O TEPPUTOPUAIIBHOTO AeJIeHUs] MOHIONbCKOW MUMIIEpUN
W CMEHA CIIOKUBIIUXCS PaHHE(EONANBHBIX B3aUMOCBSI3EH
MOIJIH CTEPETh C(HOPMHUPOBABILYIOCS H3HAYATBHYIO CTPYKTYPY
(«rocynapCTBEHHYIO)) U 3aJI0XKHTH IPYTYIO OCHOBY («YITyCBI»)
JUISl CTPYKTYpPHPOBAHHS TCHOPOH 1A,

Tperbst rpynnupoBKa HONYJSIIUN («Ky3bD») — COLIMAIb-
HO-TEPPUTOPHATBHOE TOJPA3EeICHNE Ka3aXCKOro XaHCTBa
(1465—1847) — Crapwmmii, Cpenunii, Mmaammii xy3sl, Cy-
IIECTBYIOIIHME MOHbIHE. BeposTHO, IMEHHO COIMATIbHO-TEP-
PUTOPHANIbHBIE OTHOIIEHUS, CIOKHUBIIMECS B Ka3aXCKOM
XaHCTBE, BBICTYITHJIN B Ka4eCTBE HOBOTO OCHOBHOTO (hakTOopa
B CTPYKTYpUPOBaHHU TeHO(POH .

UetBepras TPyNIHPOBKA MOMYISIAN («TyOepHUI) OTpa-
JKaeT TEPPUTOPHUANIBbHO-aIMUHUCTPATUBHOE JAeneHue Poc-
cuiickoif ummnepuu B LlenTpanbHoit Azun: CtenHoe reHepai-
rybepHaTopcTBO, TypKecTaHCKOe TeHepalI-ryOepHaTOPCTBO
n 3aypasbcKasi KUPrU3CKasi CTeNb (M3BECTHA TakKkKe Kak
Openbyprckoe BenomcTBo Wi Kazaxu OpeHOyprckoro
BemoMcTBa). HecoMHEHHO, OTHOH U3 1eliell KOJIOHUaIbHOTO
TEPPUTOPUAITBEHO-aIMHHUCTPATUBHOTO JIEJICHUST OBLI TIepe-
BOJI KOUEBHHUKOB K OCEJIOCTH. DTO MOIVIO TAK)KE BBHICTYIIUTh
3HAYUMBIM (aKTOPOM B JaJbHEHIIeM IepecTpyKTypHpOBa-
HUU TeHO(OH/IA.
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[IsTast rpynmupoBKa («COBpEMEH-
Has») OTpakaeT COBPEMEHHOE pacIipe-
JIeNIeHNe TOMYISAINA MEXAy I'paHuIa-
mu rocynapets (Kazaxcrana, Poccun n
crpan Cpenneit Azum).

Haumensbiast MeXrpymmnoBas H3MeH-
4nBOCTS (3.6 %) ObLiTa BBISIBIICHA NMCH-
HO TIPH TSTOH («COBPEMEHHOW») IpyTI-
MUPOBKE (CM. TabIHILy). DTO yKa3bIBAET
HA TO, YTO MEKTy COBPEMEHHBIMH Ka3ax-
CKUMH TIOMYJIIIUSIMH Pa3IMYHBIX TOCY-
JIApCTB HET CYIIECTBEHHBIX pa3IH4Ul
MpU AOMYIIEHUH, 9TO OONbIIas 9acTb
COBPEMEHHBIX ITOITYIISIIUHN SBIISIETCS IO~
TOMKaMH HACEJEHHUS TeX Ke ye3/0B.

MaxcumManbHOE 3HAYCHHUE MEKTPYII-
noBoit m3menunBoctu (12.3 %) nomy-
YEHO NMPU OOBEAMHEHHUH MOIYJISIHUH,
COTJIACHO COIHATIFHO-TEPPUTOPUATBHO-
My TOJpa3/eJICHUIO BPEMEH Ka3aXCKO-
TO XaHCTBa (Ky3bl), CyIIECTBOBABIIEMY
He MeHee 550 mer Tomy Hazan. Takoii
pe3yabTar CBUACTEIBCTBYET O TOM, UYTO
OKOHYATeJIbHOE CTPYKTYpHUPOBaHHE Ka-
3aXCKOT0 TeHO(POHA MPOU3OIIIO BO
BpEMsI Ka3aXCKOTO XaHCTBa.

Pe3ynbrarel TpyNIUPOBKYU MOMYIS-
it o 6oIree paHHUM TeorpaduIecKuM
TOPAa3/IeNICHNSIM yKa3bIBalOT Ha 3HAYH-
Moe Haciieaue MOHIOJIbCKOM uMIepuu
(«ymycer», 10.7 %) 1 O3BOISIOT TIpe-
TIOJIOKUTB, 4TO yKE B 3110Xy MOHI0JIB-
ckoit ummnepun (3omotas Opja) HauW-
HaeT (GOPMHUPOBATHCS MPOCTPAHCTBEH-
Hasl CTPYKTYypa COBPEMEHHOT'O TeHO(OH-
Jla Ka3axoB.

[ToxydeHHble pe3ynbTaThl CKIOHS-
0T 4Yamly BECOB B IOJIb3Y THITOTE3bI
T.N. CynraHoBa, yKa3bIBaloIIei, 4To
’Ky3bI BO3HHKITH ITOCTIE paciaia 30710ToH
Opaet (Knsituropasiid, Cynranos, 1992;
CaburoB, 2014), Hexxelu B CTOPOHY aJlb-
TEPHATUBHON THUTOTE3H (AMaHKOJIOB,
1959), mocTymUpYIOIIEH, YTO Ka3aXu IO
pasnenuiuch Ha xKy3bl eiie B X—XII Be-
Kax, 70 oO0penuHeHNs UMHTHUCXaHOM
TIOPKOB M MOHT'OJIOB B OJTHY MMIIEPHIO.

Pesynbrarer ananuza AMOVA non-
TBEP)KIAIOTCA M JPYTUMH METOMaMH.
Tak, npu aHanM3e IABHBIX KOMITOHEHT
Ha BepXHEeM (00JIACTHOM) YPOBHE aIMH-
HUCTPATUBHOTO JIEJNICHUs Teorpadude-
CKHE TONYJISIINU O0BEINHSIOTCS B TPH
KJIacTepa, COOTBETCTBYIOIINE COIUATb-
HO-TePPUTOPHATEHBIM 00bECINHEHUSIM —
TPEM JKy3aM Ka3axoB: O-KJIacTep oTpa-
JKaeT CTaplIuid xKy3; B-Kiactep — cpel-
HUH; y-KI1acTep — MITa I Ky3 (puc. 5).

AHanu3 Ha HIOKHEM YPOBHE aIMUHH-
CTPaTHBHOTO JiesieHus (Ye3/1bl) METOJIOM
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The proportion of interpopulation variation (F;) among Kazakh populations grouped according to five different historical models

of the territorial structure

Basis of division Groups Number Percentage of variation (%)
of populations e
among populations among groups
within groups
Modern states Kazakhstan 27 33.07 3.58
Russia 5
Central Asian States 7
Administrative subdivision Steppe Governorate General 17 29.40 7.07
of the Russian Empire TurkestanGovernorateGeneral10 ..........................
TransuraIKlrghlzsteppe12 ..........................
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Fig. 5. The principal component analysis plot of regional Kazakh populations from the dataset on quasigenetic markers.

MHOTOMEPHOTO IIKaJIMPOBaHMS JIEMOHCTPUPYET TaKXke OT-
YETJIMBBIC PA3INYMs MEKAY B3aMMOOTHOLICHUSIMHU yE37I0B:
OTIPEAEIISIOTCS TE K€ caMble KiacTepsl (puc. 6). B nmpexenax
B-kimacTepa 0OHAPYKUBACTCS COMMIKEHUE FOrO-BOCTOUHBIX
nomynsinit KAZ 8, KAZ6, KAZ 3, KAZ 4 (Cemumnana-
tuHCKON M CemupedeHckol obmacrei) u cBsa3b ¢ KAZ 32

I'Ionynnu,wouuaﬂ reHeTukKa

(Camapkanckoii 00J1acTH), BEPOSITHO, CBSI3aHHOE C MUTpa-
ueit kazaxo B Camapxkang (Vcropust HapooB Y30ekucrana,
1947). IlpumeyarenbHO, YTO HAOIIONACTCS TaKXKe YETKOE
pazjesieHrne MexXIy MOMyIsusiMU B0k ChIpAapbu — HU30-
Boie (KAZ 28, KAZ 29, KAZ 31) u Bepxoseie (KAZ 26,
KAZ 27, KAZ 30) ye3nsl CoIpaapbHHCKONH 00TaCTH.
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Fig. 6. Location of Kazakh subpopulations of lower administrative units (uyezds) in the multidimensional scaling plot according to quasigenetic markers

(stress value 0.18, alienation coefficient 0.19).

Colored circles indicate to what oblasts uyezds belong. The designations of uyezd populations are shown in Appendix 1 (www.reHodpoHa.pd).

Taxum 06pa3oM, 0COOEHHOCTh apXUTEKTOHUKH Ka3aXCKOU
TOMYJISIUH — €€ POIOTUIEMEHHAs CTPYKTYpa — O3BOJIMIIA HAM
UCIIONB30BATh PO/Ia B KAUECTBE KBA3UT€HETHUECKUX MAPKEPOB,
BIIEPBbIE BBECTH B HAYUHBIH 000POT OOJIBIIION MAaCCHB JJAHHBIX
0 poJax y Ka3aXoB U BBISIBUTH CXOJICTBO MAaTTEPHOB M3MEH-
YHUBOCTU KBASUT'CHETUYCCKUX MAPKCPOB U MPAMBIX T'€HCTU-
YECKUX TaHHBIX 0 moauMopdm3me Y-xpomocomsl. MzyueHne
CTPYKTYpPBHI TeHO(OH/Ia Ka3aXxoB Ha OCHOBE renoreorpadu-
YECKOTO IMOJIX0a M METO/Ia M30HUMHUHU OOHAPYXKHIO Oojee
BBICOKHMH YPOBEHb MHOPHIMHIA B MOMYJSIIMAX IOr0-3amaja
1 CEBEPO-BOCTOKA. BRICOKHE MEXIOMYISIIMOHHbIE Pa3InIus
MIPOSIBIISIIOTCS OOJIBIIE BCEr0 MEX/1y peruoHaMH, OTHOCHB-
IIAMHECS K pa3HbIM COLMAbHO-TOCYJapCTBEHHBIM 00pa3oBa-
HUSIM B TI03/IHEMOHTOJILCKHH riepuox u repuoj Kasaxckoro
XaHCTBA, U M03TOMY MOIIIM C(DOPMHUPOBATHCS B 3TH JIOXH.
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