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BakaeMble unrarenu! [Ipemiaraem Barre-

My BHUMaHUIO OYEPEJHOMU BBIIIYCK JKYyp-

Hauna. Ero oTkpbIBaeT pyOprka « AKTyash-
HBIC TEXHOJIOTHN», B KOTOPOI HPE/ICTaBICHBI
pe3yabTaThl UCHOJBb30BAHUS COBPEMEHHBIX
METOANYIECKHX MOAXOJ0B JUIS PEIICHHS 3a/1a4
KJICTOYHON OMOJIOTHH, TEHETHKH PACTCHUH 1
JKUBOTHBIX. O030pHas CTaThsl pacCKa3bIBaeT
o texHomnoruu single-cell, mo3Bomsromei pa-
60TaTh ¢ eAMHUYHBIMH KieTKaMH. OTHCaHbI
T1aTopMBbl JIJIsl TIPOBE/ICHHS BBICOKOTIPOU3-
BOANTEIBHOTO CEKBEHHPOBAHUSI TPAHCKPUIITO-
MOB KJIETOK, 9TaIlbl X MOJTYyYCHHS ¥ aHAJIH3A.
B cnenyrommem 0030pe paccMOTPEHbI TEXHOIIO0-
THYECKHE 0COOCHHOCTH COBPEMEHHBIX METO-
JIOB, HCIOJIB3YEMBIX JIJIsl COMaTHUECKOTO KII0-
HUPOBaHMsI SMOPHOHOB CBUHEH. OpUrHHaIb-
HOE HCCIIE/IOBAHNE CONEPKHUT PE3yJIbTaThl aHa-
JM3a TTapaMeTpoB KiryOHeoOpa3oBaHMsI AUKNX
BHUJI0B KapTO(benﬂ, IMOJYYCHHBIX C ITOMOIIBIO
IUPPOBOTO (PEHOTUITHUPOBAHUS — HOBOTO Me-
TOANYECKOTO pelIeHus I cOopa M aHaIu3a
MOpP]OIOrHYecKUX MPU3HAKOB.

PyOpuka «Cenekius pacTeHAH Ha IMMYHU-
TET W NMPOIYKTUBHOCTE) BKJIIOYAET J[Ba 0030-
pa ¥ OpUTHHAJIBHYIO CTaThlo. [lepBhIii 0030p
MIOCBAIIEH HANpPABICHUSAM CENEKIMHA TOMara
Solanum lycopersicum, B Tom uncne st Cu-
6upckoro pernona. OCHOBHOHM aKIIEHT clie-
naH Ha npumeHeHun JJHK-texnomoruit mis
CEJICKLIMH 3TOW KyJbTYpHl Ha YCTOHYMBOCTH
K 3a00JIeBaHUSIM U BKYCOBBIE KadecTBa. AB-
TOPBI BTOPOTO 0030pa Ha TPUMEpPE 3JIaKOBBIX
00CYX/1al0T COBPEMEHHYIO KOHIICTIIHNIO CH-
CTCMBI 3al1UThI paCTeHI/lﬁ oT (l)I/lTOHaTOFeHOB.
OpurnHaIbHOE HUCCIIEIOBAHUE MPEICTABISIET
MHTEpEC TPEXKJIC BCETro JUIsl CIIEIUAINCTOB-
(bUTONATONIOrOB; B HEM PUBE/ICHBI PE3YJIBTATHI
MHOTOJIETHETO M3y4eHHsI TeHO(OHIA SPOBOI
MIICHAIBI PA3IUYHOTO 3KOJI0ro-reorpaduye-
CKOT'O MTPOUCXOXKJICHHS 110 YCTOHYMBOCTH K
NBIJIBHOHN TONOBHE.

B paznene «I'eneTnka >KMBOTHBIX» PaCCMOT-
PCHBI TCHETUYCCKNE aClICKThI CCJICKIIUN KPpYII-
HOT'O pOraToro ckorta u jomajei. Jluteparyp-

OT PEOAKTOPA / FROM THE EDITOR

HBII 0030p 00001I1aET TaHHBIE TI0 HCTOPUHU POCCHHICKUX TIO-
PO KPYITHOT'O POraToro cKoTa ¢ akIieHTOM Ha FeHEeTHYeCKHe
(baxTOpBI, CIIOCOOCTBYIONINE aJaNTaluy KUBOTHBIX K KITH-
MaTudecKuM ycaoBusiM. Ocoboe BHUMaHKE y/IeIeHO COBpe-
MCHHBIM 6I/IOTeXHOJ'IOFl/I‘leCKI/IM METOAaM, B TOM YHCJIC II0JIHO-
TEHOMHOMY aHAJIN3y aCCOLUAIINH [Tl BBIOOpA TeHETHYECKUX
MapKepoB JUISl CEJICKIIMU 0CcO0eH MO XO3STHCTBEHHO IIEHHBIM
IIprU3HaKaM. B OpUTHUHAJIBHOC MCCIICA0BAHNE BKJIIOYCHBI
pe3ynbTarsl u3ydeHns auddepeHnuanuy pocCuiCKuX Iu-
CTOKPOBHBIX BEPXOBBIX JIOMIAJCH C MCIONB30BAHNEM aJl-
JIeNTb-CHeIU(UYHBIX MUKPOCATEIUIUTHBIX JIOKYCOB. ABTOPBI
BBISIBAJIN AJUIEINN, TUITUYHBIE JJIs1 OT€UECTBEHHOM TIOPOIBI,
czienany BeIBOJ 00 3(h(EeKTHBHOCTH MX MCHOIB30BAHUS JUIS
KOHTPOJISI IPOUCXOKICHHS JIOIIA IeH.

O0630pHas cTates pyOpukn « DU3noIormyecKas TeHETHKAY
3HAKOMHUT C MEXaHW3MaMH JACHCTBUS U PETYIISIIEH aKTHBHO-
CTH Ba30IpeccuHa Kak B HOPME, TaK M IPH MaTOJOINYeCKUX
mporeccax. B skcmepuMeHTanpHON paboTe 00CykmaroTcs
BOITPOCHI TIPOSIBIICHHS TOBEJICHYECKHUX PEAKIINH N HAKOTUICHUS
HelpoMeTabOoIUTOB B Pa3IMYHBIX OTAEIaX T'OJOBHOIO MO3ra
KMBOTHBIX B Ka4€CTBE OTBETHOH pPEaKkIMH Ha CTPECCOBBIM
¢axrop.

Paznensl «llonynsnuonnas reneruka» u «MeaunuHckas
TEHETHKa» MPECTaBICHBI TPEMsI SKCIIEPUMEHTAIbHBIMU HC-
CJICIOBAaHUSIMH ¥ 0030pOM JINTEPATYPHBIX JAHHBIX 110 H3yde-
HUIO SMUTCHETUYCCKUX MEXaHU3MOB CYULIMAAJIBHOI'O IMMOBE-
neHus. B ogHOM U3 cTarell npuBeIeHbl HHTEPECHBIE PE3YJib-
TaThl U3y4deHus (GpopMupoBaHHs reHOPOHIA PYCCKHX, T10-
JIYUYCHHBIC C IPUBJICUCHUECM ITAJICOTCHOMHBIX JaHHBIX U aHa-
n3a mutoxonapuansHoit JIHK. Ipyras pabota ananmsupyer
KOPPEJISIIUHA MEXIy PUCKOM pa3BUTHS Paka JIETKOTO B Ka-
3aXCKOW MOIYJSLUKN U MOJTMMOP(U3MOM TeHa-cyrpeccopa
omyxomnu TP53. Dta crarhs IepeKIMKaeTCsi C OpPUTHHABHBIM
HCCIIeJOBAaHNEM M0 M3y4eHHIO monuMopu3mos rena APOE
cpeny HaceneHust AJKUpa U UX CBS3H C TAKUMH MeTa0oI1ue-
CKMMH aHOMaJINSIMU, KaK O)KUPEHHUE U BBICOKOE apTepPHAIIbHOE
JIaBJICHUE.

[Mocnennsiss pyOpuka «buonndpopmaruka U KiIeTOYHAsS
OmonoTHsa» 3HAKOMHUT YHTATENeH C OpHTHHAIBHON pabdo-
TOH, B KOTOPOH BBINOJHEH OMOMH(OPMATHUCCKUI aHaIH3
CTPYKTYPHO-(YHKIIMOHAILHOW OpraHU3aliK IIepOKCH/Ia3
y MozpenpHOTO 00BeKkTa Arabidopsis thaliana. B 0630pHO#
CTaTbhe ITOM PYOPHKM PAacCMOTPEHBI MEXaHWU3MBI IIPOTHBO-
OITyX0JIEBOT0 3P PeKTa MaKpodar-ak THBUPYIOIIEro Gpakropa
GcMAF ¢ HayqHOH 1 KIIMHUYECKON TOUEK 3PEHHS.

Axademux B.K. LLlymuwviii
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The new technologies of high-throughput single-cell
RNA sequencing
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A wealth of genome and transcriptome data obtained using new generation sequencing (NGS) technologies
for whole organisms could not answer many questions in oncology, immunology, physiology, neurobiology,
zoology and other fields of science and medicine. Since the cell is the basis for the living of all unicellular and
multicellular organismes, it is necessary to study the biological processes at its level. This understanding gave
impetus to the development of a new direction - the creation of technologies that allow working with individual
cells (single-cell technology). The rapid development of not only instruments, but also various advanced
protocols for working with single cells is due to the relevance of these studies in many fields of science and
medicine. Studying the features of various stages of ontogenesis, identifying patterns of cell differentiation and
subsequent tissue development, conducting genomic and transcriptome analyses in various areas of medicine
(especially in demand in immunology and oncology), identifying cell types and states, patterns of biochemical
and physiological processes using single cell technologies, allows the comprehensive research to be conducted
atanew level. The first RNA-sequencing technologies of individual cell transcriptomes (scRNA-seq) captured no
more than one hundred cells at a time, which was insufficient due to the detection of high cell heterogeneity,
existence of the minor cell types (which were not detected by morphology) and complex regulatory pathways.
The unique techniques for isolating, capturing and sequencing transcripts of tens of thousands of cells at a
time are evolving now. However, new technologies have certain differences both at the sample preparation
stage and during the bioinformatics analysis. In the paper we consider the most effective methods of multiple
parallel scRNA-seq using the example of 10XGenomics, as well as the specifics of such an experiment, further
bioinformatics analysis of the data, future outlook and applications of new high-performance technologies.
Key words: scRNA-seq; transcriptomics; Chromium 10XGenomics; sequencing; single cell.
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HoBeliline TeXHOJIOTUN BBICOKOIIPpOM3BOANTE/IIbHOTI'O
CEeKBEHUMPOBAHUA TPAHCKPUIITOMA OTAE/IbHBIX KJIETOK

E.A. BopsicoBa®), O.C. Ueaebuena, O.H. Kyaemosa

NHCTUTYT 6rionormm 1oxkHbix Mopeid mern A.O. KoBanesckoro Poccuiickoin akagemun Hayk, Mocksa, Poccus
® e-mail: eavodiasova@gmail.com

OrpomMHoe KOnm4yecTBO MOSIHOFEHOMHbBIX U TPAHCKPUMTOMHBIX AaHHBIX, MOMYYEHHbIX C MOMOLLbIO COBPEMEH-
HbIX TEXHOJOTUI CEKBEHUPOBAHMUA HOBOTO MOKOMEHUA ANA LefiblX OPraH13MoB, HE CMOTJIO AaTb OTBETbI Ha
MHOTVe BOMPOChI B OHKOJIOMMU, UMMYHOJIOMM, GY3NONOTUN, HENPOBMONOTUK, 300510TMN 1 APYTUX 061acTAX
HayKu 1 MeanLHbl. Tak Kak OCHOBOW BCEX OQHOKIIETOUYHbBIX 1 MHOTOK/IETOUHbIX OPraHU3MOB ABNAETCS KNeTKa,
TO HEOOXOANMO V3yUeHUe BONOrMYecKX NPOLLECCOB Ha ee YPOBHe. ITO NOHUMaHWe [ano TOMYOK PasBUTHIO
HOBOTO HanpaBneHVs 1 MOABMEHNIO TEXHONOM A, NO3BONALWMUX PaboTaTb C EANHUYHBIMMI KNeTKamu (TEXHOSO-
ruu single-cell). BeicTpoe pa3BuTrEe He TONIbKO NPYGOPHOI 6a3bl, HO 1 Pa3INYHBIX YCOBEPLIEHCTBOBAHHBIX MPO-
TOKONOB AnA paboTbl C eAVHUYHBIMUI KNeTKaMU 06yCIOBIEHO aKTyallbHOCTbIO 3TUX UCCNIEA0BAHNI BO MHOTUX
061acTAX HayKn 1 MeAnLVHBbI. M3yyeHne 0co6eHHOCTel pasfinyHbIX 3TarnoB OHTOreHe3a, onpefesieHre 3aKko-
HoMepHocTel AnddepeHLMaLm KNeToK 1 NoCNeayoLWero pa3BnuTua TKaHel, NPoBefeHe reHOMHOTO U TPaHC-
KPWMNTOMHOIO aHann30B B Pa3/iMyHbIX 061acTAX MeAnLHbI (0CO6eHHO BOCTPEOOBAHO B UMMYHOOTY, OHKO-
norumn), Knaccudurkaums TUMNOB U COCTOAHUI KNETOK, 3aKOHOMEPHOCTEN BUOXMMNYECKIX 1 GU3NONOTNYeCKUX
NpoLEeCccoB € NPUMEHeHMeM TexHonoruii single-cell no3BonsAlT NPOBOANTL KOMMIEKCHbIE UCCNEfOBaHUA Ha
HOBOM ypoBHe. PazpaboTaHHble nepable NnatGopMbl A1 OCYLIECTBEHUA CEKBEHMPOBaHVA TPAHCKPUMNTOMOB
oTaenbHbIX KneTok (scRNA-seq) npoBoanny n3onauuio He 6onee CTa KNeToK eJMHOBPEMEHHO, UTO OKa3anocb
HefOCTaTOUYHbIM B CBAA3Y C BbIAIBIEHHOW BbICOKOW reTeporeHHOCTbIO KNeToK, 06Hapy»KeHHbIMU MUHOPHbBIMU TU-
Namu KNeToK, KOTopble He AeTEKTPOBANVCH MO MOPGONOrMYECKM NMPY3HAKaM, U CIIOXKHBIMY PETYIATOPHBIMU
nyTAMU B OpraHu3me. B HacTosLee Bpems NOABUINCH METOAVKU N30MIALMM, 3aXBaTa N CEKBEHUPOBaHMSA TPAHC-
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KprnTtomoB (scCRNA-seq) [ecATKOB TbiCAY KNETOK eAnHOBPeMeHHO. OfHAKO HOBble TEXHONIOTN UMEIOT onpepie-
NeHHble OT/IMYMA Kak Ha 3Tane Npo6ONoAroTOBKM, Tak U BO BpeMs NpoBeAeHUs 61onHGopmMaTMyeckoro aHa-
nu3a. B pabote paccmoTpeHbl Hanbosnee 3GPeKTVBHbIE METOABI MHOXECTBEHHOTO MapannenbHoro scRNA-seq
Ha Npumepe COBpeMeHHOI nnatdopmbl AN U3onaAuMM 1 6apkogmpoBaHua Knetok 10XGenomics, a Takxe
0CO6EeHHOCTY NPOBeLEHUsA Takoro 3KCNepUMeHTa, AanbHeRLWnii 6MOMHGOPMATUUECKUIA aHANTN3 MOMYYEeHHbIX
[aHHbIX, NepCrneKTyBbl NCMOJb30BaHWA 1 061acTV NPYMEHEHNA HOBbIX BbICOKOMPOW3BOAUTENIbHBIX TEXHO-

norun.

KntoueBble cnoBa: scRNA-seq; TpaHckpunTomuka; Chromium 10XGenomics; cekBeHWpoBaHue; eauHNYHbIe

KNETKW.

Introduction

The improvements in new generation sequencing tech-
nology in conjunction with the technology of multiple paral-
lel capture and analysis of single cells raised to a new level
of research in many fields of biology, biotechnology and
medicine (Junker, Oudenaarden, 2014). A brief history of the
development of single-cell biology is presented in the Fig. 1.
The main areas of the application of innovative methods
are neurobiology, immunology, embryology and oncology.
The first experiments on the analysis of the transcriptome
of single neurons were carried out using microarrays in
2003. Isolation of neurons were captured using laser capture
microdissection instrument and data analysis revealed the
unexpectedly high cellular heterogeneity (Kamme et al.,
2003). The sequencing of the neuron transcriptome began
to actively develop (Moroz et al., 2006; Tang et al., 2009)
and at the same time microfluidic technology that allow
the analysis of up to 100 cells simultaneously appeared
(Marcus et al., 2006). In parallel convergence of qPCR and
single-cell methods are implemented (Subkhankulova et al.,

2008). The first whole genomic sequencing of tumor cells
identified unexpectedly abundant subpopulation of “pseudo-
diploid’ cells which do not metastasize (Navin et al., 2011).
In the past five years, a new trend of “epigenomics” has
been developed, connected with the study of various RNA
and DNA modifications using sequencing. Modern single-
cell technology allows to characterize the methylation,
chromosome organization, intra- and interdomain contacts,
chromatin mobility, specific sites of histone modifications
in single-cell resolution (Goldberg et al., 2007; Nagano et
al., 2013; Rotem et al., 2015).

The need for an analysis of a huge number of cells in
parallel has led to the development of high-throughput tech-
nologies aimed at increasing the sensitivity and accuracy of
sequencing by using different protocols and developing plat-
forms for capturing single cells with high efficiency. From
2003 to 2016, the number of captured cells simultaneously
increased from a few to hundreds of thousands.

Analysis of the transcriptome, proteome and epigenome at
the single-cell resolution allows to understand the formation,
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Fig. 1. The overview of the development of single-cell technologies.
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Fig. 2. The main applications of scRNA-seq data analyses.

development, organization and interaction of various cells
and tissues, explore the problems of stress and adaptations
(Frieda et al., 2017), identify the types and states of cells,
establish patterns of their differentiation in the ontogeny
(Nowogrodzki, 2017; Mi et al., 2018), study various disea-
ses in immunology, oncology, neurobiology and other
fields of medicine (Leung et al., 2017), answer questions of
evolution, speciation and formation of global biodiversity
(Moroz, 2018).

In this article we briefly review some of the latest and
most efficient commercial available platforms for single
cell collection. The capturing and specific protocols for
single-cell RNA-sequencing (scRNA-seq) as well as the
bioinformatics analysis and application of single-cell tech-
nologies are considered.

Applications of single-cell RNA-seq technologies

The main areas and approaches for scRNA-seq data in
various fields of biology and medicine are presented in the
Fig. 2. Bioinformatics pipelines for scRNA-seq data allow

510
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features cell cycle
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to analyze different regulatory networks based on gene
expression of different genes for all single cell (Janes et
al.,2010; Shalek et al., 2013; Trapnel et al., 2014; Treutlein
etal., 2014). Also, the new single-cell technology focuses
in identification of cell-types and cell-stages (Jaitin et al.,
2014), revealing rare genes and cell populations, which can
be discarded from analysis of bulk transcriptome as minor
fractions (Gerber et al., 2016), point mutations (Gawad et
al., 2016; Ludwig et al., 2019).

Today, due to the expression profiles of thousands of
genes in hundreds of thousands of individual cells, unique
cell-types and cell-states have been identified, new signaling
pathways have been uncovered (Saliba et al., 2014; Grun et
al., 2015; Okaty et al., 2015; Zeisel et al., 2015; Poulin et
al., 2016; Tirosh et al., 2016; Callaway, 2017; Lavin et al.,
2017). The whole-organism tissue maps at the single-cell
level are now constructed (Segal et al., 2004; Pijuan-Sala
et al., 2019; Taylor et al., 2019), cell lineages reveal high
heterogeneity (Mahata et al., 2014; Wang, Song, 2017).

The combination of various molecular methods with
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scRNA-seq technology now are leading the experiments to
the fundamentally new level. So, to study the cell-states and
cells differentiation during ontogenesis, it is possible to use
the CRISPR-Cas9 system for barcoding by the introduction
of specific mutations into the genome or various fluorescent
labels (Adamson et al., 2016; Jaitin et al., 2016; McKenna et
al., 2016; Kalhor et al., 2017). It has been shown that long
non-coding RNAs, even in several copies in a cell, may
have important regulatory functions (Derrien et al., 2012).
The capturing of thousands of cells and high-throughput
sequencing with the detection of chromosome organization
in the three-dimensional space (Hi-C) (Belton et al., 2012)
shown, that chromosomal compartments, contact insulation,
topological-associated domains (TADs) or long-range loops
are governed by distinct cell-cycle dynamics (Nagano et al.,
2017; Stevens et al., 2017).

Platform for single-cell collection

The essential requirement in studying the transcriptome of
individual cells is the dissociation and capture of each cell
of high quality and preparation for sequencing (barcoding
of all transcripts for each cell). In order to pool, amplify and
sequence cDNA in a single run and then assign each read
to its original cell at the bioinformatics analysis step, it
is necessary to incorporate a unique cellular identifier.
Today, single-cell isolation platforms are represented by
commercial models that differ in performance: Puncher
Platform Vycap, CellRaft AIR System, PEPArray Sys-
tem, Fluidigm C1, Wafergen ICELLS, BioRad Illumina
ddSEQ, Dolomite Bio Nadia u RNA-Seq System, Tapestri
Platform MissionBio, 1CellBio InDrop, BD Rhapsody,
Chromium 10XGenomics (Kolodziejczyk et al., 2015;
Valihrach et al., 2018).

Single-cell isolation approaches can be divided into
low-throughput (capture from 10 to 100 cells) and high-
throughput (capture from 100 to >10,000 cells) (Wang,
Navin, 2015; Poulin et al., 2016). The first group includes
serial dilution (Ham, 1965), mechanical micromanipulation
(Brehm-Stecher et al., 2004), micropipetting, laser capture
microdissection (LCM); the second group: fluorescence
activated cell sorting (FACS), microfluidics, microdroplets
(Navinetal.,2011; Landry et al., 2013; Mazutis et al., 2013).
We consider here highly efficient cell capture platforms them
in more detail as the most popular. FACS is method based
on the size, granularity and fluorescent properties of cells,
which allows to isolate hundreds of thousands of cells per
minute, so it is as efficient as economical. However, the
use of fluorescent dye can negatively affect cell viability
(Lindstrom et al., 2010).

The methods for cell isolation based on microfluidics and
microdroplets technologies are actively developing and used
in the analysis of not only the transcriptome, but also the
whole-genome of individual cells, as well as epigenomics
sequencing (Zheng et al., 2017). These integrated systems
allow to manipulate small volumes (109—10-18 1), isolate
DNA and output accurate results with high resolution (Whi-
tesides et al., 2006; Salafi et al., 2016). Today there are a lot
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of high-throughput commercial platforms for cell isolation
based on microfluidics technology, which not only capture
cells but also provide further biochemical reactions (Poulin
et al., 2016; Valihrach et al., 2018).

A droplet-based system became breakthrough in single-
cell RNA sequencing and now we can label all mRNA
molecules with barcode sequence shared for the same cell.
It gives the ability to analyze huge number of cells in par-
allel and check the cell origination for each mRNA. Such
approach is implemented in the next devices: Drop-Seq
(Macosco et al., 2015), InDrop (Klein et al., 2015) and
Chromium 10XGenomics (Kolodziejczyk et al., 2015). It is
based on technology that separates high molecular weight
DNA fragments or whole single cells into emulsifications
containing beads with attached adapters and unique barcodes
(Coombe, 2016). As a result, we obtain a suspension of gel
beads (GEM - Gel bead in EMulsion), in each of which
there is one cell and all the necessary reagents for lysis,
barcoding, reverse transcription and cDNA synthesis. The
main advantage of these platforms is the high efficiency
of the capture and preparation of single cells for further
sequencing. One of the leaders in this area is Chromium
10XGenomics, which allows you to simultaneously capture
up to 80,000 + cells, while the number of cells analyzed
from other high-performance platforms ranges from 10,000
to 48,000 cells (Valihrach et al., 2018).

Single-cellmRNA sequencing

with high-throughput platforms

The study of single cell transcriptome consists of experimen-
tal and bioinformatics parts (Kumar et al., 2017; Li et al.,
2017). Before starting an experiment, it is necessary to have
a reference genome or bulk transcriptome for mapping of
scRNA-seq data (Gawad et al., 2014). As mentioned above,
the most productive platform is Chromium™ 10XGenom-
ics. The features of the scRNA-seq experiment based on it
in comparison with other methods for studying individual
cells are discussed below.

Cell isolation and scRNA methods

The main challenge of sample preparation is to obtain
a suspension of viable non-aggregated cells (cell disso-
ciation). It is necessary to determine the concentration of
cells, since a successful capture requires a certain number
of them depending on the chosen method of cell isolation:
from ten cells (micropipetting, cytoplasmic aspiration, laser
microdissection) to thousands of cells (devices based on
FACS technology, microfluidics and microdroplets) (Der
et al., 2017). In the case of working with high-throughput
devices (for example, Chromium 10XGenomics), the cell
concentration should be about 1,000,000 cells/ml (Der et
al., 2017). When working with animals or tissues contain-
ing the number of cells less than the required, you need to
increase the number of specimen per sample. All stages of
cell dissociation are carried out in a minimum volume of
solution (from 50 to 1000 pl) to increase the concentration
and reduce cell loss.
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Single-cell RNA sequencing protocol may be divided
into three stages: reverse transcription, cDNA amplifica-
tion (WTA — full-transcriptome amplification) and library
preparation. Despite the undesirability of cDNA amplifica-
tion (due to the possibility of polymerase errors or the loss
of rare transcripts), this step is necessary to construct a
cDNA library, because the amount of total RNA in the cell
is about 10 pg, which is not enough for single cell transcrip-
tomic sequencing (Wang, Song, 2017). Protocols for reverse
transcription and cDNA amplification depends on the task
and platform for cell isolation (Haque et al., 2017; Kumar
et al., 2017; Ziegenhain et al., 2017).

Today, three approaches are known. The first is oligo-
dT-anchor approach (or Tang’s method). It uses oligo-dT-
primers conjugated to adapter sequence for reverse transcrip-
tion and selective amplification of polyadenylated mRNA
by PCR (Tang et al., 2009). However, this protocol leads
to missing proximal splicing event due to the generation of
3’-end skew bias during reverse-transcription.

Later, the approach that allows to construct a full-length
cDNA was developed — it is called template switching
cDNA synthesis (Ramskdld et al., 2012). The main benefit
is in ability to detect alternatively spliced exons and allele-
specific expression (ASE) (Kolodziejczyk et al., 2015). This
approach is used in such protocols as STRT (Islam et al.,
2014), SMART-seq u SMART-seq2 (Ramckdld et al., 2012;
Deng et al., 2014). The key features of these protocols is
the exponential increase in the number of transcripts during
the amplification, that leads to bias and loosing of minor
expressed genes. In vitro transcription (IVT) is the alterna-
tive approach with linear amplification which incorporated
to a such protocols as CEL-Seq (Hashimshony et al., 2012)
and MARS-Seq (Jaitin et al., 2014).

Finally, the third approach based on using a 6—10 bp
unique molecular identifier (UMI) with anchored oligo-
dT- primer for barcoding each molecule. This labeling
technology is presented in CEL-Seq (Hashimshony et al.,
2012) and CEL-Seq2 (Hashimshony et al., 2016), Drop-Seq
(Macosco et al., 2015), MARS-Seq (Jaitin et al., 2014),
SCRB-seq (Soumillon et al., 2014), STRT (Islam et al.,
2014), In-Drop (Klein et al., 2015). Quartz-Seq2 (Sassagawa
etal., 2018), the one of the latest protocols with UMI, allows
to pool cDNA of up to 1536 cells into one mixture and the
UMI conversion efficiency is 35 % in contrast with 22 %
for the other scRNA-seq method. It gives the opportunity
to effectively convert initial reads to UMI counts and detect
more genes.

The modern tools for isolation and capturing hundreds
of thousands of cells require an improvement in the label-
ing of mRNA molecules. The most innovative barcoding
strategy in microfluidic and microdroplet technology is
the use of as UMI as an additional cellular barcode placed
in each drop with individual cells and other reagents. The
cellular barcode (about 14 bp oligonucleotide) is an iden-
tifier of all nucleotide sequences from different cell. The
advantage of such double barcoding is the high accuracy and
the ability to assign each mRNA to its original cell (Islam et
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al., 2014). The sequencing protocol STAMPs (Single-cell
Transcriptomes Attached to Microparticles) was designed
for platform Drop-Seq and protocol Cell-Seq for platform
InDrop (Wang, Song, 2017).

The most high-throughput commercial platform for cell
isolation Chromium 10XGenomics integrated the new
barcoding technology GemCode. After isolation of cells,
each long molecule is labeled with oligonucleotide, which
consists of sequencing adapters and primers, a unique mo-
lecular identifier with anchored oligo-dT and a barcode to
index GEMs, before library preparation (Eisenstein, 2015;
Coombe et al., 2016). The double barcoding leads to reduc-
ing technical noise during the analyzing of thousands of
different cells in parallel. It is especially important when
working with complex tissues on a single-cell resolution
and you need to get detailed information about cell-to-cell
variability. This makes it possible to determine gene expres-
sion profiles, alternative splicing and cellular heterogeneity
(Zheng et al., 2017).

Also, it is known various adapters for small RNA sequenc-
ing library preparation: for example, a pre-adenylated 3'-end
adapter containing a 5',5"-adenyl pyrophosphoryl moiety
(Hafner et al., 2008; Chen et al., 2012).

cDNA preparation is followed by sequencing. The choice
of sequencing technology should be directly dependent on
the goals. The different lengths of the reads (from fifty to
several thousand nucleotides), accuracy, efficiency should
be considered before choosing a sequencing method (Liu
etal., 2012).

Computational analyses
The development of high-throughput cell isolation plat-
forms, capturing hundreds of thousands of cells, requires
new bioinformatics approaches to analyze so massive and
complex single-cell transcriptomic data sets. It should be
noted that in the analysis of scRNA-seq it is not always
possible to use traditional computational tools for the bulk-
transcriptome. In the sections below, we discuss the chal-
lenges single-cell transcriptomics and possible solutions.

A single scRNA-seq experiment is able to provide infor-
mation about the profiling of all RNAs present in each of
hundreds of thousands of cells, which leads to generation of
massive volume of data and technical difficulties in analyz-
ing them. The alignment and counting of reads is performed
independently per cell, which requires more challenging
parallelism and, accordingly, more computational power
(Tokunaga et al., 2014; Yu, Lin, 2016).

scRNA-seq allows you to analyze the expression profiles
for each individual cell. This led to the emergence of three
main areas of application single-cell transcriptomics (see
Fig. 2): identification of cell populations (cell-types and cell-
states), the cell hierarchy reconstruction (cell differentiation
during embryogenesis or cell responses to various stimulus)
and inferring regulatory networks (based on gene expres-
sion) (Stegle et al., 2015). Each of these tasks is reduced
to the following stages of bioinformatics analysis: quality
control of reads, filtering, alignment and mapping to the
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Fig. 3. The process of single-cell RNA-seq experiment using the powerful platform for capturing cell Chromium 10XGenomics.

reference genome/transcript, formation of a matrix of read  search for correlations in the expression of various genes
counts, dimension reduction, normalization, searching for  (Stegle et al., 2015; Hwang et al., 2018). It is possible to
external factors introducing an error in the analysis, clus-  use standard programs and approaches developed for bulk
tering cells, searching for marker and high variable genes, transcriptome for some goals.

analysis of differential expression and transcript isoforms,
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Before interpretation of single cell expression profiles, it
is necessary to incorporate technical variability estimates.
The confounding factors can be divided into two categories:
technical noise (for example, different cell capture efficiency,
duplicated reads, dropout — missed transcript during the re-
verse-transcription step, batch effect — systematic differences
arising as a result of sample preparation) and biological
factors (stochastic gene expression, cell cycle, environment
condition) (Stegle et al., 2015; Andrews, Hemberg, 2018;
Hwang et al., 2018).

A specific feature of the protocols for capturing cells is the
probability that two cells fall into one drop, GEM (1-10 %
depending on the type of platform used), which leads to the
appearance of doublets during the transcriptomic sequencing
and an error during cell-types identification (Segerstolpe
et al., 2016). On the other hand, the degradation of mRNA
during cell/tissues dissociation or bad-quality lysis also can
result in wrong classification (Brennecke et al., 2013; Hwang
etal., 2018). So, such clusters of cells must be excluded from
analysis during transcript quantification and quality control.
The most effective is the use of protocols in conjunction with
the unique molecular identifiers (UMI) (Hashimshony et al.,
2012; Macosco et al., 2015) and exogenous RNA spike-ins
at known concentrations and sequence which are added to
each cell extract in RNA sequencing experiment (Jiang et al.,
2011). Itis exploited to estimate of absolute transcript counts
from observed read count and normalize gene expression
levels (Stegle et al., 2015). Also, you can identify confound-
ers and technical variability in order to reduce errors during
comparing expression profiles by increasing the number of
biological replicates.

Using the endogenous mRNA allows to estimate the total
mRNA content of each cell during normalization (Stegle et
al., 2015). The most commonly used approaches for normal-
ization include RPKM (Mortazavi et al., 2008), FPKM, TPM
(Li et al., 2010). TMM and DESeq are alternative scaling
factors (Robinson, Oshlack, 2010; Li et al., 2012). At the
same time, normalization methods were developed for data
scRNA-seq (Lun et al., 2016; Bacher et al., 2017).

Since, a huge amount of data is made during the single-cell
transcriptomic sequencing for all genes in thousands of cells,
creates difficulties in statistical analysis. Therefore, an im-
portant step in working with such data is the choice of a good
dimension reduction strategy (Andrews, Hemberg, 2018).
There are two main approaches: dimensionality reduction
and removing uninformative genes. The first are: principal
component analysis — PCA (Pierson, Yau, 2015); stochastic
method — tSNE (Maaten, Hinton, 2008); diffusion maps —
DM (Moon et al., 2018). To identify features of interest you
may search highly variable genes (HGV), estimate dropout
rate by Michaelis-Menten modeling of dropouts (M3Drop),
analyze positive or negative correlation of gene expression
cell-to-cell, use spike-in based methods (Andrews, Hemberg,
2018). Some programs combine several methods that is
more effective (for example, PAGODA) (Fan et al., 2016).

It is known that the bias during clustering cell and iden-
tification novel cell-types can be caused by the stage of cell
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cycle. Thus, the observed expression profile is different for
G1 and G2 (Stegle et al., 2015).

The construction of regulatory networks and the recon-
struction of the cell hierarchy cannot be performed for bulk
transcriptomic data. The algorithm is based on the ordering
of transcriptional states of various cells, which are located on
a trajectory (e. g. Monocle) that characterizes a developing
biological process in the organism, for example, apoptosis
(Haghverdi et al., 2016).

There are some software packages available for analyzing
single cell transcriptomic data step by step (Valihrach et al.,
2018). So for Chromium 10XGenomics, the developer pro-
vides the CellRanger software pipeline (Zheng et al., 2017);
for Drop-Seq, the developer does not propose software for
primary analysis, but there are several third-party develop-
ments, for example, zUMIs (Parekh et al., 2018), scPipe
(Tian et al., 2018), Dr.Seq2 (Zhao et al., 2017).

The most popular software packages for analysis of
scRNA-seq data are Seurat (Butler et al., 2018) and Monocle
(Qiuetal., 2017). Seurat is a software package that provides
quality control, dimension reduction, analysis and estimation
of genes expression. The software includes three compo-
nents: uncontrolled clustering and detection of cell types
and states, spatial reconstruction of single cell data and in-
tegrated analysis of sScRNA-seq by conditions, technologies
and types. Monocle is a comprehensive software package
that provides tools for analyzing experiments with single
cell genes expression. However, these software packages do
not scale for accessible large sets with numbers in excess of
a million cells, combining data and comparative analyses.
Scanpy is an alternative approach, which overcomes this
limitation and provides similar analysis capabilities (Wolf
et al., 2018).

The Fig. 3 illustrated single cell transcriptomic experi-
ment step by step using droplet-based commercial platform
Chromium 10XGenomics.

Despite the rapid progress of single-cell technologies in
recent years, experimental and computational tools may lead
to errors during various stages of the scRNA-seq experiment
(Fustin et al., 2013; Nikolenko et al., 2013; Schwartz et
al., 2013; Gawad et al., 2014, 2016; Poulin et al., 2016). It
must be taken into account in planning and computational
analysis.

Conclusion

Thus, the single cell transcriptomic sequencing reveals the
differences in genes expression profiles not only in the cell of
various tissues, but also during ontogenesis as well as under
changing external conditions. Due to the cell resolution,
the scRNA-seq technologies are currently actively used in
various fields of biology and medicine. It is innovative for
investigation of convergent evolution mechanisms, differ-
ent evolutionary origins and changes in cell lines of various
taxonomic groups, identification of new cell-types and their
functions. It is shown the need for complex researches, for
example, whole organisms, tumors or tissues, which requires
the development transcriptome sequencing technologies
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for a huge number of cells in parallel. Nowadays the main
criteria for the technology of scRNA-seq is the efficiency
for capturing and barcoding cells. The most innovative and
efficient for today is the commercial platform Chromium
10XGenomics with integrated GemCode technology, which
allows such an analysis to be carried out in parallel to up to
eighty thousand cells.
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Image-based analysis of quantitative morphological
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The development of quantitative digital phenotyping methods for evaluation of wild potato (section Petota
Dumort., genus Solanum L.) tuberization is required for annotation of genebank collections and selection of
the suitable donor material for potato breeding. There are no available methods specifically designed for the
quantitative analysis of wild potato tuber morphology. The current study is devoted to evaluation of wild potato
tubers’ morphological characteristics using a digital image processing technique. For this purpose, the mobile
application SeedSounter developed previously for grain analysis was specifically adapted for tuber phenotyp-
ing. The application estimates the number and shape of objects scattered on a standard sheet of white paper
(i.e. A3 or A4). Twelve accessions from the VIR genebank collection belonging to nine Petota species were grown
in pots protected with garden fabric during the growing season of cultivated potato (Novosibirsk region). Tubers
were collected form plants of nine genotypes. Three genotypes did not produce tubers. The weight of tubers
collected from each plant was measured. The tuber yield from each plant was analyzed using SeedCounter
(http://wheatdb.org/seedcounter). The number of tubers per plant was counted; the following characteris-
tics were extracted from the images of individual tubers: length, width, projected area, length to width ratio,
circularity, roundness, rugosity and solidity. One-way ANOVA showed a significant effect of genotype on all mea-
sured characteristics. A pairwise comparison of nine Petota accessions using all measured parameters revealed
statistically significant differences between 86 % of pairs. The overall tuber yield volume for each plant was
calculated as a sum of volumes of individual tubers; tuber volume was calculated from its length to width ratio
and projected area. A strong correlation between the evaluated tuber yield volume and yield weight was shown.
We propose tuber yield volume as a characteristic for a general evaluation of tuberization for wild potato, im-
plementing the four-step scale from 0 to 3. According to this characteristic, the twelve wild potato accessions
studied could be divided into four groups with different tuberization abilities. The evaluated tuberization ability
is partially in accordance with previously obtained VIR data. The results presented demonstrate the possibility to
use SeedCounter for wild potato collections phenotyping.

Key words: Solanum; Petota; digital phenotyping of plants; wild potato species; SeedCounter; tuberization.
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MpuMeHEeHVEe METOLOB KONMUYECTBEHHOTO LMdpoBOro $GeHOTUNMPOBaHUA AfS aHanu3a napameTpoB Kiy6-
Heobpa3oBaHVA AUKMX KIYOHEHOCHBIX BUAOB KapTodensa akTyanbHO A aHHOTALUMKU KONNeKuuid 1 ans ot6o-
pa onTMManbHOro JOHOPHOrO MaTepuana B paboTax Mo Cenekuumn KynsTypHoro Kaptodens. Ha ceropHawHmia
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Image-based analysis of quantitative
morphological characteristics of wild potato tubers

[eHb B NTepaType He OMyCaHO METOAOB, MO3BONAILMX OOBEKTUBHO KOIMUYECTBEHHO OLEHNUTb Mopdonoru-
yeckue napameTpbl KnybHeln ankoro kaprodens. B HacTosweln paboTe Gbin NPOBeAeH SKCNeprIMEHT MO OLEeH-
Ke MOpPdONOrMuecknx XapakTepucTuk KnybHein OuKMX BUAOB cekuum Petota Dumort. popa Solanum L. npwn
nomowy mobunbHoro npunoxerus SeedCounter, aHanu3MpyowWwero n3obpaxeHnsa O6bEKTOB, pa3MelleH-
HbIX Ha CTaHZApTHOM nucTe Gymaru. [lBeHafguaTb 06pa3LoB reHOTUNOB 13 Konnekuun BUP, oTHocAwmxcs K
LEeBATV OUKMM BufaMm, Obinv BblpalleHbl B BereTalOHHbIX COCYAaX, PacronoXeHHbIX B MapHUKe, 06TAHYTOM
YKPbIBHBIM MaTepurasioM, B CPOKW BereTauum KysnbTypHoro Kaptodens (HoBocubupckas obnacTb). Ypoxan
Kny6OHei nonyyeH C npeacTaBuTeneli AeBATU reHOTUMNOB. M3MepeHa Macca KiyOHel ¢ OfHOro pacTeHus, ypo-
Xall Kak[oro pacTeHUs MpOoaHasM3MpoBaH MpU MOMOLUM HACTONbHOW Bepcuu npunoxeHus SeedCounter
(http://wheatdb.org/seedcounter). Npoun3BeneH nogcueT KNyOHeN, AnA KaxKaoro Kny6HsA nonydeHbl cnegytouye
XapaKTepUCTUKMN: ANVIHA, WWPKHA, NAOWaAb NPOeKUMN Ha IMCT Bymaru, OTHOLLEHVE ANNHBI K WWPVIHE, OKPYT-
NOCTb, 3aKPYrNIeHHOCTb, LIePOXOBATOCTb 1 KOMMAKTHOCTb. Mpu NonapHOM CpaBHEHWM AeBATU BUAOB MO nepe-
YMCNEeHHbIM NapameTpam Gbinv BbISBIEHbI AOCTOBEPHbIe pa3nunyuus B 86 % nccnepyembix nap. Ha ocHoBaHum no-
Ka3aTesiell OTHOLLEHVSA ANVHbI K LWWMPWHE 1 NIOLWaAM NpoeKuuy Kny6Hs npeasioxeHa popmyna Ans BblYNCIeHNs
obbema yporkas KnybHel ¢ ofHOro KycTa. BbluncneHHble 3HaueHMs ob6bema yporkas MMEIoT BbICOKY0 Koppens-
L0 CO 3HAUYEHUAMM MACChl YpOXas C OfHOro KycTa. Moka3saTtenb obbema yporkas npegsiaraetcs UCnosib3oBaTb
ans obLen XxapakTepucTmkm KnybHeobpasoBaHmA anKoro kaptodens no yetbipexbannbHon wkane (ot 0 go 3).
B uccnepyemornt rpynne o6pa3sLoB BbisiBNEHbI FeHOTUMbI, 06nafatoLime HyneBbiM, CabblM, CPEAHUM U BbICOKUM
KnybHeobpa3oBaHueM. MonyyeHHble JaHHble YaCTUYHO COOTBETCTBYIOT OLeHKe Kinyb6Heobpa3oBaHus, NpoBe-
JeHHow no Kputepuam BUP. Pasznnune B pesynbratax OLEeHKM, BEPOATHO, CBA3aHO C YC/IOBUSAIMY BblpaLLMBaHUA
maTepuana. PesynbtaTbl NpyMeHeHUA MeTOAa NO3BOJIAIOT PACCMATPUBATL €ro Kak NepCcrneKTUBHbIN Cnocob cTaH-
JapTHOro GeHOTUNMPOBaHMA 06PA3LOB KOMMEKLUMI AUKMX BUAOB KapTodens.

KnioueBble cnoBa: Solanum; Petota; undppoBoe ¢GeHOTUNMPOBaHME PaCTEHWI; AVKWe BuAbl KapTodens;

SeedCounter; kny6Heobpa3oBaHue.

Introduction

The use of wild potato species as a source of resistance to
adverse environmental factors forms the background of the
current potato breeding (Kiru, Rogozina, 2017). The need in
phenotyping of large populations is a key point in studying
the diversity of the cultivated potato and related species. The
cultivated potato during its domestication and the breeding
focused on the customer’s needs has acquired considerable
differences from its wild relatives in both its phenotype and
genotype (Aversano et al., 2015). One of the major distinctions
is the level of tuber formation. This trait is associated with the
most important characteristic of the cultivated potato cultivars,
namely, a high yield. A high-throughput morphometry of the
cultivated potato tubers is a rather well-developed research
area that has certain tools based on several approaches,
including processing of digital tuber images (Rady, Guyer,
2015). The tuberization of cultivated potato is assessed with
the help of the images captured with color, multispectral, and
hyperspectral cameras. For analysis of these images, the cor-
responding methods have been elaborated that determine the
main characteristics of the tuber, such as, the length to width
ratio; predict the tuber length, width, and weight, as well as the
defects inside and outside the specimen; and construct a tuber
3D model (Sietal., 2017, 2018; Su et al., 2017). There is also
a mobile application, PotatoSize (https://www.hutton.ac.uk/
research/groups/information-and-computational-sciences/
potatosize), for measuring the proportions of cultivated potato
tubers.

Unlike the cultivated Solanum tuberosum with its high adap-
tive ability to growth conditions, the majority of wild potato
species form tubers only in the case of a short photoperiod and
have considerable differences in the optimal environmental
characteristics for a high yield. When studying the specimens
of potato and closely related species from the collection of
the Institute of Plant Industry (VIR), the morphological traits

of their tubers are estimated, including its shape, tuber skin
surface, depth of the eyes and stolon trail, and coloration of
the skin (main and secondary) and flesh (Kiru et al., 2010).
The morphological characters of tubers of the cultivated po-
tato species are rather diverse (Huaman et al., 1977) versus
the wild species of the section Petota, the tubers of which are
less odd and diverse in their shape, color and eye depth and
are sometimes missing in the botanical descriptions; however,
some monographs give tuber images (Correll, 1962; Ochoa,
2004). The morphology of wild potato tubers has never been
analyzed in terms of taxonomy (Spooner et al., 2004).

Any well-established criteria for tuberization and specific
tuber features for the wild potato species are absent. Asarule,
the wild potato plants are maintained in collections by grow-
ing in a climatic chamber or a greenhouse with differently set
parameters. The phenotypic data obtained in such artificial
environment are hard for processing and characterization
since the phenotype of a plant grown in a climatic chamber
may considerably differ from that “in field”.

Here, we describe the experiment on growing wild potato
species under local vegetation conditions (Novosibirsk region,
Russia) during the season typical for growing the cultivated
potato. In order to accelerate and standardize the estimation
of tuber formation and phenotype of the wild potato species,
the produced yield was phenotyped by digital imaging and
image processing with the help of the SeedCounter mobile
application (Komyshev et al., 2017) adapted to analyzing the
wild potato tubers.

Materials and methods

In total, 12 genotypes of accessions belonging to nine wild
potato species from the section Petota Dumort., genus
Solanum L. according to the classification by Bukasov (1980)
from the collection of the VIR Plant Genetic Resources Gene
Bank, were used in the work (Table 1).
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Table 1. Genotypes of wild potato species from the collection of the Institute of Plant Industry*

No. Specie

VIR catalog no.

Genotype Tuberization (VIR data)

* Data of the World Collection of the Institute of Plant Industry (VIR), issue 816 (2014).

S. jamesii

S. tarijense

Fig. 1. Digital images of the tubers of two wild potato genotypes.

Cultivation conditions. The plants were grown in a hotbed
covered with fleece, transparent for light, moisture, and air
but impermeable for insects and pollen of other plants in the
fields of the Siberian Research Institute of Plant Production
and Breeding (Novosibirsk region, Russia). In the experiment,
in vitro grown plantlets were planted in triplicate in 15-L buck-
ets filled with a Terra Vita universal nutrient soil (closed
company ZAO MNPP FART, St. Petersburg, Russia) mixed
in equal proportions with the natural soil taken from under
the turf in a birch stand and grown to the end of vegetation
with regular watering. The seedlings were planted on June 20,
2018 and tubers were harvested on completion of vegeta-
tion and death of the aboveground plant part (September 20,
2018). The tubers of nine different genotypes were harvested
and three accessions — S. polyadenium, S. commersonii, and
S. chacoense (22687) — failed to tuberize.

Image capturing and processing. The tubers harvested
from one plant were loosely placed on an A3 sheet of white

paper under artificial illumination (Fig. 1). The images
were captured with a Canon EOS 50D camera (resolution,
4752 x 3168) according to the imaging protocol for the Seed-
Counter application (Komyshev et al., 2017).

Analysis of images by SeedCounter. The tuber images
were analyzed by a desktop variant of the SeedCounter
application (Komyshev et al., 2017; http://wheatdb.org/
seedcounter), modified for recognition of potato tubers instead
of wheat grains. In addition to the length, width, and projected
area, the following indices of tuber contour shape were also
computed (Cervantes et al., 2016):
¢ Length to width ratio, L/W, which reflects one of the main

tuber shape characteristics (Si et al., 2017).
¢ Circularity, C, reflecting the degree to which the contour

is close to a circle. The values of this index vary from 0

to 1; the latter corresponds to an ideal circle,

_ 4mxarea
" perimeter?’
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* Roundness, R, which is useful for the contours with
numerous small bulbs on their surface. In this case, the
perimeter increases and the circularity index takes on lower
values, while the roundness index is independent of the
irregularities of the perimeter,

__ 4xarea
7 [Major axis]? "

¢ Rugosity, Rg, is determined as the ratio of contour perimeter
to its convex hull perimeter,

_ Ps

Rg—ﬁ,

where Ps is the perimeter of the contour and Pc, perimeter
of the contour known as a convex hull, i. e., the least convex
figure that contains all points of the image; and

¢ Solidity, SI, which is the ratio of contour area to its convex
hull area,

_ Contour Area
Convex Hull Area”

The following assumptions were made to assess the volume
of tuber yield from each plant: (1) tubers are ellipsoid with
the equal height and width and the length is k-fold larger than
the width (k = L/W is the measured length to width ratio) and
(2) the ellipsoid principle section area along the long axis is
equal to the tuber projected area, S. Based on these assump-
tions, the following equation was obtained for assessing the
tuber volume harvested from an individual plant (the total
yield volume is equal to the volumes of all harvested tubers):

[oV)

4 SRE
Vi = §7‘Cki [H—lll] ’

where n is the number of tubers; V. is the volume of one tu-
ber; S; is the projected area of one tuber; and k; is the length
to width ratio.

The equation was proposed based on the following reason-
ing. The volume of ellipsoid is

V= %nabc.
The projected area of ellipsoid is an ellipse, the area of which
is computed as
S=mab.

The volume of ellipsoid and its projected area are related
(taking into account that b = c) as

_4
V—§Sb.
Expressing b via S, we get
a=Kkb,
S=mnkb?
_|S
b= s
Then,
3
dsp=ts[S -4 [i]i
V= 3Sb— 3ka— 3nk Xl
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Image-based analysis of quantitative
morphological characteristics of wild potato tubers

Since SeedCounter computes the tuber projected area from
its contour, this more precisely takes into account the specific
shape features of an individual tuber. Correspondingly, the
approximate estimate of the tuber volume was expressed via
the projected area of the contour.

The total yield volume was also calculated from the estimate
of potato tuber volume utilizing the nonlinear regression
equation for the ratio of the projected area of tubers to
their volume for a mixture of potato varieties proposed by
Tabatabaeefar (2002):

A= 1.1V°-71,
_ A 1.408
V-[H} :

where A corresponds to the tuber projected area.

The data were statistically processed in the R environment
(http://www.r-project.org). For each parameter, one-way
ANOVA was used to analyze the effect of genotype on its
value (https://www.rdocumentation.org/packages/stats/
versions/3.5.2/topics/aov). The particular pairs of specimens
that displayed statistically significant differences were deter-
mined by multiple pairwise comparison according to the mean
value of each parameter using Tukey’s HSD test (https://www.
rdocumentation.org/packages/stats/versions/3.5.2/topics/
TukeyHSD). The correlation between the tuber yield from one
plant and the calculated values of yield volume was assessed
using Pearson’s product-moment correlation and the cor.test
function in R environment (http://www.r-project.org).

Results

General yield characterization of tested specimens

The harvested yield was characterized according to the mean
number and mean weight of the tubers from one plant (Table 2).
Three genotypes failed to tuberize in all three replicates and
one genotype (S. chacoense 3-42-2 no. 19759) formed tubers
only in two replicates.

Estimation of tuber morphology

The indices that characterize tuber size and shape were com-
puted by SeedCounter (Table 3). One-way ANOVA has shown
a statistically significant effect of genotype on each parameter
calculated by SeedCounter (Table 4).

Three genotypes — S. jamesii 649-2011, S. tarijense
14-1-2007, and S. chacoense 3-42-2 — are shown in Table 3 as
examples to demonstrate statistically significant differences
of one genotype from the remaining two ones. The S. jamesii
genotype differs from the S. tarijense and S. chacoense
genotypes in the tuber length, width, and projected area in
a statistically significant manner (see Table 3); S. chacoense
differs from S. jamesii and S. tarijense according to the length
to width ratio in a statistically significant manner (see Table 3);
and no statistically significant differences in circularity, rugo-
sity, and solidity have been observed.

Thus, the tubers of the selected S. tarijense genotype can
be initially characterized as large, smooth, and round; of the
S. jamesii genotype, as small, smooth, and round; and of the
S. chacoense genotype, as large, smooth, and elongated.

It has been shown using Tukey’s test that 31 genotype pairs
of the 36 (86 %) compared in a pairwise manner display sta-
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Table 2. Main yield characteristics of the studied genotypes of wild potato species (mean + SE)

No.  Species VIR Genotype Mean number Mean weight
catalog no. of tubers per plant of tubers per plant, g
15do/,chost,gma ...................... 7 513 ...................................... 6 2n2002 ............................ 2 73155 ............................... 14331436 ........................
..... zschacoense*197593422155i071090i665
..... 355hacoen5e22637162016__
..... 4scommerson”21355192016__
..... szendle”]82425493201613i53737i37
..... 65€hrenberg,,242077152011327+7643i15
..... 7sjame_;”249236492011857113210001150
..... 85p,nnat,sectum23569187333179631295
..... 95p,nnat,sectum24239D36201137i45350i252
105po/yaden,um ........................ 2 4957 .................................... 6 132011__ ..........................................
115verrucosum ........................... 2 3015 .................................... 3 4620” ............................... 5 3i32921”6 ............................
125m,,jense ................................ 12637 .................................... 1412007 ............................. 8 31259571409 ..........................

*Two replicates.

Table 3. Values of the tuber size and shape parameters (mean * SE)

No. Species Genotype Length, Width, Tuber Length/ Circu- Roundness Rugosity  Solidity
mm mm projected area, width larity
mm?2

1 S.dolichostigma 6-2-n-2002 22.07+5.55 1857+4.27 334.99+154.96 1.19+0.13 0.77+0.07 0.84+0.09 1.13+0.05 0.98+0.01

6 S.ehrenbergii 715-2011  17.49+4.68 14.70+3.50 211.06+102.29 1.19+0.14 0.77+0.08 0.84+0.09 1.14+0.07 0.98+0.01

7 S.jamesii 649-2011  13.32+2.82% 11.41+£2.19% 122.82+47.83% 1.17+0.12 0.82+0.05 0.86+0.08 1.11+0.04 0.98+0.01

Note: The genotypes mentioned in the text are in grey. * Statistically significant differences relative to the two other marked accessions (Tukey’s test).

Table 4. Results of one-way ANOVA of the effect of genotype on the values of measured parameters

Significance Area, mm? Length, Width, Length/ Circu- Roundness  Rugosity Solidity
test mm mm width larity

F value 91.35 83.33 97.44 12.82 31.08 13.31 11.04 18.69
Pr (>F) <2e-16 <2e-16 <2e-16 <2e-16 <2e-16 <2e-16 1.05e-14 <2e-16

tistically significant differences in all measured parameters.  Size characteristics, the shape indices on the average allow for
Three-thirds of the pairs of genotypes (75 %) are reliably statistically significant differentiation of approximately 30 %
differentiable by analyzing tuber size characteristics (tuber  of the pairs of genotypes of the studied species and three pairs
projected area, length, and width) and 40 % of the pairs are (8 %) differ only in the shape characteristics and are the same
distinguishable by only size characteristic being the same in in the size parameters. As has been shown, S. pinnatisectum
the remaining parameters. Not taking into account the tuber  genotype 18-7 no. 23569 differs from S. jamesii genotype 649-
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Table 5. Number of the pairs of genotypes distinguishable
in a statistically significant manner with the SeedCounter
application according to the considered parameters

Number
of significantly
distinguishable

Parameter

Ratio of the average number
of distinguishable pairs

of species to the number

of pairs

2011 no. 24923 and S. dolichostigma genotype 6-2-n-2002
no.7613 in all eight considered parameters. Table 5 lists the
data on the absolute and relative numbers of genotype pairs
distinguishable in a statistically significant manner using each
parameter alone.

General assessment of tuber formation

The obtained data were used to suggest the characteristic for
assessment of tuberization by the tuber-forming wild potato
species. The volume of the tubers harvested from one plant
was selected as the main criterion since this characteristic is
computable by analyzing images. According to the literature
(Tabatabaeefar, 2002; Su et al., 2017), the volume of potato
tubers is tightly correlated with the tuber weight, which is,
as a rule, used for assessing the yield. The yield volume was
estimated by approximating the tuber shape with ellipsoid,
using the data on the projected area and the length to width
ratio of each tuber, and with the help of the earlier proposed
equation for cultivated potato (Tabatabaeefar, 2002).

The correlation with the measured tuber yield weight
was chosen as the criterion for verification of the proposed
method for estimating the tuber yield volume per plant. The
total yield volume was assessed using two equations for each
of the analyzed 26 plants to further calculate the Pearson
correlation coefficient for the calculated and measured yield
weights. The correlation coefficient for the values computed
using the equation for the volume of ellipsoid expressed via
the projected area of the contour was 0.87 (p = 7.839e-09;
95 % confidence interval: 0.7278559-0.9404020). As for
the values computed according to the ratio of the volume to
projected area using nonlinear regression, the correlation co-
efficient was 0.88 (p = 2.359¢—09; 95 % confidence interval:
0.7533180-0.9465927). These statistical results show a high
degree of correlation and suggest that the proposed equations
are applicable for assessing the yield volume of wild potato
species.

Figure 2 shows the characteristics of mean tuber yield
weight and volume for each of the examined genotypes. The
accessions fall into three arbitrary groups with poor, medium,
and good tuberization according to both tuber yield weight
and volume.
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a
S. chacoense 3-42-2 —
3 {S. dolichostigma 6-2-n-2002 —_
S. tarijense 14-1-2007 s E—
S. jamesii 649-2011 —
2 S. ehrenbergii 715-2011 —
S. pinnatisectum 18-7 —
S. fendleri 549-3-2016 —
1 {S. pinnatisectum D-36-2011 | /———
S. verrucosum 346-2011 |
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Volume of tubers from one plant, cm3
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3 { S. chacoense 3-42-2
S.jamesii 649-2011
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Fig. 2. Estimation of tuberization according to the (a) volume and
(b) weight of the tubers from one plant: genotypes with (1) poor, (2) me-
dium, and (3) good tuberization.

The S. pinnatisectum D-36-2011 no. 24239 and S. verru-
cosum 346-2011 no. 23015 genotypes form the group with
poor tuberization and the S. dolichostigma (synonym for
S. chacoense) 6-2-n-2002 no. 7613 and S. chacoense 3-42-2
no. 19759 genotypes, members of the same species, the group
with good tuberization. The remaining genotypes form an
intermediate (medium) group.

The values of the degree of tuberization (1 to 3) or its
absence (0) were ascribed to the groups. The results were
compared with each other and the data from the World Col-
lection of the Institute of Plant Industry (Catalog..., 2014)
(Table 6). Our estimates for tuberization coincided with that
of the Institute of Plant Industry for genotypes nos. 1, 2, 6, 9,
and 11 (see Table 6).

Discussion

Here, we describe a new approach to harvesting and analyzing
the information about morphological characteristics of wild
potato tubers as well as propose a new criterion for assessing
the tuberization of wild potato species.

The methods utilizing digital images of tubers and their
analysis are intended for estimation of the yield of cultivated
potato cultivars and provide the information about its quality
and usefulness. Any specialized methods allowing for assess-
ment of tuberization by wild potato species are unavailable in
the relevant literature and the existing botanical descriptions
of tubers are sparse and inapplicable to adequately compare
similar characteristics for different accessions. However,
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Table 6. Grouping of the examined genotypes using the proposed criteria according to tuber yield characteristics

No. Species Genotype Tuberization
from one plant according to our estimates using VIR data
mean volume mean weight
1 S. dolichostigma™ 6-2-n-2002 3 3 Good
2 S.chacoense® 3-42-2 3 3
3 S. chacoense 16-2016 0 0
4 S. commersonii 19-2016 0 0
5 S. fendleri 549-3-2016 2 2
6  S.ehrenbergii* 715-2011 2 2 Medium
7 S. jamesii 649-2011 2 2 Good
8 S. pinnatisectum 18-7 2 2
9  S.pinnatisectum™ D-36-2011 1 1 Poor
10 S. polyadenium 618-2011 0 0 Moderate
11 S. verrucosum™ 346-2011 1 1 Poor
12 S. tarijense 14-1-2007 2 2

* Matching of the estimates of tuberization according to the mean tuber yield volume, mean tuber yield weight, and the data of the Institute of Plant

Industry (VIR).

tuberization and tuber characteristics are basic economic
features of the potato. The information about tuberization of
potato accessions is of a high value when selecting the donor
specimens in breeding.

Incomparable cultivation conditions and a wide reaction
norm of the wild species contribute to the difficulties in es-
timation of tuberization. We have conducted an experiment
on cultivation of wild potato species under conditions of our
region, which in several parameters are close to field condi-
tions (soil composition, light day, and temperature), which has
made it possible to take into account the degree of adaptation
of the examined accessions to regional climate.

Processing of the digital images of wild potato tubers with
the help of the elaborated SeedCounter application allows
for quantification of their phenotypic characteristics related
to tuber number, size, and shape. The tuber size parameters
(length, width, and projected area) give the most statistically
significant differences between species, while the remain-
ing morphological parameters are less specific; however,
various combinations of these parameters detect statistically
significant differences between individual accessions with a
high accuracy. The proposed method distinguishes not only
between individual species, but also between different ac-
cessions of the same species based on the characteristics of
tuber morphology. This feature of the proposed method can
be useful when selecting the optimal accession of a particular
species for different breeding challenges.

The phenotyping of wild potato by the proposed method
forms a high-capacity background for interpretation of the
obtained data. Digital phenotyping makes it possible to
elaborate new characteristics of the described phenotypes
and genotypes; in particular, these characteristics may be
used for estimation of tuberization. The new criterion for
assessing tuber formation — the volume of tubers harvested
from one plant — is proposed based on the measurement of
the projected area of each tuber and the length to width ratio.

A visual assessment of the tuber shape and the fact that the
shape parameters inconsiderably (as a rule, by 10 %; see
Table 2) vary within the studied species suggest that the tu-
ber shape may be approximated by an ellipsoid. As has been
shown earlier, the volume and weight of the cultivated potato
tubers display a stably high correlation; correspondingly, the
estimation of tuber volume can be used as a tool for predict-
ing the weight of the yield (Tabatabaeefar, 2002; Su et al.,
2017). A comparison of the calculated estimate of the tuber
yield from one plant and the measured weight of this yield
demonstrates a strong correlation of these parameters. Thus,
our results comply with the literature data and suggest that
the proposed criterion allows for an adequate estimation of
tuberization within one experiment.

However, in the further use of this method for characteriza-
tion of a wide range of genotypes, it is necessary to take into
account the probability of interspecific differences in the tuber
specific weight. Correspondingly, it is recommended when
applying this method to a new set of accessions to construct a
regression model of the dependence of tuber volume on their
weight. The calculated data match the data by the Institute
of Plant Industry in five cases of the overall 12. Presumably,
the difference in results on tuberization is explainable by dif-
ferent growth conditions. The method proposed for assessing
tuberization is easily adaptable to different growth conditions.
This estimation in several independent experiments will make
it possible to determine the degree of tuberization using a
four-point scale (0-3) for each accession.

Conclusion

Estimation of quantitative characteristics of tuberization by
analyzing tuber images with the help of the SeedCounter
application is a promising method for phenotyping of the
species belonging to the section Petota Dumort., genus
Solanum L. A regular use of the SeedCounter-based pheno-
typing when describing collections of wild potato species will
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allow a large volume of new phenotypic data to be harvested
and systematized as well as new characteristics advantageous
for using particular accessions in breeding to be detected.
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The term ‘clone’ in animal biotechnology refers to an organism derived from non-sexual reproduction, which
is both a direct offspring and a genetic copy of the parent organism. To date, the pig appears to be the most
interesting object in cloning research. Somatic cell nuclear transfer in pigs has a wide range of potential applica-
tions in various fields of human scientific and economic activities. However, the efficiency of producing cloned
embryos in swine is still lower than that of other livestock species, in particular horses and cattle. Somatic cell
nuclear transfer is a technically complex multi-stage technology, at each stage of which the pig oocytes, which
are more susceptible to changes of surrounding conditions, are affected by various factors (mechanical, physical,
chemical). At the stage of oocyte maturation, changes in the cell ultrastructures of the ooplasm occur, which play
an important role in the subsequent nuclear reprogramming of the transferred donor cell. Before transfer to the
oocyte donor somatic cells are synchronized in the GO/G1 stage of the cell cycle to ensure the normal ploidy of
the cloned embryo. When removing the nucleus of pig oocytes maturated in vitro, it is necessary to pay attention
to the problem of preserving the viability of cells, which were devoid of their own nuclear material. To perform
the reconstruction, a somatic cell is placed, using micro-tools, in the perivitelline space, where the first polar body
was previously located, or in the cytoplasm of an enucleated oocyte. The method of manual cloning involves the
removal of the oocyte nucleus with subsequent fusion with the donor cell without the use of micromanipulation
techniques. The increased sensitivity of oocytes to the environmental conditions causes special requirements for
the choice of the system for in vitro culture of cloned pig embryos. In this work, we have reviewed the modern
methods used for the production of cloned embryos and identified the technological issues that prevent improv-
ing the efficiency of somatic cloning of pigs.
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cloned embryo.
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KJIOHMPOBAHHBIX SMOPIMIOHOB CBUHET
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TepMUH €KNOH» B GUOTEXHOMOTMN XMBOTHbIX 0O03HaYaeT OpraHM3M, MOMYUYeHHbI B pe3ynbTaTe HEMOMOBOro
Pa3MHOXeHWSA, KOTOPbIN OAHOBPEMEHHO ABAETCA NPAMbIM MOTOMKOM 1 FEHETUYECKOIN KOMUEN POANUTENIbCKOTO
opraHm3ma. Ha cerogHswWHNA feHb JoMaluHAs CBUHbA (Sus scrofa domestica) npeacTaBnseTca Hanbonee nUHTe-
pecHbIM 06bEKTOM B MCCNIEL0OBAHMAX MO KNOHUPOBaHWIO. KNOHMpPOBaHME CBUHEN MMEET LUMPOKUIA CNEKTP no-
TeHUManbHbIX BO3MOXHOCTEW MCMOMIb30BaHNA B Pa3fNYHbIX 06/1aCTAX HAYYHOWN U XO3ANCTBEHHOW AeATENbHOCTI
yenoBeka. Tem He MeHee 3pdEKTVBHOCTb NONYyYEHNA KIOHUPOBAHHbBIX SMOPVOHOB CBMHEN BCe eLje oCTaeTca
HUKe, Yem ApYrux BULOB CENIbCKOXO3ANCTBEHHbIX »KNMBOTHbIX, B YaCTHOCTY JIOLLAAEN 1 KPYNMHOro poraToro CKo-
Ta. ComMaTnyeckoe KIOHMPOBaHUE — CJIOXKHAA MHOFOCTYMeHYaTas TEXHONIOMMSA, Ha KaX/AoM 3Tane KOTopoin 60-
nee BOCNPUVMUMBbBIE K U3MEHEHVSAM OKPY»KaloLNX YCIOBUIA OOUWTbI CBUHEN MCMbITBIBAOT HEOGNAronpuaTHble
BO3[EeNCTBMA Pa3fiNYHbIX MO CBOEl npupoae GakTopoB (MexaHuuyeckne, dpusnyeckune, xummyeckne). Ha atane
CO3peBaHNA OOLMTOB NMPOUNCXOAAT U3MEHEHUA KIETOYHbIX YNbTPACTPYKTYp OOMIa3mbl, KOTOPbIe UrpatoT BaX-
HYyl0 pOJSib B Moc/efyiolemM penporpaMMmnpoBaHUN AAPa NepecaKeHHOM AOHOPCKOW KneTKu. [JoHopckume co-
MaThyecKue KneTku nepeq nepeHocoM B OOLUT CUHXPOHM3UPYIOT B cTagmn GO/G1 KNeToyHoro LuKna C Lenbio
obecneyeHns HOPMabHON NNOVAHOCTU KNOHUPOBAHHOTO SM6pUoHa. MNpn yaaneHun aapa y co3peBLumnx in vitro
0O0UMTOB CBMHEN criefyeT obpaluatb BHUMAHUE Ha NPOobieMy COXPaHEHUA KU3HECMOCOOHOCTM KNEeTOK noce
n3BrieyeHnsa CO6CTBEHHOTO ALEPHOro MaTtepurana. B xoge pekoHCTPYMpOBaHNA COMATUYECKYIO KNETKY C MOMO-
Wb MUKPOWHCTPYMEHTOB MOMELLAIOT B NEepPUBUTENSIMHOBOE NPOCTPAHCTBO, IAe paHee HaxoAmnocb nepsoe
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Biotechnological bases
of the development of cloned pig embryos

nonsipHoe Tenblie, WY B UMTOMNa3My SHYKIerpoBaHHOIO ooumTa. MeToa pyyHoro KnoHnpoBaHus (handmade
cloning) npegnonaraet yaaneHue Aapa oounTa ¢ NOCNEAYOWMM CUAHUEM C JOHOPCKON KNeTKoi 6e3 nomoLyu
MUKPOMaHWNYNALMOHHON TEXHMKM. MOBbILLEHHAsA YyBCTBUTESIbHOCTb OOLIUTOB K paKTOpaM OKpy»KatoLlei cpefbl
00ycnoBnvBaeT ocobble TpeboBaHMA K BbIGOPY CUCTEMBI in Vitro KynbTUBUPOBAHUA KIOHWPOBAHHbIX 3MOPUO-
HOB CBUHEN. B pamKax HacTosLwero 063opa NpoBefAeH MOHUTOPUHT COBPEMEHHBIX METOLOB, MCMOJIb3yeMbIX NP
NoNyYeHU KIIOHUPOBAHHbBIX SMOPUOHOB, BbiSIBNIEHbI TEXHONOMMYECKe 0COBEHHOCTY, NPENATCTBYOLME NOBbI-
WweHno 3GHEKTVBHOCTA METOAA COMATUYECKOTO KIIOHNPOBAHNSA CBUHEN.

KnioueBble C0Ba: JOMALLHANA CBUHbA; Sus scrofa domestica; oouunTbl; in vitro; COMaTMYeckoe KIOHUPOBaHUE;

AINAHNE; aKTUBaLUWUA; KJ'IOHVIpOBaHHbIVI 3M6pVIOH.

Introduction

The ability of the somatic cell nucleus, which is transferred to
the enucleated oocyte, to be reprogramed is one of the most
important phenomena of biological science, the discovery of
which made it possible to obtain reconstructed embryos and
cloned animals. In practice, this was implemented in June
1996 by a group of Scottish researchers led by lan Wilmut,
who reported the birth of the first cloned mammal (Dolly
the sheep) with hereditary material identical to another adult
animal, which was produced using differentiated cells (breast
epithelium) (Wilmut et al., 1997). The serious interest of the
scientific community, caused by the revolutionary break-
through in this field of reproductive technologies, has led to
the cloning of more than 20 mammalian species (Singina et
al., 2014).

The production of cloned piglets was conducted for the first
time in 2000 simultaneously by two research groups from the
United States and Japan (Onishi et al., 2000; Polejaeva et al.,
2000). One of the main application fields of cloning technol-
ogy is the use of genetically modified pigs as models for the
study of human diseases and organ donors for xenotransplan-
tation (Betthauser et al., 2000). Currently, such animals are
used in preclinical testing of preventive or therapeutic medi-
cines (Liu et al., 2008), testing the toxicity of drugs, studies
of functional genomics (Wimmers et al., 2010). Production
of genetically modified pigs is a potential tool for reducing
physiological and immunological barriers to obtaining and
transplantation of donor organs. Another equally important
area of practical application of cloning is the production of
animals with desired parameters of productivity by copying
boars and sows with high breeding values.

At somatic cloning, instead of its own chromosomal mate-
rial, the oocyte (cytoplast) acquires the nucleus of a somatic
cell (karyoplast) from the animal, a genetic copy of which is
to be obtained. The main stages of the cloning technology
included the preparation (in vitro maturation) of the recipient
oocyte and donor cells, removing nuclear material from the
mature oocyte, reconstruction of the cytoplast obtained (fusion
with karyoplasts), activation of the reconstructed oocyte and
culture of the cloned embryo (Niemann et al., 2011; Simdes,
Santos, Jr., 2017).

Oocyte maturation

The ability of the oocyte to initiate successful development
into the cloned, parthenogenetic embryo and the embryo after
in vitro fertilization is largely determined by its maturation.
Cytoplasmic maturation includes modifications of the cyto-
plasm, in particular, redistribution of organelles, changes in
cytoskeletal dynamics, micro- and macromolecular alterations
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(Ferreira et al., 2009). Nuclear maturation involves modifica-
tions of chromatin during the period from the destruction of
the germinal vesicle to the metaphase of the second meiotic
division (MII) (Marteil et al., 2009).

Unlike in vitro culture of other animal species, that of pig
oocytes relies on a two-phase maturation protocol is used,
which makes it possible to increase their competence to
fertilization or to artificial activation. At the first stage, the
proteins that are necessary for the early embryonic develop-
ment are produced in the oocyte under the action of hormones.
The second period of maturation takes place without external
signals and includes the division of the nucleus and the struc-
turing of cell organelles. The matured oocytes at the stage of
metaphase Il with the visualized first polar body are usually
used as sources of cytoplasts for cloning (Hardarson et al.,
2000). In pigs, the optimal duration of in vitro maturation of
oocytes varies according to different studies in the range from
24 to 44 hours (Zhang et al., 2006; Sugimura et al., 2010).

Preparation of donor somatic cells

The efficiency of reprogramming after transfer of somatic cell
nuclei depends on a number of factors, including the type,
the number of passages and the stage of the cell cycle of the
donor cell (Enright et al., 2003; Yang et al., 2007). Particular
importance for the success of cloning has the level of differ-
entiation of the donor cell (Jaenisch, 2012). To date, cloned
swine embryos have been produced using different types
of somatic cells, such as fetal fibroblasts, skin fibroblasts,
neural stem cells, cumulus cells, granulosa cells and breast
epithelial cells (Verma et al., 2000; Cervera et al., 2009;
Zheng et al., 2009).

A necessary condition for nucleus reprogramming and
for the successful development of the cloned embryo is the
synchronization of the cell cycle of the cytoplast and karyo-
plast. With this aim, the donor cells of all types are normally
subjected to artificial arrest in phase GO/G1 prior to micro-
manipulation procedures (Boquest et al., 1999). The transfer
of somatic cell nuclei, of which DNA has not been replicated
yet, to the oocyte at metaphase II reduces the risk of chromo-
somal abnormalities and ploidy disorders of cloned embryos
(Campbell et al., 1996). Coordination between the cell cycles
of oocytes and somatic cells of pigs is ensured by limitation of
serum content or by contact inhibition. Despite the fact that the
first cloned piglets were obtained after transfer of donor cell
nuclei after the limitation of serum content (Polejaeva et al.,
2000), this method is characterized by negative effects. One,
for example, is the initiation of apoptotic phenomena along
with increased DNA fragmentation at the culture of swine
fibroblasts in a medium with a low serum content (Kues et al.,
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2002). The most commonly used method for synchronizing
the cell cycle in a pig cloning procedure is contact inhibition
of somatic cells in confluence (Park et al., 2010). In addition,
chemical antimitotic agents (mimosine, rapamycin, roscovi-
tine etc.) have become more broadly applied in the recent years
(Vackova et al., 2003; Park et al., 2010; Hyun et al., 2016).

Removal of the nuclear material of oocytes
Complete removal of nuclear material from the mature oocyte
eliminates the possibility of aneuploidy, reduces the risk of
spontaneous parthenogenetic activation and abnormal devel-
opment of the cloned embryo. However, due to the presence
of fat inclusions in the cytoplasm, the nuclei of swine oocytes
are not visualized under an inverted microscope without prior
staining of DNA with fluorochrome dyes in combination with
ultraviolet visualization (Tatham et al., 1995). The disadvan-
tage of the classical technique is the damage of mitochondrial
DNA and ooplasmic organelles by ultraviolet light. Therefore,
an alternative method of blind enucleation is used, which is
based on the assumption that metaphase chromosomes in
mature oocytes are attached to the mitotic spindle, and their
position is determined by an indirect sign, the localization of
the first polar body (FPB). Thus, after removal of the FPB
and part of the cytoplasm, the mature oocyte also loses the
metaphase plate (McGrath, Solter, 1983). The disadvantage
of this approach is the migration of the FPB relative to the
metaphase plate (Hardarson et al., 2000; Miao et al., 2004)
due to aging of mature oocytes (Miao et al., 2009).

Another method of enucleation is based on the cutting of
the zona pellucida close to the FBP with subsequent compres-
sion of the oocyte by a glass needle to remove a small volume
of the ooplasm. The removed ooplast remains intact and is
therefore convenient for DNA staining to confirm removal of
the mitotic spindle without exposing the oocyte to the harmful
effects of ultraviolet light. The disadvantage of the procedure
is its complexity and difficulty to control the volume of the
removed cytoplasm. The compression method, which is as-
sociated with removal of the metaphase plate by releasing
part of the cytoplasm of the mature swine oocyte in vitro,
is a time-consuming procedure, which is characterized by a
higher rate of degeneration compared to the classical method
(Lee et al., 2008).

In 2002, a group of researchers reported on the production
of cloned piglets after chemical enucleation (Yin et al., 2002).
Chemical enucleation is based on the use of topoisomerase II
inhibitors blocking the onset of telophase 11, resulting in the
expelling of mitotic spindle to the cell boundary (Fulka, Mur,
1993; Savard et al., 2004). A short exposition of pig oocytes
at metaphase II in 0.4 mg/ml demecolcine — a chemical
agent causing the depolymerization of microtubules — in the
presence of 0.05 M solution of sucrose causes membrane
protrusion containing a condensed chromosome mass,
which can be easily removed through aspiration (Kawakami
et al., 2003).

The reconstruction of the oocytes
with the aim of producing cloned embryos

The traditional method of reconstruction involves the trans-
plantation of a donor cell into the perivitelline space of the
recipient oocyte. After fixation of the oocyte with a holding
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pipette, the somatic cell is transferred to the oocyte through
a hole or incision formed during enucleation using a transfer
pipette (Popova et al., 2009). At intracytoplasmic injection,
the karyoplast is introduced directly into the cytoplasm of the
enucleated oocyte, bypassing the perivitelline space (Onishi
et al., 2000; Lee et al., 2003; Kong et al., 2008). The factor
limiting the use of this method of producing cloned embryos
is the incomprehensible mechanism of destruction of the do-
nor cell membrane in the cytoplasm of the recipient oocyte.
In the case of maintaining the integrity of the membrane of
the transferred cell, and thus, not passing the reprogramming
of its nucleus during intracytoplasmic injection, embryos do
not develop further (Lee et al., 2003).

Cloned embryos can be produced without the use of micro-
manipulation techniques (Vajta et al., 2005). In the framework
ofthe method of manual cloning (Hand Made Cloning, HMC),
oocytes at metaphase Il are released from the zona pellucida
with the help of the enzyme pronase, cut by a microscalpel into
two equal parts, which are stained with the vital fluorescent
dye Hoechst 33342 in order to accurately detect the location of
the metaphase plate. Two halves of oocytes that do not contain
chromatin are selected for fusion with the somatic cell (Vajta
et al., 2001). The successful use of this method to produce
cloned pigs has been reported (Kragh et al., 2004). The limiting
factor in ensuring the reproducibility of the HMC technology
is the need to set up adequate conditions for culture of zona
pellucida free embryos. The use of two mature oocytes to
produce one reconstructed embryo by the HMC method results
in the loss of 50 % of the initial material. The presence in the
HMC embryos of three genotypes of mitochondrial DNA
potentially increases the level of mitochondrial heteroplasmy
(Oback et al., 2003).

The development of a cloned embryo is impossible without
the fusion of the recipient oocyte with the transferred donor
cell. In the practice of somatic cloning, there is a technique
called ‘electrofusion’, which is fusion of the cytoplast and
the karyoplast with the use of the phenomenon of electric
breakdown of the membranes of the contacting pair in a pulsed
electric field. The procedure of electrofusion involves the use
of two types of electrical signals, inhomogeneous AC pulses
and rectangular DC pulses. The electrical oscillations that
occur during electrofusion cause excessive heating of the
medium with high conductivity. For this reason, buffer
solutions with low electrical conductivity, which can cause
the formation of dielectric potentials within the cells to
facilitate intercellular contact, are chosen for electrofusion.
Mainly, the Zimmerman medium in various modifications
is used for cell fusion (Robl et al., 1987; Nickoloff, 1995).
The physical factors affecting the effectiveness of the fusion
of the cytoplast and karyoplast include voltage, duration and
repeatability of the electric field pulse. As a rule, the effect
of dielectrophoretic forces on the cells is caused by the guid-
ance of a high-frequency (1-3 MHz) sinusoidal AC field of
low amplitude (~100-300 V/cm). Cells that come into contact
with plasma membranes are fused by one or two rectangular
pulses of high voltage DC (1-10 kV/cm) with a duration of
10-50 ps (Cao et al., 2008). The literature is rich in meth-
ods of cell electrofusion, which is due to both the technical
characteristics of the devices used for these purposes, and the
particularities of different types of cells.
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Activation of reconstructed oocytes

In the process of cloning, the enucleated oocytes after
fusion with the diploid donor cell are activated for further
development (Campbell, 1999). For cloning of pig embryos,
the activation signals used are DC pulses (Im et al., 2004;
Holker et al., 2005), the chemical agents ionomycin, iono-
phore Ca?* A23187 (Yin et al., 2002; Hyun et al., 2003;
Garcia-Mengual et al., 2008), and thimerosal in combination
with dithiothreitol (Im et al., 2006; Whitworth et al., 2009).
Among the existing methods, electrostimulation is the most
commonly used for the production of cloned embryos. It is
reported that the magnitude of the emission of Ca?" ions is
proportional to the number and magnitude of pores formed
during electrical stimulation, and depends on the number and
duration of electrical pulses and electric field strength (Fissore,
Robl, 1992). One DC pulse leads to a single mobilization of
intracellular calcium reserves. In contrast, the strategy of
multiple electrical pulses (2-3) stimulates the generation of
a long series of Ca?* oscillator peaks, increasing many times
the concentration of these cations in the ooplasm (Fissore et
al., 1999).

In studies on somatic cloning of pigs (Verma et al., 2000;
Zhu et al., 2002), the multiplication of electrical impulses
positively correlated with the high level of development of
reconstructed oocytes to the stage of morula and blastocysts.
The specific feature of obtaining cloned pig zygotes is the
simultaneous electroactivation and electrofusion of the enucle-
ated oocyte and somatic donor cells (Hyun et al., 2003; Lee
et al., 2003; Skrzyszowska et al., 2008). Transgenic cloned
pig embryos produced from the oocytes reconstructed using
fetal fibroblasts, which were activated by electric pulses and
by subsequent incubation in a solution of ionomycin, were
inferior in terms of development to the blastocyst stage to the
oocytes fused with the somatic cell and activated simultane-
ously (Hyun et al., 2003). Simultaneous fusion and activation
of pig oocytes led to the improvement of embryonal develop-
ment of oocytes reconstructed using fetal fibroblasts compared
to the use of shared electrical and chemical activation (Samiec,
Skrzyszowska, 2010). At the same time, it should be noted
that no clear and reproducible unified protocols of electrical
activation — like those developed for other mammalian spe-
cies — have yet been developed for pigs, and the parameters
of the electric field (the number of electrical impulses, the
duration of electrical stimulation and the interval between
pulses) significantly vary (Koo et al., 2005; Cervera et al.,
2010; Peng et al., 2013).

One of the approaches for increasing the effectiveness of
artificial activation is the by using stimuli that increase the
concentration of Ca?* ions in the cytoplasm, in combination
with factors that inhibit the activity of the maturation promot-
ing factor (Presicce, Yang, 1994; Cheng et al., 2007). Electrical
stimulation in conjunction with postactivation culture in the
presence of 6-dimethylaminopurine (6-DMAP) or cyclo-
heximide resulted in an increase in the yield of blastocysts
compared to conventional electroactivation (Kim et al., 2005;
Im et al., 2006). Culture in the presence of 6-DMAP after
electrical stimulation leads to an increase in the oscillations
of intracellular Ca?* ions, which is observed throughout the
entire period of postactivation of activated pig oocytes (Im
et al., 2006, 2007). The combination of the chemical agents
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6-DMAP + cytochalasin B improved the parthenogenetic
development of embryos to the blastocyst stage, but these
blastocysts were characterized by a reduced number of cells.
Postactivation of pig oocytes in 6-DMAP increased the yield
of blastocysts on day 7 of culture in comparison with the in-
cubation in the presence of cycloheximide or cytochalasin B
(Grupen et al., 2002).

Culture of cloned embryos

Activated reconstructed oocytes, which have started their
embryonic development, are cultured in vitro in special media
until transplantation to the recipient animal. As is known,
when comparing in vivo and in vitro produced embryos, the
latter have a reduced potential to embryonic development
(Uhm et al., 2009; Gil et al., 2017). On the other hand, it
has been shown that cloned embryos are more sensitive to
culture conditions compared to parthenogenetic embryos
(Heindryckx et al., 2001). These observations, along with
the increased susceptibility of embryos to environmental
factors when they are maintained outside the sow’s body,
including temperature fluctuations, set special requirements
to the systems of in vitro culture of reconstructed pig oocytes.
Culture media should provide overcoming a developmental
arrest of 4-cell pig embryos, activation of the own genome
and in vitro development to advanced stages of embryogenesis
(morula and blastocyst).

Different media such as NCSU-23 and NCSU-37, BECM-3,
PZM-3, PZM-4 and PZM-5 are used for culture of pig embryos
(Dobrinsky etal., 1996; Yoshioka et al., 2002; Im et al., 2004).
NCSU-23 is a traditional and initially widely used medium
for the development of in vitro fertilized and cloned swine
embryos. On the other hand, PZM-3, of which the composi-
tion is similar to the environment of the pig oviduct, allows
increasing the ratio of embryos developed to the blastocyst
stage at the 7th day of culture, and the number of cells of in-
ner cell mass compared to NCSU-23 media (Im et al., 2004).
Cloned embryos are known to be more susceptible to apoptotic
degeneration than embryos developed after in vitro fertiliza-
tion of intact oocytes (Ju et al., 2010). It has been shown
that culture in PZM-5 developed by Japanese researchers in
2004 (Suzuki et al., 2004) reduces the apoptotic index in the
pig embryos, produced by nuclei transfer of somatic cells
(Yamanaka et al., 2009).

However, it should be noted that, despite the local suc-
cesses in the development and application of new culture
media, currently the conditions for embryo culture of this
animal species are still not optimal. That is why, according
to scientists from Canada (Cordova et al., 2017), in most of
the experiments on nuclei transfer of somatic cells, the recon-
structed embryos are transplanted to the host animals prior to
or at early stages of cleavage. For example, a more efficient
transplantation of embryos to the recipient sow was shown at
hours 4-6 following activation of reconstructed oocytes than
at hours 2024 (1-2 cell embryos), the increase in efficiency
being seen as an increase in pregnancy rate and the overall
effectiveness of cloning (Shi et al., 2015). On the other hand,
in vitro incubation to the morula and blastocyst stage allows
controlling each division-cleavage with the possibility to
select high-quality embryos with the greatest potential for
further development (Jin et al., 2018). As confirmation of this
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suggestion, the extension of the duration of in vitro culture
of cloned embryos from 20 to 40 hours increased the number
of pregnant recipients by 13 %, and from 22 to 120 hours by
61.8 % (Ju et al., 2010; Rim et al., 2013).

Conclusion

Analysis of literature data has shown that the cloning
technology allows the researcher to create cloned pig embryos
and to obtain viable offspring after transfer to the recipient
animal. While some stages of cloning have become routine
in many aspects (fusion, enucleation, reconstruction), others
are still uncertain and require additional research (oocyte
maturation, donor cells and embryo culture). It is also obvious
that it will be necessary to pay special attention to studying
the mechanisms of somatic cell reprogramming and regulation
of oocyte quality — for using quality oocytes as sources of
cytoplasts.
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Prospects for marker-associated selection
in tomato Solanum lycopersicum L.

A.B. Shcherban

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
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The review gives a brief description of tomato, one of the main objects of olericulture for Siberia. The data on the
main directions in the breeding of this culture, such as resistance to various pathogens, the nutritional properties of
fruits, the timing of their maturation and storage are generalized. A separate chapter is devoted to the use of various
types of DNA markers for constructing detailed genetic maps of the specified object, which, along with full-genome
sequencing data, can be used to screen for genes responsible for breeding traits. Most of these traits, especially spe-
cific resistance to one or another pathogen, were transferred to the cultivated tomato by crossing with wild species,
therefore, special attention was paid in the article to identifying and marking resistance genes to a variety of viral,
fungal and bacterial pathogens occurring in Western Siberia and adjacent areas. Another important aspect for breed-
ing is the nutrient content of tomato fruits, including carotenoids, vitamins, sugars, organic acids, etc. Recently, due
to modern technologies of sequencing, SNP-genotyping, the development of new bioinformatic approaches, it has
become possible to establish genetic cascades determining the biochemical composition of tomato fruits, to identify
key genes that can be used in the future for marker-associated selection of nutritional value. And, finally, genetic
works devoted to the problem of the optimal dates of fruit ripening in certain climatic conditions and their prolonged
storage without loss of quality are discussed.

Key words: tomato; selection; DNA marker; pathogen; resistance; ripening time; shelf life.
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[TepcrieKTUBBI MapKep-OpMEeHTUPOBAHHOI ceJeKIM ToMaTa
Solanum lycopersicum L.

A.B. llepbanb

DepiepanbHblii UCCNeROBATENbCKUI LeHTP VHCTUTYT yutonorum n reHeTnkn Cnbrpckoro otaeneHnsa Poccuiickoln akafgemmnm Hayk, HoBocnbupck, Poccus
® e-mail: atos@bionet.nsc.ru

B 0630pe npeactaBneHa KpaTkasa XapakTepUCTKA OQHOrO M3 OCHOBHbIX Ans Cnbrpn o6beKToB OBOLEBOACTBA —
TomaTa. O606LeHbl JaHHble 06 OCHOBHbIX HaNPaBIEHUAX CENEKLMUN STOWN KyNbTYpPbl, TaKNX KakK YCTOMUYMBOCTb K pas-
NINYHBIM MaTOreHaMm, CPOKU CO3PEBAHUS U XPAHEHUA MIIOAOB, @ TaKXKe CofiepKaHne B HUX OUONOrMYECKN akTUBHbBIX
BelecTs (BAB). OTaenbHanA rnaBa 0630opa NocBALLeHa NCMONIb30BaHMIO Pa3fMyHbIX TUMOB MapKkepos [JHK ana noctpo-
€HUS JeTaNbHbIX FTeHETUYECKNX KapT YKazaHHOIO 06beKTa, KOTOpble Hapady C AaHHbIMY MONIHOFTEHOMHOMO CEKBEHU-
pOBaHKA MOTYT ObITb NCMOb30BaHbI A1 CKPVHUHIA Pa3fINYHbIX FEHOB, OTBEYAIOLLUX 33 CENIEKTUPYEMbIE MPU3HAKMU.
BOMbLWIMHCTBO TaKMX NPU3HAKOB, 0COGEHHO crieLndryeckan YyCTOMUMBOCTb K TEM WAV UHbIM NaToreHam, nepeHece-
HO B KY/IbTYPHbI TOMaT NyTeM CKPELLYMBaHNA ero C AMKOPACTYLMMI BYAAMK, MOSTOMY 0CO60€e BHMMaHKE B CTaTbe
yAeNeHo BbIABNEHNIO N MapKUPOBAHMIO FeHOB YCTONUMBOCTY K LIefIoMY PSAAY BUPYCHbIX, IPUOHbIX 1 6aKTepuranbHbIX
NaToreHoB, pacnpocTpaHeHHbIX B 3anagHoi CMbupm 1 Ha NpuneraoLnx TeppuUTopuax. pyro BaxHbIN acnekT ana
cenekummn — cogepxarvie bAB B nniogax TomaTa, BKNoUYas KapOTUHOWAbI, BUTAMUHbI, Caxapa, OpraHnYeckme KUCnoTbl
1 ap. 3a nocnegHee Bpems 6narofapa COBpPeMeHHbIM TEXHONOMMAM CEKBEHUPOBaHNA, SNP-reHoTUnnpoBaHusa, pas-
paboTke HOBbIX 61OMHPOPMATNUYECKX MOAXOAOB YAANOCh YCTaHOBUTb reHeTMYeCKIMe KacKagbl, onpegenatoLme 61o-
XVIMNYECKMI COCTaB MIOJOB TOMAaTa; BblAeNNTb K/OUEBbIe FeHbl, KOTOPble B MePCMEKTUBE MOTYT ObITb NCMNONb30BaHbI
B MapKep-OpUEHTMPOBAHHOW CeNeKummy Mo NpU3Hakam NUTaTeNbHON LLeHHOCTU. M HakoHel, 06cyXaatoTcs reHeTuye-
CKUne paboTbl, MOCBSLLEHHbIE BECbMA aKTYaIbHOW AN Cenekummn npobineme onTYMasIbHOTO B TEX WAV MHbIX KNMMaTU-
YeCKMX YCNOBUAX CPOKa CO3PeBaHNUA NIOJ0B U UX AINTENbHOIO XpaHeHUs 6e3 NoTepu KauecTsa.

Kntouesble cnoBa: Tomar; cenekuymsa; IHK-mapkep; natoreH; yCTOMYMBOCTb; CPOK CO3PEBaHUNA; TEXKKOCTb.

Introduction 2500 species, including several plants of agronomic impor-
Tomato, Solanum lycopersicum L., is the second most im-  tance (potato, eggplant, pepper, tobacco). In 2012, due to the
portant vegetable crop after cabbage. It belongs to the family  efforts of the International Consortium on sequencing the
Solanaceae, consisting of approximately 100 genera and  tomato genome, the genomes of the cultivar Heinz 1706 and
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the wild ancestor of the tomato, Solanum pimpinellifolium L.
were completely sequenced (DOI 10.1038/nature11119). The
tomato (2n = 2x = 24) has a relatively compact genome of
950 MB. It contains about 35,000 genes and was subjected
to two rounds of triploidization (120 million and 70 mil-
lion years ago) in the course of evolution; the second round
took place before the divergence of tomato and potato. It is
believed that the process of polyploidization promoted the
neofunctionalization of genes responsible for the ripening
and chemical composition of fruits, leading to the formation
of a fleshy fruit in tomato that is of great importance for the
propagation of seeds (Howe, Smallwood, 1982). Sequencing
data is available through the SOLGenomics Network (SGN)
website (http://solgenomics.net). Tomato fruits are enriched
with vitamins A and C, a number of minerals and other bio-
logically active substances (BAS), including lycopene, which
belongs to antioxidants (Rao A.V., Rao L.G., 2007).

The homeland of tomato is South America, where its wild
and semi-cultural forms are still found. In the middle of the
XVI century, the tomato came through Spain and Portugal to
Europe and was first used as an ornamental plant, since the
fruits of the tomato were considered inedible. At the end of
the XVIII century, a tomato appeared in Russia and was also
first cultivated for decorative purposes. The tomato became a
vegetable crop thanks to the agronomist scientist A.T. Bolotov,
who developed a seedling method of cultivation and a method
of ripening (ripening of green fruits after their collection).

DNA markers

Currently, the presence of complete genomic sequences (see
above) makes it possible to effectively search for various genes
responsible for valuable traits, as well as corresponding DNA
markers for marker-assisted selection (MAS) of new forms
of tomato. A large number of these markers were developed,
including: RFLP (restriction fragment length polymorphism)
(Tanksley et al., 1992), as well as PCR markers, including
RAPD (randomly amplified polymorphic DNA), AFLP
(amplified length polymorphism fragments), SSR (simple
repeating sequences) (Saliba-Colombani et al., 2000; Ohyama
etal., 2009). To date, SNP (single nucleotide polymorphism)
markers are the technology of choice, and within this tech-
nology methodological approaches have been successfully
approved on tomato such as using of EST SNP analysis for
high-performance genotyping (Shirasawa et al., 2010), wide-
scale genomic sequencing to identify SNPs that affect protein
functions (http://plantl.kazusa.or.jp/tomato/). Polymorphic
markers for tomato genomic selection were developed based
on DArT (DNA chip technology for studying diversity) (Van
Schalkwyk et al., 2012).

However, it should be noted that, despite the many DNA
markers developed, mainly markers for qualitative traits,
such as specific resistance to pathogens, are currently used in
practical breeding of tomato. As for quantitative traits (QTL),
so far the use of appropriate markers is hindered by their
weak linkage with these traits, low polymorphism, undesir-
able pleiotropic effects, and the lack of validation on diverse
material of lines and varieties (Foolad, Panthee, 2012). In this
regard, the problem of developing of new, effective molecu-
lar markers suitable for use on a wide range of varieties and
populations remains actual.
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Main directions of tomato breeding

in Western Siberia

Tomato is a thermophilic culture and the climate of Western
Siberia does not always favor to its productivity. In addition,
the tomato is susceptible to numerous infectious diseases. This
implies the need to obtain new varieties and hybrids capable
of producing high yields and possessing a set of economically
valuable traits, such as resistance to pathogens, ripening date
corresponding to a short vegetation period, shelf life, etc. As
known, MAS makes it possible to conduct selection for many
traits simultaneously and allows significantly (23 times) to
reduce the time of obtaining new varieties, compared with
the classical breeding. However, no one variety or hybrid of
tomato has been obtained in Siberia using MAS. In this regard,
it seems relevant to summarize the main results obtained in
the world on this culture with the help of MAS, focusing on
those directions that correspond to the conditions of Western
Siberia and adjacent territories.

Tomato resistance to pathogens

Most of the resistance genes were identified within wild-
growing species and then, by crossing, were introduced in a
cultivated tomato (Foolad, Panthee, 2012). In Siberia, fungal
diseases of tomato are in the first place by importance, namely:
late blight, leaf mould (in greenhouse), septoria blight (in
field), fusarium wilt and verticillium wilt. Bacterial spot and
bacterial canker are the most common bacterial diseases. Viral
diseases are not so relevant for Siberia, although in some years
epiphytotics occur.

Resistance to fungal diseases
Late blight caused by Phytophthora infestans oomycete,
is one of the most devastating diseases of tomato in regions
with high humidity and a cool climate, leading to yield loss
up to 100 %. Losses can be in the form of a drop in yield, a
lower quality of fruits, for example, a low specific weight, a
decrease in shelf life, etc. Due to the large economic effect,
the pathology and genetics of this disease have been inten-
sively studied for many years. Three main resistance genes
were identified in wild-growing tomato S. pimpinellifolium:
Ph-1, Ph-2 and Ph-3, which were mapped on chromosomes
7,10 and 9, respectively (Black et al., 1996; Moreau et al.,
1998). The strongest resistance gene, Ph-3, provides incom-
plete dominant resistance to a wide range of P. infestans
isolates (Chunwongse et al., 2002). Analysis of its primary
structure showed that it encodes a CC-NBS-LRR (coiled-coil
nucleotide-binding leucine-rich repeat) — protein that belongs
to the extensive NBS-LRR class of plant R-genes (Zhang et
al., 2014). However, even this gene does not provide resistance
to Phytophthora most aggressive isolates. In these cases,
the most effective was the combination of two genes, Ph-2
and Ph-3, whick were successfully transferred to a number
of commercial varieties using developed CAPS markers
(Robbins et al., 2010; Zhang et al., 2014). Work on the isola-
tion and analysis of new late blight resistance genes continues.
In particular, a number of QTLs carrying resistance genes
have been identified that have not yet been precisely localized
(Merk, Foolad, 2012; Panthee et al., 2017).

Fusarium wilt. Fusarium oxysporum is a soil fungus that
causes wilting disease in tomato. It affects all plant tissues and
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can persist for a long time in the form of chlamydospores in
the soil and plant residues, without losing virulence. Currently
three races of this fungus were identified; in Russia, race 1
brings the most damage in greenhouses, race 2 occurs in some
farms (Ignatova, 2001). Gene I, which provides high resistance
torace 1, and gene I-2, which gives resistance to races 1 and 2,
were mapped on the short and long arms of chromosome 11,
respectively (Ori et al., 1997; Scott et al., 2004). These genes
were most often used in breeding for resistance to Fusarium,
however, recently, race 3 has become very common and the
corresponding resistance gene has been mapped in detail on
chromosome 7 (Lim et al., 2008). There are various linked
PCR markers for each of the three genes; markers of resistance
to races 1 and 3 are most effective (Barillas et al., 2008; Arens
et al., 2010).

A kind of Fusarium wilt — Fusarium root rot, caused by
another strain of F. oxysporum. Resistance was established
in the induced mutant S. peruvianum and the only resistance
gene Fr | was mapped on chromosome 9 near the Tm-22 gene
(Vakalounakis et al., 1997). Subsequently, RAPD markers for
Fr | (Tanyolac, Akkale, 2010) were developed, however, to
date there are few commercial varieties and lines resistant to
this disease.

Leaf mould is common in almost all the world and most
often affects plants in greenhouse conditions. Affected
leaves, flowers and young fruits turn yellow and then dry.
The pathogenic agent is Cladosporium fulvum, a highly con-
tagious, optional saprotroph. More than 20 major resistance
genes have been identified and mapped on different chro-
mosomes (Wang et al., 2007). In Russia, the most effective
resistance genes Cf-2, Cf-5, Cf-6, Cf-9 give resistance to
races of the fungus 1, 3 and 4, however, due to the appear-
ance of new races, at least two genes must be combined
(Ignatova, 2001). Although a number of PCR markers have
been associated with Cf genes (Grushetskaya et al., 2007;
Wang et al., 2007; Truong et al., 2011), there is no data on
their use in breeding.

Verticillium wilt is a widespread disease characterized by
the following symptoms: wilting, discoloration and leaf fall,
vascular tissues and root system necrosis. Verticillium wilt is
caused by Verticillium dahlia and V. albo-atrum. In tomato,
resistance to Verticillium is controlled by the Ve locus mapped
on the short arm of chromosome 9 and consisting of two linked
genes Ve-1 and Ve-2, each of which provides resistance to
certain pathogen races (Kawchuk et al., 2001; Fradin et al.,
2009). PCR markers were obtained to discriminate tolerant
and sensitive to Verticillium forms of tomato (Acciarri et al.,
2007; Arens et al., 2010).

Resistance to bacterial pathogens

Bacterial cancer caused by the rod-shaped bacterium
Clavibacter michiganensis, is a common tomato disease
worldwide and one of the most difficult to control. Infection
occurs through mechanically damaged tissues. Greenhouse
tomatoes are most at risk. Mapping using crosses between
S. lycopersicum and the resistant specimen S. habrochaites
LA 407 allowed to identify and accurately map two large
QTLs on chromosomes 2 (Rcm2.0) and 5 (Remb.1), which
are responsible for 68 % of expressivity variation (Kabelka et
al., 2002; Coaker, Francis, 2004). There are data on markers
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(Coaker, Francis, 2004), however, there is no information
on their use.

Bacterial spot is a common disease of tomato (especially
in Western Siberia, Kazakhstan), which is caused by four
species of rod-shaped bacteria Xanthomonas (races T1-T5).
It is characterized by spotting of leaves, stems and fruits,
accompanied by leaf fall, a decrease in the size of fruits
and their immaturity, which leads to yield loss up to 100 %.
Chemical control is not effective enough due to the develop-
ment of resistance in the pathogen and multiple ways of its
inoculation. Pathogen resistance has been found in a number
of S. lycopersicum specimens, as well as in wild species,
however, its use is greatly complicated by the diversity of
pathogen races and the complex nature of resistance. In
many cases, it is characterized by race specificity, but some
genotypes exhibit multiple quantitative resistance, depend-
ing on external conditions. For example, the resistance of
Hawaii 7998 S. lycopersicum line to race T1 ranges from
reduced field symptoms to a hypersensitivity reaction (HR)
in a greenhouse. This reaction is provided by three indepen-
dent genes Rx-1, Rx-2 (chromosome 1) and Rx-3 (chromo-
some 5) (Wang etal., 1994; Yu et al., 1995). The participation
of Rx-3 locus was most reliably confirmed to which markers
were developed, including CAPS marker L3-L1, which was
used in breeding (Yang, Francis, 2005). The same line has
strong HR-resistance to race T3 (both in the field and in the
greenhouse), which is controlled by the Rx-4 gene mapped
on chromosome 11 (Wang et al., 2011).

Resistance to viruses

Tomato mosaic virus (ToMV) is one of the most stable
viruses; crop losses when infected with ToMV reach 50 %
or more. The disease is characterized by the appearance of a
motley (mosaic) color of leaves, stems and fruits, followed
by their deformation and fading. ToMV is highly contagious
and is transmitted via mechanical contact, as well as insects:
thrips, aphids, etc. In tomato three major resistance genes
were revealed: Tm-1, Tm-2 and Tm-22 (Ohmori et al., 1996;
Sobir et al., 2000; Scott, 2007). The first gene, localized
on chromosome 5, inhibits the synthesis of viral RNA by
suppressing viral RNA replicase (Meshi et al., 1988). The
Tm-2 and Tm-22 genes, localized on chromosome 9, block
the movement of the virus from cell to cell, and also cause
HR (Meshi et al., 1989). The highest efficiency is observed
when all three dominant genes are combined in the homo- or
heterozygous state (Puchalsky, 2007). For each of these, PCR
markers were developed (Dax et al., 1998; Sobir et al., 2000;
Arens et al., 2010).

Tomato spotted wilt virus. The disease is caused by the
tomato spotted wilt virus, TSWV. It leads to a decrease in
crop yields (over 50 %) and deterioration in product quality.
The TSWV virus has an extremely wide range of host plants,
which creates a high risk of infection. Eight major resistance
genes are known, including the dominant genes Sw-1a,
Sw-1b, Sw-5, Sw-6 and Sw-7 and the recessive genes sw-2,
sw-3 and sw-4 (Stevens et al., 1992). The most effective gene
for resistance to TSWYV, the Sw-5 gene, is localized on the
long arm of chromosome 9, and since it is race-specific, it is
often used in practical breeding. However, there is a risk of
overcoming Sw-5 with new TSWYV strains; virulence to this
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resistance gene has been reported in several countries (Scott,
2007). A large number of PCR markers have been developed
to detect Sw-5 (Smiech et al., 2000; Langella et al., 2004;
Garland et al., 2005).

Size and color of fruits, content

in them biologically active substances

The trait of “uniform ripening” is determined by the genetic
locus uniform ripening (u), which control the amount and
distribution of chlorophyll in immature fruits (Bohn, Scott,
1945). The dominant allele U determines a normal, uneven
maturation, in which the upper part of the immature fruit
has a dark green and the lower — a light green color. Plants
that are homozygous for the recessive u allele (u/u) produce
uniformly ripening fruits that, in an immature state, have the
same pale green color on all sides. The initial breeding led
to the selection of such forms of tomato, because they are
characterized by a uniform red color of ripe fruit. In 2012,
localization of the U locus on the short arm of chromosome
10 was established using genetic mapping and the GLK2
candidate gene was identified that encodes the Golden 2-like
transcription factor, a regulator of chloroplast development
(Powell et al., 2012). The authors sequenced this gene in
varieties with U/U and u/u genotypes and found that in the
first case, the GLK2 gene encodes a complete regulatory pro-
tein of 310 amino acids in length, whereas in the case of the
u allele, the synthesis of non-functional protein occurs due to
premature stop codon which resulted from insertion of one
nucleotide. Using genetic transformation, it was shown that
this mutation blocking the GLK2 gene is responsible for the
uniform coloring phenotype and the associated decrease in
the number of chloroplasts in fruits. The latter, in turn, leads
to a decrease in the level of photosynthesis and a significant
decrease in the content of soluble solids in the fruit juice. As
a result, the cultural forms of tomato with the u/u genotype
have lower taste and nutritional qualities, compared with the
ancestral forms. In 2017, the Science published an article of
D. Tieman et al. (2017), in which more than 300 modern and
traditional tomato varieties were analyzed using genomic se-
quencing and chemical analysis. In this work, 28 compounds
were identified that are responsible for the organoleptic quali-
ties of tomato and then, based on the genome-wide analysis of
associations (GWAS), a search was made for SNPs associated
with the concentration of these chemical compounds. As a
result, several major genes were identified that are respon-
sible for the tomato flavor. Thus, the Lin5 gene encodes an
extracellular invertase that catalyzes the hydrolysis of sucrose
to low molecular weight glucose and fructose. Alleles of this
gene that are responsible for the alternative characteristics of
modern and wild/old-fashioned varieties (low sugar content,
large fruits vs. high content, small fruits) differ by only one
SNP, leading to the substitution Asn—Asp. Another example,
the E8 gene, which regulates the synthesis of ethylene,
hormone of maturation. In the overwhelming majority of
modern varieties, this hormone has an increased activity,
which leads to a higher concentration of methyl salicylate
and guayacol with an unpleasant smell, compared to the old
varieties, while the “beneficial” aromatic substances are less
concentrated. Three SNPs were identified in the regulatory
regions of the E8 gene, which appear to be responsible for
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the indicated differences (Tieman et al., 2017).

The most important BAS of tomato fruits include ca-
rotenoids, a class of 40-carbon hydrocarbons, which are
represented by orange, red and yellow pigments synthesized
in various plant organs. These substances are involved in a
variety of physiological processes of growth, development
of plants, reactions to external stimuli. To date, the biosyn-
thesis genes, as well as transcription factors and hormones
that regulate the metabolism of carotenoids under the influ-
ence of external factors, have been established (Liu et al.,
2015). In particular, key regulatory genes that determine the
concentration of lycopene, the most common carotenoid-
antioxidant of ripe tomatoes, have been identified. This
substance is considered as an important biologically active
component of the human diet, reducing the risk of cancer
and cardiovascular diseases (Ford, Erdman, 2012). Recently,
using genomic editing, the synthesis of lycopene in tomato
fruits has been increased five times due to the knockout of
genes responsible for the conversion of lycopene to - and
a-carotene (Li et al., 2018).

Specific polymorphisms that are responsible for particular
varietal characteristics of the tomato fruit color were identified.
The formation of a dark red color in the Black Cherry variety
is caused by a mutation of the reading frame shift in the cod-
ing part of the lycopene-B-cyclase gene, leading to a loss of
protein function. A similar mutation leading to a stop codon
and shortened protein Psy 1 phytoene synthase underlies the
yellow color of fruits (Aflitos et al., 2014).

The shape and size of the tomato fruit correlates with the
number of seed chambers (locules). Two QTLs, Ic and fas,
have the maximum effect on these traits and can act synergisti-
cally, leading to an extremely high number of locules (Cong
et al., 2008; Munos et al., 2011). Fas is the strongest gene
(variation in the number of locules 2 more than 6), while Ic
acts weaker (3—4 locules). Two SNPs, T—C and A—G, are
associated with the allele Ich of a high number of locules.
Analysis of the primary structure of the Ic gene showed that
all 2-chamber tomato varieties have the Ic' allele, and the 3,
4-chamber — allele Ic". The Fas gene encodes a YABBY-like
transcription factor (Cong et al., 2008). The fas" allele ap-
peared as a result of the inversion of the 294 kbp region on
chromosome 11, that led to the shutdown of the Fas gene
due to the spatial separation of exons 1 and 2 (Huang, van
der Knaap, 2011).

Peculiarities of the formation
of plants and fruit ripening
Determinancy. For greenhouse conditions tomato plants of
an indeterminate type are most suitable. They are character-
ized by continuous growth and uniform ripening of fruits for
several months. For field conditions of Siberia determinant
genotypes are more acceptable, the main distinguishing feature
of which is termination of shoot growth after the formation of
2-6 inflorescences. Such genotypes, as a rule, are early matur-
ing, which prevents yield loss due to the short growing season.
Determinancy is controlled by the SP regulatory gene (SELF
PRUNING), which controls the transition from the vegetative
to the generative stage of development and is homologous to
FT (FLOWERING LOCUS T) — gene of Arabidopsis (Pnueli
et al., 1998). Determinant plants have the sp/sp genotype,
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indeterminate — (SP—). There are at least six SP genes in the
tomato genome. For one of them, SP5G, a mechanism of
action was established that depends on photoperiod (Soyk et
al., 2017). Like the FT gene, SP5G belongs to the flowering
repressors. Under the influence of a long day, its expression
is induced to a high level, which leads to suppression of
flowering until the onset of a short day (indeterminant, wild
phenotype). In a cultural tomato of determinant type, this ef-
fect of a long day on expression is reduced due to mutations
in this gene. Using the CRISPR/Cas9 genomic editing, it was
possible to obtain the null allele SP5G and thereby restore a
determinant phenotype characterized by early flowering and
increased productivity (Soyk et al., 2017).

Genes of slow ripening of fruits. Earlier, the pleiotropic
genes responsible for the delayed fruit ripening period were
revealed in tomato: alcobaca (alc), ripening inhibitor (rin) and
non-ripening (nor) (Garg etal., 2008). In plants carrying these
genes in a homozygous state, shelf life of fruits increased by
250-500 %; meanwhile they were less prone to the process of
decay. However, such genotypes did not become widespread
in commerce, due to the accompanying traits: pale coloring
and poor taste. The fruits of heterozygous plants also had
an increased shelf life (average between parental forms),
resistance to decay, but at the same time they had acceptable
color and taste for consumers. In addition, these plants had an
increased yield, and such indicators as: the content of lyco-
pene and dry matter, fruit consistency, ascorbic acid content
were intermediate compared to their parents. As a result, the
forms carrying the alc, nor, and rin genes are widely used
in commercial tomato varieties in many countries (Garg et
al., 2008).

In 2002 Science published an article devoted to the rin gene
(Vrebalov et al., 2002). This gene is located on the short arm
of chromosome 5 and encodes a MADS-box-transcription
factor that regulates many different developmental genes,
including those associated with ethylene biosynthesis. The
alc and nor genes were also cloned and analyzed (Moore
et al., 2002). The alc gene (synonym: DFD, delayed fruit
deterioration) has several advantages for breeding, since it
has a lower negative effect on fruit quality, color, aromatic
properties and resistance to bacterial diseases (Garg et al.,
2008). The alc recessive mutation is caused by a nonsyn-
onymous T—A substitution at position 317 of the coding
sequence, leading to the Val—Asp substitution (Casals et
al., 2012). Using CRISPR/Cas9 in one of the varieties, the
ALC allele was replaced by the alc allele by homologous
recombination (Yu et al., 2017).

Functional male sterility

The low genetic diversity due to the mode of tomato repro-
duction (self-pollination) and the effect of the bottle neck
during the introduction process make the successful breeding
of tomato very difficult. The English scientist Ch. Rick first
began to use the methods of introgression of genetic material
from wild-growing to cultivated tomato (Rick, 1960) and most
of the tomato varieties were obtained using hybridization.

In tomato, the production of hybrid seeds is laborious due
to the need for isolation and castration of flowers, so the
use of lines with the trait of functional male sterility (FMS)
is the most effective way to obtain hybrid seeds. FMS is
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caused by deviations in the development of the flower and
in tomato includes the following types: ex, ex-2, ps, ps-2
(Kuzemensky, 2004). The latter type is most widely used in
tomato breeding. The stamens of plants of the ps-2 type have
the usual structure, fertile pollen grains, but the anthers are
not opened. The Ps-2 gene controlling this type of sterility
was identified in chromosome 4, isolated and its primary
structure was studied (Gorguet et al., 2009). It encodes the
enzyme polygalacturonase, which affects the rigidity of the
cell wall by digestion of pectins. The single mutation that
disrupts splicing of mRNA, resulting in its aberrant forms
is responsible for the ps2 phenotype. A number of markers
have been developed for the Ps-2 gene: SNP (Gorguet et al.,
2009), CAPS (Staniaszek et al., 2012), etc.

Conclusion

The work on the complete sequencing of the tomato genome
and the construction of high-resolution genetic maps laid the
foundation for a fast and effective search for genes responsible
for important selection traits, as well as the development of
DNA markers corresponding to these genes that can be used in
marker-assisted selection of a new forms of tomato. Especially
relevant for a temperate climate are markers of such traits
as resistance to a number of common pathogens of various
nature, valuable biologically active substances, for example,
carotenoids, lycopene, sugars, etc., as well as gene markers
that determine the optimal, early fruit ripening in conditions
of short summer period and risk of autumn frosts. To date,
key genes responsible for these traits have been identified and
characterized, which makes it possible, on the basis of molecu-
lar markers, to develop strategies for crossing and selection for
these genes, to perform their pyramiding, as well as targeted
modification using modern genomic editing methods.
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Pa3Hoo0Opasye MexaH3MOB VCTOMUMBOCTH,
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0630p NOCBALLEH PAaCKPbITVIO COBPEMEHHON KOHLeNUMn GUTOMMMYHUTETA KaK MHOTOYPOBHEBOW CUCTEMbI 3alLu-
Tbl PaCTEHNA-X03AMHA, KOHTPONMPYEMOIN KOMOMHALMAMM MaXKOPHbIX 1 MUHOPHbIX FeHOB (TOKYCOB) YCTOMYMBOCTH.
Moapo6Ho pa3bupaetca Mofenb «3ur3ar» A ONMCaHNA MOJSIEKYNAPHBIX OCHOB GUTOUMMYHUTETA C KITIOUYeBbIMU
NOHATUAMMN: aCCOLMMPOBaHHble C MaToreHamy NNraHAbl, 3amnyckalolme BPOXAEHHbIN UMMYHUTET, AyanbHOCTb
3¢bPeKTOpOoB, CMOCO6HBIX BbI3blBaTb BOCAPUMMUYMBOCTb PACTEHUA, @ NPV B3aMMOAENCTBUM C NPOAYKTaMN reHOB
YCTOMUYMBOCTU BKIOYATb PeaKkLnio CBEPXUYBCTBUTENIbHOCTY UK aflbTEPHATUBHbIE MEXaHW3Mbl 3aLnTbl. BoigeneHo
TPW PasfNyYHbIX TUMA YCTONUMBOCTY Y 3MaKoB: 1) 6a3oBan yCToMuMBOCTb, obecneyriBaemas peLenTopHbiMU ben-
Kamui, NOKannM3oBaHHbIMU B M1a3maTyeckon membpaHe; 2) pacocneumnduryeckas ycTonumBocTb, obecneymBaemas
BHYTPUKNETOUYHbIMY R-peLienTopamv MMMYHHOrO OTBETa; 3) YacTUYHaA YCTOMYMBOCTb, KOHTPONMpPYeMas JIOKyca-
MW KONMYECTBEHHbIX MPU3HakoB. Cuctema «maArkaa nwenuua (Triticum aestivum) — Bo36yamTenb 6ypon prkaBymHbI
(Puccinia triticina)» ABRAeTCA NHTEPECHON MOAENbIO ANA HabMoAEHNA BCEX NepPeUnC/IEHHbIX MEXaHV3MOB YCTONYN-
BOCTW, TaK Kak CTpaTerua AaHHOro natoreHa Harnpae/ieHa Ha KOHCTUTYTUBHOE MCMOMb30BaHNe PecypcoB X03AnHa.
PaccMoTpeHbl N3BECTHbIE FeHbl MLUEHKL b, OTBEYatoLLMe 3a Pa3nnyHble MPOABIIEHNA YCTONUMBOCTY K 6YpOit pXKas-
ynHe: pacocneunduyeckme renbl (Lr1, Lr10, Lr19, Lr21); reHbl BO3PaCTHOWN YCTONYMBOCTY, 3anycKaloLiye peakLumio
CBEpPXYyBCTBUTENbHOCTM (Lr12,Lr13,Lr22a,Lr22b,Lr35,Lr48, Lr49); n reHbl, peanunsytoLime anbTepHaTVBHbIE MEXaHW3-
Mbl YaCTUYHOW yCTOMUMBOCTW (Lr34, Lr46, Lr67, Lr77). Kpome TOro, HejaBHO MOKa3aHO yyacTrie HEKOTOPbIX R-reHoB
MNLWeHNLbl B peann3aunm nperayctopranbHON YyCTONUNBOCTM K BO3OyauTento bypoii pxkaBumHbl: Lri, Lr3a, Lr9, LrB,
Lr19,Lr21,Lr38. Hannumne B reHOTMNE YKa3aHHbIX FeHOB MO3BOJIAET OCTaHaBAMBaTb PaHHUI NaToreHe3 NocpeACcTBOM
cnefyoLmx MEXaHU3MOB: 1e30PUEHTALNA 1 BETBIIEHME POCTKOBON rMdbl; GopMmpoBaHrie abeppaHTHbIX CTPYKTYP
NPOHUKHOBEHUA rpunba (annpeccopuii, NOAyCTbUYHAA BE3UKYNA); akKyMyNALMA Kanno3bl B KNETOUYHbIX CTEHKaX Me-
30¢unna. 2GPeKTUBHOCTb CENEKLMN Ha UMMYHUTET MOBBILLAETCA 33 CYET HAKOMIEHUA JaHHbIX O Pa3HOOOPa3HbIX
MeXaHM3Max YCTOMYMBOCTU MLWEHULIbI K PXKaBYMHHbIM 3ab60neBaHnAM, KOTopble 0606LLeHbl B AaHHOM 0630pe.
KnioueBble cnoBa: MWeHWLa; pPXaBUvHHble MHOEKUUK; pacocneunduyeckas; yacTuyHas; nperayctopuanbHas
YCTOMUMBOCTb; FeHbl Lr; cenekuma Ha UMMYHUTET.

Ona yntuposauma: CkonotHea E.C,, CanuHa E.A. PasHoo6pa3re MexaHM3MOB YCTONYMBOCTH, BOBJIEUEHHbIX B
MHOTOYPOBHEBbIN IMMYHMTET MLUEHMLbI K PXKaBUMHHbBIM 3a601€BaHNAM. BaBUOBCKIIA >KypHaJ FeHETUKN U CeNeKLN.
2019;23(5):542-550. DOI 10.18699/VJ19.523

Resistance mechanisms involved in complex immunity
of wheat against rust diseases

E.S. Skolotneva®, E.A. Salina

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
& e-mail: sk-ska@yandex.ru

The review is devoted to the disclosure of the modern concept of plant immunity as a hierarchical system of plant
host protection, controlled by combinations of major and minor resistance genes (loci). The “zigzag” model is
described in detail for discussing the molecular bases of plant immunity with key concepts: pathogen-associated
molecular patterns triggering innate immunity, ambivalent effectors causing susceptibility, but when interacting
with resistance genes, a hypersensitive reaction or alternative defense mechanisms. There are three types of
resistance in cereals: (1) basal resistance provided by plasma membrane-localized receptors proteins; (2) race-
specific resistance provided by intracellular immune R-receptors; (3) partial resistance conferred by quantitative
gene loci. The system ‘wheat (Triticum aestivum) — the fungus causing leaf rust (Puccinia triticina)' is an interesting
model for observing all the resistance mechanisms listed above, since the strategy of this pathogen is aimed at
the constitutive use of host resources. The review focuses on known wheat genes responsible for various types of
resistance to leaf rust: race-specific genes Lr1,Lr10, Lr19, and Lr21; adult resistance genes which are hypersensitive
Lr12,Lr13, Lr22a, Lr22b, Lr35, Lr48, and Lr49; nonhypersensitive genes conferring partial resistance Lr34, Lr46, Lr67,
and Lr77. The involvement of some wheat R-genes in pre-haustorial resistance to leaf rust has been discovered
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recently: Lr1, Lr3a, Lr9, LB, Lr19, Lr21, Lr38. The presence of these genes in the genotype ensures the interruption
of early pathogenesis through the following mechanisms: disorientation and branching of the germ tube;
formation of aberrant fungal penetration structures (appressorium, substomatal vesicle); accumulation of callose
in mesophyll cell walls. Breeding for immunity is accelerated by implementation of data on various mechanisms of
wheat resistance to rust diseases, which are summarized in this review.

Key words: wheat; rust diseases; race-specific; partial; pre-haustorial resistance; Lr genes; breeding for immunity.
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BBepeHune

duTonaTtoreHHbIe OPraHU3Mbl CTIOCOOHBI OBICTPO AJANITHPO-
BaThCsl K 3aIIMTHOM cucreMe pacTeHui-xo3seB. OcoOeHHO
HWHTCHCUBHO 3BOJIFOIIMOHHBIC MPOIECCHI IMTPOUCXOOAT B I10-
MYJSIIASX TTATOTEHHBIX TPUOOB, Mapa3UTUPYONINX HA CEJlb-
CKOXO3SICTBEHHBIX KYJIbTypax W MMEIONIUX BO3/YIIHBIH
cnioco6 pacnipoctpanenus (Parlevliet, Zadoks, 1977). B niep-
BYIO O4Y€pe/b 3TO OTHOCUTCS K BO3OYAUTEISIM PrKaBUMHHBIX
3a00JIeBaHN MIICHUIBL. YCTOHYMBOCTD K Oypoi pKaBuuHE,
HaIpuMep, COXPaHIEeTCs y paliOHUPOBAHHBIX COPTOB He Ooliee
5-6 net (T'opnenxko, 1968). OgHako ceneKIus Ha UMMYHHUTET
cunraercs Hanbonee H3pPEeKTHBHON N HKOJOTMYHON cTpare-
rueil 3aIUThl pacTeHUH OT OOJIe3HEl, BbI3bIBAEMbIX (DUTOTIA-
ToreHHbIMH Tprbamu. [loaToMy HcciienoBaHEe MEXAaHU3MOB
YCTOHYMBOCTH MIIEHUIBI K BO3OYIUTENSIM pIKaBUYMHBI Ha
TFCHETUYCCKOM, MOJICKYJIIPHOM U IIUTOJIOTMYECKOM YPOBHE HE
TOJIBKO MMeeT (pyHJaMEHTAIbHOE 3HAYECHHUE, HO W SIBIISIETCS
HEOOXOIMMBIM 3TAIOM CEJICKIIMH Ha UMMYHUTET.

HOHFOG BpEMA TOCIIOACTBOBAJIa KOHICIIIHUA MPHUHIIUITN-
AJIBHO Pa3JIMYHBIX TUIIOB YCTOWYMBOCTH PACTEHUH K (uTO-
MaTOreHHBIM OPTraHN3MaM: BEPTUKAJILHOHM U TOPU30HTAIBLHOM
(Bangeprutank, 1972). [Tpu aToM moapa3ymMeBaiock, 4To Bep-
THKAJIBHYIO WM PACOCICNN(UUECKYIO YCTOHIMBOCTD OTIpe-
JICTISIIOT T€HBI C KaYeCTBEHHBIM IPOSIBJICHUEM B (DEHOTHTIC —
OoblIKe, WK IIIaBHBIE (Major genes), a TOPU30HTAIBHYIO UITH
Hecnenn(UIecKyIo — Majble, MM MUHOPHBIE, TeHBI (minor
genes) co ci1aObIM KOJIMYECTBEHHBIM BhIpaxkeHHeM. [lapai-
JINIbHO BBICKA3bIBAIOCH TPEIONIOKEHUE, YTO paseieHne
Ha JIB€ HE3aBUCHMBbIC CHCTEMBbI (BEPTHUKAJIBHYIO U TOPU30H-
TaJIbHYI0) HEKOPPEKTHO, TOCKOJIBKY B OTIPE/ICNICHNH KaK pa-
cocrnennprUecKoi, Tak ¥ Hecreu(UIecKoil yCTONYNBOCTH
Y4YacTBYIOT OJTHH U T€ K€ TpyIIsl reHoB. Torna crabmibHOe
U JUTUTEIBHOE COXPAaHEHHE YCTOMYMBOCTH 3aBHCUT HE OT
KOJIMYECTBA F€HOB, HO OT XapaKTepa B3auMOACHCTBUN MEXY
TeHAaMH BHUPYJICHTHOCTH T1apa3nuTa U T'€éHaMH YCTOWYHMBOCTH
XO35IMHA B ONpeJeNICHHBIX ycinoBusx cpensl (Parlevliet, Za-
doks, 1977; Jonson, 1981; Onunnosa, Illeaomosa, 1983;
JwsxoB, 2005; Muxaiinosa, 2005).

Ha ceropusimauii neHs ycriexu B 00J1acTi u3ydeHus Gpu-
TOMMMYHUTETA MMO3BOJIAIOT BBIACIIUTE TPU Pa3IMYHBIX THUIIA
YCTOMUYUBOCTH y 3€PHOBBIX pacTeHuil: 1) 6a3oBast ycToldm-
BOCTB, o0ecrieunBaeMasl pelenTOPHBEIMU OelTkaMH, JIOKaJIn-
30BaHHBIMH B IJIa3MaTH4ECKOil MeMOpane; 2) pacocrenudu-
YyecKash yCTOHYMBOCTh, oOecreunBaeMasi BHYyTPUKIIETOUHBI-
MU perenTopaMu IMMYHHOTO OTBeTa; 3) Hecreruduieckas
YCTOMYUBOCTh, KOHTPOJIUPYyEMast JJOKYCaMU KOJIMYECTBEHHBIX
npusHakoB. CrcTeMa «MsTKast rrernma (Triticum aestivum) —
BO30yauTeNb Oypoit pxxaBurHbl (Puccinia triticina)» sensercs
WHTEPECHON MOJIEIIBIO JIJIs1 HAOMIONEHHSI BCEX MEPEUNCICHHBIX
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MEXaHHM3MOB yCTOMYMBOCTH, TaK KaK CTPAaTErHs AaHHOTO
IMaToréHa HalpaBjicHa Ha KOHCTUTYTUBHOC HCIIOJIb30BaHUE
pecypcoB xo3smHa. B otiane ot Bo30OyauTeneii ctebieBoii n
skenroi pxasurHbl (P. graminis u P. striiformis), kotropsie Mo-
I'yT IPUBECTH HEMMMYHHOE pacTeHHE K 'HOeu, BO3AeHCTBHE
P. triticina Mo>xHO OXapakTepu30BaTh KaK OTHOCHTETHHO MsT-
koe. [Topaxkerne Oypoii prKaBUMHOM JIOKAIU3YETCSI Ha JINCTHSIX
IIICHUIbI 1 MOXET 3HAYUTCJIIbHO CHHXXATh 3(l)(l)eKTl/IBHOCT])
ACCHMWIBIIIUH, OJIHAKO TPHU cOAAHCHPOBAHHOM B3aHMOICH-
CTBHH ITATOTCHA M XO35MHA OPaXEHHOE PACTEHUE CII0COOHO
Ppa3BUBATHCA, IPOXO/Jd CTaJUN BbIKOJIAIIMBAHU A, IBETCHUA U
CO3pPEBAHUSL.

Cy1IeCTBYIOLIHE PEACTABICHUS O MOJICKYIISIPHBIX OCHOBAX
(bl/ITOl/IMMyHl/ITeTa, a TaKXX€ MHOI'OYHUCJICHHBIC TCHECTHYCCKHE
HCCIIC/IOBAHMS TO3BOJLIIOT PACCMOTPETH pa3HO0Opasue Mexa-
HHU3MOB IIPOSIBICHHS Ma)KOPHBIX (IJIABHBIX) H MHHODHBIX Te-
HOB yCTOﬁ‘IHBOCTH MIIIEHUIBI K p’)KaBYMHHBIM 3a60ﬂeBaHl/IﬂM,
M B YaCTHOCTH K maroreny P. triticina. B macrosimem 0630pe
00001ICHBI TAHHBIC O PA3INYHBIX MEXaHU3MAX YCTONIUBOCTH
MIICHUIIBI K p’)KaBYMHHBIM 3a6OJ'leBaHI/l}1M, IIO3BOJIAOIUX I10-
BBICUTB 9P ()EKTHBHOCTH €€ CEICKIIN HA HMMYHHTET.

MoneKynsapHbie 0CHOBbl pUTOMMMYHUTETa
PacteHus, B OIMYKME OT KUBOTHBIX OPTaHU3MOB, BBICTpaHU-
BAalOT B3aUMOJCHCTBHS ¢ OMOTHYCCKMMH (DaKTOpaMH MPEH-
MYHIICCTBEHHO C NMOMOIIBIO BPOXJIACHHOI'O UMMYHHUTETA, HaA
YTO yKa3bIBaJI B cBomX Tpyaax emie H.M. Baswmos (1935).
Hawubonee pacnpocTpaHeHHBIM WK 0a30BBIM MEXaHH3MOM
SIBJISIETCSI IPOLIECC y3HABaHMUsI OSITKOBBIMH PELIETITOPAMH XO-
3sMHa Pa3HOOOPa3HBIX MIPOM3BOIHBIX NatoreHa. [locnennue
JIBaJLATh JIET UMMYHHbIE PELENITOPbI PACTCHUH cTamu 00b-
€KTOM MHTEHCUBHBIX UCCIIEJOBAaHU, Oaroapsi 4emy cpeu
HHX OBUIM BBIIEIICHBI JIBE PAa3HbIE KATETOPUH 0 JIOKATH3aUH
OTHOCHTEJIBHO KIIETKH: PELeNTOPbI I1a3MaTH4eCcKoi MeMOpa-
HbI C OKCTPAKJICTOYHBIMU JIMTI'aH/I-CBA3BIBAIOIIIUMU TJOMECHaAMH
U BHYTPHKJIETOYHBIC UIMMYHHBIE perentopsl (Jones, Dangl,
2006; Dodds, Rathjen, 2010; Thomma et al., 2011; Cook et
al., 2015).

BonbIMHCTBO MOBEPXHOCTHO JIOKAJIM30BAHHBIX PELENITO-
POB pearupyroT Ha IMOMABIIME B aroOIUIACT CTPYKTYpPHI Ma-
TOr¢Ha WJIW NPOAYKTHI IMaTOICHHLIX OPraHU3MOB, CBOMCT-
BEHHBIX IHPOKOMY KpyTy IaToreHoB. iMu MoryT OBITH, Ha-
NpUMep, KOMIIOHEHTBI TPHOHON KICTOYHOW CTEHKH (XUTHH,
XHMTO3aH, B-TIIIOKAHbI) WJIH TUAPOIUTHYECKUE (HEPMEHTHI.
Jst TaKuX MOJEKYISAPHBIX CTPYKTYP, CHTHAIU3HPYIOLIHX O
(hakTe MPOHUKHOBEHHS KaKOro-IHOO0 MaTOreHa, 3aKpernuiach
abopeBuarypa PAMPs (pathogen-associated molecular pat-
terns — MOJISKYJISIPHBIE CTPYKTYPBI, aCCOLMMPOBAHHBIE C T1a-
TOTreHaMM), KOTopast Hctionb3yercsi 0e3 nepeBosa (Niirnberger,
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Kemmerling, 2009). Cpeau moBepXHOCTHO JOKATH30BaHHBIX
UMMYHHBIX PEIETITOPOB Pa3IN4at0T PEIETTOPEL, TUTaHIAMHI
KOTOPBIX CITyXaT COSANHEHNS, crieuduieckne 0aJHOMY HITH
HECKOJIbKMM OJIM3KOPOICTBEHHBIM BaM naroreHoB (Thom-
ma et al., 2011; Cook et al., 2015), a Takke perenTopsbI, CBsI-
3BIBAIOIINECS C METa0OIUTaM1 CAMOTO PacTeHNsI, IIPOTyKTa-
MU MH(PEKIIMOHHOTO Tpoliecca (MOHOMEpBI KyTHHA, [eIUTI0-
JI03bl, TIEKTHHA). B 3aBHCHMOCTH OT CTPYKTYpBI BBIACIAIOT
penenrop-nogo0HbIe 6enku (receptor-like proteins — RLP) u
peuenrtop-nogoOHble KuHa3k! (receptor-like kinases — RLK)
(van Ooijen et al., 2008). O6s3aTeTFHBIMH ATEMEHTaAMH TaKUX
PELEnTOPOB SBISIIOTCS] BHEKJICTOYHBIA M TPAHCMEMOpaHHBIH
noMensl. [Iepenada curnana penenropoM tuna RLK ocymect-
BISIETCS ITyTeM aBTO(GOCPOPHUIMPOBAHUS KHHAZHOTO JOME-
Ha, TOT/Ia KaK aKTHBUPOBaHHbIE perenTopsl Thrna RLP B3an-
MOJICHCTBYIOT C aJ[alITePHBIMU MOJIEKYJIaMHU.

B pesynbrare y3HaBaHUsI MEMOPaHHBIM PELEITOPOM CO-
OTBETCTBYIOILETO JIMTaH/a 3aITyCKAIOTCs MEXaHW3MBbl BPOXK-
nennoro ummynutera (PTI, PAMPs-triggered immuninty —
MMMYHHUTET, 3aIycKkaeMbIil murangamMu PAMP) wmu 6a3oBoit
ycroitunBoctH (basal resistance), HarpumMep OHMOCHHTE3 3a-
IIUTHBIX MOJIEKYT (3TUJIEHA, )KACMOHOBON KHCIOTHI). Jls
P’KaBUMHHBIX TPUOOB, TaK K€ KaK JUI BO30YIUTEISI MydHHUC-
TOHN POCHI M HEKOTOPBIX APYTUX I'PHOOB U3 KJIACCa OOMUIIETHI,
KIIIOUEBBIM JTallOM IaToreHesa sisercs (GopMupoBaHue
TayCTOpHs, CIIEUATN3UPOBAHHON CTPYKTYPBI, 4epPe3 KOTOPYIO
yCTaHaBJIMBAETCS KOHTAKT C KJIETKOH x03stnHa. [ToaTomy npu-
MEHHUTEIBHO K ATOH IPyIIIE IATOIeHOB B JIUTEPATyPe BMECTO
TepMHUHA «0a30Bast yCTOHYMBOCTHY» YaCTO UCTIONB3YIOT TEPMUH
«rperaycropuaibHas ycroiunBocts» (Niks, 1983).

PoctkoBsie TpyOku P. triticina Ha pacteHmsx-xo3seBax
OPHEHTHUPOBAHBI CTPOTO MEPHEHANKYISIPHO JUTMHHOIN CTOPOHE
SMHEPMATBHBIX KJICTOK U PACTYT MO HAIPABICHHUIO K YCThH-
1[aM, MPaKTHYECKH He 00pa3ysi pa3BETBIICHUH, B TO BpeMsI
KaKk Ha PacTEHUAX-HEX035€BaX OHM 00Pa3yrOT yTOJIEHHS
W OTBETBJICHHS, YTO PACXOyeT IHEPreTHUCCKUH MOTSHIHAT
HLIYLIEH CTPYKTypshl naroreHa. Ha ycTbunax puca ormeua-
eTcs pa3pacTaHue anmpeccopueB Bo30yaureneil credneBoit
prKaBUKMHBI MieHUIbI P. graminis u stumens P. hordei. Takue
abeppaHTHBIC ANMPECOPUH HE CIIOCOOHBI aCCOIMUPOBATH
C yCThHIIAMHU pacTeHusi-Hexo3smHa (Ayliffe et al., 2011).
ba3oBoll unu nperaycTopuanbHON yCTOMUUBOCTBIO K BO3-
OynuTensiM Oypoil U cTeOJIeBO PrKaBUMHBI MIIEHHIIBI 00J1a-
JIaeT AIMEHb, Y KOTOPOTO B OTBET HA IIPOHUKHOBEHHE 3THX
MIaTOreHOB HAOIIOIACTCS JIOKATBHOE YIPOYHEHNE KIICTOYHBIX
CTEHOK 3a CYET BTOPUYHOTO 00pa30BaHMUs YTOJILEHUH U BbI-
POCTOB, YTO TPENSATCTBYET MPOABIKEHUIO MH()EKIIMOHHBIX
rud no anoruiacty (Atienza et al., 2004; Niks, Marcel, 2009).
PasButre B TKaHsxX puca mTammoB P. graminis f. sp. tritici,
MIIEHUIHON (POPMBI cTeOIEBOM PAKABINHBI, TPUBOIUT K OT-
JIO)KCHUIO KaJUIO3bI M CHHTE3Y MEPEKHCH BOJOPOJa B MECTE
kosonu3aru mutenus (Ayliffe et al., 2008).

Crienanu3npOBaHHBIA TTATOTEH CIIOCOOCH MPEOI0NIeBaTh
6apnep BpoxaenHoro PTI-ummynurera. Hanpumep, mexa-
HU3MBI [IPErayCTOPUAIbHON YCTOHYUBOCTH STUMEHS YCIIELITHO
MIPEOJI0IEBAIOTCS CTIENNATH3UPOBAHHBIME PKABUNHHBIMH
rpubamu P. hordei u P. persistens. Onucano mupokoe pas-
HOOOpasue (pakTOpPOB BUPYJICHTHOCTH OCIIKOBOW MPHPOIBI
nn 3PPEKTOPOB, C MOMOIIBI0 KOTOPBIX Mepeaada CUTHaa
yepe3 MeMOpaHHbIE PEIeNTOPhl XO35MHA MOXKET KOHTPOJIH-
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POBaTbCA NAaTOI€HOM BIUIOTH 10 IMOJIHOTO MOJABJICHU A 3alllUT-
HOTO OTBETa, HAIPHMED, IyTeM M3MEHEHHs CTPYKTYpHI pe-
nentupyemoro auranaa (Schulze-Lefert, Panstruga, 2011).
[Tpu sToM HabnrOAaeTCs peakuusi BOCIPUUMYHUBOCTH, 00y-
cnosienHas 3¢pdexropom (ETS — effector-triggered suscep-
tibility). OgHako y OONBIIMHCTBA PACTEHUI CYIIECTBYET
BTOpAasi IMHUS 3aIUTHI, YBOIIOIMOHHO Oojee nmo3auss ETI-
cuctema (effector-triggered immunity — 3amyckaemsrii 3¢-
(exropom ummynuret). Cexperupyemblie (GhakTopsl BUPY-
JICHTHOCTH NaTOreHOB, 3((PEeKTOPbI, B TAKUX CHCTEMax Oy-
JIyT CUTHAJIBbHBIMH MOJICKYJIaMH, a 3B€HOM, MEpEIaroIuM
CHUTHAJI B AP0, — IMMYHHBIE BHYTPHUKJICTOUHBIE PELIETITOPHI
U3 ceMeicTBa KOHCCPBATUBHBIX HYKJICOTUA-CBA3BIBAOIIUX
neinuH-60orateix 0enkoB (NLR —nucleotide-binding leucine-
rich repeat receptor, wmu R-6enkn) (Dodds, Rathjen, 2010).

BaxxHO OTMETUTbH, 4TO TeHeTHKa (DAKTOPOB BUPYJIEHTHO-
CTH JI0 KOHIIA HE M3y4YEHA, OJTHAKO MOHOTEHHBIH KOHTPOIIb
(TeHbl aBUPYJACHTHOCTH, WK AVI) yCTaHOBJICH IUISl TEX W3
HUX, KOTOPBIM cooTBeTcTBYeT R-0enok pacrenus (Flor, 1971;
Hogenhout et al., 2009). B3zanmoneiicteue mpomaykros Avr-R
TCHOB 3aITyCKaeT CJIOXHBIN KacKaJ| pU3NOIOTNIECKUX U OMO-
XUMHUYCCKUX peaKuHi&, HaIlpaBJICHHBIX Ha MPCAOTBPALICHUEC
pa3BuTHs TpHba, ¢ HanboJee pacIIPOCTPAHEHHON peaKIien
cBepxuyBcTBUTENEHOCTH (CBY) Kak opMbl anonTosa KIeTok
X03sMHa, KOHTAKTUPYIOIIHUX C IMaTOI'CHOM. K HaCToAICMY
BpPEeMEHH OOHapy)XKeHO 3HAYMTEIHHOE pa3sHOOOpa3me mexa-
HHU3MOB yCTOHUMBOTO 0TBeTa. KpoMe Kiraccnieckoii peakunu
CBEPXUYBCTBUTECJIHLHOCTU 3a CUYET 3aKHCJICHHS LUTOILIa3MbI
nonamu Ca?" COBMECTHO C HAKOIICHHEM AKTHBHBIX (HOPM
kuciopona (ADK), pesynsratom penenimu Avr-adexropa
MOXXET ObITh M3MEHEHHE OKHCIIUTEIbHO-BOCCTAHOBUTEILHOTO
(REDOX) moTtenmuana Ha MeMOpaHax, 3aIycKk OMOCHHTE3a
CAJIMITMIIOBOM KHCIIOTHI, QyKCHHA U PA3IMIHBIX aHTHUMHKPOO-
Hbix PR-0enkoB (pathogen-related proteins), cpean KOTOphIX
XHUTaHA3bI, J-III0KaHa3bl, HHTHOUTOPEI TPUOHBIX TPOTEHHA3
1 JIOTIOJTHUTEIBbHBIC TIPOTENHA3bl CAMOT0 PACTEHUSI, TIEPOK-
cunassl, LTP-0esku, TpaHCIIOPTUPYIOLIUE JINIH/bI, U HU3-
KOMOJIEKYIIApHBIE OCTKN Ae(eH3MHBI, OOTaThle IIIHCTEHNHOM
(dpsikoB, 2017).

[Ipu uccnenoBaHNU MHOTOYPOBHEBOTO (PUTOMMMYHHTETA
00HAPYKEHO, YTO KOIBOJFOLHS ITPUBENA K PA3BUTHIO Y TTaTOTe-
Ha criocoOHoCTH npeonoseBars ETI-uMMyHHUTET pasimmaHbIMU
cnocobamu. Hanbosee pactipocTpaHeHHBIH CIIOCO0 — MyTa-
IIM TeHOB AVI, KOT/1a peIeMnIvs MPOAYKTOB T€HOB BUPYJICHT-
HOCTH (aVI') CTaHOBUTCSI HEBO3MOXKHOM. Kpome Toro, MoryT
MOSIBUTHCS] HOBBIE d((QEKTOPBI, [T0Ka HE MMEIOLIHNE COOTBET-
ctByromiero R-penenrropa (puc. 1) (Jones, Dungl, 2006). Takoe
pas3BUTHE COOBITHI BOBMOXKHO Oyarogapst CriocoOHOCTH He-
KOTOPBIX IAaTOI'CHOB, BKJIIOYas pKaBYUHHBIC I’pI/l6bI, YXOOUTDH
u3 30HHBI AeiicTBus peaknnd CBY ¢ moMomsio criennains3m-
POBaHHBIX HEBETBSIIMXCS MOMCKOBBIX TH( (runner hypha),
KOTOPBIE PACTYT B CTOPOHY OT ITOJABEPTLINXCS allONTUYECKOMY
Koancy Kinetok pactenus (Moldenhauer et al., 2006). Takum
o0pazom, HaOMIOIaeMast PeakIyst BOCIIPUUMUUBOCTH MOXKET
00ycoBMBarkCst 3PPEKTOPOM MaroreHa Mpu OTCYTCTBUH Y
pacTeHus COOTBETCTBYIOMUX reHoB yctoitunsocth (ETS), a
MOXKET OBITh PE3YyJIBTaTOM MYTAIlMH I'€HOB aBUPYJICHTHOCTH
(npeononenue ETI). B mocnennem ciaydae roBopst o morepe
3¢ peKTHBHOCTH I'eHa yCTOWINBOCTH, JUIsE KOTOPOTO MPOIYKT
Avr-reHa ObIJT CUTHAJIBHOM MOJICKYIION.
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Fig. 1. The “zigzag” model representing the hierarchical plant immune system, according to (Jone, Dungl, 2006).

PAMP, pathogen-associated molecular pattern;

PTI,

PAMPs-triggered  immunity; ETS, effector-triggered  susceptibility;

ETI, effector-triggered immunity; NB-LRR (NLR), nucleotide-binding leucine-rich repeat receptor.

Jlist onricaHust MHOTOypOBHEBOTO (PUTOMMMYHHTETA ObLIA
MPEe/UIOKEHA MOJIEIb «3UI3ar», KOTopas OTpa)KaeT 3aBHCH-
MOCTb KCIIPECCUH 3ALIMTHON Peakuy OT CTENEHN CIIelHa-
mm3anun naroreHa (Jones, Dungl, 2006) (cm. puc. 1). Ona
HaIISHO IGMOHCTPUPYET, YTO IOJIUT€HHBII KOHTPOJIb YCTOM-
YHMBOTO OTBETA Ha 3apaKEHHNE SIBISIETCS HANBBICIIIIM YPOBHEM
B3aUMOOTHOIICHNH PACTEHUsI C MATOr€HOM, KOT/Ja «HOBBIE)
a¢dekTophl maroreHa akTUBHPYIOT «HOBBIE» R-penenTtopsr
pactenus. Tak, OTUCaHbI TMHUH MIIEHUIIBI C IIPOMEKYTOTHBIM
THUIIOM YCTOMYMBOCTH K BO30YAMTEIIO JKEJITON PIKaBUMHBI,
KOTOpBIE OTPAaHUYUBAIOT PA3BUTHE ITATOTEHA C TIOMOIIBIO 3a-
IycKa BTOpOi (ha3bl peakiiun cBepxdyBcTBUTENbHOCTH (BOzZ-
kurt et al., 2010). BrIsiBiIeHBI 30HBI IEPBUYHOTO U BTOPUYHO-
0 HeKpo3a Me30(1JIa, OsIBJICHUE KOTOPBIX, I10 JAHHBIM aHa-
mm3a TparckpunTo JIHK, o6ycioBneHo paboToii pa3miaHbIX
TCHOB, BOBJICUCHHBIX B KaCKaJ PEAKINH CBEPXIYyBCTBUTEIb-
HocTH. OJTHaKO Ba)KHO OTMETUTh, YTO TEPMHUHUpYIOLIas (aza
B3aUMOJICHCTBHS XO35IMHA M [TATOT€HA B PEAKIIUSIX HECOBMEC-
TUMOCTH MOXXET 00y CIIOBITUBATHCS aTbTEPHATHBHBIMH 3aIIIUT-
HBIMH MEXaHM3MaMH, HE 3aITyCKAIOIINMHU KIETOYHYIO CMEPTh,
a peann3yonuMICs, HaIPUMep, Yepe3 HaKoIIeHHe (DeHOIb-
HBIX COSIMHEHUH B Me30(iIe, YTO IMMOKAa3aHO Ha JIMHUSIX OBCA
C IPOMEXXYTOYHBIM THIIOM ycToitunBocTH K P. coronata f. sp.
avenae (Graichen et al., 2011).

B mocnennee Bpems BO3poc MHTEpEC K MEXaHM3MaM 3a-
IIMTHI, AITEPHATUBHBIM PEAKLUK TUIIEPYyBCTBUTEIBHOCTH,
KOTOpBIE CIIOCOOHBI oOecreunBaTh Oojiee JAIUTEIBHYIO yC-
TOWYMBOCTH XO35MHA K MATOT€HY, JIETKO IPEOJI0JICBAIONIEMY
JieiicTBre pacocnenu(uueckux reHoB yCTOHUMBOCTH O1aro-
JIapst BEICOKOMY MOTEHIIUAITY MOIMYIISIIIMOHHON H3MEHINBOCTH.
[omynsumy p>kaBIMHHBIX IPHOOB, B TOM YHCIIC BO30yAUTEIEH
Oypo¥i pKaBUMHBI 3J1AKOB, TIPESCTABIIIOT COO0I HAOOP (PH3HO-
JIOTHYECKUX pac, pa3HbIX M0 HA0OPY T€HOB aBUPYJIEHTHOCTH.
ITo oTHOLIEHUIO K BEICOKOCTICIIMAIN3UPOBAHHBIM ITaTOTCHAM
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CO CJIOHOW BHYTPUBHUJIOBOH CTPYKTYPOH IMPHUHSITO TOBOPUTH
0 pacocnennpuueckoii 1modo o Hecrenuduueckoit ycronuu-
BocTH. [lepBast sABIIsETCSA YaCTHBIM CIy4aeM YCTOWIMBOCTH,
peanu3yeMbIM O cxeme B3aumozericTsus Avr-R renos. He-
crienuQuyeckas WM yacTU4Has ycToWunBoCTh (partial resis-
tance) UMeeT He KaueCTBEHHYIO, a KomndecTBeHHYI0 (QR —
quantitive resistance) TeHETHUECKYIO OCHOBY M OOBETUHSCT
3alIMTHBIE MEXaHU3Mbl PACTCHUsI, HalpaBlIeHHbIE HE Ha
OCTaHOBKY Pa3BUTHsI TH(EKINH, & HA CHIKCHHE €€ HHTCHCHB-
HOCTH. Y Tako# ycToiunBoCTH AuTenbHbIN 2 dexr (durable
resistance), Tak Kak OHa MPUBOAUT K CTAOMIIM3aLUH YBOJIIO-
IIMOHHBIX MPOLECCOB B IMOMYJIALIUH MAaTOTEHA: B YCIOBUAX
JMMHUTHPOBAHHOTO pOCTa OTOOpP HArpasjeH IPOTHB arpec-
CHBHBIX KJIOHOB, B TIOIYJISILIUK YBEJIMYMBAETCSI COOTHOILICHNE
TEHOB aBUPYIEHTHOCTH (AVI') K TeHaM BHPYIEHTHOCTH (avr)
W CHI)KAeTCs BEPOSITHOCTH BOSHUKHOBEHHSI PEIKUX MyTalni
BupyneHtHoctH ([IpsikoB, 1998; Lagudah, 2011; Ellis et al.,
2014; Niks et al., 2015; Krattinger, Keller, 2016). Konmue-
CTBCHHAs WJIM YaCTHYHasl yCTOWYMBOCTH K OOJE3HSIM J0-
CTHI'aeTCsl COBMECTHBIM JICHCTBUEM HECKOJIBKMX MUHOPHBIX
TeHOB WJIM KOJMYECTBEHHBIX JOKycoB (QTL — quantitative
traits locus), mo3TomMy MX (PEHOTUIHYECKOE MPOSBICHUE HE
O JACTCsl KAYECTBEHHOU OLICHKE, IPUMEHUMOH IIpU U3y4e-
HuM R-reHoB, u omuceBaeTcs kak slow rusting (Caldwell,
1968): HECMOTps Ha BOCTIPUUMYUBBII THIT peaKkny, O0JIC3Hb
pa3BHBaETCs MEJICHHO.

Ma>kopHbie (R-) reHbl yCTOMYNBOCTU MLLUEHMNLbI

K Bypoli p>kaBunHe

IIpomyxTsl R-reHOB pacTeHMiT HAXOAATCS TPEUMYIIIECTBEHHO
B OUTOILIa3MEC, Kyaa 3(1)(1)CKTOPBI ImaTrorcHa nomagarT C I10-
MOILLbIO SHJIOCOM UEPE3 radyCTOPUU. BOJIBIIIMHCTBO U3YYEHHBIX
y TIICHUIB! R-TeHOB M T€HHBIX JIOKYCOB YCTOHYHMBOCTH K
P?KaBUNHHBIM 00JIe3HIM KOAUPYKOT BHYTPUKIICTOYHBIC PC-
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nentopsl cemeiictBa NLR (R-perientopsr), KOTOpble HMEIOT
00IIy10 JOMEHHYIO OpraHu3annio. EANHCTBEHHBIM H3BECT-
HBIM HCKJTIOYEHHEM SIBJSIETCS TPOTEHH-KUHA3a, KOAUPyeMast
jmokycoMm Rpgl, omucaHHBIM y SIYMEHS M OMPEICIISIFOIIUM
YCTOMYMBOCTB K CTEOIEBOM PrkaBUMHE PH HHTPOTPECCHU B
reHoM reHunsl (Brueggeman et al., 2002).

Pa3zHo00pasue reHoB creruduyecKoil yecTORInBOCTH 00ec-
MEYNBACT CTPYKTYPHOE pa3iauyHe JIOMEHOB, 00pa3yloImunx
R-penenropsr. LRR-06macts (leucine rich repeat — oboramien-
Hasl JICHIIMHOM O0JIACTh), SIBIISSCH LICHTPOM y3HaBaHUS (-
(hexTopa MaTorena, 061agaeT HANOOIBIITNM ITOTMMOP(U3MOM,
YTO BEIPAXKAETCS B BAPHUPYIOLIEM KOJIMYECTBE 000TAIIEHHBIX
JICUITUHOM MIOBTOPOB, OT 14 10 37, 1 HAOOpEe AMHUHOKHCIIOT, J10-
MOJTHSIOIIUX JICHIIMH B KOHCEHCYCHOM ITOCIIEI0BATEIbHOCTH
(Dangle, Jones, 2001). NBS-nomen (nucleotide binding site)
NIPE/ICTAaBJICH CaliTaMM CBSI3bIBaHMSI HyKiIeoTUNOB (P-metsis
WM KMHAa3a la, knHasa 2, KnHa3a 3a) U o0ecreunBaeT crie-
U(PHUIECKYI0 TPAHCIYKIHIO CHUTHAJIA 10 KHHA3HOMY IYTH
¢ rugponuzom AT®. 3nech e HejaBHO OOHAPYKEH MOTHB
NB-ARC, cxonublii ¢ (pakTOpOM aKTHBAIIMU arloNTO3a >KHU-
BOTHBIX Apaf-1 (apoptotic protease-activating factor 1), uto
yKa3bplBaeT Ha yyactue NBS-noMena B HHAYKIMM peakiuu
CBUY xak ¢opmsl anonto3a y pacternil. B ciydae, xorna
R-penerirop cBsizaH ¢ TpaHCKpUIIIMOHHBIM (pakTopoM WRKY
S1pa, BO3MOXKHA PEryJISILUsI SKCIIPECCHH T'eHOB 0e3 mpome-
KyTouHbIX KuHa3 (Wu et al., 2008). Hammpumep, y MIreHUIIB!
OITMCaHa MOJIOKUTENbHAs PEryisiiys mpoMoTopos PR4 reHos,
KoMpyomux (GpyHruuIHble OesIKy, py nepegadye Curuaia
ot R-perneritopa Ha TpaHCKpHIIIHOHHEIH hakTop TaWRKY 78
(Proietti et al., 2010). Kpome obmacteii cBs3piBanus 3 dek-
topa (LRR-) u tpancaykuuu curnana (NBS-), monekymna
R-peunenTtopa ogHOLO0IBHBIX PACTEHUI MOXET COJEpXKaTh
HECKOJIBKO KOTIHH CYNEepCKPYUYEHHOTO (CYepCInpaIn30BaH-
Horo) nomeHa (CC-, coiled-coil domain) uinu yyacTox, romo-
JIOTHYHBIN TOJUT-IOOOHOMY pernienTopy nutoknauHa NJI-1
mitekonrraromuXx (TIR-, toll-interleukin 1 receptor), pyHKIIHN
KOTOPBIX cBsA3aHbl ¢ nHAYKnueit CBY u B3aumozeiicTBueM ¢
0eKaMH CUTHAJIBHOTO Iy TH.

B karasnore NIeHNYHBIX TEHOB YCTOWYNBOCTH K PKaBUMH-
HBIM 3a0051eBaHusAM puBoauTCs Oosiee 100 reHOB 1 JIOKYCOB
ycToitunBocTH K Oypoii pxasunae (Mclntosh et al., 2014), u3
KOTOPBIX 76 MMEIOT (hopMasbHbIC HAa3BaHWS C HyMeparuei
renoB Lr (leaf rust — Oypas prkaBunHa). OHAKO CTPYKTypa
1 (QYHKINU KOAMPYEMBIX R-IPOAYyKTOB XOPOIIO M3y4YECHBI
TOJIBKO Y HEKOTOPBIX KJIOHMPOBaHHBIX TeHoB: Lr21 (Huang
et al., 2003), Lr10 (Feuillet et al., 2003), Lr1 (Cloutier et al.,
2007), a Taxoke nByx kanauaatoB rena Lrl9: CIN14 (Zhang et
al.,2011) m Lr19-Agl5 (Gennaro et al., 2009). ITpu ¢punorene-
THUYECKOM aHaJIM3e aMHHOKHCIIOTHBIX [10CIIE0BATEILHOCTEH
00HapyKUBAETCSI 3HAYNTEIBHOE CXOJCTBO MEXIy OelKamu,
xomupyembivu TeHamu Lrl, CIN14 u Lr19-Agl5, Hecmotpst
Ha T0 uTO reH Lrl9 mpoucxoaut ot meipes Thinopyrum elon-
gatum (Zhang et al., 2011). Bce onucannbie K HACTOSIIEMY
MOMEHTY PEILEIITOPHI MIICHNIBI, CBA3BIBAIOIINE P PEKTOPHI
BO30ynuTelst Oypoii prxkaBunHsl, siBisiroress CC-NBS-LRR
6enkamu. Omnako y rera Lrl0 xmonuposan ¢pparment Lrk10
pasmepoM 770 I1. H., KOAUPYIOIINN YETBEPTHIHM PeaKUil KiIacce
petenrroponono6HbIx KuHa3. B cBoem cocrase Lrk10 nmeer
crier(puIecKuii MUTOINIA3MaTHIECKUI JOMEH 1 HEOOBIIIYTO
TpaHCMEMOpaHHYIO NocienoBareabHOCTh 0e3 CC-moMeHa B
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C-tepmunanbaoM yuactke (Feuillet et al., 1997). HauGouns-
UM OTJIMYUeM 00JanaeT OenKoBbId MpoxykT reHa Lr21,
MOJTHAIIUE aJUIeIN KOTOPOTO IMPE/ICTAaBICHBI B MIICHUYHOM
reHOMe MSITKO# MieHUIbL. J{jist pyHKIMOHAIBHOTO aliess JIo-
Kyca Lr21, uarporpeccupoBaHHOIO B TeHOM CHHTETHYECKOM
MIIIEHUIIBI OT JanbHero copoauya Aegilops tauschii, ycranos-
JICHO XHMEPHOE MIPOUCXOKICHUE B PE3YIIbTaTe MEXXBUI0BOM
pPEKOMOMHAIMY TPH YYaCTUU MIIEHUYHBIX TAIUIOTHIIOB C
Mormgan My Jiokycamu Lr21 tuma Fielder (H1) m Wichita (H2)
(Huang et al., 2009). I[TonoOHast cuTyalusi ONMKUChIBACTCS
kak death—recycle momens sBomronnu renoma (Michelmore,
Meyers, 1998), T.¢. nosiBIIeHNE HOBBIX TEHOB YCTOWYNBOCTH
IIyTeM BO3BPAIEHHs aKTUBHOCTH PELIECCHBHBIM AJIJIEISIM B
TeHOME MIICHUYHbBIX COPOIUUCH, U yKa3bIBaeT Ha IICHHOCTb
HCXOJHOTO MaTepHaJa, MPeCTaBICHHOTO B ICHTPAX MIPOHC-
XOXKJICHHUS! KYJBTYPHBIX PACTEHUH, ONMCAHHBIX BaBUIIOBBIM.

MuIHOpPHbIe reHbl 1 KonnyecTBeHHbIe NoKycbl (QTL-)
YCTOMYMBOCTY MLIEHULbI K OypOoil pKaBUnHe
[Tpenmomnaraercs, 4To GOIBIINHCTBO N3BECTHBIX MUHOPHBIX
TEHOB M KOJIMYECTBEHHBIX JIOKYCOB KOAUPYIOT OCJIKH, HE SIBIIS-
IOIIMECs] IMMYHHBIMHU PELICIITOPAMH, HO BBITTOJIHSIOLME HHBIE
samutHbIe QyHknnH (Krattinger et al., 2009; Gou et al., 2015;
Moore et al., 2015). CreneHb NpOSBICHUS KOMIUIEKCA 3a-
IIMTHBIX MEP, KOHTPOJIUPYEMbIX MUHOPHBIMU F'€HAMU, 4aCTO
3aBHCHT OT CTaINH Pa3BUTHUsI PACTEHUS, YTO C(HOPMUPOBATIO
KOHIIETIIIMIO BO3pacTHOH yctoitunBocTr (APR — adult plant
resistance), UMEIOIIEH 3HAUYCHHUE JUIsl CEJNIEKLUU Ha UMMY-
HHUTET K BO30YIUTENAM PKABUMHHBIX 3a001€BaHMH 3J1aKOB.
BospacTHast ycTOHYMBOCTh XapaKTepU3yeTCsl BOCIIPHUMYH-
BBIMU MHQEKIIMOHHBIMH THUIIAMH PEAKLUI Ha 3apaKeHUE y
MPOPOCTKOB M PE3KO BO3pacTaromieil A3(pPeKTUBHOCTHIO Ha
CIIEAYIOINX 33 IOBEHWJIBHON CTaIUsIX Pa3BUTHUS PACTCHUS
(Park, McIntosh, 1994).

Pasnmuaatot ne kateropun APR-reHoB: 3amyckaromme pe-
akiuro CBY (hypersensitive genes) 1 pealu3yIomue aabsrep-
HAaTHUBHBIC MEXaHU3MBbI ycToiunBocTu (nonhypersensitive
genes). DEHOTHITNYECKOE TIPOSBICHUE IEHCTBHS TCHOB BO3-
pacTHOH ycToiurBOCTH K Oypoii pxxasunne Lrl2, Lrl3, Lr22a,
Lr22b, Lr35, Lr48 u Lr49, oTHOCSIIMXCS K IEPBOI KATETOPHUH,
OITHCBIBAETCS KAK HEKPOTUYECKHE IISITHA Ha JINCTBSIX HUITH KPO-
IIEYHBIC TYCTYIbI, 3aMETHBIE YK€ Y MTPOPOCTKOB MIICHHUIIBI.
[Tpu 3apaxennu pacrenuii c APR-reHamu, He 3aITy CKaroLUMH
CBUY, Ha TUCTHSIX MOABISAIOTCS HH(EKIIMOHHBIC TUIIHI O€3 He-
KPO30B, OT BOCIIPUUMHYHBBIX JIO CPETHEBOCTIPUUMYHBBIX, IPH
9TOM XapaKTepHbI CHU)KEHHAs 4aCTOTa MH(EKIIMOHHBIX 04aroB
U OTCPOYEHHBIE CTaINH pa3BUTHs natoreHa. [1o oTHoIIeHUIO
K Oypo¥i pkaBUMHE TI0Ka HACHTU(HIUPOBAHO HEMHOTO TAKHX
I'€HOB MJIM KOJIMYECTBEHHBIX JIOKYCOB ycToiunBoCTH: LI34,
Lr46, Lr67, Lr77 (Dyck, 1987; Singh et al., 1998; Herrera-
Foessel et al., 2014; Kolmer et al., 2018), He KomupyrOIIIX
penentopsl cemerictBa NLR (R-penentopsr). MexaHU3MBbI
uX AeicTBus u3ydaior ¢ npusieueHuemM QTL-ananmmsa, u
y’K€ M3BECTHBI HEKOTOpbIe NPoAyKThl QR-renos. I'en wimm
reHHbli okyc Lr34 xomupyer AT®-3aBucuMbIil OEIKOBBII
TpaHCIOPTEP, OTBEUAIOUIUI 3a YaCTUYHYIO YCTOWYMBOCTD
K HECKONIbKUM BHJaM prkaBumHbl (Krattinger et al., 2009).
Annens Lr67, oGecrieunBaronyii 4aCTHYHYIO YCTOWYHBOCTh
Kk Oypoii pxxaBunne (Lr67 resistant, Lr67res), orBeuaer 3a rpe-
KpaIlleHHe TPAHCIIOPTA TEKCO3 U3 KJICTKM XO35MHA B aIOTIIACT,
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MHOFprOBHeBbII;I VMMYHUTET NieHnubl
K P>KaBYMHHbIM 3aboneBaHMAM
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Fig. 2. Mechanisms of prehaustorial resistance to rusts in wheat as compiled from (Hu, Rijkenberg, 1998; Leonard, Szabo, 2005;
Plotnikova, 2009; Wang et al.,, 2013; Pozherukova et al., 2015).

(a) Ectophytic (orange) and early endophytic (blue) stages of pathogenesis. Abbreviations: us, urediniospore; gt, germ tube;
ap, appressorium; sv, substomatal vesicle; ih, infection hypha; hmc, haustorial mother cell; h, haustorium; e, epidermal cells; gc, guard
cells; mc, mesophyll cells. Arrest of the development of infection at different stages of pathogenesis: (b) germ tube disorientation and
branching; (c) aberrant appressorium on stoma; (d) distorted or collapsed substomatal vesicle; (e) accumulation of callose in mesophyll

cell walls.

Toraa Kak ateib LRB7Sus (susceptible — BocripuuMUHBBIif)
sBisieTcst H+/rekco3HbIM TpaHCTIOpTEepoM U 00J1a/1aeT BBICO-
KHUM CPOJICTBOM K Iiroko3e (Moore et al., 2015).

MperaycropmnanbHasa yCTOMUYMBOCTb NLLEHULbI

K BO36yguTento 6ypori p>kaBunHbl

BonpmnHCTBO MAGHTH()UIMPOBAHHBIX K HACTOAILIEMY MO-
MEHTY TeHOB LI siBistrorest pacocnenuduaeckumu R-reramu
U KonupytoT BHyTpuKierounsie NLR-perientopsl. OHu o6e-
CTIEUMBAIOT TMIIEPUYBCTBUTEIBHYIO peakiuio pacterns (CBY
W aJbTepHATHBHBIE MEXAaHM3MBl YCTOHYMBOCTH) B OTBET Ha
MOpa)KEHHE pacaMy MaToreHa, HeCyIMMU COOTBETCTBYIOIIUE
TEeHBI aBUpylIeHTHOCTHU. [lomdepkHeM, 4TO B3aMMOJCHCTBHE
MPOAYKTOB TeHOB AVl M R mponcxomur yxe B IUTOILIa3Me
KJIETKH, rocie opmupoBanust rayctopus. [Tostomy cnenu-
(hUIeCcKyr0 YCTOMYMBOCTH C THITEPIYBCTBUTEIFHOM peakIien
B MHOCTPAHHOW JIUTEpaType YacTO HA3BIBAIOT rayCTOpHaIb-
HOI WIM Pa3BUBAIOLICHCS N10CIIE IPOHUKHOBEHUSI yCTOMYU-
BOCTHIO (post-penetration resistance) (Heath, 2002; Niks, Mar-
cel, 2009). OmHaxo B ocieIHee BpeMst HAKOTICHBI JaHHEBIC 00
Y4aCTUHM HEKOTOPBIX R-TeHOB MIIEHUIIBI B pean3alii Mexa-
HU3MOB IIPErayCTOpHaIbHON YCTOMYMBOCTH, OCTAHABIUBAIO-
MIMX Pa3BUTHE P>KaBUMHHBIX I'PHOOB HA paHHEH 3HIOPHUTHOH
1 ke 9KTouTHOM cTasuu. OyHKIMOHAIBHBIMU MUIICHSIMH
MEXaHU3MOB IIPETayCTOPUAIbHON YCTOWYNBOCTH SBISIIOTCS
pocTKoBast TpyOKa M anmpeccopuii (3krouTHas (asa maro-
reHesa), a Takke MOJYCTbUYHAs Be3UKy/1a U MH(PEKIIMOHHAs
ruda (pasHsAg SHAOGUTHAS (aza maToreHe3a PrKaBUMHHBIX
rpudoB) (puc. 2).

OrnucaH OKUCIUTENBHBIN B3PBIB IIPHU KOHTAKTE BO30YIUTEIS
Oypoil p’kaBIMHBI C yCTHUIIAMH HA JINHUSIX C pacocnenuduye-
ckuM reHoM Lr38 (ot A. intermedium), cxomHblIi 10 BpeMeHH
U XapakTepy C peakiuei BuoB-Hexo3s¢eB. [Ipu 3apaxenun
HabopoM pac P. triticina Ha ycTeHItax n30reHHOM JIMHUH TIIIe-
HHILBI ¢ reHoM LIr38 u Ha pacTeHnu-Hexo3sune T. timopheevii
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yepe3 24 49 mocie MHOKYIAIWH OBUTH OTMEUEHBI HEKPOTH-
3MpOBAaHHBIC MAJICHHKHE AIIIPECCOPUH Tprba pasMepoM JI0
20 MKM, TOT/Ia KaK Ha yCThUIIaX KOHTPOJILHOW TMHUK THTuep
(hopMupOBaICh HOPMAaIbHBIE KPYITHBIE AllIIPECCOPHUU pa3Me-
pom oxkoro 50 mxm (ITnmorankoBa, 2009; IToxepyxosa u nip.,
2015). V smnuii ¢ renamu Lrl9 u Lr21 co cnenuduueckoii
YCTOMYMBOCTBIO K BO30OYAHUTENIO Oypoi prKaBUMHBI OIHCA-
HBI JIONOJHUTEIbHBIE K PEAKIUU CBEPXUYBCTBUTCIHLHOCTH
MCXaHU3MBbI 6J'IOKI/lpOBaHI/Iﬂ pa3BUTHA IMaTOrCHA. Ha TMEPBBIX
CTaaus Pa3BUTHA YHIOPHUTHON (ha3bl maToreHa 9acTo Habmro-
Janach eopManys Win KOJUIAICUPOBAHHUE MTOAYCTEUIHON
BE3HKYJIbl, YTO CHMXaJO d()(HEKTUBHOCTh KOJOHHU3AMH B
tkanu pactenns (Hu, Rijkenberg, 1998). boum ormedeHs
AKKyMYJISIS KaJUTO3bI ¥ OTJIIO’KEHHUE JINTHUHA TIPU 3apake-
HUH U30T€HHBIX JTUHUHN MIICHUIbI, HECYIINUX I'CHbI CHCI_II/I(l)I/I-
yeckoil ycroiumBoctu Lrl, Lr3a, Lr9, LrB, nabopom Bupy-
nenTHbIX pac P. triticina (Wang et al., 2013).

Takum 00pa3om, COBpeMEHHbIE ITOIXO/IbI K UCCIIEJOBAHUIO
MEXaHM3MOB YCTOHUMBOCTH M3BECTHBIX M HOBBIX R-reHOB
JIOJDKHBI OTpakaTh 0003HAaYEHHYIO BEPOSITHOCTh aKTHBAIINU
OUTOIIIA3MaTUYCCKUX R-peuenTopOB Ha NEPBLIX CTaauAX
[aToreHe3a, Koraa BEICBOOOK 1ar0TCsl TOIBKO JTUTraH sl PAMP.
TpaHcayKuus curHasia, BEposiTHO, MOXKET OBITh OIIOCPEIOBaHA
B036y)KI[eHI/IeM MEXaHO-9YBCTBUTCIIbHBIX MOHHBIX KaHaJIOB
(MSC — mechanosensitive-ion channel), onrcanHbIX B Kie-
TOYHOMH CTEHKE SINAEPMHCA PACTCHUH KaK HEOOJbIINE TPAHC-
MeMOpaHHbIE OEJIKOBBIE PELENTOPbI, aKTHBALUS KOTOPBIX
MPUBOIUT K U3MEHEHHIO OKHCIIUTEILHO-BOCTAHOBUTEILHOTO
norennuaia kiertku (Hamilton et al., 2015).

3aKJ/loueHne

HaKOHJ’IGHI/Ie JAaHHBIX O paBHOO6paBHLIX MEXaHU3Max YCTOﬁ—
YUBOCTHU IIICHUIIBI K p)KaB'-Il/IHH])IM 3360J'I€BaHl/ISIM co3aact
BO3MOXHOCTB OIITUMAJIBHO UCIIOJIBE30BATh TCHETUYCCKHUEC pe—
CYPCBhI IPU CCJICKIIMU HA UMMYHUTCT. CDI/ITOI/IMMYHI/ITeT npea-
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CTaBJsIeT CO00i1 MHOTOYPOBHEBYIO CHCTEMY 3alllUThI pacTe-
HHA-X035IMHA, KOHTPOIIPYEMYI0 KOMOHHALIMSMA MaXKOPHBIX 1
MHHOPHBIX T€HOB (JIOKYCOB) YCTOHYHBOCTH, TAK HA3bIBACMbI-
MU HOJIMTeHHBIMU ceMeiicTBamu (multigene families) (Maro-
ne et al., 2013), cmrocoOHBIMHU BIUATH HA Pa3IHYHBIE CTAIHH
narorenesa. IHTepecHo, 4TO KOJINYEeCTBEHHBIE JIOKYChI yCTOM-
YHBOCTH K 'PHOHBIM 3200JI1€BaHUSIM B TEHOME PAaCTEHHUH 4acTo
JIOKAJIM30BaHb! pAoM ¢ R-renamm, pacrmomarasch BO ¢iaH-
Kupyromiei obiactu B npenenax 2 Mb, nosromy ¢ 00ib10i
BEpOSITHOCTB Kocerperupytor (Shang et al., 2009; Kang et al.,
2012). N3yuenune kiaacTepa MaXOPHBIX R-T€HOB MOKa3alo,
YTO OHH SIBIISIOTCS HanOojee JUHAMHYHOW IPYyTIION I'eHOB,
crocoOHbIX K ObicTpoii aBosronnn (Krattinger, Keller, 2016).
[Ipu 5TOM B PUPOIHBIX IIEHO3aX MonuMopdu3M R-6emkoB
CO3/IaeTCsl MEXAY MHIUBHUAYaTbHBIMUA OpPraHM3MaMH Ha T10-
MYJISLUUOHHOM YPOBHE, YTO OTINYaeT (QPUTOMMMYHHUTET OT
’KHBOTHOHN CHCTEMBI 3alIUTHI C OTPOMHBIM ITOIUMOP(HH3IMOM
PELEenTOPOB BHYTPU HHANBHIAYAJIbHBIX OPraHU3MOB. YTIIyO-
JICHHOE U3y4YeHHE MHOTOYPOBHEBOTO (DUTOMMMYHUTETA IIPH-
BEJIO K IEPEOCMBICIICHUIO arpOHOMHYECKOI CTPATETHHL: CENeK-
MO YHCTBIX JIMHUHN C eIMHUYHBIMU Ma)KOPHBIMH R-reHamu,
JTOJITO€ BPEMsi OBIBIIYEO TPAIUIIMOHHON B PACTCHHEBOJICTBE,
3aMEHWIH IPOTPaMMBI CO3/IaHMS MYJIBTHIIMHEHHBIX COPTOB-
HONYJIALUN, PA3THYAOLINXCS TCHAMH WM aJUIeIsIMH TCHOB
ycroitunBoctu (/Ipsikos, 2017).

JpyriuM BakKHBIM ITOXOJ0M, HHTEHCHBHO HCIIOIb3yeMbIM
B MOCJICHEE BPEMsI TIPH CO3JaHHH HOBBIX COPTOB M CEJICK-
LIUOHHBIX JINHUH, SIBJISETCS IUPAMUIUPOBAHUE F€HOB YCTOU-
YHBOCTH B OTHOM I'€HOTHIIE ITyTeM OJIM3KOPOJCTBEHHON U OT-
JaneHHoi ruopuau3saniy. Co3taHbl copTa MATKOHN IIIEHHIIB,
ycTOﬁ‘lHBble K p’)KaBUMHHBIM 3a60ﬂeBaHI/IHM 3a CUCT IMUpaMu-
b1 M3 HECKOJIBKUX R-TeHOB, a Taxke KOMOMHAIIMI MayKOPHBIX
Y MHHOPHBIX T€HOB YCTOHYNBOCTH, YTO MO3BOJIMIIO TOOUTHCS
3¢ dexra JoIroCpOYHOIt 3aIIU T OT TaToreHoB. HaunbonbIiee
3HAYEHHE B CEJICKLMH IMIICHUIBI HA IMMYHHTET K PXKaBUMH-
HBIM 3200JICBaHUSIM UMCIOT IUPAMHIbI TCHOB, COACPIKAIIINEC
nokyc ycroiunBoctu Lr34 (Lr34 complex) (Singh, Rajaram,
1991) u MuHOpHBIH TeH ycToiunBocT Sr2 (Sr2 complex)
(Singh et al., 2000).

3amavei, cTosiel nepes; COBPeMEHHOH CeNeKIreH, SBIsi-
eTcs pa3padoTrka 3(p(heKTHBHBIX METOIOB TPAHCTEHHOTO TIepe-
HOCa TOJIUTCHHBIX CEMEHCTB PacTeHUH, KOTOPOMY JOKHEI
MpeaAeCTBOBATh TOYHBIN aHAJIN3 BBISIBJIEHHBIX T€HHBIX rpynmn
YCTOIYMBOCTH Ha MOJIEKYJIIPHOM YPOBHE. DTO ITO3BOJIHT HE
TOJIBKO COKPATHTh BIHSHHE HEXKEIATSIILHOIO TeHETHYECKOTO
Marepuasa, IpuoOpeTacMoro B mporecce 00bIYHONH THOPH-
JM3alMH, HO ¥ BBECTH B PELUIIMEHTHBIN COPT LEIEBbIC TCHBI
U3 HEPOJICTBEHHBIX OPraHU3MOB, B TOM YHCIIC MOJUTCHHBIC
ceMeicTBa Ma)KOPHBIX 1 MUHOPHBIX F€HOB (JIOKYCOB) YCTOM-
yuBOCTH. Tak, y>ke co3IaHbl TPAHCTEHHbIE THHUH IICHHIBI,
YCTOWYMBOCTH KOTOPBIX K CTEOJIICBON prkaBUMHE 0OecIedn-
Baercsi reHoM Rpgl u3 sumens (Collinge et al., 2010). [pen-
JIO’KEeHBI OaKTepUaIbHbIC CHCTEMBI IEPEeHOCa FTEHOB, COBMEC-
tuMble ¢ mueHunei (Pseudomonas, Xanthomonas spp.),
Juisl QyHKIMOHAJIBHOTO aHain3a 3()(GEeKTOpOB prKaBUMHHBIX
rpu6oB (Yin, Hulbert, 2011; Upadhyaya et al., 2014). ITep-
CIIEKTHUBHBI PaOOTHI C CAMUM MATOTEHOM I10 CO3aHHIO TPaHC-
T'€HHbIX HITAMMOB C AVr-FeHaMl/I JUIs1 UCCIJICJOBAHUS 3allIUTHBIX
MEXaHH3MOB PACTEHHS, YTO YK€ CHEJaHO, HalpUMep, Il
pkaBurHbl TbHa Melampsora lini (Lawrence et al., 2010).
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XapaKkTepucTKa reHOMOHIa IPOBOI MSITKOII ITIIIE€HUIIbI
(Triticum aestivum L.) IO YCTOMUYMBOCTU K IIBIJIbHOV I'OJIOBHE
B VCJIOBMSIX JlecocTeny 3anagHoii Cuoupu
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Cpean MHOroumcneHHbix 6onesHelt APOBON MLUIEHULbI, Bbl3blBaeMblX MAaTOreHHbIMU rprbamu, MNbiibHAA FONOBHA
Ustilago tritici (Pers.) Jens. no-npexHemy ocTaeTca onacHbIM 3aboneBaHviem. Ha nonsx, rae oTcyTCTBYeT KOHTPOSb Haf,
nposABNeHNeM 1 pacnpocTpaHeHnem 6one3Hn, Hepobop ypoxana MoXKeT cocTaBnATb A0 10 %, a Npy BO3AenbiBaHUN
BbICOKOBOCMPUMMYMBBIX COPTOB focTuratb 40-50 %. C yyueTom Bo3pacTaloleli CTOUMOCTY NPOTPaBUTeNe CeMAH 1
NX dKoMormyeckor He6e3onacHOCTH, CaMbiM JOCTYMHbIM CMOCO60M 3aLlMTbl PACTEHU, CHUMKAIOLUM NECTULNAHYIO
Harpysky Ha arpoLeHO3bl, ABNAETCA BO3Ae/blBaHNE COPTOB, HEBOCMPUUMYUMBBIX K MblfIbHON ronoBHe. Pelatowunin
MOMEHT B CeneKLMmn Ha YyCTONUMBOCTb — NCNOMb30BaHMe B KauyecTBe POANUTENbCKNX GOPM COPTOB, PE3UCTEHTHDBIX K
natoreHy. Lleniblo Halwmx ncciefoBaHmin 6bin0 BblgeneHne HEBOCMPUMMUMBDIX K MblIIbHON FOfIoBHe 06pa3sLioB APOBON
nLeHnLbl Ha GOHe NCKYCCTBEHHOIO 3apakeHna pacTeHnin nonynauymen, cneyndryHon ana 3anagHo-Cnbmpckoro pe-
rnoHa. MpriBefeHbl pesynbTaTbl MHOMOIETHUX UCCNeaoBaHnn 350 reHOTUMNOB APOBON MLIEHNLbI Pa3/IMYHOrO 3KOJ10-
ro-reorpadnyeckoro NPOUCXoXKAEHMA Ha YCTONUMBOCTb K 60ne3Hn. Drsnonornyeckyto cneuvanusaumio pac U. tritici
OCyLLecTBAANN Ha AnddepeHLMpytoLLeM Habope, COCTOALLEM U3 LLECTV COPTOB MATKOW 1 TPEX COPTOB TBEPLOI APO-
BOW MlweHnLbl. [lonyyeHHble pe3ynbTaTbl B COYETaHUN C IMTEPATYPHbIMU AaHHbIMY CBULAETENbCTBYIOT 06 M3MEHEHUAX
B pacoOBOM COCTaBe, MPOU3OLLIEeALNX B Ky/bType natoreHa 3a nocniegHue 30-35 neT. BoigeneHbl copta UHOCTPaHHOW 1
OTeYeCTBEHHO CeneKLUmMm, Pe3nNCTeHTHbIE K 3anagHoCMOMpPCKo NonynAaLmMmn NbiibHOW ronoBHW. Ha ocHoBe aHanm3a
POAOCNOBHBIX 06Pa3LOB, BbICOKO- 1 MPAKTUYECKIM YCTOMUMBDIX K FONIOBHE, CANIaHO NMPeANOOXKeHMe, YTO B CENeKLnm
Ha UMMYHUTET K U. tritici yalye Bcero ncnonb3ytoT OAHMN U Te »Ke UCTOYHUKN FreHOB pe3ncTeHTHocTH. Cpeau reHodoHAa
APOBOW MLUEHMULbI NHOCTPAHHOW CeneKLMn Hanbosbluee KOIMYeCTBO reHOTUMOB, PE3NCTEHTHDIX K MblAIbHON Fof10B-
He, BblgenseTca B cTpaHax CeBepoamepukaHckoi reorpapuuyeckon 3oHbl (CLUA, KaHaga, Mekcuka). B ocHOBHOM 370
06pa3subl, Hecylime reHbl Ut], reHbl oT copTa nweHunubl Thatcher u ee cectprHckon nuHum DC 11-21-44. B copTax poc-
CUINCKOW CeneKkLmm NpocsiexnBatoTca reHbl ot coptos benotypka, Nontaeka, CenveaHoBckmn Pycak (yepe3 Capatos-
CKyt0 29 1 ee NPOU3BOAHbIE), FeHbl OT NWEHNYHO-MbIpenHbIX MnHU ATUC 1 1 Tpekym 114.

KntoueBble cnoBa: ApoBasA MArkas MieHnLa; MblfibHasA FONIOBHA; UCTOYHMKM YCTONYMBOCTY; pachl; NONYNALMUA.

Ana yutuposaHua: Opnosa E.A., bextonba H.MN. XapakTepuctuka reHopoHaa spoBo MArko nweHuubl (Triticum
aestivum L.) No yCTOMUYMBOCTU K NbIIbHON FOSIOBHE B YCNIOBUAX NlecocTenu 3anagHon Cnbumpun. BaBunoBcKuin xypHan
reHeTuKn u cenekumm. 2019;23(5):551-558. DOI 10.18699/VJ19.524

Characteristics of the gene pool of spring wheat
(Triticum aestivum L.) for resistance to loose smut
in the forest-steppe of Western Siberia

E.A. Orlova®, N.P. Baechtold

Siberian Research Institute of Plant Production and Breeding — Branch of the Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
® e-mail: Orlova.Lenal0@yandex.ru

Among the many diseases of spring wheat caused by pathogenic fungi, loose smut Ustilago tritici (Pers.) Jens. remains
to be a dangerous disease with a wide range of distribution. In fields where there is no control over the emergence
and spread of the disease, the yield reduction can be up to 10 %, and in the case of highly susceptible varieties, up to
40-50 %. Taking into account the increasing cost of seed protectants and their environmental damage, the cultiva-
tion of varieties resistant to loose smut is still the most affordable way to protect plants, reducing the pesticide load
on agrocenoses. The crucial point in breeding for resistance is the use of resistant varieties as parental forms. The aim
of our research was to isolate samples of spring wheat that are immune to loose smut against the background of
artificial infection of plants with a population specific to the West Siberian region. The article presents the results of
long-lasting studies of 350 genotypes of spring wheat of different ecological and geographical origin for resistance
to disease. Physiological specialization of races was carried out on the basis of a differentiating set consisting of six
varieties of soft wheat and three varieties of durum spring wheat. The obtained results in combination with literature
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Resistance to loose smut
in spring wheats

data reveal changes in the racial composition of the pathogen population over the past 30-35 years. Varieties of
foreign and domestic selection resistant to the West Siberian population of loose smut have been identified. Based
on the analysis of pedigree samples, highly and practically resistant to loose smut, we concluded that in breeding for
immunity to U. tritici, the same sources of resistance genes are most often used. Among the gene pool of spring wheat
of foreign selection, the largest number of genotypes resistant to loose smut is assigned to the countries of the North
American geographical zone (USA, Canada, Mexico). These are largely samples containing Ut1 genes, genes from
spring wheat ‘Thatcher’and its sister line ‘DC II-21-44" Resistance genes in Russian wheat varieties can be traced from
cultivars Beloturka, Poltavka, Selivanovsky Hare (using Saratovskaya 29 and its derivatives), and genes from wheat-

grass lines AGIS 1 and Grecum 114.

Key words: spring soft wheat; loose smut; sources of stability; races; population.
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BBepeHmne

Cpeny MHOTOYHCIICHHBIX OOJIE3HEH SIPOBOW MIICHUIIBI, BbI-
3bIBAEMBbIX ITATOTCHHBIMH I'PHOaMH, OITACHBIM 3200JICBaHUEM,
MMEIOLUM IIMPOKUHN apean paclpOCTPaHEHUs, SIBISETCS
IIBUTBHASI TOOBHS. HecMoTpst Ha TO 4TO BO3OYyANTEh HE BBI-
3bIBACT SMTUPHUTOTHH, HOTEPH YPOXKasi 36PHOBBIX OT TOJIOBHE-
BBbIX 00JIE3HEH MOTYT IIMPOKO BapbHupoBaTh. Ha monsax, rae
OTCYTCTBYET KOHTPOJIb HaJI IPOSIBIICHUEM U PACIIPOCTPAHEHH-
eM Oose3Hu, Heto0op ypoxkast MoxkeT gocturath 10 %, a mpu
BO3/ICJIBIBAHUH BBICOKOBOCITPHUUMYHUBBIX cOpTOoB — 4050 %
(Nielsen, Thomas, 1996). Kpome SIBHBIX TOTEpPb, 3aKITFOYA0-
IIMXCS B TTOJTHOM Pa3pyIICHUHU KOJIOCa, BO30Y/IUTEIH TOJI0B-
HEBBIX BBIZBIBAIOT U CKPBITHIC ITIOTEPU YPOKasi. yFHeTaIOHlee
JICWCTBHE TAaTOTeHA MPOSIBISIETCSI HA BCEX JTAIlax Pa3BUTHUS
pacTeHUi: yMEHBIIACTCS KOJIMYECTBO B30OIIEAIINX PACTEHHH,
MPOAYKTHUBHAS KyCTUCTOCTh, Macca 1 000 3epen (Ctemanos-
ckux, 1990; Nielsen, Thomas, 1996; Hpyxun, 2001; Opnosa
u np., 2015).

CymiecTByeT npsiMasi KOppesinOHHAst 3aBUCUMOCTh MEK-
Ity SMOprOHATbHON HH(EKINEH 1 IPOSBICHUEM ITBUTHHON TO-
JIOBHH B TIOJICBBIX YCJIOBUSIX. DYHTUIMAHOE IPOTPaBIMBAHNE
CeMsIH HE CHUMAET OCTPOTY 3TO# IPOOJIEMBI, pellIeHHE BOIIPO-
ca 3apa’KeHHOCTH IIOCEBOB TOJIOBHEH ITO-TIPEKHEMY OCTAETCsl
akTyanbHbIM. Tak, mo nanHbIM Poccenbxo3nentpa 2016 r, B
MoceBax SPOBBIX 3€PHOBBIX KyIbTyp 1o Cubupckomy dee-
pabHOMY OKpPYTY IbUIbHAsSI TOJIOBHS SIPOBOM ITIIEHUIIBI ObLIa
3apeructpupoBana Ha 33.9 TbIC. ra, s;tuMens — 11.14 ToIc. ra.
B cpaBuennn ¢ Kemeposckoii, HoBocubupckoii 1 Omckoii
oOmacTsiMu pa3BUTHE 3a00IeBaHNS Ha TOCEBAX SPOBOM IIIIIe-
HUIBI B OOJBIICH CTENEHHU MPOSBUIIOCH B ANITACKOM Kpae
(23.5 ThIC. Ta). B Bonorojckoii o0nacTu rojioBHel 3apaxe-
HO Ooiee 7 THIC. Ta MOCEBOB, B YPaJIbCKOM (erneparbHOM
OKpYT€ IIbTbHASI TOJIOBHSI MIIEHHUIIBI OTMEYECHA Ha TUIOMIAIN
16.9 toIC. ra. [To nanusiM A.B. Xapunoii (2013), motepu ypo-
’Kasi TIIEHHUIIBI OT MBUTHHOM roioBHU B KupoBckoit odmactu
COCTaBIISAIOT B cpefiHeM 28 %. C yueToM Bce Bo3pacTaromei
CTOMMOCTH IPOTPABHUTEIICH CEMsIH M NX DKOJIOrHuecKkoi HeOe-
30[IaCHOCTH, CaMblid JOCTYIIHbIM, CHUKAIOLIUI ECTULUIHY IO
Harpy3Ky Ha arpoleHO3bl Coco0 3allUThl PACTEHUH — 3TO
BO3ACJIBIBAHUE COPTOB, yCTOfI‘II/IBBIX K IIBUIBHOM TOJIOBHE.
Taxum o6pa3oM, mpobieMa U3ydeHHs U BBIIBICHUS dPdek-
TUBHBIX HCTOYHHUKOB M JJOHOPOB I'€HOB YCTOHYMBOCTH SIPOBOM
IIINICHUIbI K NBIJIBHOM TOJIOBHE BEChbMa aKTyaJibHa.

B Poccun 1 3a pyOexoM MHOTHE TO/IBI BEIyTCS (PUTOTIATO-
JIOTHYECKUE MCCIIET0BAHMS 110 M3yUCHNUIO MHUPOBOW KOJIIEK-
WU NIOECHUIBI U BBIACICHUIO NCTOYHHUKOB PE3UCTECHTHOCTHU
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K IIBUTEHOH rosioBHe. COMIaCHO JINTEpaTypHBIM JIaHHBIM, CY-
IIECTBYET JJOCTaTOYHO OOJIBIIOIT HAOOP NCTOYHUKOB yCTOHYH-
BOCTH K TOJIOBHEBBIM OOJIE3HSIM, BBIJICIICHHBIX B PA3IMIHBIX
9KOJIOro-reorpapuuecknx paionax mupa. Taxk, B padore (ITna-
XOTHHK | Jp., 2014) oTMeuaeTcsi BbICOKasi yCTOMUHUBOCTh B
ycnoBusix [ToBomkes y 06pa3noB k-17146 (Cupus), k-33809
(Mexkcuka), k-60584 (Kanana), [IpoxopoBka, TamOoB4yaHKa,
Mepuana u 1p. BeiieneHbl MCTOYHUKY YCTOMYUBOCTH K I10ILY-
JISIUY NBUTBHON TOJIOBHH, PACTIPOCTPAHEHHOH HA TEPPUTOPUU
Kpacnosipckoro kpast; 31o copra XKurynesckas (Poccwust), Moc-
koBckas 21 (Poccust), [lumutposka 5-18, IumutpoBka 5-2
(bonrapms), Suanders, Pembina, Monitau (Kanaga) (Cumopos,
2001; Henrymaesa u ap., 2016). J. Nielsen (1983), onennBas
KOJIJIEKIIMIO MSITKOUW SIPOBOM MIIEHHIIBI, BBIIEINST UMMYHHbBIE
copta u3 Adpuxn, bputannu, CILIA, Kanagsr: Sterling, New
Pusa 201, Dominator, Glenlea, H-44-24, Hope u ap. OnHako
Yalie BCero BhIJIEJICHHbIE cOpTa 00i1a1aioT pacocnenuduye-
CKUM THIIOM YCTOWYNBOCTH, ¥ BAPBHPOBAHUE ITOTO IIPU3HAKA
B 3HAYNTEIBHON MEpe 3aBHCHUT OT TOTO, KAKHE PACHI HCIIOJIb-
30BaJIM UCCIIEA0BATENH ISl (PUTOIATONIOIMYECKHUX OLIEHOK.

BriepBrie cymectsoBanue pac Ustilago tritici (Pers.) Jens.
Ppas3IMYHON BUpYJIeHTHOCTH yoenurenbHo nokaszan F. Grevel
(1930). Hcrionb3ys copta ¢ HEOMHAKOBOM CTEIICHBIO YCTOM-
YMBOCTH K Pa3JIMYHBIM CIIOPOBBIM 00pasiiaM BO30yANTENs, OH
nnentnunnposain 4 pacel. B Ceepnoit Amepuke W. Hanna
u W. Popp (1932) ObLiiu IepBbIMHU, KTO IPOIEMOHCTPUPOBAI
CYIIIECTBOBAHHME pa3HbIX pac B momyssiusx U. tritici. Hanna
(1937) ynanoch BeIAEINATH YETHIpE HU3HOIOrHnIecKUe (HOPMBI
MBLIHLHOM TOJIOBHU M3 KOJUICKIHIA, COOpaHHbIX B MaHHTOOE, C
HCTIONB30BaHKeM TrddepeHnrpyronero Habopa, COCTOSIIETO
n3 11 copros mmennisl. W. Cherewick (1953) ormmcai 10 pac
U. tritici u3 xosnekiuii, cobpanubix B Kanasne, ¢ moMOIIbio
AQHAJIOTHYHOTO, HO HE HICHTHYHOTO Habopa and dpepeHnmaro-
pos. J. Nielsen (1987) na recr-nabope u3 19 copros u M
mmenunt; guddepentmposan y U. tritici 41 pacy (Menzies et
al., 2003).

B Poccun nccrenoBanust Mo ONpeiesIeHUIO pac MbUIbHON
TOJIOBHH BelyTcs Ha JAuddepeHIupyroieM Habope SpoBoii
nmeHuIsl, npeanoxenHoM B.W. Kpusuenxo (1984). Habop
BKJIIOYAET 6 COPTOB MSTKOM U 3 copTa TBEPAOH SPOBOM IILie-
HULIBI (Tabi1. 1). DTO CBA3aHO ¢ PU3HOIOTMIECKOH CrIelHa-
3aruei Bo30yAnTeNs K BUAaM MIISHUIIBI — MSATKOW U TBEPIOH.
Pacel, crienuanusupoBaHHbIe K copTaMm 1. aestivum, aBupy-
JICHTHBI Ha COpTax W oOpasuax Buaa T. durum, u HaoGOpOT:
CHELHATN3UPOBAaHHBIC TOJIIBKO K COPTAM TBEPOH MIICHUIIBI
HE BBI3BIBAIOT 3apakeHns1 oopasuoB T. aestivum. Berpevatores
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HIMPOKO CHIELMATN3UPOBAHHBIC PAChl, BUPYJICHTHBIE HA COPTax
MSTKHX W TBepAbIX mieHul. [Ipu stom angdepeHnmaTtops
K TIBUTBHOH TOJIOBHE — 3TO HE N30TCHHBIC JTMHUH, Pa3Inyaio-
IIMECS 10 TeHaM YCTOMYMBOCTH, a TEHOTHIIbI, [TOKa3bIBaIO-
e TudGepeHIIPYIONIYI0 PEAKITI0 PA3THIHBIX H30JISTOB
U. tritici k TecT-copTam.

OcHoBHas paboTa 1o UIeHTU(HUKAIMH pac, MHOTHE U3 KO-
TophIX yctaHosieHb! B.M. Kpusuenko u JI.B. MsirkoBo#, npo-
Boguiack B BUP (Canxr-IlerepOypr). B pasusie roas! uc-
cnegoBanusiMu 3aHnManucek A I1. llectakoBa, A.E. [pyxun
(8 IToBomxne), B.C. Ileruykosa, B.B. ITnaxorauk, JI.A. Tpo-
nnkas (B Kazaxcrane), A.H. CuisiHoBa (B Psi3anckoii 06ma-
cti), A.A. I'pszaoB (B Kycranaiickoii oonactu), JI.®. Teim-
4eHKO (B MOCKOBCKOI 001acTH) U JIp.

B Bocrounoii Crbupy moapoOHbIe HcclieIOBaHMs PACOBOTO
COCTaBa IbUIBHOM roJIOBHU NIeHULb! poseneHsl B. 1. Tu-
xoMupoBeM (1981). Im ycranoBieHo 18 pac, Tpu 13 KOTOPBIX
(48, 51 u 54) mmpoxo pacnpocTpaHeHsl B pernoHax KpacHo-
sipckoro kpast. B Samannoit Cubupu XK. A. baxapesoii (1978)
3aperucTpupoBano 17 pac, u3 HuX pacsl 61, 62, 63, 64, 66 u
67 MOryT Napa3uTUPOBATh KaK HA MATKOM, TaK ¥ HA TBEPAOH
nreHuie. Beero Ha poccuiickom Habope audhepeHInaTopos
ycraHoBneHa 71 paca.

B nmarocucreme mmenuna—U. tritici B3aumopeiicteue na-
TOreHa U PAaCTEHHS-XO35IMHA MoquuHseTcs teopun Dropa
«reH Ha reH». Onmpaschk Ha 3Ty Teopuio, J. Nielsen (1977,
1982) onpesiennir OCHOBHBIE T€HBI YCTOWYMBOCTH K TBUILHOM
rOJIOBHE, BHECEHHBIE B KaTaJIoT reHHbIX cuMBOIIoB (Mclntosh
etal., 2013) (Tabun. 2).

B Hacrosiiiee BpeMst KaTajor JOTOJHEH HOBBIMH I'€HaMH:
y copra Glenlea ObUTH ONpE/IEICHBI YETHIPE FCHA YCTOWYH-
Boctu — Ut4, Ut5, Ut6, Ut8, kotopsie obecnednBaroT pesuc-
TEHTHOCTb K KaHaackuM pacam T-2, T-9, T-15 u T-27, Ho He
s dexruBnbl nmpotus pac T-19, T-39 u T-10 (Knox et al.,
2014). onopamu rena Ut6 seisttorest copra AC Foremost,
AC Karma, AC Vista, Chinese Spring, Glenlea, Oasis,
HY 320, rer UtX nipeijioskeHO UCTI0NIb30BaTh KAK CHHOHUMOM
rena Ut5 (MclIntosh et al., 2017).

Bo Bcem Mupe ceneKIMOHHBIE TPOrpaMMbl, HAITPABICHHBIC
Ha MOJIy4eHHe TeHOTHUIIOB, HE BOCIIPUUMUMBBIX K O0JIE3HSIM,
ONMPAIOTCS HA TEHETUYECKHUI KOHTPOJIb PACTEHUH K IIaTore-
HaM. Pe3ncTeHTHOCTh pacTeHuit K BO30YIUTEISIM IBUTBHOM
TOJIOBHH HE SIBJISIETCS| NCKITIOYEHHEM, TIPH TOM MHOT'HE COp-
Ta, TECTUPYEMbIC B OJHUX 30HAX KaK yCTOWYMBBIE, IPYTUMHU
HCCIIEI0BATENSIMA MOTYT HACHTH(OUIINPOBATHCS KK BOCIIPH-
umuuBsle. [To cnosam B.M. Kpuuenko (1984), «npomomxu-
TENBHOCTP “TIOJIE3HOM JKM3HM TeHa YCTONYMBOCTU B COPTE
B 3HAUUTEIBHON Mepe 3aBHCUT OT COCTaBa MOy BO3-
OyznuTesst 00JIe3HU Ha ONpeJIeSICHHOW TUIOIIAAN, U 3HAYCHUE
OIIHOTO M TOTO 7K€ T€Ha yCTONYNBOCTH MOXKET ObITh HEOMHA-
KOBO B Pa3JINYHBIX 30Hax». [109TOMY, M3y4ast pe3UCTEeHTHOCTh
COPTOB K IBUILHO# TOJIOBHE, B IIEPBYIO 04EPE/b HEOOXOJHMMO
3HATh MATOTUIHBIN COCTaB MOIYJSIHNH, €€ CTAOUIBHOCTH
WJIN U3MEHYMBOCTH. [lOHNMaHNWE TeHETHKH yCTOWYHBOCTH
pacTeHus-X03s51MHa B KOHTEKCTE C BUPYJIEHTHOCTBIO [1aTOTeHa
MO3BOJISIET BBIABUTH 3((EKTUBHBIE TEHBI PE3UCTEHTHOCTH K
JIOMMHHUPYIOIIAM B ONIPEAEICHHOI 30HE pacam.

[enpio HaMIMX WCCIENOBAHUN OBUIO BBIJEJICHHE CpPEIU
TEHETUIECKOTO Pa3HO00pa3us POBOH MIIEHUIBI HEBOCTIPH-
MMYMBBIX K TBUTLHOHN TOJIOBHE 00pa31oB Ha ()OHE NCKYCCTBEH-
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YCTONYMBOCTb COPTOB APOBOW MLUIEHNLIbI
K Mbl/IbHOV FONOBHE

Table 1. Spring wheat varieties
used for the differentiation of Ustilago tritici (Pers.) Jens.
races (VIR collection)

VIR accession no.

Variety

Country

HOT'O 3apayKeHUs] paCTEHUH MOy IsIUeH, crieruuaHoN a1st
3amagHo-CHOMPCKOTO pernoHa.

MaTtepwuanbl n metogbl

Marepuanom HccieToBaHUN CIy XU 350 TEeHOTHTIOB SIPO-
BOM IIICHHIIBI PA3JIMYHOTO 3KOJIOT0-Teorpaduueckoro mpo-
ucxoxaenust u3 MmupoBoit koiutekiuu BUP (Canxt-Iletep-
Oypr), o0pa3nbl ¢ HACHTH(UIIPOBAHHBIMU T€HAMH YCTOM-
YHBOCTH, & TAK)KE COPTa, palOHMPOBaHHEIE 110 3anagHo-Ch-
oupckomy perrony (Ilpunoxenne 1), M3yuenue coproodpas-
110B TpoBoAMIHCh B rieprof ¢ 2011 mo 2016 1. Ha HCKyCCTBEH-
HOM MH(EKIIMOHHOM (OHE (PUTOMATOIIOTHUECKOTO ydacTKa
CubHUUNPC — pmmana UIul' CO PAH, pacnonoxeHHOro
B stecocteny [IprnoOss.

HccnenoBanus 0 NBUILHOM TOJOBHE OCIIOKHSIOTCST OMO-
norueii rpuba. B iepBblii roa pacTeHus, 3apakeHHbIC CIIOpaMU
rpuba, GopMUpPYIOT HOpMaIbHOE 3epHO. [IpH s TOM MuTIETHIA
rpuda JOKaIM3yeTcs B IUTKE 3apojblna. M Tonbko Ha cie-
JYIOIIMH roJ] U3 3apa)KEHHOTO 3epHa (POPMUPYETCS TTOBPEXK-
JIEHHBIN KOJIOC.

Wndumposanne coprooOpasoB SpoBOi MIICHUIIBI OCY-
LIECTBJISIIM BAKYYMHBIM MeTo/10M 110 MeTouke BUP. B kaue-
CTBE MHOKYITIOMA FCITOTIh30BAJI CHHTETHIECKYTO TTOITYJISIINIO
raToreHa, KOTOpyIo CO3aBajy ITyTeM cOOpa TeIHOCIIOP ¢ 3a-
paXkeHHBIX KoslocheB. CyCIEH3UIO TOTOBHIIM HEITOCPEICTBEH-

1 Mpunoxexuna 1-3 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx9.pdf
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HO TIepe/l 3apakeHneM, ONTUMallbHast MH(EKIIMOHHAs Harpy3-
ka 1—1.5 T renmmocnop Ha 1 11 Boxel. PacTenus sspoBoii miie-
HUIIBI HHOKYJIMPOBAJHM B IEPHOJ] LIBETEHHS, KOT/1A MTBIITbHUKH
L[BETKA B CEPEAMHE KOJ0CA JKEITOrO 1[BETa. 3apaKeHHbIE pac-
TEHUsI OTMeualy sTukeTkamu. [locre co3peBanms 3apakeHHbIE
KOJIOChSI 0OMOJIaYMBaJIN Ha KOJIOCKOBOM MostoTmike MKC-1.

[ToceB MHOKYJIMPOBAHHBIX CEMSIH MIIEHHIIBI TIPOBOIMIN B
ONITHMAJIBHBIE IS KyJIBTYpPBl CPOKH (BTOpast ieKasia Masi) B
konuuecTBe 100 3epeH Ha 01MH METPOBLIH pAIOK. BriceBanu
200-300 3epeH Kaxka0ro oopasia. Y4eT oCyieCTBIUIN ITyTeM
MozicueTa OOJIBHBIX U 3/I0POBBIX KOJOCHEB C BBIYMCICHHEM
MIPOLIEHTA TIOPAXKEHHSI.

Jaist kiaccuuKamy yCTOWYMBOCTH UCTIONB30BAIIH LIKATY
BUP (1981): 0 — BBICOKas yCTOHYHMBOCTH, IOPAKEHHUE OT-
CyTCTBYeT; | — mpakTHueckast ycTOHYNBOCTh, MOPAXKEHUE HE
npessbliiaet 5 %; 11 — ciaadast BOCIPUUMYMBOCTb, TOPAKEHUE
He npeBbIaeT 25 %; 111 — cpenHsst BOCIPHUMYUBOCTD, IOpPa-
skeHue He npesblaet 50 %; [V — cunbHast BOCIpUUMUYUBOCTD,
nopaxxenue oosee 50 % (Kpusuenko u ap., 1987).

Copra c mopaxxeHneM Bolmre 25 % OpakoBai B EPBBIHA o
M3Y4eHUs], yCTOIUMBBIE U cIab0 BOCIPUUMUYUBBIC M3ydald
B TeueHHe JByX-Tpex JjieT. O0 yCTOWYHMBOCTH COpTa CYIMIH
10 MaKCUMaJIbHOMY TIOPaKeHHIO 00pa3iia 3a TOAbI HCCIE0-
BaHMH. B KkadyecTBe BOCIIPMMMYMBOIO CTaHIapTa OBUIH HC-
nosb3oBanbl copra Ckana u Cubupckas 12.

Wzydyenne GU3HOIOTHIECKUX pac BO3OYIUTENS MBUIbHON
TOJIOBHU SIPOBO MIIICHUIIBI ITPOBOJIMIIN COTIIACHO METOANYEC-
ckuM pexkomergamsmM BUP. Crienmanuzanuto pac U. tritici
OCYIIIECTBIISUIN Ha Habope COpTOB-An(HepeHIINnaTopOB, KOTO-
pBIii BKJIFOYAn 6 COPTOB MSATKOW M 3 copTa TBEpAOH sSpOBOH
riueHuns! (em. Taon. 1). Anddepenupanmio no ycroiumBoCcTH
MIPOBOIMIIH 110 MiKaie: 0 — mopakeHHe OTCyTCTBYyeT; | — mo-
paxxenue 10 10 %; 2 —nopaxenue cbie 10 %. [Tomyuennsie
Ppe3yJbTaThl CPAaBHUBAIIH C KIFOYOM JJIs OTpe/iesieHus pu3no-
JIOTHUYECKUX Pac.

Pesynbratbl
J171s1 IBUIBHOM FOJIOBHU XapaKTEPEH LIBETKOBBIM TUII 3apaxe-
HUsL. Bo30yanTens nopaxaeT pacTeHUE B IEPHO/] IIBETCHUSL, 1
HEMaJIOBAKHBIM (DAKTOPOM, OKa3bIBAIOIINM BIIMSHHE HA Kade-
CTBO MHOKYJISIIIUY, SIBIISIETCS OKpYsKaro1ast cpega. Hecmorpst
Ha TO YTO METEOYCIJIOBHSI BET€TallMOHHOTO MEPUOAA 32 TOIbI
MCCIIEI0BaHUI PA3JINYAIIUCh MO TETUIO- ¥ BJIaroo0ecreyeHHOo-
CTH, B IIE€JIOM /TSl HH(OUIIMPOBAHUS PACTCHUH CKIIa/IbIBAJINCH
OnaronpusTHeIe ycioBus. Vckimrouenue cocrasmn 2012 T,
BEreTalOHHbII MEepHOJ KOTOPOTO XapaKTepH30BaJICs Kak
3aCYIIIMBBIN, C BBICOKUMH TEMIIEpATypaMHy ITOYBbI X BO3yXa
(tabn. 3). Beicokne temmneparypsl 2012 1. criocobcTBOBaIN
Ooiee OBICTPOMY IIPOXOXKICHHIO PACTEHUSIMU (a3 pasBUTHS U
6ornee KOPOTKOMY MEPHOTY, OIArONPUATHOMY /TS 3aPaKEHUSL.
Just 2013 1. 6pUTH XapaKTepHbI TOHMKEHHBIE CPETHECY TOUHBIC
TemIieparypsl Bo3ayxa (B cperaem Ha 2—3 °C) 1 oOuitie ocai-
KOB B BH/JI€ ITPOJIMBHBIX JOXKICH HaUMHAsI CO BTOPOH JEKaIbl
MIOJISl, UTO TaKyKe CHU3MIIO KaueCTBO WHOKYIISIIHH.

3a 2012-2016 rr. B mOMyJISALUY MBUTBHON TOJOBHU HJICH-
TruduIIpoBaHo 6 pac: pacer 12, 23,40, 53, 65 u 66 (Tabm. 4).
B 2012, 2014 u 2016 rr. mo peakuuu coproB-auddepeH-
LIMATOPOB 3aperucTpupoBana paca 12. OHa He mopaxaeT copra
MockoBka u Preston, Ho BupynentHa k Riimkers Dickkopf,
Reward u Diamant. CxomHyr0 ¢ Hell peakIHIO TTOKa3bIBaeT
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paca 40, unentudunuposantas B 2015 1. 1 OTIHYArOIIASICS OT
pacsl 12 TeM, 94To He3HAUYUTEIHHO MopaxaeT copT MocKoBKa
(me 6omee 5 %). 1 pacer 65, BeinenenHoit B 2013 1., xapak-
TEpPHBI ITPOsIBICHHE caboi peakiu Ha quddepeHunaropax
MockoBka, Kota, Reward n HecmocoOHOCTh K 3apa)KEHHUIO
coproB Preston n Riimkers Dickkopf. Paca 53, 3aperucrpu-
poBanHas B 2014 u 2016 rr., ob6nagaer BUPYJICHTHOCTHIO
k copram Kota n Reward, ve mopaxaer muddepenunarop
Preston. B 2015 1 2016 rr. npentudumposans packt 23 1 66.
W3 nuddepenuunaropos k HuM Bocrpunmunsbl Kota, Reward,
Diamant. ITopaxenune coproB MockoBka, Preston, Riimkers
Dickkopf npu nHOKymsimum pacoit 23 He npebimiano 10 %.
Paca 66 He nopaskaeT MockoBKy 1 Preston, HO BUpyIeHTHa K
Riimkers Dickkopf. Bce pacsr 065agaoT 4eTko BEIpakeHHON
crienuanu3anyeii K copram 7. aestivum v He TIOpakaroT copTa
TBEPIBIX MiIeHUI] AkMoninHKa 5, Haponnas u Mindum.

Ha ocHoBe ananm3a peaknuu qudepeHnaTopoB Ha HHO-
Kymsimio Bo3Oyautenem U. tritici B.A. Kpusuenko (1984)
00BbeIMHMII BCE 3apErnCTPUPOBAHHBIC PAChl B JIEBSITh TPYIIIL.
[TepBbIe mIeCTh TPYIN MOPAXKAIOT COPTA MATKHUX MIICHHUII,
cenbMast ¥ BOChbMasi TPYIIBI BUPYJICHTHBI JUIS TBEPABIX, a
JieBsTas rpyrmna o0beMHsIEeT pachl, CIIeHaIU3UPOBAHHBIE K
MSITKAM W TBEP/BIM ITIICHHUIIAM.

Wnentudunnposanusie HamMu packl 12 u 40 Bomm BO
BTOPYIO TPYIIITY, UX OOBEIUHSET TO, YTO OHHM arpecCUBHBI Ha
CpelHe- U CHIIBHOBOCHPHUUMYHMBLIX TH((epeHInpyomumx
obpasmax Riimkers Dickkopf, Reward, Diamant. Pacer 23,
53 u 66 BOILUIM B TPETHIO TPYIINY, Y HUX YETKO BhIpakeHa
arpeccuBHOCTH K copTy Kota, 1 OHH, KaK [IPaBHIIO, TOPAKAIOT
copra Riimkers Dickkopf, Reward n Diamant. Paca 65 Bxogut
B [IECTYIO IPYIIITY, IPEICTABUTENIN KOTOPOH ITPU CPABHUTEIb-
HOW BHUPYJCHTHOCTH 00JIa1a10T c1a00i arpeCCUBHOCTHIO.

W3 tabmn. 4 BUIHO, YTO BBICOKNI IMMYHUTET K 3aI1aJJHOCH-
OMPCKOI1 MOMYIISINY MTBITBHOM FOJIOBHH COXpaHsieT copT Pres-
ton, KoTopsIit, o anabM B.M. Kpusuenko (1984), necet nBa
reHa yCTOWYMBOCTH, YCIOBHO 0003HaueHHBIC MM Kak R1R2.
B otzenbHbIe ro/ibl 0TMEYAETCs HE3HAYUTENILHOE TOPAKEHUE
copra MOCKOBKa, OTHUM M3 POAUTENEH KOTOPOTO SIBISIETCS
Tymyn 70 — ot6op copra Preston. MockoBka, kak n Preston,
obnaaer AByMst JOMUHaHTHBIMU FreHaMu ycToiunBoctH. [To-
paxxenue coproB Kota ¢ renom ycroitunBoctr Ut2 u Riimkers
Dickkopf, Hecyriero oquH JTOMAHAHTHBIN TeH, KOJIEOIETCS IO
rojlaM OT ¢J1a00 BOCIIPUUMHYHBBIX /10 BOCHPUUMUUBBIX. CopTa
Reward u Diamant HeyCTOHYMBEI K MECTHOH TOMYIISAIINH.

W3BecTHO, 4TO TEHOTHII COPTa B 3HAYUTEIILHOI Mepe OKa-
3bIBAaeT BIIMSHUE HA PACOBBIN COCTAB MaroreHa. 1o, B 4acT-
HOCTH, TIOTBEPKIAETCsI CPABHUTEIILHBIM aHAJIM30M JaHHbIX,
noy4yenHbix JK.A. baxapesoii (1978), ¢ pesysbraramu coBpe-
MeHHBIX uccnenoBanuit. Eciu 8 19761978 rr. Ha Teppuropun
HoBocubupckoit obmacti Hambonee pacmpoCTpaHEHHBIMU
oputH pacel 12, 23, 54, 61, 64, To B HacTosmiee BpeMs — 12,
23, 40, 53, 65, 66. InTepecHO OTMETHUTH, UTO packl 12 u 23
COXpaHSIOTCA B Ipupoze yxe oonee 40 sert.

st BeisiBieHus 3¢ dexruBHOCTH renoB Ut k 3anmagHocu-
OupcKol MOMyJSIMU OBUIO MTPOBEICHO M3YyYEHUE COPTOB C
UICHTU(UIIIPOBAHHBIMY T€HAMH YCTOWYNBOCTH, BHECEHHBIX
B MexXayHapOIHBIH KaTajJor reHHBIX cuMBoioB. [en Utl
KOHTPOJIMPYET YCTOHUUBOCTH KO BCEM pacam, IPUCYTCTBYIO-
MM B 3aMaHOCHOUPCKON TOMYJISIINHU MBUIbHOW T'OMOBHHU.
3a rozel uccnenoBanuii 0opasisl Renfrew, Florence/Aurore,
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H.M. BexTonbg K Nbl/IbHOW rosIoBHe 23.5
Table 3. Weather conditions during inoculation of plant ears (data from the weather station Ogurtsovo)
Year Number of days  Temperature in July, °C Amount of precipitation in July, mm
OO s o Nomsimal b navee Nomasmi
1st third 2nd third 1st third 2nd third
20” ............ 4 1 ................................ 160 ................ 192 ................ 193 ................. 197 ................ 2 10 ................ 130 ................ 160 ................ 190 ..............

2 0 1 2 ............ 3 8 ............................... 2 0 6 ................ 2 2 5 ................. 1 9 3 ................. 197 ................ 3 7 ................... 0 ..................... 1 6 0 ................ 19 0 ..............

2013 ............ 5 1 ................................ 167 ................ 2 06 ................ 193 ................. 197 ................ 113 ................ 3 06 ................ 160 ................ 190 ..............

2 0 1 4 ........... 5 0 ............................... 2 13 ................ 2 07 ................ 1 9 4 ................ 19 7 ................ 12 3 ................ 3 7 0 ................ 1 60 ................ 19 0 ..............

2015 ............ 4 3 ............................... 180 ................ 2 10 ................ 193 ................. 196 ................ 6 10 ................ 4 8 .................. 150 ................ 190 ..............

2015 ........... 4 1 ................................ 199 ................ 2 10 ................ 193 ................ 196 ................ 4 67 ................ 156 ................ 160 ................ 190 ..............
Table 4. Response scores of VIR differentiator varieties to U. tritici infection (2010-2016)
Race  Moskovka Kota Preston Rimkers Reward Diamant Akmolinka 5 Mindum  Narodnaya Year
Dickkopf
12 ............ 0 ..................... 1 .................. 0 ................. 1 _2 ............... 2 ................... 1 _20 ........................... 0 ................... 0 201220142016

23 ............ 1 ...................... 2 .................. 1 .................. 1 .................... 2 ................... 2 0 ........................... 0 ................... 0 20152016 ............

40 ............ 1 ...................... 1 .................. o ................. 2 .................... 2 ................... 2 o ........................... 0 ................... 0 2015 ......................

65 ............ 1 ...................... 1 .................. 0 ................. 0 ................... 1 ................... 2 0 ........................... 0 ................... 0 2013 ......................

53 ............ 1 ...................... 2 .................. 0 ................. 1 .................... 2 ................... 1 0 ........................... 0 ................... 0 20142016 ............

66 ............ o ..................... 2 .................. o ................. 2 .................... 2 ................... 2 o ........................... 0 ................... 0 20152015 ............

Red Bobs (Utl) He mopaxanuich mbutsHOH rofioBHEH. Paca 66
oOmamaer BUpyaeHTHOCTEIO K copram Kota (Ut2), Thatcher/
Regent (Ut4), Carma (Ut3) u Biggar (Utx). MakcumainsHOe
TOpa’keHHe COPTOB 3a TOBI MccaeqoBaHui coctaBmio 100,
20, 62.5 1 83.3 % cootBercTBeHHO. CopT Carma HeyCTON4NB
K pace 53.

IIpoBeneHHble HAa (OHE NCKYCCTBEHHOTO 3apaKeHUS HC-
ciretoBanus 350 KOJUIEKIIMOHHBIX 00pa3IloB sIPOBOW MSTKOH
TMIIEHNIBI TTO3BOJIMIN BBIJCIUTh TCHOTHUIIBI, YCTOHUUBBIE K
3araIHOCHONPCKON MOMYIISAUK MBUTBHON ronoBHU. Cpenu
reHo(OH/1a THOCTPAHHOM! CEJIEKIIMN HanOOoIIbIIee KOJIMIECTBO
PE3UCTEHTHBIX COPTOB BbIIEINsieTCs B cTpanax CeBepoamepu-
KaHCKo# reorpadmueckoii 30061 (CILIA, Kanamga, Mekcuka)
(Tabm. 5).

Oco0biit uHTEpec npenctapisoT copra Thatcher, DC 1I-
21-44, Red Bobs, Renfrew, Preston, Fox, SWS “A” N&O0,
AC Glenavon, AC Drummonga, Hoffman, Hope/Thatcher,
Mercury, Neepawa, AC Minto, Rick, koropbie Bowuu B rpyti-
Iy BBICOKO- U IPAKTHUYECKH yCTONYUBBIX.

Copra Marquis, Red Bobs, Renfrew, Preston — npoussoza-
Hble oT copra Red Fife, koTopblii, M0 OJHUM HCTOYHHKAM,
OBLT BBIJENIEH M3 YKpamHCKoro copra kak Halychanka, mo
npyruMm — Ostka Galicyjska. Otot copr monan B Kanany u3
I'manbcka (ITonpiia), rae B 1842 1. ObUT IEPEUMEHOBAH B COPT
Red Fife (Maat, 2001).

R.D. McIntosh st coproB Renfrew n Red Bobs (mpousson-
Hbix Red Fife) onpenenun ren ycroitunsoctu Utl (Mclntosh
et al., 1998). Copr Preston o6mamaeT aByMs TOMUHAHTHBIMA
TeHaMH yCTOHYMBOCTH, OJHUM M3 KOTOPBIX siBisieTcst reH Utl
(Kpusuenko, 1984). MoxHO NPEANONI0KUTH HATMYUE 3TOTO
reHa u'y copra Marquis, y4acTBOBABILIETO B CO3/1laHUU COPTOB
Hope, Kitchener, Thatcher (Symko, 1999) (ITpui. 2). Copt

CENIEKLMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

Thatcher u ero cecrpunckas muaus DC 11-21-44 noBomsHO
YaCTO BOBJIEKAJIMCH B CEJICKIUIO ITPH CO3/IAaHUH PE3UCTECHTHBIX
K IBUTLHOM TOJI0BHE cOopTOB. [ToirydeHHbIe OT THOpHHON KOM-
OuHaAIMY ¢ y9acTreM Marquis U UTaJbSHCKOTO COpPTa TBEPIOH
mreHuIs! lumillo (Maat, 2001; McCallum, DePaum, 2008),
911 00pasupl MoryT Hectr red Ut4 (pysxun, KpymHos, 2008).
Hpyrue uccnenosarenu (Croxos, [Toporskun, 2014) peario-
Jararort, 4to copra rpynmns! Thatcher, Bo3M0XHO, IMEIOT TeH
ycroiunBoctd UtTh, naeHTHYHBIN, aiebHBIA I TECHO
creruteHHsni ¢ Utl.

Oo6mHocteio npoucxokaenust ¢ Thatcher csi3ansr copra
Neepawa, AC Glenavon, AC Barrie, BW-90 (Lupton, 1987;
McCallum, DePaum, 2008). Copty Hope ycToitunBocTh mepe-
JlaHa OT poccuiickoit monosr Yaroslav Emmer (MapTsiHOB,
Jo6potBopckas, 2003).

Copra sIpOBBIX MIIEHUI] HEMELKOI CENEKIINH TeHETHIECKU
0a3MpoBAIICH Ha O3UMBIX C UCIIOIb30BaHNEM (PPAHILYy3CKOTO
copra Noe. MIcTOUHUKOM yCTOMYMBOCTU U Ka4eCTBa Y HUX
cyxun Heine Kolben, Beinenennsiii B XIX B. u3 ppaHIrys-
ckoro copra Saumur de Mars. DToT 00pasern y4acTBOBal B
POJIOCIIOBHOW MHOTHX HEMEIIKMX COPTOB, B ToM umcie Carma,
Hecyiero rex ycroitunsoctu Ut3, onHako st yenosuit Hogo-
cuOupcKoii obmacty 3T0T reH He apdektueH. Kpome Heine
Kolben, B kauecTBe HCTOYHUKOB YCTOWYNBOCTH K OOJIE3HSIM B
HEMEIKIX COPTaX 4acTO MUCIIOIb30BAIN KaHAJICKHE 00pa3Ibl
Garnet u Thatcher (Lupton, 1987).

B coprax MHAMNCKOIO NPOUCXOKIECHHUS, 110 JAaHHBIM
C.I1. MaprsiaoBa u T.B. JIo6poTBopckoii (2003), ocHOBHEIMU
MCTOYHUKAMH K MBLUIbHON rosoBHe Ob1tH copta Ostka Gali-
cijska, Thatcher u ux npousBozHbIe.

PopoHaganbHUKaMyU MIBEACKUX COPTOB MIICHUIIBI ObUTH
copra Zeeuwse White n anrmiickuii copt Red Squarehead.
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Table 5. Non-Russian spring soft wheat varieties resistant to loose smut (2012-2016)

Ecogeographical zone Country

Cadet, DC 1I-21-44, H-44-24, Hope, Hope/Thatcher, Thatcher, k 31224, Mercury, Morris,
Russell, Rick, Fox

AC Barrie, Biggar, BW-90, Cuttler, AC Drummonga, Hoffman, Garnet, AC Glenavon,
Kitchener, AC Minto, Marquis, Neepawa, Park, Preston, Red Bobs 222, Renfrew, RL 4277,
Roblin, SWS “A” N80, Wisc 245

North America

Resistant varieties

B aBcTpanmiickux coprax NMepBOMCTOUYHHKAMH B CEJICKIIUH
nenuibl seisunch Fife uz Kananer u copra uz Uuauu.
B pesynbrare ux ckpeniuBaHus ObLT moydeH copT Yandillac,
KOTOpBIi BMecTe ¢ Purple Straw Bomiesn B potociioBHyo copra
Federation. 3TOT copT m0JIrOe BpeMsi BO3MIEIIBIBAJICS B TIPO-
M3BOJICTBE M MCIOIB30BAJICS B CENEKIMN MIICHUI] PA3HBIX
ctpan (Maat, 2001; Genetic Resources Information System
for Wheat and Triticale GRIS).

B coprax ykpanHCKOH 1 0eTIOpyCCKOH CeNIeKINN Pe3UCTEHT-
HOCTb K IIBUIBHOH T'OJIOBHE BO3MOYKHA OT TBEP/IOW IMIICHHUIIBI
Benorypka, poccuiickoii mosiobl Yaroslav Emmer u mMsirkoii
mmreHuts! [TontaBka gepes copt CaparoBckas 29. Takxke B
CEJICKIINM Ha YCTOHYHMBOCTH yYacTBOBAJIM aMEPUKAHCKUE
ucrounuku: Thatcher u ee cecrpunckas aunust DC 11-21-44
(aepes copt beseruykckas 98), Red river 68, Hope, Marquis,
Selkirk (Rabinovich et al., 1996; MaptsiHOB, JJoOpoTBOpCKast,
2003).

[To pesynbraram (UTOMATOIOTUIECKON OIICHKH ITHPOKHA
Ha0Op PE3MCTEHTHBIX TEHOTUIIOB K 3aMaHOCHOMPCKOM TOo-
MYJISIIUN BUTBHON TOJIOBHH OBLT BBIICICH Cpeu 00pa3iioB
OTEYECTBEHHOMN CeNleKIMU. B rpynmnsl ¢ BBICOKOM U NPAKTU-
YeCKOH YCTOWYHBOCTBIO K ITATOI€HY BOIIIHM copTa: MOCKOBKa
(HemunnogBka), Jlennnrpanka, I'J1C-24 (Cesepo-3anaaHsiit
HUNCX), copta camapckoii cemexiuu — TymaiikoBckas 5,
TynatixoBckast 100, TynaiikoBckas 10, KyitOpimesckas 1,
IMupamuna; FOmus (Ilenzenckuit HUMCX); Caparosckast 74,
®agopur, FOro-Bocrounas 2 (HUMCX HOro-Bocroka); Bo-
ponesxckas 8, Boponexckas 16 (HUMCX LUIT um. B.B. Jlo-
KyuaeBa); Maprapura (Yassaosckuit HUMCX), Kunenbsckas
nuBa ([ToBomkckuit HUMCC um. H.I1. KoncTanTrHOBA).

[posenennsiii C.IT. MaptemossmM 1 T.B. Jlo6poTBopckoit
(2003) ananu3 poJOCIOBHBIX POCCUHCKUX COPTOB MO3BOJIIII
C/ienaTh BBIBOA, YTO YCTOWYMBOCThH K MBUIBHOM I'OJIOBHE BO
MHOTHE OTEUECTBEHHbIE COPTA IIepeaHa OT CTapolaBHUX 00-
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pasuos CenmBanoBckuii Pycak, [TonraBka (Msrkast ieHnIa)
u benotypka (TBepaas muenuna) uepes copt CaparoBckas 29,
KOTOPBIN MPOCIICKUBACTCS B TEHEATOTUH OOJIBITMHCTBA POC-
cuiickux coptoB. Kpome Toro, B OTe4eCTBEHHON CEIEKINHU
HCIIOJIb30BAJIMCh KaHAICKUEe UCTOUHUKU. Tak, B copre Moc-
KOBKa MOYKHO TIPEIIONOKUTHh Hanmuue TeHoB oT Red Fife,
MOJy4EHHBIX 4epe3 KaHazackue copra Preston n Kitchener
(cenexiust ot Marquis). Copt JIeHUHrpa/Ka BBIBEICH C ydyac-
THEM CUPUICKOTO copTa XOopaHKa. B coprax ynabsiHOBCKOM ce-
JICKIIMU B KaYECTBE MCTOYHMKOB PE3UCTEHTHOCTH OBUIH WC-
mosb30Banbl kaHagackue Pembina, DC 11-21-44 u Red river
(Genetic Resources Information System for Wheat and Triti-
cale; 'ocpeecrp..., 2016).

IIpakTnueckyro yCTOMUYHUBOCTb K IIbUILHOU FOJIOBHE camMap-
ckue copta TymaiikoBckas 5 (IpoucxoxIeHNe — DPUTPOCIIe-
pyMm 865 (n3orennas smaus Caparosckoit 29)/AT'VIC 1) u ee
npousBoaHble TymnaiikoBckas 100 u TynaiikoBckas 10 HecyT oT
Ag. intermedium gepe3 MIICHAYHO-TTBIPEHHY IO 3aMETICHHY O
muauto Aruc 1 (MapteiHOB 1 1p., 2016).

B ocHOBe capaTOBCKHX COPTOB JIEKHT FeHETUUYECKUN Ma-
Tepuall OT MEXBUIOBBIX CKPEIIMBAHUN TBEPAON M MATKOH
nmenun benorypka u Ilonraska. Copt ®aBopurt, sABIAACH
MIPOU3BOAHON OT BensiHKM, HECET 3aMEILEHHYIO NbIPEHHYIO
xpomocomy 6D/6Ai1, He naeHTHYHYIO TymaiikoBCKOH 5 1 ee
npon3BoaHbIM (Cubukees, Hpyxun, 2017).

Cubupckuii reHo(OH 1 IPOBBIX MITKUX MIIEHUIL BKIFOYaeT
TaKke OOJBIIOE KOJINIECTBO 00PA31I0B, BBICOKOYCTOWIHNBBIX
K MECTHBIM pacaM IbUIbHOM rojoBHH. JT0 copra HoBocu-
oupckas 15, [Tamsatu BasenkoBa, HoBocubOupckas 29, Ho-
Bocubupckas 22, HoBocubupckas 44, baranckas 95. Cpenn
00pa3noB oMckol ceneknuu — Omckas 20, Omckas 29, Om-
ckas 33, Omckas 36, Omckast kpaca, Menonus, Kazanckas
100mIIeiiHas; copTa aaTalicKol celeKmuu — Anraiickas 325,
Anratickas 110, Anratickas xanuna, CHOUPCKHNA aibsHC,
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Anraiickas 530; [Tamstu Adpomuter (Kemeposo), Munyca
(KpacHosipck).

YeToiuMBOCTE K IBUIBHOI rojloBHE B copra HoBocnOup-
ckas 15 nu HoBocubupckas 44 nepenana or DC 11-21-44 (ce-
ctpuHckasg muHuS Thatcher) wepes besenuykckyro 98. IIpak-
THYECKast ycToHunBocTh coproB HoBocnbupekas 22 u Ho-
BocHOUpCKas 29, Mo-BUIMMOMY, MojiydeHa ot copra Kpac-
HOSIpCKasi, KOTOPbIM B CBOEM POLOCIOBHOM TaKKe HECET Te-
Hernyeckuii matepuan ot Thatcher uepes copt Saunders.
Kpome toro, HoBocubupckas 29 HeceT reHbl yCTOHUYHBOCTH
ot I'pexym 114. Pe3snCTeHTHOCTH K MBIIHHOI TOJIOBHE B COPT
ITamsT BaBenkoBa nepeana ot uranbsHckoro Funello, Hecy-
IIETO OJIH IOMUHAHTHBIN 1 OJJUH PEIIECCUBHBIN I'eH UM J1Ba
TeHa, B3aNMOJICHCTBYIOIINX 110 THUITY JOMUHAHTHOT'O 3MIMCTa3a
(baxapesa, Xpuctos, 2003). 310 cOpT yCTOWYMB K pacam
nbubHOM rosioBau 21, 37 u 38 (ApysxuH, KpynHos, 2008).

bin3ku 110 MpOUCXOXKAEHUIO COPTa OMCKOM CENeKIUH,
BBIJICIIMBIIHECS IO yCTOHYNBOCTH. OCHOBHBIM HCTOYHHKOM
YCTOWYMBOCTH y HHX SIBIISICTCS MIIEHUYHO-TIBIPEHHBII THO-
pun I'pexym 114, norop renos meipest Ag. intermedium (Iep-
muHA 1 1p., 2013).

Y pe3UCTEeHTHBIX COPTOB AJTANCKOM CEJIEKIIMU B KaueCTBE
MCTOYHMKA HCIIONb30Baach CeNeKIMOoHHas nuHus Jlrorec-
neHc 281, nmetommas mpoucxoxaeaue [pexym 114/JTot. 1210//
Katepwa (KopoOeiinukos u zip., 2006).

KemepoBckuii copt sipoBoil MArkoil mmeHuusl [lamsatu
Adponntsl HeceT rensl ot CaparoBckoit 29 (yepe3 Kante-
rupckyto 89) u ot I'pekym 114 (uepe3 Omckyto 24). B pono-
CJIOBHOHM KpacHOSIpCKOro copra MuHyca npucyTCTBYIOT HC-
tounukyn Kpachosipckast n I'pekym 114 (Hemrymaesa u nip.,
2016) (ITpumn. 3).

3aknioyeHmne

B pesysibrare npoBeIeHHbIX Ha KCKYCCTBEHHOM MH(EKIINOH-
HOM (pOHE WCCIeJOBaHUH ObLIa moiydeHa mHpopMams 00
ycroiunBocTH 350 TeHOTHUITOB SIPOBOH MIICHUIIBI K BO30Y/IHTE-
JIFO IBUTBHOM FOJIOBHU. AHANN3 POJOCIOBHON PE3UCTEHTHBIX
00pas3IoB MO3BOIHII CICTATH BBIBOI, UTO, HECMOTPS Ha O0JTb-
I110€ KOJIMYECTBO HCTOYHUKOB YCTOHYMUBOCTH, COCTAB T€HOB,
OIPEACISIONIMN TPU3HAK HEBOCIIPUUMUYHUBOCTH K IIATOTIEHY,
HebompImIoi. D deKkTUBHYIO 3aIUTy K MECTHOW MOIYIISIINN
obecrieunBatoT copra, Hecyume reus! Utl, renst ot Thatcher
u ee cectpuHckoit muaun DC 11-21-44. B coprax poccuiickoi
CEJIEKINN MPOCIIEKUBAIOTCS TEHBI PE3UCTEHTHOCTH OT bero-
Typk#, [TonraBku, CennanoBckoro Pycaka (uepe3 Caparos-
CKy10 29 1 ee MPOU3BOAHBIE), T€HBI OT MIIIEHUYHO-TTBIPEHHBIX
muanit ATYC 1 u I'pexym 114. OHr KOHTPOIHPYIOT IPU3HAK
PE3UCTEHTHOCTH K OOJIBIIMHCTBY pac IMaToreHa, pacipocTpa-
HEHHBIX B 3anaHo-CHOMPCKOM PETHOHE.

CyXeHne TeHOTUITHYECKOTO Pa3HOOOpasns BEI3BIBACT He-
00XOAMMOCTH TIOMCKa MCTOYHUKOB C HOBBIMH (PaKTOpaMu
YCTOMUMBOCTH, TaK KaK MAacCOBOE HCIHOJIb30BAaHHE OJHUX U
TeX K€ TeHOB MPHUBOJUT K BO3HUKHOBEHHUIO U HAKOTUICHUIO
B TIONYJISIIAY BUPYJCHTHBIX (opM rpuda, criocoOHBIX Tpeo-
JI0JIeBaTh YCTOMUMUBOCTH COPTOB.
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ITpoucxosKaeHMe, CeJIeKIIS U aaTlTalis
POCCUTICKUX ITOPOJ, KPYITHOTO POraToro cKoTa
110 IaHHBIM ITOJTHOTE€HOMHBIX 1ICC/IeJOBaHMIL
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! DepepanbHbIit ccneaoBaTeNbCKMIA LEHTP VIHCTUTYT LMTONOTUM 1 reHeTukn CUBUPCKOro oTaeneHns Poccuiickoit akagemum Hayk, Hosocu6upck, Poccus
2 KoponeBcKuii BeTepriHapHbIi Konneax, JIOHOGOHCKMI yHuBepcuTeT, JIoHAOoH, Bennkobputanums
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B 0630pe paccmoTpeHbl HefjlaBHUe paboTbl MO UCTOPUUN MPOUCXOXKAEHUA U cnefaM oTOopa B reHOMax NCKOHHO POC-
CUCKNX nopog KpyrnHoro poratoro ckota (KPC). BosbWwMHCTBO 13 3TUX paboT HefOCTYNHO AJIA HEaHrOA3bIYHOWN
ayautopun. NokasaHa NCToprA NPONCXOXKAEHUA POCCUNCKMX MOPOS C TOUKM 3PEHMNA FEHETUKMN 1 CBA3b MHOTUX N3 HUX
C NopofamMu eBpPOMencKoro, a HeKOTOPbIX — C NOPOAAMM a3MaTCKOro NpoucxoxaeHusa. [laHbl onvcaHnA OCHOBHbIX KNa-
CTEPOB NMOPOA 1 YKasaHbl NOPOAbI, COXPaHUBLUME CBOW YHUKANbHbIN FreHOPOHS 1, COOTBETCTBEHHO, Hy»KAatoWwyecs B
oxpaHe. Kpome Toro, npusefeHbl pe3ynbTaTbl MOMCKa CNeAoB cenekunn 1 agantaumm B reHoMax POCCUACKX NMOPOA,
KPC. OnucaHbl yHrKanbHble cnefibl 0T6opa, MpeAcTaB/ieHHble Y a3MaTCKMX «TYPaHO-MOHIO/IbCKUX» MOPOL, B YaCTHOCTH
y AKYTCKOW, KOTOpble, BEPOATHO, MO3BOMWAN 3TON NOPOAe afanTUPOBaTbCA K CypPOBbIM YC/IOBUAM KN3HW B 3anona-
pbe. MpurBeaeHbl TakKe ONMCaHUA reHoB, NO-BUANMOMY, CNIOCOOGCTBOBLUMX aganTaLmm u gpyrux mectHblix nopog KPC K
KnnumaTtuyeckmum ycnosuam Poccniickon Oepepauun. NMokasaHo, 4To reHoMbl poccuinckmx nopof KPC conep»at cneppl
oT6opa B paioHax N3BECTHbIX reHeTUYECKX MapKepPOB AOMECTMKaLMNY, KOTOpble NpeTepnenv N3MeHeHNsa B pe3ysib-
TaTe ogoMaluHmBaHunA KPC yenosekom 8-10 TbiC. neT Ha3af. Hanbonee spKue 13 HUX — 3TO reHbl U3MEHeHNA OKPacKM
LIEePCTHOrO NMOKPOBA, KOTOPbIN BO MHOTMX CIIyHasaX Cy»K1n NPU3HaKOM, Pa3finyasLUnM NPUMUTUBHbIE NOpoAbl. MonHo-
reHOMHbIV aHann3 accouymaLnin y pOCCUNCKNX NOPOJ NO3BOMNI BbIABUTb HOBbIN FreH-KaHAWAAT, CBA3aHHDbIN C GeHOTH-
nom «6enas rofoBa, 1 reH, CBA3aHHbIN C MOALEPKaHNEM TeMMepaTypbl Tefla MpU CUbHOM XonogHoMm cTpecce. 0606-
LleHHble B 0630pe AaHHble MOTyT ObITb MCMOMb30BaHbl /15 BbIGOpPa FreHETUYECKMX MApPKePOB A cenekuun (u/vinn
reHOMHOro pefaKkTMPOBaHMA) NPW CO3AAHNN HOBOMO MOKONEHUA BbICOKOMPOAYKTUBHbIX MOPOA, afanTUPOBaHHbIX K
ycnosuam Poccuinckon Qefepaumu v 4pyrmx CTpaH co CXOKUMU KIMMaTUYEeCKUMU YCITOBUAMMN.

KnioueBble C0Ba: KPYMHbIM poraTtblil CKOT; MOPOAa; afanTtaums; otéop; Poccms; OAHOHYKNEOTUAHbIN nonmopdusm;
KNMMaT; MONIHOreHOMHbIV aHanmn3 accouunaLni.

Ana untuposanua: t0anH H.C,, NlapknH [.M. MNponcxoxaeHune, cenekuma 1 agantauma poCcCUnCKMX Mopos KpynHoro
poraToro ckota Mo AaHHbIM NOJIHOFEHOMHbIX MCCnefoBaHWI. BaBMNOBCKMI XypHan reHeTnKmn 1 cenekumm. 2019;23(5):
559-568. DOI 10.18699/VJ19.525

Whole genome studies of origin, selection and adaptation
of the Russian cattle breeds

N.S. Yudin!, D.M. Larkin! 2@

TInstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
2 Royal Veterinary College, University of London, London, United Kingdom
® e-mail: dmlarkin@gmail.com

Our review presents several recent studies on the genetic history and signatures of selection in genomes of the native
Russian cattle breeds. Most of these works are not easily accessible for the Russian-speaking audience. We describe the
origins of appearance of the Russian cattle breeds from the genetics perspective. We point to the links between most
of the Russian breeds with the taurine breeds of the European origin and for some Russian breeds with the breeds of
the Asian origin. We describe major phylogenetic clusters of the Russian breeds and point to those that still maintain
their unique genetics, meaning that their preservation is a priority. In addition, we review the results of the search for
signatures of selection in genomes of the Russian cattle breeds. Some unique signatures of selection present in the
genomes of so-called “turano-mongolian” cattle (i.e. the Yakut cattle) are described which allowed the Yakut cattle to
adapt to harsh environments found above the Polar Circle. Signatures of selection which could help other cattle breeds
of the Russian origin to adapt to various climatic condition of the Russian Federation are reviewed. The Russian cattle
genomes also contain known signatures of selection related to cattle domestication about 8-10 thousand years ago.
The most profound ones include genes related to changes of the coat colour. This phenotype in many cases could
be related to the distinction of the first domesticated populations and lead to the formation of so-called land races
(primitive breeds). Whole-genome association studies of Russian cattle breeds pointed to a novel gene which could be
related to the “white-faced” phenotype and to a gene which is related to body temperature support under the acute
cold stress. The data presented in our review could be used for identification of genetic markers to focus on in future
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BBepeHune

TeIcsueneTns: UICKyCCTBEHHOTO OTOOpa B COYETaHUM C Ha-
MpaBIsieMOM JIIOABMHU MUTpAllMEd U ajanTanuen K pas3ind-
HBIM yCJIOBHSIM OKPY>KaroIel cpezibl MPUBEIH K TTOSBICHHUIO
oko10 1000 mopo1 KpymHOro poraroro ckoTa! 1o Bcemy Mupy
(Buchanan, Lenstra, 2015). 9T nopojpl npucnocoOIeHbl K
MECTHBIM SKOHOMHYECKHIM ITOTPEOHOCTSIM, SCTETHIECKHIM Tpe-
OOBaHUSAM M 00JIaJAI0T YHUKAJIBHBIMU TeHETHYECKHMH TIPO-
dumsamu (Jmutpues, 1978). B TeueHne mociegHUX ABYX-
COT JIET PsiJi IPUMHUTHBHBIX TIOPOJ KPYITHOTO POTATOTO CKOTa
OBUT 3HAYNTEIIHHO YITYUIICH, B PE3YJbTATe YEero IOSIBUIOCH
HECKOJIbKO KOMMEPYECKHX ITOPOJI, KOTOPBIE IPH ITPABUIILHOM
yXo0Zle TEMOHCTPHPYIOT PEKOpAHBIE Xapakrepuctuku (Boi-
chard, Brochard, 2012). B Hacrositiee BpeMsi CyIIecTBYeT
TEHJICHIIUS K 3aMEHE MECTHBIX ITOPOJI WU K UX YIIYUIICHUIO
TEHETHYECKUM MaTE€PHaJIOM OT BBLAAOIINXCSI KOMMEPUYECKUX
MOpoJ1. DTO 03HAYAET, YTO TEHETHUECKOE pa3HOOOpasue, cie-
JIb aJIANTAI[MY K MECTHBIM YCJIOBUSIM U MH(OpMAaLHs 00 UCTO-
PHUYECKHX CBSI35IX, 3aKOJMPOBAHHbIEC B TEHOMaX MECTHBIX I10-
pox, 4acTo ObIBAIOT OE3BO3BPATHO YTEPSIHBI EIIIE J0 TOTO, KaK
OHM OBLTH JOJDKHBIM 00pa3oM omnucaHbl U u3ydensl (Gaouar
et al., 2015). C npyroii CTOpOHBI, TEHOMBI MECTHBIX TTOITYJISI-
U (MBI MCHIOJIB3yEeM TEPMHHBI «ITOPO/IA» U IIOIYIISIIIHSD)
KaK CHHOHHUMBI, ITOCKOJIbKY OTIPE/IeNICHNUE TTOPOJIbI B PA3HBIX
CTpaHax MOXKET BapbHPOBATh) MOTYT OBITH MCIIOIb30BAHbI
KaK MCTOYHUKH KOMOMHAIMI TeHETHUECKUX BapHaHTOB, He-
OLICHUMBIX B Pa3BUTHH HOBOTO IOKOJCHUSI KOMMEPYECKHX
TOPOA, KOTOPBIE JTyYIle BIMCHIBAINCH OBl B pa3HOOOpasne
ycIoBHid okpykaromiei cpenbl (Gao et al., 2017). IlepBeim
I1arOM Ha MYTH K PacKPBITHIO 3TOI MH(OPMAIMHU SBISIETCSI
MIOHUMAaHNE TPOUCXOXKJICHHS, TEHETHUECKOI CTPYKTYPBI U
COOBITHI THOPHUTM3AIIMU MECTHBIX ITOPOJI, & TAKKE MX BKITIOUE-
HHUE B KOHTEKCT 00IIHUPHOro Habopa MUpOBLIX TIopox (Bovine
HapMap Consortium et al., 2009; Matukumalli et al., 2009;
Beynon et al., 2015).

TTosiBnenne nenoporux JJHK-4nmoB asst reHOTUIMPOBaHUS
OTHOHYKJICOTHIHBIX TOMUMOPPI3MOB (SNP) 1m0o3BOIHIO BEI-
SIBUTh TEHETUUECKHUE MPOQIIIN PA3IMIHBIX TOPOJ OJ0OMAIII-
HEHHBIX BUJIOB, pa3paborark 000CHOBAHHBIE CTPATETHU JJIsI
WX YIy4IIEHUs, C OTHON CTOPOHBI, U y3HATh O TEHETHYECKUX
Mpoleccax, COMPOBOXKAAIOIINX OIOMAIIHUBaHUE U (HOpMHU-
POBaHUE MOPOJIbI, C APYTOi. XOTs OOJBIIMHCTBO YCHIIHI Ha-
MIPABJICHO HA U3y4EHHE MOMYJSIPHBIX KOMMEPYECKNX MOPO/,
Haripumep Tekcens y osell (Mucha et al., 2015) u ronmrruHo-
(hpusckoit y kpymHoro poraroro ckora (van Binsbergen et al.,
2015), pacTeT MHTEpEC K TeHETHKE MAJIOYHCIICHHBIX MECTHBIX
MOPOJT M3-32 YHUKAJIBHBIX aIalTallii ¥ UX TOTEHIIMAIBEHOTO
BKJIaJ|a B peLICHUE MPOOJIEM CEIbCKOIO X035HCTBA, CBSI3aH-
HBIX C M3MECHEHHEM OKpY’KaromeH cpeabl (Harmpumep, Iio-

T B pgaHHoI CTaTbe Moy 3TUM TEPMUHOM nofpasymeBaloTcA NonynAuUy AByX
noasuaoB: Bos taurus v Bos indicus.
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0anbHOE MOTEIJICHUE) U JIOKAJIBHOI YCTOWYHMBOCTBIO K I1a-
toreraM (Beynon et al. 2015).

IeneTndeckoe pa3Ho0Opa3ne JOMAIIHETO CKOTA CBS3AHO C
JIByMsI HE3aBHCUMBIMH COOBITHUSIMH JJOMECTHUKALUK BBIMEp-
IIero B HacTosmee BpeMst Typa (Bos primigenius), koropsie
npumepHo B VIII-V teicsiuenerin 1o H. 5. (Loftus et al., 1994)
MPUBEJY K BOSHUKHOBEHUIO COBPEMEHHBIX BUJIOB JIOMAIITHETO
ckora — Bos indicus (rop6aroro Witk WHIMITHHHOTO CKOTA) 1
Bos taurus (6e3ropboro mim TaypuHHOTO CKOTa) B JIOJMHE
Wuna v va biimsxaem Bocroke coorBercTBeHHO. Hekoropbie
coBpeMeHHBIe momynsannn B Kurae, Appruke u AMepuke
MPOU30LILIN OT CKpeIluBaHus Mexay B. taurus u B. indicus
(JTapxun, KOnus, 2016). ®opmupoBaHue APYrux MOMYISIUNA
Ha ocTpoBax FOro-BocTounoii A3nn poNCXOaHIo C y9acTHEM
6antenra (B. javanicus) (Decker et al., 2014).

[Ipu aHanu3e reneTndeckoro pasHooopasus 134 MUpPOBBIX
HOPOJ KPYITHOTO POraTOro CKOTA € IIOMOIIBIO OJTHOT€HOMHO-
ro rerorunupoBanus Ha JJHK-uumne I1lumina BovineSNP50
BeadChip ObLiv BBIICICHBI TPH OCHOBHBIC TPYIIIIBI TOPOI;
a3MaTCKUe MHIULIUHHBIEC, eBPa3HHCKHEe TaypuHHBIC U adpH-
kanckue taypunnsie (Decker et al., 2014). CBoeobpazue ad-
PHKaHCKHX TaypHHHBIX TIOPOJI, BEPOSITHO, CBS3aHO C MX IPO-
HCXOXKJCHHEM B pe3yibTaTe THOPHAN3AINYN JOMECTHIHPO-
BaHHBIX TaypPUHHBIX MPEAKOB C IUKUM a()PUKAHCKHM TYPOM.
EBpornelickue nopoasl KpyIHOIO poraroro CKOTa COCTosIT B
OCHOBHOM W3 KUBOTHBIX, TTpon3omenmx ot B. taurus, 6e3
3HAYUTENBHOrO BKJIaga reHoB B. indicus, 3a uckiroueHnem
HECKOJIBKHX UTAJIbSHCKUX TOpoJl. KpoMe Toro, y UTalibstHCKHX
1 HOSPUHCKIX TTOIMYIISIIUH KPYITHOTO POraToro CKOTa UMEeTCs
TaK)Ke 3HAYUTENLHBI IeHETHYECKNIT KOMIOHEHT, BOCXO/s-
mmii k adppukanckum raypunam (Decker et al., 2014). Muorue
€BpOIICHCKIE MOPObI, BKIIOYAs JIMHKOJIBHCKYIO KPAacHYIO,
Oepruiickyto romyOyro, caHTa-repTpyaa, oudmacrep u ap.,
HUMEIOT OOIIUX MPEIKOB C MIOPTIOPHCKOM mopomoit. OnHaKo
JI0 TIOCJICTHET0 BPEMEHH MacCIITaOHbIe HCCIIEJOBAHMS MUPO-
BBIX ITOPOJT KPYITHOTO POTraToro CKOTA HE BKIJIIOYAIN TTOPOIbBI
u3 Poccuu.

I'IepBble NOJIHOreHOMHbIe nccsieaoBaHnMA
oTAeNIbHbIX pOCCI/II‘/'ICKI/IX nopona CKkoTa

HemaBHre nccrnemoBaHus MO TTOJHOTEHOMHOMY TE€HOTHITH-
POBaHUIO KOPCHHBIX CBPOMNCHCKHUX TOPOJ CKOTA BKIFOUAIH
HECKOJIbKO KOPEHHBIX POCCUHUCKUX TOpoj] (3UHOBbEBA U JP.,
2016; Iso-Touru et al., 2016; Upadhyay et al., 2017). Ograko
TIPH 3TOM aBTOPEI, KaK MIPABHJIIO, HE MTPOBOIMIIN HCUYCPITHIBA-
FOIIETO CPABHEHUSI MYy POCCHICKHAM CKOTOM M MUPOBBIMU
MTOPOIAMH.

B ymoMsHYTBEIX paboTax ObLIa IMOKa3aHa BBICOKAs THBEP-
TEHITUS SIKYTCKOT'O KPYITHOTO POTaTOro CKOTA 110 CPABHCHUIO
¢ geBateio apyrumu noponamu (Iso-Touru et al., 2016), gto
XOPOIIIO COOTBETCTBYET MOMYYCHHBIM PaHEE TAHHBIM IT0 I10-
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aumopduzmy MT/IHK, Y-XpoMocoMbl 1 Apyrux MUKpocaren-
muteBIX JJHK-mapkepos (Kantanen et al., 2009; Li, Kan-
tanen, 2010). JKiBOTHBIC KaJIMBIIIKOW MOPOABI OKA3aIIUCh
63Ky Kk cepOckoit mopone Oymia (Iso-Touru et al., 2016).
HccnenoBanne reHeTHIECKUX TTPOGHIIEH TATH MOJIOYHBIX 110-
pox (OecTyKeBCKOMH, XOIMOTOPCKOH, KOCTPOMCKOH, KpacHOH
rop0aToOBCKOM U SIPOCIABCKO# ) TIOKa3aJ10, C OJJHONH CTOPOHBI,
X 000COONIEHHOCTh OT €BPOMENUCKON TOMMITHHO-(PPU3CKON
MOMYJISIIAN, & C APYTOH — 3HAYUTEIbHYI0 HWHTPOTPECCHIO
TOJIITHHCKOTO CKOTa B FeHO(QOH OSCTYKEBCKOH MOPOJIBI
(3unoBbEBa U J1p., 2016). [To pesynbraram ananuza SNP map-
KEpOB JICBSITh POCCHHCKUX 1Opoy 1 45 nopox EBpaznu Obuu
CTPYMITMPOBAHBI [10 TEHETHYECKOMY CXOJICTBY B TPH KJlacTepa
(Sermyagin et al., 2018). IlepBsIit KTacTep COCTOST U3 TY-
PaHO-MOHTOJIBCKUX TTOPOA (IKYTCKOH M KaJIMBIIKOH), KOTO-
pble OKa3zaInch HauboJee yAajIeHHBIMU OT BCEX OCTaJIbHBIX
nopoz1. YepHo-miecTpast, KOCTPOMCKas U CyKCYHCKasl TIOPOIBI
00pa30BaJM BTOPOH KJ1acTep, HOCKOJIBbKY B UX (DOPMHUPOBAHUH
y4acTBOBaJ psJl opos u3 3anagHoi EBporbl (rofamTrHeKas,
Oypas mBHIIKas, KpacHas JaTckas). B Tperuii xmactep Bo-
II7TM OeCTY)KEBCKasl, XOJIMOTOPCKast, KpacHast ropOaToOBCKas 1
SIPOCJIABCKAs [IOPOJIbI, KOTOPBIE MMEJIM HAUMEHBIITYIO HHTPO-
TPECCHIO0 UY>KEPOIHOTO FTEHETHYECKOTO MaTeprasia i HOTOMY
MOTYT CUHTAThCS YUCTOKPOBHBIMH MOPOAaMU POCCHICKOTO
MIPOUCXOKACHHUSL.

W3-3a yHUKaIBHOTO reorpaduyuecKoro mojaoxeHus Poccun
(u B EBpomne, 1 B A3u), ee OrpOMHOI TEPPUTOPUH € pazHOO00-
Pa3HBIMU KJIMMAaTHYECKHMH YCIIOBUSIMH U OOraToll HCTOPUU
MOKHO OXHIaTh, YTO OTEUECTBEHHBIN POTATBIH CKOT OyneT
JIEMOHCTPHPOBATh MHOKECTBO YHHKAJIBHBIX aJaNTalui H,
BEPOSITHO, NMOKAXKET TeHETHYECKYIO CBS3b C €BPOICHCKUMHU
¥ a3MaTCKUMH TTOMYJISIIUSIMU KPYTTHOTO poraroro ckota. Co-
IIACHO MCTOPHYECKUM JJAHHBIM, COBPEMEHHBIE POCCHIICKHE
MOPOABI POUCXOAT OT JIPEBHEr0 €BPa3UICKOTO KPYMHOTO
poraroro ckoTa, B ToM uncie cremaoro (Li, Kantanen, 2010).
ITozanee, ¢ nayana X VIII B., oHu moBEprainuch HEKOHTPOIU-
PYEMOMY CKPEIIMBAHUIO C MHOTOUMCICHHBIMH €BPOIEHCKH-
MH TIOMYJISIIUSIMUA KPYITHOTO POTaToro CKoTa (TONIaHACKUH,
THUPOJIBCKUHA, CHMMEHTAJIbCKUH, INBUIKKH CKOT 1 T. /1.) (Dmit-
riev, Ernst, 1989). B Hactosiiee Bpemsi B Poccuu pa3Boasrt
16 oteuectBeHHBIX TOpo ckota (Aynun, lanksept, 2013).

Pe3yanaTb| MNOJIHOFr€eHOMHOIro reHOTUNMPOBaHNA
OCHOBHDbIX pOCCVIﬁCKI/IX nopopj B KOHTEKCTe
MUPOBbIX NOPOJ KPYNHOro poraTtoro ckota

Llenpro HalIero HeJJABHEIO MCCIIEI0BaHMsI ObLIO ITpoaHau-
3MPOBATh B KOHTEKCTE MHUPOBEIX MOPOJI MOITYIISAIINN KPYITHOTO
poraroro ckora n3 Poccuu 1 oposis! 113 OIHAKHETO 3apyOexbs,
pasBoaumebie B Poccuu (Yurchenko et al., 2018). MbI ucriosib-
3oBa JJHK-uuner GGP HD150K u Illumina Bovine 50K
JUISl TCHOTUIIMPOBAHMS )KUBOTHBIX 18 mopon, pa3BoIUMBbIX B
Poccun, 0ToOpaHHBIX Ha OCHOBE BEPOSITHOTO HCTOPUYECKOTO
BKJIa/1a MECTHBIX ITOTYJISAINI CKOTa B X COBPEMEHHBIE T€HO-
MBbl. Hapsny ¢ monyasipHeIMH pOCCHHCKHUMHI NOpojaMu (Ha-
[pUMeEp, YePHO-TIECTPOM HIIU XOJIMOTOPCKO#T) OBbUIN BKITIOUE-
HBI BBICOKOCTICIIHATM3UPOBAHHBIE TIOPOJIBI, KOTOPHIE JEMOH-
CTPHPYIOT XOPOIIYIO aJalTAIHIO K CHIeH(PUIECKOH BHENITHEH
cpeze (HarmpuMep, SKyTCKasl) W/WIM MOYTH UCUe3in (HarpH-
Mep, Oypsitckas). Takum 00pa3om, OBLT TpeICTaBIeH CaMbIN
0O0ITBIIION M caMBblii ITOTHBIH HA0OP MTOPOJI KPYITHOTO POTaToro
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ckota u3 Poccuu, 1OCTYHBIHN /115t TOMYJISIIUOHHO-TEHEeTHYe-
CKHUX HCCIIEIOBAaHHH /10 CHX TIOP.

Hammm nanHple TEHOTHITMPOBAHMS MBI OOBEIMHIIIN C Ha-
GOpOM JIaHHBIX, COMEPKAIIUM JAOMOJHUTENbHbBIE 129 mopos
KPYITHOTO POraToro CKoTa, COOPaHHbBIX 0 BCEMY MHPY H OIIH-
caHHBIX B pabote [lekepa c coaBropamu (Decker et al., 2014),
U JiecsThio nopozamu 13 Poccuu n EBporisl, kKoTopblie ObuTH re-
HOTUIIMPOBAHbI paHee 1 onucanbl B crarbe M30-Topy ¢ coaBTo-
pamu (Iso-Touru et al., 2016). MBI cTpeMHINCH HCTIONB30BaTh
oIyOJIMKOBAaHHBIE PECYPCHI JUIsl BBISIBICHHUS I'€HETHUYECKOM
CTPYKTYPBI ¥ (PUIOTEHETHUECKOH UCTOPUH OTEUECTBEHHOTO
CKOTa, a TaKkXe JUIsl BBIPAOOTKM TMITOTE3 O €ro B3aWMOOTHO-
HICHHUSX C IOPOJAMHU 10 BceMy MUPY. UTOOBI BBISIBUTD CIIOXK-
HYIO HCTOPHIO POCCUHCKHX ITOPOJ KPYITHOTO POTaToro CKOTa,
MCTIOJIb30BAJINCh MHOTOYNCIICHHBIC B3aWMO/IOIOIHSIOIINE
METO/IbI TOIYJISIIIMOHHON I'€HETHKH, a TUIIOTe3bl, Kacaro-
MIKECs TPOUCXOXKICHUS M CTPYKTYPBI COBPEMEHHBIX OPO/I,
OBUTH OCTPOCHBI HA OCHOBE MHTETPAIIMN ITHX PE3YyIIBTaTOB.

dunoreHeTUYeCKUin aHaNu3 pOCCVIﬁCKI/IX

1 3apy6exkHbIX NOPOJ KPYNMHOro poraTtoro cKkorta
Mertonom o0beiHeHus Onmkaimx cocenei (neighbor-join-
ing) OBUTO TMOCTPOCHO (MIOTEHETUIECKOE JEPEBO POCCHIA-
CKHUX TIOPOJ] KPYITHOT'O POTraToro CKOTa COBMECTHO C JJaHHBI-
Mu 0 134 mupoBbIx mopoaax (puc. 1). B coorBercTBHHM C reo-
rpaduyecKuM HosnoxeHneM Poccun u ee NCTOPHUECKUIMU U
TOPTOBBIMHU CBSI3IMH C JIPyTUMH CTpaHaMH, OOJBIIMHCTBO
POCCHICKUX TIOPOJ] IEMOHCTPUPOBAJIH O0ILEE TPOUCXOKIC-
HHE C ITOPOJIaMH TaypUHHOTO KPYITHOTO POTaTOTO CKOTa M3
EBpomnsbtl. /151 GobIImHCTBa POCCHHCKHX ITOPOJT MBI HE MOTIIH
YETKO UJICHTU(HULUPOBATh HA (PHIIOTEHETHYECKOM JIEPEBE X
CECTPHHCKHE 3apyOeXHbIE TOPOJIBL, 32 UCKIIOYEHHUEM TOTO,
YTO €BPONENCKUI U POCCUICKUI CKOT HAXOAUTCS HA OTHOM U
TOM K€ HIMPOKOM (PHUIIOTEHETHYECKOM Y3i1e. OZIHAKO HECKOIIb-
KO TIPIMEPOB, KOT/Ia HAIlIM JJAHHbIE MOATBEPININ yXKe H3BECT-
HBIC HCTOPUYECKUE B3aMMOOTHOIICHHS MEKTY POCCHHCKUM
KPYITHBIM POTaThIM CKOTOM M HEKOTOPHIMH WHOCTPAaHHBIMU
MOPOJIaMH, TOBOPAT O HAAEKHOCTH HAIIUX PE3YIITATOB.

W3 cBsizeil, BHISIBICHHBIX B HAIIIEM HCCIIEIOBAHUU U MO/~
TBEP>KACHHBIX N3BECTHBIMHU HCTOPHUECKUMHU OTHOIICHUSAMH,
caMble BBIPAKCHHBIE OKA3aJIHMCh MEXIy Ka3zaXxCKoW Oenoro-
J0BOM M repedopickoil mopoxamu, kak u3 Poccum, Tak u
n3 EBpOIBI, 4TO XOPOIIO MOAKPEIIAETCSI UCTOpUeil mpouc-
XOKJICHUS Ka3aXxCKOH OeoroioBoil moponsl. JTa mopoaa
6buta copmupoBana B neprox ¢ 1930 mo 1950 1. myrem
CKpEILUBAHUS TypaHO-MOHTOJIBCKOTO Ka3aXCKOTO U KaJIMBbIII-
Koro ckoTa ¢ repedopaamu B Kazaxckoit CCP (Dmitriev,
Ernst, 1989). Ipyrum mpuMepoM BBISIBIICHHBIX TEHETHUECKUX
B3aMMOOTHOLICHUH, IIOATBEPKICHHBIX U3BECTHOM UCTOPUEHN
(hopMHpOBaHHS TOPOJIBI, OBLITA KJIACTEPU3AIHI KOCTPOMCKOM,
Oypo#l mBHUIKOH, Oypol HEMEUKOHW M anarayCcKoi mopon
(Dmitriev, Ernst, 1989).

OTnenbHBIN y3en Ha (pUIoTeHeTHIeCKOM JiepeBe, 00pa3o-
BaHHBIH XOJIIMOTOPCKOM, TOJIITHHO-()PHU3CKOH, YepHO-TIeCT-
PO U HECKOJIBKUMU POACTBEHHBIMU €BPOIIEHCKUMHU I10POAA-
MH, BEPOSITHO, OTPA’KaeT NCTOPUUECKUE B3aNMOOTHOIIIEHNS,
KOTOpBIE MPOCIIeKUBatOTCs BILIOTH 10 X VII B., korna Havana
(hopmMupoBaThcsi ¥ 3aTeM Oblila CKpeIeHa C TOJUIaHACKUM CKO-
TOM Xonmoropckas mopona (Dmitriev, Ernst, 1989). Onnako
aHaJIN3 CTPYKTYPHI MOIMYJISIIINH TOKA3bIBACT, YTO TeHETHYECKAs
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Kazakh Whiteheaded

Hereford

Red Pied
Ukrainian Grey

Alatau
Kostroma
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Fig. 1. Phylogenetic tree of the genetic diversity of Russian and non-Russian cattle breeds built using the neighbour-joining approach (Yurchenko et

al, 2018).

Asian breeds are shown in yellow; African, in green; American, in blue; European, in beige; Russian, in red. Names of the Russian breeds and their sister breeds are
indicated. Breeds shown in the images are indicated in boldface. Dairy breeds are represented by cows, and beef and dual-purpose, by oxen.

COCTABJISIIOILAsE COBPEMEHHOM TONIITHHO-(PH3CKOI OPOIbI B
XOJIMOTOPCKOH TIOPO/I€ OTHOCUTEIBEHO HEBEITMKA H YTO XOJIMO-
TOPCKYIO ITOPOJTYy CIIeyeT CYUTATh TeHETHIECKN 000CO0IIeH-
HOI7I, YTO MOATBEPKIAACTCA U MPEABITYIIUMU Ha6J’lIOIIeHI/I${MI/I
(3unoBbeBa u ap., 2016). C apyroii CTOpOHEI, HAIIH 00Pa3IIBI
PpOCCUICKOM UepHO-NIeCTPON MOPOABI IEMOHCTPUPYIOT OUEHb
HU3KYI0 AU PEPeHIIALIIO OT TOJIMLTHHO-(PU3CKOTO CKOTA.
OTO HO3BOJIAET MPEATIONOKHTE, YTO HCTIOJIb30BAaHNE IMIIOPT-
HBIX TOJIITHHO-(QPHU3CKNX OBIKOB MM UX ceMeHu B Poccuu
MOIJIO CYIIECTBECHHO IMOBJIHATH HA TCHETUKY OTEUECTBCHHOM
YEPHO-IIECTPON MOPOABI.

Creztyer OTMETHTb OT/ICNTBHBIN KilacTep, COPMHUPOBAHHBII
TypPaHO-MOHTI'OJIBCKOM SIKyTCKOM IOPOJOM, IOPOIOH XaHBY U3
Kopewn un Bary n3 SInonnn. 3T NOPOBI KIACTEPU3YIOTCS U C
OypSITCKAM CKOTOM.

[IpoBeneHHbII HAMU aHATIM3 OOLMX TAIUIOTUIIOB, KOTOPBIHA
OBLT OCHOBaH Ha KOPOTKHX TAIUIOTHITHBIX ONOKax (Tipearo-
JIO’KUTEIIHBHO OTPaYKAIOIINX B3aNMOOTHOIICHHS ITPE/IKOB), €1I1e
pa3 MOATBEPAUI CIOXKHYIO HCTOPUIO (POPMHPOBAHUS HOPOA
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POCCHICKOTO CKOTa EBPOTEHCKOTO MTPOUCXOKICHHNS, BBIIBIII
OTIMCAHHBIE BBIIIE B3aMMOOTHOILICHNS, & TAKXKE IT0KA3aJl, YTO
CepbIi YKPauHCKUH KPYHHBIH porarblii CKOT (uIOreHeTH-
YECKH CBSI3aH C IOIOJBCKON M POMaHBOIBCKOM MOPOIAMH,
TIOITBEPXK1ast OTHECEHUE CEPOT0 YKPAMHCKOTO CKOTA K IPYTIIe
MPUMHUTHUBHBIX Mooibckux nopox (Kynmaup, [masko, 2009).

AHanu3s nonynsALMOHHOI CTPYKTYpbI

POCCUINCKNX NOPOA KPYNMHOIO poraToro ckota

B nomonHeHne K OOMIUPHBIM TEeHETUYECKUM CBA3SIM C KPYTI-
HBIM POTaThIM CKOTOM €BPOIEHCKOTO MPOUCXOKACHHS, BCE
METO/1bl NOMYJISIIMOHHOTO aHaJIN3a HaBOAST Ha MBICHb, YTO
B Poccun cyIecTBy0T MOpobl, UMEIOIINE OOIINX MPEIKOB C
KPYIHBIM POTaThIM CKOTOM M3 A3nH. B coOTBETCTBHY € 3TUM
SKYTCKUH, OypATCKUN N KQIMBILIKUHA KPYITHBIH POTaThIii CKOT
TPYNIHAPOBAJICS C TYPaHO-MOHTOJIBCKUMH M JAPYTHMH a3H-
aTCKMMH TaypUHOBBIMH ITOPOAAMH Kak Ha (priioreHeTnde-
CKOM JiepeBe, Tak 1 Ha rpadukax nporpammsl STRUCTURE,
KoTOpast 00bEMHACT TaHHBIC TCHOTUITUPOBAHNS OTACIBHBIX
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Fig. 2. Results of STRUCTURE analysis for Russian and several closely related non-Russian cattle breeds: Hereford, Braunvieh,
Brown Swiss, Holstein, Red Pied Lowland, Pinzgauer, Wagyu, Hanwoo (Yurchenko et al., 2018).

Different colors indicate different populations to which the program classified individuals according to the chose number of popula-
tions (K). Breeds shown with several colors are likely to have originated by crossing to other populations.

0co0eil B TPyMITBI COIACHO 3aJaHHOMY IT0JIb30BaTeNIeM Ha-
6opy momyssituid. [Tpu 3TOM BBISIBIISIFOTCS KaK «YHCTOKPOB-
HBIE», TAK U «CMEIIaHHbIe» 0cobm (puc. 2). Tak, Ha Tpaduke
STRUCTURE ro6anbsHOT0 HabOpa JaHHBIX SKYTCKast TOpo/a
(hopmupyeT nepBblit HopogocnennprUIecKuii Kilactep rnocie
HabromaeMoit auBeprenimu B. indicus n adppukanckux Tay-
PHHOB, 2 Ha (PUIIOTCHETHIECKOM JIepPEBE OHA HAXOUTCS B y3I1€
¢ OypsITCKMM KPYITHBIM POTaThbiM CKOTOM M JIpyTMMH a3uar-
CKHUMH TaypUHOBBIMH TIOpoAaMu. TouHast MpUYIHHA TOTO, YTO
pesyabrarsl mporpammbl STRUCTURE un dusnoreneriyecko-
TO aHaJIHM3a HACTOJIBKO PACXOAATCA IS SIKYTCKOTO KPYTTHOTO
pOraToro cKoTa, B HaCTosIIee BpeMs He sicHa. Bo3aMoXkHO, 3T0
00yCIIOBIIEHO HU3KUM HCTOPHUECKUM 3(P(HhEeKTHBHBIM pa3me-
POM TMOMYJALMH B COUETAHUU C JUIUTEIBHON M30JALuei oT
JIpyrux nopoj. bosee nm3koe poacTBO SIKYTCKOTO KPYITHOTO
poraroro ckoTa ¢ APyruMH JUBEPrUPOBABIIMMU a3UaTCKUMHU
TYPaHO-MOHTOJILCKMMU TIOPOJAMHU MOYKET O3HAYaTh UX paHHEe
OT/IEJIEHHE OT OCTAIbHON YaCTH TaypHUHHOTO TEHO(POH /1A UITH
Jla’ke He3aBHCUMYIO ToMecTHKanuio B Asun (Mannen et al.,

2004). PesynbraTel aHanu3a OOLIMX TAIUIOTHUIIOB TOXKE MOA-
TBEP)KAAIOT 3TH B3aMMOOTHOIICHUS B Mpezeiax BbIOOPKH
TypaHO-MOHTOJIBCKHUX MOPOJ, MOMeIast AIKyTCKHI KPYyTTHBIN
pOraThlif CKOT B OJIMH KJIacTep ¢ OypsITCKOI TOPOI0# U SITTOH-
CKOM Bary, a TaK»ke yKa3blBasl Ha CBSI3U C KOPEUCKOU XaHBY U
MOHTOJIECKUM KPYTIHBIM POTaThIM CKOTOM.

Bypsitckuii ckot cunTancs BeiMepmnM B Poccun 1o Henas-
HETo BPEMEHM, KOT/JIa COXPaHMUBIIEECs] YUCTOKPOBHOE CTAI0
65110 00HApYkeHO B MOHTONNH 1 3aBe3eHO obpatHO B Poc-
CHIO, YTOOBI HAa4aTh BOCCTAHOBJICHHE 3TOH mopoxabl. Hamm
Pe3yJIbTaTh IPOIEMOHCTPUPOBAIIH, YTO OYPSTCKUIL CKOT JIei-
CTBHUTEIILHO UMEET OOIIbINE OOIINX TalIOTUIIOB C SKYTCKUM
CKOTOM U Bary, 4eM C MOpoAaMu 13 MOHTOJIMH, U4TO yKa3bIBAET
Ha €ro OT/IeJIbHOE OT MOHI0JILCKOT'O KPYITHOI'O POraToro CKoTa
MIPOMCXOXKACHHUE.

[Tonoxenue TpeTbel TypaHO-MOHIOIBCKONW MOPOJBI B Ha-
IIEM CIIUCKe, KAJIMBILKOM, ocTaercsi HessicHbIM. OHa (hopmu-
PYET OTHEINIBbHBIN KiacTep B IpPelenax €BpPONEHCKOro CKOTa
Ha (PMIIOTCHETHYIECKOM JIepeBe, OJTHAKO PE3yNIbTaThl aHATN3a
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STRUCTURE HaBozsIT Ha MBICIIb O e¢ 00I1eM Ipeake ¢ 0y-
PATCKOM TOPOIOi 1 XaHBY. BBISBIEHNE OOIINX TarTIOTHUIIOB
TMIOKa3aJI0 HEIaBHIOK0 OOIIMPHYTO THOPH/IM3AIMIO KAJIMBIIKOH
MOPOJIBI C IOPTIOPHCKOH, YTO MOXKET OOBSCHSTHCS HCIOJIb-
30BaHUEM LIOPTIOPHOB AJIS YITyUIICHNS KaJIMBILIKOTO CKOTa
B Ob1BIIeM CCCP (Dmitriev, Ernst, 1989). Beposrho, 310 110-
BJIMSUIO Ha TeHO(OH/1 TOPOJIBI U ee MOJIOKeHHe Ha (utoreHe-
THUYECKOM JIEPEBE, MACKUPYS OXKHJAEMbI€ ITPEAKOBbIC B3aH-
MOOTHOIIECHHSI, KOTOPBIE OBUTH BBISBICHBI TOJIBKO IPOTPAM-
moit STRUCTURE.

VHTEpecHO OTMETHTb, UTO MO PE3YyNIbTaTaM BBISIBICHNUS 00-
IIMX TaIUIOTUIIOB M aHaJM3a nporpamMmMoii Treemix, KoTopast
ornpejensuia Haubosee BEPOSTHBIE CIydYad W HarpaBIeHUs
HCTOPHUYECKOTO CMEIICHHUSI TTOMYIISIIN, MBI HE O0OHAPYKUITH
KaKHX-TH00 CYIIECTBEHHBIX CBHUICTEIBCTB TMOPUAN3ALINT
poccuiickux mopoxa u 3e0yBuaHOrO ckota. OnaHako rpaduk
STRUCTURE g mo6ansHON BEIOOPKH MTPH 33TaHHOM Ha-
Oope monysIALKid (B HAllleM Cllydae paBHOM JIBYM, T.e. B. in-
dicus u B. taurus) cBumeTenCTBOBA O HEGONIBIIIOM BKJIA (e
3e0yBHIHBIX MIPEAKOB B TYPAaHO-MOHTOJIBCKHE MOPOJBI. JTO
HaOJII0/ICHNE TI03BOJISIET MIPEAIIOIaraTh O4eHb IpeBHEE 1, Be-
POATHO, HE3HAYUTCIIbHOC CO6bITI/Ie Fl/I6pI/IZlI/138.LlI/Il/I, HE NCTCK-
THUPYEMO€ APYTUMH MeToiaMH. Takke BO3MOXKHO, UTO CPETN
nokycoB SNP na JIHK-uure BovineSNP50K (u1, kak pe3y:ib-
tat, B Habope SNP, ucnosip3yeMoM B HACTOSIICH padoTe)
Mpeo0IIaaroT JIOKYChI, CBOICTBEHHBIE TAYPUHHOMY CKOTY, U
npezikoBbie SNP, 00111e Mex Iy MomyssusIMi TaypHHHOTO
u 3e0yBuaHoro ckora (McKay et al., 2008), yto Morio B
HEKOTOPOH CTENEHM MOBIMATh HAa HAIW PE3yIbTaThl U 3a-
MackupoBath rubpuau3anuio ¢ B. indicus. J{ns toro 4to6bt
MIPOJIMTH JONOJHUTENIBHBIN CBET Ha IPUYMHBI HAOII0AaeMOit
JIUBEPTEHITNHN SIKyTCKOTO CKOTa, MOTpeOyroTcs Ooee moxpoo-
HBIC MICCIICOBAHNS, BKJIIOYAIOIINE ITOJHOTCHOMHOE CEKBe-
HUPOBAHHE POCCUICKMX MOPOJI CKOTA M UX CPAaBHEHHE KaK C
TaypHHHBIM, TaK U ¢ 3¢0yBHIHBIM Pe(hepEeHCHBIMU T€HOMaMH.
[Tpy BHYTPHUTIOPOAHOM aHAIHM3C WM B KOHTEKCTE TOJIBKO
CaMbIX POJCTBEHHBIX MUPOBBIX IIOPOJ POCCUNCKUE ITOPOBI
KPYITHOTO POTATOTO CKOTa JEMOHCTPHPOBAIN YMEPEHHBIH
YPOBEHb T€HETHYECKOTO PAa3HOOOpa3usi U COIOCTABUMBIE C
JIPYTUMH €BPa3UICKUMH MOPOAAMH OLEHKH AP(EKTHBHBIX
pasmepos nomymsanuit (Iso-Touru et al., 2016). Xommorop-
CKasi M SIKyTCKas MOPOJbl OBUIM MOATBEPIKJICHBI KaK Hau-
0oJice TEHETUYCCKU pa3UyYaoIIUecs B mpeaeinax Habopa
nopox 13 Poccun v poiCTBEHHBIX UM €BPa3UHCKUX ITOPOJ 110
pesynsraraM STRUCTURE, nogaep:xuBaeMbIM BBICOKUMHU
3HAYCHUSMHU HHJCKCA (DUKCAIMK, KOTOPBIA YKa3bIBaeT HA
pas3nure 9acToT MUHOPHBIX ajuteneit SNP mexty mopogaMu.
B ornensHOM KiacTepe mopoa ObLIO OYEBHIHBIM CHIIBHOE
BJIMSIHUE TOJIITHHO-(QPHU3CKOM TOPOIBI.

SIpocnaBckast moposia OTASIMIACH OT 3TOTO KJlacTepa MpH
3aJ]aHHOM KOJIMYECTBE TOMYIISALUH, paBHOM 10, Oymyun no-
clieiHel pycCcKOi OpoIoi KpyITHOTO poraroro ckota, KoTo-
past UMella yHUKaJIbHBIA TeHO(OH, B TO BpeMsI Kak Apyrue
MIOPOJIBI (MCXO/IS N3 IAHHBIX HAIIMX 00pa3lloB), B TOM YHCIIE
YEepHO-IIECTpasi, TarkmibcKasl, OeCTyKeBCKasi, HICTOOCHCKas,
IOPbUHCKAs U yKpaHHCKasi 0eJI0rosioBasi, 1eMOHCTPUPOBAIT
pa3IMYHBI YPOBEHBb BKJIAJa TOJNIITHHO-()PU3CKON TTOPOIBI
B MX TreHO(oH 1. V3 3TOro MOJKHO IpeArosararh, 4To B rnepe-
YHCJICHHBIX TIOPOJIaX COXPAHWINCh OTHOCUTENIBHO HEOOIBIITHE
JIOJIY TIPE/IKOBBIX alIesieii OT MECTHBIX MOIYIISIIUN, 4TO MO/~
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TBEPIKJIACTCSI HU3KMM YPOBHEM TOMYJSIIMOHHON anuddepen-
IUALUK B 3TOH Tpymme. OJHAKO HENb3sl UCKIIOUaTh, YTO Ha
Ppe3yabTaThl MOTJIH TTOBIIHSTH HEOOJIBIINE Pa3Mephl BHIOOPKH
JJI1 HEKOTOPBIX IMMOPOA B HAIIEM CITMCKE.

TaxkuMm 00pa3oM, HaMH ITPOBEICH MTEPBHII TOIPOOHBII aHAa-
JIM3 TIOMYJSIIMOHHOM TeHETHKH U (PMIIOTEHETHIECKUX CBS3EH
MPaKTUYECKHU BCEX OCHOBHBIX IOPOJ KPYMHOI'O POraToro
CKOTa, pa3BOJIMMBIX B HacTosAlIee BpeMs B Poccun, KoTopsle,
BEPOSITHO, BO3HUKJIM U3 MECTHBIX MOITYJISIIIAE KPYITHOTO pora-
TOT0 CKOTa U aIalITUPOBAJIMCH K CYpPOBBIM BHCITHUM YCJIOBH-
SIM, BKJIFOUast KiimMat. HekoTopbie n3 n3y4eHHbIX TOpo (X0I-
MOTOpCKasi, IKyTCKasl, SpOCIIaBCKast) UMEIOT 000COOICHHBIE
TCHCTUYCCKHC l'[pO(i)I/lJ'II/l, 4TO A€JacT UX NPUOPUTCTHBIMU
00beKTaMH /ISl BBISIBIICHUS] TIPU3HAKOB 0TOOpA M ajarTa-
LW, CBSI3aHHBIX C MECTHBIMH YcIoBUsMH cpeabl. C 1pyroit
CTOPOHBI, 00JIbIIIas TPyIIa MOPOJ (KOCTPOMCKasi, Ka3axcKast
GerorosnoBasi, ICTOOSHCKAs U JIP.) UCIIBITHIBAIA KaK MIPOIILIOE,
TaK 1 HEeIAaBHEE BIIMSIHUE CO CTOPOHBI KOMMEPUECKIX eBPOTICH-
CKUX TIOPOJI, HapUMep roJiuTHHO-ppusckoit. [To-Buaumomy,
TEHOMBI 3THX ITOPOJI COAEPIKAT JINIIb HE3HAYNTETBHOE YHCIIO
MIPEIKOBBIX aJuiesiel, KOTOPbIE BAXKHBI /ISl BBDKHBAHUS B
MECTHBIX YCJIOBHSAX. [103TOMY Takue mopoabl MOTYT OBITH
UCTIONB30BAaHbI 11 TEHETUYECKOTO aHAJIM3a SKOHOMHUECKH
B)KHBIX MPU3HAKOB METOJIOM KapTHPOBaHMs IpumMeceii (ad-
mixture mapping) (Kassahun et al., 2015).

DUIOreHETUYECKHE CBSA3U MEXTy POCCUHCKUMU IIOPOIaMHU
1 TIOPOJIaMH U3 JIPYTHX CTPaH, BEIIBICHHBIC B HAILIEM HCCIIe-
JIOBaHHH, CTAHYT OCHOBO#1 [71s1 Oy/ty1iieit paboThl 110 H3Y4EHUIO
anyesnel WM raruIoTUIIOB, HETIOCPEACTBEHHO BIMSIOMINX Ha
¢enorun. [lomydennas nHdoOpMaLUs MTO3BOIUT ONTHMAIb-
HO BBIOMPATh HAOOP POJICTBEHHBIX U «BHEIITHUX» ITOPOJL IS
CPaBHEHHSI T€HOMOB, YTOOBI 00ECHEYNTh CTATUCTUYECKYIO
3HAYMMOCTh TECTHPYEMBIX Pa3INUUi U N30eXkKaTh JOKHOMO-
JIOKUTEJIBHBIX PE3yNbTaToB (HalpUMep, KOra MpH aHalIn3e
HE yYUTBIBAETCS TEHETHUECKAsk HCTOPHUS TIOPO.).

YHHUKaNbHOCTH SIKYTCKOH IOPOJIBI, C OHOW CTOPOHBI, Jie-
JIaeT ee MPUOPUTETHOM [IJIsl NAJIbHEUIINX T€HOMHBIX HCClIe-
JIOBaHHH, HO C IPYTOH — 3aTPYHSACT BBIOOP HAMITYUIIIHX ITOPO]
JUIS CpaBHEHUs ¢ ee reHOMOM. [loaTomy Ui mcuepribiBa-
IOLLEr0 aHAJIN3a YHUKAJIbHOM F€HETUKU 9TOU ITOPOJbl MOT'YT
MoTpeOOBaThCS JOTIOTHUTENBHBIE, O0Iee TTOIPOOHbIE HcCe-
JIOBAHMS KaK POCCHUICKHX MOPOJ KPYITHOTO POTraToro cKoTa
A3MaTCKOTO MPOUCXOKICHUS, TaK U 3apyOeIHBIX a3HaTCKUX
TaypUHOBBIX U MHIUIMHOBBIX TTOpoA. B To e BpeMst paboTbl
M0 aHAIN3Y TOMYJISALUOHHONH CTPYKTYphl M MCTOPHH IIPO-
UCXOXKJICHUS POCCUICKHUX MOPOJ KPYIMHOTO POraToro ckora
MOATOTOBMIIN TIOYBY JISI M3YHIEHUSI M3MEHEHUSI UX TCHOMOB
B OTBET Ha CEJIEKIIMIO YSIOBEKOM M a/IalTAIHIO K JIOKAIBEHBIM
YCIIOBUSIM CpeJibl OOMTaHMUs1, KOTOpbIE OYyyT paCCMOTPEHBI B
CJIE/TyIOIIEM pa3Jielie.

Cnepabl ceneKkuumn B reHoMax pPoCcCUnCKnX noposa
KPYynHOro poratoro cKota

Jloctarouno xonoansklii knmumar Poccuiickoit denepanyu u He-
Oorarast KOpMOBasi 0a3a MO3BOJISIOT MPEAMOJIOKUTH, YTO TCHO-
MBI MECTHBIX TIOPOJI TOMAIITHETO CKOTa COZEPIKAT SIBHBIE CIIS/TBI
ceNeKnuu, copMUPOBAHHBIC B TCUCHHUE BEKOB aIalITAllUHU K
9THM ycJIoBHsIM. Kak Haly, Tak ¥ JaHHbIC APYTUX FPYIIIT [10-
Ka3aJi, 9T0 HanboIee aJanTHPOBaHHAS K XOJIOAHOMY KITMATy
SIKYTCKasl TOpOojia KPYITHOTO POraToro CKOTa IMPUHAICHKHT K
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TaK Ha3bIBAEMOU TypaHO-MOHIOJIbCKOM I'PyIIIE, KyJa BXOAUT
P TIOpOJ, TAaKKUX Kak OypsTCKast, KaIMBIIKas, Bary, XaHBY 1
saOmaH (Konecuuk, 1936; Mouceesa u nip., 2006; J[aBbI10B,
2012). CymiecTByeT rumnoTe3a, OCHOBaHHAs! HA TeHETUYECKOM
1 MOP(OTOTHYECKOM OTINYNHU TYPaHO-MOHTOIBCKUX TTOPOST
OT ITOPOJI, paCIIPOCTPaHEHHBIX B EBpoIIEe, 4TO OHYU TPOU3OIILITH
B pe3yJIbTaTe He3aBUCUMON JJOMECTHKAIIMY OMYJISILIMHI Typa,
1o Bcei BeposiTHOCTH, B CeBepHOM KuTae, a moTom yxe pac-
MPOCTPAaHUIUCH 1T0 A3MaTckoMy KOHTHHEHTY (Zhang et al.,
2013). [Tosy4eHHbIC HAMU JaHHBIC TIOATBEPIUIN OOIIHOCTh
TIPOMCXOKACHNUS SKYyTCKOU, OypPSTCKOH OO/, Bary U XaHBY
(Yurchenko et al., 2018). Mcxons u3 3Toro, ObIT MPOBEACH
MOUCK CJIEJIOB OTOOpa B T€HOMAaX 3TOW I'PYIIIBI IIOPOA U Y
Ka)XJIOH M3 HUX B OTIACIBHOCTH. J[elCTBUTEIBHO, Hanboee
WHTEPECHBIMH U IIEPCIICKTUBHBIMU B CBSI3U C H3yUCHUEM a1all-
TaIMU K XOJIOJHOMY KJIMMaTy OKa3aJHCh Pe3yJIbTaThl, IOy~
YeHHBIC TIPY aHAJIN3€ TyPaHO-MOHTOIBCKUX MOpos. CaMbIM
CTaTUCTUYECKU 3HAYMMBIM OBLT BELIBIICHHBIN ITPH CPABHCHUN
SIKyTCKOH ITOPOJIBI C OCTaIbHBIMHU TIOPOJIAMH TYPAHO-MOHI'OJ1b-
CKOH Tpyms! (OypATCKOM, KaIMBIIIKOH, XaHBY U Bary) paioH,
coznepxammii ren FAM134B (RETREG1). MurepecHo, uto 'y
YeJI0BEeKa ITOT I'€H Y4acTBYET B BOCIIPUSTHN HEHPOHAMH CHT-
HanoB 6omm u xomona (Islam et al., 2018). Myranuu B rene
FAM134B y genoBeka BEI3BIBAIOT 3a00JIeBaHHE (HACIICICT-
BEHHYIO CEHCOPHYIO aBTOHOMHYIO HEBPONATHIO 2-TO TUIA),
COITPOBOYKAAIOIIEECS] HECTIOCOOHOCTHIO OIITYIIATh OOJTB M TEM-
neparypy okpyxatomeit cpenpst (Kurth et al., 2009). Tewm ca-
MbIM FAM134B cTaHoBHTCS OHUM 13 OCHOBHBIX KaH/HIaTOB,
KOTOpBIE MOTYT BIUATH Ha aJalTallHdI0 SKYTCKOTO CKOTa K
9KCTPEMAIIEHO XOJIOTHBIM YCIIOBHAM oOuTanus. Cieayer oT-
METHTh, YTO CJIa0bIe cie/bl 0TOOpa B paiione rena FAM134B
HAOTIONAINCH U y SITOHCKOI Bary M Kopelckoil xaHBy. He
HCKJIIOUCHO, YTO ITOT PailOH MOT HaXOIUTHCS IO JIaBJICHHU-
eM oTOopa y 00IIero mpeaKa 3THX MOPOJ, a BIOCICACTBUU
MTO3BOJIMII SIKYTCKOH TIOPOJIEe aAalTHPOBATHCSI K OOMTAHUIO B
YCITOBHSIX 3aTIONISPBSL.

KoHe4yHOo, HeuyBCTBUTEIILHOCTD K TEMIIEPAType OKPYKaro-
el Cpeabl He MOXKET SABIATHCS OCHOBHBIM CITIOCOOOM ajiar-
TaIMU K XOJIOAHOMY KinMary. Ckopee BCero, 3TO JIMIIb BO3-
MO>KHOCTb CHU3UTB OOILMH CTPECC OT MOIIHOTO HEraTHBHOTO
(haxTopa. 1715 TOTHOM aganTaiy HeoOX0UMBI N3MEHEHNUS B
psizie OMOIOTHYECKHX MPOIIECCOB, TAKUX KaK TEPMOPET YIS,
MMMYHHBIA OTBET W MHOTHE JIpyrue. ITO NPEANOoIOoKEeHUE
OBLTO TIOATBEPKACHO B HAIeW W APYTHX paboTax, TAE Io-
Ka3aHo, YTO CJIE/IbI 0TOOpa Y SIKYTCKOW TOPOJBI HAXOAATCS
B palioHax reHoB, OTBEYAIOLIMUX 3a 3TH Ipouecchl. Tak, B
pabore (Iso-Touru et al., 2016) OpITIO TIOKA3aHO, YTO TEHEI,
OTBEYAIOIINC 32 aHTHOAKTCPUANFHYIO 3aIUTY, Y SIKYTCKOU
MOPOJIbl HAXOJSTCSL B paifoHax IOJ MO3UTHBHBIM OTOOPOM.
MBI 00HAPYXHITH CIEIBl CENEKINH Y SAKyTCKOH TOPOABI B
patione pudocomanbHoro rena RPL7. Dkcripeccust aToro rena
3HAUUTENBHO OTIIMYAETCS Y JIATYIIEK, XOPOIIO MEPEHOCSIINX
3aMOpaXMBaHUE, TI0 CPABHEHHUIO C JIATYIITKAMH, KOTOPBIE €TO
He nepenocst (Wu et al., 2008). MuarepecHo, uTo ciadble
Clle/ibl CEJIEKLMH B PallOHe 3TOro r'eHa HaOIAaINCh OISITh
ke y xauBy u Bary. [ensr TNKS u CERKL Taxke, Bo3Mox-
HO, CBSI3aHBI C aIalTalel SIKYTCKOH IMOPOABI K XOJIOJHOMY
KJIMMarTy ¥ OOUTaHUIO 3a MOJISIPHBIM KpyroMm. [1epBblii n3 HUX,
KOAMPYIOIINHA TaHKUPA3y, IMEET OTHOIIEHHE K SHEprooome-
HY, IATAaHUIO W ()OPMHUPOBAHUIO KUPOBON TKAHU Y MBITICH
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(Yeh et al., 2009), a Bropoii KOTUPYET KepamHI-KUHA3Y U
AKCTIPECCUPYETCS B pagyKHON 000I049Ke Ti1aza. Panee Oputa
MOKa3aHa €ro POJIb B PEaKIMU Ha CBETOBOW CTPECC U 3aIINTE
¢doropenentopor (Mandal et al., 2013). Takum oGpazom,
3TOT T'€H MOXET yJacTBOBATh B aJalTalllH SKyTCKOTO CKOTa
K CBETOBOMY PEXKHUMY 3aIloisipbsi.

['eHbI-KaHIMATHI, OTHOCSIIMECS K aalTal|H K KIIMMaTH-
YECKHM YCIIOBHUSIM, KPOME TYPaHO-MOHTOJIBCKHX TIOPOJI KPyTI-
HOTO POTraToro CKOTa, MO-BHIMMOMY, MTOABEPralich 0TOOpY
u y apyrux poccuiickux nopox. Tak, ren RAD52, orsercr-
BeHHBIN 3a penapauuio JJHK 1 BoBiIe4eHHBIN B IpoLEcChl
MPOTHBOBHPYCHOH 3aIINThI, OKA3aJICSI IIOJT AABJICHUEM 0TOOpa
y 1IEJIOTO PsiJia POCCUICKUX MTOPOJI, BKIIIOUAs XOJIMOTOPCKYIO,
OecTyKeBCKyT0, KaJIMBIIKYTO U SIPOCIAaBCKYI0. I3 3apyOeKHbIX
TIOPOJI CIIE/BI CEJICKIMH B paiiOHE ITOr0 T'eHa HAOIIONAINCh
TOJIBKO y KOPEHCKOM XaHBY.

Panee MbI cocTaBnm ciucok u3 416 TeHOB, TOABEPKEHHBIX
MO3UTHBHOMY OTOOPY y XOJIOJOCTOWKHX MIICKOMTAIOIINX,
oburaromux B ycioBusx Apkruku U Antapktuku (Yudin et
al., 2017). B atom criucke Obu1 1 TeH akBariopuna 5 (AQPS),
KOTOPBIN MPEACTABISICT HHTEPEC C TOUKU 3PCHHMS aJarTannu
KaK K XOJIOAy, TaK M K jKape, MIOCKOJIbKY OH PeryjupyeT Hc-
TapeHue BOJIBI KOXKHBIM MOKpoBoM (Xie et al., 2017). Cpenn
poccuiickux opon rer AQPS5 oxazasicst B paiioHe TO3UTHBHOM
CeJICKIIUHU Y XOJIOJA0CTONKON XOJIMOTOPCKO# mopossl. Y Oec-
TY>KEBCKOM ITOPOJIbI MBI HAOMIOAIIN CIIEABI TO3UTHUBHOM CENeK-
11H B paiione rena RGS7, skcripeccust KOTOpOro B HEHpoHaxX y
YeJI0BEeKa MOBBIIIACTCS IIPH XPOHUUECKOM XOJI0[JOBOM CTpEcce
(Jedema et al., 2008). V sipocitaBckoi TOPOJIBI CIIEABI CEIeK-
UM HaOronanuck B patione reHa SFTPD, ygactsytromiero B
3aIIMTE JIETKUX OT MUKPOOPIaHU3MOB U IOJBEPraroIerocs
CeJIeKIINHU Y BEICOKOTOPHBIX MOMyJsuid genoseka (Valverde
etal., 2015).

OnHOM M3 BaKHEMINX TKaHEH, yJacTBYIOIIUX B TEPMO-
TeHe3€ ¥ PeaKIny Ha XOJI0/L, sIBIsieTcst Oypast »KupoBasi TKaHb,
a KIJIIOYEeBBIM T'eHOM 3Tor0 Tporecca — repmorenut (UCPL).
XoTsi MBI HE BBISIBUIIN NIPU3HAKOB CEJICKLUH B paiioHe Tep-
MOTEHHHA, Psil TEHOB, PETYINPYIOIINX 3KCIPECCHIO TEPMO-
TeHUHA 1 BOBJIICYCHHBIX B IpoIiecc GOpMHUPOBAHNS KUPOBOK
TKaHH, ObUT OOHApYKEeH B paiioHaX, MOJBEPIKEHHBIX CEIEKIINU
Y POCCUHCKHX MOPOA KPYITHOI'O pOraroro ckora. I'eH aeauu-
na3el ructoHoB 3 (HDACS3), yuacTByrommii B akTHBalluu
9HXAHCEPOB Oypol *KUPOBON TKAaHU, HAXOAWJICS B pailioHe
CEJIeKIIMHU y IKyTCKOTO CKOTa, a reH SYK, KoTopblil y4acTByeT
B U depeHpoBKe OyphIX aJUITOIUTOB U PETYIUPYET IKC-
npeccuro UCPL, Haxonuiics B palioHe 1Mo/ IaBJIeHHeM 0TO0pa
Yy UEpHO-IIECTPON U XOIMOropckoi nopox. MHTepecHo, 4yTo
rerd ARRDC3, perynmpyronmii skcnipeccuto UCP1 B Gemnoit
JKUPOBOH TKaHU, JIOKAJIIM30BaH B pailoHEe, HAXOIAIIEMCs 110]1
JIaBJICHUEM 0TOOpA Y YETBIPEX POCCUICKUX TIOPOJ] KPYITHOTO
pOraToro ckoTa, a TakXKe y OpOoJ] XaHBY, JUKEPCH U (ITUTBHUK.
OnHaKo, UCXO/Isl U3 BIUSIHUS ATOTO I'eHa Ha OeIyr0 )KUPOBYIO
TKaHb U TOTO (PaKTa, YTO COOTBETCTBYIOUIMIA paiioH TeHOMa
HaXOJIMJICS TIOJ1 TaBJICHUEM OTOOpa M Yy psiia MHOCTPAHHBIX
mopoxa, ARRDC3, ckopee Bcero, IMEET OTHOIICHHUE K TAKOMY
9KOHOMHUYECKH Ba)KHOMY ITIPH3HAKY, KaK KauecTBO MsAcCa, H,
COOTBETCTBEHHO, MOT MO/[BEPraThCsi HCKYCCTBEHHOMY OTOODY.

[ToMHMO TOMCKOB CJIEAOB CENIEKIIMU B F€HOMAx MpeJcTa-
BUTEJEH Pa3INIHbBIX IOPOI, HEPCTICKTUBHBIM JIJIS BBISIBIICHUS
pailoHOB TeHOMa, BIUSIOMIMX Ha KOHKPETHBIC MPHU3HAKH,
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SIBJISIETCSI aCCOLIMATUBHBINA aHAJIN3 MEXy FTeHOTHIIAMH H (e-
HOTHIIOM. B Hamem ciydae, mpy ajanTanui K XOJIOTHOMY
KJIMMArTy TIOIYJISIIMI KPyITHOTO POTaToro CKOTa, N3HAYaIbHO
BBIBE/ICHHBIX B YCJIOBHSIX OOJiee MSATKOTO KJIMMara, MOYHO
O0XKHUJIaTh, YTO AJISINN, OTBEUAIOIIINE 32 aJaNTaIHIo, He OyIyT
(puKCcHpOBaHBI B MOMYISIIMN, OCOOCHHO Ha PaHHUX JTalax
azanrauuy. [103ToMy TOMOIHUTENEHO K 001IEMY BBISIBICHUIO
ClIeZI0B 0TOOpa MBI MTPOBENN HCCIEAOBAHIE IO BBISBICHUIO
TEHOB, CBSI3aHHBIX C IOJJICPKAHUEM TEMIIepaTyphl Tejaa B
YCIIOBUSIX XOJIOJHOTO KIIMMara, Ha MOMyJISIUY repedopaoB,
KOTOPBIX pa3BoasaT B Cubupu Ha potspkernn 60 et (Igoshin
et al., 2019). Kpome Toro, B pe3ynasrare MOATBEP>KICHHOTO
HaMH POJICTBA OPoj (M. puc. 1) B paboTy ObUIH BKIIFOYCHBI U
0Cco0u Ka3axcKoi OeIOT0I0BOI MTOPO/IBL, KOTOpast co3/1aBajiach
Ha OCHOBaHUU TepeOpOB Ha TEPPUTOPUU COBPEMEHHOTO
Kazaxcrana B 1930-1950-e rr.

Perucrpanuio ycTOMUHBOCTH K XOJOLY IPOBOAMIM IO
MoaudunupoBanHoit Mmetonuke (Howard et al., 2014). dns
9TOTO 3a HECKOJIBKO AHEH 0 HACTYIJICHUS HKCTPEMAIIBHO XO-
JIOIHOM, IO JAHHBIM METEOPOIOTHIECKOTO IIPOTHO34, TOTO/IBI
B YIIHOHM KaHaJI )KHBOTHOTO BBOJIMJICS JATYUK TEMIIEPaTypBhI,
KOTOpPBIA OCTaBajics TaM HE MEHee NIBYyX Hezaenb. Jlaruuk
nepenaBan HHPOPMAIIUIO O THMIIAHAIBHONW TeMIIepaType
KaxJpie 15 muH. J{J1s MOJTHOrEHOMHOTO aHaJIW3a ACCOIHAITUN
B KauecTBe (pEHOTHIIA UCIIOIb30BAIN TUIOLIA b O/l KPUBOI
TEeMIIepaTyphl Tella B TEICHNE CAMBIX XOJOAHBIX IIATH CYTOK
13 JIByXHEJICJIIBHOTO TIepHo/a. [ eHOTUIIMPOBaHNE BBITIOJHS-
s Ha JIHK-unne GeneSeek Genomic Profiler High-Density
(GGP HD150K), conepxamiem okoio 139000 reHeTnaecKix
MapKepoB. Pe3ynbraThl acconmMaTHBHOTO aHAIM3a yKa3ald
Ha €IMHCTBEHHBIM paifOH XpOMOCOMBI 15, KOTOpHIN coBmas
JUTSL BCEX THIIOB MPOBEICHHOTO aCCOIMATHBHOTO aHAJIM3a.
B stom paiione mHaxoamiuch nBa rera: GRIA4 u MSANTDA4.
DTOT ke pailoH ObUT BHISIBJICH U B XOJI€ HE3aBUCUMOTO TIOUC-
Ka cJIe710B 0TOOpa B Hameil BRIOOPKE KaK OAWH U3 PailOHOB,
TIO/IBEP’KEHHBIX CEJIEKIIMN B CHOMPCKON BBIOOPKE repedop/ioB
U Kazaxckod 0esorosioBoi mopoasl. Haubosnee BeposTHHIM
KaHIUIaTOM, CBSI3aHHBIM C TIO/ZIEPyKaHUEM TeMITepaTyphl Tesia
Ha xonoje, obut reH GRIA4, TOCKONMBKY ITyTaMHHOBBIH pe-
LENTOP, KOTOPBII KOAMPYETCS 3THM I'€HOM, BIUSIET HA TEPMO-
PEryISInIo y MiTeKonuTaromux (kpsic) (Sengupta et al., 2016).

HccnenoBanuii o reHeTHYECKO aanTaliy K XOJI0XHOMY
KJIMMATy, BBIMOJHEHHBIX Ha 3apyOeKHbIX MOPOAAX CKOTa,
KpaifHe Majo. Tax, o ONMMCAaHHOMY BBIIIIE IPOTOKOIY (PErH-
CTpanys IIIONIAN MO/l KPHBOH TEMITEpaTyphl Tejla B TEUCHUE
CaMBIX XOJOIHBIX ISITH CYTOK 3a NMEpUOJ HaOIIOACHUs),
J. Howard ¢ coaBropamu (2014) mpoBenu MOTHOT€HOMHBIN
aHAJIM3 aCCOIMAINI CIIOCOOHOCTH MOIEPKUBATH TEMITEpa-
TYpy Tejla Ha X0JIo/ie y THOPHUIOB aHTYCCKOM, CUMMEHTab-
CKOH M ThbeMOHTCKON mopoa. Hambompimmit curaan ObLT BEI-
SIBJICH B pallOHaX T'€HOB, OEJIKM KOTOPBIX KOHTPOJIMPYIOT SHEP-
rernueckuit Meradonsm (COX7C), nenrozodocdarHblii myTh
okucnenusi nioko3el (FBP1 u FBP2), Backynorenes (RASAL),
nonssli Tpancnopt (CACNG3 n PRKCB), paboty penenitopa
tupeouniHoro ropmona (TRIP11) u terioBoit mok (HSBP1).
C MOMOIIIBIO TTOTHOTEHOMHOTO CEKBEHUPOBAHUS OBLITH H/ICH-
TU(QHUIIPOBAHBI MOTCHIIMAIBHBIE TeHBl XOJIO0BOH ajanTa-
UK y npeacrasurenei 3amaguoro (CD14, COBL, IMID1C,
KCNMA1, PLA2G4, SERPINF2, SRA1, TAFT7) 1 BOCTOYHOTO
(DNAJC28, HSP90B1, AGTRAP, TAF7, TRIP13, NPPA,
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NPPB) ¢unckoro ckora, TpaJiliMOHHO pa3BoguMoro B Den-
Hockauanu (Weldenegodguad et al., 2019). Panee 65110 moka-
3aHO, YTO HEKOTOPBIE 13 3TUX I'€HOB, BOBJICUCHHBIC B HEpre-
THUYECKUI METa00JIN3M, COKpAILEHUE TIAJIKOI MyCKYJIaTyphbl,
TEMIIePAaTYPHYIO PELENUUIo U Apyrue (GU3HOIOrHYeCKHe
peaKnuy, MOTIIM y4acTBOBATh B aaNTallUH K XOJIOAY Y KO-
pennbix HapogHocter Cubupu (Cardona et al., 2014). Ananus
TPAHCKPUIITOMa KPOBH IOKa3ajl, 4TO MPO(UIb IKCIPECCUH
TCHOB Y CEBEPHOTO (PHCKOTO CKOTa OoJtee OIM30K K IPOGUITIO
SIKYTCKOT0, ueM ronmruHckoro ckora (Pokharel et al., 2019).

HDomecTtukauua n mopdonornyeckne npnsHakum
Kax 1 0’k11a110Ch U3-32 BBISIBICHUSI CXOXKHX CJIEIOB CENICKIINH
B JIPYyTUX MOMYJIALMUSAX KPYIHOTO POTaToro CKOTa, 3HAYU-
TEJIFHOE KOJIMYECTBO CIIEJIOB 0TOOpA Y POCCHHCKHUX TOPOL
HaOJII0AJI0Ch B pallOHE T'eHOB, OTBEYAIOIINX 32 OKPACKY Tella.
OTOT NMpU3HAK, CKOPEE BCETO0, MOABEPrajics N3MEHEHNIO TIPH
jqoMectukanuu 8—10 TeIc. neT Ha3ax. OCHOBHBIMH T'€HaMH,
BOBJICUCHHBIMU B IMPOLECC M3MCHCHUSA OKpPACKHU, ABIAIOTCA
renbl KIT (6enas okpacka) u KITLG (uanast okpacka). Y aByx
TPYTIT POCCHHCKOTO CKOTa €BPONEHUCKOTO IMPOUCXOKIACHUS
paiion renoma, conepskaruii KITLG, Obu1 1o 1aBicHUEM OT-
60opa. OmHAKO y TPYTITBI IIOPOI, B KOTOPYIO BXOAAT Ka3axcKas
OestorooBasi, KOCTPOMCKasl, JUKepceiickast n (IUTBHK, 3TOT
paiioH ObLI 3HauUTENBbHO Kopode (3.3 MO), yeM y rpymiisl,
KyZla BXOJAT OecTy)KeBCKasl, YepHO-TIECTPast, TONIITHHCKAS,
XOJIMOTOpCKasi, sipociaBckas mopoysl (13.8 M0). I1pu ananmze
CIEIOB CENCKUHUH Y MHAUBUAYAJIBHBIX IIOPOJ PaliOH reHa
KITLG Obut naeHTUGHUIIUPOBaAH y OECTYKEBCKOM 1 Ka3aXCKON
0eJ10T0I0BOIA.

B cnyuae rena KIT curnan BbISIBISIICS B TPyIIe MOPO/T:
KazaxcKasl 0eJI0royioBasi, KOCTPOMCKas, JuKepceiickas, GIuT-
BukK. [Ipy ananmse cienoB CeNeKIUHM B MHIMBUAYAIbHBIX
nopoaax, MHOXKXCCTBCHHBIC CJICIbI CCIICKIIUN B paﬁOHe Ir¢Ha
KIT sabmomanmcs y SpoCIaBCKOM, Ka3aXCKO OeI0roIoBoit
1 GIUTBUK. DTO 1a€T BO3MOXKHOCTD MTPEATIOIOKHUTD, YTO Ha
camoM Jiene B paiionax renoma, comepxkanux KIT u KITLG,
MOTYT HaXOJUTbCsI MHOXKeCTBEHHbIE yuyacTku JJHK, koTopbie
nosepratorcst cenekuun. Kpome renos KIT u KITLG, B paii-
OHax CCJICKIIMU HaMU BBISIBJICHBI U IPYTUE I'CHBI, OTBEYAIOINC
3a okpacky. Hanpumep, rer EDN3 Obut HalizieH y ka3axckoit
06e10T0I0BOI 1TOpOIBL. DTOT reH, Hapsaay ¢ reHoMm SLC41A2,
MOXeET OBITh CBsI3aH C (PEHOTHITIOM «OeJ1asi roJI0Ba» y POCCHH-
CKHX TTOpoJ KpymHoro poraroro ckorta (FOmun u np., 2018).
I'en COPA, yuacTByomuii B CHHTE3€ ITNTMEHTOB, HAXOIHJICS
B paiioHe reHoMa Ioj1 JaBjIeHUeM 0TOopa y YepHO-TIECTPOH,
0ecTy>KeBCKOHM TIOPOIBI M Y TONITHHOB. VMI3BECTHO, 94TO My-
tarmu B reHe COPA oTBeuarot 3a KpacHbIH OKpac HIEPCTH y
ronmtuHOB (Dorshorst et al., 2015).

3aknioyeHune

HenaBuue paboThl O M3yYEHUIO POCCHUCKUX MOPOJ KPYII-
HOTO POTaToro CKOTA MO3BOJIMIIHN TTOKa3aTh UX OJIM30CTh KaKk
K €BpPOINENCKUM, TaK U K a3MaTCKUM TaypHHOBBIM ITOPOJAM.
BcnenctBue 3TOT0 MHTEPECHBI CBA3M SIKYTCKOM MOPOJBI C
KOMMepueCcKUMHU nopozaamu u3 Slnonnn u Kopeu. Hexkotopsie
poccuiickue Mopobl 10 CHX MOp 001aal0T YHUKAIBHOH reHe-
THUKOM U HYK/1at0TC B 3aIMTE, TOI/Ia KaK JPyTUe MOBEPIIINCH
3HAUUTEIbHBIM M3MEHECHUSIM B PE3yJbTaTe HEIAaBHETO NPH-
JIUTHS KPOBH FONIITHHOB. [10po/IbI ¢ yHHKAIBHON T€HETUKON
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CIJIy)KaT ICTOYHUKOM I'eHEeTHUeCKOW HH(OpMaIMu 00 H3MeHe-
HUSX, IPOUCXOIALIMUX IIPH aJalTallui K CypPOBBIM KIMMAaTH-
YECKHM YCIIOBHUSIM. DTa HH(OPMAIUS MOXKET OBITh HCIIONb-
30BaHa JUIsl CO3/1aHUS BBICOKOIIPOILYKTUBHBIX IIOPOJ, JIy4lle
aJIaNTUPOBAHHBIX K KIIMMATUYECKUM yCI0BUAM EBpasun.
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The Thoroughbred (TB) horse is the best racehorse breed used in the racing industry. This breed has had a
closed studbook for about 300 years. In Russia TB horses have been bred since the second half of the XVIIl cen-
tury. The modern Russian Stud Book register of TB horses is partially presented by stallions and broodmares
imported from different countries. The genealogical structure of the breed is represented by 17 lines, among
which the Northern Dancer line dominates (30.9 %). The study of features of different lines of TB was carried
out on 17 loci of DNA microsatellites (VHL20, HTG4, AHT4, HMS7, HTG6, AHT5, HMS6, ASB23, ASB2, HTG10, HTG7,
HMS3, HMS2, ASB17, LEX3, HMS1 and CA425) to assess genetic differentiation of the genealogical structure. The
results of the DNA typing of 8091 Thoroughbred horses across microsatellite loci show that the gene pool of the
domestic population is represented by 100 alleles typical of the breed. A comparative analysis of the genotypes
of horses representing different lines indicates that they differ in the number of alleles (85-99), allele frequen-
cies, the level of polymorphism A, (2.93-3.48) and the degree of the observed heterozygosity H, (0.653-0.739).
The genetic distances between the lines varied in a wide range from 0.014 (Nasrullah — Northern Dancer) to
0.125 (Massine — Teddy). The correspondence to HWE was maintained in most lines, which is confirmed by the
negative values of F;. Cluster analysis demonstrated the correspondence of the obtained dendrogram of Nei’s
genetic distances to its genealogical scheme of lines. Genetic differentiation of lines by index F; varied in a
range 0.005-0.073 at the mean value F,; = 0.024. The data indicate genetic differentiation of lines of TB at the
STR markers and confirm the effectiveness of the system of linear breeding for the maintenance of interbreed
biodiversity.
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O1eHka quddepeHal JINHNNA
B UMICTOKPOBHOI BepXOBOI IIOPOIe jolagein
C MCIIO/b30BaHMeM MuKpocareanutos [IHK

A.A. Xpabposa ®, H.B. Baoxuna, O./. Cyaeitmanos, [.A. PoxxaecTsenckas, B.®. [Tycrosoit

Bcepoccninckuii HayuHo-UccieoBaTeNbCKUIN UHCTUTYT KOHEBOACTBA, [InBOBO, PA3zaHcKas obnactb, Poccun
® e-mail: L khrabrova@yandex.ru

YncToKpoBHaA BepxoBas Nowafb ABAAETCA Nydllen Nopoaon ANA MCMNONb30BaHMA B CKaKOBOW MHAYCTPUM.
MouTn okono 300 neT 3Ta Nopofa MMeEeT 3aKpPbITYI0 NNEeMeHHYI0 KHUTY. B Poccn UncToKpoBHbIX BEPXOBbIX J10-
wagewn pa3BoaAaT co BTopor noniosuHbl XVIII B. COBpeMeHHbI POCCUNCKINI NMJIEMEHHOWN PEMMCTP YNCTOKPOBHbIX
BEPXOBbIX SIOWAAEN YaCTUYHO NPefCTaBleH xepebLuamm 1 NaeMeHHbIMI KOOblTaMm1, UMNOPTUPOBAHHbIMUN 13
pasHbIX cTpaH. l[eHeanormyeckaa CTpyKTypa Nopopbl BKAYaeT 17 NHWIA, Cpeamn KOTOPbIX ABHO JOMUHMpPYeET
nunmsa Northern Dancer (30.9 %). C Lenbio OLeHKU reHeTuyeckon guddepeHumnaLmmn reHeanorniyeckomn cTpykK-
TYpPbl YACTOKPOBHOW BEPXOBOI MOPOoAbl 6bl10 NPOBEAEHO 3yUYeHre 0COOEHHOCTEN Pa3HbIX INHWI C UCNONb30-
BaHveM 17 nokycos mukpocatennutos JHK (VHL20, HTG4, AHT4, HMS7, HTG6, AHT5, HMS6, ASB23, ASB2, HTG10,
HTG7, HMS3, HMS2, ASB17, LEX3, HMST n CA425). Pe3ynbtatbl reHoTMNmnpoBaHna 8 091 YNCTOKPOBHOW Bepxo-
BOI OLWAAN MO NaHeNbHbIM MUKPOCATENIUTHBIM TOKYyCaM CBUAETENbCTBYIOT, UTO afnenodoH oTeyeCcTBEHHOW
nonynauyun npeactasneH 100 annenamu, TMNMYHBIMU ANA 3ToN nopodbl. CpaBHUTENbHBIN aHanM3 nowagen
Pa3HbIX IMHUI NOKa3ar, YTO OHW Pa3NMyaloTca No uncay annenen (85-99), yactotam BCTpeYaemMoCTu annenen,
ypoBHio nonumopdHocTn A, (2.93-3.48) 1 cTeneHn dakTuueckon reteposurotHoct H, (0.653-0.739). leHe-
TUYeCKMe AUCTaHLUN MEXAY NMUHMAMU BapbUpPOBany B WIMPOKOM Auana3oHe: oT 0.014 (Nasrullah - Northern
Dancer) po 0.125 (Massine — Teddy). CootBeTctBuMe pacnpeneneHunio HWE Habntoganu Bo Bcex IMHUAX, YTO NoA-
TBEPXKAAIOT OTpurLaTeNbHble 3HaueHUA F;. KnacTepHbil aHanm3 NpoAeMOHCTPUPOBa COOTBETCTBME NOyYeH-
HOW AeHAPOrpaMMbl reHeTUYecknx guctaHumnin no Nei reHeanormyeckonm cxeme nuHNiA. feHetTnyeckan guode-
peHumauma IMHUIA No nHAeKcy Fy Bapbuposana B nHTepsane 0.005-0.073 npu cpegHem 3HayeHun Fg = 0.024.
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MonyyeHHble AaHHblE CBUAETENBCTBYIOT O FreHeTnYecKon AndpdepeHLnaLmm IMHUA YNCTOKPOBHOW BEPXOBOM
nopogbl no STR-mMapkepam 1 noaTBepKAatoT 3PPeKTUBHOCTb CUCTEMbI IMHENHOIO pa3BefeHUs Ana noaaep-

»KaHWA BHYTPUNOpoaHOro buopasHoobpasuns.

KntoueBble C/l0Ba: reHeTNYeCKoe pa3Hoo6pa3V|e; nowagb; NMHenHas CTPYKTYpa; MUKpocCaTernT D,HK, nonyna-

LIMOHHbIV aHann3; YACTOKPOBHas BEPXOBas nopofa.

Introduction

Thoroughbred (TB) is the fastest of the world’s most valuable
breeds, which is currently bred in 70 countries. The breed was
created in England in the XVII-XVIII centuries as a result of
crossing imported Arabian and other oriental sires with native
mares. The General Stud Book of TB horses was published in
1791 and since that time only the method of purebred breed-
ing has been practiced. Thoroughbred horses were introduced
to Russia in the second half of the XVIII century. The first
volume of the Russian Thoroughbred Stud Book was issued
in 1836 and included 287 stallions and 366 mares. After
World War | the TB population was perfected in comparative
isolation with a minor exchange of genetic material. At the
end of the XX century the country began to import stallions
and mares from Europe and the USA for racing and breeding.
Currently Russia ranks the fifth in Europe for the number of
Thoroughbred mares (Suleymanov, 2016).

The breed has three foundation stallions, Byerley Turk,
Darley Arabian and Godolphin Arabian. The most successful
sire was Darley Arabian, the line developed through Eclipse
and its descendants St. Simon, Irish Birdcatcher and Touch-
stone. In the mid-twentieth century the lines going back to
Phalaris (1913) began to dominate in the breed and this trend
has continued to the present time (Vitt, 1957; Konovalova,
Klebosolova, 2016).

According to the requirements of the International Stud
Book Committee (ISBC) and the International Society for
Animal Genetics (ISAG), genetic laboratories must test
TB horses using microsatellite loci of DNA as of 2001. The
microsatellites are mainly localized in non-coding regions of
the genome and are characterized by the codominant type of
inheritance and a high polymorphic level. These universal
markers are used for parentage verification, in genetic monito-
ring and population analyses (Wright, Bentzen, 1994; Bow-
ling, Ruvinsky, 2000; Van de Goor et al., 2011; Khrabrova,
Blohina, 2018).

Numerous studies indicate a high genetic similarity of TB
horse populations in different countries all over the world by
STR loci tested (Cunningram et al., 2001; Ling et al., 2011;
Blohina, Khrabrova, 2012; Rukavina et al., 2016; Putnova et
al., 2018), while Great Britain and the USA keep the leading
positions among countries that breed TB horses. In a previous
study (Khrabrova, 2009), genetic features of sires of different
lines were studied using 13 DNA STR loci.

The aim of our work was to assess the interline differentia-
tion of the modern structure of the Russian population of the
breed using 17 microsatellite markers recommended by the
ISAG for parentage testing.

Materials and methods
The object of research was the database of DNA typing of
8091 TB horses registered in the Russian Thoroughbred Stud
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Book for the period of 2001-2017, which includes 97-99 %
of horses raised in Russia. The reference population included
957 sires and 3194 broodmares and their offspring. Over the
period as indicated, 2529 TB horses were imported, most of
which (about 65 %) were used for breeding.

Genomic DNA were prepared from hair follicles or blood
samples of TB horses by a standard procedure using Extra
Gene™ DNA Prep 200 and Diatom™ DNA Prep 200 kits
(Laboratory Isogene, Russia) in the Laboratory of Genetics of
the All-Russian Research Institute for Horse Breeding, certi-
fied by the ISAG based on the Horse Comparison Test (HCT)
results.

PCR products of 17 panel microsatellite markers (AHT4,
AHT5, ASB2, ASB17, ASB23, CA425, HMS1, HMS2, HMS3,
HMS6, HMS7, HTG4, HTG6, HTG7, HTG10, LEX3 and
VHL20) were amplified with fluorescently labeled primers
(StockMarks®, Applied Biosystems) and then analyzed on
the automated DNA sequencer ABI 3130. The size of the
STR marker was determined using Gene Mapper version 4.0
(Applied Biosystems). Detailed information on microsatellite
markers used for parentage control of horses is presented in a
work by van de Goor and van Haeringen (2010).

For information on the pedigree and line of horses, the base
of the storage-and-retrieval system for managing the selection
process in Russian horse breeding “ISS Kony 3” was used
(www.ruhorses.ru).

Genetic diversity within the line was evaluated by the basic
parameters including total number of allele variants (N,),
effective number of allele (A;), number of allele per lo-
cus (MNA), observed (H,) and expected heterozygosity (He)
and Hardy—Weinberg equilibrium (HWE). The coefficients
of genetic similarity and genetic distances between the lines
were determined by Nei’s methods (Nei, 1975) using software
Statistica 12 ver.10 (www.StatSoftStatistica.ru). Intrabreed
inbreeding and genetic differentiations among lines were esti-
mated by methods of F-Statistics (Weir, 1996) using program
FSTAT 1.2 (www?2.unil.ch/popgen/fstat.htm).

Results
The preliminary analysis revealed that at present in the Rus-
sian population of Thoroughbred horses the Northern Dancer
line dominates, including 2.5 thousand horses (30.9 %). The
second place in number is occupied by representatives of the
Nasrullah line (n = 1353; 16.7 %), the third place, by horses of
the young popular line of Mr. Prospector (n = 1040; 12.9 %). In
general, the genealogical structure of the national population
of this breed, as elsewhere in the world, is dominated by the
representatives of the lines going back to Phalaris (76.2 %).
The results of DNA typing of 8091 Thoroughbred horses
by 17 panel microsatellite loci show that allele’s pool of the
studied group of horses is represented by 100 alleles. The
number of alleles at the loci varied from 4 (HMS1) to 9 (ASB2),
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OueHKa anddepeHunaumm NMMHMIA B YNCTOKPOBHON BEPXOBOI
nopope nowapgen ¢ ncnonb3oBaHnem mnkpocatennutos JHK

Table 1. Characteristics of the Thoroughbred lines by the genetic population parameters

Note: N, number of horses; N,, number of alleles; A,, effective number of alleles; H,, expected heterozygosity; H,, observed heterozygosity; F;;, population
inbreeding level; F;, index differentiation; MNA, average number of alleles per locus.

the most of loci show high level of polymorphism. Genetic
structure of the Thoroughbred breed is characterized by a
high frequency of alleles AHT40 (0.410), AHT5K (0.418),
ASB17G (0.332), ASB23J (0.323), HMS1J (0.445), HMS2L
(0.686), HMS3I (0.571), HMS6P (0.560), HTG4K (0.512),
HTG6J (0.482), HTG10I (0.367) and VHL20M (0.300). The
number of alleles on average amounted to 5.88 per locus, the
A, level ranged from 1.71 (HMS2) to 5.70 (ASB2) (mean 3.49).
The observed heterozygosity (H,) was 0.681 and varied from
0.418 (HMS2) to 0.854 (ASB2).

Comparative analysis of representatives of different lines on
the basis of genetic and population parameters shows (Table 1)
that they differ in number of alleles (N,), level of polymor-
phism (A,) and degree of observed heterozygosity (H,). In the
main lines the number of alleles varied in the range of 85-99;
polymorphism level (A,), 2.934-3.478; the degree of ob-
served heterozygosity (H,), 0.653-0.739. The leading line of
Northern Dancer is characterized by the maximum spectrum
of alleles (n = 99), sufficiently high levels of polymorphism
(A = 3.423) and the degree of heterozygosity (H, = 0.680).

Horses from small lines of Blandford, Hyperion and Teddy
also show high levels of genetic diversity. The domestic Doug-
las line showed an average level of genetic parameters, but
significantly differed in the high frequency of alleles VHL20I,
AHT5J, ASB2K, HMS30 and CA4251 (p > 0.999).

Horses of the Tourbilon line (1928) going back to Herod
(1758) are characterized by a low level of genetic parameters,
but stand out from the general background by significantly

higher frequencies of alleles VHL20M, AHT4H, HMS7L and
HMS1M (p > 0.999).

Another genealogical TB branch going from Matchem
(1748) to Man O’War (1917) was represented by 316 horses
in our study. Representatives of this line differed markedly
from other lines by a high concentration of alleles VHL20L,
HTG4M, AHT4H, HTG6G, AHT5J, ASB2B, HTG100,
HMS3P, HMS2L, ASB17R and CA425N. Significant differ-
ences in the frequency of occurrence of individual alleles
of 17 STR loci were noted for all analyzed lines, while only
the leading abundant Northern Dancer line had an allele fre-
quency structure similar to the population one.

For 16 lines studied, the observed heterozygosity H,
exceeded H, and a negative F;; value was recorded, indicat-
ing an excess of heterozygous genotypes. Only in the Dark
Roland line and a group of others lines the Hardy—Weinberg
equilibrium was disturbed (F;s = 0.009-0.020).

Analysis of genetic differentiation of TB lines based on
F-statistics showed that index F varied in the range of 0.005—
0.073 and averaged 0.024. Within the population index Fg
indicates the level of genetic differentiation among subpopula-
tions (in this case among the different lines) and always has
positive values ranging from 0 to 1. The small Massine line
had the highest index of fixation (Fg = 0.073). Relatively low
values of the differentiation index (Fg = 0.005-0.006) were
determined in the lines of Blandford and Northern Dancer.

Estimation of the genetic distances between the breeds, lines
and families is important to optimize breeding strategies and
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Table 2. Genetic similarity coefficients (above diagonal) and Nei’s genetic distances (below diagonal) between the lines of TB horses

Line
Mrprospector ....... X ......................... 0966 ................. 09700978 .......

NatweDancer ........ 0034 .................. X ........................ 09430970 .......

Ap|ndy .................. 0031 .................. 0059 ................. X0960 .......

Nasru”ah ................ 0 02 2 .................. O 03 0 ................. 0 041 ........ X ...............

Doug|as .................. 0051 .................. 0066 ................. 00730051 ........

Tourb”on ................ 0070 .................. 0077 ................. 00720059 .......

Prmce Rose ............ 0 05 1 .................. O 048 ................. 0 064 0 O 30 .......
NorthernDancer 0016 0024 0037 0014
Nearco .................... 0 02 8 .................. 0 05 0 ................. 0 051 0 0 33 .......
Fa,,--rr,a| .................. 0072 .................. 0078 ................. 00980053 .......
Douglas
Ribot
Prince Rose }_|>
Man o'War

Northern Dancer
Nasrullah :'_
Native Dancer :l
Mr. Prospector
Nearco
A.P.Indy
Dark Roland
Blandford
Others
Fair Trial
Hyperion
Tourbilon

Teddy
Massine

0O 01 02 03 04 05 06 07 08 09 10
Linkage distance

The dendrogram of distances between different lines of Thoroughbred
horses by 17 STR loci.

long-term decisions. High coefficients of genetic similarity
(Table 2) related lines of Mr. Prospector and Northern Dancer
(0.984), as well as Mr. Prospector and Nasrullah (0.978),
Mr. Prospector and Nearco (0.972). A minimum genetic simi-
larity was of the lines of Massine and Teddy (0.875), continu-
ing the male line of the ancestors of the Darley Arabian breed.

The genetic distances between the lines varied in a wide
range from 0.014 (Nasrullah—Northern Dancer) to 0.125
(Massine—Teddy). The data obtained once more confirm the
existence of genetic differentiation of the linear structure in
the Thoroughbred horse breed, marking three centuries of
purebred breeding.

The genetic differences revealed between the lines in the
Russian population of TB horses by STR loci are graphically
illustrated on the dendrogram of linkage distances (Figure)
built by the method of unweighted pair-group average Eucli-
dean distances that largely coincide with the genealogical
scheme of this breed. In the center of the dendrogram is clearly
visible a cluster, combining all the base branches of the old
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Mr. Prospector Native Dancer A.P.Indy Nasrullah Douglas Tourbilon Prince Rose Northern Dancer Nearco Fair Trial

0.951 0.932 0.950 0.984 0.972 0.931
0936 ....... 0926 ......... 0953 ............. 0976 ...................... 0951 ...... 0925 ......

0925 ........ 0930 .......... 0938 ............ 0964 ...................... 0950 ...... 0906 ......

0950 ....... 0943 .......... 0971 ............. 0986 ...................... 0968 ...... 0949 ......

X ............... 0948 .......... 0943 ............. 0950 ...................... 0941 ...... 0932 ......

0053 ........ X ................. 0933 ............. 0942 ...................... 0930 ...... 0924 ......

. 0059 ....... 0070 ......... X .................... 0967 ...................... 0961 ...... 0948 ......

0051 ........ 0059 .......... 0034 ............ X ............................. 0975 ...... 0933 ......

0060 ....... 0072 .......... 0040 ............ 0025 ...................... X ............. 0943 ......

0071 ........ 0079 ......... 0053 ............. 0069 ...................... 0058 ...... X ..............

line of Phalaris (1913) — Northern Dancer (1931), Nasrullah
(1940), Native Dancer (1950), Mr. Prospector (1970), Nearco
(1935) and A.P. Indy (1989) lines. A certain genetic relation-
ship can be seen between the lines of Douglas, Ribot and
Prince Rose going back to famous stallion St. Simon.

A comparative evaluation of the genetic diversity of mic-
rosatellite loci in horses of different lines by the number of
alleles, genotypes, polymorphism level and degree of hetero-
zygosity, as well as the dendrogram of genetic distances show
that currently among the TB horses tested the most consoli-
dated are the lines of Douglas and Massine that are continued
through a limited number of descendants of these stallions.

The analysis of molecular genetic features of TB lines tes-
tifies the existence of a certain genetic differentiation of the
genealogical structure of the TB horses registered in Russia
on the spectrum and frequencies of alleles of satellite DNA.
Breeding the lines and obtaining formation on the structure
of stud subpopulations contribute to the formation and con-
solidation of valuable genetic complexes, which, in its turn,
causes interbreed heterosis and the progressive development
of breeds.

Discussion

Analysis of the results of genotyping of 8091 Thoroughbred
horses shows that the group studied has a breed-specific spec-
trum and structure of alleles of the all 17 microsatellite loci
located on 13 different chromosomes. Only minor differences
from TB populations of foreign countries in the frequency of
rare alleles were revealed (Jungwoo et al., 2014; Shelyov et
al., 2014; Rukavinaetal., 2016). The results of a comparative
analysis of the genetic structure of different breeds show that
the TB breed has its own pool of alleles that remains stable
for generations (Khrabrova, 2008; Kalashnikov et al., 2011,
Khrabrova, Blohina, 2018).

The formation of the genealogical structure of TB horses
in Russia is influenced by global trends in the racing industry
and import of horses from the United States and European
countries. In recent decades, the lines of Northern Dancer,
Nasrullah and Mr. Prospector have been intensively developed
due to the import of sires, but the domestic line of Douglas
is still important. Of course, the flow of genes has added to
the gene pool of the national population, but its influence
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on the genetic structure of microsatellite loci is insignificant
(Khrabrova, Blohina, 2018).

The evaluation of the genetic differentiation of the linear
structure of TB revealed the presence of genetic characteristics
of horses of different lines on the analyzed parameters (N,,
A., H,, MNA, F¢) which confirms the existence of interline
differences at the molecular genetic level. Genetic distances
between the lines varied in a wide range of 0.014-0.125, but
on average they were not so great as the differences between
the breeds (Kalashnikov et al., 2011). Earlier data suggest
(Khrabrova, 2009) that genetic differences between TB sires of
different lines are more contrasting and Nei’s genetic distances
varied in a wider interval, 0.041-0.234. In the Thoroughbred
horse population of Bulgaria (n = 157) the genetic differences
between the sire lines on STR loci (Fg = 0.048-0.302) were
also established (Vlaeva, Lukanova, 2015). In the Arabian
breed genetic distances between the lines varied in a range
of 0.040-0.200 (Zaitceva et al., 2010). It is obvious that the
genetic structure and size of the reference population have a
certain influence on the assessment of linear differentiation
in horse breeds.

It can be expected that the interline genetic features revealed
cause —to an extent — the effect of intrabreed heterosis, and the
Thoroughbred horse breed with all its consolidation still has a
genetic resource for further improvement. Another mechanism
for maintaining this effect is the genetic differences between
the best sires and the fathers of the mares.

The dendrogram of genetic distances between the lines
made on the basis of allele frequency matrices of the loci
studied is quite consistent with the linear structure of TB
horses. The genealogical structure of the breed cluster Darley
Arabian — Eclipse — Phalaris, which includes 6 related lines
and in total 76.2 % of the TB population, is dominating. Within
this cluster, a new line of A.P. Indy (1989) genetically is the
most isolated (Fg = 0.041). Molecular genetic and pedigree
studies (Cunningram et al., 2001) indicate that the genotype
of the founder of the breed, sire Darley Arabian, has played
a huge role in the genetic structure of TB horses. In the ge-
nealogical scheme of the breed the small Massine line stands
out for its genetic individuality and is characterized by the
maximum frequency of alleles (VHL20N, HMS7N, AHT5J,
and ASB17R) and coefficient Fg (0.073). Undoubtedly, work
with the most differentiated lines of Massine and Tourbilon is
important for maintaining the diversity of the breed.

Linear breeding is the basis for the reproduction of genetic
material in horse breeding, pig breeding and poultry farming
(Barmintsev, 1972; Ernst, Zinovieva, 2008; Kharitonov et
al., 2018). As an alternative to this method, cattle breeders
also practice intensive use of the most valuable bulls, without
dividing the breed into groups of animals by origin (Khari-
tonov et al., 2018). Analysis of boars’ genotypes using a panel
of DNA microsatellites showed that linear differentiation
(Fg = 0-0.34) is available in all pig breeds studied (Ernst,
Zinovieva, 2008). In general, the use of genetic markers asso-
ciated with the productive qualities of individuals significantly
increases the efficiency of linear breeding (Boev et al., 2012).

According to V.O. Vitt (1957), it is very important to have
a picture of genetic differentiation of Thoroughbred lines and
trace the results caused by breeding methods. Genetic certifi-
cation of lines provides important information about the level
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of differentiation of the genealogical structure of the breed
and allows controlling the level of intrabreed diversity. The
undeniable advantage of microsatellite markers is the possi-
bility of their use for studying phylogenetic relationships and
microevolution of related breeds, subpopulations or lines. The
standardized system of parentage testing for horses of different
breeds by DNA microsatellites (van de Goor, van Haeringen,
2010) creates a true opportunity to use the results of testing
to assess the diversity of populations and provides genetic
control of breeding processes in the populations (Cothran,
Luis, 2005; Ernst, Zinovieva, 2008).

Conclusion

There is a continuous process of development of genealogi-
cal structure and changes in the domestic population in the
Thoroughbred breed that reflects the general trends of de-
velopment of the breed. The analysis of genetic features of
8091 TB horses registered in Russia and belonging to 17 basic
lines shows that there are differences between them both in
the spectrum and frequencies of alleles, the level of polymor-
phism, the degree of heterozygosity and genetic distances.
The data obtained confirm that the method of linear breeding
is a reliable mechanism for the preservation of interbreed
diversity and is quite effective even with a Thoroughbred
breeding system. The system of control of a horse’s origin by
DNA microsatellites makes it possible to assess effectively
the diversity of the breed’s genealogical structure and control
the selection process at the genetic level.
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HekaHOHMYecKue 3 @eKThl Ba30IIpecCHa B aHT'OreHe3e

VL.N. Xeran

DepepanbHbIi ccnefoBaTeNbCKUiA LeHTP VHCTUTYT yutonornm n reHetukn Cnbmpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
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MoneKkynapHoe fencTBme Ba3onpeccrHa 3aBUCUT OT TOKanmn3aLmm ropMoHasbHbIX peLentopoB. OCHOBHbIE perynaTopHble
3¢ PeKTbl BazonpeccrHa peanunsyoTca B KPOBEHOCHOM COCYAMCTOM PyC/ie, MO3rOBOM BeLLeCcTBe MOYKMN U FOJIOBHOM MO3re.
B HacTosee BpemAa HakonieHa HoBas MHPOpMaLMA No TKaHecneundUyHOMy pacnpefeneHmnio peLenTopos Basonpec-
CUHa, Tpebytowasa 0606LeHnA. TPOMOOLUWTbI 1 SHAOTENMOLWTBI, SKCMPECCUPYIOLLE, COOTBETCTBEHHO, PeLenTopbl TMNa
V1a 1 V2, oTHOCATCA K HavMeHee UCCefoBaHHbIM MOPMOHabHbIM MULLEHAM Ba3onpeccuHa. BasonpeccuH nHnummpyet
HayvanbHylo 06paTUMyio CTaAMIO aKTVBALMM TPOMOOLIMTOB, HEOGXOAUMYIO A1t B3aMOAENCTBIUA C 6eNkamMn BHEKSTIETOUHO-
ro MaTpukca. Aaresua TPoMOOLUTOB Ha SHAOTENNI aKTUBMPYET B KNETKax CeKpeLunto pocToBbix GakTopoB 1 depmeHTOB
MeTabonM3ma rMKo3aMUHOTIMKaHOB BHEKIIETOYHOTO MaTpukca. TpombouuTtapHasa rmanyporugasa HYAL2 rugponusyer
MeranonvMepbl rmanypoHOBON KMCNOTbI, UMMOGUNN30BaHHbIE Ha SHAOTENMOLUTaX, Ha 6onee KOpoTKMe dparmeHTbl. B oT-
NYne OT UHTAKTHOW BbICOKOMOJEKYIAPHOW ranypOHOBOW KNCIOTbI C MOJIEKYIAPHbBIM BECOM B HECKOJIbKO MerafasibToH,
obnagatoLeli B LLeNOM aHTUAHIMOreHHbIMY CBONCTBaMU, MPOMEXYTOUHblE dpaKkLyK rmaponmsa rmanypoHOBON KUCIOTbI
B Anana3zoHe ot 2.5 fo 200 KnnofanbToH OKasbiBaloOT CTUMYNUpPYIOWNIA SbPeKT Ha aHrnmoreHes. MeXXKneTouHble KOHTaKTbl
TPOM6OLUTOB U SHAOTENIMOLMTOB CTabUAN3UPYIOTCA 3@ CYET B3aUMOAENCTBIA afre3nBHbIX TPAaHCMEMOPaHHbIX MIMKOMPO-
TenHoB PECAM-1. O6pasytowmecs retepogumepbl PECAM-1 npuobpeTtaioT KOHGOPMALMIO C BbICOKMM CPOLCTBOM K UHTE-
rpuHam avp3. AKTBaLMA MHTErPUHOB GOPMIUPYET KOHTAKTHble CBA3M SHAOTENUA ¢ GubpunnapHbiMu 6enkamm. AKTUBUPO-
BaHHble SHAOTENNOLUUTBI CEKPETUPYIOT dakTop GoH BunnebpaHga u P-cenekTuH. 3T 6enKu akkyMynmpoBaHbl B TebLAx
Bain6ena-MNanape. BazonpeccuH ctumynmpyet LAM®-3aBucrmblin ACAP-perynupyembliin 3k3ouu1To3 Tenel Banbena-ana-
ne. CekpeTupyemble GYHKLMOHANbHO aKTUBHbIE MyNbTUMepPbI dakTopa GpoH BrunnebpaHaa MMeIOT B CBOEM COCTaBE MHOXe-
CTBEHHble JOMEHbI CBA3bIBAHNA C APYrMMK 6enkaMu 1 IMKONenTUAAMU U JOMOSTHUTENIbHO YCUIMBAIOT B3aUMOAEeCTBYE
KNETOK C BHEKJIETOYHbIM MaTPUKCOM. AZire3us Ha GUOPUNNAPHBIA KONNareH 1 MembpaHHble FMKONPOTENHBI B KOomnepa-
unn ¢ 3ddektamu PECAM-1-av(33 MHTErprHOBbLIX KOMMIEKCOB GUKCUPYET KNIETOYUHbIE arperaTbl B OKpYy»KatloLeM NHTepCTy-
LW 1 OPUEHTUPYET MUTpaLuio NPonndepupyoLwmnx SHAOTENNOLUTOB B HaMpaBieHN NOKabHbIX MPafUeHTOB POCTOBbIX
baKkTOpOB aHrvnoreHesa. HelporopmoHanbHasa perynauma CeKPeTopHON aKTUBHOCTM TPOMOOLMTOB U SHAOTENNOLMUTOB
bYHKLMOHaNbHO CBA3bIBAET NponvdepaLyio 1 MUTrPaLMIo SHAOTENNOLMTOB B NMPOLECCEe aHIOreHe3a 1 MHTErpUpYyeT X C
afanTMBHbIMN BO3MOXHOCTAMM OpraHm3ma.

KnioueBble cnosa: BasonpeccuH; peuentopbl V1a 1 V2; TpoM60oLUT; SHAOTENNOLUT; MManypoHOBas K1CI0Ta; r’manypoHmaasa
HYAL2; 6enok PECAM-1; nHTerpuH av3s.

[Ana yutuposaHua: Xerain U./. HekaHoHnuyeckmne s deKTbl Ba3onpeccrHa B aHrmoreHese. BaBUnoBCKMi XKypHan reHeTHKM
n cenekuun. 2019;23(5):575-581. DOI 10.18699/VJ19.527

Noncanonical effects of vasopressin in angiogenesis
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The molecular action of vasopressin depends on the localization of hormonal receptors. The basic physiological effects of
vasopressin are manifested in the blood vasculature, renal inner medulla and brain. To date, new information concerning
the tissue-specific spreading of vasopressin receptors has been accumulated, and it needs to be summarized. Platelets and
endotheliocytes expressing V1a and V2 receptor types, respectively, are related to less investigated targets of the hormone.
Vasopressin induces the initial reversible stage of platelet activation, required for interaction with intercellular matrix pro-
teins. Platelet adhesion on endothelium activates cellular secretion of growth factors and enzymes for intercellular matrix
glucosamine metabolism. Platelet hyaluronidase HYAL2 hydrolyses high-molecular hyaluronic acid to shorter fragments.
Unlike intact hyaluronic acid with a molecular weight of several megadaltons, generally showing distinctive antiangio-
genic properties, intermediate fractions of hyaluronan hydrolysis in a range from 2.5 to 200 kilodaltons have a stimulating
effect on angiogenesis. Intercellular contacts between platelets and endotheliocytes are stabilized due to adhesive trans-
membrane glycoprotein PECAM-1 interaction. Resulting PECAM-1 heterodimers acquire conformation with high affinity to
integrins avP3. Integrin activation forms contact links between endothelium and fibrillar proteins. Activated endothelio-
cytes secrete von Willebrand factor and P-selectin. These proteins are accumulated in Weibel-Palade bodies. Vasopressin
stimulates cAMP-dependent ACAP-regulated exocytosis of Weibel-Palade bodies. von Willebrand factor possesses adhe-
sive properties and additionally accelerates interaction of cells with the intercellular matrix. Adhesion on fibrillar collagen
and membrane glycoproteins in cooperation with effects of PECAM-1-avf3 integrin complexes fixes cell aggregates in
the surrounding interstitium and promotes proliferating endotheliocyte migration in according to the direction of local
growth factor gradients during angiogenesis. Neurohormonal regulation of platelet and endotheliocyte secretory activity
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functionally link proliferation and migration of endotheliocytes during angiogenesis and integrate it according to the adap-

tive capacity of the entire organism.

Key words: vasopressin; V1a- and V2-receptors; platelet; endotheliocyte; hyaluronic acid; hyaluronidase HYAL2; protein PE-

CAM-1-integrin avf3.
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BBepeHmne

BasormnpeccuH — 0JuH U3 KIHOUEBbIX HEHPOrOPMOHAIBHBIX pe-
TYJSITOPOB FTOMEOCTa3a BHyTpeHHel cpenpl. LLInpoxwuii criekrp
3¢ (peKkTOB ropMOHa OITPEAEIISIETCS COCTABOM PEIICTITOPOB Ba-
30IIpeccrHa B TKAHAX-MHUIICHsIX. Bee penentopsr Basonpeccu-
Ha OTHOCSITCS K CEMENCTBY TPaHCMEMOPAHHBIX PELEIITOPOB,
conpsbkeHHbIX ¢ G-Oenkamu. JlelicTBue perientopos Tumna V1
onocpenosano vepe3 Gy—pochonumasa C—pocharnmm-
WHO3UTOJI-CUTHAIIBHBIN 1TyTh. BHYTpHKIIETOUHAsT TpaHCAyK-
s TOPMOHAJIBHOTO CTUMYJIa aJIbTEPHATUBHBLIX PEHEIITOPOB
Ttumna V2 peanmsyercs rnpu yaactun Gg-0emnka, aJeHUIaTIH-
ka3l © TAM® (Thibonnier et al., 2001; Bankir et al., 2017).
B BucliepabHBIX cHCTEMax HanboJIee IUPOKO IPEICTABICHBI
peuentopsl Thna Vla. JlaHHble peLienTopsbl, MPEKIE BCETrO,
OTIOCPEAYIOT KJIACCHYECKUH COCYH0CYKHBAIOMIMHA d(PPeKT
Ba30NPECCHHA, PA3BUBAIOLIUICS 32 CUET COKPATUTEIbHOMN
PEaKIny IJ1aIKOMBIIICYHBIX BOJIOKOH KPOBEHOCHBIX COCYZIOB
Ha TIOBBIIICHHE YPOBHS BHYTPHUKJICTOYHOTO KabIus (Aisen-
brey et al., 1981; Landry et al., 1997). [lpyrue ¢usuonoru-
geckue 3¢ dexTs! penentopoB Vla cBs3aHEI ¢ arperamnueit u
CEKPETOpHOH akTHBHOCTHIO TpoMOonuToB (Thibonnier et al.,
1993), TUKOTeHOTIN30M, CeKpenreil pOCTOBBIX (aKTOPOB U
(hakTOpOB cBEepTHIBaHUs KpoBH B redeHH (Ostrowski, Young,
1993). Kunernka penenTopHoii akTHBHOCTH perenTopos V1
XapakTepu3yeTcsi KOPOTKMMH LIUKJIAMH C OBICTPOIi 1eceHcu-
TH3alHell ¥ BOCCTaHOBJICHHEM MEMOpPAaHHOU JOKaIH3alliH
Mocje SKCIO3UIMH JIMTaH0OM U B IIEJIOM KOPPEIHPYET CO
CKOPOCTBIO KOHTPOIIMPYEMBIX MporieccoB. MHTepHanu3aiust
peuenTopoB V2 mpoXoJuT MEUIEHHEE U BKIIOYAET CTAIUI0
AKKyMYJINPOBaHUs B EpPUHYKJICApHBIX Be3uKynax (Innamo-
rati et al., 2001). Peuenrropsl Trma V2 onpenesnsorest IperumMy-
IIIECTBEHHO B IUCTAIBHBIX KaHAJIbIaX HeppoHA M cOOMpaTeb-
HBIX TPyOKax IMOYKH, TJIe OHH HETIOCPEICTBEHHO BOBJICUCHEI B
HAM®-3aBHCHMYIO PETYISIIHIO YPOBHSI peadcopOLIUK BOIbI
W UTPAIOT KIIOYEBYIO POJIb B (PyHKIMOHUPOBAHUN CHUCTEMBbI
ocMoTtuueckoro KonneHrpuposanus (Lolait et al., 1992).

B Hacrosiiiiee BpeMst HaKOTICHa AOMOJTHUTEIbHAS HHPOP-
Manus 10 JIOKAJIH3alUK PelenTOpOB Ba3onpeccuHa. Perer-
Tophl Vla OblIM 0OHAPYKEHBI B TIIOMEPYJISIPHBIX ME3aHTH-
anpHbIX Kietkax (Ghosh et al., 2001), uHTEpCTUIMATBHBIX
1 JIOMHUHAJIBHBIX SMUTEIUAIBHBIX KIETKaX COOMPATEIbHBIX
TpyOOK Mo3roBoro BemiecTBa rnoyku (Cenuépcrosa u jp.,
2009), snturennu Tonkoro kuiiednuka (Chiu et al., 2002). Pe-
LEeNnTOpbI V2 BBISABICHBI B 9HI0TEIINN KPOBEHOCHBIX COCY/IOB
n renarorurax (Koshimizu et al., 2012). Ycranosneno, 4to
OITYXOJIK SIHUTEIUATIBHOTO IMPOUCXOKIACHHUSA SKCIIPECCUPYIOT
BCE M3BECTHBIC THITBI PELENTOPOB BAa3ONPECCHHA, BKIIIOUAs
crienuQuyIecKre JUIs ToJI0BHOTO Mo3ra perentopsl V1b (Pe-
queux et al., 2004; MacKinnon et al., 2009). B psiie ciyuaes
Pa3BHUBAIOIINECS B TEUEHHE HECKOIBKUX MUHYT (DU3HOJIOTH-
YEeCKHE PEaKIMU CONMPOBOXKIAIOTCS OoJiee IMPOIOIKUTEIb-
HBIMH 110 BPEMEHH MOJIEKYJISIpHBIMU 3 dexramu Bazorpec-
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CHHA, CBSI3aHHBIMH C aKTHBAIMEH T€HOB U CHHTE30M OEIIKOB,
TPaHCIIOPTOM U CEKpeluei IIUTOIIa3MaTUYECKUX BE3UKYI U
npommdeparmeii kiretok (Tahara et al., 2008). Tkanm, s3xcnpec-
cUpyloIue perentops Tima Vla, criocoOHbI TpaHCIHPOBATH
FOpMOHaJ'Ibelﬁ CUI'HaJl HAa BHYTPUKJICTOYHBIC MUTOICHHBIC
kackagel MAPK/ERK, xoHTpomHpyIone AeIeHne KIETOK.
Tak, Bazonpeccun unayuupyet cunres JJHK u murossl B kiet-
kax ToHkoro kureyruka (Chiu et al., 2002). B sxcriepumenTax
C YaCTHYHOM TermaTo’KTOMHUEH aHTarOHUCTHI perenTopoB Vla
OJIOKMPYIOT BOCCTAHOBHTEJIEHYIO PETCHEPALUIO NIEUCHH, a
BBE/ICHHE CHMHTETHUYECKHX IIPEraparoB Ba3olpPEeCCHHA, HAO-
0GOpOT, yCHIUBACT CKOPOCTh pereHepanni. AHAIOTHIHBIM
00pa3oM Ba3oIPECCHH CTUMYINPYET TPOIH(EPaLHIo IIIOMe-
PYJIAPHBIX ME3aHI'MAJIBHBIX KJICTOK IMOYKH, 4 aHTAarOHMUCTbI
penenitopoB V1a OKa3BIBaIOT MPOTHBOMOJIOKHBIA ITUTOCTA-
tuaeckui apdexr (Koshimizu et al., 2012).

Basonpeccun yyactsyer B quddepeHIupoBke KapanoMHo-
IIUTOB W TUNEPTpodun KapauoBacKyIsipHoi Tkauu (Gut-
kowska et al., 2007). [Toka3aHo, 4TO peIeIIus Ba30MPEeCcCHHA
MHHULUHUPYET arperanuio U akTHBALMIO PELEIITOPOB JIHIep-
ManbHOTO (hakTopa pocta (Ghosh et al., 2001). B orcyTcTBHE
9HJIOTCHHOTO Ba30IIPECCUHA N3MEHSIETCS IKCIIPECCHst OSITKOB
[IPOTEacoM U yrHeTaeTcs pocT kapiuHocapkoMbl Walker 256
(Sharova et al., 2008). B 6e3psiiepHbIX TPOMOOIIMTAX U JH-
JIOTEIMONNTAX, SKCIIPECCUPYIOIUX PELENTOPsl V2, MPOJH-
(heparuBHbIe 3 PEeKTH Ba30NPECcCHHA TPOSIBISIOTCS OIOCpe-
JIOBAaHHO M TPeOyIOT MPEIBAPUTENBHON CTaANU aKTUBALUU
KJICTOK.

AKTuBaLUA TPOMOGOLIMTOB 1 SHAOTENNOLNTOB
Hapsny ¢ omyxomsiMu, TpOMOOUINTBI U 3HAOTEINOLUTEI OT-
HOCATCA K HAUMCHEC UCCIICIOBAHHBIM KJIICTOYHBIM MHUIICHSAM
Ba3onpeccrHa. MOXKHO IPEAION0oKNTb, YTO B PsJIE CIIydaes,
B TOM YHCJIC B OMYXOJISIX, ICHTPaJbHAs HEHPOropMOHabHast
peryisuusi CAHXpPOHU3UPYET B TKaHIX MpPOJU(epaTuBHBIN
otBeT Ha BazonpeccuH (Garona et al., 2015). AkTiuBHAs Tpo-
nudepalys TKaHeH Beer/ia COMpOBOKAACTCS PEOpraHu3auei
JIOKaJIbHOM cucTeMbl KpoBocHaOxeHust (Maharaj et al., 20006).
[IpomudeparnBabIe 3(p(hekTH BazompeccrHa TECHO COTpshKe-
HBI ¢ MEXaHU3MOM JICHCTBHS BACKYJIO3HI0TEINAIBHOTO POCTO-
Boro dakropa VEGF — ocHOBHOrO MHyKTOpa aHTHOreHe3a.
B HOpMe aHrHoreHe3 B TKaHAX HAYMHACTCS C TIOBPEKICHUS
T10 TeM WJIM MHBIM NPUYHUHAM CTEHOK CYIIECTBYIOIINX KpOBe-
HOCHBIX COCYAOB U aKTUBAIlUM MHUTO30B B OHJAOTC/IMOLIUTAX.
B yacTtHOCTH, 3TO IPOUCXOMUT NPH 3a)KUBJICHHU paH. AHAJIO-
THYHBIH ITPOoIIecc HaOII0AACTCs B IPOTPECCHPYIONINX OIYX0-
JIAX, IpU 3TOM B POJIK MOBPEKAAIOUICTO U AKTUBUPYIOLICTO
areHTa BBICTYIIAeT MHBA3HS COJIMHOTO HOBOOOpa3oBaHus. He-
MOCPEACTBEHHBIM COOBITHEM, HHUIIMUPYIOIINM aHTHOTEHE3,
SABJIACTCA B3aHMOﬂeﬁCTBHe TpOM6OIlPlTOB W 3HAOTCIINOLUTOB,
AKCTIPECCUPYIOIIIX, COOTBETCTBEHHO, perentops! Vla u V2
Ba30IPECCHHA.
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Kak B ¢u3nosornyeckux, Tak v npu maToIorHYeckux co-
CTOSIHUSIX JIOKAJIbHBIN qcOanaHc KpOBOCHAOXKEHUS TKaHEeH
M HEeXBaTKa KUCIIOpOJa aKTHBHPYIOT TPAHCKPUIIIMOHHBIN
uHyupyembli runokcueit gpaxrop HIF-1 (hypoxia inducible
Factor-1). CrabmnusupoBannsiii 6emox HIF-1 Tpancmorm-
pyeTcst B IO M YCHIMBAET IKCIIPECCHIO TEHOB (DepMEHTOB
mrKoiu3a u poctoBbix pakTopos (Krock et al., 2011). Kiro-
YEeBBIM POCTOBBIM (haKTOPOM TSI aHTHOTeHe3a siBsieTcst VEGF.
TpomboruTel — ocHOBHOW nMcTouHUK VEGF Ha HavaneHOU
cranuu nposudepanuu 3ug0Tenus (Battinelli et al., 2011).
IIponudepupyroniie KIETKH SHAOTEINS CEKPETUPYIOT aare-
3UBHBIC OCNTKM, HEOOXOAMMBIC /ISl JalbHEHIIeH MUTpanuu
kierok (Shibuya, 2013). HecmoTpst Ha 3HaYUTENBHBIN 1PO-
rpecc B ()yHKINOHAIIBHOM aHAJIN3€ TPOMOOIIUTOB, PETYIISIIUS
CEKPETOPHON aKTMBHOCTH M BHEKJIETOUHBIC PETyJSTOPHBIC
3¢ deKTh TPOMOOIIUTOB OCTAOTCS 00IACTHIO AKTUBHOI'O ITOUC-
ka (Wojtukiewicz et al., 2017; van der Meijden, Heemskerk,
2019).

W3BecTHO, 4TO (hOPMEHHBIE AJIEMEHTBI KPOBH U H/IOTEIIHO-
ILIUTHI TPOUCXOASAT OT OOILETO MPe/IIIECTBEHHNKA — IIEPBUYHBIX
TeMaHTHOOIACTOB — M COXPAHSIOT CXOIHBIN MEXaHU3M peak-
I[UH Ha JIOKAJIbHBIC IECTPYKTHBHBIC (hakTopsl (Sequeira Lopez
etal.,2003; Luetal.,2007). KoHTakT ¢ BHEIITHUMU OEITKOBBIMHU
cyOcTparamu, HIUTOKUHAMH ¥ TOPMOHAMH aKTHBUPYET CeKpe-
TOpHYIO (DYHKIHIO KJIeTOK. HuzkomounekysipHbie pacTBOpH-
MBI€ JIUTaH/Ibl KHHETHYECKH Oosee 2 PeKTUBHEI U ObICTpEe
CBSI3BIBAIOTCS C pelenTOpaMu. BazompeccuH oTHOCUTCS K
I'yMOpaJIbHbIM CTUMYJIATOpaM Ha4ajbHOW 00paTUMON CTaIuK
TOPMOH-PELENTOPHON aKTUBAI[MH TPOMOOIUTOB. JleficTBys
yepe3 V la-pocharnauanHO3NTON-KaTbIIUEBbIA CUTHATBHBIN
IyTh, BA30MPECCUH aKTUBUpYeT MemOpannbie Na*/H* ko-
TPAHCIIOPTEPBHI, BHI3BIBASI 10303aBUCHMOE yBEIUICHUE 00be-
Ma LUTOIIa3MBbl U SKCIIO3UIMIO HAPYKy MOJIEKYI pocharn-
muiicepuna (Tomasiak et al., 2008). Peopranuzanus kietod-
HOU CTPYKTYPHI TPOMOOITUTOB COIIPOBOXKIAETCS 00pa30BaHM-
€M MHUKPOBE3HKYII, IeTPaHyISIIUEH U crIocOOCTBYET aKTHBA-
MM MEeMOpaHHBIX MHTErpUHOBBIX perentopoB (Heemskerk
et al., 2000). AKTHBHpPOBaHHBIE HHTETPUHEI (HOPMHPYIOT 00-
Jiee CTaOMIIbHBIC CBSA3M KIIETOK C (PUOPHILIAPHBIME OeIKaMu
COC}II/IHI/ITCJ’ILHOﬁ TKaHU, IPEUMYIIECTBECHHO C KOJUIAar¢HOM, 1
TIEPEBOIAT TPOMOOIIUTEI B COCTOSTHIE AajIbHEHIIIeH HeoOpaTH-
MOH aKTHBAIMU. AATE3HsI TAKUX TPOMOOIIMTOB Ha Oa3aIbHYTO
MeMOpaHy MOBPEXIEHHBIX KPOBEHOCHBIX COCY/IOB B CBOIO
odepeb aKTUBUPYET YHIOTEITHOINUTHI.

Murpanusi, aare3us, akTHBaus TPOMOOIIUTOB U YHJOTE-
JIMOLIUTOB OCYIIECTBIISIFOTCS [P HEMOCPEACTBEHHOM ydac-
THUU COSANHUTENBHOH TKaHu. IHTepcTHIN (DYHKIMOHUPYET
OJTHOBPEMEHHO KaK OMOMEXaHW4ecKas IMOAJepKUBArONas
Ccp€aa U KaKk aKTUBHOC 3BCHO B CUTHAJILHOMN KOMMYHUKaIun
TeTepO- M TOMOTEHHBIX CIEIUAIM3UPOBAaHHBIX KiIeToK. Oc-
HOBHOH IJIACTHYECKUH KOMIIOHEHT MHTEPCTUIIMAIBHON TKa-
HU — 'MalypOHOBasi KHUCJIOTA, UTPAOLasi BAKHYIO POJIb B
MEKKJIETOUHOM B3anMozeicTBnu. CTpoMa B OITyXOJsX Xa-
paKTepHu3yeTcs HOBBIIICHHBIM COAEPKAHIEM 1 aKTUBHBIM Me-
TaboNMM3MOM T'HanypoHoBOi kucioTel (Nguyen et al., 2017;
McCarthy et al., 2018). ['mamypoHOBasi KHCIOTa MOXKET IIO-
pa3sHOMY BJIMATH HA BHYTPHKJICTOYHBIEC TIPOLIECCHI B 3aBUCH-
MOCTH OT CTEICHH IOJMMEPU3AIMU MOJIEKYJ THallypoHaHa
(Vigetti et al., 2014). B HacTosmiee BpeMs pacCMaTpUBAeTCs
HECKOJIbKO BApPHAHTOB BOBJICUCHHUS THATYPOHOBBIX KHCIIOT B
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KJIETOUHYIO0 nposudeparuio. Posib ruamypoHOBOM KMCIOTHI B
MaJIMTHA3AIUH OIyXO0JIeH IToIpoOHO paccMOTpeHa B 0030pax
(Sironen et al., 2011; Bohaumilitzky et al., 2017). ABTopsI no-
Ka3aJIi HEOTHO3HAYHY0 MHOTOILIAHOBYIO POJIb THATypOHAHA.

[Iponmdeparnus u MeTacTa3MpOBAHHUE OITyXOJeH BCeTaa
COIIPOBOXK/IAIOTCS] HAKOTJICHHEM T'HaypOHOBOM KHCIIOTEHI.
ATpeccUBHOCTb aJICHOKapLUHOMBI YeJIOBeKa IPSMO acco-
IIUUPYET C BBICOKUM YPOBHEM THallypoHaHa B cTpome. | na-
JypOHOBasl KUCJIOTa akTUBHpYyeT penentop ErbB2 smuuep-
MaJIbHOTO (haKTopa pocTa U MOAYJIMPYET BHYTPUKICTOYHYIO
TPaHCAYKIUIO MPOIN(EPATHBHOTO CUTHATIA B SMTUTEIHAIBHBIX
KJIETKax M 9H0TEINOIUTaX. BaykHbIH (hakTop, BIUSIONINIA Ha
MaJIMTHU3AIMIO OITYXOJIM MOJIOUHO# JKeJIe3bl, — COOTHOILICHUE
AKTUBHOCTH THATypPOHAHCHHTA3 U THamypoHuaas (Siisko-
nen et al., 2013; Auvinen et al., 2014). Jloxanu3oBaHHBIC
Ha KJIETOYHON MeMOpaHe ruaiypoHaHcuHTassl 1, 2 u 3 no-
CJIEZIOBATENIBHO MPUCOEIUHSIOT MTUKO3AMHUHOTIMKAHOBBIE
MOHOMEPHI ¥ HApaOaTHIBAIOT BEICOKOMOJICKYIISIPHBIN CyOCTpar,
SKCTPYAMPYEMBI BO BHEKJIETOUHBIN MaTpUKC. B HOpManbHbIX
(PU3MOIOTHUECKHUX YCIOBHSX THAlypOHOBasi KUCIIOTA TIpe-
CTaBJIeHa NPEUMYIIECTBEHHO B MaKPOMOJIEKYIIIPHOH opme
¢ 00IIMM BECOM B HECKOJIBKO MeraJiajibToH. IHTaKTHbIE r'Ha-
JypOHOBBIE METAIOJINMEPbl HHTHOUPYIOT Mposn(peparnio
W MUTPALMIO ¥ 00JIa/Ial0T aHTHAHTUOTEHHBIMU CBOWCTBAMH
(Tian et al., 2013).

O06s13aTenpHOE YCITOBHE PeaTU3aIiy MPOIH(EepaTHBHBIX U
BaCKYJIOTCHHBIX 3()()eKTOB I'MAITyPOHOBBIX KHCIIOT — UX B3aH-
MOJICHCTBHE CO CBOUM cCIieu(puIecKuM MEMOpPaHHBIM PELICII-
TopoMm CD44. OH OTHOCHTCS K KITACCHYECKUM HHTETPATbHBIM
IIMKONIPOTENHAM C HECKOIBKUMH CaiiTaMH IIIMKO3MIINPOBAHNUS
BO BHEKJIETOUHOM JKTOJIOMEHE. Pa3mepsl Oeika BapbHpyIOT B
3aBUCHMOCTH OT KOJIMYECTBA U JUTUHBI JINTUPOBAHHBIX OJIH-
rocaxapuaHbeIx Tko3unoB (Sackstein, 2011). CBobomHbIC
MHTEPCTUIHAIIbHBIE THAITYPOHOBBIE (hparMeHThl adPUHHO
CBA3BIBAIOTCS C JIOKAJM30BAaHHBIMH Ha IJIa3MaTHYECKUX
MeMOpanax oenkamu CD44, IMMOOMIN3YIOTCS U IEPEBOISIT
PELEenTOPHBII KOMILIEKC B KOH()OPMALIUIO C JOTIOJTHUTEIbHBI-
MU caifTamMu pacrio3HaBaHus OenkoB. OOpasyromascs Hal-
MeMOpaHHas CTPYKTYpa HHTETPUPYET TPAHCAYKIHIO IPOITH-
(hepaTHBHBIX CUTHAJIOB BCEX JIOKAJIBHBIX POCTOBBIX (JAKTOPOB
(Senbanjo, Chellaiah, 2017). Cesytommii tomen CD44 co-
JICPXKHUT CAaUTHl PACMO3HABAHUS M CBS3BIBAHMS KOJUIArCHA,
namMuHUHA, QUOPOHEKTHHA, CeJIeKTHHA B CTPYKType (ud-
PUILTSIpHON coenHUTENpHOM TkaHu (Goodison et al., 1999).
benxu GuOpmuIsapHON COCTMHUTENBHON TKAHH BBITOIHSIOT
OINOPHYI0 (DYHKIIMIO, @ TAKIKE YUACTBYIOT B TPAHCIISILIUK I1PO-
mdepaTUBHBIX CUTHANIOB. B 4acTHOCTH, B aMMHOKHCIIOTHOM
MOCJIEJOBATEIbHOCTH JIAMUHHMHA 3a(UKCHPOBAHbI JICCATKH
MOJIHOPAa3MEPHBIX JOMEHOB IIUAEPMAIILHOTO (haKTopa pocTa
EGF, ocHOBHOTO peryisropa nponudepanny SIUTeTHaTbHBIX
TkaHelt (Mayer et al., 1995). CymmapHbIii perynsaTopHbIit 3¢-
ekt ruanyponan-CD44 perienTopHbIX KOMIUIEKCOB 3aBHCUT
OT JIMHEHHBIX pa3MepoB ImoimMepHoro nuranaa (Bourguig-
non etal., 2017). [TokazaHo, 4T0 HATUBHEIE ITOJTHOPA3MEPHBIC
LEeNH THATypOHaHa 3a CUET CBOEW [UIMHBI CIIOCOOCTBYIOT
JIOKAIGHON KOHIEHTparmu 1 knactepusammy CD44 u B iemom
uHruoOupytot anruorenes (Yang et al., 2012). [Tox neiictBuem
ruanyponuaassl HYAL2 U3 MmeranoanmepoB rHaiypOHOBOM
KHCIIOTBI 00pa3yroTcs 00jee KOpoTKHE (hparMeHTHI BECOM OKO-
710 200 x/1a. Y ¢pparMeHTHpOBaHHOM rHaTypOHOBOW KUCIOTHI
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COXpaHsIeTCst CIOCOOHOCTH B3aUMOJIEHCTBOBATH C peLieNTOpa-
Mmu CD44, Ho Tak¥e KOMITUIEKCHI B OTIINYHE OT METaMOJICKYJISpP-
HOTO THAJlypOHaHA OKa3bIBAIOT NPOTHBOIOIOKHBIN d(dexT
U CTUMYJUPYIOT TPAHCISILHIO MPOJIU(EPATHBHBIX CUTHAJIOB
Ha BHYTPHKJIETOYHbIE KACKA/IbI C BHIXO/IOM Ha MPOTEHHKHHA-
3y C 1 MUTOTE€H-aKTUBHpYyeMbIe ITpoTenHKrHa3kI (Slevin et al.,
2002). AaruoreHHsiid 3QdeKT y IpoMex}yTouHbIX (ppakuuii
THaTypOHaHA COXPAHSETCs BILUIOTH JI0 ()parMEHTOB Pa3MEPOM
oxoo 2.5 x/la (Stern et al., 2006). T'omonornunsIii pepmMeHT
ruanyponunaza HYAL] BeinosHsieT 6osiee TIyOOKHiA 1ajib-
HEHIIWKM THAPOJIN3 THATypOHAHA 10 OJIMIO- U MOHOMEPOB.
OsnromepHbIe (parMeHTHI BBI3BIBAIOT POBOCTIATUTEIBHYTO
peakuuio, UHAYIUpYs CUrHaIbHbIN TyTh NFKB/Stat-3 u cun-
Te3 Manbix nHTepdepupytomux PHK miR-2 (Bourguignon
et al., 2009). HuzkomonekynsipHble THalypOHAaHbI TaKXkKe
YCHIIMBAIOT JKCIIPECCHIO MaTPUKCHBIX METAJJIONPOTENHA3
U TIpoBOCHIANTMTENBHBIX TOKNHOB (Voelcker et al., 2008).

B pabore (Albeiroti et al., 2015) moka3aHo, 94TO aKTHBH-
pOBaHHBIE TPOMOOIMTHI TPAHCIOUUPYIOT Ha BHELIHIOKO I10-
BepXHOCTH THaryponnaasy HYAL2. YraeteHue nnpKysun
TPOMOOITUTOB B KPOBU (papMaKoJIIOTHUECKOW OJ0Ka/0H MH-
TErPUHOBBIX PEIENTOPOB aAre3MH TPOMOOIMTOB OKa3bIBAET
BEIpaKEHHOE TIpoTHBOoOMyxoJeBoe aericteue (Erpenbeck et
al., 2010). BombIIMHCTBO KIIETOK, PEUENTUPYIONIUX THAIy-
POHaH, YKCIIPECCUPYIOT MoTHOpa3MepHbiit CD44, cobpaHHbIi
13 TPaBUIFHO OPUEHTHPOBAHHBIX AK30HOB. OCOOEHHOCTHIO
HEKOTOPBIX THIIOB AIUTEINATBHBIX KJIETOK U 3JI0Ka4eCTBEH-
HBIX OITyXOJIEH DIUTEIHAIBHOTO MTPOUCXOXKICHUS SBISIETCSI
MPENMYIIECTBEHHAS SKCIIPECCHSI AIIBTEPHATHBHO CIUIAHCHPO-
BaHHOTO BapuanTa Oeiska nzopopmel CD44v (Williams et al.,
2013). Jlokanuzauust CD44v Ha kiieTo4HON MeMOpaHe — Bax-
HeWmmit (pakTop MUTPallU ¥ MHBA3HH OITyXOJIEBBIX KIETOK
(Wang et al., 2018).

MOHEKyHFIprIe MeXaHN3Mbl MeXKJIeTOUHOM
agresnn TPOmMO6oOUUT-IHAOTENNOLNT
HemnocpecTBeHHBIE MEKKIETOUYHbIE KOHTAKThl TPOMOOLH-
TOB ¥ 3HIOTEINOLUTOB CTAOMIM3UPYIOTCS 3a CUET B3aHMO-
JieicTBusT TpaHCMeMOpaHHBIX TnkonporenHoB PECAM-1
(platelet/endothelial cell adhesion molecule-1). Dror Tumn
a/IT€3MBHBIX OEJIKOB aKTUBHO 3KCIIPECCUPYETCS B SHAOTEIHO-
LIUTAaX, AMUTEINATEHBIX TeMaHTHOAHAOTEIIMOMAX, JICHKOIINTAX
u Tpombonurax (Gratzinger et al., 2003). PECAM-1 umeer
TUIMWYHYIO CTPYKTYpPy MHTETPAIbHOTO MEMOPaHHOTO Oenka
C TaHJEMHBIMH BHEKJICTOUHBIMH PELENITOPHBIMHU JIOMEHAMH
U TPOTSDKEHHBIM IIMTOINIA3MAaTHYECKUM OTJIEJIOM, BKIIIOYa-
TOIITAM HECKOIBKO (pochopmmmpyemsix caritoB ITIM (immu-
noreceptor tyrosine-based inhibitory motif), perymupyrommx
aktuBHOCTH (hocdarazsr SHP-2 (Src-homology 2 domain
(SH2)-containing phosphatase-2) (Zhang et al., 2015). He-
penentopHas nporenH-THpo3uH (ocdaraza SHP-2 nedoc-
(dopunupyer kunasy ¢poxanproi anrezuun (PTK2 — focal ad-
hesion kinase 1) — ximo4eBoil (hepMeHT, acCOITMIPOBAHHBIN
C IUTOCKEJIETOM U KOHTPOJIHMPYIOIIUH IIepeMeIeHHE KIIETOK
(Zachary, Rozengurt, 1992; Zhu et al., 2010). Ha ypoBHe
KMHa3bl (POKATBHOM aAre3u MHTETPUPYIOTCS CHUTHAJIbHBIC
ITyTH HEHPOrOPMOHOB, HHTETPUHOB M BACKYJIOT'€HHBIX POCTO-
BbIx (hakropos (Eliceiri et al., 2002). Monomepst PECAM-1,
JIOKQJIN30BAaHHBIE HA COCEIHUX KOHTAKTUPYIOUIUX KIETKaX,
coOMparoTCs MOMapHO B CBA3yIOIIMe JuMepbl. [oMorenHas
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nmumepusanys PECAM-1 3H10TeTnonuTOB (OPMHUPYET TPEX-
MEpHYIO CETh MEXKJIETOUHBIX KOHTAKTOB B Iporecce (op-
MHUPOBAHHMS TPYOUaTOi CTPYKTYpBI SHIOTEIHATBHOTO TIJIacTa
B pacrymem kanwuiipe (Lertkiatmongkol et al., 2016). I'e-
teporennsie auMepsl PECAM-1 00pa3yroTcs mpu KOHTaKTe
TPOMOOIIMTOB M SHAOTECIHOLUTOB. BBeieHNE 3K30TCHHBIX
MperaparoB Ba30IpecCHHa yCUIIUBALT a/IN€3UI0 TPOMOOIINTOB
Ha SHJOTEINH KPOBEHOCHBIX COCYJIOB M HE BIIUSET Ha COO-
CTBEHHYIO arperanuio TpomoonnToB (Mannucci, 1997). Io-
Ka3aHo, 4To rereporeHubie numepsl PECAM-1, dukcupyro-
IYe CBA3b TPOMOOUMTOB U 3HIOTEIHOLUTOB, HHTHOUPYIOT
obpazoBanne romoreHHbIX JuMepoB PECAM-1 mex ity Tpom-
OolMTaMM U YTHETAIOT arperanuio u oopazoBaHue TpoMOOB
(Falati et al., 2006).

B numepnoii kondopmanmun monexyna PECAM-1 mpu-
oOperaeT JOTOJIHUTEIbHbIE CBOWCTBA, MPOSBIISIONINECS B
YCHUIJIEHHH CTIOCOOHOCTH PENENTHPOBATH U aKTHBUPOBATh UH-
TETPHUHBI, PACIIUPSIS TAKAM 00Pa30M CHEKTP MEKKICTOUHOH
cUrHaJIbHOW KoMMyHuKanuu (Zhao, Newman, 2001). 1n-
TErPUHBI BBITOIHIIOT (JYHKIIMIO OCHOBHBIX PELENTOPHBIX
OenkoB Ha cTaany (GOPMUPOBAHNS CBSA3CH KIETOK C HHTEPCTH-
LMaJIbHBIM MaTpUKCcOM. Jluranaamu ciyxar (GuOpOHEKTHH,
BUTPOHEKTHUH, KOJUIareH, JAMHUHUH U APyTUe OeIIKH, SKCIpec-
cupytomue nentiabii Mot RGD (Arg-Gly-Asp) B caiitax
cesi3biBaHMs HHTErprHOB (Kunicki et al., 1997; Mahalingam et
al., 2014). CTpyKTypHO HHTETPHHBI IIPEICTABISAIOT OOIUTAT-
HBIE FeTEPOIMMEPHI 0- U B-CyObeTMHUII. AKTHBAIINS HHTET PU-
HOB 3aKJIFOYaeTCs B Iepexojie 0-CyObeANHHIl B COCTOSIHUE C
Goree BeICOKOH a(PIMHHOCTHIO K MeNTHAHBIM MoTHBaM RGD.
I'muxo3unmpoBaHHas B-CyObeAMHNUIA BBITOMHSET (PyHKIUIO
ko(akTopa, ycuiuBaromiero aaresuto. CrnenupuyHocTs aj-
re3un OENKOB Pean3yeTcsl 32 CUET BHEKJIETOUHBIX TOMEHOB
0-CyObEINHHIL, 2 IUTOIUIA3MATHIECKHH OT/IeN B-CyObeTMHNI
Y4acCTBYECT B II€PpE€AaucC CUTHAJIOB HA BHYTPHUKJICTOYHBIC PETy-
nstopuble Kackasl (Eliceiri et al., 2002). B akTuBIpOoBaHHBIX
AQHTHOTEHHBIMU (PaKTOpaMH SHIOTEIHONUTAX PE3KO yCHIIU-
Baercsi skenpeccust uHrerpuna avp3 (Liu et al., 2008). Mure-
TpUHBI 0VB3 TakXkKe BXOIAT B COCTaB OEJIKOB, CHHTE3HPYEMBIX
U CEKPETHPYEMBIX TPOMOOIITAMH, U B HOPME HEOOXOTUMBI
Iuisi oOpa3oBanust CBsizel ¢ aktopom (pon BuieOpanna
n pubpmmsapasiMu Oenkamu Matpukca (Liu et al., 2009).
B ManurHU3MpYyOMUX OMyXOJsX HAOIIONACTCs YCHUIICHUE
9KCIPECCHH UHTErpUHA 0V3. DTOT MPOIEcC KOPPETUPYeET C
HapacTaroIMM 00bEMOM KOHTAKTOB OITyXOJIEBOH MAPEHXNUMBbI
n narepcrumms (Felding-Habermann, 2003; Rolli et al., 2003).
YCTaHOBIICHO, YTO IPH aAT€3HHU OIYXOJIEBBIX KJIETOK U TPOM-
OOIMTOB MHTETPHUHBI VB3 aKTUBHUPYIOTCS, KOJIOKATU3YIOTCS
U J1ajiee KaKUM-TO 00pa3oM y4JacTBYIOT B PETYIISILINH COCTaBa
CeKpeTupyeMbIXx TpombOoruTamu anbda-rpanyin (Weber et
al., 2016).

Anbda-rpaHynbl IpeACTaBIAIOT Hanboiee OOUIMPHYIO
IpyIITy BE3UKYII B uTOILIa3Me TpomOonuTos (Blair, Flaumen-
haft, 2009). B ansda-rpanynax AemOHHPOBAHBI COTHH Oe-
KOB, TPAHCIIOPTHPYEMBIX SK30IIMTO30M Ha IIa3MaTHIECKYTO
MeMOpaHy WK CEKPETUPYEMBIX BO BHEKJIETOUHOE MPOCTPaH-
ctBOo. CMCOK MACHTU(UIMPOBAHHBIX OEJIKOB BKIIIOYAET
oemku aaresuu, xomruiekcbl SNARE pacmo3naBanust Mmem-
Opan Be3ukyn (soluble N-ethylmaleimide-sensitive factor
attachment protein receptors), pocToBbIe (PaKTOpPEI, (PEPMEHTHI
(Rendu, Brohard-Bohn, 2001). Anbha-rpanyis! reTeporeHHbI
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[0 COCTaBy CEKPETHUPYEeMbIX OeyikoB. B Tpombormrax mud-
(hepeHIIMPOBAHHO JIOKAJIN30BaHbI CYOTOMYIISIIUN BE3UKYI
¢ aHruoreHHbIMH poctoBeIMU (akropamu VEGF n PDGF
(platelet-derived growth factor) u oTmenbHO OT HEX ajbda-
TpaHyIIbl C aHTHAHTHOT€HHBIM TTENTHIOM dH10cTaTHOM (Bat-
tinelli et al., 2011). BersiBneno, uro B cocrase anbha-rpaHyi
TakXe JernoHupyercs ruanyponunaza HYAL2, onun u3s
KITIOUEBBIX ()EPMEHTOB METAOOI3Ma IMaTyPOHOBOH KUCIIOTHI
(Albeiroti et al., 2015). IToxa3zano, 4To aare3ust TpOMOOIIUTOB
UHHUIUUPYET CeKpeluto ruanyponuaassl HYAL2.

BasompeccuH OTHOCHTCS K OBICTPOACHCTBYIOIINM TyMO-
palbHBIM aKkTHBaTopaM ajare3nu Tpomboruros (Tomasiak et
al., 2008). CnenosarenbHo, cexpernuss HYAL2, no kpaiineit
Mepe, YaCTUYHO HAXOAUTCS MO TOPMOHAIBHBIM KOHTPOJIEM
BazonpeccuHa. ®epment HYAL2 mposBisieT CBOIO aKTHUB-
HOCTb Ha Ha4aJIbHBIX CTAIUSX ()parMeHTUPOBAHUS METaIoJn-
MEPHBIX LIeTIef ”HTAKTHBIX THAJTyPOHOBBIX KUCIIOT U, TIO CyTH,
(DYHKIMOHHUPYET KaK MOJICKYIISIPHBIH MepEeKITIOYaTeNb Peryis-
TOPHBIX 3((PEKTOB THAypOHAHA C YIHETCHUS] aHTHOTeHe3a
Ha CTUMYJIHpoBaHue (pUCyHOK). [ ahdhexTuBHOM paboTHI
ruanyponnaazsl HYAL2 HeoOxonmumo, 4ToObI rHaTypOHOBAS
KHCJIOTa Oblila B CBSI3aHHOM C MeMOpPaHHBIM PELENTOPOM
CD44 cocTostHUN 1 TMMOOMIN3MPOBaHa Ha 6a30IaTeparbHON
MOBEPXHOCTH SH/IOTEIIHOIUTOB.

BazonpeccuH MHUIMHUPYET are3uto TPOMOOIIMTOB Ha DH-
JOTENNH ¥ HHAYIUPYET B KIETKAX CEKPETOPHBIE MPOIIECCHI.
OTOT ropMOHABHBIN () (HEKT NMEET MPAKTHUECKOE 3HAYCHUE
Juist MenuiuHbL. [Ipenaparsl Ba3onpeccrHa MUpPOKO HCIIONb-
3yIOTCS B JICUCHUH HACJIEICTBEHHBIX 1€(DEKTOB KPOBEHOCHOM
cucrembl. Cuarerndeckuit DDAVP (1-neamitao-8-D-apruaua
Ba30IPECCHH), CleNU(UICCKUNA arOHUCT PELEeNnTOpoB V2,
MPUMEHSETCS A1 OBICTPOTO TMOBBIIIEHUSI CBEPTHIBAEMOCTH
KpoBH. HemocpencTBeHHO 1MOJ JieficTBHEM BazoIpeccruHa
SHJIOTEIMOIUTHI CEKpeTUpPYIOT (akrop dhon Bumiedpanna,
CTaOMIM3UPYIONN aHTUTeMO(UIBHBIN (haKTOp CBEPTHIBA-
uust kposu VIII, n sxcrionnpytor Ha MemOpany P-cenextun
(Kanwar et al., 1995). DTu Oenku TakKe OTHOCSTCS K CEMEHi-
CTBY aJIF€3MBHBIX MOJIEKYJI M y4aCTBYIOT BO B3aUMOACHCTBUH
C BHEKJICTOYHBIM MaTPHUKCOM M TPAHCMHUTPALNU KIIETOK.
dakrop hon Buinebpanna u P-cenekTuH — 0CHOBHBIE ceKpe-
THpyEeMbIe KOMITOHEHTHI B cocTaBe Tenell Baiibens—Ilamane
9H/IOTEIMOLMTOB. B ombiTax in Vitro ¢ ucmnoiab3oBaHUEM
[TLIP ¢ oOparHO# TpaHCKPUTILIKEH [T0Ka3aHO, YTO SH/I0TEIHO-
IIUTHI HKCIIPECCUPYIOT MOITHOPAa3MEpHbIE (PYHKIIHOHAIBHO
akTHBHBIC penenTopsl V2 Bazonpeccuna (Kaufmann et al.,
2000). Oxcno3unust ¢ DDAVP ctumynupoBana cexpenuto
(haxtopa ¢pon Bumrebpanna, onocpenoBannyo TAM®. Pe-
LEMNIHs Ba30NPECCHHA Ha PEIENTOphl THIa V2 aKTHBUPYET
B 3HJ0oTennonuTax HAM®-3aBucUMYIO IPOTEUHKNHA3Y A U
MEPEKIIIOUaeT CBOOOTHBIE KATATUTHIECKUE CyObETMHNIIBI HA
B3aumoieiicTere ¢ peryasitopasiM oenxom ACAP (A kinase
anchoring protein). benku ACAP GpukcupyIoT npoTenHK1HA-
3y A Ha JIOKaJIbHBIX KJIETOYHBIX OpPTaHEesIax, BOBICUCHHBIX
B TPAHCIIOPT M 9K30LIMTO3 CEKPETOPHBIX Ipanyn Baiibems—
[Mamane (Nedvetsky et al., 2009; Biesemann et al., 2017).
MHoroypoBHEBasi PEryisinus aAre3un >HIOTEIMOINTOB Ha
(bUOpHIIIAPHBII KoJTareH 1 MeMOpaHHBIE ITIMKOIPOTEHHBI B
koorepanu ¢ PECAM-1/avB3-HHTErpHHOBBIMH KOMILIEK-
caMM OPUEHTHUPYET MUIPALUIO MPOTU(PEPUPYIOIINX KIETOK
B OKPY’KAIOIIEM MHTEPCTHIMH B HANPaBICHUH JIOKATBHBIX
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HekaHoHuueckmne spdeKTbl
Ba30MpeccrHa B aHrioreHese

Hypothalamus

Posterior pituitary

Endothelial cell

PECAM-1 PECAM-1

ilatelet @
(vesr)

Hyaluronan 200 kDa

ACAP/PKA

Hyaluronic acid

Collagen, laminin,
fibronectin,
vitronectin

Endothelial cell
av3
MAPK/ERK

Neurohormonal regulation of angiogenesis.

AVP, arginin-vasopressin; V1a, vasopressin receptor type V1a; V2, vasopressin
receptor type V2; PECAM-1, platelet/endothelial cell adhesion molecule-1;
avP3, integrin; CD44, hyaluronan receptor; HUAL2, hyaluronidase-2; VEGF,
vascular endothelial growth factor; VEGFR, receptor of vascular endothelial
growth factor; MAPK/ERK, cascade of mitogen-activated protein kinases;
ACAP, A kinase anchoring protein; PKA, protein kinase A; VWF, von Willebrand
factor.

rPaJIMEHTOB POCTOBBIX (DAKTOPOB B MPOIIECCE aHTHOTEeHE3a
(Zhu et al., 2010; Privratsky et al., 2011; Williams et al., 2013).

3aknioueHue

HeiiporopmoHainbHast peryisiiusi CEeKpeTOpHONH aKTUBHOCTHU
TPOMOOIIMTOB M SHAOTEIHOINTOB (DYHKIIMOHATIHFHO KOPPEK-
TUPYET TUHAMUKY OTHACITHHBIX CTAIHI JIOKATFHBIX TIPOITU(E-
PATHUBHBIX MPOIIECCOB M MHTETPUPYET UX C aIaITUBHBIMH BO3-
MOYXHOCTSIMH BCETO OpraHN3Ma.
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Anxiety and neurometabolite levels in the hippocampus
and amygdala after prolonged exposure to predator-scent stress

O.B. Shevelev! ®, V.E. Tseilikman2, N.V. Khotskin!, A.S. Khotskinal, G.V. Kontsevayal, M.S. Lapshinz, M.P. Moshkin?,
M.V. Komelkova2, LV. Feklicheva?, O.B. Tseilikman?2, E.B. Manukhina® 34, H.F. Downey4, E.L. Zavjalov1

T Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

250uth Ural State University (National Research University), Chelyabinsk, Russia

3 nstitute of General Pathology and Pathophysiology, Moscow, Russia

4 Department of Physiology and Anatomy, University of North Texas Health Science Center, Fort Worth, Texas, USA
® e-mail: shevelev.oleg.nsk@gmail.com

Here, to study the relationship between anxiety levels with changes in the neurometabolic profile in the hippo-
campus and amygdala, an experimental predator stress model was reproduced in which Sprague-Dawley rats were
exposed to cat urine for 10 minutes on a daily basis for 10 days. At the time of presentation of the stimulus, an on-
line survey of behavioral reactions was conducted. Fear, aggressiveness, avoidance of stimulus and grooming were
recorded. Fourteen days after the completion of the last stress exposure, the total level of anxiety was determined
in the test of the “cross maze”. Using the method of in vivo NMR spectroscopy, the content of neurometabolites was
determined in the hippocampus and in the amygdala. According to the peculiarities of behavioral reactions to a
stressor, animals were retrospectively divided into two phenotypes. The first phenotype used a passive behavioral
strategy, and the second phenotype was active. In animals of the first phenotype, the indicators of anxiety behavior
remained at the control level. In animals of the second phenotype, a decrease in anxiety was observed. Animals
of the second phenotype showed elevated levels of lactate in the hippocampus compared to animals of the first
phenotype, and the lowest N-acetylaspartate levels significantly differed from those in the control and the first
phenotype animals. In the amygdala, in animals of the second phenotype, the content of taurine is sharply reduced
in comparison with those in the control and the animals of the first phenotype. Thus, the results obtained indicate
a relationship of post-stress changes in anxiety, with the peculiarities of the behavioral reactions presented at the
moment of the immediate action of the stressor. Among the hippocampal and amygdala neurometabolites, the
most informative for the characterization of the anxiolytic action of the predator stress are identified.
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XPOHIMNYECKOTO ITPeIaTOPHOro cTpecca
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B 3TOM nccnepoBaHmm Ana N3yyeHnA COOTHOLLEHNA MeXIY YPOBHEM TPEBOXKHOCTY C UBMEHEHVAMU HelpomeTabo-
nmyeckoro npoduna B runnokammne 1 amvraane BOCNPOU3BOAUIACh SKCNepUMeHTalbHas Moaenb NpeaaTopHoro
CTpecca, B KOTOPOW KpbiCbl IMHMK Sprague-Dawley B TeueHre 10 MVHYT nofABepraancb 3KCNO3ULMM KOLIayben
Moun Ha npoTsaxeHun 10 gHen exeaHeBHO. B MOMeHT npeabABneHNA CTUMyna Benacb CbeMKka MOoBefeHYeCKmX
peakuuii. PernctpmpoBanucb peakumm Ncnyra, arpecCMBHOCTY, M36eraHnsa CTUMyIa U rpyMuHra. Yepes 14 gHei no-
Cle 3aBepLUEHUA NOCSIEAHErO CTPECCOPHOro BO3AENCTBYUA B TECTE «KKPECTOOOPa3HbI NabrpUHT» onpeaensancsa o6-
WM YypOBeHb TPpeBOXKHOCTU. C MOMOLLbI0 MeTofa NpuKmn3HeHHon AMP-cneKTpockonuy onpefensnu copepxaHme
HernpomeTabonnMToB B rmnnokamne 1 amurgasne. [o 0cob6eHHOCTAM NoBefeHUYECKNX PeaKLnii Ha CTPECCop »KUBOT-
Hble Oblfv PETPOCMEKTNBHO pa3fesnieHbl Ha ABa deHoTuMa. MepBbiit PeHOTUMN NCNONb30Bas NAaCCUBHYIO MNOBEAEH-
YeCKylo CTpaTernto, a BTOPON — aKTUBHYI0. Y KMBOTHbIX NMepBOro ¢peHoTMMna nokasatenun TPeBOXKHOIo NoBeaeH s
COXPaHAINCb Ha KOHTPOJIbHOM YPOBHE, B TO BPEMA KaK Y »KUBOTHbIX BTOPOro d)eHomna Ha6ﬂIOp,aJ'IOCb CHWXeHne

© Shevelev O.B., Tseilikman V.E., Khotskin N.V., Khotskina A.S., Kontsevaya G.V., Lapshin M.S., Moshkin M.P, Komelkova M.V., Feklicheva I.V.,
Tseilikman O.B., Manukhina E.B., Downey H.F,, Zavjalov E.L., 2019
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TPEBOXHOCTb 1 HEMPOMETabONTbI FUMMOKammna 1 aMurgasib
KpbIC MOC/IE XPOHMYECKOTrO NPeAAaTOPHOro CTpecca

3TOro nokasaTens. B runnokamne y )XMBOTHbIX BTOPOro ¢eHOTUMa OTMeYanoch NOBbILEHHOE COAepKaHMe NlaKTaTa
Mo CPaBHEHNIO C >KMBOTHBIMU NEPBOro GeHOoTMMa, Toraa Kak ypoBeHb N-aLeTunacnapTaTta Mes camble HU3KKME 3Ha-
YeHUs, OT/INYHbBIE OT TaKOBbIX Y XMBOTHBIX ABYX APYrMX rpynmn. B amurgane y )mMBOTHbIX BTOPOro ¢peHoTrna 6bino
CHIKEHO CoAiepKaHue TaypurHa Nno CPaBHEHUIO C KMBOTHBIMU NEPBOro GeHoTuna 1 KOHTPOJIbHON rpynrbl. Takum
06pa3om, NoslyyeHHble pe3ynbTaTbl CBUAETENIbCTBYIOT O CBA3M NMOCTCTPECCOPHBIX M3MEHEHMI TPEBOXHOCTHU C OCO-
6EHHOCTAMMN NOBeAeHUYECKNX peaKkLuii, BbIABIEHHbIX B MOMEHT HEMOCPeACTBEHHOrO AeicTBus cTpeccopa. Cpeau
HenpoMeTaboNyTOB rMMNMoKammna 1 aMurgasbl onpegeneHbl Hanbonee MHGOPMATUBHbIE AN XapaKTEPUCTUKN aHK-

CYIONUTUNYECKOTO [eNCTBUA npenaTtopHoOro crpecca.

KnioueBble croBa: npenaTopru?l cTpecc HeﬁpOMeTa6OJ1VITbI; amurgasna; rmnnokammn; MHOEKC TPEBOXKHOCTWN.

Introduction

Different kinds of predator stress such as visual contact
with a predator and exposure to its scent are considered as
experimental models to study post-war stress syndrome and
post-traumatic stress disorder (PTSD) (Cohen et al., 2008).
What is interesting about this disorder is that PTSD develops
electively and a lot of people who have been exposed to
severe psychological stress are resistant to PTSD (Pitman et
al., 2012). Another interesting neurobiological phenomenon
that has been discovered lately, is called post-traumatic
growth (PTG) syndrome. This syndrome also develops after
a phycological trauma in a relatively small group of patients
(Wong et al., 2018). So far, the biological mechanisms mak-
ing people resistant to both PTSD and PTG have remained
unknown.

Developing a proper experimental model remains another
crucial issue for studying PTSD. Such models are required
to be relevant to the diagnostic criteria (Cohen, Zohar, 2004).
According to the fifth edition of Diagnostic and Statistical
Manual of Mental Disorders (American Psychiatric Associa-
tion, 2013) PTSD can be diagnosed after identification of a
stressor that triggers the disorder. Since PTSD is a long-term
consequence of the stressor’s effect, researchers have not paid
much attention to a patient’s behavioral response to emotional
distress when resistance to PTSD is being formed.

Despite the long-term history of investigation into the role
of behavioral adaptation strategies in forming response to
stressors, PTSD has rarely been studied in this respect. Neuro-
biology knows two adaptation strategies. The first one is aimed
at active overcoming of a stressing situation and is called a
stimulus-response or S-R strategy (Schwabe et al., 2008; De
Kloet, 2012). The other, adaptive strategy aimed at getting
accustomed to a stressor is often called a spatial or S strategy
(Schwabe et al., 2008). It is apparent that the S-R strategy is
necessary in a situation when a stressor can be surmounted by
fight or run, while the S strategy is useful in the presence of a
continuous stressor. Following the S-R strategy activates the
hippocampus-striatum axis, while transmitting neural signals
from the hippocampus to amygdala launches the S strategy
(Schwabe et al., 2008).

Most of the studies dealing with the metabolism of these
key limbic structures under chronic stress have been conducted
in vitro, while modern techniques of NMR spectroscopy en-
able one to obtain in vivo estimations of the hippocampus
and amygdala’s metabolic profile. Unfortunately, these have
been just a few studies based on the NMR spectroscopy data
obtained under chronic stress. Earlier it has been demonstrated
(Hemanth Kumar et al., 2012) that chronic stress increases

the proportion of some metabolites (myoinositol, taurine) and
decreases the proportion of others (N-acetylaspartate, gluta-
mate, glutamine, gamma-aminobutyric acid (GABA)) in the
hippocampus. In this study, the changes were measured right
after the end of a stressor effect. Unfortunately, no studies
investigating the long-term effects of chronic stress on hip-
pocampus and amygdala NMR spectroscopy data have been
available so far.

In the presented study we investigated the immediate reac-
tion to a stressor in animals under predator stress. During the
investigation, we, first hand, tried to understand whether it
was possible to distinguish different behavioral phenotypes
with different behavioral strategies in immediate response to
a stressor based on the animals’ level of anxiety. For that pur-
pose, the determined phenotypes were compared to match their
anxiety levels to changes in their hippocampus and amygdala
metabolic profiles. These limbic structures had been selected
due to their crucial role in PTSD neurobiology in general and
in PTSD anxiety symptomatics in particular.

Materials and methods

Animal model. The presented study was performed during
a spring period using the equipment provided by Center
for Genetic Resources of Laboratory Animals, Institute of
Cytology and Genetics, SB RAS (RFMEF161914X0005,
RFMEF162114X0010). The cohort was 26 Sprague-Dawley
male rats in the age of 8-9 weeks by the time the experi-
ments began. The animals were kept in pairs in the OptiRAT
ventilated cages (Animal Care, USA). They had free access
to water and granulated food (Ssniff, Germany). The cage’s
photoperiod was 14 light:10 dark, temperature — 24+2 °C
and humidity — 40-50 %. As the nesting material, the cages
were inlaid with dedusted wood shavings. Both the food and
shavings were autoclaved before use. To water the animals,
one used the water cleansed in a Millipore purifier and en-
riched with the Severyanka mineral additive (ECOPROJECT,
Saint-Petersburg). All animal experiments were performed in
compliance with the protocols and recommendations for the
proper use and care of laboratory animals (ECC Directive
86/609/EEC). All efforts were made to minimize the number
of animals used and their pain or discomfort.

Research protocol. The animals were divided into 2 sub-
groups: control (n = 7) and the rats undergoing predator stress
to model PTSD (n = 19). To model the stress the modified
Cohen & Zohar model (2004) that was previously described
in (Tseilikman et al., 2017) was applied. The experimental
PTSD model was reproduced through daily exposition of the
rats to the urinary marks of a mature domestic cat, deposited on
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softwood cat litter. To do so, Petri dishes with 20 g of marked
litter, covered with nylon fiber were placed in the cages for
15 minutes a day during 10 days. The rats from the control
group also had the litter in their cages but without urinary
marks. During the next 10 days, the animals experienced
no additional exposure, and on day 23 their emotional reac-
tions were estimated using an elevated cross maze (ECM).
On day 26 neurometabolite content in their hippocampus
and amygdala was estimated. On day 29 the animals were
sacrificed.

The rats’ behavioral activity. The number of behavioral
acts as a response to the stimulus was counted during being
exposed to predator stress. Such reactions as fear (a rat stops
when passing on feline scent), grooming, explorative reac-
tions (a rat sniffs a Petri dish with urine-marked litter). Other
reactions taken into account included evading (a rat diggs the
dish into the nesting material); fearlessness (a rat jumps onto
the dish); aggression (a rat attacks the dish trying to tear the
nylon fiber covering it).

To verify their anxiety, the rats were given an ECM test.
The cross maze is a central area of 10 by 10 cm in size with
4 arms of 50 x 10 cm cross-stretching from it, two are placed
opposite one another and have no closing walls (open arms)
and two other —equipped with closing walls of 50 cm in height
(closed arms). The maze was set at 1 m above the floor. The
individual behavior of each rat was studied in the maze for
10 min. As an integral value characterizing the presence of
anxious disorders in the rats, anxiety index (Al) was used
that was calculated based on the following formula (Cohen
et al., 2008):

+

Al=1— tlme.ln open arms
> time in maze
enters into open arms /
> number of enters

NMR spectroscopy of the hippocampus and amygdala.
The content of neurometabolites in the rats” hippocampus and
amygdala was studied using a Bruker BioSpec 117/16 USR
horizontal tomograph with a magnetic field of 11.7 T. Five
minutes prior to the study, the rats were immobilized with gas
anesthesia (Isofluran; Baxter Healthcare Corp., Deerfield, IL)
using a Univentor 400 Anesthesia Unit (Univentor, Zejtun,
Malta). The body temperature of the animals was supported
using the water loop of the tomograph’s table that warmed its
surface to 30 °C. A pneumatic respiration sensor to control
the depth of anaesthesia (SA Instruments, Stony Brook, N.Y.,
USA) was placed underneath each rat.

'H MRS. All proton spectra of the rats’ brains were obtained
using transmitting volume (T11232V3) and receiving sur-
face (T11425V3) H RF coils. For proper positioning of the
spectroscopic voxels, whose size was 3.0 x 1.5 x 3.0 mm for
the amygdala and 1.5 x 3.0 x 3.0 mm — for the hippocampus,
TurboRARE, a spin echo technique, was applied (TE =11 ms,
TR = 2.5 ms) to obtain T2-weighted high-resolution images
(slice thickness — 0.5 mm, filed of view — 2.5%2.5 cm, matrix
size — 256 x 256 pixels) in three projections. All the voxels
were positioned manually based on the images obtained. All
the proton spectra were obtained using STEAM (stimulated
echo acquisition mode spectroscopy; TE=3ms, TR=5s, and
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120 accumulations). Before each spectroscopic measurement,
the magnetic field heterogeneity was adjusted for a selected
voxel using FastMap (Gruetter, 1993). The water signal in
the spectra was suppressed using variable pulse power and
optimized relaxation delays (VAPOR) (Tkac et al., 1999).

1H spectra processing. To process the experimental spectra
and determine the qualitative content of metabolites, a spe-
cially designed software solution was used. As LC Model
(Provencher, 1993) the solution assumes that the spectrum
of a mixture of known chemical compounds is a linear com-
bination of the spectra of analyzed components. More details
about the package can be found in (Moshkin et al., 2014). The
percentage content of the studied metabolites was estimated
in relation to their total amount. In total, 12 metabolites were
studied (N-acetylaspartate, GABA, alanine, aspartate, total
choline-containing compounds, total creatine + creatine P,
total glutamine + glutamate, myoinositol, taurine, glycine,
lactate, phosphorylethanolamine), which allowed for integral
estimation of neuronal activity in the rats (Hemanth Kumar
etal., 2012; Gulevich et al., 2015; Shevelev et al., 2018) for
this set reflects the balance between inhibitory (GABA) and
excitatory (glutamine + glutamate) neurotransmitters; contains
a neural viability marker (N-acetylaspartate), key amino acids
(alanine and aspartate), moderators of neurotransmission (tau-
rine) and phosphate metabolism (creatine + creatine P), and
reflects membrane synthesis and cell proliferation (choline,
myoinositol and phosphorylethanolamine).

Statistical methods. To process the obtained data, a one-
way ANOVA was applied. The significance of the differences
between the phenotypes of the studied animals was estimated
with a post hoc test (LSD Fisher). The values of the studied
parameters were presented as mean + standard error of mean
(M £ SEM).

Results

Based on their behavioral reactions to the chronic effect of
predator stress, the studied rats were separated into two
phenotypes. Phenotype 1 (n = 13) exposed a passive defense
reaction in which fear and grooming dominated. Phenotype 2
was characterized by active behavioral reactions as absence
of fear, aggression towards the stimulus, and searching. On
day 13 after the stress exposure was ended (Table 1), statisti-
cally significant differences were observed for the time of
being in ECM center (F,,,= 5.89, p = 0.008). The post hoc
analysis demonstrated statistically significant differences be-
tween Phenotype 2 and the control group (» = 0.003) as well
as between the animals belonging to different phenotypes
(p = 0.011).

In Phenotype 2 the time of being in ECM center was higher
than that in the control rats and Phenotype 1. Moreover, statis-
tically significant differences were observed for the times of
being in the open arms (F, ,, = 22.32, p < 0.001), which was
higher for Phenotype 2 than for the control group (p < 0.001)
and Phenotype 1 (» < 0.001). In addition, statistically signifi-
cant differences were observed in the number of the times the
animals entered open arms (F, ,, = 11.56, p = 0.003). The rats
of Phenotype 2 entered them more often than the control rats
(p < 0.001) and those belonging to Phenotype 1 (p < 0.001).

When studying the metabolite level in the hippocampus
(Table 2), significant differences were observed in N-acetyl-
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Table 1. Anxiety indexes in cross-maze test in the rats with different behavioral response
to stressor (M £ SEM)
Anxiety indexes Control Phenotype 1 Phenotype 2
(n=7) (n=13) (n=6)
ECM center, % of test time 0.10+0.02 0.12+0.02 0.19+0.01*#
Closed arms, % of test time 0.86+0.03 0.83+0.03 0.62+0.03**
Open arms, % of test time 0.04+0.01 0.04+0.01 0.19+0.03*#
Searching in the closed arms, min 0.92+0.06 0.94+0.04 0.98+0.01
Searching in the open arms, min 0.35+0.06 0.37+0.03 0.70+0.06**
Number of enters into the open arms 0.63+0.50 0.69+0.21 443+1.19%*
Anxiety index 0.92+0.01 0.91+0.01 0.88+0.01%#
* p < 0.05 mark the differences when compared to the control; # p < 0.05 mark the differences between Phenotypes 1 and 2.
Table 2. Content of neurometabolites in hippocampus and amygdala of the rats
with different behavioral response to stressor (M £ SEM)
Neurometabolites Hippocampus Amygdala
Control Phenotype 1 Phenotype 2 Control Phenotype 1 Phenotype 2
(h=7) (n=13) (h=6) (n=7) (h=13) (h=6)

Choline-containing 1.78+0.42 1.93+0.26 1.15%+0.26 1.32+0.48 1.45+0.49 0.83+0.49
compounds

Creatine + 11.96£1.19 12.36+0.84 9.58+0.84 11.63+£0.90 10.81+0.83 7.98+1.81
phosphocreatine

Glutamine + 15.07+1.66 16.90+1.47 13.43+£1.83 21.27+239 19.81+£1.43 15.37+4.70

glutamate

* p < 0.05 mark the differences when compared to the control; # p < 0.05 mark the differences between Phenotypes 1 and 2.

aspartate (F,,, = 3.74, p = 0.041) and lactate (F,,, = 442, Discussion

p = 0.023) contents. It turned out that N-acetylaspartate
content in Phenotype 1 was higher than that in Phenotype 2
(p = 0.014). However, when compared to the control, no sig-
nificant differences were seen. On the other hand, the lactate
content in Phenotype 2 was higher than that of Phenotype 1
(p < 0.01) with no statistical differences registered against
the control.

When studying the metabolite level in the amygdala (see
Table 2), statistically significant differences were observed
only for taurine content (F, ,, = 3.51, p = 0.049). It was lowest
in Phenotype 2 and statistically differed from both the control
(p = 0.022) and Phenotype 1 (p = 0.031).

First hand, the obtained results attest there is a link between a
behavioral reaction to stress and the anxiety level registered
long after the stress. It is noteworthy that in the experiment,
the anxiety level in the control rats was initially high. Ac-
cording to other studies (Cohen, Zohar, 2004; Kondashev-
skaya et al., 2017) using this index, its mean value usually
varies from 0.5 to 0.75, although there were those whose
anxiety index exceeded 0.8. In our design, the initial level
of anxiety was so high that even daily predator stress could
not worsen it.

So far, the rats included in Phenotype 2 that demonstrated
active behavior (S-R strategy) in response to the predator
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stress had a lower level of anxiety if compared to the control
group, while the rats belonging to Phenotype 1 with passive
behavior (S strategy) preserved the high level of anxiety even
when being no longer exposed to the stress. In other words,
the anxiolytic effect of the stress was observed only in the rats
using S-R strategy. Thus, the experiment has demonstrated the
role of an animal’s initial condition in the formation of the
long-term effects of chronic predator stress.

For the time being, there have only been a few studies in-
vestigating changes in the level of brain metabolites in animal
models in the presence of chronic stress. The discovered dif-
ference in the behavioral reactions of rats to predator stress has
found their reflection in metabolic changes in certain structures
of the brain. Our results obtained for certain hippocampal
metabolites have demonstrated that N-acetylaspartate respon-
sible for the general viability of neurons (Moffett et al., 2007;
Shevelev et al., 2018) reduces in Phenotype 2 (S-R strategy)
to lower extend if compared both to Phenotype 1 (S strategy)
and the control rats. These results are comparable to the
ones obtained by Hemanth Kumar et al. (2012), who studied
chronic stress in a rat model and observed reduction of the
same metabolite in the hippocampus. Similar reduction of
N-acetylaspartate level was reported for the hippocampus of
stressed macaques (Coplan et al., 2010). Hemanth Kumar et
al. (2012) also demonstrated that in presence of chronic stress,
rats had increased hippocampal taurine levels. In our study, a
similar tendency has been demonstrated by the rats belonging
to Phenotype 1 if compared to the control group, but these
differences have not been statistically significant.

Another interesting peculiarity of the rats using S-R stra-
tegy has been a higher level of lactate if compared to the
other experimental group. Meanwhile, being exposed to the
stimulus only active (S-R) rats have shown signs of aggres-
sion. Opposite data were obtained for the grey rats selected
for their aggressive defense reaction to humans. As it turned
out, domestic rats had a higher level of hippocampal lactate
if compared to these aggressive rats (Gulevich et al., 2015).

Among the studied neurometabolites of the amygdala,
only taurine has been sensitive to predator stress. Its content
has reduced in the active rats of Phenotype 2 if compared
both to Phenotype 1 and the control group. In this respect,
it is important to note that taurine modulates neurosynaptic
transmission (McCool, Chappell, 2007), so its lower level
may be indirect evidence of reduced amygdala activity in
Phenotype 2. And, possibly, this reduction is one of the
chains of the mechanism producing the anxiolytic effect in
this predator stress model.

Conclusion

Finding this effect in the rats using S-R strategy while
stressed has been the main scientific novelty of the performed
study, in which we have been able to detect informative
neurometabolites in the rats demonstrating different behavioral
reactions under stress. If one assumes there is a link between
this experimental reduction of anxiety in rats and post-
traumatic stress disorder in humans, our experimental protocol
can be used for future development and validation of a model
that characterizes this underinvestigated consequence of
phycological trauma.
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VICTOKY MUTOXOHAPMATIbHOTO reHOMOHJa PYCCKUX
110 pe3yabTaTaM aHa/Ili3a COBPeEMEHHBIX
11 T1a/JIeOT€HOMHBIX JaHHbIX
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ManeoreHOMHble UCCIefOBaHNA NOCNEAHNX NET NOoKasanu, YTo Ha GopPMUPOBaHME FeHETNYECKOro 0bNKa coBpe-
MEeHHbIX eBponenLes 6osbluoe BAUAHME OKa3anu Murpaumm HaceneHus MoHTo-Kacnuiickux ctenen anoxu 6poH-
30BOro BeKa C BOCTOKa Ha 3anag EBponbl. Pe3ynbraThl nccnefoBaHnm MU3MEHUYNBOCTU MAUTOXOHAPVANbHbBIX FTEHOMOB
y COBPEMEHHOr0 PYcCKOro HaceneHua BoctouHow EBponbl Takke No3Bonunun BbiABUTb POCT 3PGEKTUBHOM Unc-
NEHHOCTN NOoMyNAuMA B 3MOoXy OPOH30BOro Beka, YTo, Mo BCel BMAMMOCTU, MO0 ObiTb CBA3AHO C MUTPaLMOH-
HbIMM MPOLeccaMm 3Toro BpemeHu. B HacToswweln paboTe npoaHanmsrpoBaHbl faHHbIE 06 N3MEHUMBOCTU LENbIX
MUTOXOHAPWAsbHbIX FEHOMOB Y COBPEMEHHOMO PYCCKOro HaceneHUa B CPaBHEHUN C pacnpefeneHnem raniorpynn
MTOHK y npeBHero HaceneHus EBponbl 1 KaBkasa anoxu HeonuTta 1 6pOH30BOro BeKa. YCTaHOBIIEHO, UTO GOPMUPO-
BaHWe COBPEMEHHOI CTPYKTYPbl MUTOXOHAPMaNbHOro reHoGoHAA PYCCKMX Hauyanocb NPUMEPHO 4 TbiC. N1eT A0 H. 3.
B CBA3U C MPUTOKOM Ha BOCTOK EBponbl rannotunos MTHK, xapakTtepHbix Ansa HaceneHnus LleHTpanbHol 1 3anag-
Hom EBponbl. [pegnonaraerca, uto Murpauun gpesHero HaceneHusa MNMoHTo-Kacnninckmnx ctenen B 3anafHoOM Ha-
npasneHun npmeenn K GopmuposaHuio B LieHTpanbHom EBpone cMellaHHbIX NOonynauni, XxapakTepusyoLwmnxca
CBOVICTBEHHbIMY /1A 3aMafHblX U LeHTpanbHbIX eBponenLeB MUTOXOHAPWanbHbiMK rannorpynnamu H, J, T, K, W.
[anbHellias 3KCNaHCUA STUX NONYNAUMIA Ha BOCTOK EBponbl 1 fanee B A3uto 06bACHAET NOSABEHNE Y BOCTOUYHbBIX
eBponenueB HOBbIX YepT MUTOXOHApPMaNbHOro reHodoHaa. MNprBefeHbl pe3ynbTathl Gpunoreorpadryeckoro aHa-
N3, NMOKa3blBaloLEro, YTo 0CO6EHHOCTU reorpadryeckoro pacnpeaeneHns Nogrpynn MUTOXOHAPUANbHON ra-
nnorpynnbl R1a B EBpone — 3To oTpaxeHune «KkaBKa3CKoro» KOMMOHEHTa, MOABMBLLErocA B reHoGOHAAX pasfnyHbIX
rpynn eBponenLes B XoAe MArpaumin 6poH30Boro Beka. O MUrpauuax ApeBHNX BOCTOUHBIX eBporeiiles B A3uio
(tor Cnbupm 1 NHZNNCKNN CyOKOHTUHEHT) CBMAETENbCTBYIOT pe3ynbTaThl dpunoreorpadryeckoro aHanmsa MUTo-
XoHApuanbHbix rannorpynn U2e2ald, U4d2, N1alala1l, H2b, H8b1.

KnioueBble cnoBa: MUTOXOHAPMWASbHbIN FeHOM; MONyNALMKN YenoBeka; BoctouHaa EBpona; naneoreHomuiKa; Gopmu-
poBaHue reHodoHa.

Ana yntuposaHua: Manapuyk b.A. IcTokn MutoxoHapuanbHoOro reHopoHaa pycckux no pesynbraTam aHanm-
33 COBPEMEHHbIX 1 NaneoreHOMHbIX AaHHbIX. BaBUNOBCKUI XXypHan reHeTnkn u cenekuymmn. 2019;23(5):588-593.
DOI 10.18699/VJ19.529

Sources of the mitochondrial gene pool of Russians
by the results of analysis of modern and paleogenomic data

B.A. Malyarchuk

Institute of Biological Problems of the North, FEB RAS, Magadan, Russia
® e-mail: malyarchuk@ibpn.ru

Paleogenomic studies of recent years have shown that the Bronze Age migrations of populations of the Ponto-
Caspian steppes from the east to the west of Europe had a great influence on the formation of the genetic makeup
of modern Europeans. The results of studies of the variability of mitochondrial genomes in the modern Russian
populations of Eastern Europe also made it possible to identify an increase in the effective population size during
the Bronze Age, which, apparently, could be related to the migration processes of this time. This paper presents the
results of analysis of data on the variability of entire mitochondrial genomes in the modern Russian populations in
comparison with the distribution of mtDNA haplogroups in the ancient populations of Europe and the Caucasus of
the Neolithic and Bronze Age. It was shown that the formation of the modern appearance of the Russian mitochon-
drial gene pool began approximately 4 thousand years B.C. due to the influx of mtDNA haplotypes characteristic of
the population of Central and Western Europe to the east of Europe. It is assumed that the migrations of the ancient
populations of the Ponto-Caspian steppes in the western direction led to the formation of mixed populations in
Central Europe, bearing mitochondrial haplogroups H, J, T, K, W characteristic of Western and Central Europeans.
Further expansion of these populations to the east of Europe and further to Asia explains the emergence of new
features of the mitochondrial gene pool in Eastern Europeans. The results of a phylogeographic analysis are also
presented, showing that the features of the geographical distribution of the subgroups of the mitochondrial hap-
logroup R1a in Europe are a reflection of the “Caucasian” component that appeared in the gene pools of various
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groups of Europeans during the migration of the Bronze Age. The results of phylogeographic analysis of mitochon-
drial haplogroups U2e2a1d, U4d2, N1alalal, H2b, and H8b1 testify to the migrations of ancient Eastern Europeans
to Asia — the south of Siberia and the Indian subcontinent.

Key words: mitochondrial gene pool; human populations; Eastern Europe; paleogenomics; gene pool formation.
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BBepeHune

[TaneoreHoMHbIE HCCIIEIOBAHNS HECKOIBKHX TTOCIICTHHX JIET
MOKa3aJTH, HACKOJILKO BEJIMKA POJIb HACEIICHUS] CTEITHOM YacTH
Bocrounoit EBpoms! amoxu 6poH30BOTO Beka B (popMUpOBa-
HHUH TEHETHYECKOTO 00JIMKa COBPEMEHHBIX eBporeiines (Al-
lentoft et al., 2015; Haak et al., 2015; Mathieson et al., 2015).
AHanmm3 momuMopQu3Ma ayTOCOMHBIX JIOKYCOB Y APEBHETO
HaceseHust EBpOITbI MpoIeMOHCTPUPOBAJI, YTO TaK Ha3bIBae-
MBIl CTEITHOM FeHETUYECKUIM KOMIIOHEHT PaclpOCTPAHSIICS B
MO3IHEM HEOJIUTe/paHHeM OpOH30BOM Beke (4—3.2 ThIC. JIeT
JI0 H..) U3 OTHOTO UCTOYHHMKA — TOHTO-KACITHHACKOHN CTEITHON
30HBI — B pa3JIMYHBIX HAIIPABJICHUSX: Ha 3araja — B EBporry, Ha
BOCTOK — B LleHTpansHyro Asuro u ror CHOupu 1 Ha 10T — B
Wnpwto. [Ipenmnonaraercsi, 4To 3TH COOBITHS OBIIIN CBS3aHbI
C MUTpaLUsIMUA HOCHTelNel KypraHHoi KynbTypsl (Allentoft
etal., 2015; Haak et al., 2015).

Mexkty TeM pe3yibTaThl UCCIeOBAaHUN MOIMMOp(H3Ma
Y-XpOMOCOMBI y JPEBHETO U COBPEMEHHOIO HaceyieHus: EB-
POIIBI IPOTHBOPEYAT ITON TMIIOTE3€, TIOCKOIBKY BOCTOYHBIE U
3ama/iHble eBPOIICHIIBI KaK B ATIOXY OPOH30BOTO BEKa, TaK U B
HACTOSIII[Ee BPEMSI XapaKTepU3YIOTCsl Pa3HBIMH MOATPYIIITAMH
OIIHOM M3 CaMbIX PaclpOCTPAHEHHBIX CPE/IH 3aIlaIHBIX €BPO-
neiineB rarmtorpynmsl — R1b-L23 (Poznik et al., 2016). O1o
CTaBHUT 110]] COMHEHHE BO3MOYKHOCTb IIPOUCXOKICHHS 3aral-
HoeBporeiickux R1b-L23-xpomocoM OoT BapHaHTOB, Xapak-
TEPHBIX JJIS IPEJICTABUTEIICH SIMHOMN KYJIBTYPBI, HACEISIBITMX
BOocTOUHOEeBporIeiickue cremnu (Balanovsky et al., 2017). B to
JKe BpeMs JeMorpauuecKiii aHaIn3, OCHOBAHHBIN Ha JTaH-
HBIX 00 I3MEHUYMBOCTH POTSHKEHHBIX YYaCTKOB Y-XPOMOCOM
B Pa3JIMYHBIX E€BPOMEUCKUX IMOMYJSIHIX, TTOKA3bIBAET OT-
YETJIMBBIN CUTHAJ HOMYJISIIMOHHON 3KCIIAHCHH B HHTEPBAJIe
2.1-4.2 TeIC. N1€T HA3a]1, YTO CBSI3aHO, [0 MHEHUIO aBTOPOB, C
MUTPalMOHHBIMU TIpolieccamu B EBporie B 311oxy OpoH30BOT0
Beka (Batini et al., 2015). TTomoOHBIH aHATU3 TEJIBIX MUTO-
XOHJPHAIBEHBIX TeHOMOB (~20 MHUTOr€HOMOB Ha ITOITYJISIIIHOH-
HYIO BBIOOPKY), OJTHAKO, BBISIBUJI TOJILKO IOCTEIICHHBIN POCT
YUCIICHHOCTH C ITOCIIeNeIHUKOBOTO BpeMernn (Batini et al.,
2017). ABTOpBI cieany BEIBOJL O TOM, YTO MUTPALIUH Hace-
JIeHusi ¢ BocToka EBpoIibI Ha 3amaj B 310Xy OpOH30BOTO BeKa
HAIIUTH CBOE OTPAXXEHHE TOIBKO B Y-XPOMOCOME, @8 MUTOXOH-
npuansias JJHK (mT/IHK) B 9TOM OTHOIIEHNN HenHdopma-
TUBHA.

TeMm He MeHee n3ydeHne OONBITNX BEIOOPOK METOTEHOMOB
(bonee 250 yenoBek Ha BHIOOPKY) MO3BOJIMIIO, MTOJJOOHO HC-
CJIE/IOBAHUSIM Y-XPOMOCOMBI, YCTAHOBHUTB POCT P PEKTUBHOI
YUCIICHHOCTH HaceneHus Boctounoit EBpomsl B smoxy 6poH-
30Boro Beka (Malyarchuk et al., 2017; Oversti et al., 2017).
baiiecoBckuil aHanu3 M3MEHUMBOCTHU LEJIBIX MUTOI€HOMOB
376 pycckux MHANBUAYYMOB TTOKa3all, 4To B BocTounoii EB-
pore UMenr MecTo pe3kHit pocT ApHEeKTUBHON YNCICHHOCTH
nomynsuui ~4.3 Teic. JeT ToMy Hazaz (95 % moBepUTENbHbII

untepsai 2.9-5.8 teic. net) (Malyarchuk et al., 2017). Dto
CBUJIETENIBCTBYET, YTO SKCIIAaHCHs HaceseHus Boctounoit EB-
POIIBI, CTABIIEr0 OCHOBOM /IS PYCCKUX ITOITYIISAIINN, HA4aJlach
B OpPOH30BOM Beke. Pe3ynbraTel MOJIEKYISIPHOTO JaTUPOBAHUS
Bo3pacta noarpymnn MTAHK, ciernmupmansix ams pyceKux u
CJIABSIH B [IEJIOM, IEMOHCTPHPYIOT, 4TO (POPMUPOBAHHE TAKHX
noarpynn MTAHK mpousomnuio ~2.7-3.5 TeIc. net Hazax (Ma-
nsapayK u 1p., 2019). TlomyueHHbIe pe3ynbTaThl YKa3hIBAOT,
TaKUM 00pa30M, Ha 3TI0Xy OPOH30BOTrO BeKa KakK Ha IMEepPHO
JBEpCUPHUKALNE MUTOXOHIPUAJILHOTO FeHO(OH 12 TIPEIKOB
CJIaBSIH M PYCCKHX B YaCTHOCTH.

MuToXoHIpHaTbHBINA TeHO(OH ] pyCCcKoro HaceaeHus Boc-
TOYHOM EBpoOIIBI, KaKk ¥ APYTUX €BPONECUCKUX IOINYJSALUMN,
O4YeHb pa3HooOpa3eH, oxHako u3ydenne apesaer JJHK mo-
Ka3bIBACT, UTO TaK ObLIO HE Bceraa. B BepxHem naneonnre y
eBporieiiies 3apeructpupoBansl ramtorpynmsl U2, US u U8, B
ME30JIUTE — TIIaBHBIM 00pa3om rarutorpynmsl U2e, U4, USan
U5Db (Bramanti et al., 2009; Malmstrom et al., 2009; Brandt et
al., 2013; Richards et al., 2016). Mex 1y TeM B paHHEM HEOJIH-
te criektp ramorpynn MT/IHK y eBpomneiineB 3HaunTENbHO
pacmmpseTcs 3a C4eT MUTOXOHIPUAIBHBIX JIMHUNA MHIPaH-
ToB-3emJieneinbieB u3 bamwkuero Bocroka (H, HV, K1, J, T,
Nlala, W, X) (Haak et al., 2010; Brandt et al., 2015; Pereira
et al., 2017). CpaBHUTENIBHBIH aHAIN3 MATOICHOMOB STIOXH
Opon3oBoro Beka nosposimi A. Juras ¢ xosteramu (2018)
C/IenaTh BBIBOJ O TOM, YTO TeHO(OH/IbI HACETICHNUS 3anaIHON
(coBpemenHast ['epmanusi) 1 BocTouHOH (coBpeMeHHbIE Ye-
xus u [onpina) yacreit apeana KyabTypbl OOEBBIX TOIOPOB
pa3aMyalOTCs, MOCKOJIIBKY Ha BOCTOKE CHIIbHEE BBIPAKEH
BKJIQJ BOCTOYHOEBPOIEHCKUX TaIUIOTPYIII, XapaKTePHBIX
Juist HaceneHust ssMHO# KynbTypsl (U2e, U4, USa, W3al). 1o
MHEHHIO aBTOPOB, 3TU PA3IHUUSI 00yCIOBICHBI MUTPAIIUIMHI
HaceJIeHUs IMHOM KyJIBTypBI C BOCTOKA Ha 3araj EBporbl.

HOCKOJ'II)Ky aHaJIn3 U3MCHYMBOCTU MUTOI'CHOMOB COBpE-
MEHHOT0 pycCcKoro HaceneHust Bocrounoii EBporibl mo3Bosui
HaM BBISIBUTH MM30]] PE3KOTro pocTa 3(PEeKTUBHOI YHCICH-
HOCTH MOMYTALNHA ~4.3 TBIC. JI€T Ha3a, TO MOSIBISIETCS BOIPOC
0 TOM, 4eM 3T0 oOycioBineHo. Kpome Toro, mpoBegeHHOE
paHee uccienoBanne (paknuii MUTOTCHOMOB, CIlenUpHY-
HbIX UIA PYCCKUX WJIM [JId CJIaBSAH B 1I€JIOM, TAKKE BLIABUIIO
poct gucneHHocTH ~4-5 ThIc. et Hazan (Mamnsapayk u ap.,
2019). OgHako CHEKTP MHUTOXOHJIPHAIBHBIX TaIuIOTPYI,
MPEACTABIISAIONINX 3TH (PPAKIIH, HE OTPAHUYUBACTCS BOCTOY-
HoeBporeifickumu rartorpynmnamu U2e, U4, USa, USb — on
3HAYUTEIBHO HIMpe U BKiItouaeT ramiorpynnsl H1, H2a, HS,
H6,Hl11a,J1c, Tla, T2b, Vl1a, V3, V7, pacipocTpaHeHHbIC B
no3nHeM Heosmte B LlenTpansHoit n 3amagHoi EBpore. [To-
9TOMY /ISl ONPE/ICJICHHS], OTKY/Ia ¥ KOT/Ia MOIJIM MOSIBUTHCS
sty ramtorpymnisl MTJJHK B reHodonie npeikoB pycckux, B
HacTosIIel paboTe MpoaHaTM3UPOBAHbI TAIEOMUTOTEHOMHBIC
JaHHbIe JuIs HaceneHus: EBponbl n Kaskasa.
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MaTepmanbl n metoabl

W3ydyeHna M3MEHYMBOCTH IIEJIBIX MHUTOXOHIPHAIBHBIX T€HO-
MOB y COBPEMEHHOI'0 pyCCKOro HaceseHust Bocrounoii EBpo-
el (Malyarchuk et al., 2017) B cpaBHEeHHH ¢ pacipeieieHIeM
rarmnorpynn MT/IHK y npeBnero nacenenust Esponst u KaBka-
3a ATIOXU HeoJuTa U Opon30Boro Beka (Allentoft et al., 2015;
Haak et al., 2015; Mathieson et al., 2018; Wang et al., 2019).
Vcnonp30BaHbl Takke CBeneHUs M3 0a3bl JaHHBIX AmtDB
(https://amtdb.org), B koTOpoO¥i coOpaHbl APEBHUE HYKIICO-
TuaHble nocnenosaresnbHocTd MTIHK ¢ conmyTerByrommmu
JIAaHHBIMU (MJCHTU(PHUKATOPHI 00pa3IoB, apXeoI0rHIECKUX
caiitos, Kynbryp, ramiorpynnst MT/JHK u 1. 1.) (Ehler et al.,
2019).

Juist mpoBesieHUsT (GUIOTEHETHYECKOTO aHaM3a HYKJIeo-
TUIHBIX HOCHC}IOBaTeHBHOCTef/’I MUTOXOHAPUAIBHBIX TCHOMOB
MIPUMEHSUIN METOJI MAaKCHMaJIbHOH SKOHOMMH, PEaIn30BaH-
HBI B ITakeTe KOMIBIOTEpHBIX nporpamMM mtPhyl v4.015
(http://eltsov.org). [Tpu mocrpoeHnu GUIIOreHETUICCKUX Jie-
PEBBEB HE YUYHUTHIBAJIN MOIMMOP(U3M [UIMHBI B y4acTKax
mT/IHK 16180-16193,309-315, 514-524, 573-576, a Tarxxe
TpaH3ULHMIO B To3ULuH 16519. DBOMOIIMOHHEBIN BO3pacT MO-
Ho(uneTnyeckux kiaactepoB MTIHK (rammorpyrm 1 ux moa-
TPYII) OLEHUBAIM C UCIIOJIB30BAHUEM JIBYX MYTAI[HOHHBIX
CKOpOCTeH: 1) olHa HYKIICOTHTHAS 3aMEHa B 11€JI0OM MHUTOTe-
HOMeE IpoucxonuT 3a 3624 roma (Soares et al., 2009) u 2) ogna
HYKJICOTH/IHAs 3aMeHa B koaupyromei oomactu MtIHK co-
Bepmaercs 3a 4610 ser (Perego et al., 2009).

Pesynbratbl

AHaHI/IS TaJICOrCHOMHBIX JAHHBIX ITOKA3bIBACT, UTO Hanﬁonee
OTYETIIMBBIC U3MEHEHUSI MUTOXOHAPHAIBHOTO reHO(MOHIa
JpeBHEro HacesjeHus Boctounoit EBpombl HaOIIOMAIOTCS
~4-3 TBIC. JIET 110 H. 3. [0 3TOrO BpeMeHu ApeBHee HACETIeHNE
XapaKkTepU3yeTcsi B OCHOBHOM MHUTOXOH/IPHAIbHBIME TaIlIo-
rpymmamu U2e, U4a, U4b, U4d, USal, USa2, U5Sb2, a mozxe
TMOABJIAIOTCA IalIOTHITBI, OTHOCAIIMECSH K Taluiorpynram H,
HV,J, T, W3, W6 u np.:

U2e, U4, U5 H,J, T, Wu np.

6—4 TBIC. JIET [0 H. 3., HACEICHHE COBPEMECHHBIX TEPPUTOPHIA
Poccun, Ykpauns! u JlarBun

U2e, Uda, U4b, U4d, Usal, H1*, H2al, T2
USa2, USb2

4-3 ThIC. JIET J10 H. )., HACEJICHUE COBPEMEHHBIX TEPPUTOPUIL
Poccun, Yipauns! u Jlarsun
H*, H1b, H2b, H5a, Hé6al,
H13alal, H15b, HV, R0al,
J2b1, T1al, T2b, T2¢, U8b1,
W3al, Wéc

3—2 ThIC. JIET 70 H. 3., HACEJICHNUE COBPEMEHHBIX TEPPUTOPHUI
Poccun, Yxpaunsl, DcToHuu u JINTBBI

U2e, U4*, Uda, U4c, Usal, H2al, H5al, H6a2, H13al, Jlc,

U5a2, USb2 Jlcl, J1c2,J1c3, J2a, J2bl1,
T2al, T2b, T2¢c, W3al, 13a,
Nlala, K1b, U2d, X4

U2e, U5al, U5a2

Taknum 06pa3oM, COrIaCHO MaJIEOTeHOMHBIM JaHHBIM, CO-
BpPEMEHHBIE YePThl MUTOXOHPUAIILHBIA TeHO(pOH/I BOCTOU-
HBIX €BpOTEHIeB pruodpen 4—5 TeicsyeneTnii Ha3aa. B ato
K€ BpeMsl, KaK IMOKa3aJi IPeIbIAyIINe UCCICIOBaHNUS U3~
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MeHunBocTH MT/IHK cOBpeMEHHOro pyccKoro HaceyeHus
(Malyarchuk et al., 2017), nabmromaeTcst poct 3¢hheKTHBHOH
YHCIEHHOCTH TOMYJISIIUH.

Jly1 BBISICHEHUS] HICTOYHUKOB MUTOXOHIPHUAIBHBIX TaIlio-
TPy, HOSBUBHIMXCA B T€HO(OHIE BOCTOUHBIX E€BpOIICH-
1IeB, HAMH IPOAHAIIM3UPOBAHO PACIIPE/IEIICHNE TaIuIOrPyIIT
mT/IHK y npeBHero HaceneHus sHeonnTa, OpOH30BOTO U XKe-
JIE3HOTO BEKOB COCEAHUX pernoHoB EBpornbl 1 KaBkasa B cpas-
HEHHUH CO CIIEKTPOM TaIlyIor pyTI, HaOJIIoaeMbIX y COBPEMEH-
HOTO PYCCKOIo HaceJeHHs. BbIsSBIEHO, UTO MECTHOE BOCTOY-
HOEBPOTICHCKOE MPOUCXOKICHHE, KPOME MHOTOYNCICHHBIX
BapuaHToB ramiorpynn U2e, U4 u U5, MOryT UMeTh JIHIIb
HEKOTOpbIe TaIuIOTUIIBI, OTHOCAIIMECsS K ramiorpymnnam H,
HI1, H2ala, H5a, H6al, T2, mockonbKy OHH IPUCYTCTBOBA-
JM B TeHO(OH/Ie BOCTOYHBIX €BpoIIeineB emie 6—4 Thic. JeT
1o .. (cm. Boite, [punoxenue 1)!. Tlputok ramorpymnm
B TeHO(OH/T BOCTOYHBIX €BpOIeiieB oT HaceneHns Kaskasa
MOXXET OBITH 00yCIOBIICH HEOOIBIINM YHCIOM TaIluIOrpyIIT
(H2al, 11, R1a, R1al, T2alb, U7b), a 0CHOBHOIi IPUTOK Ia-
TUTOTPYII CBsi3aH ¢ HaceneHneM LleHTpanbHoil n 3amagHoH
Espornsr (cm. TIpunoxkenne 1). Oto rammorpynmst Hlc, H3,
H5, H7, H13, H28, H44, HVO0, J1cl, J1c2, J1c5, J2b1, K1a2,
K1a3,K1bl,Klc,Nlalal, T1b, T2f, U3al, U5Sbl, U8a, Vla,
W1, X2b, xoTopble MOSIBIINCH B TEHO(POH/IE LIEHTPATBHBIX
U 3alaJHbIX eBpoIeiines eme 3 ThIC. JIET A0 H.?. U paHee B
pe3yabTarte MUTPALUi arpaprueB OMMKHEBOCTOYHOTO TTPOHC-
XOXK/ICHHS (aHATONUHCKHUX (hepMepOB).

i1l HEKOTOPBIX BOCTOYHOEBPOIEHCKUX rallIOTPyII
MT/IHK TpyaHO onpenenuTs reorpadndeckuii HCTOYHHK, IT0-
CKOJIBKY 3 TBIC. JI€T JI0 H. 3. M paHee OHU IPUCYTCTBOBAIIN KaK
B Llentpanbhoii EBporne, tak u Ha KaBkaze (ramiorpynisl
J2al,T1a2, T2e). B oTHOIIEHNH TPONCXOMKICHHS TaILTOTPYTITT
H2al, T2c1, U2el u U4a2 Takxke HET SICHOCTH — 3 ThIC. JIET
JIO H. 9. ¥ paHee OHM ObLIM Kak Ha BOCTOKe EBpoIbI, Tak 1 Ha
Kaskaze (cum. Ilpunoxkenne 1). Tem He MeHee TOTy4YeHHBIE
JTaHHBIE IEMOHCTPUPYIOT, 4TO (POPMUPOBAHHE COBPEMEHHO-
ro 00JMKa MUTOXOH/IPUAIILHOTO reHO(OH/1a BOCTOYHBIX €B-
pOMENIIEB TPOU30IILIO B SMI0XY OPOH30BOTO BEKA 3a CUET MPH-
TOKa MUTOXOHJAPHUANbHBIX TaMJIOTUIOB C 3amajga EBpomsl.
Mesxay TeM pe3ylabTaThl aHAIN3a ayTOCOMHBIX JIOKYCOB CBH-
JIETENILCTBYIOT O HANpaBICHUN MHUTPAIMi ¢ BOCTOKA Ha 3a-
naza EBpomnsl, a JaHHbIE T0 Y-XPOMOCOME YKa3bIBAalOT Ha OT-
CYTCTBHE TAaKOTO BEKTOPA IBHKEHUS. BriosiHe BEposITHO, UTO
perucTpupyeMble 10 ayTOCOMHBIM JaHHBIM MUTPAalUd Ha-
CeJIeHHs1 ¢ BOCTOKa EBpomnbl npuBenu K GpopMupoBaHUIO Ha
teppuropusix LlenTpanbHoil EBpOIbl CMEIIaHHBIX MOILYJIs-
LM, TTPEACTABICHHBIX BOCTOUHBIM ayTOCOMHBIM U 3a1aIHBIM
(T.e. oboramennriM ramtorpynnamu H, J, T, K, W) mu-
TOXOHAPUATBHBIM KOMIIOHEHTAMU. DTH MOMYNSIMU 3aTeM
HavaJIM SKCIIaHCHIO Ha BOCTOK EBpoIBI 1 aniee B A3uto, Hecst
¢ co0Ol TeHeTHYEeCKHE XapaKTePUCTUKH, OTCYTCTBYIONIHE
y JIpEeBHEro HacelieHus coOcTBeHHO Boctounoit EBporbl.
O BO3MO)KHOCTH TAKOTO CIIEHAPHsI CBUIETENbCTBYIOT PE3yIlb-
TaThl HEJABHUX HCCE0BaHUH qpeBHero Hacenenus Kaskasza
n FOro-BocTtounoii EBpornbl, mokazaBmniie BO3MOKHOCTh
MIPUTOKA «AHATOJNHCKOT0» T'EHETHYECKOro KOMIIOHEHTA B
reHo(oH/] HaceJIeHHS IMHOM KYJIBTYPBI OT SHEOIUTHYECKOTO
HaceneHust CeBepHoro IlpudyepHOMOpBS, MPEICTaBICHHOTO

1 Mpunoxexnsa 1, 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx10.pdf
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TpUIONBCKOI KyabTypoil (Mathieson et al., 2018; Wang et
al., 2019). OueBuaHO, YTO UIA MPOSICHEHUS TEHETHYECKON
WCTOPHH EBPOIICHIIEB U COTNIACOBAHUS JIAHHBIX, MOITYYCHHBIX
JUIS| pa3HBIX TEHETUUECKHUX CHCTEM, HEOOXOIMMBI JalIbHEHIIHE
Goree eTanbHBIC NCCIIEJOBAHMS.

Eme onnH 13 mmpoko oOCyXIaeMbIX BONPOCOB B IO-
cleqHee BpeMs — ydacTue JpeBHero HacesneHus KaBkasa B
(hopMHpOBaHNM HACENICHHS SIMHON KyJIBTYPBI M TEM CaMbIM
HacesteHust EBponsl B 1iesioM. Pesynbrars! anammsa ayTocoM-
HBIX JIOKYCOB II0Ka3aJ11, YTO KaBKa3CKUI1 TEHETUUECKUI KOM-
MIOHEHT MPUCYTCTBYET B FeHO()OHJaX EBPOIEHIIEB, B CBSI3H C
YeM BITOJHE BO3MOXKHO YYacTHE KaBKa3CKHUX ITOMYJSIHN B
MUTPALUSIX ST0XH OPOH30BOI'0 BEKa OT/IEIBHO WII COBMECTHO
C TOTYJISIIHAAMU IMHOU KynsTypsl (Wang et al., 2019). Brrmre
OBLIO OTMEUYEHO, YTO MPUTOK KABKA3CKUX MUTOXOHIPUAITBHBIX
rarIorpyIi B reHo(oH | BOCTOYHBIX €BPOIICHIIEB OIpaHUYueH
HeckosbkuMu ramorpynnamu MTJIHK u, o Bceli BuanMocry,
He Ob11 MHTEeHCUBHBIM. Cpenti HUX Hanbosiee MH(DOPMAaTHBHOM
sisiercs rarwtorpyma R1a. [IposenenHbiit HaMu usiorexe-
THUYECKUH aHanu3 R 1a-MUTOreHOMOB BBISIBIII, YTO 3BOJTOLIH-
OHHBIM BO3pacT 3TOMU ramiaorpynmsl coctasiseT 13—-19 teic.
net ([Ipunoxenue 2). HauGonee apesuue Rla-ramiorurms
HalijeHsl y HaceneHus Mpana n KaBka3za, 4To ykasslBaeT Ha
BO3MO)KHOE MECTO MPOUCXOXK/ICHUSI TON TaIuIorpyIibl. YcTa-
HOBJICHO, 4TO rariorpymnmna R1a nmpeacrasiena qByms BETBsI-
MU — OJTHOH KpymHO# R1al n HeOombII0i HOBO MOATPYTITION
R1a2 (cm. Ilpunoxenwne 2). I'arutorpynmna R1a2 BeisiBiena
y Hacenenusa KaBka3za u Erunta, a Taxke K 3TOH e ramio-
TpyIIe MPUHAUISKUT TalUIOTUI PYCCKOTO MHANBUAYYMa U3
IckoBekoii obmactu. 'ammorpynma Rlal, mpeacraBnennas
Tpemst moarpynnamu, Rlala, R1alb, Rlalc, pacipoctpanena
yke He Tonbko Ha KaBkase, Ho u B EBpome. B R1ala Bxomsr
Tpu noxarpynsl. Ilepsas, Rlalal, oOnapyxena B Boctounoit
EBpomne cpenu pycckux u MOpIBbI; BTopasi, Rlala2, — B ceep-
HOT€PMaHCKUX TOMYJSINNAX, Y aHIJIMYaH U JaT4aH, a TPEThsI
HoBas moarpynmna, Rlala3, — na rore EBpomsl, y Oonrap u
utanesHIeB. Bo3pacT Bceit R1ala cocraBnger 8.5-12.4 Thic.
met, a ee moxarpymm, Rlalal, Rlala2 u Rlala3, — 4.2-5.5,
2.3-3.5 n 1.3-2.3 TBIC. IET COOTBETCTBEHHO. TaKas XpOHO-
JIOTHsI YKa3bIBaeT HAa BO3MO)KHOE Y4aCTHE 3TUX Tariorpy
MTIHK B MHTpanmuoHHBIX COOBITHAX 3MOXH OPOH30BOTO
Beka. dutoreorpagust R1ala-ramioTuioB CBUIETEIBCTBYET
0 CeBepo-3aMaHOM HalpaBIEHHH MUTPalMH, TaK Kak MOA-
rpyrma R1alal mabiromaeTcs cpeni HOBIOPOJICKHUX PYCCKHUX H
MOpABBL, a noArpynmna Rlala2 — cpeau ceBepHbIX FepMaHLEB.
Bwmecre ¢ Tem npucyrcTBre nmoarpymisl Rlala3 y 6onrap u
UTAJIBSIHIIEB YKa3bIBAaeT TaKkKe M Ha IO’KHOEBpOIIeiickoe Ha-
MIPABJICHAE MUTPALIUH.

AHanu3 najeoreHOMHBIX JAAHHBIX JAEMOHCTPHUPYET, U4TO
HanOonee apeBHUE Rla-rammoTumnsl oOHapyKHUBAIOTCA B
sHeonure CeepHoro KaBkasza (~4.5 Teic. JeT 10 H.3.) y
MpeCcTaBUTENICH MalKoOICKO# (4—3.5 ThIC. JICT 10 H.3.) U Ka-
TakoMOHOH (~3 THIC. JIeT A0 H. 3.) KyIsTyp (Wang et al., 2019).
IIpumepHO K 3TOMY K€ BpeMeHH oTHOcsATcs Rlal-ramnoru-
IIBI TIPEACTAaBUTENCH Kypa-apakcCKOW KynbTypbl (ApMeHHs)
(Margaryan et al., 2017; Wang et al., 2019). Camslie panaue
ciryyan oOHapyxeHust noarpynmsl R1ala oTHocsTest Ko Bpe-
MeHU (OPMHPOBAHMSI CEBEPOKABKA3CKOM (KyOaHO-TEpPCKOM)
KyasTypHsI (2.9-2.6 ThIC. JIeT m0 H.3.) (Wang et al., 2019).
Hemnuoro nozxe Rla-rarurotunst ObutH BBISBICHBI y TIPEA-

McToKkn MrTOXOHAPUanbHOro reHopoHAa pycckmx no pesynstatam 2019
aHasnv3a COBPEMEHHbIX 1 NasieoreHOMHbIX JaHHbIX 23.5

CTaBUTEJICH KYJIBTYPbI KOJIOKOJIOBUIHBIX KYOKOB (2.5—2 ThIC.
neT 1o H.9.) Uexun u Aurmnm (Olalde et al., 2018). B namre
BpeMst HanboJ1ee BEICOKHE YacTOTHI rarutorpynmsl R 1a Habmo-
natorcs Ha CeBepHoM KaBkase — BIUIOTh 110 5 % y a/ibIreiIeB,
abxa3oB u kapagaesies ([xayoepme3os u ap., 2019). Takum
00pazom, TaHHbIE O PACTIPOCTPAHEHHOCTH JIPEBHUX U COBpe-
MeHHBIX R 1a-ramnjoTUnoB noka3bIBaroOT, YTO ITa raruiorpyImna
MapKUpyeT MUTPAIK HACEJIEHHs C fora Ha ceBep EBporsl B
310Xy OPOH30BOTO BeKa M TEM CaMbIM MOITBEPIK/IACT yIACTHE
KaBKa3CKOIO F€HETHYECKOr0 KOMIIOHEHTa B (POpPMHUPOBAHUU
reHO(OHa eBPOIICHIIEB.

B mpoBeneHHBIX paHee MCCIIeIOBAHUAX OTMEYAIOCh, YTO
mapkepsl MT/IHK Bnionne wndopmaruBHbl Ui 0OHapyxe-
HUS CJIEIOB MUTPAIH 3TTOXH OpPOH30BOTO BEKa B €Bpa3Mii-
ckom MaciuTtabe. Tak, ¢uiroreHeTndeckoe poaCTBO MEXITY
MUTOXOHAPHUAIBHBIMY JIMHUSIMH Tartorpynnsl U2e2ald
(c Bo3pacTom ~5—7 THIC. JeT) y HaceneHust BocTounoii EB-
ponsl (pycckue, 6enopycsl, cepObl) n VHIUM HaXOANUT CBOE
00BsICHEHHE C MOMOIIBIO MPE/ICTABICHUH 00 WHI0eBpOIIEH-
ckux Murpauusax HaceneHus Ilonrto-Kacnuiickux creneit
B Pa3IMYHBIX HAINPaBICHUSX, B TOM uncie Ha VMumuiicknit
cyokontuneHT (cM. [Ipunoxkenue 2) (Davidovic et al., 2017).
Amnanorngnoe oopscHenne (Silva et al., 2017) npenioxeHo
u Juist rarmorpymnmnel H2b, Bo3pacT KOTOpoil cocTaBiseT
~6—6.5 TBIC. JIET 1 BKJIIOYAET TaIlJIOTHUIIBI KAK €BPOIEHIIEB, TaK
n Hacenenus Muanun, Ilakncrana, TamkuKUCcTaHa, a TaKxKe
IOxnoi#t Cubupu (anrtaifiel, antaiickue Ka3axu u OypsTHI)
(cm. Ilpunoxenue 2). B aTom ciyyae 0OCHOBHBIM apryMeH-
TOM B I10JIb3y BOCTOYHOEBPONEUCKOTO MPOUCXOKAECHUSI ITON
raruIorpyTIIs! SBISIOTCS Haxoaku H2b-rarurorunos y mpea-
CTaBHUTEJICH SIMHOM M CPYOHOW apXeosIOrMUECKUX KYJBTYp
(Lazaridis et al., 2014; Haak et al., 2015; Mathieson et al.,
2015). Uurepecna taxxe ramiorpynna U4d2, pacnpocrpa-
HEHHas B nonyisuuax Bocrounolt EBporbl, a Takxke cpenu
kopenHoro HaceneHusi Cubupu (Davidovic et al., 2017).
Bospacr ee coctaBnsier 6—7 ThbIC. JET, U TIOITOMY BIIOJIHE
BO3MOYKHO, YTO HOCHTEIIH 3TOH raruiorpyibl ObUIH y4acTHH-
KaMH TPAHCHEBPA3HICKNX MUTPALIN 31T0XH OPOH30BOTO BEKa
(cm. ITpunoxkenue 2). lammorpynmna Nlalalal (c Bo3pactom
~7 ThIC. JIeT) pacipocTpaHeHa y HaceneHus Bocrounoit EBpo-
16l (Y PYCCKUX, TaTap, 3CTOHIIEB, GHHHOB), FOxHO#N Cubnpu,
Kazaxcrana n naxxe Mumun (Palanichamy et al., 2010). Takoit
apeaJl rarulorpyIbl MPeoiaraet, YTo pacipocTpaHeHue
Nlalalal-ranaoTHIIOB MOTJIO OBITH CBSI3aHO C MHUTPALIUSIMH
HaceJIeHUs SIMHON KYJIBTYpBl. DTHM K€ MOXKHO OOBSICHUTD
pacnpoctpaneHHOCTh ramtorpymn H8b1 (Bo3pact ~5—8 Thic.
net) B momyrsisix Bocrounoit EBpornsr, LieHTpansHOM A3un
n Cubupu (cm. [Ipunoxenne 2) (Derenko et al., 2014). [Tpu-
BCIACHHBIC IPUMEPLI CBUACTCILCTBYIOT, YTO ]II/IBepCI/I(l)I/IKaLII/Iﬂ
rarmorpym MTIHK nponsomnia B Hauane OpoH30BOTO BEKa,
YTO MOXKET OBITH CBSI3aHO C MUTPALMOHHBIMU MTPOIIECCAaMH B
crenHoM nosice CeBepHoil EBpazun.

3aknioueHue

Pesynpratel uccnenoBanuii monumopdusma MtIHK y co-
BPEMEHHOIO PYCCKOIO HACEJIEHUs U APEBHErO HACEIICHMS
EBponsl 1 KaBkasza oTMeuaroT, 4TO HICTOKM MUTOXOHAPUAIIBHO-
ro reHo(oH/1a PYCCKUX HY)KHO UCKATh B 30Xy OPOH30BOTO
BeKa, KOT7Ia IMEJTH MECTO IIMPOKOMACITaOHbIC TIEPEMEIIICHHS
eBpornenckux nomynsuuid. [Tomyuennsie pe3yabTraThl CBUIE-
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TEJIBCTBYIOT O TOM, YTO ~4—2 TBIC. JICT JI0 H. 3. pa3HOOOpa3ue
MHUTOXOHAPHAIBHOTO TeHO(OH]a BOCTOYHBIX €BPOIICHIIEB
YBEIMYMIIOCH 32 CUET MOSIBICHUSI MUTOXOH/IPUAITbHBIX JIMHUH,
XapaKTepHbIX s HaceneHus LleHtpansHoil n 3anagHoit
EBpomsl. CrietyeT noguepKkHyTh, YTO PaHEE MPEIOKEHHBIN
cueHapuii pacnpoctpanenus ramiorpynn Mt/IHK B Heonure
1 OPOH30BOM BEKe ITPEAIIoaraj MUIpallii HOCUTElIei HeKo-
topsix rarmorpym (U2, U4, US, I, T1, R) ¢ BocToka Ha 3anan
EBporsl B 3110Xy paHHeii OpoH3bI, 0JHAKO 00PaTHOTO MOTOKA
raruIorpyIIi 3TOT CICHApHii He npegycmarpusai (Brandt etal.,
2013), mostomy pacummpenne cnekrpa ramrorpynn MTIHK y
BOCTOYHBIX €BPOIICHIIEB AITOXN OPOH30BOTO BEKa OOBSICHEHUH
HE HaXOJUJIO.
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Association of polymorphism TP53 Arg72Pro
with radon-induced lung cancer in the Kazakh population
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Lung cancer is a problem of great concern and one of the commonest cancer diseases worldwide and in the
Republic of Kazakhstan in particular. Radon exposure is classified as the second most important cause of lung
cancer. According to the experts, the contribution of natural sources to the average annual radiation dose of the
Kazakh population currently stands at 80 %, including 50 % from radon. However, the effect of radon on human
health in the Republic of Kazakhstan is almost unknown. The tumor suppressor gene TP53 is a key mediator of
the DNA damage response cascade following cell exposure to ionizing radiation. The common polymorphism
TP53 Arg72Pro (rs1042522) is a risk factor for lung cancer in the Asian population, but until now no genetic asso-
ciation studies have been done in the Kazakh population. No information on the synergistic carcinogenic effect
of radon exposure and polymorphism TP53 Arg72Pro (rs1042522) is available either. This paper presents the re-
sults of the study of association between alteration in the TP53 gene and radon-induced lung cancer risk in the
Kazakh population. Genetic association was assessed in a case-control study including 44 radon-exposed pa-
tients with lung cancer, 41 patients with lung cancer without radon exposure and 42 age/sex-matched healthy
controls. We found that polymorphism TP53 Arg72Pro (rs1042522) was associated with lung cancer risk in the
Kazakh population (OR = 6.95, 95 % Cl = 2.41-20.05). Individuals with the Arg72Pro genotype also showed a
significantly higher risk of radon-induced lung cancer (OR = 8.6, 95 % Cl = 2.6-28.59).

Key words: polymorphism TP53 Arg72Pro (rs1042522); radon; lung cancer; Kazakh population.
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Accoianus nmoauMop@usma TP53 Arg72Pro
C PUCKOM pa3BUTUS paJOH-VHIAVIIIPOBAHHOTO paKa JIETKOTO
B Ka3aXCKO IIOIY/ISIIINN

O. BYAI‘aKOBal ® A. KycaMHOBal, A. Kaka6aeg2, A. Kayc6eKOBa1, P. BepCJ/IM6aeB1

T EBpasuiicknin HaLMoHanbHbIM yHuBepcuTeT um. J1.H. fymunesa, VIHCTUTYT KneTouHoit 6ronorum n GuotexHonorum, Hyp-CyntaH, KasaxcraH
2 KoKleTaycknii rocyaapcTBeHHbIN yHuBepcuTteT um. L. YannxaHoBa, KokuweTtay, Kasaxctan
® e-mail: ya.summer13@yandex.kz

CaMblil pacnpOCTPaHeHHbIN TUN paka B CTPYKType OHKONOrMyeckmx 3aboneBaHuin — pak Ierkoro, KoTopbii
npepcTaBnaeT cobon cepbesHyto Npobnemy He ToNbko B Pecnybnuke KasaxctaH, HO 1 no Bcemy mupy. Bospein-
CTBUWE papoHa KnaccndurumpyeTca Kak BTopas NpuyrHa pasBuUTA OHKONOTN erkoro. Mo oLeHKam 3KCnepTos,
€CTeCTBEHHbIN pagnauroHHbIn GoH coctaBnsaeT 80 % OT CpefHErofoBO A03bl 06/yUeHUn HaceneHus Kasax-
CTaHa, 13 KoTopbix 50 % npuxoanTca Ha pagoH. OfHaKo cneayeT OTMETUTD, UTO BAMAHUE pafoHa Ha 30POBbe
HaceneHua Pecny6nukn KasaxctaH ocTtaeTca HeBbIACHEHHbIM. [eH-cynpeccop onyxoseit TP53 aBnAeTca Kntoue-
BbIM MEAMATOPOM B Kackaje peakuuii akTuBmpyemblx npu nospexaeHnax JHK B pesynbrate Bo3nencTBmA Ha
KNeTKy MOHWU3MPYIOLLEro n3nyyeHns. M3sectHo, uto nonumopdusm TP53 Arg72Pro (rs1042522) yacTo BCTpeya-
€TCA B a31aTCKOW NONynAumm 1 cumtaetca GpakTopom puUcKa pa3BUTUA paka JIErKoro, HO 0 HAaCTosALLero Bpeme-
HU He 6blNa M3yYyeHa ero accoumauma ¢ naToreHe3oM 3Toro 3aboneBaHuns B Kazaxckol nonynauuu. Het nHoop-
MaLMM OTHOCUTENIbHO CMHEePreTUYeCcKoro KaHueporeHHoro 3ddexta BO3AencTana pagoHa v nonmmoponsma
TP53 Arg72Pro (rs1042522). B 3Toln cTaTbe NpeacTaBfieHbl pe3ynbTaTbl MOUCKa CBA3U NOAMMOPGHOro BapuaHTa
reHa TP53 c puCKOM pasBUTVA paKa JIErkoro, BbI3BaHHOTO PajloHOM, B Ka3axcKol nonynauuu. leHeTnyeckas
accoumaums 6bina oLeHEHa MO MeToAy «CNyvaii-KoHTpOnby». B nccnenosaHvie 6binv BKOYEHb 44 naymeHTa
(nopBepriumnecs BO3AENCTBUIO PafoHa) C ANArHO30M pak fierkoro, 41 naumeHT C AMarHo3oM pak Nerkoro u3
PErMoHOB C AONYCTVMbIMM MOKa3aTeNaMU CopepKaHnA pagoHa 1 42 300POBbIX YeNoBeKa COOTBETCTBYIOLLEro
BO3pacTa v nona. Mbl 06HapyXmnu Koppenaumio mexgy noammopousmom reHa TP53 Arg72Pro (rs1042522)
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1 PVUCKOM Pa3BUTMA paka Nerkoro B kKasaxckor nonynaumm (OR = 6.95, 95 % Cl = 2.41-20.05). Heo6xoanmo
OTMETUTb, YTO NINLA C reHoTMNOM Arg72Pro Takxe nokasanu 6onee BbICOKYI0 BEPOATHOCTb Pa3BUTUA PafoH-
MHAYLMpPOBaHHOro paka nerkoro (OR = 8.6, 95 % Cl 2.6-28.59).

KnioueBble cnioBa: nonumopdusm TP53 Arg72Pro (rs1042522), pafoH; pak fIerkoro; Kasaxckas nonynayus.

Introduction

Radon is considered to be the second most frequent cause of
lung cancer only to tobacco smoking (WHO Handbook on
Indoor Radon..., 2009). According to the experts, the contri-
bution of natural sources to the mean annual radiation dose
for the Kazakh population currently stands at 80 %, including
50 % from radon (Stegnar et al., 2013; Bersimbaev, Bulga-
kova, 2015). However, the effect of radon on human health
in Kazakhstan is not studied sufficiently.

Lung cancer is the leading cause of cancer death in Kazakh-
stan and the commonest form of cancer (Bersimbaev, Bulgako-
va, 2017). The incidence rates of lung cancer in various regions
of Kazakhstan vary quite widely. The morbidity of lung cancer
in regions with high radon concentrations (North Kazakhstan,
Akmola region) is higher than that observed in areas with
generally low radon levels (Bersimbaev, Bulgakova, 2017).

Radon emits radiation in the form of alpha particles, which
interact with DNA either directly or indirectly through the
generation of free radicals, producing double-strand breaks,
large chromosomal aberrations, and point mutations (Robert-
son et al., 2013).

The key role in maintaining the genome stability is played
by TP53, including the response to damage caused by radia-
tion (Yngveson et al., 1999). TP53 mutations were spotted in
the development of tumors of many locations, including lung
cancer (Deben et al., 2016). A number of TP53 mutations are
associated with tobacco smoking-induced lung cancers, and
similar mutation hotspots have been identified that are not as-
sociated with other types of cancer, e.g., codon 157 (\VV&hékan-
gas et al., 2001). These mutation spectra are also different
between smokers and non-smokers (Hainaut, Pfeifer, 2001).

Specific “hotspot” mutations in cancer-relevant genes have
been described in radon-induced lung cancer. Most papers on
TP53 mutations in radon-associated lung cancer are dedicated
to occupational studies on uranium miners (Vahakangas et
al., 1992).

Taylor et al. (1994) were the first to detect a TP53 mutational
spectrum different from those seen in lung cancers caused
by tobacco smoke, and they reported a radon-related TP53
hotspot in codon 249, exon 7. Few studies analyzed TP53
punctual mutations in lung tumors from residential radon-
exposed individuals, and their results were not univocally sup-
portive of the mentioned hotspot in codon 249 (Lo et al., 1995;
Yngveson et al., 1999). Radon-induced lung tumor mutations
in the TP53 gene were also found in codons 248 and 245 (Hol-
Istein et al., 1997). A recent study shows that alterations in
several genes, including TP53, are implicated in lung cancer
resulting from exposure to radon indoors (Choi et al., 2017).

The published data on the association between polymor-
phism TP53 Arg72Pro (rs1042522) and lung cancer risk in
Asians remain controversial (Wang et al., 2013). Zhao et al.
(2018) have shown that the Pro72Pro genotype is associated
with a higher risk of cancer due to poorer ability to induce
apoptosis.

However, no studies of the sort have been conducted in
the Kazakh population. We have not found case-control stu-
dies providing evidence for polymorphism TP53 Arg72Pro
(rs1042522) and radon exposure interaction in the risk of lung
cancer. So, in the present study we aim to study the association
between TP53 gene allelism and radon-induced lung cancer
in the Kazakh population.

Materials and methods

Study design and population. A case-control study was con-
ducted in 2015-2017. Eighty-five lung cancer patients (cases)
and forty-two healthy individuals (controls) from the Akmola
region of Kazakhstan were recruited for the study. The Akmola
region is characterized for having high indoor radon concen-
trations due to uranium deposits and uranium mining enter-
prises located in this area (Bersimbaev, Bulgakova, 2015).
All participants of the study had lived in this region for at
least five years.

The cases had morphopathologically confirmed lung cancer.
Subsequent to the results of the radon measurements, lung can-
cer patients were divided into two groups: 44 radon-induced
lung cancer patients (RLC) and 41 lung cancer patients without
high level of radon exposure (LC). The criterion for the RLC
group participants was indoor radon level exceeding 80 Bg/m3
in the homes. All participants should have lived for at least
five years in their current residence. We chose 80 Bg/m3 as
a threshold level in our study because WHO Handbook on
Indoor Radon indicated that the threshold level of radon ha-
ving a biological effect was no more than 100 Bg/m3 (WHO
Handbook on Indoor Radon..., 2009).

Controls (C) were recruited from individuals attending
hospital for reasons other than cancer. They were matched
with the cases of lung cancer (LC) with respect to age, gender,
and tobacco consumption. The indoor radon level in the resi-
dence of participants from control group should be less than
80 Bg/m3. Characteristics of subjects are presented in Table 1.

Exposure assessment. Radon detectors were placed in the
participants’ homes. The devices were Canary 222 Digital
Electronic Radon Gas Monitor (LR-03) radiometers (Coren-
tium AS, Oslo, Norway). A radiometer was installed away
from doors, windows, or electrical devices and within 60—
180 cm off the floor in rooms previously unventilated for at
least 24 h according to the manufacturer’s instructions. In each
room, radon in the air was measured for seven days and the
average value was used for further calculations.

The annual effective dose (H) was calculated according to
the formula (Quarto et al., 2015):

H(mSvly) =CxFxOxTxD,

where C stands for the average radon concentration Bg/m3;
F is the equilibrium factor for indoor, set at 0.4; O is the
occupancy factor, taken to be 0.8; T is time in hours in a year
(8760 hfy); and D is the dose conversion factor; 1.4 x 1078 Sv
per Bg/m3-h.
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Table 1. Characteristics of the subject participating in the study

Parameter Radon lung cancer (RLC) (n = 44)
Gender 34(77 %)

Age, years

Tobacco

consumption

Association of polymorphism TP53 Arg72Pro
with radon-induced lung cancer in the Kazakh population

Lung cancer (LC) (n=41) p C(n=42) p
34 (83 %) >0.05b 33(79 %) >0.052

Notes:? -t test for both cases (RLC and LC) and control (C) groups; b _ t test for RLC and LC groups; © - x2 test for RLC and LC groups.

Columns: RLC - lung cancer patients exposed to radon; LC - lung cancer patients without exposure to radon; C — control group. All information regarding
participants was rendered anonymous after data and blood sample collection. Informed consent was obtained from each study participant before interview and
blood collection. The present study was approved by the Ethical Committee of the Semey State Medical University (Semey, Kazakhstan; approval No. 2).

Table 2. The PCR amplification and restriction protocols

Alteration Primers for PCR (5'— 3') PCR conditions Amplicon Restriction Restricted product length
in the TP53 gene length, bp enzyme and corresponding
genotype
TP53 Arg72Pro  fTTGCCGTCCCAAGCAATGGATGA; Predenaturation: 94 °C, 5 min; 199 BstUI Arg72Arg - 199 bp;
(rs 1042522) 40 cycles of 94 °C for 30 s, (cat no.R0518S; Arg72Pro — 199 bp,
ITCTGGGAAGGGACAGAAGATGAC 60 °Cfor30s,72°Cfor30s; NEB, USA) 113 bp, 87 bp;

postextension: 72 °C, 7 min

Collection of blood samples, DNA extraction and geno-
typing. Blood samples were collected from all participants by
the vein puncture method, and DNA was extracted from blood
by the conventional phenol-chloroform method (Sambrook et
al., 1989). The genotyping of polymorphism TP53 Arg72Pro
(rs1042522) was performed by PCR-RFLP as previously
described by M.K. Chowdhury et al. (2015). The PCR details
and relevant information are provided in Table 2.

Assay of cotinine in plasma. The smoking status of the
participants was verified using blood plasma cotinine as a
marker. The cotinine level was determined using an ELISA
kit (Cotinine ELISA Kkit; cat no. KA0930; Abnova, Taipei,
Taiwan) as described in (Bulgakova et al., 2018).

Statistical analysis. Student’s unpaired t test was performed
to calculate statistically significant difference in gender, age,
and tobacco consumption between the LC and control groups.
Student’s t test was also used to compare the distribution of
variables between RLC and LC cohorts. The Chi-square test
was used to compare the distributions of tobacco consumption
between the RLC and LC groups. All statistical analyses were
performed using GraphPad Prism 6 software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). “Case-control Study Estimat-
ing Calculator” from Gene Expert Company (State Research
Institute of Genetics and Selection of Industrial Microorga-
nisms of the National Research Center “Kurchatov Institute”,
Russian Federation, http://gen-exp.ru/calculator_or.php) was
used in calculating OR, 95 % CI, and p values for associa-
tion between the case-control status and polymorphism TP53
Arg72Pro (rs1042522). A p value of < 0.05 was considered
significant. To assess whether the genetic polymorphism modi-
fied the effect of residential radon exposure on lung cancer,
logistic regression was performed. We also assessed the pos-
sibility of a synergism between radon exposure and tobacco
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consumption using the method proposed by D. Hosmer and
S. Lemeshow (1992). Analyses were conducted with MedCalc
software (Version 18.6, MedCalc Software, Belgium).

Results
Characterization of the sample studied. Initially, the case-
control study involved a larger number of participants. The
exclusion criteria from our study were occupation of dwelling
for less than five years, absence of histological confirmation of
lung cancer, and belonging to other ethnic groups (Russians,
Ukrainians, Germans, etc.) Participants younger than 30 years
were also excluded from the study. Patients diagnosed with
lung cancer were included in the study regardless of the his-
tological type of cancer. When selecting the control group of
healthy individuals, every attempt was made to match them
with the cancer patients according to the basic population
characteristics. There were no significant differences in the
distribution of age, gender, and smoking status between the
cases (LC) and controls (C), but there was a small difference
between smokers in the RLC and LC groups (see Table 1).
Effective annual radon exposure dose and decay product
inhalation. The average equivalent equilibrium radon volume
activity (EEVA) in the RLC group was 307.6 Bg/m3 accord-
ing to the measurements of radon at the homes of monitored
subjects. The range of EEVA was from 105 to 716 Bg/m3.
To evaluate the effect of radon exposure on the lung tissue,
we used the effective annual dose, which is the tissue-weighted
sum of the equivalent doses. The mean effective annual dose
for lung cancer patients living in areas with high radon levels
(RLC) was 7.5 mSv/y. The minimum and maximum effective
annual doses in the RLC group were 4.12 and 20.76 mSv/y.
The same data in the lung cancer patients living in the area
with a low level of radon (LC) were 40.6 Bg/m3 (from 8 to
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Table 3. Association between polymorphism TP53 Arg72Pro (rs1042522) and development of lung cancer

Genotype LC (n=41) C(n=42)
Arg72Arg .......................... 11(27%) ................................ 3 0(72%) ...............
Arg72pr022(s4%) .................................. 6(14%) ...............
pro72pro ............................ 3(19%) .................................. 6(14%) ...............

OR 95 % Cl p
e T Do
e T
................. e

Table 4. Association between polymorphism TP53 Arg72Pro (rs1042522) and the risk of radon-induced lung cancer

Genotype Lung cancer (LC) (n =41) Radon lung cancer (RLC) (n=44) OR 95 % Cl p
Arg72Arg ......................... 11(27%) .......................................... 1(2%)006 .................. 0 01_052 .................. 0 0004 ............
Arg72pr0 .......................... 2 2(54%)40(91%)864 .................. 2 61_2859 ..............
pr072pro ............................ 8(19%) ......................................... 3(7%)030 .................. 0 07_123 ................

78 Bg/m3) and 2.0 mSv/y (from 0.31 to 3.06 mSv/y), respec-
tively.

EEVA levels in the control group fell within the range from
2 to 80 Bg/m3 with the average value 22.5 Bg/m3. The mean
effective annual dose for the control group was 0.88 mSvly.
The minimum and maximum effective annual doses in the
control group were 0.08 and 3.14 mSvly, respectively.

Association of polymorphism TP53 Arg72Pro (rs1042522)
with lung cancer in the Kazakh population. We investigated
polymorphism TP53 Arg72Pro (rs1042522) and lung cancer
risk in the Kazakh population regardless of radon exposure.
For this purpose, we analyzed the distribution of polymor-
phism TP53 Arg72Pro (rs1042522) genotypes Arg72Arg,
Arg72Pro and Pro72Pro in LC and control groups. The geno-
type frequencies in the control and LC groups are shown in
Table 3.

Statistical analysis of association between a genetic poly-
morphism and development of lung cancer was conducted
by evaluating the data with regard to the general and additive
models. Unfortunately, we could not use the recessive and
dominant models in view of the small number of partici-
pants. According to the general model (see Table 3), there is
a significant risk of lung cancer associated with the Arg72Pro
(OR = 6.95, 95 % CI = 2.41-20.05) and Pro72Pro geno-
types (OR = 1.45, 95 % CI = 0.46-4.64), for all genotypes
¥2 = 18.22, p = 0.0001. The additive model confirmed this
finding (¥2 = 9.22, p = 0.002). When we analyze separately
non-smokers and smokers, we can observe a higher risk of
lung cancer for the Arg72Pro genotype (OR = 4.33 95 %
Cl =1.17-15.99) in smokers, but the results are not statisti-
cally significant (p = 0.06). Cotinine levels < 10 ng/ml were
considered the criterion of the absence of current smoking.

Effects of residential radon exposure and polymorphism
TP53 Arg72Pro (rs1042522) on lung cancer risk. To esti-
mate OR for radon-induced lung cancer, we analyzed the
distribution of polymorphism TP53 Arg72Pro (rs1042522)
genotypes Arg72Arg, Arg72Pro and Pro72Pro in both lung
cancer groups (LC and RLC). The logistic regression em-
ployed the effective annual dose, which was modeled with one
indicator variable for >4.12 mSv/y and one indicator variable
for missing with < 3.14 mSv/y as the common reference ex-
posure. As shown in Table 4, the risk of radon-induced lung
cancer is higher in participants with the Arg72Pro genotype.

The odds ratio is 8.64 (95 % Cl = 2.61-28.59; p = 0.0004).
No additive interaction was observed for Arg72Pro, radon
exposure, and tobacco consumption (¥2 = 10.33, p = 0.066).
Cotinine levels < 10 ng/ml were considered the criterion for
the absence of current smoking.

Discussion

It was shown that polymorphism TP53 Arg72Pro (rs1042522)
plays an important role in the development of different types
of cancer (Francisco et al., 2011), including lung cancer (Neu-
mann et al., 2018). Katkoori et al. (2017) demonstrated the
high survival of cells that express P72, This effect can be
explained by the fact that the Pro72Pro variant has a weaker
TP53 transcriptional activity compared to Arg72Arg (Thomas
et al., 1999; Zhao et al., 2018). As many of the TP53 target
genes are involved in apoptosis regulation, the Pro72Pro
genotype can dysregulate programmed cell death and activate
the tumor-promoting phenotype.

On the other hand, the protein product of the Arg72Arg
genotype is more effective in inducing apoptosis, although
Arg72Arg is associated with faster degradation than Pro72Pro
(Storey et al., 1998). Neumann et al. (2018) have shown an ad-
verse prognostic value for the presence of heterozygous geno-
type Arg72Pro in tumor samples from lung cancer patients. In
a meta-analysis of 51 studies, polymorphism TP53 Arg72Pro
(rs1042522) was significantly associated with lung cancer risk
in any genetic model (Ye et al., 2014). According to S. Wang
et al. (2013), the Arg72Pro genotype positively correlated
with lung cancer risk in Asians. Only few studies attempted
to determine the impact of polymorphism TP53 Arg72Pro
(rs1042522) on cancer risk in the Kazakh population.

The results of this study indicate a significant risk of lung
cancer for Arg72Pro (OR =6.95, 95 % CI = 2.41-20.05) and
Pro72Pro genotypes (OR = 1.45, 95 % CI = 0.46-4.64), for
all genotypes x> = 18.22, p =0.0001 in the Kazakh population.

The product of the TP53 gene is involved in the response
to damage caused by radiation (Yngveson et al., 1999).

Radon is a decay product of uranium. It emits a radiation,
which is carcinogenic for humans. The effects of o radiation
include different types of DNA damage leading to mutations,
chromosomal aberrations, and cell transformation. Some stud-
ies infer that the radon-induced mutation spectra in lung cancer
may differ from the mutations in patients with lung cancer
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induced by tobacco smoking (Taylor et al., 1994; Hollstein et
al., 1997). Yngveson et al. (1999) have shown that residential
exposure to radon seems to contribute to a higher mutation
prevalence of the TP53 gene in lung tumors, especially among
nonsmokers.

There are only few studies on radon exposure and gene
polymorphisms (Bonner et al., 2006; Ruano-Ravina et al.,
2014; Lengetal., 2016). Two of them provided evidence for an
interaction between members of the glutathione S-transferase
family GSTT1 (Ruano-Ravinaetal., 2014) and GSTM1 (Bon-
ner et al., 2006; Ruano-Ravina et al., 2014) and radon in lung
cancer risk. The association between IL-6 promoter SNPs
and squamous cell carcinoma was studied in uranium miners
(Leng et al., 2016).

Choi et al. (2018) identified that CHD4 rs74790047, TSC2
rs2121870, and AR rs66766408 are found to be common
exonic mutations in both lung cancer patients and normal
individuals exposed to radon indoors.

Our study shows that the effect of radon on lung cancer risk
depends on polymorphism TP53 Arg72Pro (rs1042522). Thus,
radon-inducible lung cancer risk increases in participants with
the Arg72Pro genotype as compared to two other genotypes,
Arg72Arg and Pro72Pro.

A possible explanation for these findings is that radon
causes a genetic damage (Jostes, 1996). Druzhinin et al. (2015)
reported that the frequencies of chromosomal aberrations in
peripheral blood lymphocytes were significantly elevated in
long-term resident children in a boarding school under con-
ditions of high exposure to radon. The polymorphism TP53
Arg72Pro (rs1042522) can affect the induction of cell apopto-
sis (Pereira et al., 2011) and the repair of damaged DNA (Hu
etal., 2005). It is possible that the Arg72Pro genotype does not
promote efficient DNA repair or apoptosis in comparison with
Arg72Arg and these events lead to malignant transformation
of cells. So, Y. Hu et al. (2005) have shown that the Pro72Pro
genotype is associated with higher frequency of TP53 muta-
tions in non-small-cell lung cancer.

There are some limitations in our study. The number of par-
ticipants was insufficient for comprehensive study of the effect
of the TP53 gene polymorphism-radon interaction. Therefore,
we could not analyze the influence of the Pro72Pro genotype
on the risk of radon-induced lung cancer. Further studies are
warranted to address the relationships among residential radon
exposure, TP53 gene polymorphisms, and lung cancer risk.

Conclusion

To sum up, the exposure to residential radon interacts with
the Arg72Pro genotype to increase the risk of lung cancer in
the Kazakh population. Our study supports the hypothesis that
polymorphism TP53 Arg72Pro (rs1042522) can modulate the
pathogenic effect of radon in lung tissue.
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Suicide is the second leading cause of death among young people and therefore being a serious global problem
worldwide. The study of genetic and epigenetic factors in the development of suicidal behavior plays an important
role in the development of advanced methods of diagnosis and treatment of this pathology. The role of hereditary
factors in the development of suicidal behavior is estimated at 30-55 %, with a pronounced comorbidity with
other psychopathologies. The study of genetic liability to suicidal behavior is based on molecular-genetic methods
including association and linkage analyses, chip gene expression arrays, and genome-wide association studies.
Published data identified multiple genes including those involved in the functioning of serotonergic (SLC6A4, TPH,
5-HT1A), hypothalamic-pituitary-adrenal systems (FKBP5) and polyamines (SAT and OATL1) associated with suicidal
behavior. However, the diversity of interacting genetic loci complicates the interpretation of the development of
a complex phenotype of pathology and prevents the association from being detected. To solve this problem and
interpret the missing relationship between the environment and the genome, promising results were obtained
from a study of epigenetic factors, which affected the expression of a number of candidate genes involved in brain
functioning in suicidal behavior. The analysis of a brain obtained from suicide victims, representing a unique tool
for the analysis of modified genomic processes, revealed a wide range of reprogramming patterns of DNA methyla-
tion in promoters of the genes of polyamine (OAZ1, 0AZ2, AMD1, ARG2, SKA2), serotonergic (SLC6A4) and GABAergic
(GABRAT) systems, HPA-axis (GR, NR3C1), tyrosine kinase (TrkB) receptors, brain-derived neurotrophic factor (BDNF).
The role of histone modifications in distinct genes (Cx30, Cx43, TrkB.T1) and the expression of specific long non-
coding RNAs and microRNAs in the development of suicidal behavior, which is promising for the development of
diagnostic algorithms and target therapy, is discussed.
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3 NHCTUTYT BUOXMMIU 11 FeHETUKM — 060COBIeHHOE CTPYKTYpHOe nofpa3saeneHue Yormckoro ¢penepanbHOro NccneaoBaTenbCckoro LeHTpa
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Camoy6uiicTBa 3aHMalOT BTOPOE MeCTO Cpefy NMPUYMH CMEPTU CPefM MOSTIOAEXN, B CBA3U C YeM ABAAIOTCA Cepbes-
Holi rnobanbHomn npobnemon yenoBeyecTsa. [InAa pa3paboTKM NepcnekTUBHbIX METOLOB AMArHOCTUKU 1 leYeHna
[aHHOW NaToMNOrMm Ba>kHOE 3HaYeHVe MEET NCCNIEA0BAHME FTEHETUYECKUX U SMUFEHETNYECKX GpAaKTOPOB B Pa3Bu-
TUW CynUMAANBbHOrO NoBefeHUA. Posib HaceACTBEHHbIX GaKTOPOB B PasBUTUM CYULIMAANIBHOMO NOBEAEHUA OLEeHU-
BaeTcA B 30-55 %, NPy 3TOM XapaKTepHa Bblpa)KeHHas KOMOPOULHOCTb C APYFMI NMCUXNYECKMU PAaCCTPONCTBAMU.
[lnAa nccnefoBaHMA reHeTNYeCKON NpeapacnoNioKeHHOCTH K CynLnay UCMOSb3YyTCA MOSIEKYIAPHO-TeHeTMYeCKne
MeTOZbl, BK/IKOUYasi KOHTPONMPYEMbIE aHaNM3bl accoLMaLuii U CLENIeHnsa, MUKPOMATPUYHBIE aHaM3bl SKCIPeccum
reHOB 11 NOMIHOrEeHOMHbIV MOWCK accoumauuii. B nutepatype npefcrasneHbl AaHHble 06 NAEHTUGMKALUN MHOXe-
CTBa reHOB, B TOM YMCIe CBA3AHHBIX C M3MEHEHNAMMN GYHKLMOHUPOBAHUA CEPOTOHMNHEpPruYeckol (reHbl SLC6A4,
TPH, 5-HT1A), runotanamo-runodunsapHo-HagnoyeyHnkoBor cuctem (reH FKBP5) 1 nonvamMuHoB (reHbl SAT n
OATLT), accounmnpoBaHHbIX C pa3BUTUEM CynumMAanbHOro nosefeHus. OgHako pasHoobpasne B3anMoLEeNCTBYO-
LNX FEHETUYECKMX JIOKYCOB YCIIOXKHAET MHTEPMpeTaLmio pa3BUTUA CIOKHOTO GpeHOTUMNa NaToIorn U He NO3BOoNA-
€T ONpeaennTb BbipaXXeHHY accouraumio. 1nsa paspelleHrs faHHON Npobnembl 1 MHTEpMpeTaLmm HeloCTaloLwen
CBA3UN MeXAYy OKpyXKaloLiel cpeaom 1 reHOMOM 6binn nonyyeHbl MHoroobellatoLye pesynbTaTbl MPU U3yyYeHun
SNUreHeTNYeCKnX GakTopoB, Posib KOTOPbIX MPY CynUUAanbHOM NOBEAEHMMN NOKa3aHa B M3MEHEHUN SKCMPeCccmm
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pAAa KaHAVAATHBIX FeHOB, BOB/IEYEHHbIX B GYHKLVIOHNPOBaHME FOIOBHOrO MO3ra. YHUKanbHbIM 0O6beKToM And
NPAMOro NCC/IEA0BAHNA N3MEHEHUA FTeHOMHbIX NPOLIECCOB ABMIAETCA FONIOBHOM MO3T YMepLUMX OT Cynumaa nogei,
npwv N3yYeHnr KOTOPOro Obin BbIAB/IEH WMPOKWI CNEKTP penporpammmpoBanua nattepHoB JHK-meTunmposaHua
NPOMOTOPOB FeHOB cMcTeMbl nonvamunHoB (OAZ1, OAZ2, AMD1, ARG2, SKA2), cepoToHuHepruyeckon (SLC6A4) n
TAMK-epruueckoin (GABRAT) cuctem, rntokokopTrkomaHbix (GR, NR3CT) n Tpo3uHknHasHbix (TrkB) peLenTtopos,
HelpoTpoduueckoro paktopa ronoBHoro mosra (BDNF). NokaszaHa posib M3MeHeHUn MognduKaLmum rmcToHOB B
obnactn pacnonoxenus cneunduryecknx reHos (Cx30, Cx43, TrkB.T1) n akcnpeccun cneymnduyecknx SANHHbIX He-
kogupytowyx PHK 1 MukpoPHK B pa3suTimn cynumaanbHOro noBefeHuUs, YTo NePCreKTUBHO AfiA pa3paboTkm npo-
rpamMmm AMarHOCTUYECKMX anropuUTMOB 1 TapreTHON Tepanuu.

KnioueBble cioBa: accouumaumm; ronoBHON MO3T; METUAIMPOBaHMWE; Hekoampytowme PHK; cynumg; snureHeTuka.

Introduction

Suicide represents violence against oneself with the serious
intention to destroy life. Every 40 seconds in the world 1 in-
dividual dies from suicide (Roy, Dwivedi, 2017). According
to the WHO, about 1 million individuals commit suicide
every year (Cui et al., 2017), and the global prevalence of
suicide is 11.4 per 100,000 individuals (Lutz et al., 2017).
Suicidal behavior (SB) is a generic term used to denote risk,
attempts and committed suicide (Bani-Fatemi et al., 2015).
SB is the second cause of death among individuals of young
age and takes the 10th place in all age groups worldwide
(Roy, Dwivedi, 2017; Fanelli, Serretti, 2018). For example,
a longitudinal study of adolescents aged 13-18 revealed that
12.1 % of American adolescents had suicidal thoughts, 4 %
were planning suicides, and 4.1 % committed suicide (Nock
etal., 2013). These observations together with the absence of
appropriate preventive strategies make SB an essential public
health problem (Roy, Dwivedi, 2017).

SB is a multifactorial pathology showing high comorbid-
ity with mental illness (MI) and major psychopathologies,
including major depressive disorder (MDD), bipolar disorder
(Ludwig et al., 2017) and schizophrenia (Bani-Fatemi et al.,
2015). For example, about 4 % of MDD patients die as a result
of suicide (Serafini et al., 2012), and the youngest individu-
als with SB are diagnosed with mental illness (Nock et al.,
2013). Certain environmental stimuli increase the genetic
predisposition to SB in MDD patients (Roy, Dwivedi, 2018).
However, it should be taken into account that SB is caused
by complex risk factors, which are not universal for each
individual (Turecki, 2014).

Over the past decades, a number of theories have been
proposed explaining the mechanisms for the development
of SB. According to one of the most influential theories pro-
posed by Mann (Mann et al., 1999), individuals with a certain
vulnerability (“diathesis”) to SB would develop SB under
the influence of psychological crises or mental disorders.
According to the interpersonal theory of suicide proposed by
Joiner (2005), the main factors of SB include suicidal desire
(due to high levels of adherence and impaired affiliation) and
the ability to perform suicide (the sum of genetic, epigenetic
and environmental factors) (Ludwig et al., 2017). According
to twin studies, SB showed heritability ranging from 21 to
50 %, while population studies suggested up to 55 % (Roy,
Dwivedi, 2017). Molecular-genetic methods are used to study
the genetic susceptibility to SB including controlled analyses
of associations and linkages, micromatrix analyses of gene

expression and genome-wide analyses of associations. An im-
portant role in SB development belongs to epigenetic factors,
since they mediate environmental effects on the degree of
phenotypic manifestation of genetic susceptibility to pathol-
ogy (Tsai et al., 2011). The brain obtained from individuals
who died from suicide represents a unique object for direct
study of changes in genomic processes in SB (Almeida,
Turecki, 2016).

The role of genetic factors

in the development of suicidal behavior

The scientific literature presents data on the associations of
SB with more than 200 genes including genes associated with
changes in the functioning of a number of neurobiological
systems. These include genes of the serotonergic, noradrenergic
and hypothalamic-pituitary-adrenal (HPA) systems (Lutz et
al., 2017). According to functional studies, SB is characterized
by decreased levels of serotonin metabolites and changes
in the number of receptors and serotonin transporter levels
in the brain (Chandley, Ordway, 2012). To date, numerous
studies on genetic predisposition to SB have demonstrated
association of SB risk with serotonergic system genes such
as serotonin transporter (SLC6A4), tryptophan hydroxylase
(TPH), and serotonin receptor 1A (5-HT1A) (Bach, Arango,
2012). In 2018, a meta-analysis of 45 studies was conducted,
confirming the association of a low-expressing S allele in the
serotonin transporter gene (SLC6A4) with an increased risk
of developing SB (Fanelli, Serretti, 2018).

A number of authors have identified the involvement of
the noradrenergic system in SB development. For example, a
decreased number of noradrenergic neurons in the locus coeru-
leus, higher f2-adrenergic and lower a-adrenergic receptor
binding in the cortex, reduced levels of noradrenaline metabo-
lites in the cerebrospinal fluid were detected in SB patients
(Mann, Currier, 2010). Therefore, impaired noradrenergic
functioning promotes SB development. At the same time,
antidepressants acting on the noradrenaline transporter, a2-
adrenoreceptors and other stress-sensitive targets (glutamate
transporter and receptors, GABA receptors) can reduce the
risk of suicide (Chandley, Ordway, 2012).

A great importance in the phenotypic manifestation of
SB belongs to stressful events in childhood, which mediate
changes in the functioning of monoaminergic and HPA sys-
tems in ontogenesis (Mann, Currier, 2010). The important role
of stress in SB development is confirmed by the involvement
of HPA-axis genes in the development of this pathology. For
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instance, an association of the C-allele FKBP5 polymorph
rs3800373 with SB was determined. The FKBP5 gene en-
codes FK506 binding protein involved in the regulation of
HPA-axis activity via its binding to glucocorticoid receptors
(Fudalej et al., 2015). According to functional data, a lower
level of corticotropin-releasing hormone receptor, one of the
most important components of the HPA axis, was detected in
the prefrontal cortex of individuals with completed suicide
(Mann, Currier, 2010). The SB development is also influenced
by changes in the genes of the polyamine system: SAT (sper-
midine/spermine N1-acetyltransferase) and OATL1 (ornithine
aminotransferase like-1) (Fiori et al., 2010). However, the
involvement of many genes with a small effect was noted. A
variety of interactions between the proteins encoded by these
genes is also shown. In addition, heterogeneity in the clinical
groups of patients with SB was shown in various studies. These
problems indicate insufficient data on SB etiopathogenesis. To
solve this problem, a number of recent studies were conducted
demonstrating promising results by interpreting the missing
link between the environment and the genome via epigenetic
factors (Roy, Dwivedi, 2017).

The relationship of epigenetic factors

with the expression of genes associated

with suicidal behavior

The epigenome mediates the gene x environment interaction,
including the effect of adverse life situations (Schneider et
al., 2015). An epigenetic approach examines the effect of
environmental stimuli such as stressors, life adversity, and
various biological processes on the genome. Epigenetic fac-
tors include DNA methylation, histone modifications, RNA
interference (RNAI) using non-coding RNA (ncRNA) and
changes in the nucleus organization. These epigenetic modi-
fications allow the genome to respond and adapt to internal
and external factors through variations in gene expression
(Bani-Fatemi et al., 2015).

According to epigenetic studies of SB, the pathogen-
esis of this disease is based on an impaired plasticity of the
neuronal pathways with the brain’s inability to provide an
appropriate adaptive response to environmental stimuli. For
instance, individuals with SB are characterized by changes
in the expression of genes crucial for synaptic and structural
plasticity (Dwivedi, 2018). A number of researchers have
demonstrated the role of changes in the expression of genes
of the cytokine system and polyamines in SB pathogenesis. In
particular, a significantly higher level of expression of tumor
necrosis factor alpha (TNF-a) and miR-19a-3n was observed
in the prefrontal cortex of individuals with completed suicide
compared to the control. This miRNA has a targeted effect on
TNF-a (Wang et al., 2018). The role of epigenetic factors in the
regulation of polyamine gene (SAT1) (spermidine/spermine
N1-acetyltransferase) expression in the prefrontal cortex of
individuals with completed suicide has been identified (Fiori,
Turecki, 2011).

Early-life adversity (ELA) in childhood as a stress-related
component represents an important risk factor for develop-
ing SB in adults, even if much time will have passed since
exposure to stress. ELA includes child abuse, neglect, loss of
parents, low socioeconomic status. Although only negative
effects of ELA are often assumed, it is important to note that
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stress effects are not deterministic and can cause conflicting
effects in adulthood, and in some cases can even result in
increased stress sensitivity. However, most studies focus on
the negative effects of ELA. As a result of a number of stud-
ies, it was concluded that ELA long-term effects might be
due to changes in the epigenetic landscape due to impaired
DNA methylation, post-translational modification of histones
and the expression of non-coding RNA (Burns et al., 2018).
The study of DNA methylation demonstrated an increased
methylation of 97 % of 1000 differentially methylated regions,
including functional categories of genes highly expressed
in the brain (APLP2, BDNF, HTR1A, NUAK1, PHACTRS,
MSMP, SLC6A4, SYN2, and SYNE), in the cerebral cortex of
individuals with completed suicide compared to the control
group (Schneider et al., 2015).

Changes in DNA methylation

and histone modification

Nowadays the majority of studies on the role of epigenetic
factors in SB development are focused on resistant markers,
such as DNA methylation and histone modifications. DNA
methylation is a dynamic process that occurs throughout
ontogenesis, even in postmitotic cells, such as neurons. Tra-
ditionally, DNA methylation is defined as the addition of a
methyl group to the fifth carbon of the cytosine base (5SmC)
in CpG islands of gene promoters in mammalian genomes,
which is functionally related to gene silencing. Unlike 5mC,
hydroxymethylated DNA (5hmC) often found in the genes has
a global positive effect on gene expression. TET 2/3 enzymes
play a role in the formation of 5hmC (ten-eleven transloca-
tion of methylcytosine dioxygenases 2 and 3). This process is
described in neural cells. The brain is characterized by a high
level of methylation of cytosine outside the CG dinucleotides,
the so-called CH-methylation, especially characteristic of the
first year of life (Burns et al., 2018).

A number of studies have been carried out on the associa-
tion of changes in epigenetic factors with SB development
in individuals who have experienced severe stress in child-
hood. In this context the effect of changes in stress response
systems, mainly the HPA axis, which is programmed under
the influence of environmental factors in early childhood, is
actively analyzed. Changes in the HPA axis are associated
with an increased risk of suicide (Turecki, 2014). Evidence
of a significant role of environmental factors in active de-
methylation in childhood includes methylation differences
in exon 1C of the glucocorticoid receptor (GR) gene in the
brain of individuals with completed suicide with ELA his-
tory (Turecki, 2014). SB patients who experienced early-life
stress demonstrated hypermethylation in two CpG islands
in the promoter region of the neuron-specific glucocorticoid
receptor gene (NR3C1), which resulted in suppression of gene
expression in the brain of individuals with completed suicide
compared to the control (McGowan et al., 2009). Serotonergic
system genes, in particular, the serotonin transporter gene
(5-HTT), are also regulated by individual reaction to stress.
Namely, the important role of stress mediating the associa-
tion between modifications in the promoter region of the
5-HTT gene and the risk of developing SB was suggested to
be caused by changes in 5-HTT gene methylation (Jimenez-
Trevino et al., 2017).
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Recently, the expression and methylation of polyamine
system genes have been actively studied. Stress-mediated
impairments in various components of the polyamine system
were found in cortical and subcortical structures in individu-
als with SB with marked changes in the epigenetic regulation
of gene expression (Turecki, 2014). The genome-wide DNA
methylation studies demonstrated significant site-specific dif-
ferences in the methylation patterns of the promoter regions
of the polyamine system genes including OAZ1 (ornithine
decarboxylase antienzyme 1), OAZ2 (ornithine decarboxylase
antizyme 2), AMD1 (S-adenosylmethionine decarboxylase 2),
ARG2 (arginase 2) (Gross et al., 2013), and SKA2 (spindle and
kinetochore associated complex subunit 2) (Guintivano et al.,
2014; Pandey et al., 2016; Olie, Gourtet, 2017) in the brain of
individuals with completed suicide compared to the control.
The methylation pattern of the SKA2 gene is specific to SB
and can be used as a biomarker for determining suicidal risk
(Sadeh et al., 2016).

Alarge number of studies on the epigenetic regulation of SB
were focused on changes in methylation in the gene encoding
neurotrophic brain-derived factor (BDNF) (Kang et al., 2018).
Moreover, SB patients were characterized by a significant
increase in DNA methylation in the promoter and non-coding
exon 4 of the BDNF gene, while a hypermethylation was
observed in promoter IV of this gene (Keller et al., 2010,
2011). Noteworthy, the association of the hypermethylated
BDNF gene with SB risk was observed independently of the
presence of potential covariates or a particular genotype (Kim
etal., 2014). Moreover, distinct changes in BDNF expression
are also considered to be a risk factor for developing SB in
the elderly (Kim et al., 2014). Considering the data obtained,
it is suggested to use the methylation pattern of the BDNF
gene as a marker of a history of suicidal attempts, as well as
to predict the possible inefficacy in SB therapy (Kang et al.,
2013). Since the effect of BDNF is present due to its binding
to the tropomyosin tyrosine kinase receptor TrkB-T1, several
authors have reported a decrease in the expression of the
TrkB-T1 gene, which is caused by higher methylation in the
promoter and the 3’-untranslated regions (UTR) of this gene
in the frontal lobe in patients with completed suicide (Ernst
et al., 2009b; Maussion et al., 2014).

Some studies have shown a possible role of modified ex-
pression of such genes as MPP4 (membrane palmitoylated
protein 4), nucleoporin (NUP133), a member of the TRE2/
BuB2/CDC16 family of domains (TBC1D16), the alphal
subunit of the gamma-aminobutyric acid receptor (GABRA1)
in SB development. In particular, a total decrease in methy-
lation in the 5’-UTR of the MPP4 gene and in intron 3 of
the TBC1D16 gene together with increased methylation in
exon 1 of the NUP133 gene was observed in patients with
bipolar disorder and comorbid SB compared to the control
group (Jeremian et al., 2017). In addition, hypermethylation
of CpG islands in the promoter of the GABRAL gene was
associated with changes in mMRNA expression of the DNA
methyltransferase gene (DNMT) in the brain of individuals
with completed suicide (Poulter et al., 2008).

Histone modifications also make a significant contribution
to the regulation of expression in SB. Data were obtained on
the suppression of gene expression of connexins 30 and 43
(Cx30 and Cx43) in the brain of individuals with completed
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suicide due to histone methylation (Nagy etal., 2017). Namely,
changes in astrocyte interaction occurring due to the channels
formed mainly by connexins 30 and 43 are largely regulated
by histone modifications in the Cx30 and Cx43 genes. The
role of histone modifications in the regulation of tropomyosin
tyrosine kinase receptor (TrkB.T1) (Ernst et al., 2009a) and
ornithine decarboxylase antienzyme genes (OAZ), which is
involved in the synthesis of polyamines, was reported (Fiori
et al., 2012). In the former study, a decrease in TrkB.T1 gene
expression was observed due to methylation in the third his-
tone (H3K27) (Ernst etal., 2009a). The latter case, in contrast,
reported activated OAZ gene expression due to enhanced levels
of H3K4me3, a marker of transcriptionally active chromatin
(Fiori et al., 2012).

The role of long non-coding RNAs

Long non-coding RNA (IncRNA) represents RNA molecules
longer than 200 bp with low protein-coding potential.
The IncRNAs are classified mainly on the basis of their
interaction with known genes. For example, IncRNAs can
be antisense, sense, overlapping, intronic, and intergenic
transcripts. LncRNAs are characterized by tissue-specific
expression and mediate important biological functions by
regulating the functioning of protein-coding genes. It was
found that the IncRNA genes formed various isoforms with
different functions manifesting in-cis and in-trans regulatory
mechanisms. Therefore, one IncRNA gene can control the
functioning of several distal target genes (Zhou et al., 2018).
It is important to note that transposable elements (TES)
represent the sources of over 41 % of the functional IncRNA
domains (Johnson, Guigo, 2014) and are considered to be
stress-sensitive elements (Wheeler, 2013), which in site-
specific transposition activate the stress response genes (Feng
et al., 2013). Moreover, TEs can serve directly as sources of
dsRNA genes, whose transcripts regulate the differentiation
of stem cells (Lu et al., 2014). This observation is caused by
a significant role of IncRNA in human brain functioning
and is determined by IncRNA activity in the hippocampus
(simultaneously with TEs expression) during neurogenesis.
For example, INcRNA2393 expression promotes the matu-
ration of neural stem cells in the dentate gyrus (Deng et al.,
2017).

More than 14,000 IncRNA genes have been identified in
the human genome, at least 67 % of the mature transcripts of
which consist of TE sequences, while many of them consist
entirely of TE (Kapusta, Feschotte, 2014). TEs represent
important sources of epigenetic regulation (Mustafin, Khus-
nutdinova, 2017), thus providing their study as a promising
direction for identifying the mechanisms of SB development.
Adifferential expression of six INcRNAs (TCONS_00019174,
ENST00000566208, NONHSAG045500, ENST00000517573,
NONHSAT034045, and NONHSAT142707) was observed in
peripheral blood leukocytes of patients with SB and MDD
(Cui etal., 2017), while 23 different IncRNAs were differen-
tially expressed in the brains of individuals with completed
suicide (Zhou et al., 2018) compared to the control group.
Protein-encoding genes localized distally from IncRNAs
identified in these studies are involved in the organization
of the cytoskeleton and plasmatic membrane, cell adhesion,
DNA binding and regulation of dendrite development (Zhou
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etal., 2018). In another study, the association of LOC285758
IncRNA expression with SB development was determined.
This IncRNA represents an antisense transcript of the region
flanking the intragenic CpG island of the MARCKS gene
(myristoylated alanine-rich C-kinase substrate), of which
expression is suppressed during prolonged lithium administra-
tion (Punzi et al., 2014).

The role of miRNAs

Recently, a great importance in the study of SB development
has been attached to the role of small ncRNAs controlling
gene expression. The miRNAs switching highly significant
regulators of neuronal plasticity and higher nervous activity
are the most studied to date (Dwivedi, 2018). For a number
of miRNAs, a relationship with brain functioning was deter-
mined. For example, miR-16 affects the expression of SERT,
miR-18a and miR-124a bind to the 3-UTR of the GR gene,
and miR-34a controls the effects of lithium and valproate by
interacting with GRM7. The miR-96 and miR-510 were de-
monstrated to inhibit translation of 5-HT1B and 5-HT3E recep-
tor subunits, while miR-124-1 is involved in serotonin-induced
synaptic transmission via regulating CREB (cCAMP response
element-binding protein). In addition, it was shown that
miR-30a-5p and miR-195 target the 3-UTR of the BDNF gene
in different brain regions (miR-30a in the third layer of the
pyramidal neurons of the prefrontal cortex). The expression of
miR-134 and miR-183, which target the splicing factor SC35,
is enhanced by acute stress, miR-280 and miR-289 regulate
the synthesis of synaptic proteins by binding to the CaMKIlla
sites, miR-134 inhibits the translation of Limk1 in the dendrites
of the hippocampus; miR-137 regulates the proliferation of
neuronal stem cells by affecting the transcription factor Sox2
(Serafini et al., 2012).

Studies of changes in miRNA expression in SB allowed
us to detect significant variations in the level of their ex-
pression in the prefrontal cortex of individuals with com-
pleted suicide compared to healthy donors. At the same
time, a significant decrease in the expression of 21 different
miRNAs involved in the regulation of cell growth and differ-
entiation was shown. The targets for these miRNAs include
transcription factors (in particular, E2F1, E2F6, BACH]1,
SP1, HOXAS5, and RUNX1) and other nuclear proteins. At
the same time, the VEGFA gene associated with develop-
ing depression in both human and animals appears to be a
target for four different miRNAs (miR-20b, 20a, 34a, 34b*)
(Smalheiser et al., 2012). Differential expression of thirteen
different miRNAs was detected in the brain of individuals
with completed suicide. Among these miRNAs, an en-
hanced expression was detected in miR-17-5p, miR-20b-5p,
miR-106a-5p, miR-330-3p, miR-541-3p, miR-582-5p,
miR-890, miR-99b-3p, miR-550-5p, and miR-1179. Areduced
expression was determined in miR-409-50, let-7g-3p, and
miR-1197. The analysis of the integrated gene regulatory
network based on target genes of these miRNAs revealed
various associations with mental disorders, including MDD
and affective ones. These psychopathologies are assumed to
be the most important risk factors for SB. The mapping of cel-
lular pathways mediated by miRNA activity identified a total
modification in the cellular signaling causing SB development
(Roy et al., 2017).
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Because changes in the metabolic pathways of polyamine
system enzymes are involved in SB development, miRNAs
interacting with the SAT1 and SMOX genes were examined.
The relationship between miRNAs and polyamine gene
expression in SB was reported and the mechanism of post-
transcriptional suppression of SAT1 and SMOX gene activity
was demonstrated. Individuals with completed suicide were
characterized by a significant increase in the brain levels of
miR-34c-5p, miR-139-5p, miR-195, and miR-320c, which
target the 3'-UTRs of the SAT1 and SMOX genes (Lopez
et al., 2014). An enhanced expression of Hsa-miR-185 and
Hsa-miR-491-3p causing suppression of the TrkB-T1 gene
was determined in the prefrontal cerebral cortex of individu-
als with completed suicide. A target binding site in 3-UTR of
the TrkB-T1 gene was identified for Hsa-miR-185 (Maussion
et al., 2012). Recently, considerable attention was focused
on the identification of miRNAs associated with ELA in the
context of SB development. ELA affects the activity of vari-
ous miRNAs genes during brain development. For example,
differences in the expression of miR-9, miR-29a, miR-124,
and miR-132 were observed in the prefrontal cortex of
rats aged 14 days when separated from the mother. The
expression of miR-124 and miR-132 was suppressed at the
60th day of postnatal development, which indicates stable
changes in miRNAs caused by ELA. At the same time, GR
activation inhibits miR-132 expression, which suppresses
expression of the BDNF gene previously associated with
SB (Dwivedi, 2018).

Prospects for epigenetic

studies of suicidal behavior

According to the stress diathesis model, suicide is positioned
asaresult of interactions between environmental stressors and
susceptibility to SB, regardless of the present mental disorder.
The genetic and epigenetic changes detected in the brain of
individuals with completed suicide provide a basis for the
possible neurobiological screening of SB patients to prevent
suicide (van Heeringen, Mann, 2014). Among epigenetic fac-
tors, the study of InNcRNAs suggested the mechanisms of action
of certain pharmaceuticals used in SB therapy. For example,
long-term use of lithium used for SB treatment suppresses
the expression of the MARCKS gene, the expression of the
antisense IncRNA of which is associated with SB (Punzi et
al., 2014). These results promote further research of INcRNAs,
which makes it possible to develop effective methods for SB
prevention and therapy. Analysis of IncRNAs differentially
expressed in SB (TCONS_00019174, ENST00000566208,
NONHSAG045500, ENST00000517573, NONHSAT034045,
and NONHSAT142707) has been proposed as a potential
diagnostic and therapeutic SB biomarker for the prevention
of suicidal attempts in MDD patients (Cui et al., 2017). The
changes in miRNA expression identified in the brain of in-
dividuals with completed suicide can represent the basis for
both clarifying SB pathogenesis and developing a targeted
SB therapy (Maussion et al., 2012; Smalheiser et al., 2012;
Roy, Dwivedi, 2017).

The analysis of the methylation pattern of BDNF (Kang et
al., 2013; Kim et al., 2014) and the SKA2 genes (Sadeh et al.,
2016) made it possible to propose them as epigenetic biomark-
ers of SB. For SB therapy it was suggested to use the histone
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deacetylase inhibitor tetrapeptide FK228, which is able to
enhance transcription of the Rapl and ERK1/2 genes known
to be reduced in the hippocampus of SB individuals. Rap-1
(Ras-proximate-1) is a short nucleotide triphosphate binding
protein expressed in neurons of the cerebral cortex involved
in dendrites branching and growth. A significant decrease in
Rap-1 mRNA expression was detected in the prefrontal cortex
and hippocampus of depressed individuals and those with
completed suicide compared to the control group. Reduced
brain activity of Rap-1 was characteristic of individuals with
completed suicide (Emanuele, 2007).

Nowadays, genome editing technologies allow the func-
tional importance of specific epigenetic modifications and
gene regulation to be studied directly and the disturbed epi-
genetic landscape to be remodeled due to the reversibility of
epigenetic modifications. One of the most successful methods
for epigenetic editing is CRISPR-Cas9, which allows specific
changes to be introduced to DNA methylation (\Vojta et al.,
2016).

Conclusion

The study of the role of epigenetic factors in the development
of suicidal behavior is a modern and promising method for
determining reversible changes in the brain of patients. The
association of specific expression of genes that play a role in
the development of suicidal behavior with specific changes in
DNA methylation, modifications of histone and levels of non-
coding RNA has been proved. The results obtained indicate the
prospects for the development of targeted therapy methods for
this serious and socially significant pathology using epigenetic
factors. The most successful objects of epigenetic exposure are
non-coding RNAs, the use of which has already been started
in clinical practice. In addition, it can be assumed that the
correction of patients’ lifestyles and psychotherapy with the
study of the role of changes in the epigenetic regulation of
the brain can be an effective treatment for suicidal behavior.
This conclusion is due to the fact that epigenetic factors are
modulated by environmental, especially stressful, influences.
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Metabolic syndrome (MetS) represents a combination of at least three primary metabolic abnormalities from among
obesity, hyperglycemia, dyslipidemia, and high blood pressure, once combined, they increase significantly the cardio-
vascular risk. The APOE gene is considered as a genetic risk factor for cardiovascular diseases, it has been linked to MetS
or its traits in several populations. Our study aimed to analyze the association of three APOE gene polymorphisms with
MetS risk and its components in a general population sample, and to highlight the potential influence of these polymor-
phisms on individual susceptibility to MetS. We performed this work using a population-based, cross-sectional study of
a representative sample of 787 individuals (378 men and 409 women, aged between 30 and 64 years) recruited in the
city of Oran, Algeria (the ISOR Study); the subjects were genotyped for four polymorphisms, rs7412, rs429358, rs4420638
and rs439401, located in the APOE gene, using the KASPar technology. rs439401 showed a significant association with
hypertension (HBP). The T allele confers a high risk of hypertension with an odds ratio (OR) of 1.46 (95 % Cl [1.12-1.9],
p=0.006).rs4420638 was significantly associated with obesity in the general population. The G allele provides protection
against obesity, the resulting OR is 0.48 (95 % CI [0.29-0.81], p = 0.004). Although APOE variants were not associated with
the risk of MetS, the APOE polymorphism alleles were associated with some of the metabolic parameters in Algerian
subjects. The relation of APOE rs439401 alleles with a HBP is likely to be indicative of a state of stress of the population.
Key words: genetics; high blood pressure; diabetes; metabolic syndrome; obesity; Algerian population.
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CBSI3b reHeTUYEeCKNX BapmaHTOB r$439401 u rs4420638
B XpoMocoMe 19 ¢ OKrpeHneM 1 apTepmajabHO r’mrepTed3nen
V JKUTenen Amkupa
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1 MeanumHcKoe oTaeneHne MefMLMHCKOro dakynbteTa UM. fi-pa beHoyabl BeHsepaxeba YHuBepcuteTa um. Abybakpa benbkanpa, TnemceH, Amxump

2 JlabopaTtopusa MoneKynApHON 1 KNEeTOUHON reHeTuKn HayuHo-TexHuueckoro yHneepcuteta um. Myxammepa bynmnada, Opan, Amxup

3 NlaGopatopus no nccnegoBaHmio paka Ne 30 MeauLMHCKOTO daKysbTeTa UM. A-pa beHoyabl bersepaxke6a YHuBepcuTeTa um. Aby6akpa benbkanaa,
TnemceH, Amxnp

4 OTgeneHe 61OTEXHONOMIN BaKy/bTETa eCTECTBO3HAHMA 1 MPUPOABI 1-70 OPaHCKOro yHUBepcuTeTa uM. Axmeaa 6eH bennbl, OpaH, ATKIp

5 MeanumHcknin hakynsTeT 1-ro OpaHCKOro yHNBEPCUTETa U 1aGoPaTopUs MHPOPMALIMOHHBIX CUCTEM 34PaBOOXPaHEeHIsA 1-ro OPaHCKOro yHIBEpCHTETa,
OpaH, Amxnp

6 CreymanusnpoBaHHas KIMHIKa OpTONeanM 1 peabunmnTaLn XepTs HECYACTHBIX CIlyYaes Ha MPON3BOLCTBE — CTPYKTypa HaLmoHanbHoro ¢poHpa
COLMaNbHOrO CTPaXOBaHMA HaeMHbIX PaboTHVKOB, OpaH, AlXnp

& e-mail: boulenouar.houssam@gmail.com; houssam.boulenouar@mail.univ-tlemcen.dz

MeTabonunueckuii cuHapom (MetS) npeactaBnaeT cob6oii KOMOMHALMIO MO MEHbLUEN Mepe TPeX OCHOBHbIX MOKa3aTenen,
aCCOLMUPOBAHHBIX C HapyLUeHeM 0OMeHa BeLeCTB: OXKNPEHNSA, TUNePrINKeMUN, SUCUMMAEMUN 11 BbICOKOTO apTepu-
anbHoro AasneHus. Jlloboe nx coyeTaHre 3HaUMTENIbHO YBENNUMBAET PUCK Pa3BUTUA cepaeUHO-COCYANCTbIX 3aboneBa-
HUi. TeH APOE cunTaeTcs reHeTnyeckM GakTopoM puUcKa pa3BrTMA cepheyHO-COCYANCTbIX 3a601eBaHNil, B HEKOTOPbIX
nonynAunAX OH CBA3aH C METAabONNYECKNM CUHOPOMOM UK €ro NpusHakamu. Hactosuee nccnegosaHme HanpasieHo
Ha aHanu3 accoumaumm Tpex nonmopdusmos reHa APOE ¢ puckom pa3BuTna MeTabonmyeckoro CMHAPOMa 1 ero KOMno-
HEHTOB B 06LLUel NONyNALMN, @ TaKXKe Ha BbIABIEHNE BO3MOXHOTO BAVAHMWA STUX NONUMOPPU3MOB Ha UHAVBUAYaNbHYO
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CBA3b reHeTUYeCKNX BapmnaHToB rs439401 n rs4420638
B XpOMOcoMe 19 C oXXnpeHnem 1 apTepranbHON runepTeH3nen

BOCMPMUMYMBOCTb K MeTabonmueckomy crHpomy. B pamkax npoekTta ISOR 6bi10 npoBefeHO MonynsALYOHHOe nepe-
KpecTHoe uccnefoBaHme penpe3eHTaTMBHOM BbIOOPKN 13 787 fobpoBosnbLeB (378 My»KuvH 1 409 eHLMH B BO3pacTe
ot 30 po 64 nert), npoxuBatowwnx B ropofe OpaHe (Amxunp). O6cnenyemble Obivi FreHOTUNMPOBaHbI MO YeTbipem Nonu-
mopousmam (rs7412, rs429358, rs4420638 1 rs439401), pacnonoxkeHHbim B reHe APOE, ¢ Cnonb3oBaHNEM TEXHONOMN
KASPar. Monumopdnsm rs439401 nokasan JOCTOBEPHYIO CBA3b C MOBbILEHHbIM apTepuranbHbIM faBneHnem. Annenb T
06yCIOBVBAET BbICOKUI PUCK Pa3BUTUA MMNEPTEH3NM C OTHOWeHMeM waHcoB (OR) pasHbiM 1.46 (95 % ClI [1.12-1.9],
p = 0.006). Monumopdusm rs4420638 LOCTOBEPHO KOPPENUPOBas C OXMpeHeM B obLeln nonynaumu. Hannune an-
nena G npenAaTcTByeT pa3Butuio oxknpeHns (OR = 0.48; 95 % CI [0.29-0,81], p = 0.004). XoTA cBA3N MeXay BapuaHTamu
reHa APOE 1 puckom pa3ButuAa meTabonmyeckoro CMHAPOMa He BbIAB/IEHO, OAHAKO HaliieHa Koppenauma Mmexay no-
NUMOPPHBIMY annensamMmn 3Toro reHa 1 pPAJOM nokKasaTtenell obMeHa BellecTs y 06cnefoBaHHbIX anxmpues. CBA3b Mo-
numopdursma rs439401 B annenax reHa APOE ¢ rmnepTeH3nell MOXeT yKa3blBaTb Ha COCTOAHME CTpecca y HaceNleHuA.
KnioueBble crioBa: reHeTUKa; BbICOKOE apTepuanbHoe fAaBneHue; AnabeT; MeTabonmyeckuini CUHAPOM; OXUPEHUE;

aJlXnpCKaa nonynayns.

Introduction

The concept of the Metabolic Syndrome (MetS) emerged
following the increase of the risk factors associated to car-
diovascular diseases and diabetes (Reaven, 1988; Grundy et
al., 2004). MetS represents a combination of at least three
primary metabolic abnormalities among obesity, hyperglyce-
mia, dyslipidemia, and high blood pressure, once combined,
they increases significantly the cardiovascular risk (Kahn et
al., 2005; Wilson et al., 2005; Hillier et al., 2006; Gami et al.,
2007; Meigs et al., 2007).

In Algeria, the health network improvement led to a progres-
sive aging of the population which allows for the emergence of
abnormalities associated with aging and MetS. The TAHINA
study (Epidemiological Transition And Health Impact in
North Africa) conducted in 2005 showed a high prevalence
of hypertension (24.9 %) and diabetes (12.2 %) in the Alge-
rian population. Overweight has become a real public health
problem, especially among women, 66.5 % are overweight
and 30.1 % are obese. Cardiovascular disease and diabetes
accounted for 26.1 and 4.4 % of deaths, respectively, in 2002
(Ministére de la Santé, 2007).

There have been at least six different published definitions
for MetS, the most used is that of the National Cholesterol
Education Program Adult Treatment Panel 111 (NCEP ATP I11)
(Balkau et al., 2007). The prevalence of MetS differs accord-
ing to several parameters: definition, country, sex, age, and
even according to the region in the same country. In Algeria, a
recent study shows that the prevalence of metabolic syndrome
was 20 % in the Oran population, it was higher in women than
men (25.9 vs 13.7 %) (Houti et al., 2016).

Metabolic syndrome is a multifactorial disease that im-
plicates both environmental and genetic factors (Chuang,
2008). Given the importance of APOE in the metabolism of
lipoproteins; indeed, APOE gene was identified as genetic
determinants of plasma lipid and lipoprotein concentrations
in Caucasian and North African populations (Wilson et al.,
1994; Boulenouar et al., 2013). We aimed to analyze the as-
sociation of the APOE gene polymorphisms with MetS risk
and its components in a general population sample from the
city of Oran in Algeria, and to highlight the potential influence
of these polymorphisms on individual susceptibility to MetS.

Material and methods

Ethical considerations. This study was granted ethics ap-
proval by the Algerian National Agency for the Development
of Health Research (ATRSS exANDRS). All participants
provided informed consent prior to enrolment.

Abbreviations

ANDRS - Agence Nationale De Recherche en Santé

APOE - Apolipoprotein E

ATRSS - Agence Thématique de Recherche en Science
de la Santé

BMI - Body mass index

DBP - Diastolic blood pressure

DNA - Deoxyribonucleic acid

d.f. - Degree of freedom

HDL - High-density lipoprotein

ISOR - InSulino-résistance a ORan

LDL - Low-density lipoprotein

MetS — Metabolic Syndrome

SBP — Systolic blood pressure

SNP - Single nucleotide polymorphism

T2D -Type 2 Diabetes

Study population. Participants were recruited during the
ISOR (InSulino-résistance a ORan) study, a population-based,
cross-sectional study of a representative sample of 787 in-
dividuals (378 men and 409 women, aged between 30 and
64 years) recruited in the city of Oran, Algeria, from 2007 to
2009 (Boulenouar et al., 2013).

Data collection. Data were collected using a preconceived
questionnaire on socioeconomic information, physical activi-
ty (the level of physical activity was defined in quartiles as
“none”, “low”, “medium” and “high” after summing exer-
cise scores for sporting activities, walking, housework and
physical activity at work), tobacco use and alcohol intake,
past medical history and family history, current medications,
as well as anthropomorphic characteristics including height,
weight, waist circumference, hip circumference, and blood
pressure. Height and weight were measured while the subject
was barefoot and lightly dressed. The BMI was calculated ac-
cording to the Quetelet equation. Systolic and diastolic blood
pressure values (SBP and DBP, respectively) were measured
on the right arm with the subject in the sitting position, using
a standard mercury sphygmomanometer. Measurements were
made before and after completion of the questionnaire, with
an interval of at least 10 minutes. The mean value of the blood
pressure readings was considered for analysis. Regarding
tobacco use, participants were categorized as either smokers
(i.e. individuals reporting at least one cigarette per day) or
non-smoker. After a 12h overnight fast, blood was collected
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aseptically via venipuncture in an EDTA tube for DNA extrac-

tion and subsequent molecular analysis, and in a heparin tube

for biochemistry tests.

Metabolic syndrome diagnosis criteria. In this study, we
have adopted the definition of metabolic syndrome accord-
ing to the criteria of the NCEP ATP I11 (National Cholesterol
Education Program Adult Treatment Panel I11) (Alberti et al.,
2005), the metabolic syndrome is diagnosed when a subject
has three or more of the following risk factors:

o Abdominal obesity: waist circumference > 102/88 cm
(Men/Women);

o Triglyceride level > 1.50 g/1 (1.69 mmol/l);

o HDL-cholestérol <0.40/0.50 g/l (1.04/1.29 mmol/l) (Men/
Women);

¢ Blood pressure > 130/85 mmHg;

e Fasting glucose > 1.10 g/l (6.1 mmol/l).

Type 2 diabetes diagnosis criteria. The definition adopted
in this study is that of the American Diabetes Association
(ADA) (Gavin, 1998):

1. Fasting plasma glucose > 1.26 g/l (7 mmol/l) twice after
8 hours of fasting.

2. Occasional blood glucose >2 g/1 (11.1 mmol/l) in the pres-
ence of symptoms of hyperglycemia (polyuria, polydipsia,
unexplained weight loss).

3. Diabetics declared under treatment including oral antidia-
betic and/or insulin.

High blood pressure diagnosis criteria. Hypertension
(HBP) has been defined according to WHO criteria (Chal-
mers et al., 1999): mean systolic blood pressure greater than
140 mmHg and/or mean diastolic blood pressure greater than
90 mmHg and/or self-reported current treatment for hyper-
tension with antihypertensive drugs.

Obesity diagnosis criteria. The body mass index (BMI)
is calculated according to the Quetelet equation. A subject
is considered obese if he has a BMI greater than or equal to
30 kg/m2,

Biochemistry and molecular testing. A multichannel ana-
lyzer and dedicated kits (Humastar®, HUMAN Diagnostics,
Wiesbaden, Germany) were used for the colorimetric, enzy-
matic measurement of cholesterol (kit: monotest cholesterol
with cholesterol esterase, cholesterol oxidase and peroxidase),
triglycerides (kit: peridochrom triglyceride with glycerol
phosphate oxidase and peroxidase) and glucose (Kit: glucose,
glucose oxidase and peroxidase). Plasma LDL-cholesterol
levels were calculated according to the Friedewald equation.
High-density lipoprotein cholesterol levels were measured
after sodium phosphotungstate/magnesium chloride precipi-
tation of chylomicrons and VLDL and LDL-cholesterol and
then centrifugation. Plasma insulin levels were measured using
amicroparticle enzyme immune assay running on an AXSYM
analyzer (Abbott Laboratories, Abbott Park, Illinois, USA).

Genomic DNA was extracted from white blood cells by
using the Stratagene® kit (Agilent Technologies, Les Ulis,
France), according to the manufacturer’s protocol. Three
genetic polymorphisms were characterized in this study,
the Epsilon polymorphism defined by defined by the rs7412
and rs429358 single nucleotide polymorphisms (SNPs), the
rs439401 and the rs4420638, genotyping was performed by
using KASPar technology (KBioscience, Hoddesdon, UK).
The genotyping success rates ranged from 93 to 96 %.

610

Genetic variants on chromosome 19 (rs439401 and rs4420638)
are associated with obesity and high blood pressure

Statistical analyses were performed with SAS 9.1 software
(SAS Institute Inc., Cary, NC, USA). The Hardy—Weinberg
equilibrium was tested using a 2 test with one degree of free-
dom (d.f.). Some of the biochemical traits (Fasting Glucose
levels, Triglycerides and Insulin levels) were not normally
distributed, we therefore log-transformed these parameters
to obtain normal data distributions. Intergroup comparisons
of means were performed with a general linear model, mul-
tivariate logistic regression analyses were used to calculate
the odds ratios for MetS, Type 2 Diabetes (T2D), High Blood
pressure (HBP) and obesity (Obes).The confounding variables
were age, gender, smoking status and physical activity. After
Bonferroni correction, only associations with an uncorrected
p value below 0.017 were considered to be statistically sig-
nificant.

Results

Characteristics of study subjects. The main anthropometric,
biochemical and clinical characteristics have been measured,
the baseline characteristics of the ISOR population study were
described elsewhere (Houti et al., 2016).

Genotype and allele distributions. The allele and genotype
distributions of the APOE polymorphisms were described in
Table 1. There was no evidence of significant deviation from
Hardy—Weinberg equilibrium in any distributions.

Prevalence of the metabolic syndrome and the main
cardiometabolic risk factors. These data concerning the
Oran population are presented in Table 2.

Diabetes mellitus (T2D) was diagnosed in 80 participants
(10.6 %). The distribution of prevalence by sex shows no
significant difference (p = 0.39), it was 11.6 % for men and
9.7 % for women.

The prevalence of obesity in the general population is
21.2 %. It affects more women (32.5 %) than men (9 %), with
a significant difference in the prevalence distribution between
men and women (p < 0.0001).

The prevalence of the metabolic syndrome in the Oran
population is 20 %, the distribution of this pathology is also
significantly different between the two sexes (p < 0.0001).
Indeed, it affects more women (25.9 %) than men (13.7 %).

Hypertension affects 20.3 % of the study population. HBP
is present in 21.2 % of men and 19.6 % of women, the preva-
lence distribution in men and women shows no significant
difference (p = 0.58).

APOE epsilon polymorphism and cardiometabolic risk.
No significant association was reported between genotypes of
APOE epsilon polymorphism and the studied cardiovascular
risk factors (T2D, Obesity, HBP and MetS status), the p values
ranged from 0.04 to 0.92 (Table 3).

Polymorphism rs439401 and cardio-metabolic risk. In
the ISOR study, rs439401 showed a significant association
with hypertension (HBP). The T allele confers a high risk
of hypertension with an odds ratio (OR) of 1.46 (95 % CI
[1.12-1.9], p=0.006). No associations with T2D, obesity and
MetS were detected in the ISOR study (see Table 3).

Polymorphism rs4420638 and cardio-metabolic risk. Lo-
gistic regression analysis showed that the rs4420638 polymor-
phism was significantly associated with obesity in the general
population. The G allele provides protection against obesity,
the resulting OR is 0.48 (95 % CI [0.29-0.79], p = 0.004)
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Table 1. Genotype and allele frequencies
of epsilon polymorphism, rs439401 and rs4420638
in case and control groups

Parameter MetS Non MetS

Note: H-W, Hardy-Weinberg equilibrium.

CBA3b reHeTUYeCKNX BapmnaHToB rs439401 n rs4420638 2019
B XpOMOCOMe 19 C OXKMpeHveM 1 apTeprianbHON rmnepTeHsmnen 23.5

(see Table 3). No effects of rs4420638 polymorphism on T2D,
MetS, and HBP were detected in the ISOR study.

The associations described for rs439401 and rs4420638
remained significant even after adjusting for the APOE epsilon
polymorphism.

Discussion

To our knowledge, this is the first study that evaluates the as-
sociation of APOE gene polymorphisms (epsilon, rs439401
and rs4420638), with the risk of MetS and the main cardio-
metabolic risk factors, within the Algerian population.

We found no association between the three polymorphisms
of the APOE gene and the metabolic syndrome in the Algerian
population. However, some components of the metabolic
syndrome considered as a cardiometabolic risk factors were
significantly associated with APOE gene polymorphisms.

The logistic regression results showed that the €2 allele
increases the risk of obesity by 88 % in the ISOR study. Simi-
lar results were observed in a study among the population of
Croatia’s Roma minority (Zeljko et al., 2011).

It is possible that gene-nutrition interactions are responsible
for the observed association between the €2 allele and obesity.
Indeed, changes in eating habits during the last decade would
be responsible for increasing the prevalence of obesity, inter-
acting with the €2 allele (Boer et al., 1997; Talmud, 2007).

The polymorphisms rs439401 and rs4420638 have been
associated in some of GWAS-type studies with changes in
plasma lipid concentrations (Kathiresan et al., 2008; Aulchen-
ko et al., 2009; Teslovich et al., 2010), but few studies have
investigated the impact of these polymorphisms on metabolic
and cardiovascular traits.

Our results on the Oran population, report for the first time,
that the T allele of the rs439401 polymorphism increases the
risk of arterial hypertension (OR 1.46, 95 % CI [1.12-1.90],
p = 0.006). No similar results were reported. In the litera-
ture, the T allele of rs439401 is significantly associated with
changes in BMI, insulin concentration, waist circumference,
and triglyceride concentration. The TT genotype is positively
associated with an increase in the values of these parameters
only in psychologically stressed individuals (Kring et al.,
2010). Our results are perhaps indicative of a state of stress of
the population, resulting from the changes made in the Alge-
rian population during the last two decades, particularly with

Table 2. Prevalence of the metabolic syndrome and its components in the ISOR population

Parameter All (n=787)
n %

Abdominal adiposity 233 30.1
High triglycerides 103 133
Low HDL-Cholesterol 342 44.2
High fasting glucose 161 20.8
T2D 80 10.6
Obesity 167 21.2
MetS 155 20.0
HBP 160 20.3

Men (n =378) Women (n = 409) p
n ........................ %n% ......................

45 121 188 46.8 <.0001
62 16.7 41 10.2 0.63
99 26.6 243 60.4 <.0001
88 237 73 18.2 0.47
42 11.6 38 9.7 0.39
34 9.0 133 325 <.0001
51 13.7 104 259 <.0001
80 21.2 80 19.6 0.58

Note: T2D, Type 2 Diabetes; MetS, Metabolic Syndrome; HBP, High Blood Pressure.
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the security crisis in the country. These hypotheses require
investigations on a larger sample and in which, the stress level
must be measured accurately.

The G allele of rs4420638 seems to confer a protective ef-
fect against obesity (OR 0.48, 95 % CI [0.29-0.79], p = 0.004),
no study was interested in measuring association between
rs4420638 polymorphism and obesity previously. No asso-
ciation was reported for the rs4420638 with MetS, T2D and
HBP similar results were observed in Tunisian population
(Elouej et al., 2016).

The fact that rs4420638 has low linkage disequilibrium
with the epsilon polymorphism in our population gives it
an advantage over European populations, where these two
polymorphisms are in strong linkage disequilibrium (Boule-
nouar et al., 2013). Thus, the study of the impact of rs4420638
would be independent of the effect of epsilon polymorphism,
which makes our population very interesting from a genetic
point of view for association analyzes involving rs4420638
polymorphism.

Conclusion

Although APOE variants were not associated with the risk
of MetS, the APOE polymorphism alleles were associated
with some of the metabolic parameters in Algerian subjects.
The relation of APOE rs439401 alleles with a HBP seems
been perhaps indicative of a state of stress of the population.
These hypotheses require in the future investigations on a
larger sample and in which, the stress level must be measured
accurately.

The interaction gene-nutrition must be investigated, in the
future; indeed, Algerian population known many changes in
eating habits during the last decade, which would be respon-
sible for increasing prevalence of obesity in our population
and which can influence the effect of APOE polymorphism
on the studied parameters.
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Peroxidases of class Il are common in various organisms. They are involved in lignin biosynthesis and plant
protection against stressors. Peroxidases are presented in many isoforms, whose role is not always clear. The
aim of this study is to analyze the amino acid sequences of reference peroxidases with known functions and
peroxidases from Arabidopsis thaliana L. whose functions are unknown and to consider their putative roles in
lignin biosynthesis. The structural and functional organization of peroxidases was analyzed by bioinformatical
methods applied to open Internet sources. Seven reference peroxidases were chosen from four plant species:
Zinnia sp., Armoracia rusticana P.G. Gaertn., Lycopersicon esculentum L. n Populus alba L. Twenty-four amino
acid sequences of homologous peroxidases from A. thaliana were selected for the analyses with the BLAST
service. Their molecular weights and isoelectric points were calculated. Multiple alignments of amino acid
sequences and phylogenetic analysis were done. Sites of binding to monolignol substrates were identified
in seven peroxidases from A. thaliana, and the enzymes were assigned to the groups of S- or G-peroxidases.
Amino acid replacements in the primary structures of peroxidases were analyzed. Peroxidases from A. thaliana
were clustered with reference peroxidases. They formed six clusters on the phylogenetic tree, three of which
contained only A. thaliana peroxidases. Peroxidases within each cluster had similar molecular weights and
isoelectric points, common localization of expression, and similar functions. Thus, the use of bioinformatics,
databases, and published data bring us to assumptions as to the functions of several A. thaliana class Il
peroxidases. AtPrx39 peroxidase was shown to be affine to sinapyl alcohol; AtPrx54, to p-coumaryl and coniferyl
alcohols. They are likely to participate in lignin biosynthesis.
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[IpeackasaHue QYHKIINIT HEKOTOPBIX ITePOKCHUIa3
Arabidopsis thaliana L. Ha oCHOBe
6momH@pOpMaTNUEeCKOro IIocKa
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Ypanbckuii depepanbHblii yHBepcuTeT M. nepBoro MpesugeHTta Poccum b.H. EnbuyunHa, EkatepuHbypr, Poccus
® e-mail: anastasia.tugbaeva@gmail.com

Mepokcungasbl |l Knacca ABNAIOTCA PacnpPOCTPaHEHHbIMM B Pa3HbIX rpymnnax opraHn3mMoB GepmeHTamu, yya-
CTBYIOT B 6IOCHHTE3€e NINTHMHA, 3aliMTe PacTEHU OT NaTOreHOB U abroTUYeCKNX cTpeccopoB. MNepokcmaasbl
MMEIOT MHOXECTBO 130¢$OpPM, POsib KOTOPbIX B KNETOYHbIX MpoLeccax He Bceraa AcHa. B pabote npoaHanu-
3UPOBaHbl aMUHOKUCIOTHbIE MOC/IEA0BATENIbLHOCTY pedepeHCHbIX MePOKCNAA3 C U3BECTHBIMU GYHKLMAMU 1
nepokcugas Arabidopsis thaliana L., yHKLMM KOTOPbIX HEACHDI, BbIABUHYTO NPEANONOXEHNE O POnn nocnesn-
HUX B 6rocrHTe3e nurHuHa. MposeaeH GruorHPopmaTuyecknii aHanms nHbopmMaLmm o CTPYKTYPHO-GYHKLN-
OHaslbHOW OpraHM3aLun NepoKCcrAas U3 OTKPbITbIX MHTEPHET-UCTOUHMKOB. Bbino BbIGpaHo ceMb pedepeHc-
HbIX MEepOoKCMAa3 U3 TPaBAHUCTbIX 1 APEeBEeCHbIX pacTeHU yeTbipex BUAOB (Zinnia sp., Armoracia rusticana
P.G. Gaertn., Lycopersicon esculentum L. n Populus alba L.), pna KOoTopbIx NOKa3aHo 1X yyacTue B AUrHnduKaLum
KneToyHon cteHku. C nomolpbto cepsurca BLAST 6binn otobpaHbl 24 aMUHOKUCNOTHbBIE NOCNE[0BATENbHOCTYN
rOMOJIOTMYHbIX NepoKcnaas us A. thaliana. Ana kaxporo ¢epmeHTa paccuntaHbl MOJIeKynApHas Macca 1 13o-
JneKTpuYecKan Touka. MocTpoeHbl MHOXeCTBEHHbIE BblIPaBHVBaHUA aMUHOKUCIOTHBIX NOCefoBaTeNIbHOCTEN
1 npoBefeH dunoreHeTnYecKnin aHanms. [ina cemn nepokcmpaas A. thaliana BbiABNeHbl CaiTbl CBA3bIBAHNUA C
cy6CTpaToM (CMHaMoBbIN, NApa-KyMapoBbIi 11 KOHUGEPUNOBBIN CVPTDI), X MPUHAANEXHOCTb Fpynnam S- unm
G-nepokcugas. MpoaHanusnpoBaHbl aMMHOKNCIOTHbIE 3aMeHbl B NEPBUYHOI CTPYKType berka. Mepokcnaasbl
A. thaliana knactepusytoTca ¢ pedepeHCHbIMY NePOKCMAa3amMn 1 06pasyioT WeCTb rpynn Ha gunoreHeTuye-
CKOM fiepeBe, TpU 13 KOTOPbIX 06pasoBaHbl NCKITIOUMTENbHO Nepokcupasamu A. thaliana. NMepokcnaasbl, 06b-
efIMHeHHble B 0O KnacTep, XxapakTepm3yTca 6AM3KUM 3HaUeHNeM MONEKYNAPHOM Macchl U BENUYMHON
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MN303M1eKTPUYECKON TOYKM, MMEIOT OOLLYI0 TOKANM3aLmMio SKCMPecCUn 1 BbIMONHAT CXoXue QyHKUUN. Taknum
06pa3om, 1Crosb3oBaHe BUOVHPOPMATUYECKNX METOLOB, aHaNI3 NIUTEPaTypbl U MaTepranoB B 6asax faH-
HbIX MO3BONMAY MPEANOSIOKNTb HE U3BECTHble paHee GYHKLMMN A1 HEKOTOPbIX nepokcmpaas A. thaliana, ot-
Hocawwmxcs K Il knaccy. NMokasaHo, yto nepokcraasa AtPrx39 obnagaeT CPOACTBOM K OKVCIIEHMIO CHAMOBOIO
cnupTa; AtPrx54 — K oKncneHunio napa-KymapoBoro 1 KoH1GeprnnoBoro CNMPTOB, U, NMPeANONOXNTENbHO, OHN

MOryT y4acTBOBaTb B OGUOCKHTE3E NUTHUHA.

KntoueBble cnoBa: nepokcuaasa; nurindukauma; Arabidopsis thaliana L.; 6novHdopmaTnka; MHOXKeCTBEHHbIe

BblpaBHMBaHWUA.

Introduction

Peroxidases are the group of enzymes that catalyze the oxida-
tion of a substrate with the presence of hydrogen peroxide.
The superfamily of “plant” peroxidases (those of plants,
fungi, and bacteria) is divided into three classes based on their
structural and catalytic properties. All peroxidases contain 10
homologous a-helixes. Class I and class II have one specific
a-helix, and class III peroxidases have three specific a-helixes
(Hiraga et al., 2001).

Living organisms contain many peroxidase isoforms, and
their amino acid sequences are similar by less than 20 %.
A high level of conservation characterizes five amino acid
positions essential for the folding of a-helixes, assembly of
subunits, and catalytic properties of the enzymes (Hiraga et
al., 2001).

Higher plants contain class I and III peroxidases, which
differ in structure, function, and location in the plant cell.
Ascorbate peroxidase (EC 1.11.1.11) and glutathione per-
oxidase (EC 1.11.1.9) belong to class 1. They are located in
chloroplasts, peroxisomes, and cytoplasm. Class I peroxidases
are distinguished by high specificity to an oxidizable substrate.
Class III peroxidases (EC 1.11.1.7) include enzymes that
are located in vacuoles and secreted into the apoplast. They
oxidize various substrates. Class III plant peroxidases are
encoded by a large family of genes: 73 have been identified in
Arabidopsis thaliana L. and 138 in Oryza sativa L. (Welinder
et al., 2002; Passardi et al., 2004a). Class III peroxidases act
as components of the antioxidant system of plants and, at
the same time, can form reactive oxygen species (Passardi et
al., 2004a). The dual functions of peroxidases allow them to
take part in many physiological processes: protection against
pathogens (Passardi et al., 2004b), wound healing, auxin and
anthocyanin catabolism, and porphyrin metabolism (Cosio,
Dunand, 2009; Jovanovic et al., 2018).

Apoplastic peroxidases are involved in the biosynthesis of
cell wall components, such as lignin and suberin. Ligninis an
aromatic phenolic heteropolymer with a disordered structure,
covalently associated with polysaccharides of the secondary
cell wall and responsible for its strength and hydrophobicity.
The composition and amount of lignin in the cell wall change
in the course of plant ontogenesis (Boerjan et al., 2003) and in
response to different stress factors (Liu et al., 2018).

Peroxidase and laccase are involved in the formation of
lignin precursors: p-coumaryl, coniferyl, and sinapyl radicals.
Laccases (EC 1.10.3.2) catalyze the formation of guaiacyl (G)
units, whereas peroxidases are involved in the generation of
syringyl (S), p-hydroxyphenyl (H), and guaiacyl (G) units of
lignin (Berthet et al., 2012).

Despite the large amount of research focusing on class II1
peroxidases, only few isoforms have been shown to participate
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in lignin biosynthesis in herbaceous (Zinnia sp., Armoracia
rusticana P.G. Gaertn., Lycopersicon esculentum L.) and
woody (Populus alba L.) plants (Quiroga et al., 2000; Aoyama
etal., 2002; Sasaki et al., 2004; Sato et al., 2006; Marjamaa et
al., 2009). Class III peroxidases can oxidize three monolignols;
however, most isoforms oxidize coniferyl and p-coumaryl al-
cohols and only few of them use sinapyl alcohol as a substrate
in vitro (Barcelo et al., 2007).

The structures of peroxidases ZePrx34, ZPO-C, CWPO-C,
HRP, HRP-A2A, HRP-C1C, and TPX1, which can be consid-
ered reference ones, have been studied in detail (Quiroga et
al., 2000; Aoyama et al., 2002; Sasaki et al., 2004; Gabaldon
et al., 2005; Sato et al., 2006). The attention to peroxidases
is due to their function in the formation of plant resistance to
oxidative stress caused by both abiotic and biotic factors, as
well as to their participation in lignin biosynthesis and plant
growth. Bioinformatic analysis of peroxidases with unknown
functions is of fundamental (determination of the enzyme
functions) and practical (design of genetic constructs to create
resistant plants or plants with a modified cell wall) signifi-
cance. The purpose of this work is to analyze the functions of
A. thaliana peroxidases based on the similarity to the amino
acid sequences of reference plant peroxidases for which the
involvement in cell wall lignification is known.

Materials and methods

Amino acids sequences of plant peroxidases from Zinnia
elegans Jacq. (ZePrx34.70, NCBI identifier — Q4W118.1), Zin-
niaviolacea Cav. (ZPO-C, BAD93164.1), P. alba (CWPO-C,
BAE16616.1), A. rusticana (HRP, CCJ34837.1; HRP-A2A,
CCJ34825.1; HRP-C1C, P15233.1) and L. esculentum (TPX1,
NP_001289850.1) were sought in the Protein NCBI database
(https://www.ncbi.nlm.nih.gov/protein/). They were aligned
with the amino acid sequences of A. thaliana with the Protein
BLAST tool (https://blast.ncbi.nlm.nih.gov). Search route:
database — model organism (landmark), organism — A. thali-
ana (taxid: 3702), algorithm PSI-BLAST (Position-Specific
Iterated BLAST). A library (Suppl. 1)! was formed from 24
amino acid sequences of A. thaliana peroxidases with high
levels of similarity to reference peroxidases (E-value less
than 1e89). The online program EMBOSS Pepstats (https:/
www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/) was applied
to calculate the molecular masses and isoelectric points of
the proteins.

The phylogenetic tree based on A. thaliana peroxidase
proteins was built by the Neighbor-Joining method (Sanou,
Nei, 1981) in the MEGA 7 program based on sequence align-
ments of the encoded protein. The evolutionary distances were

T Supplementary Materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx11.pdf
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computed by the p-distance method (Nei, Kumar, 2000). The
bootstrap test included 1000 replicates, and the results are
shown nearby the branches (Kumar et al., 2016).

Information about the expression of A. thaliana peroxidase
genes at different stages of development was obtained from the
bio-array resource for plant functional genomics (http://bar.
utoronto.ca). Analysis of peroxidase functions was carried out
with regard to information stored in the Arabidopsis Infor-
mation Resource (www.arabidopsis.org) by gene identifiers
in TAIR. We considered information from the Annotations,
GO Biological Process section on the involvement of per-
oxidases in stress reactions, growth, and lignification of the
cell wall. Amino acid sequence alignments were built with
the CLUSTAL algorithm for multiple sequence alignment
in MUSCLE 3.8 (https://www.ebi.ac.uk/Tools/msa/). Highly
conservative and semiconservative domains, structural motifs
were identified.

Results

The bioinformatic search with Protein BLAST showed that
plant peroxidases from Z. elegans (ZePrx34.70, ZPO-C),
P.alba (CWPO-C), A. rusticana (HRP, HRP-A2A, HRP-C1C)
and L. esculentum L. (TPX1) have high levels of similarity to
24 A. thaliana peroxidases. Molecular weights and isoelectric
points were calculated for these enzymes (Table 1).

The isoelectric points (pIs) and molecular weights of
A.thaliana peroxidases differ from those of reference en-
zymes. In particular, the pl value of peroxidase AtPrx36 is
in the more acidic pH range compared to ZePrx34.70, and
the protein has a higher molecular weight (38.24 vs. 34.24
kDa, respectively). AtPrx13 peroxidase is characterized by an
acidic pl value (4.74), whereas pl for HRP is 8.35. AtPrx32,
37 and 23 peroxidases have pls within 6.62—7.97, and their
molecular weights vary from 38.10 to 38.85 kDa, whereas the
pl and molecular weight of HRP_A2A protein are 4.62 and
35.03 kDa, respectively.

It is seen that A. thaliana peroxidases differ in pl values
and molecular weights from reference enzymes and they
are expected to differ in their affinity to the substrate and
in functions. It is known that basic peroxidases (isoelectric
point >7.0) can oxidizing p-coumaryl, coniferyl and sinapyl
alcohols (Kukavica et al., 2012), while acidic peroxidases
(isoelectric point < 7.0) are poorly capable of oxidizing sinapyl
alcohol (Barcelo et al., 2004). Therefore, the roles of basic
and acidic peroxidases in cell wall lignification may be dif-
ferent. Plant peroxidases with high ability to oxidize coniferyl
alcohol (CWPO-A, HRP-C1C and AtPrx53) or sinapyl alcohol
(CWPO-C from P. alba, ZePrx from Z. elegans, AtPrx4) are
described.

The phylogenetic tree of these peroxidases shown in Fig-
ure is constructed by amino acid alignment. The reference
peroxidases and A. thaliana enzymes form six clusters. The
first one includes HPR-C1C, AtPrx33, 34, and 32 peroxidases
with a high bootstrap support value of 72—100 %. The second
cluster groups peroxidases, homologous to HRP_ A2A: AtPrx2
and 54 (bootstrap support 100 %). AtPrx52 and 4 peroxidases,
homologous to ZePrx34.70, form the third cluster with boot-
strap support of 98-99 %. AtPrx47, 64, and 66 peroxidases
group in the fourth cluster together with ZPO-C peroxidase
(92-100 % bootstrap support). The fifth cluster on the phylo-
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genetic tree combines peroxidases TPX1 and AtPrx3 and 39
with a bootstrap support of 100 %. The sixth cluster consists
of HRP, CWPO-C, AtPrx71, 62, and 69 peroxidases with
bootstrap support value of 72—100 %.

Separate clusters on the phylogenetic tree include A. thali-
ana peroxidases: AtPrx38 and AtPrx37 (cluster A), AtPrx22
and AtPrx23 (cluster B), AtPrx36 and AtPrx72 (cluster C)
with 100 % bootstrap support.

With materials from the BAR and TAIR databases, the
peroxidase functions and expression sites were identified for
the enzymes of clusters 1-6 (Table 2). The Table 2 does not
include clusters A, B, or C, formed by homologous proteins
of A. thaliana.

Functions of some A. thaliana peroxidases have been stud-
ied in mutants with knocked-out genes and transgenic plants.
According to experimental studies, peroxidase HRP-C1C from
A. rusticana most effectively oxidizes coniferyl alcohol in
vitro (Sasaki et al., 2004). The most homologous HRP-C1C
peroxidases AtPrx33 and AtPrx34 are involved in root growth
and cell elongation (Irshad et al., 2008) and in an oxidative
burst, when pathogens penetrate into the cell (Bindschedler et
al., 20006). AtPrx32 peroxidase is involved in cell elongation
(Irshad et al., 2008). Thus, there is no data on the participation
of cluster 1 enzymes in cell wall lignification.

Purified peroxidase HRP_A2A from A. rusticana efficiently
oxidizes guaiacol in vitro (Krainer et al., 2014). According
to the BAR database, the AtPRX2 and AtPRX54 genes are
expressed in its seedling roots and hypocotyl and in the roots
of juvenile plants (see Table 2). Mutants of A. thaliana atprx2
are characterized by a reduced total lignin content, changes
in lignin composition, and plant biomass decrease (Shigeto
etal., 2013).

The isoform ZePrx34.70 from Z. elegans, catalyzing the
oxidation of sinapyl alcohol, is expressed in roots and hypo-
cotyl and involved in lignification (Gabaldon et al., 2005).
Among the analyzed peroxidases, AtPrx4 and AtPrx52 from
A. thaliana are homologous to ZePrx34.70, as confirmed in
(Herrero etal., 2013a). According to (Fernandez-Pereza et al.,
2015), the AtPrx4 gene is expressed in roots, stems, and leaves,
and it affects the plant growth on long days. The product of its
expression is involved in syringol polymerization.

Purified ZPO-C peroxidase from Z. violacea uses both
synapyl and coniferyl alcohol as a substrate in vitro (Sato
et al., 2006). Homologous AtPrx66 takes part in cell wall
lignification of forming vessels (Sato et al., 2006). It was
shown that the homolog AtPrx64 also plays a role in xylem
lignification (Yokoyama, Nishitani, 2006).

The gene for the basic peroxidase TPX1 of L. esculentum
is specifically expressed in root xylem and involved in ligni-
fication and suberization (Quiroga et al., 2000). An increase
in lignin content has been shown in transgenic L. esculentum
plants with overexpression of TPX1 (Mansouri et al., 1999).
Homologous peroxidase AtPrx3 is involved in lignification
(see Table 2). AtPrx3 cationic peroxidase transcripts were
found in the seedlings and roots, and their participation in
the response of plants to salt stress and drought was shown
(Llorente et al., 2002). The role of AtPrx39 peroxidase in cell
wall lignification has not been studied. However, the AtPRX39
gene is expressed in the root transport zone. It affects the
development of the root system (Tsukagoshi et al., 2010).
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Table 1. Annotation of class Il peroxidases from A. thaliana with high levels of similarity (Score and E-value)
to reference peroxidases. The TAIR acc. no., NCBI acc. no., molecular weight, and isoelectric point
are indicated for each protein

Reference peroxidase, A. thaliana peroxidase, TAIRID Score E-value
protein ID, pl, protein ID, pl,

molecular weight, molecular weight,

kDa kDa

ZePrx34.70, Zinnia elegans AtPrx4 AT1G14540 342 1e717
Q4W118.1 NP_172906.1

8.22 7.74

34.24 3441

AtPrx52 AT5G05340 327 3e 1M
NP_196153.1
8.30

AtPrx36 AT3G50990 262 178
NP_190668.2
4.66

ZPO-C, Zinnia violacea AtPrx66 AT5G51890 452 5e7161
BAD93164.1 NP_200002.3

8.64 9.76

34.79 35.56

AtPrx64 AT5G42180 328 5e112
NP_199033.1
9.04

AtPrx47 AT4G33420 283 2e™%
NP_001320124.1
8.29

CWPO-C, Populus alba AtPrx71 AT5G64120 425 8e 10
BAE16616.1 NP_201217.1

8.30 8.18

34.63 34.89

AtPrx25 AT2G41480 417 67147
NP_181679.4
7.53

TPX1, Lycopersicon esculentum AtPrx3 At1G05260 449 2e7159
NP_001289850.1 NP_172018.1

7.51 8.41

35.99 34.91

AtPrx39 AT4G11290 430 9152
NP_192868.1
6.92

AtPrx72 AT5G66390 261 3e®
NP_201440.1
8.47

HRP, Armoracia rusticana AtPrx62 AT5G39580 459 2e7163
CCJ34837.1 NP_198774.1

8.35 8.42

34.79 34.13

AtPrx69 AT5G64100 326 8e M
NP_201215.1
9.71

AtPrx13 AT1G77100 278 392
NP_177835.3
4.74
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End of Table1

Reference peroxidase,
protein ID, pl, protein ID, pl,
molecular weight, molecular weight,
kDa kDa

A. thaliana peroxidase,

AtPrx2
NP_196290.1
4.52

HRP_A2A, Armoracia rusticana
CCJ34825.1

4.62

35.03

AtPrx54
NP_196291.1
4,27

AtPrx22
NP_181372.1
5.76

AtPrx58
NP_197488.1
4.92

AtPrx37
OAP01113.1
7.85

AtPrx23
NP_181373.1
7.97

AtPrx32
NP_850652.1
6.62

AtPrx33
NP_190480.1
6.80

HPR-C1C, Armoracia rusticana
P15233.1

6.62

36.54

AtPrx34
NP_190481.1
7.56

AtPrx38
NP_192618.1
7.57

Peroxidase CWPO-C from P. alba is a cationic isoform of
the enzyme efficiently polymerizing sinapyl alcohol in vitro
(Aoyama et al., 2002). HRP is a cationic isoform with high
ability to oxidize coniferyl alcohol. Peroxidase isoenzymes,
such as HRP and CWPO-C, have been shown to catalyze
single-electron oxidation of sinapyl alcohol using coniferyl
alcohol as a radical mediator (Aoyama et al., 2002). AtPrx71
peroxidase is the closest homolog of HRP. It participates in
the formation of secondary xylem (Yokoyama, Nishitani,
2006) and in the response to biotic factors (Chassot et
al., 2007). AtPrx62 peroxidase expression increases in
response to heavy metal ions and plant pathogens (Cosio,
Dunand, 2009).
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TAIRID Score E-value
...................... Ao
...................... AT560673057800
...................... ATZG383803801e*131
...................... ATSG198803632e_125
...................... e
...................... AT26383903563e*122
...................... AT3G329303542e-121
...................... AT3G4911062900
...................... N
...................... AT460878052600

The genes encoding peroxidase AtPrx32 and 37 are
expressed in the root and hypocotyl and involved in lignification
(see Table 2). Overexpression of AtPRX37 in transgenic
A. thaliana causes a decrease in plant growth rate, affects the
development of xylem, and ultimately leads to the formation
of a dwarf phenotype. Presumably, AtPrx37 peroxidase is
involved in the regulation of plant growth through the cell
wall lignification process (Pedreira et al., 2011). AtPrx72
and 36 peroxidases differ in localization in plant tissues and
their functions. The AtPRX72 gene is expressed in roots and
stems (Valerio et al., 2004). The AtPRX36 gene is expressed
in the hypocotyl, where it takes part in cell elongation (Irshad
et al., 2008); in the endosperm; and the seed coat (Kunieda et
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100 HRP-C1C
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TPX1
76 AtPrx13
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72

76

% AtPrx25

AtPrx69

CWPO-C

AtPrx62 6

99 HRP

100 AtPrx71

0.050

The peroxidase protein phylogenetic tree from A. thaliana based on
sequence alignments of the encoded protein (Sanou, Nei, 1981).

The evolutionary history was reconstructed by the Neighbor-Joining method.
The optimal tree with the sum of branch length 5.06962574 is shown. The per-
centages of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) are shown nearby the branches. The tree
is drawn to scale, with branch lengths in the same units as those of the evo-
lutionary distances used to construct the phylogenetic tree. The evolutionary
distances were computed by the p-distance method (Nei, Kumar, 2000). They
are presented as numbers of amino acid differences per site. The analysis in-
volves 31 amino acid sequences. All positions containing gaps and missing
data are eliminated. A total of 268 positions are present in the final dataset.
Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016). For pro-
tein database NCBI accession numbers of the sequences used for the building
of phylogenetic tree see Table 1, Suppl. 1.
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al., 2013). Analysis of A. thaliana mutants for the AtPRX72
gene showed a decrease in lignin content and the number of
syringyl units. In addition, the mutants were characterized by
slow growth, decrease in stem diameter, and smaller numbers
of shoots and leaves (Herrero et al., 2013b). Thus, several
peroxidases, clustered in groups 2—6, can oxidize monolignols
and participate in the lignification of cell walls.

We anticipate that peroxidases combined into a common
cluster on a phylogenetic tree are predominantly expressed
in the same plant organs and perform similar functions (see
Table 2). Of all peroxidases, the participation of AtPrx54 and
39 in physiological processes is least understood. We infer
from the results of data analysis that AtPrx54 peroxidase
performs functions similar to AtPrx2: it is involved in
lignification, growth, and response to abiotic stress. AtPrx39
peroxidase is involved in lignification and responses to biotic
and abiotic stress. Assuming the concept of the evolutionary
origin of proteins (Gabaldon, Koonin, 2013), we conjecture
the participation of AtPrx54 and 39 peroxidases in cell wall
lignification processes, since they are orthologs of HRPA2A
and TPX1, respectively. AtPrx69 and 62 peroxidases,
combined into a common cluster with AtPrx71 peroxidase,
are also highly likely to be involved in cell wall lignification.

The functions of homologous proteins can be determined
based on their domain structure and substrate binding sites.
Multiple alignment of amino acid sequences was previously
performed (data not shown). It included reference and
A. thaliana peroxidases combined into a common cluster
(clusters 1-6 on the phylogenetic tree, see Figure). AtPrx54
peroxidase was shown to have structures like AtPrx4 and
HRP_A2A; and AtPrx39 peroxidase was highly homologous
to TPX1, CWPO-C, and HRP proteins. Highly conservative
and semiconservative sections, structural motifs characteristic
of the analyzed class III peroxidases were identified (see
Suppl. 2, 3).

Thus, peroxidases are distinguished by structural motifs,
and, accordingly, affinity to oxidizable substrates. The
structural motifs that are necessary and sufficient to
polymerize G-monolignols are V78, 95-VSCSD, S98, 105-
SEA, F185, and N281. S-Peroxidases have motifs absent
from G-peroxidases: 180, 95-VSCAD, A98, 105-ARD, Y178,
and K268. The 95-VSCAD motif determines the ability of
peroxidases to polymerize both syringaldazine and sinapyl
alcohol (Barcelo et al., 2007). In addition, the affinity of
peroxidase to the substrate is affected by hydrophobic
interactions between the substrate and the enzyme, which
involve the amino acids at positions P69, 1138, P139, S140,
R175, and V178 (Barcelo et al., 2007). Studies of the ATP
A2 peroxidase structure from A. thaliana have shown that
hydrophobic interactions between the sinapyl alcohol and the
amino acid residues in position 1138 and P139 do not allow
the enzyme to use sinapyl alcohol as a substrate (Ostergaard
et al., 2000).

The G-peroxidases whose amino acid sequences were
analyzed include AtPrx2 and 54, HRP_A2A. They are
characterized by structural motifs V78, 95-VSCSD, S98,
105-SEA, F186, and N281. The hydropathicity of the site of
substrate binding is determined by amino acid substitutions
increasing hydrophobicity: proline to alanine at position
96, isoleucine to leucine at position 138, and isoleucine to
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Table 2. The function of class Il peroxidases from A. thaliana

Cluster Peroxidase Function
1 AtPrx33 Cell elongation,
Homology HRP-C1C biotic stress
AtPrx34 Cell elongation,
biotic and
abiotic stress
AtPrx32 Cell elongation
2 AtPrx54 No data
Homology HRP A2A AtPrx2 Lignification,
cell elongation,
abiotic stress
3 AtPrx52 Lignification,
Homology ZePrx34.70 abiotic and
biotic stress
AtPrx4 Lignification,
cell elongation
4 AtPrx47 Lignification
Homology ZPO-C AtPrx64 Lignification,
abiotic stress
AtPrx66 Lignification
5 AtPrx3 Lignification,
Homology TPX1 abiotic and
biotic stress
AtPrx39 No data
6 AtPrx69 Cell elongation,
Homology CWPO-C abiotic and
n HPR biotic stress
AtPrx62 Abiotic and
biotic stress
AtPrx71 Lignification,

abiotic and
biotic stress
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Localization of expression

Root, hypocotyl, 2nd internode, leaves, stage 15 flowers,
sepals

Root, hypocotyl, 2nd internode, leaves, stage 15 flowers,
sepals

Root, cotyledon, hypocotyl, 2nd internode, leaves, stage
10-15 flowers, sepals, stamen

Note: The data about peroxidases functions were obtained from the Arabidopsis Information Resource (www.arabidopsis.org). Localization of expression
on different stages of development was analyzed using the bio-array resource for plant functional genomics (http://bar.utoronto.ca).

phenylalanine at position 142. Replacements at sites with
hydrophilic amino acids (glycine to proline at position 68,
isoleucine to leucine at position 138, arginine to glutamine
at position 175, glycine to valine at position 177, or valine
to threonine at position 178) do not change the properties
of the substrate-binding sites. The 138-IPS hydrophobic
motif determines the conformation of the protein and the
hydrophobicity of the substrate-binding site. Thus, AtPrx54
peroxidase has sites that enable it to polymerize p-coumaryl
and coniferyl alcohols.

S-Peroxidases include reference enzymes CWPO-C,
TPX1, HPR, and AtPrx3, 39, 62, 69, and 71 from A. thaliana.
Their catalytic properties are determined by the motifs
178, 92-VSCAD, A96, 103-ARD, Y182, and K282. Amino
acid substitutions of leucine for isoleucine at position 135
and tyrosine for phenylalanine at position 231 ensure the

BUONHOOPMATUKA N KNETOYHAA BUONOTNA / BIOINFORMATICS AND CELL BIOLOGY

hydrophobicity of the substrate-binding site. Presumably,
peroxidases AtPrx39, 69, and 62 are involved in the
polymerization of sinapyl alcohol.

Conclusion

Plant peroxidases of class III from different plant families are
similar to each other in amino acid sequences, tissue localiza-
tion, and functions. Structure-functional regions were identi-
fied in the peroxidases on the base of amino acid sequence
homology. These regions allow inferences as to the substrate
specificity of the peroxidases. The results show that AtPrx39
oxidizes sinapyl alcohol and belongs to S-peroxidases;
AtPrx54 oxidizes p-coumaryl and coniferyl alcohols and
belongs to G-peroxidases. Therefore, AtPrx39 and 54 peroxi-
dases can participate in the polymerization of monolignols in
lignin biosynthesis. Thus, the use of bioinformatic methods
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and the analysis of literature and materials in databases sug-
gest previously unknown functions of A. thaliana peroxidases
belonging to class III.
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TepHUCTBIN ITYTh MaKpo@ar-akTuBupymoiero ¢pakropa (GcMAF):
OT OTKPBITUS K KIMHNYECKON IMpaKTuKe

A.A. Ocranunl, C.C. KI/IpI/IKOBM‘{z, E.B. AOAI‘OBaZ, A.C. HpocxprHaz, E.P. 1lepl—lbl)(l, C.C. Boraues’®

T HayuHo-uccnefoBaTenbeKnil UHCTUTYT byHAaMeHTanbHOW 1 KNMHMYEeCKo uMMmyHonorumn, Hosocnbupck, Poccus
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ButamuH [1;-cBA3biBatowmii 6enok (DBP) npeactaBnaeTt coboit nonndyHKLMOHANbHbIV FVKONPOTENH, OCHOBHAA poJib
KOTOPOro 3aK/loyaeTca B TpaHCMopTe BUTamMuHa [l; 1 ero MeTabosiMToB; HO OH TakXe ABNAETCA NpeALeCcTBEHHUKOM
Makpodar-aktusupyouero dpaxktopa (GCMAF). DBP koHBepTtupyeTca B GCMAF B pe3ynbTtaTte canT-cneyndryeckoro
CeneKTUBHOro AerNMKO3UANPOBaHNA NOA AeNCTBNEM B-ranakTo3maasbl U CManugasbl, TOKanM30BaHHbIX Ha akTUBUPO-
BaHHbIX B- 1 T-numdoumutax cootseTcTBEHHO. bronornyeckaa aktnsHocTb GCMAF BbipakaeTcs, NpexXae BCero, B ero
CNOCOBHOCTY aKTUBMPOBaTb Makpodary, ycunmsas nx darouutapHyto GyHKLMIO 1 NPOAYKLMIO PeaKTUBHBIX GOPM KIC-
nopopa. B pesynbrate akTnBaumm Ha Makpodarax noBblLLAeTCA dKCNpeccna cneunduyecknx peLenTopos, y4acTByto-
LMX B pPacrno3HaBaHUM OMyXOJSib-aCCOLMUPOBAHHbBIX aHTUIEHOB, a TakXe B peanu3auuy NPAMON NPOTVBOPaKoBOM
AKTUBHOCTM Yepes3 MHAYKLUMIO anonTo3a/HeKpo3a onyxoneBblx KneTok. MNoBblweHHbIN nHTepec kK GCMAF cBAsaH ¢ ero
NoTeHUMaNbHOM BO3MOMXHOCTbIO MCMOMb30BaHNA B KIIMHMKE B KayecTBe HOBOrO MPOTMBOOMYXOJSIEBOrO rpenaparta.
Ponb GCMAF nposABnsaeTcs He TONbKO MPU OHKONOTMYECKIMX, HO 1 MPY LIeIOM PALE BUPYCHbIX 1 HENPOAEreHepaTnBHbIX
3ab0neBaHuni, NPU KOTOPbIX B CbIBOPOTKE GOMNbHbIX MOBbILLEHA akTUBHOCTb N-aLieTunranakrosaMuHmaasbl (Haranasbl).
Haranasa — 370 ¢bepMeHT, KOTOpbIi MONIHOCTBIO, @ HE CENTEKTUBHO AernukosunupyeT DBP 1 6nokupyeT, Takum obpasom,
obpasoBaHne GCMAF, 4To NPrBOAUT K MMYHHbIM HapylueHnsAM. B 063ope nofpobHO paccMOTPeHbl COBPEMEHHbIE
[laHHble 0 CTPYKType 1 ¢yHKUMAx DBP kak ocHoBHoro npeplwectseHHNKa GCMAF. Mo cBoemy cocTaBy HaxoAALMIACA
B Umpkynauuu DBP - 370 cmecb HemoanduumpoBaHHbIX 1 O-rMKO3MIMPOBAHHbIX MONIEKY, CTeNeHb MUKO3UANPO-
BaHMA KOTOPbIX OnpefenaeTca reHoTMNoMm no reHy, kogupytowemy DBP. Ha ponb DBP B yctonumBocTn opraHusma K
pAQy 3aboneBaHNn yKasbiBaeT TOT $akT, YTo Y MHAVBMAYYMOB, FOMO3UFOTHbIX MO annento, Kogupytolemy aedekTHbIl
DBP, He obpa3yeTca HK ofHol monekynbl GCMAF, BcnefcTBUe Yero 3TU MHAVBUAYYMbI VMEIOT BbICOKUIN PUCK pasBu-
TUA PasNYHbIX TAXENbIX 3ab6oneBaHnin (6OKOBOW aMUOTPOPUUECKMIN CKNEPO3, KONOPEKTabHbIN paKk 1 ap.). B 0630-
pe npeacTaBnieHbl faHHble 06 OCHOBHbIX MeXaHM3Max NpPoTnBoonyxonesoro s¢pdekta GCMAF, onyxonesoi cTpaternu
HenTpanusaummn aktmeHocT GCMAF, pesynbTtaTtbl KMMHUYECKNX ncnbitaHun GCMAF npu pasnnyHbIX HO30M0rMYeCKnx
dopmax paka, a Takke 06CyKAeHbl UMetoLeca NPOTUBOPEUNA OTHOCUTENbHO No3MUMoHUpoBaHuAa GCMAF B KauecTBe
3¢bPeKTMBHOro NPOTMBOOMYXONEBOrO Npenapara.

Kniouesble cnosa: ButamuH [1;-cBasbiBatowuii 6enok (DBP); makpodar-aktmsmpytowmii paktop (GCMAF); N-auetun-
ranaktosamuH (GalNAc); a-N-aueTnnranakto3amvHugasa (Haranasa); NpoT1BOOMNyXoneBas Tepanus.

Ana yntnposanua: OctaHuH A.A., Kupukosnu C.C,, lonrosa E.B., NpockypwnHa A.C., YepHbix E.P, boraues C.C. TepHu-
CTbIN NyTb Makpodar-aktusupytouiero daktopa (GCMAF): 0T OTKPBITUA K KNIMHNYECKON NPaKTUKe. BaBUNOBCKMI XypHan
reHeTuKn 1 cenekuymm. 2019;23(5):624-631. DOI 10.18699/VJ19.535

A thorny pathway of macrophage activating factor (GcMAF):
from bench to bedside
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Vitamin D5 Binding Protein (DBP) is a multifunctional glycoprotein whose main role is to transport vitamin D3 and its
metabolites, but it also is the precursor of the macrophage activating factor (GcMAF). DBP is converted to GCcMAF as a
result of site-specific selective deglycosylation under the action of -galactosidase and sialidase, localized on activated
B and T cells, respectively. GEMAF exerts its biological activity primarily as the capability of activating macrophages by
enhancing their phagocytic function and producing ROS. Activation results in elevated expression of the specific mac-
rophageal surface receptors involved in the recognition of tumor-associated antigens, as well as in the implementation
of direct anticancer activity by inducing the apoptosis or necrosis of tumor cells. Increased interest in GCMAF is asso-
ciated with its potential to be used in the clinic as a new antitumor drug. Besides its anti-tumor activity, GCMAF exerts a
potential against a number of viral and neurodegenerative diseases associated with increased activity of N-acetylgalac-
tosaminidase (nagalase) in the blood serum of patients. Nagalase is an enzyme that completely (rather than selectively)

© OctaHunH A.A., Kupukoenu C.C,, lonrosa E.B., MpockypuHa A.C., YepHbix E.P, boraues C.C,, 2019
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TepHuCTbIN NyTb Makpodar-akTusmpyowero daktopa (GCMAF):
OT OTKPbITUSA K KIIMHNYECKOW NPaKTUKe

deglycosylates DBP so it cannot be converted to GCMAF, leading to immunodeficiency. Circulating DBP is composed
of unmodified and O-glycosylated molecules with the glycosylation degree being dependent on the allelic variants of
the gene encoding DBP.The role of DBP in the resistance of organism against a number of diseases is supported by the
increased risk of a variety of severe illnesses (amyotrophic lateral sclerosis, colorectal cancer etc.) in patients deficient
for GEMAF due to homozygosity for defective DBP alleles. In this review, we also will examine in detail the current data
i) on the structure and functions of DBP, as the main precursor of GcMAF, ii) on the main mechanisms of GEMAF antican-
cer effect, iii) on the tumor strategy for neutralizing GcMAF activity, iv) on the results of GEMAF clinical trials in various
cancers; and will discuss the available controversies regarding the positioning of GEMAF as an effective antitumor drug.
Key words: vitamin D;-binding protein (DBP); Gc protein-derived macrophage activating factor (GcMAF); N-acetylgalac-
tosamine (GalNAc); a-N-acetylgalactosaminidase (nagalase); anticancer therapy.

For citation: Ostanin A.A,, Kirikovich S.S., Dolgova E.V., Proskurina A.S., Chernykh E.R., Bogachev S.S. A thorny pathway of
macrophage activating factor (GcMAF): from bench to bedside. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal
of Genetics and Breeding. 2019;23(5):624-631. DOI 10.18699/VJ19.535 (in Russian)

BBepeHune

Criermndrueckuit aktuBatop makpodaroB, GcMAF, — xoM-
MOHEHT IIJIa3Mbl KPOBH, KOTOPBIA 00pa3yeTrcst B pe3ysbTare
caiT-crienin(pUuecKoro CeNeKTHBHOIO JCTIIMKO3UINPOBAHUS
BUTaMHH [;-cBaspiBaromero Oenka (DBP) non meicTreM
(hepMeHTOB [-ranakTo3u1a3bl ¥ CHaIN1a3bl, TOKAJTM30BaHHBIX
Ha KJIETOYHBIX MeMOpaHaX akTHBHPOBaHHBIX B- m T-num-
(hoLIMTOB COOTBETCTBEHHO. MHOTOUNCIICHHBIE HKCIIEPUMEH-
TaJNbHBIC JAHHBIC, & TAKXKE PE3yJIbTaThl MIIOTHBIX KIMHUYE-
CKHMX MCCJIEIOBAHUN CBUACTEIBCTBYIOT O BBIPAXKEHHOM ITPO-
TUBOOMYX0JeBOH akTUBHOCTH GCMAF, 4T0 OTKpBIBaeT miu-
POKHE MEPCTIEKTHBEI €ro MOTEHIIAIBHOTO NCIIOJIb30BAHHS B
KauecTBE HOBOTO JIEKAPCTBEHHOTO CPEICTBA MPU OHKOJIOTH-
YECKHX 3a00JIEBaHNUSX.

Lexnb HacTosIIIIETO 0030pa — PECTABICHHE TAHHBIX O CTPYK-
type u ¢ynkumn DBP kak npenmecrsennnka GeMAF, oc-
HOBHBIX MEXaHU3MaX MPOTUBOOITYX0neBoro dpdpexra GcMAF,
OITyXOJICBOH cTpaTeruu HenTpanu3auu akTuBHOCTH GCMAF,
pesynpTatax KiIMHH4Yeckux ucnbsitanuii GcMAF mpu pas-
JIMYHBIX HO30JIOTHYECKHUX (pOpMax paka, a TakKe 00CyKIeHHe
MMEIOIINXCS] KPUTHUECKUX 3aMEUaHWi B OTHOLICHUH MO3H-
ronnpoBanust GcMAF B kauecTBe 3 (heKTHBHOTO TPOTUBO-
OITyXOJIEBOTO TIperapara.

CrpykTypa n ¢pyHkuumn DBP

Kak npepwectBeHHnKa GCMAF

Buramun Jl;-ceaspiBaromuii 6enox (DBP) — 1o monudynxk-
LUOHAJIbHBIA ITIMKOIIPOTEUH, OTHOCSIIUNCS K CEMEHCTBY
6emkoB kpoBu (Group-specific component, Ge-0enku pasz-
mepoM 51-58 k/la), mpeacTaBIeHHBIX B TOM YHCIIE aIb0yMu-
HOM, 0-(heTONPOTEHOM U a)aMUHOM (0-aJIbOYMHH, BUTAMUH
E-cBs3piBaromuii 6enok). DBP cunaTe3mnpyeTcs remaronuTa-
MH U TI0T1a/IaeT B KPOBOTOK B (hOpPME 3pesioro MoHOMEpa, He-
CyIIEeTO TpH (YHKIIMOHAIBHBIX JOMEHa. JlOMEH, CBA3BIBAIO-
il ButamMuH [l; M )KHUPHBIE KMCIIOTHI, PACTIONOKEH MEKIY
AMHHOKHUCIJIOTHBIMH OCTaTKaMu 35—49, akTHH-CBSA3bIBAIOIINI
JIOMEH HaXOIHUTCS MEXAY aMHHOKHCIOTHBIMH OCTAaTKaMHU
350-403. /IBa caiiTa CBA3BIBaHUSA C KJICTOYHOH MeMOpaHOH
HeWTpouiIoB pacroiokeHbl Ha N- n C-KOHIIaX MOJIEKYJIbI
rukonporerHa (Haddad et al., 1992; Otterbein et al., 2002;
Verboven et al., 2002; Malik et al., 2013).

Benox DBP xopupyercs reHoM, HaXOIAIMMMCS HA JUIMH-
HOM Iuteue 4-i xpomocomsl (4ql1-ql13) u nmpeacraBieHHBIM
enuHcTBeHHON kormeit (NCBI ID: 2638), cocrosiieit u3
15 sx30H0B 1 12 unTpoHOB (Song et al., 1999). DBP npu-
CYTCTBYeT B IUIa3M€ KPOBH YEJIOBEKa B OONBIIOM KOIHYe-
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ctBe (300—600 Mr/iM) M BEICTyIaeT B Ka4eCTBE OCHOBHOTO
nepeHocunka Butamuna J; u ero npoussoausix. K apyrum
¢ysakuusm DBP oTHOCSTCA: a) CBA3BIBaHNE 1 BEIBEICHHE aK-
THHA, BHICBOOOXKIAFOIIETOCS MTPH HEKPO3€ KIIETOK, a TaKkKe
BBIBE/ICHHE JKUPHBIX KHCIOT M OaKTepHaIbHBIX YHJOTOKCHU-
HOB; 0) aKTHBAIIM XeMOTAKCHCa HEUTPO(MITOB; B) aKTUBALINS
T-nmuMQonuTOB Yepe3 MexaHH3M MaKpOIHHOILIUTO3a; T') ydac-
THE B MeTabo0smM3Me KocTHOM Tkauu. DBP oOHapyxuBaercs B
Pa3IUYHBIX )KUAKOCTSIX — CBIBOPOTKE KPOBHU, MOYE, TPYITHOM
MOJIOKE, aCLUTHOHN >KU/IKOCTH, JINKBOPE, CIIOHE, ISAKYIIATE, a
TaK)Ke OpraHax 4esoBeKa — Mo3re, Ceplle, JITKUX, CEJIE3EHKe,
MoYKax, TUTalleHTe, ceMeHHnkax, marke (Malik et al., 2013;
Delanghe et al., 2015; Morales, 2017).

Ente omna ouensb Baxnas GyHkips DBP — ero crioco6HOCTB
aKTUBHPOBATH Makpodaru, koropyro Ge-6e1ok mpuodperaer
B pe3yJIbTare CauT-Crenu(puIeckoro ceJIeKTHBHOTO AETIINKO-
3HJIUPOBAHUS (PUCYHOK, a).

I'muxo3nnupoBanuslii DBP conepkuT oguH Tpucaxapun,
KOBAQJICHTHO CBSI3aHHBIA ¢ TpeoHUHOM B 420-i mo3unuu u
cocrosiuid u3 N-anermiranakrozamuna (GalNAc) ¢ nBymst
Pa3BETBICHHBIMU OCTaTKaMM CaxapoB I'aJlaKTO3bl M CHAJO-
Boi kucnorsl. DBP konBeprupyercs B GcMAF non neiict-
BUeM (pepMEeHTOB B-rajakTo3u/a3bl 1 CHaJIN/Ia3bl, JTOKAIH30-
BaHHBIX Ha KJIETOUHBIX MEMOpaHax aKTHBHPOBAHHBIX B- u
T-mumdoruToB cooTBeTCTBEHHO. B pesynbrare oOpasyercs
aktuBHbIN O0enok GcMAF, comepxaiiuii octarouHbIi caxap
N-areTriragakTo3aMuH ¢ 0CBOOOJMBIINMUCS OT TaJIaKTO3bI
W CHAJIOBOM KHCIIOTHI caliTaMu CBs3bIBaHUS (Yamamoto,
Kumashiro, 1993; Yamamoto et al., 2008a—c). Cnenyer oT-
METHTB, YTO TAKOE CEJIEKTUBHOE JeruKo3minpoBanrne DBP
MIPOUCXO/IUT €CTECTBEHHBIM 00pa3oM IPH Pa3BUTHH BOCTIA-
nurenasHoro orsera. Cunraercs, yro umeHHo GalNAc B co-
craBe GeMAF oGecrieanBaeT akTuBaIiio Mmakpodaros. [Tox-
Hoe nenmkosmwmupoBanne DBP mox nmefictBuem depmenTa
N-aneTriragakTo3aMiHAIa3b! (Haraaasbl) IPUBOINUT K pas-
prIBY cBsi3u GalNAc ¢ TpeOHMHOM (CM. PHCYHOK, 0 ), I TAKIM
obpazom Haranaza onokupyer DBP — GcMAF konBepcuro.

ITo cBoeMy cocraBy Haxoxswuica B nupkyiasiuuu DBP
TpeACTaBIseT co00i cMech HeMOAU(DUITPOBAHHBIX U O-TyTH-
KO3MJINPOBAHHBIX MOJICKYJI, CTETICHb NINKO3MIIMPOBAHUS KO-
TOphIX onpeneisiercs reHotunom DBP (Malik et al., 2013).
Jlst uenoBeka OnMcaHbl TPU MAKOPHBIX AJIIENIbHBIX BApUaHTa
6enka: DBP1F, DBP1S u DBP2. Bapuantst DBP1F u DBP1S
MOTyT ObITh KOHBepTHpOBaHbI B GCMAF mon nefictBuem
[-ramaxTo3mmassl M CHATNIA3kl, TOrAa Kak Bapuant DBP2, B
KOTOPOM TpeoHUH B 420-i1 MO3ULIMK 3aMEHEH Ha JIU3UH, HE
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Schematic presentation of DBP deglycosylation (Yamamoto et al., 1996): (a) selective, (b) complete.

MoxeT cBsizbiBaTh GalNAc, MOCKONBEKY B HEM OTCYTCTBYET
OCHOBHOW caliT O-CBA3aHHOTO IIMKO3WJIMPOBAHUS Caxapu-
J10B. ITOCKONTBKY y WHIUBHYyMOB, TOMO3UTOTHBIX IO aJlje-
mo DBP2, B nmpuHIHIIE HE MOXKET 00pa30BaThCsi HU OTHOU
Monekynsl GCMAF, He yauBUTENbHO, YTO UIMEHHO BapHAHT
DBP2/DBP2 nonumopdu3ma accormupyercst ¢ MOBIIIEHHBIM
PHCKOM Pa3BUTHS Pa3IMUHBIX TSDKEIBIX 3a00I€BaHUN, TAKHX
Kak OOKOBOI aMHOTPO(UUECKHUI CKIIEPO3, KOJIOPEKTAIbHbIH
pax u 1p. (Morales, 2017).

MexaHn3mbl NPOTMBOOMNYXONIEBOrO

apdekTa GCMAF

buonornueckas aktuBHocte GCMAF mposiBisieTcs B ero
CHIOCOOHOCTH aKTUBUPOBATh Makpodaru, ycuimsas ux ¢da-
TOIUTAPHYI (QYHKIMIO U MPOLYKIMIO PEaKTHBHBIX (HOpM
kuciopona. Kpome Toro, GeMAF crumynupyer nponudepa-
LIMI0 MHUEJIOU/THBIX KJICTOK-TIPE/IECTBEHHUKOB ¥ HHYLIUPYET
ux auddepeHUpoBKy B 3pensie Makpodaru (Yamamoto,
Homma, 1991; Homma et al., 1993; Mohamad et al., 2002a,
b; Yamamoto et al., 2008a—c; Uto et al., 2012; Thyer et al.,
2013a; Ishikawa et al., 2014). B pe3ynsrare akTHBaIlui Ha
Makpodarax MOBBIIIACTCS SKCIPECCUS CHIEHUPUICCKUX pe-
LENTOPOB, YYAaCTBYIOUIMX B PACIIO3HABAHWUU M ITPE3CHTALIUH
OITyXO0JIb-aCCOIIMMPOBAHHBIX AaHTUT'€HOB, a TAKXKE B pean3a-
UM ITPSIMON IPOTHBOPAKOBOM aKTHBHOCTH Yepe3 MHYKIHIO
aronTo3a/HeKpo3a onyxoJeBbix kieTok (Yamamoto et al.,
2008a—c; Rehder et al., 2009; Caxuo u ap., 2016). Tak, Harpu-
Mep, OKa3aHo, YTO Makpodark 4eI0BeKa, aKTHBUPOBAHHbIC
GcMAF B nose 100 nir/mi, uHaynupyrot rudens 51 u 82 %
kietok auHUA LNCaP (pak mpocrarsl 4enoBeka) uepes3 4 u
18 4 COKyIBTHBMPOBAHUS COOTBETCTBEHHO (Yamamoto et
al., 2008b). B kynsrype in vitro GeMAF ycunuBaeT Taxske
TG PEepeHINPOBKY «TIPO(eCcCHOHATBHBIX) aHTUTCH-TIPE3CH-
TUPYIOMINX ACHAPUTHBIX KieTok (/IK), uTo mposiBisiercst 3Ha-
4UMBIM yBennueHueM 3penbix HLA-DR*CD86*/IK no ypos-
Hs >80 % B 0011 MOMyIISIHN.

B pabote (Gregory et al., 2010) mokazano, uto GcMAF
XapaKTepu3yeTcs MpsIMbIM MHTUOUTOPHBIM JIeHiCTBHEM Ha
nponudepariio 1 MUTPALUIO KJIETOK JIMHUNA paka IMPpOCTaThl
(LNCaP u PC3), a Taksxe cHIXAET SKCTIpeccHio Ha HUX UPAR
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(urokinase plasminogen activator receptor), akTHBaIHs KOTO-
poro Koppenupyer ¢ MeractazupoBanueM onyxoinu. GcMAF
B 03¢ 40 Hr/MI HTHTHONpPYET Tpoardepannio KISTOK THHAN
aJICHOKapIIUHOMBI MoJIowHO# sxene3sl (MCF-7) B cpemnnem
Ha 50 %. IIpu 3TOM perucTpupyeTcsi CHI>KEHUE IKCIIPECCUU
OITyXOJICBBIMH KJIETKAMH BUMEHTHHA, MapKepa MPOrpeccuu
1 METacTa3MpOBaHUS PAKa MOJOYHOI JKeJIe3bl, BHI3BAHHOTO
TpaHchopMaIHei SMUTeNTNaIbHBIX KIETOK U IPHOOpeTeHHEM
UMH (EHOTHIIA ME3CHXUMAJIbHBIX KJIETOK C MOBBIIICHHOH
YCTOWYHMBOCTBIO K arlornTo3y, BEICOKOH MHUTPAllMOHHOW aK-
TUBHOCTBIO U MHBa3MBHOCTHIO ((DEHOMEH DIHUTEINATBHO-
Me3eHxnManbHoro Tpansuta) (Pacini et al., 2012b; Thyer et
al., 2013b). B sxcriepuMenTax ¢ 30JI0TUCTBIMU CUPUICKUMHU
XOMSIKAMHU B MOJIENIM KaHLEPOreHe3a, WHAYLHPOBAHHOTO
9,10-mumetnn-1,2-6er3antpanesom (DMBA), Taxxe ObuT
BbIsIBJIEH MHrHONpYytomuii appexr GeMAF Ha poct omyxo-
JM U yBEJIMYCHUE TPOAOIDKUTEILHOCTH JKU3HH KHUBOTHBIX
(Toyohara et al., 2011).

Kaxk 13BecTHO, pOCT OITyXOJIH — 3TO aHTMOTeHE3-3aBUCUMBII
npouecc. [Toatomy erie oTHUM O4eHb Ba)KHBIM MEXaHU3MOM
MIPOTHBOOIYX01eBOoro AeiicTBust GCMAF sSBISIOTCS €ro aHTH-
AQHTMOTEHHAsI aKTHBHOCTH M CIIOCOOHOCTH MHTMOUPOBATh IIPO-
nudepalyio 1 MUrpalyIo SHI0TETNATbHBIX KIETOK, a TAKKe
o0Opa3oBaHme HOBBIX MHKpococynoB B omyxoin (Nonaka et
al., 2012). B uccnenoBanuu (Pacini et al., 2011, 2012a) ¢
UCIIOJIb30BAaHWEM aHAJIM3a XOPUOAJIAHTOMCHOW MeMOpaHbI
(chorioallantoic membrane [CAM] assay) OpUTO TIOKa3aHO,
yro GcMAF B koH1eHTpanmu 1 HI/MJI HHTUOHUPYET CTHMY-
JMPOBaHHEIN IpocTarIaHAuHOM E, aHruorenes y KypHHbIX
SMOPHOHOB.

[TporuBoomyxonesast akrtuBHOCTE GCMAF Opu1a TIpOzE-
MOHCTPHUPOBAHA B Pa3JIMYHBIX IKCIIEPUMEHTAIBHBIX MOACIIAX
in vivo. Kisker ¢ koseramu (2003) mokasajm, 4To €KeTHEB-
HOe HHTpanepuToneaabHoe BBeneHne GCMAF B mose 4 Hr/kr
MHIHOUPYET pocCT rpadra paka IoKeTy104HOH KeJe3bl 4eso-
Beka (B x PC-3; 2.5 x 10° kneTok; 1/K) y AMMYHOIE (DHITATHBIX
SCID wwprmreit. Ipu ucionszoBarnu GcMAF B 03¢ 4 MKT/KT
HaOJro1aJ1ack MOJTHAsL PErpeccusi OIyX0JIEBOTO TpaHCILIaHTa-
Ta. [ ncronornveckne uccie10BaHus BBISIBUIN BEIPAKECHHYIO
nnduipTpanuo rpadpra Mac-3*makpodaramMu, MEHBIIYIO
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TUIOTHOCTbH KallMJUISIPOB M O0JIee BHICOKUI YPOBEHb arlonTo3a
mo cpaBHeHmIo ¢ koHTponeM (Kisker et al., 2003). IlatHaz-
[aTuyacoBasl MHKyOanus nepuToHeanbHbIX Makpodaros ICR
MBIIICH C CHIBOPOTKOH 4esoBeka, oboramieHHor GcMAF B
no3e 10 Hr mo 6enKy, mpuBOAMIIA K 3HAYNMOMY YCHIICHHUIO UX
(barorTapHOi aKTUBHOCTH B cpetHeM Ha 73 %. nTparnepu-
TOHEaJIbHOE BBEJICHHUE TaKOi ChIBOPOTKH (B 03¢ 1.552 MKI/KI/
JICHb B TeueHHe 7 JHEH) MbIIIaM ¢ IPUBUTHIM aCIIUTOM Kap-
ruHOMBI Dpiuxa (10 X 106 KIEeTOK/MBILIL) COMPOBOKAAIOCH
JIOCTOBEPHBIM YBEIHMUYEHHUEM IPOAOKUTEIBHOCTH KU3HU
(Kuchiike et al., 2013). B pa6ote (Korbelik et al., 1997) na
MeimrHON Monxemn SCCVII (mockokieTouHas KapImHOMa)
OBUIO IIOKa3aHo, YTO coyeTanne GoToAMHAMHYECKOM Teparuu
(®AT) c agproBanTHOHU Tepanmeit GCMAF B Bune komOnHa-
UM BHYTPUOPIOIINHHBIX U NEPUTYMOPATbHBIX WHBEKINI
(mo 50 u 0.5 Hr/kr! cooTBETCTBEHHO), BBOMUMBIX B AHH 0,
4, 8 m 12 mocne T, mpusoanio k 100 % BeDKHBaEMOCTH
JKUBOTHBIX NPOTUB 25 % npu ucnonszosanuu OT B pexxume
MOHOTEpAIuu.

AHanu3 1aHHBIX JINTEPATYPHI TO3BOJISET 3AKIIOUUTh, YTO
npoTtrBoomyxosneBbii apdekt GEMAF peanuzyercs He TOJIBKO
Yyepes3 aKTHBALIUIO OITyX0JIb-HH(OUIBTPUPYIOIINX MaKpo(haros
(OMM), HO © C yyacTHEeM JAPYTUX MEXaHU3MOB, CBSI3aHHBIX C
MPSIMBIM HHTHOUTOpHBIM nieticTBueM GEMAF na nponidepa-
IIUI0, MUTPALIMIO U METACTa3UPOBAHHE OIyXOJIEBbIX KIETOK, a
TaKKe C IMOIABIIEHNEM HEOAHTHOTE€HE3a B OITyXOJICBOH TKaHH.

OnyxoneBas cTpaTerusa HeMTpann3auum
AKTUBHOCTAN OI'IyXOﬂb-I/IH(I)I/IHprVIpyIOI.I.WIX
makpodaros n GcMAF
XO0poI110 U3BECTHO, YTO B ITPOLIECCE KaHIIeporeHesa rpaHcdop-
MHUPOBaHHBIE OIMYXOJIEBbIE KIETKH HCIIONB3YIOT Pa3IHuHbIE
CTpaTeruy, NO3BOJIFOIIME UM KaK yCKOJIb3aTh OT UMMYHHOTO
HaJ130pa, TaK U MOJABIISATH pa3BUTHE 3()(HEKTUBHOTO IPOTUBO-
ormyxoseBoro nMmmyHHoro oteeta (Dunn et al., 2002; Kim et
al., 2007). Onna 13 5TUX CTpaTeruii HarpaBJicHa, B YaCTHOCTH,
Ha HEeUTpaIn3alrIo TYMOPOILMAHON aKTUBHOCTH Makpodaros
B OITyXOJIeBOM MHUKpoOKpyxeHuu. [lox nericteuem TGF-B1,
CEKPETHUPYEMOTO OIyXOJEBBIMH KJIETKAMH, CIIOCOOHOCTD
OUM «k ¢arouuTosy CHIKACTCS, U OHU TPUOOpeTaroT (heHo-
i Makpodaros 2-ro Tuna (M2-KIeTKH), KOTOPBIH OPHEHTH-
poBaH Ha nojyiepxkanue pocra omyxonu (Toutirais et al., 2003;
Allavena et al., 2008). M2-keTku — 0[JHa U3 CYOIOMYJISIIHIA
TKaHEBBIX MaKpo(]aros, UIst KOTOPBIX XapaKTepHa IKCIIPECCUs
aprunasel u cekpeuus IL-10, mpocrarnanauna E, u camoro
TGF-B1, nonnepxupatomero nanueiid penorun OVM uvepes
Ay TOKPHHHBIN MEXaHU3M. M2-KJIETKH OTIIMYAI0TCS TAKXKE 0~
BBILIEHHOH 9KcTIpeccueil pakTopa pocTa SHAOTEIHS COCY/IOB
(VEGF), akTuBUpYIOIIIEr0 aHTHOTEHE3 U SIBIISFOIIETOCS OJTHUM
n3 (haKTOPOB OITyX0NIeBOi MMMyHOCyTIpeccuu (Martinez et al.,
2006). CoemectHoe Bozaeiicteue TGF-f1 u VEGF uaunmmm-
pyeTt hopMHUPOBAHKE OITYyXOJICBOI CTPOMBI, HEOOXOMMOI ISt
obecrieueHnst TPOPUKHN OITyXOJIEBBIX KIETOK, JTOKAIbHON NM-
MYHOCYITPECCHH U TIOJIIEPKKH TPOIecca METACTa3uPOBAHUS
(Ohm, Carbone, 2001; Mantovani et al., 2002).
Bupyc-unduimpoBaHHbie, a TaKKe OIMyXOJIEBbIE KIETKU
CIIOCOOHBI CEKpPeTUpOBaTh (hepMEHT Harajasy (9K30- U 3H-
JIOTHIIA), KOTOPBII TaKk)Ke MOXKET y4yacTBOBATh B IEPEINpo-
rpammuposannu OVIM B M2-nanpasnennn (Mohamad et al.,
2002a). Dx30Tun Haranasbl B (PU3MOIOTHUECKUX YCIOBHAX
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TepHuCTbIN NyTb Makpodar-akTusmpyowero daktopa (GCMAF):
OT OTKPbITUSA K KIIMHNYECKOW NPaKTUKe

CCKPECTUPYETCA HOPMAJIbHBIMU T'€IIaTOUTAMU U HE ACTIIU-
ko3unupyet tpucaxapul DBP, Tem caMmbIM He BiusieT Ha
KOHBepTaluio yroro npenmecrsenHrka B GCMAF (Ioannou et
al., 1992; Nagasawa et al., 2005). B Hopme akTHBHOCTH (hep-
MeHTa B T1a3Me kposu Bapeupyet ot 0.35 10 0.65 HM/Mun/MT
cyocrpara. [1pu pa3nuIHbIX OHKOJIIOTHYECKHUX 3a00I€BaHMAX
CLIBOpOTO‘-IH]:-Iﬂ YPOBEHb HaraJia3bl 3HAYUTEIIbHO IMMOBLIIIACTCA
U peructpupyercs B auamnasone ot 0.63 1o 5.21 eEM/mun/™Mr
(Yamamoto et al., 1996; McCarty, 2013). Haranaza sx30- u
OHJIOTHUIIA, IPOLYLHPYyEMas OIyXOJIEBBIMU KIIETKAMH, MO-
JKET MOJIHOCTBIO JENIMKO3WIMPOBATh Kak Tpucaxapua DBP,
Tak M ocrarouHslii caxap N-anerwiranakrozamua GcMAF
(Yamamoto et al., 1996; Mohamad et al., 2002a; Matsuura et
al., 2004). B omyxoneBoM MEKPOOKPYKEHHUH BO3MOKHBI 00a
BapuaHTa TOTAJIBHOTO JICTIMKO3WINPOBAHUS, B PE3ylIbTare
koToporo 6o Onokupyercs koupeprauuss DBP B GcMAF,
00 MHAKTHBHpPYeTCs yike cymecTBytommii GCMAF (Yama-
moto etal., 1996; Saburi etal., 2017). JleruKo3mIHpOBaHHEIH
GcMATF He B cOCTOSIHUY aKTHBHPOBATh TYMOP-HH(HUIBTPYIO-
mye Makpogaru, 4To KIMHHYECKH MPOSIBISIETCS] Pa3BUTHEM
MMMYHOCYTIPECCHH 1 ITporpeccueii 3a001eBaHmts1, CBI3aHHOM
¢ moTepei MakpodaraMu MPOTHBOOIYXOJICBON aKTUBHOCTU
(Nagasawa et al., 2005; McCarty, 2013).

Pe3ynbratbl KNMHNYeCKUX ncnbitaHun GCMAF
IlepBbie pe3ynbTaThl OTKPBITHIX, MIOTHBIX KIMHUIECKUX UC-
cienoBanmii npenapara GcMAF 1-if reneparin Obutn o1ry6-
nukoBanbl B 2008 . (Yamamoto et al., 2008a—c). Ciemyer
OoTMeTHTH, uTo N. Yamamoto eme B 1991 r. pa3paborain cro-
co0 nonmyuenust GCMAF 1-i reneparmn metoioM adpuHHOMN
Xpomarorpaduu Ha KOJIOHKaX, HarpyKeHHbIX 25-THIIPOKCH-
BUTAMHMHOM /15, ¢ IOCTIE Iy FOLIMM JEITIMKO3UIIMPOBAHHEM BbI-
nenenHoro DBP pacTBopuMBIME HMITH HMMOOHITH30BaHHBIMHU
Ha Hocurene (epMeHTamMu (B-Tranakro3naa3oil U cuanuaa-
30i1) (Yamamoto, Homma, 1991). ITomywgaemsrii mpogykT
XapakTepu30BaIcs HU3KoH KoHueHTpanuei (100 ur/0.25 mu,
1 n03a), HecTaOMIILHOCTBIO ITPU KOMHATHOW TeMIIeparype
IIPU OTCYTCTBUH AaHTHOKCHAAHTOB B BHJIE aJIbOyMHHA U MO-
4eBOH KHCIIOTHL. B cBonx nmuoHepHsix padorax N. Yamamoto
¢ xoyuteramu ucrnonb3oBanu GcMAF B io3e 100 Hr, kKoTOpbIi
BBOIMJIM OOJNBHBIM BHYTPHUMBIIIEYHO, | pas/Hend, KypcoM OT
3.5 1o 6 Mec. bbuto npostedeHo 16 GOIBHBIX PAKOM MPOCTATHI B
BO3pacte oT 46 10 76 net (Mmenuana, Me — 63.5), 16 601bHBIX
PaKoM MOJIOYHOM JKEeJIe3bl C MeTacTa3aMu B Bo3pacTe oT 44
10 77 net (Me — 62.5) 11 8 OOJIBHBIX KOJIOPEKTAIBEHBIM PAKOM
¢ MeTacta3amu B Bo3pacte oT 41 o 82 ner (Me — 65.5). Uc-
ciezoBaTey mokasand, 4ro tepamusi GcMAF mpuBomnT
CHIDKEHHIO /10 HOPMBI aKTHBHOCTH CHIBOPOTOYHON Harasasbl
U MOJTHOMY H3JICUEHHUIO MalueHTOB. [IpogomKuTenbHOCTh
6e3pennAnBHOrO Meproaa AJsl paka MOJIOYHOM JKene3bl co-
cTasuia 6osee 4 JieT, st paka MpOCTaThl U KOJIOPEKTAIEHOTO
paka — 7 ner. CHHXKEHHME Harajgasbl B MpoIecce Tepanuu
CBHJICTEICTBOBAJIO, TI0O MHEHHIO aBTOPOB, 00 3pauKalliuK
OITyXOJIH, YTO /IS paKka IPOCTaThl OBUIO TTOATBEPIK/ICHO TO-
Morpagu4eckuM CKaHUPOBAHUEM.

B 2009 . N. Yamamoto ¢ KoJuteraMu OIryOIMKOBaIN pe-
3yAbTaTbl UMMYHOTEpanuu ¢ ucnons3oBanueM GecMAF 1-i
renepaunn y BUY-unduumposanusix 0osbHbIX (N = 15)
(Yamamoto et al., 2009). [IpenapaT BBOAWIN OOJTHHBIM TaK-
K€ BHYTpHUMBIIIEUHO, B 1o3e 100 Hr, | pa3/Hex B TeueHne
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4.5 mec. [locne okoHUaHUSI KypCOBOT'O JICUEHHUS y OOJIBHBIX
PETHCTPUPOBAIHICH CHIDKCHNE aKTHBHOCTH Harajiasbl B Chl-
BOPOTKE KPOBH, YBEIMUCHHUE KOJMUYECTBA LUPKYINPYIOIINX
CD4+T-nmumdouuros, HopMmanusanus uuaekca CD4/CDS.
IIpu sTOM HOpManbHOE conepkaHue T-KIETOK B KPOBOTOKE
COXPAHSUIOCH y OOJILHBIX B TEUCHHUE 7 JIET HAOIIONCHMSI.

[Tonyuennsie rpymmoii Yamamoto pe3ysibTarhl ObLIH Ha-
CTOJILKO MHOTOOOCIIAIOIINMH, YTO MOCIYKUJIN CBOETO POJa
KaTaJan3aTopoM JUIsl JaJbHEHIINX MCCICAOBAHUM KIIMHNYE-
ckoit appextuBHocTH GEMAF. B 2013 1. ObUIH OITyOIHKOBA-
HBI JAHHBIE TI0 UCTIONB30BaHMIO penapata GcMAF 1-if rene-
panuu (B noze 100 Hr, B/M, 1 pasz/men) B rpymnme 20 O0IbHBIX
(9 my>xumH u 11 xeHuuH B Bo3pacte ot 42 10 76 11eT) ¢ npo-
JIBUHYTBIMH CTaIUSIMU PaKa pPa3IndHOMN JIOKaIU3aiy (MoUe-
BOW My3bIPb, SIMYHUKH, IIPOCTATA, MOJIOYHAS JKeJie3a U T. 11.).
Bb110 10Ka3aHO, YTO aKTUBHOCTb CbIBOPOTOYHOM Harajuassl y
OONBHBIX 3HAYUMO CHIKATACH C ICXOIHOTO ypoBHA 2.8 +0.26
J0 1.6+0.17 HM/MuH/MT IOCIIe OKOHYAHHSI UMMYHOTEPAITNN
(p <0.01), mpu 5ToM UHTEPBAT MEXKITY 00CIIEIOBAHUSIMU CO-
ctaBisu1 B cpeqaeM 263 +45 mueit (Thyer et al., 2013a).

Crnenyer otmeTuts, uto B 2010 1. coTpynHukamMu YHUBEp-
curera Tokymmma 1 yacTHOU KIMHUKY Saisei Mirai (SInoHwust)
0511 pa3paboTaH  3armaTeHToBaH criocol nomyueanss GcMAF
2-i1 reneparuu (Uto et al., 2012). B stom ciiyuae GeMAF
BBLJICJISIOT ITyTeM (epMEHTATUBHONH 00PaOOTKH CHIBOPOT-
KM KOHKPETHOTO OOJIbHOTO, MHAMBHUIYAIbHO 0€3 OYHCTKH
adpunnoi xpomarorpadueil Ha 25-ruapokcuBuTaMuH Jlg
konoHkax. GEMAF 2-ii reHepanuu OTIMYaeTCsl OT Ipemna-
para mepBOrO MOKOJICHUSI 00Jee BBICOKOM KOHIICHTpAIHeH
(1500 1r/0.5 M1/1 m032a) 1 cTabHIBHOCTHIO. BBLTO TIpeTOXKEHO
ucnons3oBars npenapatr GcMAF 2-it renepanuy B kadecTBe
OJJHOTO M3 KOMIIOHEHTOB MHTETPAaTHMBHOW MMMYHOTEpanuu
paka (Inui et al., 2013). bt pazpaboTan IpOTOKOI, BKIIFOYAIO-
mmii: 1) GEMAF 1500 ur/0.5 mut; B/M wnu /k; 1-2 pasa/Hen;
B TCUCHHE BCETO Kypca MMMYHOTEPAIuH; 2) KICTOYHAS Te-
parnust ¢ ucrionp3oBanueM T- u NK-xierok (Natural Killer
cells), 1 pa3/uen, n = 6; 3) Beicokue 10361 VitC (50100 r);
B/B; 2 pa3a/men; 4) aneda-nmumoesas xuciora (600 mr);
per os; exxenneBHo; 5) VitD3 (5-10000 ME); per os; exe-
nHeBHo. [To nannoit cxeme ¢ anpens 2011 r. mo mapt 2013 .
Ha 0a3e xiMHUKHN Saisei Mirai Opi10 TposnedeHo Gomee 345
OOJIBHBIX C Pa3TMYHBIMH HO30JI0THYECKUMH (POPMaMH paka.
Ho B ony0OinkoBaHHO#M paboTe aBTOPBI HPUBOJIST TOJIBKO TPH
KIMHUYECKUX HAONIOECHNS, KOTOPBIE, TI0 UX MHEHUIO, Hau-
Oonee yOemUTEIIFHO CBHICTEIBCTBYIOT 00 3dekTuBHOCTH
MIPE/IIOKEHHOTO MO/IX0/1a.

Hayuenm 1. M/71 roxm, muarHo3: Kapl@HOMa TUMYyCa C
MeTacTa3aMu B JEerKue. MIHTerpaTuBHas MIMMYHOTEpanus B
TeueHue 6 mec. Pe3ynbprar: 0TCyTCTBHE OIYXO0JIEBOM mporpec-
CHUH B TeueHne 12 Mec. ociIe 3aBepIICHNs Teparty.

ITayuenm 2. M/74 roma, TMarHo3: pak MPOCTATHI C MHOXKE-
CTBEHHBIMHM METacTa3aMH B KOCTH. VIHTerparuBHas nuMMmy-
HOTEparus B TeUCHNE 3 MeC. B COUCTAaHUM C TUTIIEPTEPMHEH.
Pesynbrar: yepes3 6 Mec. IOCIIe 3aBEPIICHNS TEPAITHH CLIMH-
TUTPaMMBbI KOCTEH B HOpME, METacTa3bl He 00HAPYKUBAIOTCS.

Hayuenm 3. /72 rona, TuarHo3: METACTaTHYCCKUH paK
MICYCHH T10CJIC yAAJCHUs CUTMOBHMIHON KHIIKH M JIBYCTO-
pOHHEN OBapuodKTOMUU. VIHTErpaTuBHas UMMYHOTEpaIus
B TEUYEHHE 6 Mec. B COYETaHWU C pammoTeparnmeit (55 Ip).
Pesynbrar: B TeueHue 6 Mec. mocie 3aBepLICHUs] Teparuu
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A thorny pathway of macrophage activating
factor (GEMAF): from bench to bedside

OTCYTCTBHE peluauBa 1Mo AaHHbIM no3utpoHHoi (II9T) n
xommbioTepHOit (KT) Tomorpadun.

HaxoruieHHBIH ONBIT KIIMHUYECKOTO IPUMEHEHHS IIperiapa-
ta GcMAF cBuIeTeNnbCTBYET 0 €ro 0e301aCHOCTH, IOCKOJIbKY
OH HETOKCHYEH U €T0 JJIUTEIbHOE TPUMEHEHUE HE TPUBOANUT
K TTOSIBJICHHIO MTOOOYHBIX HEXKENaTeNIbHBIX sBICHUN. OCHOB-
Hasl KOHIIETIIHs poTrBoomyxosieBoro 3¢ dpexra GeMAF co-
CTOWT B aKTHBAIIMN MaKpo(]aros, peayKIIH OITyX0JIH BIIOTH
JIO e TIOJIHOW 3PaJAMKAINH, YTO TPOSIBISICTCS CHIDKCHHEM
AKTHBHOCTH CHIBOPOTOYHOW Harajasbl KaK IMarHOCTHYECKOTO
Mapkepa d3PPEKTUBHOCTH TEPAITHU.

Cremyer OTMETHTS ellie O/IHY 00J1acTh KIIMHUYECKOTO MPH-
menenusi GCMAF. Bradstreet ¢ kosuieramu rnpu o0cieioBaHim
xoroptsl U3 40 mereit (32 ManpunKa U § IEBOYEK B BO3pACTe
ot 1.5 1o 21 net; Me — 7 5iet) ¢ 3a0051€BaHUSIMI ay THIECKOTO
crnekrpa (ASD) oOHapy» MM, YTO aKTHBHOCTH ChIBOPOTOU-
HOM Haraiasbl BEIXOJWT 3a BEPXHIOIO TPAHUILY HOPMATHBHO-
ro quanasoHa (> 0.95 EM/mMun/mr) B 95 % cityuaes (y 38/40
JieTeil) 1 cocTaBiIsIeT B cpeHeM 1o rpyme 1.93 HM/Mus/mMr
(Bradstreet et al., 2012). ITocie KypcoBOTo Je4eHNS B BUC
BHYTpHMBIIIeuHOTo BBeaeHus npemnapara GeMAF (1 pas/men,
B TeYEeHHUE 3.5 Mec., C IOCTENEHHBIM YBEIUUSHHUEM JI03bI OT
4 o 100 HT') aKTHBHOCTH Haraja3bl CHU3MIACH ¥ BCEX 0OJh-
HBIX ASD (32 HCKITIOUEHHEM OJTHOTO peOeHKa) M COCTaBIIsIIa
B cpendeM 1.03 uM/mun/mr (p < 0.0001). Ha moment no-
BTOpHOTO TecThpoBanus y 24 u3 40 nereit (60 %) ypoBeHb
HaraJjia3bl HaXoJWJIcs B TPaHUIaX HOPMAaTHBHOTO JTHaIla30Ha
(< 0.95 sM/mun/mr). OcraBiuxcs 16 nauuentoB (40 %), y
KOTOPBIX MOJTHON HOPMAaJIU3aIii aKTUBHOCTH CHIBOPOTOYHOM
Harajasbl JJOCTHYb HE yAaJIOCh, aBTOPHl PAcCCMaTpHBAIOT B
KauecTBEe KaHIUIATOB Ha mponoivkeHue kypca GcMAF Te-
panun. B mporiecce neueHnst He OBIIIO OTMEUEHO Pa3BUTHUS
KaKHX-JTN0O0 CEPhE3HBIX MOOOYHBIX OCIOKHEHHH, HO TIPH 3TOM
Y 3HaUUTEILHOM YacTH JIETeil peruCTPUPOBAIOCH YITyUIlICHUE
Pa3rOBOPHOI! peun, COUATN3AMN i KOTHUTUBHBIX (yHKITHH.

Asnaetca nun GCMAF 3ppeKTUBHbIM

npoTnBOoOMNyxoJjieBbiM npenapaTOM?

Crnenyer ckasaTh, 4TO IMUOHEpHbIE padoTel N. Yamamoto
(Yamamoto et al., 2008a—c, 2009) He TOJBKO IOCTYKHIN
KaTaJN3aTOPOM AAIBHENIINX HCCIEJOBAHUN KIMHHYECKON
s dexruBaocTn GeMAF, HO BBI3BaIIN TaKKe ONPECICHHYIO
BOJIHY KpUTHYeCKHUX 3aMeuanuii. Tak, A. Ugarte ¢ komeramu
B CBOEM ITHChMeE pemakTopaM xypHaia Cancer Immunology,
Immunotherapy yka3pIBatoT Ha IPOTHBOPEUMBOCTD JTAHHBIX
rpymmnsl Yamamoto ¥ COMHEBAIOTCSI B HaJIE)KHOCTHU MOy~
4yeHHBIX MU pesynsraroB (Ugarte et al., 2014). BeickasbiBa-
JHCH clieytonye 3aMmedanns: 1) Het 6a30Boil nHpOpManNU
mo 001bHBIM (quaruosa mo TNM, cTaauu/TsHDKeCTH paka,
TUCTOJIOTHH); 2) HET KOHTPOJIBHON TPYIIBL; 3) 0 HAINIHA
METacTa30B aBTOPHI CyAAT MO MOBHINICHHOMY YPOBHIO Ha-
rajiasbl, 4YTO HC ABJISICTCA O6H16HpI/I3HaHHI>IM B OHKOJIOI'MH,
4) aBTOpHI aKTUBHO ce0s1 CAMOILIUTHPYIOT; 5) pa3penTeTbHbIC
JIOKyMEHTBI HA IPOBE/ICHHE KITMHNYECKUX UCTIBITAHUH HEJI0-
CTOBEpPHBI; 6) YIIOMHUHAEMBIE B CTaThe CIIOHCOPHI HA CAMOM
JIeTie He TTOAEPKUBAIIN 3TH UCCIIEA0BAHNS; 7) B CTATHE MHOTO
HETOYHOCTEH 1 OIIMOOK, B TOM YHCIIe HEKOPPEKTHBIX CCHIIOK.
CrenaHo 3aKJIIOUSHHUE: TIOJTyYSHHBIE PE3yNbTaThl HE SIBIISIFOT-
Csl HAyYHO MOATBEPKICHHBIMH. B pesynbrare mo perieHuro
PEeIaKTOPCKUX COBETOB TpH cTarhil N. Yamamoto ¢ coaBTo-
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pamu (2008a, ¢, 2009) ObUIH 0TO3BAHBI ITOCIIE MyOIUKAIIUH B
JKypHaJIax ¢ (pOPMYIHPOBKON «HEKOPPEKTHO MPOBEICHHBIE
KJIMHUYECKUE HCITBITAHNS 1 HEKOPPEKTHO 0POPMIICHHAS 10~
KyMEHTAIHsI, COITPOBOXK/IAIOIIAs ITH UCTIBITAHUS.

CymiecTByIOT onpeaeeHHbIe (aKThl, MPOTHBOPEUAIINE
paboueii runorese, Ha KoTopoi O6asupyercsi GeMAF-tepa-
nust. B nuonepusix padorax N. Yamamoto Obuto mokasa-
HO, 94TO y 00CJI€I0BaHHbBIX OOJILHBIX PAKOM CHIKEH SH/IOTCH-
HbIll ypoBeHb GCMAF, nockosbKy B OMOIIOTHUECKOM TecTe
00paboTka Makpo]aroB CHIBOPOTKON 3TUX OOIBHBIX HE CTH-
MYJIHpyeT 00pa3oBaHUe aKTHBHBIX GopM Kucmopoza (Yama-
moto et al., 2008a—c, 2009). B To xe Bpems D.S. Rehder ¢
KOJUIETaMH, MCIIONb3Yysl MacC-CIEeKTPaIbHBIA aHAIN3, MOKa-
3anu, uto konmaectBo GalNAc DBP (uTo mpuHATO cunTarh
GcMAF) B cbIBOPOTKE KPOBH OOJIBHBIX PakOM M 310POBBIX
JIOHOPOB TipakTHyecky He pasnmuaercs (Rehder et al., 2009).
Bonee Toro, Mo JaHHBIM 3THX aBTOPOB, aOCOJIFOTHOE KOJH-
yectB0 GalNAc DBP y O0ibHBIX pakoM COCTaBIISIET B Cpe-
HeM 4—5 MI/J1, 4TO MHOTOKPATHO IPEBBIIIAET 103y SK30I€HHO
BBouMoro npenapara GcMAF, koropyro N. Yamamoto wc-
MOJTB30BaJ B KadecTBe Tepanesrrdeckoi (100 ur; 1 pas/nen).
Kpome Toro, aBTOpbI HE UCKIIOYAIOT BEPOSTHOCTH, YTO I1O-
CKOJIBKY Y OOJBHBIX PAKOM IOBBIIIEH YPOBEHb CHIBOPOTOU-
HOM Haranasbl, To BBoauMmblil npenapat GcMAF moxet cpasy
MHAKTUBUPOBATHCS BCIEACTBUE TOTAIBHOTO AETTUKO3HINPO-
Bauust GalNAc. He uckmogeHo takxe, 9To BO (Gpakinu, co-
nepxameit GalNAc DBP, moxer mpucyTcTBoBath (paxums
Oenka, obnanaromas npuznakamu GecMAF, Ho, o cyTu, Ta-
KOBOIl HE SIBISIOIMIAACSA W HE aKTHUBHPYIOIIas Makpodarm.
O Takoil BO3MOKHOCTH CBHJICTEIHCTBOBAJIM TECTHI 11O CBS-
3BIBAHMIO JIEKTUHA IIPU OTCYTCTBUU METUATOPOB BOCTIAJICHUS
(Kanan et al., 2000).

st 0OBsICHEHUS BBISIBICHHBIX MTPOTHBOPEUYHHA CIEeIyeT
NPUHATH BO BHUMaHUe cienytonne Gpaktsl. [1o Beeit Buanmo-
ctH, B obmieit macce GaINAc DBP (GecMAF), onpenensiemoit
B pabore (Rehder et al., 2009), Bce-Taku mpucyTcTByeT OEIIOK,
koTopblii HeceT GalNAcC mocie CeleKTUBHOTO JIeTIMKO3H-
JUPOBAHUS [-TaTaKTO3MIA30M M CHATHIa30i Ha aKTUBHPO-
BaHHBIX BocnasieHneM B- u T-mmmdornurax. OxHOBpeMEHHO
9TO He Kakoi-To annenbHbIM BapuanT DBPI1S, xotopsiii
JTIOMUHHpYET B ceMeiicTBe (G¢-0eNKOB CHIBOPOTKH KPOBH H
MI0ATOMY XOPOIIIO JIETEKTUpPYeTCsl Macc-criekTpomeTpreit. [To-
BUIMMOMY, cymiecTBytoT aBa Tuna GalNAc DBP, onun u3
KOTOPBIX CIIOCOOEH MHAYIMPOBAaTh Makpo(haru u siBIsieTcs,
TakuM obpaszom, «ucTuHHBIM» GCMAF, a Bropoii nmeer ana-
JIOTHYHOE IIMKO3MJINPOBAHNE, HO CTPYKTYPHO OPraHU30BaH
WHaYe U He CTIOCOOCH aKTUBUPOBATh Makpodaru. [Tokazamo,
yto cpean DBPS1 GenkoB, ocHOBHas Macca KOTOPBIX UMEET
TpucaxapuaHyio rpymnmny B nozuuuu 1420, npucyTcTByeT
TIMKO3WIINpOBaHHAas (hopma, nMeromas kKapOoruapar B Io-
sunmu T418. imerno DBPS1 6enok, TIHKO3WITHPOBAHHBIN
B no3unuu T418, MoxeT ObITh BOBJICUYCH B (POPMUPOBAHKE
aktuBHOTO GCMAF. TTockoneky T420 u T418 B cTpykType
0EeJIKOBOM MOJIEKYJIBI PACIIOIOKEHBI OUeHb OJIM3KO, a cojiep-
skanue aTor popmbl GalNAc DBP B cbiBopoTKe upe3BbIYaiiHO
MaJlo, €ro JeTEeKIHUs MPU Macc-CIEKTPAIbHOM NMENTHIHOM
KapTHUPOBaHMUHU TPeOyeT OOIBIINX JOMOIHUTEIBHBIX yCHINI
Y IOHUMAaHUsI HaIlpaBJIeHHs IOUCKA.

He uckirouena emie ogHa BO3MOXKHOCTE. B oTinnyue ot
napyrux pabot D.S. Rehder ¢ komreramu Boinensiim DBP
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6eox MetonoM adduHHOI Xpomarorpaduu Ha KOJIOHKAX,
Harpy>XeHHbBIX MOJIMKIOHAIBHBIMHU aHTHTENaMu npotus Ge-
OenxoB, a He 25-(OH) Buramunom [l (Rehder et al., 2009).
Bo3MorkHO, B 9TOM city4ae BbIIEIsIETCS IepuBar ¢ e Qexr-
HBIM BUTaMHH J[5-CBA3BIBAIOILMM JJOMEHOM, KOTOPBII HE0OX0-
num 1t aktuBHoctd GCMAF. U, criegoBatenbHO, HECMOTPS
Ha Bce atpudyTel GcMAF, BbLIeNeHHbIH TakuM 00pazom
0€J10K, KOTOPBIi! B OOJBIINX KOTMIECTBAX COAEPIKUTCS B CHIBO-
POTKE KPOBH KaK OOJIEHBIX PAKOM, TaK M 3/I0POBBIX JIIOAEH, HE
Oynet «uctuHHBIM» GCMAF ninu OyzieT cofepikarh ciie0Bble
KOHIIEHTpanuy QyHKIIHOHANEHO akTuBHOTO GCMAF.
Kpome toro, GeMAF o0pasyercst mpu npsiMOM KOHTaKTe
DBP ¢ akruBupoBanHbiMU T- u B-kierkamu, nHQUIBTPU-
PYIOILIMMH OIyXO0ITb. 31€Ch K€ IIPUCYTCTBYIOT IOTCHIINAIBHBIE
KJICTKU-MHUIICHA — TYMOP-HHQMIBTPUPYIONIHE Makpogaru.
Bosmoskno, uto aktuBHbI GCMAF yrunusupyercs in situ,
MO3TOMY €T0 COJIepKaHue B nepupepudeckoil KpoBU Kak
pearbHOro Makpogar-akTHBUPYIONIETO (paKTopa CHUKEHO.
W HakoHel, BO3MOXKHO, YTO MPHU Pa3IMYHOTO POJa BbI-
JIETICHNSIX Ha KOJIOHKaX cCOpOupyeTcs HeKasi nHas TPEeTUIHAas
KOH(OpManus N3BECTHOTO M0 calTy IMKo3uauposanus Ge-
Oeska 1, TAKUM 00pa3oM, IS oaydeHust aktuBHOro GCMAF
HY>KHO HCIIOJIb30BaTh CUCTEMY, I7Ie €TO aKTHBHOCTH (KOHKPET-
HOTO Oelika M3 KOHKPETHOH NMpOOMpPKH) BAIUANZUPYETCS B
OGHOJIOrHYeCKUX TeCTax, o KpaHel Mepe, 10 TeX Mop, MoKa
He OyZIeT 4eTKO OIpesiesieHa eT0 MOJIEKYIIsIpHast CTPYKTypa.

3aknioyeHune

Hecmotpst Ha KpuTHYIECKHE 3aMEYaHUs] OTHOCUTENBHO MTO3H-
nuonupoBanus GCMAF B kauecTBe NepCEKTUBHOIO IPOTH-
BOOITYXOJICBOT'O IIperiapara, CJeyeT BCe-TaKd OTMETHTh, YTO
B T€UECHHE TPUMEPHO IBYX AecaTuieTuii apdextst GCMAF
HE3aBHCUMO U3Y4aJIHCh HECKOJIBKIMH HCCIIEI0BATEIBLCKUMHI
rpynmnamMum Kak B BUTPAJIbHBIX TC€CTaX, TaK U Ha pasjIMYHbIX
9KCIIEPUMEHTAIBHBIX MOEISIX iN Vivo. MMeroTest Takske mo-
JIO)KUTEJIBHBIC PE3YNIbTaThl KIMHNYECKNX UCTIBITAHUH, KOTO-
pble elle HYXXJIaIoTCsl B TIOATBEP)KACHUH Ha 00Jiee BHICOKOM
YPOBHE J10Ka3aTesIbHOM MeAMLIMHBL. TeM He MeHee yxke ceruac
npenapar GeMAF kak nekapcTBeHHast popma pazperieH st
IpakTudeckoro npuMeHeHus B Snonnu. K Hacrosiemy Bpe-
MeHH Ha 0a3e knmHuKH Saisei Mirai mponedeno 6omee 3000
OOJIBHBIX pa3IMYHBIMU (POPMAMH paKa C HCIOJIB30BAHUEM
HHTeraTHBHOﬁ HMMYHOTEpaIinu, OJHUM N3 KOMIIOHECHTOB
kotopoit seisiercs GcMAF-tepamus. B Uzpanne (kommanus
Efranat Pharma) 3aBepmiena | ¢aza KIMHUYECKHX HCIBI-
tanuit GeMAF (mpenapar EF-022, ¢ sckanarnueil 1035l OT
100 no 1000 Hr, B/M, exXeHenensHO) B rpyTIe 24 OOTBHBIX C
METacTaTHIeCKUMH (POpMaMH COIHMIHBIX oIryxoinei. Papma-
L[EBTUUECKAsE KOMITAHUSI IUTAHUPYET MPOJOIDKEHHE UCCIIe0-
BaHWH W mpoBefeHne KnnHuYecknx ucnbitanmid [I-111 das.
B EBporie u CIIIA Takke nmeeTcs HIMPOKO He auImpyemMoe
naboparopHoe nponsBoacTBo npenapara GcMAF (Reno In-
tegrative Medical Center, Nevada; Immuno Biotech Ltd).
Kpowme Toro, mmociie HeKOTOPOTO 3aTHIIBS B INTEPAType BHOBb
CTaJIk MOABJIATHCA SKCIICPUMEHTAJIbBHBIC CTAaTbU, IMTOCBALICH-
uele uccienoanmio GcMAF. Bee 3To CBHIETENTBCTBYET, UTO
(bakTOp MHTEpECEH B KIMHUYECCKON MEPCIEKTHUBE, MOITOMY
OJlHa U3 aKTyaJbHBIX 3aJlad — KOPPEKTHOE OIpe/eieHue
MOJIEKYJISIPHOHM CTPYKTYpHI Oenka, obmanaromero GcMAF
AKTHBHOCTBIO.
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