2019231

HayuHbI peueH3npyemblii XXypHan

Print ISSN 2500-0462
Online ISSN 2500-3259

BABUJIOBCKUU KYPHAII
TEHETUKU U CEJIEKIIUU

OcHoeaH 6 1997 2.
ITepuoduuHocmw 8 8bINYCKO8 8 200

Yupeputenn

(Denepaanoe rocyfapcreeHHoe 6I0ﬂ,)KeTHO€ Hay4HoOe yypexaeHune «(De,qepaanbl|7| nccnenoBaTenbCKum LEeHTP
|/|HCTI/ITyT LUNTONOIMn N reHeTuKn CI/I6VIpCKOFO oTheneHna Poccuiickon akagemmnm HayKk»

MexpermoHasnbHas obLecTBeHHasa opraHn3aLus BaBunosckoe o6LLecTBO reHETUKOB 1 CeNleKLMOHEPOB

Cnbupckoe oTaeneHre Poccninicko akagemmm Hayk

FnaBHbIN pepgakTop

B.K. LLlymHeIl — akapemuk PAH, o-p 6rion. Hayk, npodeccop (Poccus)

3amecTuTenu rnaBHOro pefakropa

H.A. KonyaHoe - akagemuk PAH, g-p 6uon. Hayk, npodeccop (Poccus)

W.H. JleoHosa — p-p 6uon. Hayk (Poccus)
H.b. Py6yoe — o-p 6vion. Hayk, npodeccop (Poccus)

OTBETCTBEHHDbIN CEKpeTapb
I'B. Opnosa - KaHa. 6uon. Hayk (Poccus)

PepaKunoHHbIN coBeT

JI.U. ApmaHac — akapemuk PAH, o-p mea. Hayk (Poccus)

B.C. bapaHos - un.-kop. PAH, a-p meg. Hayk (Poccus)

JI.A. becnanosa - akagemuk PAH, o-p c.-x. Hayk (Poccus)

A. bépHep — p-p Hayk (TepmaHus)

M.U. Boesoda — akapemuik PAH, o-p men. Hayk (Poccusn)

Y. Ipocce - p-p HaykK, npood. (fepmaHns)

IJ1. JuaHos — o-p 6uon. Hayk, npod. (BennkobputaHns)

I0.E. lybposa — o-p 6ron. Hayk, npod. (BenvkobpurtaHus)
H.H. flelzano — un.-kop. PAH, o-p 6uon. Hayk (Poccus)

W.K. 3axapoe — p-p 6uon. Hayk, npod. (Poccun)

W.A. 3axapos-lesexyc — un.-kop. PAH, g-p 6uon. Hayk (Poccus)
C.I. inze-Beumomos — akapemuk PAH, a-p 6mnon. Hayk (Poccus)
W.E. Kepkuc — g-p Hayk (bpa3unus)

A.B. Kunbyesckuti — un.-kop. HAHB, g-p 6uon. Hayk (Benapycb)
C.B. Kocmpos - un.-kop. PAH, o-p xum. Hayk (Poccunsa)

A.B. Koyemoe — un.-kop. PAH, g-p 6uon. Hayk (Poccus)

XK. Jle [yu — p-p Hayk (DpaHuuA)

b. JllmemeHb6epez — p-p Hayk, npod. (HuaepnaHabi)

B.M. MonoouH — akapemunk PAH, a-p ncT. Hayk (Poccua)

B.I1. [ly3bipes — akagemuk PAH, o-p mep. Hayk (Poccus)

A.IO. Pxxeykuti — KaHg. 6non. Hayk, npod. (CLLIA)

U.b. Po2o3uH — KaHp. 6uon. Hayk (CLLA)

A.O. PysuHckuli — p-p 6von. Hayk, npod. (ABcTpanus)

E.A. CanuHa - o-p 6uon. Hayk, npod. (Poccums)

K.I. CkpsabuH — akapemuk PAH, o-p 6uon. Hayk (Poccus)

K.B. CnasuH — o-p Hayk, npod. (CLLUA)

B.A. CmenaHos - un.-kop. PAH, a-p 6ron. Hayk (Poccus)

U.A. TuxoHosuY — akafiemuk PAH, n-p 6uon. Hayk (Poccus)
E.K. XnecmkuHa — g-p 6uon. Hayk, npodeccop (Poccus)

J1.B. Xomeinesa — akagemuk HAHB, o-p 6von. Hayk (Benapychb)
3.K. XycHymouHosa - fi-p 6von. Hayk, npod. (Poccus)

M.®. YepHos — p-p Mmepd. Hayk (AnoHwusA)

C.B. lllecmakos — akagemuk PAH, o-p 6uon. Hayk (Poccus)
H.K. AiHkosckuli — akagemuk PAH, g-p 6uon. Hayk (Poccusa)

PepakunoHHas konnerus

T.I. AMcmucnasckasa — g-p 6uon. Hayk (Poccua)

E.E. AHOpOHOB8 — KaHf. 6uon. Hayk (Poccus)

10.C. Ayneyerko — p-p 6uon. Hayk (Poccua)

[.A. ApoHHUKOB — KaHf. 6uon. HayK, foueHT (Poccus)
E.B. bepe3ukos — KaHg. 6uon. HayK, npod. (HngepnaHab)
C.A. bopuHckasa — p-p 6ron. Hayk (Poccun)

.M. bopoOuH — p-p 6von. Hayk, npoo. (Poccus)

T.A. [aspuneHko — fi-p 6uon. Hayk (Poccus)

B.H. JaHuneHko — O-p 6ron. Hayk, npod. (Poccus)

C.A. Jemakos — g-p 6uon. Hayk (Poccus)

E.A. Joneux — p-p 6mon. Hayk (Poccus)

10.M. KoHcmaHnmuHos — f-p 6uon. HayK, npod. (Poccums)
O. Kpebc — p-p 6uon. Hayk, npod. (fepmaHua)

W.H. Jlaspuk — KaHA. XMM. HayK (TepmaHus)

. JlapkuH — o-p 6uon. Hayk (BennkobprtaHus)

J1.A. Jlymoea — p-p 6uon. Hayk, npod. (Poccus)

B.FO. Makeeg — un.-kop. PAH, a-p ¢u3.-mat. Hayk (Poccusn)
M.I1. MowkuH — p-p 6uon. Hayk, npoo. (Poccus)

E. [Mecyosa — p-p 6mon. Hayk (fepmaHun)

H.A. [posopos — o-p 6uon. Hayk, npod. (Poccus)

A.B. MeiwHbId — un.-kop. PAH, a-p xum. Hayk (Poccus)
A.B. PamywiHeili — kaHg. 6von. Hayk (CLLA)

M.I. CamcoHosa - g-p 6uon. Hayk (Poccus)

E. Typycnekoe — KaHf. 6uon. Hayk (KasaxcTaH)

M. YeH — p-p 6uon. Hayk (KuTaiickaa HapopHas Pecny6nuika)
10. LLlaspykos — O-p 6vion. Hayk (ABCTpanus)



2019231

Scientific Peer Reviewed Journal

Print ISSN 2500-0462
Online ISSN 2500-3259

VAVILOV JOURNAL
OF GENETICS AND BREEDING

Vavilovskii Zhurnal Genetiki i Selektsii

Founded in 1997
Published 8 times annually

Founders

Federal State Budget Scientific Institution “The Federal Research Center Institute of Cytology and Genetics

of Siberian Branch of the Russian Academy of Sciences”
The Vavilov Society of Geneticists and Breeders
Siberian Branch of the Russian Academy of Sciences

Editor-in-Chief

V.K. Shumny, Full Member of the Russian Academy of Sciences, Dr. Sci. (Biology), Russia

Deputy Editor-in-Chief

N.A. Kolchanov, Full Member of the Russian Academy of Sciences, Dr. Sci. (Biology), Russia

I.N. Leonova, Dr. Sci. (Biology), Russia
N.B. Rubtsov, Professor, Dr. Sci. (Biology), Russia

Executive Secretary
G.V. Orlova, Cand. Sci. (Biology), Russia

Editorial council

L.I. Aftanas, Full Member of the RAS, Dr. Sci. (Medicine), Russia

\.S. Baranov, Corr. Member of the RAS, Dr. Sci. (Medicine), Russia

L.A. Bespalova, Full Member of the RAS, Dr. Sci. (Agricul.), Russia

A. Bérner, Dr. Sci., Germany

M.F. Chernov, Dr. Sci. (Medicine), Japan

G.L. Dianov, Professor, Dr. Sci. (Biology), Great Britain

Yu.E. Dubrova, Professor, Dr. Sci. (Biology), Great Britain

N.N. Dygalo, Corr. Member of the RAS, Dr. Sci. (Biology), Russia

J. Le Gouis, Dr. Sci., France

I. Grosse, Professor, Dr. Sci., Germany

S.G. Inge-Vechtomov, Full Member of the RAS, Dr. Sci. (Biology), Russia
I.E. Kerkis, Dr. Sci., Brazil

E.K. Khlestkina, Professor, Dr. Sci. (Biology), Russia

L.V. Khotyleva, Full Member of the NAS of Belarus, Dr. Sci. (Biology), Belarus
E.K. Khusnutdinova, Professor, Dr. Sci. (Biology), Russia

A.V. Kilchevsky, Corr. Member of the NAS of Belarus, Dr. Sci. (Biology), Belarus
A.V. Kochetov, Corr. Member of the RAS, Dr. Sci. (Biology), Russia

S.V. Kostrov, Corr. Member of the RAS, Dr. Sci. (Chemistry), Russia

B. Lugtenberg, Professor, Dr. Sci., Netherlands

V.I. Molodin, Full Member of the RAS, Dr. Sci. (History), Russia

V.P. Puzyrev, Full Member of the RAS, Dr. Sci. (Medicine), Russia

I.B. Rogozin, Cand. Sci. (Biology), United States

A.O. Ruvinsky, Professor, Dr. Sci. (Biology), Australia

A.Yu. Rzhetsky, Professor, Cand. Sci. (Biology), United States

E.A. Salina, Professor, Dr. Sci. (Biology), Russia

S.V. Shestakov, Full Member of the RAS, Dr. Sci. (Biology), Russia

K.G. Skryabin, Full Member of the RAS, Dr. Sci. (Biology), Russia

K.V. Slavin, Professor, Dr. Sci., United States

V.A. Stepanov, Corr. Member of the RAS, Dr. Sci. (Biology), Russia

I.A. Tikhonovich, Full Member of the RAS, Dr. Sci. (Biology), Russia

M.I. Voevoda, Full Member of the RAS, Dr. Sci. (Medicine), Russia

N.K. Yankovsky, Full Member of the RAS, Dr. Sci. (Biology), Russia

I.K. Zakharov, Professor, Dr. Sci. (Biology), Russia

I.A. Zakharov-Gezekhus, Corr. Member of the RAS, Dr. Sci. (Biology), Russia

Editorial board

D.A. Afonnikov, Associate Professor, Cand. Sci. (Biology),
Russia

T.G. Amstislavskaya, Dr. Sci. (Biology), Russia

E.E. Andronov, Cand. Sci. (Biology), Russia

Yu.S. Aulchenko, Dr. Sci. (Biology), Russia

E.V. Berezikov, Professor, Cand. Sci. (Biology),
Netherlands

S.A. Borinskaya, Dr. Sci. (Biology), Russia

PM. Borodin, Professor, Dr. Sci. (Biology), Russia

M. Chen, Dr. Sci. (Biology), People’s Republic of China
V.N. Danilenko, Professor, Dr. Sci. (Biology), Russia

S.A. Demakov, Dr. Sci. (Biology), Russia

E.A. Dolgikh, Dr. Sci. (Biology), Russia

T.A. Gavrilenko, Dr. Sci. (Biology), Russia

Yu.M. Konstantinov, Professor, Dr. Sci. (Biology), Russia
O. Krebs, Professor, Dr. Sci. (Biology), Germany

D. Larkin, Dr. Sci. (Biology), Great Britain

I.N. Lavrik, Cand. Sci. (Chemistry), Germany

L.A. Lutova, Professor, Dr. Sci. (Biology), Russia

V.Yu. Makeev, Corr. Member of the RAS, Dr. Sci. (Physics
and Mathem.), Russia

M.P. Moshkin, Professor, Dr. Sci. (Biology), Russia

E. Pestsova, Dr. Sci. (Biology), Germany

N.A. Provorov, Professor, Dr. Sci. (Biology), Russia

D.V. Pyshnyi, Corr. Member of the RAS, Dr. Sci.
(Chemistry), Russia

A.V. Ratushny, Cand. Sci. (Biology), United States

M.G. Samsonova, Dr. Sci. (Biology), Russia

Y. Shavrukov, Dr. Sci. (Biology), Australia

E. Turuspekov, Cand. Sci. (Biology), Kazakhstan



BABUOBCKMI XXYPHAN FEHETUKMW 1 CENEKLIUM
COOEP>XAHHWE 2019231

7

OT PEJAKTOPA

leHodoHA 1 cenekuua pacTeHNN

8

15

24

IRAP-aHanms aJjist OlleHKA

reHeTn4Yeckoi CTabuIbHOCTU
SHIOEMWYHBIX U VIcue3aroInx
BUIOB (yiopsl 3anagHoro Kaskasa
B KOJIJIEKIIMU in vitro

WU.N. CynpyH, B.N. Manapoeckas, N.B. CmenaHos,
J1.C. CamapuHa

TeHOTUIINNUECKAS I3BMEHUVIBOCTh

Pinus sylvestris L. 10 TIpM3HaKy
3aCyXOYCTOMYMBOCTU

E.fO. AmuHesa, A.T1. lypees, T.M. Tabaykas,
O.C. MawkKuHa, B.H. [Monos

ITpo61emMbl cOxpaHeHUs in Vitro

repMoILIa3sMbl IIUTPYCOBBIX
B.M. lopwikos, J1.C. CamapuHa, P.B. KynaH,
B.U. Manspoeckas, A.B. PbiHOUH,

P.C. Paxmaneynos, t0.J1. Opnos

(Ha aHrn. A3bIke)

AKTyaanbIe TeXHOJIOrMn reHeTnkKun paCTEHI/II‘/'I

29

38

49

TekyIye JOCTUKeHNS B 06/1acTy

mMoaudUKaLUY Te€HOB KYJIbTYPHbBIX
paCTeHMVI C JICIIOJIb30BaHEM CUCTEMbI
CRISPR/Cas

A.M. Kopomkoea, C.B. lepacumosa, E.K. XnecmkuHa
(Ha aHrn. A3blKe)

[Tporpecc B CeKBEHPOBAHUN

TeHOMOB pacTeHIli — HallpaBJIeHUs
ViccIeoBaHUM
M.K. bpazuHa, [.A. AgpoHHukos, E.A. CanuHa

ITpocToii 1 3 heKTUBHBI

MeTOo SKCTPpaKUVN ITO/IIPHBIX
MeTaboINTOB 13 JIVICTHEB ryapa
(Cyamopsis tetragonoloba (L.) Taub.)
st GC-MS MeTab0/IOMHOTO aHa/IM3a
C.b. Tennskosa, AJ1. LLlasapda, T.B. LLlenerea,

E.A. [I3t06eHko, E.K. [lomokuHa

leHeTuKa XXUBOTHbIX

55

62

Bnusuue myTauuu lethal yvellow (AY)

" U3MeHeHu (poTorepuoaa

Ha ITOBeJeHlVie MbIIIN

E.fO. baxeHoasa, [].B. ®ypceHko, H.B. XoukuH,
W.E. CopokuH, A.B. Kynukos

(Ha aHrn. A3bIke)

TTonoBblie pa3anynsa B SKCIIpeCCUM

MbIIIIE€YHbIX T'€HOB, BOBJIEUEHHBIX
B OKMCJIEHVE JINIINO0B M 3aXBaT
TJIIOKO3bI, V I'OJIOJaBIINX MbIIIen
H.A. ®eogpaHosa, T.B. Akoseneaa, E.H. Makapoaa,
H.M. baxaH

(Ha aHrn. A3bIke)

MeauynHCKana reHeTMKa

67

75

81

Ponp meTunmpoBanusa JJHK

B HAPVIIE€HIN KOCTHOTO
MeTabonm3Ma

b.U. Anaes, A.B. TiopuH, PA. Mupzanuesa,
PU. XycauHosa

YacToTa pacrpeiejeHls TeHOTUIIOB

nonumopdusma IL4 (rs 2243250)
IIpu IIcopuase U IICopuaTrnIeckoM
apTpure

A.A. bapuno, M.B. CmoneHukosa, C.B. CmupHosa

BiausiHue o6ydeHms 1 HaHOYACTIAILL

OKCIaa MapraHiia Ha IVIMKOJIN3 KJIIETOK
oMbl uenoBeka U-87 MG

H.b. nnapuonosa, [].B. [lemposckud, U.A. Pazymos,
E.Jl. 3asbanos

KnetouHaa 6uonorusa

86

MUKpOCIOPOBbIii SMOPMOreHes in vitro —

pOJIb CTPECCoB
TW. feaqyk, O.B. Xomakoea, B.H. AKUHUHG,
N.A. Kubkano, A.B. [lomuHos



95

Peopranmsanus xpomaTnHa

B [Ipoliecce 3pUTPOUSHON
nuddepeHIIPOBKI

A.A. Xabapoea, A.C. Poixxkoea, H.P. BammynuH

BbrnonHpopmaTuKa n cuctemHaa 6uonorus

100

CuCTeMHBIN ITOAX0A K MOIeIPOBaHIIO
Pa3BUTHS IUCTOCTEOETbHBIX IPUOHBIX
MHPEeKI N TITeHUIIbI

C.B. Hukonaes, ¥.C. 3ybauposa, E.C. CkonomHesa,

E.A. Opnoea, [].A. ApoHHUKO8

110

CraTucTuyeckas u rpadpuaecKkast

(GGE biplot) oileHKa azmariTuBHO
CIIOCOOHOCTY ¥ CTA6UIBHOCTY
CeIeKIVIOHHBIX JIMHUI TUMeHS
031IMOTO

B.H. [y03eHko

WUcnpaBneHne

119

VcnpaBJiieHNe K cCTaTbe «BiusiHuIe
ITIOTOOHO-KIVMMATNYEeCKUX VCJ'[OBI/If/i

Ha cojiepskaHue 6ejika 1 MacJjia

B CeMeHax COM Ha CEBepHOM KaBkase»
J1.KO. Hosukoea, U1.B. Cegpeposa, A.fO. Hekpacos,

W.H. Mepyyk, T.B. lLleneHea, M.I. CamcoHosa,

M.A. BuwHsAKkosa

© MUul CO PAH, 2019
© BaBUNOBCKNIA XKypHan reHeTnky u cenekuyun, 2019
© Cnburpckoe otgeneHne Poccuinckoi akagemmm Hayk, 2019



VAVILOV JOURNAL OF GENETICS AND BREEDING
CONTENTS * 2019231

7 FROM THE EDITOR

Plant gene pool and breeding

8
IRAP-analysis for evaluating

the genetic stability of endemic
and endangered species

of the Western Caucasus flora
in the collection in vitro

LI Suprun, V.I. Malyarovskaya, L.V. Stepanov,
L.S. Samarina

15
Genotypic variability
of Pinus sylvestris L.
on the drought-resistance
attribute
E.Yu. Amineva, A.P. Gureev, T.M. Tabatskaya,
0.S. Mashkina, V.N. Popov

24
Challenges of in vitro conservation

of Citrus germplasm resources
V.M. Gorshkov, L.S. Samarina, R.V. Kulyan,
V.I. Malyarovskaya, A.V. Ryndin,

R.S. Rakhmangulov, Y.L. Orlov

Mainstream technologies in plant genetics

29
Current achievements in modifying

crop genes using CRISPR/Cas system
A.M. Korotkova, S.V. Gerasimova, E.K. Khlestkina

38
Progress in plant genome sequencing:

research directions
M.K. Bragina, D.A. Afonnikov, E.A. Salina

49
A simple and efficient method to extract

polar metabolites from guar leaves
(Cyamopsis tetragonoloba (L.) Taub.)
for GC-MS metabolome analysis

S.B. Teplyakova, A.L. Shavarda, TV. Shelenga,

E.A. Dzyubenko, E.K. Potokina

Animal genetics

55
Effect of lethal yellow (AY) mutation

and photoperiod alterations on mouse
behavior

E.Y. Bazhenova, D.V. Fursenko, N.V. Khotskin, I.E. Sorokin,
AV. Kulikov

62
Sex differences in the expression

of lipid oxidation and glucose uptake
genes in muscles of fasted mice

N.A. Feofanova, T.V. Yakovleva, E.N. Makarova,

N.M. Bazhan

Medical genetics

67
The role of DNA methylation

in the disorders of bone metabolism
B.l. Yalaev, A.V. Tyurin, R.Y. Mirgalieva, R.I. Khusainova

75
The frequency of distribution of the

genotypes of the IL4 polymorphism
(rs 2243250) in psoriasis and psoriatic
arthritis

A.A. Barilo, M.V. Smolnikova, S.V. Smirnova

81
Effects of radiation and manganese

oxide nanoparticles on human
glioblastoma cell line U-87 MG
glycolysis

N.B. lllarionova, D.V. Petrovski, I.A. Razumov,
E.L. Zavyalov

Cell biology
86

Microspore embryogenesis in vitro:
the role of stresses

T.I. Djatchouk, O.V. Khomyakova, V.N. Akinina,
I.A. Kibkalo, A.V. Pominov



95 110

Reorganisation of chromatin Statistical and graphical (GGE biplot)
during erythroid differentiation evaluation of the adaptive ability
A.A. Khabarova, A.S. Ryzhkova, N.R. Battulin and stability of winter barley
breeding lines
Bioinformatics and systems biology VN. Gudzenko
100 ) Erratum
A system approach to the modeling
of fungal infections of the wheat leaf 119 Erratum to: “Impact of weather
S.V. Nikolaev, U.S. Zubairova, E.S. Skolotneva, and climate on seed protein

E.A. Orlova, D.A. Afonnikov and oil content of soybean

in the North Caucasus”

L.Yu. Novikova, L.V. Seferova, A.Yu. Nekrasov,
I.N. Perchuk, TV. Shelenga, M.G. Samsonova,
M.A. Vishnyakova

© Institute of Cytology and Genetics SB RAS, 2019
© Vavilov Journal of Genetics and Breeding, 2019
© Siberian Branch RAS, 2019



BaBWNoBCKMIN XXypHan reHeTUKn 1 cenekuymmn. 2019;23(1):7

Ba)kKaeMble KOJUIETH, JOPOTHE YNTa-

tenu! Ilpemnaraem Bamemy BHUMA-

HUIO TIEPBBIM B 3TOM TOAY BBIMYCK
«BaBnioBckoro jXypHana TeéHETHKH U Ce-
JeKnuu». B Hero Bonumn mecTs pasaenos,
coJeprKaIllUX OPUTMHAJIBHBIE HCCIIEI0BA-
HUSI 1 0030pHBIE CTATBU B 00JIaCTH T'€HETH-
KM PacTeHHH W KMBOTHBIX, MEITUIIMHCKON
IeHETUKH, KIIETOYHOH Ouonoruu u Ouo-
WH(POPMATHKH.

B skcnepnMeHTaNbHBIX CTAThsIX pyO-
puku «'eHOQOH U CeNneKuus: PacTeHHI
MIPEACTABICHBl PE3yIbTaThl U3yUeHHs Te-
HETHYECKOTO Pa3HOOOpa3Hsl PaCTUTEIHHO-
ro Mupa Hameil crpanbl. OTIHYUTENBHON
0COOEHHOCTBIO paboT SBIACTCS TO, YTO OHU
BBITIOJTHEHBI C MPUBJICUCHUEM apceHaa
COBPEMEHHBIX OMOTEXHOJIOTHUECKHUX IO
XOJI0B M MOJIEKYISIPHO-IIUTOJIOTHIECKUX
METOJIOB aHAJIN3a PACTUTEIIFHOTO TEHOMA.

PyOpuka «AKTyasibHbIE TEXHOJIIOTHH Te-
HETUKU PACTCHMI» BKIIOYACT ABa 0030pa
U OJTHO SKCIIEPUMEHTAJIbHOE HCCIIE/I0Ba-
nue. B cratbe A.M. KopoTkoBoii ¢ coas-
TOpaMHu 00CYXKIAIOTCS TIOCIEIHUE TOCTHU-
JKEHHUSI B 00JaCTH '€HOMHOTO PEIaKTH-
pPOBaHUS I€HOMA CEIbCKOXO3SHCTBEHHBIX
BUJIOB PACTCHNUH C NCTIONB30BAHUEM CHCTE-
Mmbl CRISPR/Cas. O630p M.K. Bparunoii
C COaBTOPAaMHU TOCBSIIEH COBPEMEHHBIM
METOJ[aM M TI0/IXO1aM, UCTIOIb3YEMBIM IS
CEKBCHMPOBAHUS TCHOMOB KaK MOJICIIEHBIX
BM/JIOB PACTEHUI, TAK U CEJIbCKOXO35CTBEH-
HBIX KyJIbTyp. B opurnnamsHOM Hccneno-
BaHWU JTAHHOW PYOPHMKH Ha TpHMeEpe 3ep-
HO000O0BOI KYJIBTYpBI T'yapa OIMUCHIBAIOTCS
pa3paboTka ¥ MpUMEHEHHE METa00IOMHOTO
aHaJIM3a B Ka9€CTBE METOIMUECKOTO ITOXO0-
Jla JUIs pellieHus Hay4dHbIX 3a/1ad U B TIpH-
KJIaJHBIX CEJICKIIMOHHBIX HCCIIEIOBAHMSAX.

Paznen «I'eHeTnka >KMBOTHBIX» COCTO-
UT U3 JBYX 3KCIIEPHUMEHTAJbHBIX CTaTeH.
B mepBoit pabote ¢ HCMOIB30BAHUEM MO-

OT PEOAKTOPA / FROM THE EDITOR

JIETTM MBIIIN TIPEJCTABICHBI PE3YIbTAThl BIUSHUS MyTalluH
lethal yellow (4") Ha TpeBOXKHOCTB M APYrUe paccTpoucTBa
JIETIPECCUBHOTO XapaKTepa, BO BTOPOW MPOBEIEHO H3yue-
HUE TIOJIOBBIX OCOOCHHOCTEH 3KCIPECCHH T'eHOB MeTabo-
JIM3Ma TITIOKO3BI M )KHPOB B CKEJIETHBIX MBIIIIAX B OTBET Ha
rOJION.

O030pHast cTaThst U ABA OPUTHHAIBHBIX MCCIIEJOBAHUS
BOIIUTM B PyOpHKY «MenunuHcKas reHeTHka». B 0030pHOi
crarbe b.1. SlnaeBa ¢ coaBropamMu 0000IIEHBI M CUCTEMATH-
3MPOBAHBl JAHHBIE O POJIH SMUTEHETHYECKUX MEXAHU3MOB,
takux kak JIHK-merunupoBanne, B KOCTHOM MeTabonn3me
B HOPME M IaTOJIOTUH TpU (HOPMHUPOBAHUH OCTEONOPO3a.
B onHOI M3 OpuUrHHANBHBIX pabOT MPHUBEAEHBI PE3YIIBTAThI
M3y4YEeHUS] TOIUMOP(HBIX YYaCTKOB T'€HOB ITUTOKHHOB JUIS
MOMCKA T'€HOB-KaHANATOB PA3BUTHS U KIIMHUYECKOTO Teue-
HUSI [ICOPUA3a 1 IICOPHATHIECKOTO apTpUTa.

Paznen «Knerounas 6nonorus» BKIIOYAET 1BE 0030pHBIC
crarby. O030p JUTEPATyPHBIX JaHHBIX TTOCBSIIIECH BIUSHHUIO
Pa3IMYHBIX CTPECCOBBIX (PAaKTOPOB B MHAYKIIMH MHKPOCIIO-
poBoro sMOpuoreHesa y pacteHuil. PaccmarpuBarorcst Mmexa-
HHU3MBI BIIMSIHUSI CTPECCOB HA KJIETOYHOM U MOJIEKYJISIPHOM
YPOBHE U CHOCOOBI TOBBIMICHUS TOTEHIIAIA MHUKPOCIIOPO-
BOTO SMOpHOTeHe3a Ul MOJYyYeHHs JBOWHBIX TalUIOH]IOB
CeJIbCKOXO3SIICTBEHHBIX BUJIOB pacTeHUil. B napyroii crarbe
Ha MpUMEpPE PeOpraHu3alnuy XpOMAaTHHA B IPOIECCE 3PUT-
ponnHoit U epeHIUpPOBKH 00CYKIAIOTCS BOIIPOCH Op-
raHU3alMU U PEryJsIiui TeHOMa B IPOCTPAHCTBE, BKIIOUAs
B3aMMOJICIICTBUE PETYISATOPHBIX AJIEMEHTOB HA PA3INYHBIX
YPOBHSIX YIaKOBKH XpOMaTHHa.

B 3axmountensHoM pasnene «buonnpopmaruka u cuc-
TeMHasi OMOJIOTH» MPEICTABIECHBI 0030pHas CTaThsl, B KOTO-
pOIi OnMCaHbl MaTEMAaTHYECKUE MOJICIN PA3BUTHSI TPUOHBIX
uHpekuii Ha npuMepe O0oJie3Hel pIKaBUMHBI Y MIICHHLIBI, 1
OPHUTHHAIBHOE UCCIIEA0BAHUE, PACCMATPHBAIOIIEE BOIPOCHI
TTOBBIIICHUS SKOJIOTHYECKON a/IalITABHOCTH COPTOB STIMEHSI.
J1J1s1 OLIEHKH KOJIOTMYECKOM TUIACTUYHOCTH M aalTHBHOCTH
MpeIokeHo ncnoip3oBaTh Moaens GGE biplot, mo3sosms-
IOLIYI0 BU3YaIM3UPOBATh PACIpe/IeNIeHne TeHOTHITOB U CPe
UCIIBITAHUH B MPOCTPAHCTBE IIaBHBIX KOMIOHEHT. Couera-
HHUE CTaTHCTUYIECKUX ITApaMEeTPOB M BU3YaIN3anns METOJOM
GGE biplot crioco6cTBYIOT MaKCUMaIbHONH HH(OPMATHB-
HOCTH JUIsl OLICHKH W BBISIBJICHUS IIGHHBIX T€HOTHIIOB CPEAN
CENEKIIMOHHBIX JIMHHH.

Axademux B.K. LLlymuwviii
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IRAP-aHanm3 ojis olleHKY reHeTn4ecKol cTaOM/IbHOCTI
SHJEeMMNYHBIX I 1ICUe3alollX BUI0B QJIOPHI
3anagHoro KaBKasa B KOJJJIEKLNMN in VItro

VL.U. Cynpyu' @, B./. Maasposckas® @, I1.B. Crenanos!, A.C. Camapuna®

T Bcepoccnickmin HayYHO-CCNIEOBATENLCKII UHCTUTYT LIBETOBOACTBA 1 CyGTponuuecknx Kynstyp, Couu, Poccus
2 CeBepo-KaBKasckuii befiepasnbHblit HayuHbIl LIEHTP CafoBOACTBA, BUHOMPAAapCTBa 1 BUHoaenus, KpacHogap, Poccusa
& e-mail: supruni@mail.ru; malyarovskaya@yandex.ru

XapaKTepurcTuKa reHeTmyeckoro pasHoobpasua ABNAETCA OLHOM M3 MMaBHbIX COCTaBAAILMNX CO3AAHNA KOM-
neKkuuii reHopecypcos. MonekynsapHble MapKepbl — Hanbonee 3pGEKTUBHBIN UHCTPYMEHT XapaKTePUCTUKA 1
OLEHKM reHeTu4yeckoro pasHoobpasus. IRAP (inter-retrotransposons amplified polymorphism) mapkepsb! 3a-
pekomeHpoBanu ceba Kak ofHN 13 Hanbonee 3GpHEKTVBHBIX ANA XapPaKTEPUCTUKN U OLEHKN FeHOPEeCyPCHbIX
KOMNEeKUUiA pacTeHn, NOATBEPKAEHNA FTeHETUYECKON CTabWIbHOCTN COXPaHAEMbIX in Vitro COPTOB 1 BULOB.
B cBA3M C 3TM Lenb HacTosAwe paboTbl — nogobpats IRAP AHK-npaiimepbl Ans OLEHKN reHeTUYeCKoN CTa-
GUNBbHOCTM TPEX PeaKMX U Mcyesallmx BUAOB pacTeHMin 3anagHoro KaBkasa, CoXpaHAeMbIX B KOSIeKUMM
in vitro. BbinonHeHa anpobauua 16 IRAP-npaiiMepoB Ha nccefyembix BUax: CUHErofloBHUK NPUMOPCKIMIA (Eryn-
gium maritimum L.), noacHexxHNK BopoHoBa (Galanthus woronowii Losinsk.) 1 KONOKONbYMK TBEPAOANCTHBIN
(Campanula sclerophylla Kolak). PesynbtaThl anpobauuy MapkepoB No3BOAUAN BbIABUTb Havbonee nepcnek-
TUBHbIE ANA UCMOMIb30BaHWA B aHann3e reHeTNYeCcKon CcTabunbHOCTU pacTeHnA-pereHepaHTbl. Y CUHEronos-
HMKa NPUMOPCKOro no 8 3 16 ncnonb3oBaHHbIX B paboTe IRAP-npaiimepos 6biiv nonyyeHbl MLP-npoayKTbI.
B xope anpobauuun Ha obpasLax nogcHexHUKa BopoHoBa pparmeHTbl amnandurkaumm 6binm obHapyx<eHbl y 8
13 16 IRAP-npaiimepos, Npu 3STOM YNCN0 GpparMeHTOB BapbnpoBaso oT 2 Ao 12. Y KoNoKosbunKa TBEPAOSINCT-
HOro B BbI6OpKe 13 16 anpobrpoBaHHbix IRAP-npalimepoB y 9 6bina ycTaHoBNEeHa amnnndurkauus. Konnyectso
¢$parmeHTOB Yy 06pa3LIOB, B 3aBUCMMOCTY OT MapKepa, BapbrpoBasio oT 1 Ao 11. Pe3ynbraTbl reHOTUNNPOBaHUA
pereHepaHTOB COMOCTaBAANNCH C AaHHbIMM MO MaTOYHbIM PaCTEHMAM, SKCMNAHTbI KOTOPbIX ObiNN BBEAEHDI B
CTEPUIIBbHYIO KyNbTYPY U Pa3MHOXEHBI in Vitro. Bcero B paboTe 6biio 3aaeiicTBOBaHO No 60 pereHepaHToB A/
KaXkAoro 13 BUAOB NpupoaHon pnopbl 3anagHoro Kaskasa. [NonyyeHHble B Xofe reHOTMNMPOBaHNA CBeieHNA
No3BOJIAIT NPEANONIOKNTL OTCYTCTBME FEHETUYECKUX U3MEHEHMIN B MpoLiecce KOHCepBaumn in Vitro y Bcex
M3yYeHHbIX BULOB. PaclumpeHHas BbIGOpKa pereHepaHTOB AJA KaX4oro Braa 6bina npoaHanusmpoBaHa ans
onpefeneHnsa reHeTuYecKkor cTabuibHOCTY C UCMONb30BaHMEM paHee anpobrpoBaHHbIX ISSR-MapkepoB. 3Tu
pe3ynbTaTbl CBUAETENLCTBYIOT O HN3KOW BEPOATHOCTM BO3HVKHOBEHNA reHEeTUYECKNX U3MEHEHWI B npoLecce
Pa3sMHOXEHNA 1 COXPaHeHWA in vitro Tpex nccnegyembix BUAOB.

KntoueBble cnosa: Eryngium; Galanthus; Campanula; IRAP; coxpaHeHne reHopecypcoB; reHeTnyeckoe pasHo-
obpasue.

Ona yntnposanua: CynpyH .., Manaposckas B./., CrenaHos W.B., CamapuHa J1.C. IRAP-aHanu3 ana oueHkn
reHeT!YeCcKor CTabubHOCTM SHAEMUYHbIX 1 ncyesalowmx Bnaos ¢nopbl. 3anagHoro Kaskasa B Komiekumm
in vitro. BaBMnoBCKNIA XypHan reHeTuku n cenexkumm. 2019;23(1):8-14. DOI 10.18699/VJ19.455

IRAP-analysis for evaluating the genetic stability
of endemic and endangered species
of the Western Caucasus flora in the collection in vitro

LL Suprun1 ®, VL Malyarovskaya2 ®,LV. Stepanovl, L.S. Samarina?

T Russian Research Institute of Floriculture and Subtropical Crops, Sochi, Russia
2 North Caucasian Federal Scientific Center of Horticulture, Viticulture, Wine-making, Krasnodar, Russia
® e-mail: supruni@mail.ru; malyarovskaya@yandex.ru

The characterization of genetic diversity is one of the main components of the genetic resources collection and
management. Molecular markers are the most effective tool for characterizing and assessing genetic diversity
in plant collections. IRAP (inter-retrotransposons amplified polymorphism) markers have proven to be some
of the most effective for characterizing and evaluating germplasm, confirming the genetic fidelity of in vitro
preserved cultivars and species. In this regard, the aim of this work is to test several IRAP primers to identify
genetic polymorphism and study the genetic fidelity of three rare and endemic flora species of the Western
Caucasus during in vitro conservation. Approbation of 16 IRAP-primers on the investigated species was carried
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IRAP-aHann3 sHAEMUYHbIX 1 CYE3atoLLMX BUOOB
¢dnopbl 3anagHoro Kaekasa B Konnekuuu in vitro

out for Eryngium maritimum L., Galanthus woronowii Losinsk. and Campanula sclerophylla Kolak. The results
made it possible to select the most efficient of them for genetic fidelity analysis of micropropagated plants. Out
of 16 IRAP primers 8 amplified PCR products in Eryngium maritimum. In Galanthus woronowii as well 8 of 16 IRAP
primers resulted in the amplification with the number of DNA fragments ranging from 2 to 12. In Campanula
sclerophylla 9 of 16 IRAP primers amplified 1 to 11 fragments, depending on the marker. The results of the ge-
notyping of regenerants were compared with data on stock in situ plants, which were the source of explants
for in vitro conservation. In total, 60 regenerants for each species of the natural flora of the Western Caucasus
were involved in the study. The results obtained demonstrated no genetic changes of the regenerants in all
the studied species. These results were confirmed using ISSR analysis of an extended sample set of microplants
for each species. The results obtained can serve as evidence of a low probability of genetic disorders during
in vitro propagation and conservation of the species Eryngium maritimum L., Galanthus woronowii Losinsk. and
Campanula sclerophylla Kolak.

Key words: Eryngium; Galanthus; Campanula; IRAP; germplasm conservation; biodiversity.
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BBepeHune

XapaKTepuCcTHKa PacTUTEIBHBIX TEHETHUECKHX PECYpPCOB —
Ba)KHAs 3aJlaua COXpaHEeHHsI OMOPa3HOOOpa3Hsi, MO3BOJISIIO-
1as IPUHIMAaTh TeXHHYECKH 000CHOBAaHHBIC PEIICHUS TPH
BbIOOpE 00pa3LOB JUIS TOITOCPOYHBIX MPUPOIOOXPAHHBIX
MepornpusaTuid. [loHMMaHne TeHeTHYeCcKOro pa3HooOpas3us
BUIOB, TIPE/ICTaBICHHBIX B TCHO(OH IE, BAJKHO IS pa3padboT-
K1 HaJISKHBIX CTPATernii KoHcepBauy u st 3 (HeKTHBHOTO
HUCIIOJIb30BAHUSA FeHO(bOH}Ia B KOHKPCTHBIX CCJICKIIMOHHBIX
nporpammax (Ferreira, 2006). CoxpaHeHHe TEHETHIECKUX pe-
CYpPCOB B IPUPOJJHON arpodKoCHCTEME, B KOTOPOI OHH IBOJIIO-
[IMOHUPOBAIH (i Situ), B HACTOSAIIIEE BPEMS pacCMaTpUBAETCS
KakK JOTMOJHEHUE K CTPATETHsAM, OCHOBAaHHBIM Ha CO3JaHHUU
JyOITUPYIONIUX TeHOAHKOB (ex situ), C eI MPEIOTBPaIIC-
HUSI TEHETUUECKOM 3PO3MHU pacTHTENbHBIX pecypcoB (Negri
et al., 2000; Lucchin et al., 2003). In vitro nenoHUpoOBaHHE
TePMOILIa3MBI SIBIISIETCS YACTHIO KOHCEPBAIIMY TeHETHYECKUX
pecypcoB ex sifu M, Kak U3BECTHO, 00JIaJaeT PSJIOM Ipe-
umymiectB. OHAKO TPU TOITOBPEMEHHOM CYOKYIBTHBHPO-
BaHWHU B T€YCHHE HECKOJIBKHX JIET HEOOXOMMBI TIPOBEPKA
MOATBEPXK/ICHUE TeHETUYECKOW CTaOMIIBHOCTH JKCIIAHTOB
(Liu, Yang, 2012; Cynpyn u ap., 2014a). Kpome Toro, s
TPaMOTHOTO COXPAaHEHHUS OMOPa3HOOOPa3Hs IHIEMHUHBIX
BUJIOB PACTEHUH B ex Situ KOJUIEKIUSIX HEOOXOTUMBI MOy~
JSIIMOHHBIC WCCIICAOBAaHNUS BHYTPHBHIOBOTO Pa3HOOOPA3Hs
C WICIIOJIb30BAaHUEM MOJICKYIISIPHO-TEHETHYECKUX MapKepOB
(Ferreira, 2006). MosniekyssipHast XapakTepucTika — 3(dek-
TUBHBII HHCTPYMEHT JIJIsI ONIPE/ICICHUS pa3HOOOPas3Hs ITyTeM
TEHOTHITMPOBAHUS OT/ICILHBIX TEHOMOB U FaruIOTHITUPOBAHHUS
WHIUWBUAYAJIbHBIX TCHOB, BBIABJIICHHUSA T€HETHYECKOM CTaOMIb-
HOCTH B Tiporiecce koHcepBanuu (Lanteri, Barcaccia, 2006).
M3BecTHO HECKOJIBKO THUIIOB MOJIEKYJISIPHBIX MapKepoB, HO
HanOosee HHGOPMATHBHBIMH, TOJTUMOP(PHBIMU U BOCIIPOU3-
BOAMMBIMH 13 HUX nipu3HaHbl SSR 11 SNP (Borner et al., 2012).
Kpome HuX, BBICOKMM MOINMOP(U3MOM 1 HaJISKHOCTBIO IS
XapaKTePUCTUKU BHYTPH- U MEKBUIOBOTO OHOpa3HOO0pasus
ommmyarorest ISSR- u IRAP-mapkepsr.

IRAP (inter-retrotransposon amplified polymorphism) map-
KepbI — CPAaBHUTEIILHO HOBBIM THIT MapKepOB, pa3pabOTaHHBIN
Ha ocHoBe LTR-nocnenoBaTenbHOCTEN PETPOTPAHCIO30B.
Hecmotpst Ha TO, 4TO pETPOTPAHCIIO30HBI PACCESIHBI 110 TEHO-
MY, OHH TaK)K€ MOTYT BCTPEYAThCs KJIACTEPU30BAHHO. DTOT

(heHOMEH KI1acTepr3alny JENaeT BO3MOXKHBIM HCIIOIb30BaHUE
IRAP-MeTona MapKUpOBaHUS, KOTOPBIN IETEKTUPYET HHCEP-
IUOHHBIA MOMTUMOPGU3M MyTEeM aMIUIM(UKALUU ydacTKa
JHK wmexny nByms perporpancnozonamu (Kalendar et al.,
2011). IRAP-nipaiimMepbI yCTICIIHO UCTIONB30BAUCH IS OTIPO-
JIeTICHNS] TEHETHYECKOTo pa3Hoo0pasust BHYTpH BHIOB Vicia
faba (Tomas et al., 2016), Moniliophthora perniciosa (Santana
etal., 2012), mexxBum0BOTO pazHo00pa3us KanycTsl (Brassica
sp.) (Mahjoob et al., 2016), sumens (Horderum sp.) (Singh
etal.,2017), 1711 OLICHKU T€HETHYCCKOM CTAOMIIBHOCTH KYJIb-
TUBUPYEMBIX in Vitro paCTEHHUNA TIOJBIHU TOPBKOH (Artemisia
absinthium) (Kour et al., 2014), anp0HInN JTEHKOPAHCKOH
(Albizia julibrissin) (Rahmani et al., 2015), a Taxxe 11st 1Mo-
MYJISAIUOHHBIX MCCICJOBAHNH T€HOPECYPCHBIX KOJUICKIIUI
(boponnukosa, 2009; boponnukosa, Kanengaps, 2010).

CoxpaHeHHe HIEMUYHBIX U HCUE3AIOLINX BUIOB 3amaj-
Horo KaBkasa ex sifu BemeTcst Ha 6a3e Bcepoccuiickoro Ha-
YYHO-HCCIIEIOBATEIbCKOI0 MHCTUTYTA IBETOBOJICTBA U CYO-
tponndeckux KyiabTyp (r. Coun) ¢ 2003 r. (Peioun u np.,
2015). B Teuenne mocieqHUX TSTH JET B KOJUICKIHH in Vitro
COXPAHSIOTCS BUBI: CHHETOJIOBHUK ITPUMOpCKuii (Eryngium
maritimum L.), noncuexxuuk Boponosa (Galanthus woronowii
Losinsk.) u xonokomsank TBepromucTHEI (Campanula sclero-
phylla Kolak) (Mansposckas u ap., 2013; Komomuen u 1p.,
2014a, 6; Kolomiets et al., 2016). OgHako moA00p MOJICKY-
JSIPHBIX MAPKEPOB, 3P(HEKTUBHBIX A1 TCHOTHITUPOBAHUS 3THX
BHUJIOB, JI0 CHX MOp HE OCYIIECTBJIEH. B HelaBHEM BpeMeHH!
aBTOpaMu IposezeHa padora o noadopy ISSR-npaiimepos
JUTA YKa3aHHBIX BHJIOB MpHUpoaHOH ¢umopsr (CymnpyH U ap.,
2014a, 6, 2017). Llenp HACTOSIIIUX HCCIICAOBAHUN — ITOIIO-
oparbs undopmarususie IRAP JIHK-npaiimeps! ist oLieHKH
TEHETUYIECKON CTAOMIIBHOCTH PEAKMX U UCUE3AIOUINX BUIOB
pacrenuit 3anmanHoro KaBkasa, COXpaHSEMBIX B KOJJICKIINH
in vitro.

MaTtepwuanbl n metogbl

PactutenbHbll MaTepuan AJis aHajdu3a — UCYE3aI0IIUe JH-
neMuuHble BB 3anagHoro Kaskasza Galanthus woronowii
Losinsk. (moncuexxnuk Boponosa), Campanula sclerophyl-
la Kolak (KOJIOKOJBIMK TBEPIOIUCTHBIA) U Eryngium ma-
ritimum L. (CHHETOJIOBHUK MPUMOPCKHI), 3aHECEHHEIE B
Kpacnyto kuury Poccuiickoit denepanuum u BXoasuye B Ka-
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TETOPHUIO 2 — BUJIBI C HEYKJIOHHO COKpAIaloIeCst YHCICHHO-
CThI0, KOTOPBIE TIPH ITPOJIOJKEHUH BO3/ICHCTBUSI CTPECCOBBIX
(haKTOpOB MOTYT B KOPOTKHE CPOKH TIOTIACTh B KAaTETOPHIO
HaXOJSIIIUXCS MTOJ] YTPO30i MCUe3HOBEHUS. [JIst BBIIETICHUS
JIHK ucrnonb3oBajgu JUCThSI OT PACTEHHH W3 MPUPOTHON
(hyTopBI M M3 KOJUIEKLUH in Vitro, COXpaHsIEeMbIC B TCUCHHUE
sty et (10—13 cyOkynsTiBHpoBaHuil) Bo Beepoccuiickom
Hay4YHO-HMCCIIEI0BaTeIbCKOM HHCTUTYTE I[BETOBOJICTBA U CY0-
TPOMHUYECKUX KYIBTYP.

IRAP IHK-npaiimeps! annpoOupoBaiy a1t BUIOB Eryngium
maritimum L. (¢ yueToM paHee OImyOTMKOBaHHBIX PE3yJIbTaTOR
(Jawdatetal., 2010), a Taxoxe i BunoB Galanthus woronowii
Losinsk. u Campanula sclerophylla Kolak.

Boinenenue JIHK npoBogunock o crannaptHoi LITAD (ue-
TUNTPUMETHIAMMOHUS Opommn) metoauke (Murray, Thomp-
son, 1980). Konmnuecto u pparmenraruro JJTHK nposepsian
anekrpodopesom B 1.5-2.5 % araposnom rene u Oydepe,
npuroToBieHHOM Ha ocHOBe 0.5 M Tpuc-6opar-I/ITA Gydepa
¢ nobasnenneM 7 M 1 % sTunumym OpomMuza, Mpy HanpsHKEeH-
Hoctu osist 10 B/em n Hanpsikennn 150 B B Teuenue 30 MuH.

Crpyktypa 16 IRAP-tipaiimepoB, HCIIOTH30BaHHBIX B pa-
Gore, mpencrasnena B [punoxenun 1. TIHP nposoxwiu
COTJIACHO CIIEAYIOIIEH porpamMme: 3 MUH NPeIBapUTEIbHON
JleHaTypanun mpu Temmneparype 95 °C; mocnenyromme 35 1uK-
noB: aeHarypauus 35 ¢ npu 95 °C, orxur npaiiMepoB 1 MuH
npu 55 °C, snonranms 1.5 mun npu 72 °C u GpuHANBHBIN
KT cHHTE3a Ipu Temriepatype 72 °C B redenue 5 muH. Kon-
uentpauuu peareHtoB B [IIP cmecu: 2.5 mxn 10-kpatHoro
oydepa s Taq JJHK-monumepassr (OO0 «CubDH3UMY,
Poccus), 0.5 nmm 2.5 mxir ANTP (2.5 MM), 1 ennHuIa akKTHB-
Hoctu Taq JIHK-nonmnmepassl, 2 Mxi npaiimepa (3.75 MM) u
40-50 ur Toransroii JIHK B 00111eM 00beMe 25 MKJI. DIIeKTpo-
(opes mpoxykros 1P mpoBoanim B 2 % arapo3HoM reine ¢
nobasiaeHueM OpomucToro STuaus. sl reHOTUIHPOBaHUS
perenepantoB IRAP-npaiimepamu npumeHsuin 3eKTpodo-
pe3 npoxykros I[P B 3.5 % arapo3zHom reine, oKpameHHOM
OpOMHCTBIM ITHIHEM.

Pesynbratbl

Otoop IRAP-npaiiMepoB /11 NPOBe/IeHHS] TeHOTHITHPOBA-
HHS CHHET0JIOBHUKA pUMoOpckoro (Eryngium maritimum).
W3 ncrionp3oBaHHEIX B padote 16 IRAP-mpaiimepoB y cuHero-
JIOBHHMKA IIPHMOPCKOTO MPOIYKTHI aMILTHU(DHUKALINH TTOTYICHBI
JUlsi BOCBMH MapkepoB. st aMIuMpUIUpOBaHHBIX MapKe-
pOB ObuTa XapaKTepHA Pa3IMYHAs CTCIICHb BHIPAKCHHOCTH
[MLP-nponykros. KonnyecTBo pparMeHTOB BapbHUpOBAIIO
ot 12 (Cass2 u MET2R) no 1 (LTR3). OtcyTcTBOBana ami-
mdukarms y mapkepoB IRAP-TDK 1F; IRAP-TDK2R; IRAP-
TDKI12F; IRAP-TDK12R; IRAP-TDK13F; IRAP-TDK13R;
LTR2BAREI; LTR15 (cMm. pucyHok, a). ITo kagecTBy u
napopmatuBHOCTH JJHK-QHHTEpIIpHHTOB 1715 TIPOBEACHHUS
TeHOTHITUPOBAHHS PACTCHUI-PEreHePaHTOB ObIIO 0TOOPaHO
yeteipe IRAP-mpaiimepa: IRAP-TDK 1R, MET2F, MET2R
n Cass2 (tabm. 1).

Ot160p IRAP-npaiiMmepoB A5 NpoBeieHNs T¢HOTUIIN-
poBanus nojacHe:kHuKa Boponosa (Galanthus woronowii).
B xome ampobarim Ha 00pasiiax moncHexHnka Boponosa st
8 u3 16 IRAP-nipaiimepoB mponuia ammudukanys. Komue-

1 Mpunoxexna 1 1 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx1.pdf

IRAP-analysis of endemic and endangered species
of the Western Caucasus flora propagated in vitro

Ta6bnuua 1. 3ppekTnBHocTb 16 IRAP-mapkepos
IR FeHOTUMMPOBaHNA CUHEFONIOBHUKA NPUMOPCKOro
(Eryngium maritimum)

IRAP-npamep Kon-Bo Mpuoputet
JHK-dparmeHToB ucnonb3oBaHus™
IRAPTDK”: .................... e | V ..................................
|RAPTDK1R .................... 11 .................................... e
| R APTD KZF .................... 6 ..................................... | .I.l ...................................
|RAPTDK2R .................... S | V ..................................
|RAPTDK12F .................. S | V ..................................
|RAPTDK12R ................. s | V ..................................
|RAPTDK13F .................. S | V ..................................
|RApTDK13R ................. s | V ..................................
METZF ............................ 10 ................................... e
METZR ............................ 12 .................................... e
LTR1BARE1 ..................... 6 ..................................... | .I.I ...................................
LTRZBARH ..................... S | V ..................................
|_-|-R3 ................................ 1 ...................................... | .I.I ...................................
|_-|-R15 .............................. S | V ..................................
Cass1 ............................... 6 ..................................... | .I ....................................
Cassz .............................. 12 .................................... e

*3pecb n B Tabn. 2 1 3: | - MakcumanbHbiit npropuTeT; Il — cpeHuil npruopu-
TeT; Il - MUHUManbHbIN NpuopuTeT; IV — ncnonb3oBaHme 6ecnepcnekTUBHO.

Ta6nuua 2. 3pdektBHOCTL 16 IRAP-npaiimepos
[N1A XapaKTepUCTVKM NOACHeXHMKa BopoHoBa
(Galanthus woronowii)

IRAP-npaiivep Kon-Bo Mpuoputet
[OHK-bparmeHTOB 1CNONb30BaHMWA
|RAp-|-DK1|: .................... e | V ..................................
|RAPTDK1R ................... 2 ...................................... | .I.I ...................................
|RAPTDK2F .................... _ ..................................... | V ..................................
|RAPTDK2R .................... _ ..................................... | V ..................................
|RAPTDK12F .................. _ ..................................... | V ..................................
|RAPTDK12R ................. e | V ..................................
|RApTDK13F .................. R | V ..................................
|RAPTDK13R ................. e | V ..................................
MET2F4 ..................................... | .I ....................................
METZR ............................ 8 ..................................... e
|_-|-R1BARE1 ..................... 8 ..................................... s
LTRZBARH ..................... _ ..................................... | V ..................................
LTR34 ..................................... | .I.I ...................................
LTR15 .............................. 2 ...................................... | .I.l ...................................
Cass1 ............................... 12 .................................... e
Cassz .............................. 8 ..................................... s
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IRAP-aHann3 sHAEMUYHbIX 1 CYE3atoLLMX BUOOB
¢dnopbl 3anagHoro Kaekasa B Konnekuuu in vitro

nekTpodoperpamma o6pasLoB CYHErONOBHYIKA NPUMOPCKOTrO (), MOACHEXHUKa BopoHOBa (6) 1 KONOKoMbUMKa TBEPAONNCT-

Horo (8) no 16 IRAP-npaimepam.

1 — IRAP-TDK1F; 2 — IRAP-TDK1R; 3 — IRAP-TDK2F; 4 — IRAP-TDK2R; 5 — IRAP-TDK12F; 6 — IRAP-TDK12R; 7 - IRAP-TDK13F; 8 - IRAP-TDK13R;
9 - MET2F; 10 - MET2R; 77 - LTR1BARE1; 12 — LTR2BARET; 13 - LTR3; 74 - LTR15; 15 — Cass1; 16 — Cass2. M — mapKkep MOneKyfnApHON Maccbl

[HK (100-3000 n.H.).

crBo JIHK-¢parmentos mapkepoB BapsupoBao ot 2 o 12.
[To xauectBy u undopmarusHoctu JTHK-dunrepnpunron
JUIS TIPOBE/ICHUSI TEHOTHIINPOBAHUS PacCTEHUH-pEeTeHepaH-
TOoB OblTO OoTOOpano uetsipe IRAP-mpaiimepa: MET2R,
LTRIBAREI, Cass1, Cass2 (cM. pucyHOK, 6; Tabi. 2).
Ot16op IRAP-npaiiMepoB A5 NpoBeieHNs] TeHOTUTIH-
POBaHHUS KOJOKOJIbYMKA TBepAoaucTHOro (Campanula
sclerophylla). B BriOopke u3 anpobupoBanubix 16 IRAP-
mpaiiMepoB aMIUIA(UKAIHS OblIa yCTaHOBJICHA Y 9 M3 HHUX
(cM. pUCyHOK, 6; Tabm. 3). KonmnuecTBo (hparmMeHToB y oOpas-

II0B, B 3aBHCUMOCTH OT MapKepa, Bapbuposaio ot 1 go 11.
[To xauectBy u unpopmarnHoctu JTHK-dunrepnpunron
JUISl IPOBE/ICHNS] TEHOTUITUPOBAHNS PACTEHUH-PETEHEPAHTOB
65110 oToOpaHo Tpu IRAP-nipaiimepa: MET2R, IRAP-TDKIR,
Cass2.

AHa/IN3 reHeTHYeCKOoil cTa0UJIbHOCTH pPereHepaHToB
Tpex BUOB in vitro. 113 anpobupoBannsix 16 IRAP-npaii-
MEpOB JIsl TeHOTHITUPOBaHKS PEreHEPAHTOB CHHETOJIOBHUKA
TIPUMOPCKOTO OBLITO 0TOOPaHO 4, KOTOPBIE, TT0 JAHHBIM JIPYTHX
HCCIIe/IOBATENICH, TOKAa3bIBAIM BBICOKHH BHYTPHBHUI0BOH

FEHO®OH/, U CENEKLNA PACTEHUI / PLANT GENE POOL AND BREEDING 11



LI Suprun, V.I. Malyarovskaya
L.V. Stepanoy, L.S. Samarina

Ta6bnuua 3. dpdpekTnBHoCTb 16 IRAP-mapkepos
y Konokornbuuka TBepgonuctHoro (Campanula sclerophylia)

Kon-Bo
OHK-bparmeHToB

IRAP-npaiimep Mpuopwutet

NCNoJSib30BaHUA

nomumopdusm — 10 82 % (Jawdat et al., 2010; Yuying et
al., 2011). B obmieit cmoxHOCTH OBLTO MPOAaHAIN3UPOBAHO
60 pacTeHHMI-pereHepaHTOB U MaTOYHOE PacTEHHE, U3 KOTO-
poro ObLIM MOJYyYeHbI pereHepanTsl. Y Bcex kioHoB JTHK-
(PMHTEPIPUHTHI HE OTIMYAINCh OT MATOYHOTO PACTCHHS
(ITpunoxenue 2).

J1sl reHOTUIIMPOBaHMsI PEr€HEPAHTOB KOJIOKOJIBYMKA TBEP-
JIOIUCTHOTO OBLTO 0ToOpano 4 u3 16 IRAP-mpaiimepos. ['eno-
TunupoBanue 60 pacTeHHH-PETeHEPAHTOB M UCXOIHOTO Ma-
TOYHOTO PACTEHUsI HE BBISIBUIIO PA3JIMuMi MEX1y 00pa3Lamy.

OTcyTCcTBHE pa3nuyunil y pacTeHHI-pereHepaHToB B CpaBHE-
HHH C HCXOTHBIM MaTOYHBIM PAaCTEHUEM OBIIO TIOTBEPKICHO
¢ nomornbto ISSR-mapkepos X 10 (A1 cCHHEr0JIOBHUKA MPH-
Mopckoro) 1 ASSR15 (117151 KOJTOKOTBYMKA TBEPAOIHCTHOTO),
B pe3yJbrare 4ero Obutd noyueHsl unenrnansie JJHK-pun-
TEPIPUHTEI.

O6cyxpeHue

J1st o exTrBHOrO aHATIN3A PE3YNIBTATOB MYJIETHIOKYCHOTO
MapKHpoBaHUs, B yacTHOCTH IRAP-MapkepoB, HE0OX0muMO
BBICOKOE KadecTBO mnoiy4aembix JHK-duHrepnpuHTOB.
Oco0eHHO Ba)KHOE 3HAYEHHE 3TO IIPHOOPETALT IIPU aHAIIN3e
UJICHTHYHOCTH UCCIIEIyeMbIX KIIOHOB, TaK KaK Ha pe3yJbTaT
MOTYT MOBJUSTE JT00as HETOYHOCTh U HEJIOCTOBEpHAs UX
HUHTEpIIpEeTaLUs.

OmmOKu B MHTEPIIPETALMH MOTYT OBITh BBI3BaHBI HETIpa-
BUJIbHBIM onpefesneHneM koindectsa JJHK-¢pparmentos Ha
aexTpodoperpamMme, a TAKXKE PH HEKOPPEKTHON OLIEHKE HX
pasmepa B mapax Hyki1eoTu10B. K npudnHaM, ciocoOHBIM BbI-
3BaTh NOJOOHBIC OIHOKU, MOYXHO OTHECTH ()OHOBOE CBEUCHHUE

IRAP-analysis of endemic and endangered species
of the Western Caucasus flora propagated in vitro

JIOPO’KKU ¥ nHTeHCcHBHOCTH cBedueHus [JHK-¢pparmenra. Ha
OCHOBE N3JI0KEHHBIX BBIIIIE KPUTEPHEB ObLI IPOBE/IEH OTOOP
IR AP-npaiimepoB, anpoOUPOBaHHBIX HA TPEX N3y4aeMBbIX BH-
nax pactenuil. [Ipu atom niis MakcuMallbHOM TOCTOBEPHOCTH
aMIIM(DUKAINIO TT0 KaKIOMY M3 MapKepOB TECTHPOBAIU B
TPEXKPaTHOH MOBTOpHOCTH. [IpH mMpoBepke reHeTHYeCKOi
CTaOMIILHOCTHU PETEHEPAHTOB C HCIIOJIb30BaHUEM OTOOPaHHBIX
JIHK-MapkepoB aMIumiUKamio 1 3IeKTpodopes MpoayKTOB
[LIP mo kaxxoMy U3 npaiiMepoB IPOBOIUIN ABAXK /bl B pa-
6ote ObwLIO 3azeiicTBoBaHO 16 IRAP-nocnenoBarenpHOCTEH
W3 Pa3IMYHBIX ITyOIMKAIUH IO TEeHOTUITHPOBAHHIO [IBETKOBBIX
pacrenuii (Jawdat et al., 2010; Yuying et al., 2011; Senkova et
al., 2013). IIpaiimepsr Cass1 u Cass2, ucrosib3yemble panee
B paboTe cioBakcKux nccienonareneit (Senkova et al., 2013)
st nudepeHIranuu TeHOTUIIOB CIUBHI (Prunus domes-
tica L.), oxazanuchk 3 GeKTHBHBI B HAIlICH paboTe ISl BCeX
TpeX U3ydaeMbIX BUJOB (1opsl. [Ipu aHanm3e CIMBBI aBTOPHI
noydasnm 10-18 ¢parmenros JJTHK, Hamn ObuTO mONTydeHO
4-10, 6-12 u 8-12 ¢parmenToB y Tpex BuaoB. M3 ampo-
o6mpoBanubx 16 IRAP-ipaiiMepoB IsI TEHOTUITHPOBAHUS
pereHepaHTOB CHHETOJIOBHIKA MPUMOPCKOTO H ITOACHEKHUKA
BopoHoBa 0b110 0T0OpaHo 110 4, KOTOpHIE, 110 JIAHHBIM APY-
TUX MCCIIE0BaTeNEH, I0Ka3bIBAIN BBICOKUN BHYTPUBHIOBOH
nommmopdusm — 1o 82 % (Jawdat et al., 2010; Yuying et al.,
2011), a a5t KOJIOKOJIBYMKA TBEPAOIMCTHOTO — 3 Tpaiimepa.
B cpaBHeHHn ¢ pe3ynbraTaMu 3apyO0eKHbBIX KOJIIET, KOTOPBIE
npumensii IRAP-ananu3 aist momymsiuoHHbBIX HCCIIeI0Ba-
Hui poza Eryngium c npaiimepamu cepun IRAP-TDK (Jawdat
et al., 2010), B Hameit pabotre y Buma E. maritimum Konude-
CTBO aMIUTH()UIIMPOBAHHBIX STHMHU ITpaiiMepamu (parMeHTOB
MOJIy4eHO B JIBA-TPU pa3a MeHble. MoJIeKyIsipHbIe JaHHbIE
3THX aBTOPOB MOKAa3aJIM, YTO CHHETOJOBHUK MPUMOPCKHUI,
MIPOM3PACTAIONINH B TPUOPEKHBIX 3aCOICHHBIX TPyHTaX, re-
HETHUYECKH IMCTAHTEH OT IPYTMX BUJIOB CHHETOJIOBHHKA, TIPO-
M3PACTAIOUINX B TOPHBIX MECTHOCTSIX, 3TO MOKET OOBSICHATD
paznuune 3 (HeKTHBHOCTH YKa3aHHBIX IpaiiMepoB. B remom
cllelyeT OTMETHTh HeOOJIbIIOE KOJIMYECTBO ()parMeHTOB
ammumukanun oroOpanabiMu IRAP-mpalimepamu y Tpex
M3y4YeHHbIX BUI0B (utopsl 3amaanoro KaBkasa B cpaBHEHHH C
JTaHHBIMHU pyTuX aBTopoB (boponHnukoBa, Kanenaaps, 2010;
Jawdat et al., 2010; Senkova et al., 2013), xoTopbIe momy4a-
T B IBa-4eTHIpe pa3a OoJblIee KOTMICCTBO AMIUTUKOHOB B
pesynbrare IRAP-ananuza.

3aKnioyeHue

B Hacrosiieit padote nposezeHa anpodanus 16 IRAP-mpaii-
MEpOB Ha TeHOTHITAaX TpeX BUAOB ¢uropsl 3amagaoro Kaska-
3a. JIyist kakaoro Bujia ObIT YCTaHOBJIEH CBOM Habop Mapke-
poB, naromux kadecrtBeHHble JJHK-GuHrepnpuHTH U BBI-
SBJISTIOIINX BHYTPUBHUIOBOM MONMUMOP(U3M, UTO TO3BOIAET
UCHOIB30BaTh MX Ul MOUCKA F€HETUYECKUX OTKIOHEHUMH
IIPU MUKPOPA3MHOKEHUHU U KOHCEPBAIIMH H3y4aeMbIX BUJIOB.
Jna kaxmoro Buga ObII0 0TOOpPAaHO TpPH-4YeTHIpe Hambosee
MH()OPMATHBHBIX MApKepa JUTs IPOBEACHNS TCHOTUITMPOBAHNS
BBIOOPOK PEreHepaHTOB ¥ MaTOYHBIX pacteHuid. I1o Bcem uc-
cienoBaHHbIM BuaaM JJHK-puHTeppHHTE OBUTH HIACHTHYHBI
Y PET€HEPAaHTOB U UCXOJHBIX MATOUHBIX PACTEHH, U3 TKaHEH
KOTOPBIX OHH OBLIM Pa3MHOXKEHBL. MICXO/1s1 M3 IOy YeHHBIX pe-
3yNBTaTOB PabOThI, MOYKHO 3aKJIFOUUTh, UTO UCTIOIb30BAHHBIC
B pabote IRAP-npaiiMepsl 1a10T CTAOUIbHBIE H JOCTOBEPHBIE
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JaHHbIC, CBUACTCIILCTBYIOIIUE O reHeTHYECKOM UJICHTUYHO-
CTH PEreHEePaHTOB C MATOYHBIM pacTeHreM. OHaKo i 6oree
TIOJTHOM OIIEHKH TeHETHUYECKOH cTaOMIIBHOCTH PETEHEPAHTOB
B IIPOLIECCE MUKPOKJIOHAIBHOTO Pa3MHOKEHHUST HEOOXOJMMO
npoBenearne REMAP-ananm3a, coueraromero ISSR- n IRAP-
nonmmMopdu3M.
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[eHOTUIIMYECKAsI USMEHUYIBOCTb Pinus sylvestris L.
10 MIPU3HAKY 3aCYXOYCTOMUMBOCTI

E.JO. Amunesa! @, A.IT. Typees?, T.M. Ta6ankas!, O.C. Mamkuual> 2, B.H. IToros?

! Bcepoccninckuii HayuHo-UccieoBaTeNbCKUI UHCTUTYT IECHON FreHeTUKY, cenekumum n buotexHonorum, BopoHex, Poccua
2 BOPOHEXCKMI FOCYAaPCTBEHHBIN YHUBEPCUTET, BopoHes, Poccusa
&) e-mail: elena.pardaeva@mail.ru

B cBA3M € rnobanbHbIM U3MEHEHVEM KNIMMaTa B NOC/eH/Ee AecATANETV OTMEUAETCA yJalleHNe 1 yCUNeHre 3acyXx.
He Bce pacTutenbHble OpraHn3mbl CNOCOOHBI aJAaNTUPOBATHCA K U3MEHAOLMMCA YCIIOBMAM OKpY»KatoLlen cpefbl.
MosTomy BOMpOC 0T6OPa CTPECCOYCTONUMBDIX (3aCyXOYCTONUMBDIX) FEHOTUMOB, MEPCNEKTUBHBIX ANS MPOBEAEHNS
ceneKkUMOoHHbIX paboT, CTOUT AOCTAaTOUHO OCTPO. Npobiema KacaeTcsa 1 IECHbIX APEBECHbIX PAaCTEHNIA, B TOM YMC-
ne COCHbl 0O6bIKHOBEHHO, ABNAIOLENCS OLHUM 13 OCHOBHbIX Jlecoobpa3oBaTesiel Ha TeppuToprmn BopoHexckon
obnactu. B HacTosALwem nccnefoBaHny NpUBEAEHbI Pe3ysbTaTbl aHanM3a BereTaTMBHOW U reHepaTUBHON chepbl
OTAeNIbHbIX lePEBbEB COCHbI 0ObIKHOBEHHOW C MOMOLLbIO GIOTEXHONOTMYECKOTO, MOJNEKYIAPHO-TEHETUYECKOTO 1
LMTOreHeTYeCKoro MeTofoB. BO3MOXHOCTb NPUMEHEHNA MeTOAA KybTypbl TKaHM in Vitro € Lenblo TeCTpoBaHuA
MNCXOLHbIX PACTEHUI Ha CTPECCOYCTONUNBOCTD, B TOM UYNCIIE 1 3aCyXOYCTONUYNBOCTb, OOBACHAETCS B3aIMOCBA3bIO
CBOWICTB KNETOK, TKaHel 1 Lenoro pacteHus. MokKasaHo, UTo y pasnnyalolnxca reHoTUNoB LUTOreHeTMYecKme xa-
PaKTEPUCTUKN CEMEHHOMO NOTOMCTBA U MOKa3aTeNn KaslyCoreHHbIX peakLuii He BCeraa CoBNagatoT: y OAHMX SHep-
reTmyecKkmne pecypcbl TPATATCA HA 3allWTy OHTOreHe3a, Y APYrvX — Ha NoAAepKaHMe PenpPoayKTUBHON GYHKLUN.
BbigeneHbl iepeBbs, COCTOAAHME reHepaTBHON chepbl KOTOPbIX B 3aCyLUMBbIE TOAbl HAXOAUTCA HA YPOBHE ONTU-
MaJibHbIX NeT N peakuna UX KasulyCHbIX KyJNbTyp OCTaeTcA Hen3MeHHOoM LaXe B MoAennpyemblX yCrioBnAX 3aCyxu.
Ha ocHoBe nony4eHHbIX pe3ynbTaToB A 0TOOPa 3aCyXOYCTONUMBbLIX FEHOTUMOB COCHbI OObIKHOBEHHOW Npegara-
€M VCMoNb30BaTb CUCTEMY KPUTEPMEB, XapaKTePU3YIOLWMX Kak CNOCOBHOCTb BEreTaTUBHOWM chepbl K BbXKMBaAHWIO
B YC/IOBUMAX 3aCyXM Ha OCHOBE MEeTOAA KyNbTypbl TKaHU in vitro (CKopocTb GOPMMPOBaHMA KanyCHOM TKaHu, ee
XKM3HECNOCOBHOCTb, YacToTa KasiycoreHe30B), Tak U COCTOSHNE reHepaT!BHOMN chepbl C MOMOLLbIO LUTOreHeTU-
YeCKOoro aHasv3a CEMeHHOro MOTOMCTBA (4acToTa NaToNOrMiA MUTO3a, 0N KNETOK C MUKPOSAPaMM, MUTOTMYECKas
aKTUBHOCTD). LleniecoobpasHoCcTb MpuUMeHeHUsi GUOTEXHONOMMUYECKOro noaxoha 6biia JoKaszaHa C MOMOLLbIO aHa-
N3a YPOBHSA SKCNPECCUN FreHOB CTPECCOBBIX GENTKOB: MeXAY YPOBHEM 3Kcnpeccun reHa AbaH v nokasaTenem xums-
HeCnocobHOCTY KallyCHbIX KyJbTyp YCTaHOBJIEHa CUJIbHasA KOpPenALMOHHas CBA3b, B TOM UKC/IE U Ha NUTaTeNb-
HOW cpefie C AononHUTeNbHbIM cTpeccoBbim areHTom (NaCl). lepeBbs, KoTopble Mo pesysbTaTam aHanv3a MOXHO
OTHECTU K 3aCyXOYCTONUYMBBIM, ClieflyeT PeKOMEHA0BATb [/15 UCMONb30BaHUA B paboTax Mo cenekuyum.

KntoueBble cnoBa: Pinus sylvestris L.; 3acyxa; 3aCyX0yCTOMUMBOCTb; Kanycbl; SKCMPECCUs FeHOB; XM3HECNOCOOHOCTb
KayCHbIX KYNbTyp; MUTO3.

[na yutuposauuna: AMuHesa E.1O., lypees A.l., Tabaukas T.M., MawkuHa O.C., Monos B.H. leHoTunnuyeckas nsamex-
ymBOCTb Pinus sylvestris L. no npusHaky 3aCyxoyCTONYMBOCTU. BaBMNOBCKUIA XXypHan reHeTUKn u cenekumm. 2019;
23(1):15-23. DOI 10.18699/VJ19.456

Genotypic variability of Pinus sylvestris L.
on the drought-resistance attribute

E.Yu. Amineval @, A.P. Gureev?, T.M. Tabatskayal, 0.S. Mashkinal 2, V.N. Popov2

T All-Russian Research Institute of Forest Genetics, Breeding and Biotechnology, Voronezh, Russia
2Voronezh State University, Voronezh, Russia
® e-mail: elena.pardaeva@mail.ru

There was an increase and intensification of droughts in connection with global climate change in recent decades.
Not all plant organisms are able to adapt to changing environmental conditions. Therefore, the question of stress-
resistant (drought-resistant) genotypes selection for breeding is quite urgent. This problem also concerns forest
tree plants, including Scots pine, which is one of the main foresters in the Voronezh region. The results of vegetative
and generative sphere analysis of individual Scotch pine trees with the help of biotechnology, molecular-genetic
and cytogenetic method are given in this study. The possibility of applying the tissue culture method in vitro for
testing initial plants for stress resistance, including drought resistance, is explained by the interconnection of cells,
tissues and the whole plant properties. It is shown that the cytogenetic characteristics of the seed progeny and the
indicators of callusogenic reactions do not always coincide in different genotypes: in some cases energy resources
are spent on ontogeny protection, while, in other cases, to reproductive function maintain. There are trees, in which
the state the generative sphere in arid years is at the level of optimal years, and their callus cultures reaction remains
unchanged even under simulated conditions of drought. Based on the results obtained for the selection of Scots
pine drought-resistant genotypes we suggest applying a system of criteria characterizing both the ability of the
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vegetative sphere to survive in drought conditions on the basis of the tissue culture method in vitro (callus tissue
formation speed, its viability, frequency of callusogenesis), and the state of the generative sphere with the help of
cytogenetic analysis of seed progeny (frequency of mitosis pathologies, the proportion of cells with micronuclei,
mitotic activity). The expediency of applying the biotechnological approach was proved by analysis of the gene
expression level of stress proteins: the level of AbaH gene expression correlates greatly with the indicator of the
viability of callus cultures, including ones on a nutrient medium with an additional stress agent (NaCl). Trees that
can be assigned to drought-resistant ones, according to the results of the analysis, should be recommended for use

in breeding.

Key words: Pinus sylvestris L.; drought; drought-resistance; callus; gene expression; viability of callus cultures; mitosis.
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BBepeHune
3acyxoii Ha3pIBAIOT HEOIATONIPUATHOE COYETAHHE METEOPOIIO-
THYECKUX YCIIOBHH, XapaKTePHU3yIOMNXCS JIUTEIbHBIM U 3Ha-
YUTETBHBIM HEJIOCTATKOM 0Ca/IKOB, MOBBIIICHHON TEMITepary-
PO ¥ TOHMKEHHOH BIaXKHOCTHIO Bo3ayxa (ITaxomosa, 1999).
Ha nomio 3acyx cpenu Bcex aHOMaJIbHBIX TPUPOTHO-KINMa-
TUYECKHX SBIICHUI MPUXOTUTCS 0KOJIo 26 % ciydaes (Tugce,
Yasemin, 2005). 3acyxoyCTOHYUBBIMUA CUATAIOT PACTCHHS,
CIOCOOHBIE IEPEHOCHUTH JUTUTEIbHBIC 3aCyIUTHBbIE IEPHOIBI,
BOJIHBIN IePUIINT, 00€3BOKMBAHNE KIIETOK, TKAaHEH, OPraHoB
C HAUMEHBIINM CHM)KEHHUEM BEreTaTUBHOM U FeHepaTPIBHOﬁ
MIPOAYKTUBHOCTHU. B mepByto ouepeipb, 3aCyX0yCTOMUYMBOCTh
00ycIoBiieHa TeHETHYECKUMH 0COOCHHOCTSIMU OpraHu3Ma 1
3aBUCHUT OT MecTooOuTanus pacrenus (I'enkens, 1982).

CocHna oObikHOBeHHAS (Pinus sylvestris L.) OTHOCHTCS K T10-
poziaM BBICOKOH X03sICTBEHHOM IIEHHOCTH, 00J1a/1aeT r'eHEeTH-
YeCKOi reTepOreHHOCThIO M AKOJIOTHUECKON TIIACTHYHOCTHIO,
MOXKET MPOU3PACTATh B Pa3HOOOPA3HBIX MPUPOJHO-KIMMA-
THYECKUX YCIIOBHSX, Ha ITOYBAX, BOSHUKIINX U3 PA3TUIHBIX
re0JIOTMYECKHUX TIOPOJL, KOTOPbIE OTIINYAIOTCS 110 XUMHUYECKO-
My COCTaBy, yBIakHeHHIO U Tuiogopoaunto ([Ipasaua, 1964;
Mupxkus u 1p., 2000; Kysnenosa, 2010, 2012). Ha teppu-
Topun BopoHexckoi 00macTu cocHa — OIHAa U3 OCHOBHBIX
necoobpasyromux mopon (Yeproay6os, CmoryHoBa, 1998).

Hecwmotpst Ha 1o, utOo P. sylvestris L. oTHOCAT K 3acyxo-
yCTOﬁ‘IHBBlM nopoaamM, CTCECHb €€ TOJICPAHTHOCTH K 3TOMY
cTpeccoBoMy (hakTopy orpanudeHa. OHa ompenenseTcs Hop-
MOH peakly BH/Ia, KOTOPask B K&XKJAOM DPErnoHE UMEET CBOU
BHYTpUNIONYJSIIMOHHBIE TpaHuiibl (Tumodees-PecoBekuii 1
Ip., 1973). CBUAETEIECTBOM TOMY CIYXKHT MacCOBOE€ yCHI-
XaHHUE COCCH Ha TeppuTopruu BopoHeskckoii obacTu BecHOM
2011 r., HacTynuBIIeE MOCIE CUIbHEHIICH JIETHEH 3acyXu
2010 r. (Ky3uemoBa, 2012). HyHO OTMETHTH, YTO YacTh
JIepeBbEB BEDKUIIA. B CBsI3M ¢ 9THM BO3HHMKaeT BOIpoc 00 0T-
00pe 3aCyX0yCTOMYMBBIX TEHOTUIIOB COCHBI OOBIKHOBCHHOM,
MEPCIIEKTUBHBIX B KAUECTBE HCTOYHUKOB CEMSH JIJISI JIECHOTO
X03stiicTBa. YUMTBIBAs TOT (DAKT, YTO 3aCyXOyCTOHYNBBIMHU
CYUTAIOT HC TOJIBKO BBDKHMBIIMEC B YCJIOBUAX 3aCyXH, HO U
CHIOCOOHBIE K MOJIOBOI PENPOAYKIMH MPH JeHUINTE BIaru
pacturensHble oprann3msl (I'enkens, 1982; Tardieu, 2005),
B CBOUX HUCCJIICAOBAHHUAX MBI UCIIOJIB30BAJIN OMOTEXHOJIOTH-
YECKUM, HTUTOr€HETUYECKUN U MOJIEKYJIIPHO-T€HETUYECKUI
METOJIbI /ISl OIIEHKH COCTOSTHHSI BETETaTHBHOM U FeHEpaTHB-
HOM cepbl COCHBI OOBIKHOBEHHOM.

Lenb paboThI — BBIIBUTH FEHOTHITNYECKYIO H3MEHYNBOCTh
COCHBI OOBIKHOBEHHOM IO NMPHU3HAKY 3aCyXOYCTOHYMBOCTH
Ha TeppuTopruu BopoHexkcKoil 00slacTh ¢ UCTIOIb30BaHUEM

Pa3IMYHbIX MTOIX0/I0B, PEKOMEH/10BaTh KPUTEPUH /AT 0TOOpa
3aCyXOyCTOMYMBBIX (POPM COCHBI.

MaTepmanbl n metoabl

HccenenoBanus MpOBOJMIINCH Ha IIECTH OT/ICIBHBIX IEPEBBIX
cocHbI 00bIKHOBEeHHOH (1. 1, 3, 6, 8, 9, 12) u3 copra-nomy-
nsmm cocHa Octporokekas (Kysuenosa, Mamkuna, 2017)
Bo3pactoM 33-35 nert, Il kmacca 6onutera (Kysnerosa, 2010,
2012).

Jnist osryyeHust HEpBUYHBIX KaJUTYCHBIX KYIBTYp in Vitro
COCHBI OOBIKHOBEHHOH B arpene-mMae coOnpaii BETBH € MO-
JIO/ILIMU 3€JIEHBIMH TI00ETraMH, CErMEHTBI KOTOPBIX CITY)KHIIN
9KCcIuIaHTamMu. Vcnonb30Bany nUTaTenbHylo cpery Mypacure
n Ckyra (Murashige, Skoog, 1962) ¢ monoBHHHBIM cojiepika-
HueM Makpocodeii (1/2 MS), 3 % caxapo3oii, peryisropamu
pocra: 6-6em3unamuHonypuH (6-BAIT— 0.5 mr/m), HaTHITyK-
cycnas kucnora (HYK — 2 mr/m), 2.4-nuxnopdeHokcnykeyc-
Hast kucnota (2.4-11 — 1 mr/n). [lonydyeHue u BeIpaluBaHue
KaJITyCHBIX KYJIBTYP OCYIIECTBIISIIN B yCIIOBHAX KyJIbTYpPaJlb-
Ho#t komHaThl: 2000 mroke, 16-4acoBoit GpoTonepron, Temrie-
parypa 25-26 °C. Kax1plil OTJENbHBIN ONBIT MPOBOIUIN B
TpexKpaTHoit moBTOpHOCTH (HEe MeHee 1020 acenTuyecKux
KyJIBTYp JUISl KaXA0ro Jepesa). [IepBHUHYIO KaJUTyCHYIO
TKaHb U30JINPOBAJIM U IIEPEHOCUIIN Ha CBE)KUE MTUTATEIbHBIC
cpexnsl gepes 20-25 cyT oT Havanma KyasTUBHpoBaHusA. Kai-
JIyChl aHAJIM3UPOBAJIM MO TIPH3HAKAM: YACTOTa KAJLTyCOTeHe3a
(UK, %); OTHOILICHHUE KOJIMYESCTBA IKCIUIAHTOB CO CHOPMHU-
POBABIIMMCS KAJITyCOM OTHOCHTENILHO OOIIEro KOJIM4YeCcTBa
9KCIUTAHTOB; CKOPOCTh (POPMHUPOBAHUS KaJUTyCHOW TKaHU
(CK, cyT) — Bpems 00pa3oBaHusl MEPBHIX CIEOB KaJlTyca Ha
skcmanTe; xuszHecnocodHocts (KK, cyT) — ckopocTth pac-
MIPOCTPAHCHUSI MEPTBOH KAJTyCHOM TKaHM, OKPALICHHOH B
TEMHO-KOPUYHEBBI LIBET.

1 ycuneHus cTpeccoBoil Harpy3KH B IUTATEIbHYIO CPEAY
mobasisur NaCl (1 %) (AmmueBa u ap., 2017), mo3Bossro-
LIMH MOAEIUPOBAThH HE TOJIBKO COJIEBOM, HO U OCMOTUYECKUI
cTpecc, CXOKHH Mo MeXaHU3MYy neiicTBus ¢ 3acyxoit (MrHa-
ToBa, 2011).

Toransnyro PHK Beaensin u3 50 Mr TkaHu IEpBUYHOTO
KaJTyca C HCIOIb30BaHNEM KoMMepUaeckoro Habopa ZR-Duet
DNA/RNA MiniPrep (Zymo Research, CIIIA), cornacHo
[pUJIaraeMoMy MpoTokoy. Peakiuio oOpaTHOW TpaHCKpHII-
IIUH TIPOBOIUIIN C IPUMEHEHHEM 00paTHOI TPaHCKPUITA3hI
M-MuLV (Evrogen, Poccus) (40 en.). AHanm3upoBam 3Kc-
MIPECCHIO YEThIPEX T'€HOB MEPBUYHBIX KaJUIyCHBIX KYJIBTYD:
AbaH, LEA, ADC, GapCl. Vicnonp30Banu CIeAyIONINE
npaiimepsl: AbaH (abscisic acid and water-stress induced
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protein): F-5'-AGGACAACGTTAATTCTGGCTC-3’,
R-5"-AATCGGCCTTATAACCAGTGTCG-3" (Voronova
et al., 2011); LEA (late embryogenesis abundant pro-
tein): F-5'-TCCGCAGAGGTTACAGACATCG-3', R-5'-
CTATTTGCGCTCAGGAGTCGAA-3' (Voronova et al.,
2011); ADC (arginine decarboxylase): F-5'-AGAAATTG
GGGATGCTGGAT-3', R-5'-GCCATCACGATTGTATT
CACC-3' (Vuosku et al., 2006). B xauecTBe pedepeHcHOTO
rena paccmarpuBasin GapCl (glyceraldehyde-3-phosphate
dehydrogenase): F-5'-ACGGTTTTGGTCGAATTG-3', R-5'-
CCCACGAGCTCGATATCAT-3" (Voronova et al., 2011).
K nacrosimemy BpeMeHH I'eHOM COCHBI OOBIKHOBEHHOM MOJ-
HOCTBIO He u3yueH. Jlist nccieioBaHmst ObUIN B3sITI MMEHHO
9TH TeHBI, TaK KaK U3BECTHO, YTO B YCIOBHUSX CTPECCa, B TOM
YHCIIe U TIPH 3acyXe, 0TMEYAETCsI M3MEHEHUE X AKTHBHOCTH
(Vuosku et al., 2006; Voronova et al., 2011).

B xone nuroreHeTHUECKUX UCCIIEA0BAaHUI aHAJIN3UPOBAIIN
CEMEHHOE MOTOMCTBO COCHBI OOBIKHOBEHHOH OT CBOOOTHOTO
onbuieHus. CeMeHa 3aroTaBiInBaJIv B FOJbl, KOHTPACTHBIE 110
noroxHeM yenoBusim: 2011, 2015 — 6maronpusitasie; 2010,
2012, 2014 — pasnuyaromyecs 1o THIaM 3aCyX U CTENEHH UX
BO3/ICHCTBHS Ha TeHEPaTHBHYIO chepy COCHBI OOBIKHOBEHHOM.
B 2010 1. Ha TeppuTopun Bcero LlenTpansHo-UYepHO3eMHOTO
pationa (I{UP) nabmonannce Becennsist u sietHsist 3acyxu (Llla-
kuHa, 2011), cABHHYBIIHE PENIPOLYKTUBHBIE TPOLIECCHI COCHBI
Ha 6onee pannue cpoku (Kysuerona, 2012). 3acyxa 2012 1.
(BeceHHsIsT) MpUBETa K OMa ly HIMIIEK BTOPOTO To/ia Pa3BUTHS
Ha Bcell Tepputopun Boponexckoit oonmactu. B 2014 r. Ha-
O1r0/1a1ach MO3/IHSS OCEHHSIS 3aCyXa, B OCHOBHOM OKa3aBIlIast
BO3/ICHCTBHE HA BEreTaTHBHYIO Cepy COCHBI (OKEITCHUE
1 OmaJi XBOM), TaK)Ke CIIOCOOCTBOBABIIASI pPAHHEMY PacKpbl-
Banmro mmmek (Kysuerosa, 2015).

[Ipopoctku anuHo# 0.5—1 cM PuUKCHpPOBAIM B CIIMPTOBO-
yKkcycHo# cMmecH (3:1) B yrpeHHue yachl. JlaBieHble MUKpO-
npenaparsl u3rorasiusainu 1no meronuke JI.LA. Tonunbckoin
¢ xomteramu (1975), B Hame#t mopudukanuu. Ux anamus
[IPOBOAMIIM HAa MHUKpOCKone MuKMen-5 Npu yBeIMYEHUU
40%1.5%10. Mukpo(hoTOCHEMKY OCYIIECTBISIIH C TOMOIIIBIO
mdposoit kameps! okyasipa DCMS500. Llurorenernaecknit
aHaJN3 CEMEHHOI'O ITOTOMCTBA MPOBOAMICA JUISI KaXKAO0TrO
nepesa otaensHO. [IpocMarpuBany He Menee 10 KopenrkoB
MPOPOCTKOB C reHoTHIa. AHanu3uposanu He meHee 100 ne-
JISILIMXCS KIIETOK KOPHEBOM MEPHCTEMBI C Ka)KJIOTO Iperapara
IO CIIEAYIONIMM MapaMeTpaM: 4acToTa U CIIEKTP MaToJIoThi
muro3a (IIM, %), gacTora BCTpedaeMOCTH KIETOK C MUKPO-
saapamu (%), mutoTHdeckast akTuBHOCTh (MA, %). MuTtoTH-
YEeCKYI0 aKTUBHOCTB onpenessiti B 9—10 1 yrpa (byropuna n
ap., 2002). st cpenneii monockl Poccun B HOpMe 3HaUCHNE
nokazarenss MA kone6nercst ot 6.0 no 8.7 % (Byropuna u
ap., 2001).

Craructnieckyto 00pabOTKy JaHHBIX ITPOBOAMIM C IO-
MolipIo porpamm Statistica u Stadia. [yiss cpaBHCHHS BbI-
OGOpOK 0 KauTyCOTeHHOH 3(PPEKTHBHOCTH, IKCTIPECCHH Te-
HOB, a Takxke o MA ucnons3oBanu t-kputepuil CTbroeH-
ta. CpaBHEeHHE BEIOOPOK I10 ATOJIOTUSIM MUTO32 OCYIIECTBIIS-
JIM ¢ IoMoUIbI0 Kputepust Ban-nep-Bapaena. Pasauiy mexay
CPaBHHMBACMbIMH TOKA3ATEISIMU CUMTAIN JJOCTOBEPHOI TpH
p<0.05; p<0.01; p <0.001. CBs3b MOKa3aTeNeH KAILIYCO-
TEHHBIX PEaKINi U yPOBHS KCIIPECCUH T€HOB ONPENEIISITH
Ha 0CHOBE Ko dumenTa koppensuun Croupmena (7). Kop-
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PENAUI0 CYUTANN OTINYHON oT Hynda npu p < 0.05. Cuy
KOPPEISIIMOHHOMN CBSA3H BBISBIISIIN IO CIIEAYIOIINM HHTEPBa-
JaM 3HadeHnit koadpunnenra koppemsiuuu: ot 0.6 no 1.0 —
Bbicokast, oT 0.3 10 0.59 — cpennss, ot 0 1o 0.29 — HU3Kas.

Pe3ynbtatbl

B xozme aHanmza peakiuy KaJUTyCHBIX KYJBTYP Ha yCJIOBUS
KyJIBTUBHUPOBAHUSA IS OKCIUIAHTOB 1. 5, 7, 8, 11, 14 dhopmu-
pOBaHME KaJUTyCHOM TKaHW OTMEYaloch Ha 4—7-¢ CyT, B TO
Bpems Kak y 1. 2, 6, 9, 10, 12 cpoku cmemens Ha 10—14-¢
cyT (tabmn. 1). Pasamma mo mpusnaky CK mpowmmiroctpupo-
BaHa Ha pHc. 1: kK 15-M cyT Ky/IbTHBUPOBaHHS Ha SKCIUIAHTE

Ta6bnuua 1. OueHka 3gpdeKTUBHOCTY KanycoreHesa
CcTe6neBoW TKaHM COCHbl 0ObIKHOBEHHOW B 3aBMCMMOCTHU
OT reHOTMMNa UCXOHbIX AePEBbEB

Homep CkopocTb YactoTta MKmn3HecnocobHOCTb
gepeBa GOPMMPOBAHMA  KallycoreHesa, KasnyCHOW TKaHW,
KanycHow TkaHu, % cyT

0.6

Puc. 1. PasHuua B ckopocTn popMUPOBaHNA KaslyCHOW TKaHW Ha 3KC-
nnaHTax PasnuyHbIX reHOTUMNOB COCHbI 0ObIKHOBEHHO in Vitro (15-e cyT
KyNbTUBMPOBaHWA).
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Tabnuua 2. X1M3HecnocobHOCTb KanycHbIX KynbTyp (CyT)
Pa3/INYHbIX FEHOTMNOB COCHbl OObIKHOBEHHOW B YCNOBUAX
ZOMNOHUTENbHON cTpeccoBoit Harpy3ku (1 % NaCl)

[eHoTUn KoHTponb 1% NadCl
..... 1”7i120
3 ...................... 164i23 ............................... 159i18 .............................
6 ........................ 97i” ............................... 0 ..........................................
8 ...................... 2 25i31 ................................ 2 23122 .............................
9 ...................... 107i13 ............................... 0 ..........................................
12 ...................... 155121 ................................ 149i16 .............................

n.8 a.9

Puc. 2. Peakuma KannycCHbIX KyJbTyp PasfinyHbIX FeHOTUMOB COCHbI
0ObIKHOBEHHO B OTBET Ha «3aconeHune» nutatenbHom cpeabl 1 % NaCl
(10-e cyT KynbTMBUPOBAHNA).

25r1 B AbaH
LEA

YpoBeHb 3Kcnpeccmmn

leHoTVIN

Puc. 3. YposeHb 3kcnpeccumn reHos (AbaH, LEA, ADC) B npobax nepsuy-
HOW KannycHoW TKaHn nccnefyembiX reHOTUMOB COCHbI 0BbIKHOBEHHOIA.

Pa3Huua c g. 6 foctoBepHa npu *p <0.05.

JI. 6 OTMEUAIOTCS JIMIIIb CIIe/bl KAJTyCHOM TKaHH, B TO BPEMsI
KaK Ha DKCIUIAHTE [. 8§ KAJUTyCHBIC KJIIETKHA aKTUBHO IPOJIH-
(hepupytor.

Hocrosepras pazuauma (p < 0.05) Habiroganace u 1Mo Ipu-
3aaky YK (cm. Tadm. 1). Tak, x. 5, 8, 11, 12 umenu cambie

Genotypic variability of Pinus sylvestris L.
on the drought-resistance attribute

Beicokue 3Hauenuss UK, 6omee 80 %: 80.0+5.0; 91.8+3.1;
81.2+6.8; 86.3+4.5 % coorBercTtBenHo. s a. 1, 6, 10,
13 yposens UK ne npessiman 3Hauenus 50 %: 40.0+4.5;
33.3+2.8;33.3+5.6;41.6+3.2 % COOTBETCTBEHHO.

Hdnan. 1,3,6,8,9, 12 npoBoanim SKCIEPIMEHTHI B MOJIEIH-
PYEMBIX YCIIOBHSIX CTPECCa, OMPEAEIISIN YPOBEHb IKCIIPECCUH
I'€HOB CTPECCOBBIX OEIIKOB, a TAKIKE aHAJIM3UPOBAIN COCTO-
STHUE TeHePaTUBHON cephl B AMHAMUKE JeT (cM. Tadm. 1).

Ha ciemyromiem stare oCyIecTBIsUIMCH PadOThI B MOJIEIIH-
PYEMBIX YCIIOBHUSIX 3aCyXH, KOTOPbIE 00ECIICYMBAINCH 32 CUET
BBE/ICHNS B MHUTATENIBHYIO CPEly JOMOIHUTENBHOTO CTpec-
cosoro areHta — NaCl (1 %). KamrycHble KynbTypbl Tpex
nepeBbeB (1. 3, 8, 12) He pearupoBaiv Ha T00ABJICHUE COJIH,
UX KH3HECMOCOOHOCTh OCTAaBaIaCh HA TOM XK€ YPOBHE, UTO U
B KOHTPOJILHOM BapuanTe. s kanmycos 1. 1, 6, 9k 15-M cyT
KyJIbTUBUpOBaHMs oTMedanach 100 % HekpoTusarus (Tadi. 2).
Ha puc. 2 noka3aHa pa3HHIa B PEaKIIUH KaJUTyCHBIX KYJIBTYP
I. 8 ¥ 1. 9 Mo MpU3HaKy >)KU3HECIIOCOOHOCTH B OTBET Ha 3a-
COJICHHE MMUTATeIbHOH cpebl: K 10-M CyT KyJIbTUBHPOBAHUS
KaJryc 7. 8 ocTaeTcsl KU3HECIOCOOHBIM, KalTyCHas TKaHb
1. 9 XapakTepu3yeTcst OOIINPHBIMU OYaraM MEpTBOH TKaHH.

AHanu3 akTUBHOCTH F'€HOB IIOKA3aJI: YPOBEHb HKCIIPECCHU
reHa AbaH B KaJlIyCHBIX KyJNbTypax JEPEBbEB C HU3KUMHU
MIOKA3aTeNsIMI KaJUTyCOT€HHON aKTHBHOCTH OBLI HMXKE I10
cpaBHEHMIO ¢ ocTanbHbIMU (puc. 3). Tak, ans n. 6 9To 3Ha-
gerne coctasmiio 0.05, Torma kak 1uis 1. 9 ¢ BEICOKO KaJuTy-
COTEHHOM aKTUBHOCTBIO — 1.0. Mex 1y ypoBHEM DKCIIpECCUU
JIAaHHOTO T'€Ha U 110Ka3aTesIeM )KU3HECIIOCOOHOCTH KaJUTyCHBIX
KyJIbTYp YCTaHOBJIEHA CHJIbHAsI KOPPEISAIHOHHAS CBA3b, B
TOM 4mcIe ¥ Ha muTarenbHoi cpene ¢ NaCl (7, = 0.75 1 0.65
COOTBETCTBEHHO).

Okcmpeccus reHa LEA TOBBIIIEHa Y KaJUTYCHBIX KYIBTYP
n.1,6,9:0.83£0.07; 1.13£0.06; 1.0£0.5 cooTBETCTBEHHO.
CHmxenue 3xcrpeccuu reHa ADC oTMedaeTcst Al KYJIbTyp
1.3u8:0.53+0.610.22+0.1 COOTBETCTBEHHO.

OnHaKo TaHHBIE 110 YPOBHIO SKCHPECCHHU ITHX JIBYX TCHOB
HE COBIIAJIAIOT C OOIICH TeHACHIUCH moKa3areiel Kautyco-
TEHHBIX Peaknuil. Mexk 1y ypoBHEM SKCIIPECCHH UCCIIETYyEeMbIX
TCHOB BBISBHIIM MOJOXHUTEIbHYIO CHIBHYIO KOPPEISIINIO
mexay LEA u ADC (r;= 0.7). Mexny renamu AbaH v LEA,
a taxoke AbaH n ADC cnabast oTpuLaTeIbHas KOPPEIALIUsI
(r,=—0.1 B 00OMX CITyJasx).

B Xozme HUTOreHeTHYEeCKOro aHajau3a CEMEHHOI'O MOTOM-
CTBa COCHBI OOBIKHOBEHHOM I10 4aCTOTE MATOJIOTUIl MUTO3a
HU B OJIMH TOJ] UCCIIEAOBAHUS 3HAYMTEIHBIX IPEBBIMICHNI
HOPMBI HE OTMEYEHO, ToJIbKO B 2012 . 11 moTomceTBa 1. 6 —
5.1+2.3 % (tabm. 3).

Muxkposiapa (puc. 4) B KJIeTKaX MOTYT HPHUBOIUTH K IH-
TOTCHETHYCCKON HECTAOMIBbHOCTH KIICTOYHBIX MOIYJISIIIHIA
(UnmeuaCcKuX # ap., 1988; byropuna u ap., 2005). Tak, ans
1. 6, yactora IIM koroporo B 2012 1. cocraBuna 5.1+2.3 %,
JTOJISL KIIETOK C MUKpPOsiZipamMu B 3Tu ro/sl 0bu1a 0.1+0.07 %.
OnHaKo ISl TIOTOMCTBA JIEPEBBEB, UbM ITOKA3aTENH YaCTOThI
ITM 651t Menee 3 % Wil npeBBIIaNy 3Ty U Py He3HAYHU-
TEJIHO, OTMEUaJICsl HU3KUI yPOBEHb COJIEPIKaHUS MUKPOSAED:
o.3,8, 12

3a Bce TO/BI MCCIIeJOBAaHNH OBIIIO OOHApYXEeHO 9 THIIOB
[IM: 1 — oTcTaBaHKe XpOMOCOM B METaknHe3e; 2 — 00ocobite-
HHUE XPOMOCOM U TPYTIIT XpOMOCOM B MeTadase (puc. 5, a); 3 —
(parmenTs! XxpomMocoM B MeTadasze u anadasze (cM. puc. 5, 0);
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0.C. MawkuHa, B.H. MNonos Mo NPU3HAKY 3aCyX0yCTONUYNBOCTA 23.1
Ta6nuua 3. YactoTta natonornyeckmx MMTo3oB (%) B CeMeHHOM NMOTOMCTBE LepPeBbEB
copTa-nonynauumn cocHa OCTPOroxcKkas B rofbl, pasnmyaroLmecsa no norogHbiM yCsoBUAM
Homep 2010r., 2011, 2012r., 2014r., 2015,
fepesa BECEHHAA 1 NeTHAA  BnaronpuATHbLIN BeCeHHAA 3acyxa OCeHHAA 3acyxa 61aronpuATHLIN
3acyxu
1 3.8+0.3 1.5+0.4 3.8+0.3 25+0.6 1.6+0.6
3 2.6+0.3 1.5+0.3 23+1.6 24+04 1.2+04
6 3.5+04 2.5+0.5 51+23 3.3+09 3111
8 2.7+0.1 0.5+0.3 25+1.8 1.7+0.6 1.4+0.5
9 3.7+0.2 1.9+0.6 3.0+1.3 2.1+0.6 24+0.8
12 2.2+0.2 1.4+0.9 32+1.4 3.1+£0.8 1.5+0.5
025
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Puc. 4. D,Oﬂﬂ KNeToK C MMKposAagpamMim B MOTOMCTBE COCHbI 0ObIKHOBEHHO B KOHTpPaCTHbI€ NO NOrogHbIM yCNIOBUAM rofbl.

PasHuLa ¢ A. 6 focToBepHa npu *p < 0.01; **p < 0.001.

Puc. 5. Tvinbl natonormin MUTO3a, BCTPeYatowmecs B KNeTKax KOPHEBON MEPUCTEMBI COCHbl OObIKHOBEHHOW: d — 060cobneHne
rpynmnbl XpOMOCOM B MeTadase; 6 — pparMeHTbl XPOMOCOM B MeTadase; 8, 2 — MOCTbI B aHada3e (8 — pa3opBaHHbIi MOCT) 1 Tenoda-
3e (2 — MHOXeCTBEHHbIE MOCTbI); O — CJIOXHble HapyLueHUsA (GparMeHT XPOMOCOMbI + KOJbLieBas XPOMOCOMa).

4 — orcraBanue B aHagase; 5 — 3aberanue B aHagasze 1 Me-
Ta-aHadase; 6 — HepaBHOLIEHHOE PACXOXkKICHHE XPOMOCOM B
anagasze; 7 — MocThl B aHadase u tenodase (cM. puc. 5, 6 U
5, 2); 8 — ciioXHBIe HapyIIeHUs (CM. puc. 5, 0); 9 — KoJbLa B
MeTa-, aHa-, MeTa-aHadase.

Bce Tumbl HapyIeHnit MUTO3a OBUTH YCIIOBHO pa3IeIeHbI
Ha TPYMIIBL: XpoMocoMHbIe (THr 3, 7, 9), reHomHBIe (Th 1, 2,

FEHO®OH/, U CENEKLNA PACTEHUI / PLANT GENE POOL AND BREEDING

4,5, 6), cnoxusle (tur 8). M3 muarpaMMel Ha puc. 6 CIEayeT,
4TO mocje oceHHel 3acyxu 2014 . ypoBeHb XPOMOCOMHBIX
MaToJIOrnii mocTeneHHo cHxkaercst. Ecim B motomcree 2010 T
YPOBEHb CTPYKTYPHBIX HapyIICHHH OBbUI caMblii HU3KHHA —
32.2 %, o B 2011 1. (onTUMaJbHBINA MO MOTOJHBIM YCJIOBHU-
sM) 3HaYCHHWE JAHHOTO TOKasaTelns Bo3pactaeT a0 83.4 %.
B nocnenyronye roasl Takke HaOmomaeTcs mpeodaianne
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Puc. 6. CnekTp naTonornii MMTo3a B CEMEHHOM MOTOMCTBE COCHbI OObIK-
HOBEHHO B rOAbI, pas/inyaioLmecs no norogHbIM yCOBUAM.

XpOMOCOMHBIX abepparmii: 2012 . —70.5 %, 2014 1. — 72.3 %.
W mums ¢ 2015 1. oTMewaeTcss CHIKEHHE YPOBHS JAaHHOTO
nokaszareis — 65.6 %.

B rox anomaneHOU sieTHe# 3acyxu (2010) HaOIHOIATOCH
MHOTOKPAaTHOE NPEBBILIEHNE MO MoKazareno MA, npuuem
JUIsl TIOTOMCTBA HEKOTOPBIX JIEPEeBBhEB OoJiee YyeM B JiBa pasa:
1.1, 6,9 (tadn. 4). B 2012 r.,, oka3aBiieM cuibHelIee Bo3-
JIeficTBHE Ha TeHEPaTHBHYIO c(hepy COCHBI OOBIKHOBEHHOM
no Bcemy LIUP, Habmonanock He3HAYNTEILHOE YTHETEHHUE
MUTOTHYECCKOH aktuBHOCTH 1t 1. 6 (5.8+1.5 %) u Tarke
npebrmenue s 1. 9 (9.0 1.5 %). B memom B 3TOT 1 110-
CJIelyIoIIne To/IbI TToKas3aTenb MA OblT B HOpMe (CM. Tad. 4).

O6cyxpeHue

D¢ PEeKTUBHOCTH KaJUTyCOTeHE3a, B IEPBYIO OUCPE/lb, 3aBUCUT
OT FeHOTUITMYECKUX OCOOCHHOCTEH MCXOJHBIX PAaCTEHUH
(Murashige, 1962; JIyroBa, 2010; Kynax, 2011). B cBs3u ¢
9THM yXX€ Ha MPOTSHKEHUH MHOTHX JIET BEILyTCsl UCCIIEA0BaA-
HUSI, CBU/IETEIIbCTBYIOIINE O LIEJIECO00Pa3HOCTH TPUMEHEHUS
METO/a KYIBTYPbI TKaHH in Vitro Al N3y9eHHs yCTOHYMBOCTH
pacTeHui K pa3InYHBIM CTPECCOBBIM (haKTOpaM, B TOM YHCIIC
n k 3acyxe (Tepnernkas u ap., 2008; PocceeB u ap., 2010,
2016; Eroposa, 2011).

[TokazaHo, 4TO pa3iIn4Ms MOXKHO HaONIONATh yKe Ha Ha-
YaJIbHBIX dTarnax GopMupoBaHus KaurycHoi Tkanu (LLectu-
OparoB u np., 2008; Cobonesa, 2013). Jlannsri ¢axt moa-
TBEP>KIAEH M HAMH: CPOKH TOSIBJICHUS IIEPBBIX CIIEJIOB KaJuTyca
B 3aBUCHMOCTH OT UCXOHOTO reHOTHMa pa3usTcs ot 4.7 (1. 8)
1o 13.6 (1. 13) cyT. YcranosneHo, uro Oonpmuii ypoBeHs UK
XapakTepeH JUTs KaJUTyCHBIX KYJIBTYD, TIeproz (POPMUPOBAHNUS

Genotypic variability of Pinus sylvestris L.
on the drought-resistance attribute

KaJIJTyCHOM TKaHU KOTOPBIX CIBUHYT Ha 00JIee paHHUE CPOKH,
1 HA000pOT — JIEPEBDsI, Y KOTOPBIX MPOIIECC KaJITyCoreHe3a
nien Mo3Xe, XapakTepu30Baaich HU3kuM ypoBHeM UK. Mex-
1y KK u apyrumu noka3aresiMH CyIECTBYET B3aUMOCBS3b!
9KCIUIAHTBI, Ha KOTOPBIX (POPMHUPOBAHNE KAJUTyCa MPOUCXOANUT
paHbIle, XapaKTepU3YIOTCs M Oosiee BHICOKMMHU 3HAYCHUSIMHU
no napamerpam YK, KK 1 Ha000pOT — SKCIUIAHTBI, TTO3KE
JIpyrux (popMHPYIOIINE KaIyCHYIO TKaHb, HIMEIOT HU3KUI
yposenb UK 1 JKK, uTo ObUT0 TOKa3aHO € TIOMOIIBIO KOPPEIs-
LIMOHHOI'0 aHAJIM3a II0IyYCHHbIX 3HaUeHul. BeIsBiIeHa OoTpU-
[aTeNbHast KOPPEISIIuUs CPeJHEH CHITbI MEXK Ty MOKa3aTeJIIMH
CKu XK (r,=-0.57), cunbHas oTpHIaTeIbHas CBA3b — MEXKILY
CKu YK (r,=-0.64). CunbHas I0J0KUTENbHAS KOPPEIALMs
orMedanack Mexay YK — KK (r, = 0.79).

OnHUM U3 HHAUKAaTOPOB CTPECCOBOTO COCTOSHUS paCTEHHUI
SIBJISIETCSI OBBILIIEHUE YPOBHs adciu30Boi kuciaoTsl (ABK),
KOTOpasi, B CBOIO OYEPEb, N3MEHSIET SKCIIPECCHIO TeHEeTHYe-
CKHX ITporpamM B KireTkax (Skoser, 2009). M3BecTHO, UTO HKC-
npeccusi reHa AbaH B TKaHSIX COCHBI OOBIKHOBEHHOH MOBBIIIIA-
eTcsl B Pe3yIlbTaTe BO3/1eHCTBHS Ha OPraHU3M 00€3BOKUBAHUS
6o Bricokux KoHIeHTpamuii ABK (Voronova et al., 2011).
Bbruta ycTaHOBJIEHA CHIIBHAS KOPPENSAILMOHHAS CBSI3b MEXKIY
YPOBHEM 3KCHPECCHH JaHHOTO Te€Ha M MOKa3aTeleM JKU3-
HECMIOCOOHOCTH KaJLTYCHBIX KyJIbTyp (7, = 0.75 m r, = 0.65
B YCJIOBHUSIX JOMOJHUTENBHOI CTpeccOBON Harpysku), 4yTo
CBUJICTENIBCTBYET O 11€7I€CO00PA3ZHOCTH MPUMEHEHHUS METOA
KyJIbTYPBI TKAHU AJIS1 MHIUKALUK CTPECCOYCTONYUBOCTH Jie-
PEBbEB COCHBI OOBIKHOBEHHOH.

Benku-nernapuns! cemeiictea LEA mpu HopMaisHOM BO-
JIOCHA0XXEHUU PACTCHUI OOBIYHO CHHTE3UPYIOTCS B 3apO-
JIBIIIAX Ha CTaJWSX MO3JHEro smOpuoreHesa. B mucThsix B
HOPMaJIBHBIX YCIIOBUSIX 3TH OC€IKM HE OOHApY’>KEHBI, X Ha-
xorneHue naynupyer ABK, cunTesnpyromascs B OTBET Ha
BozeiicTue 3acyxu. [en ADC orBeyaet 3a paboTy apriuHUH
JIeKapOOKCHIIa3bl, OIPEACIIAIONIEH POLECC MEPEXoAa apru-
HuHa B nosimaMunsl (Yang et al., 2010). YposeHs skcnipeccuu
9TUX JBYX reHoB (LEA nu ADC) He coBnaziaer ¢ oduien TeH-
JICHITMEH T10 TTOKa3aTelIsIM KaJTyCOTeHHBIX PEaKIMH HCCIIeLy-
€MBIX JIepeBbEB, TprueM Mexay AbaH i LEA, a taxxe AbaH
u ADC ormeuaercs cnabas koppensauus (r, = —0.1 B o6oux
CITydasx).

Hacrora IIM 10CTOBEpHO OTpakaeT ypOBEHb NOBPEXKICHUI
JIHK u creneHb BO3IEHCTBUS CTPECCOBOrO (pakropa Ha Co-
cTostHHE TeHepaTuBHO cdepsl cocHsl ([Tapnaesa u np., 2013).
Psinom nccnenosarenel ycTaHOBIEHO, UTO B CpeHEN OJ0CE

Ta6nuua 4. MuToTUYECKas akTMBHOCTb (%) B CEMEHHOM NMOTOMCTBE AE€PEBbEB COCHbI 0ObIKHOBEHHOM

B KOHTpPaCTHble NO NOrogHbIM yCJIOBUAM rofbl

Homep 2010r., 2011, 2012r., 2014r., 2015,

nepeBa BECEHHAA U NETHAA 3aCyxn  6aronpuATHbIN BECEHHAA 3acyxa OCeHHAA 3acyxa 6naronpuATHbIN
..... 11894_,9887+0787+1567i0475+04
..... 3 1554_,3634i0680+1264i0571i21
..... 6 202i4594+1058+1570¢0558+03
..... 8 115155804_,0481+2765i0383i14
..... 9 187i5389i2190+1566i0482i06
12 .................. 167i40 .................................. 8 Oio4 .............................. 8 5+21 ............................... 7 2104 .............................. 6 9104 ............................
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Poccun aiist cocHbl 0OBIKHOBEHHOMH ypoBeHb YacToThl [IM B
HOpME He JI0JbKeH npessimars 5 % (Byropuna u ap., 2005).
Hwu B omH Toz1 MiccnienoBaHMs MPEBBIIIEHIH HOPMBI HE OTME-
4eHo. YTo KacaeTcst 4aCTOThI BCTPEYaeMOCTH KIJIETOK C MUKPO-
ApaMH, TO UX MOBBIIIEHHOE COJepKaHNne OBbLIO XapaKTePHO
JUIS| TTOTOMCTBA JIEPEBbEB C HAMOOJIBIINM 3HAY€HHEM YaCTOTHI
IIM: 1. 1, 6, 9. [Ipeobnaanre XpOMOCOMHBIX HapyIICHUH B
moroMcTBe 2014 . MOXKXHO OOBSICHUTH JAEWCTBHEM OCEHHEH
3acyxu. C 2015 r. oTMedaeTcst HOCTENEHHOE CHUYKEHNE YPOBHS
CTPYKTYPHBIX adeppaliuii B IOTOMCTBE UCCIICYEMbIX JICPCBb-
€B BBUJY OTCYTCTBHS 3aCyXH.

MuroTHyeckast akTHBHOCTh 00y CIIOBIICHA TEHETHUECKIMU
ocoOeHHOCTsIMH oprann3ma. Kpome Toro, Ha ee nposiBjieHue
MOT'YT OKa3bIBaTh 3HAYUTEIHLHOE BINSHUE U (PaKTOPHI BHEIII-
Hel cpeJibl, TPUYEeM He BCeT/ia TPOUCXOIUT CHIDKCHNE YPOBHS
KJIETOYHOTO JieJieHnsl. B HEeKOTOpBIX ciydasx HaOloaaercs
ero aktuBanus (Mutpodanos, 1969). Tak, B rox aHoManTsHON
3acyxu (2010 r.) HabmI0aI0Ch MHOTOKPATHOE MPEBBIIIICHUE
[0 JaHHOMY [10Ka3aTesto, IPUYeM JUIsi TIOTOMCTBa HEKOTO-
PBIX nepeBbeB Oonee yem B ABa paza — 18.9+9.8 % (m. 1),
20.2+4.5 % (n. 6), 18.7£5.3 % (un. 9). B ocranbHbIC TOIBI
HCCIICAOBAaHUs 3HAYUTCIIbHBIX HapylHeHl/Iﬁ OTMCYCHO HC 6])1.]'[0.

YacTo crpecc MPUBOIUT K MEPEPACTIPEACICHHIO SHEPTe-
THYECKHX 3aTPaT MEXKIy BETeTaTUBHOM U TeHEPaTUBHOM ce-
pamu pactenuii (Spiess, 1989; Yemanos u ap., 2001), T.e. B
MIEPBOM CITydae OOJIbIIIast 4aCTh PECYPCOB TPATHTCS Ha 3aIIUTY
OHTOTEHE3a, @ BO BTOPOM — Ha MTOAJIEPKaHue PENPOyKTHBHOM
(yHKLIMM pacTeHus. Pe3ynbrarhl IpoBeIeHHBIX HCCIII0BAHUH
MOATBEPKIAIOT ATOT (HaKT.

YacTp ucciIeayeMbIX IepeBbEB NMeEJIa BHICOKHE TIOKa3are-
JIM, COIVIACHO PE3yJIbTaTaM, NOJIy4YeHHBIM Ha OCHOBE HCIIOJb-
30BaHHBIX MeToAuK (4. 3, 8, 12). Tak, Hampumep, cCeMeHHOE
MIOTOMCTBO JI. 8 B roj1 aHOMasbHOM 3acyxu (2010 .) xapakre-
pu3syeTcst HU3KuM ypoBHeM yacToTsl [IM (2.7+0.1 %). Hons
KJIETOK C MUKpOsiApaMu Takxke HeBbicoka —0.05+0.01 %. Uto
KacaeTcs KaJllTyCOTeHHON CITOCOOHOCTH SKCIIIIAHTOB JTAHHOTO
JIepeBa 1 peakiMy KaJsIyCOB Ha yCIIOBUS KyJIIbTUBUPOBAHUSL, TO
JUISl HETO TaKKe OTMEUAroTCs BRICOKHE MoKazarenu. [TepBoie
CJIe/IbI KAJUTyCHOM TKaHU CTAJIH TOSIBISITHCS YoKE K 4—5-M CyT
KyJIbTUBUPOBaHHUs, 110Ka3aTellb YaCTOThl KaJIycoreHes3a co-
craBmi 91.8+3.1 %. )KnuznecrnocoOHOCTh KayuTycoB A. 8 OblIa
BBICOKOM HE TOJIBKO Ha cpeje 0e3 yCHIIEHHOH cTpeccoBOi
Harpysku (22.5+3.1 cyT), HO ¥ B MOZACTUPYEMBIX YCIOBHSIX
3acyxu Ha cpezie ¢ gobaBnennem NaCl (1 %) —22.3+2.2 cyt.

Junst npyrux nepesbeB (1. 1, 6) Obutn XapakTepHbl HU3KHE
MOKa3aTeNId [IUTOICHETHYECKUX [TapaMeTPOB M KaJlIyCOTeH-
HBIX peakmuid. Tak, mist a. 6 B 2012 1. (BeceHHsS 3acyxa)
oTMedvascs BBICOKUI ypoBeHb [IM, He3HaYNTEIBHO MPEBBI-
mrarouit Hopmy B 5 %, — 5.1+£2.3 %, 107151 KIIETOK ¢ MUKPO-
saapamu 6bu1a Takxke 3aBpiaieHHOI: 0.1+0.07 %. ®opmupo-
BaHME KaJllyca MPHUIUIOCH HA 13-e CyT KyJIbTHBHUPOBAHUS,
yacToTa KajurycoreHesa — 33.3+2.8 %, ku3HecriocoOHOCTh
KyasTyp — 11.04 1.0 cyT, 94To0 B 1Ba paza MEHBbIIIE, 4eM y 1. 8.
B ycnoBusix Mozenupyemoii 3acyxu, Ha MUTATEIbHON cperie
¢ nobasnenneM NaCl (1 %), pocT kayuTyCHO TKaHu 1. 6 T0JI-
HOCTBIO Tpekpamancs, u K 10—15-M cyT KyJIsTHBHPOBAHUS
HabOromanack ee 100 % HeKpoTH3aIHs.

IIpucyTcTBYIOT AEpEBbsSl U C BBICOKMMU I10KAa3aTEIIMU
KaJUTyCOTE€HHBIX PEaKIHii, HO ¢ MOBbIILIEHHOW yacToToi [IM
1 KJIETOK C MUKposiipamMu. Hanprumep, B cCeMEHHOM ITOTOMCTBE
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I. 9 npu yactoTte KajurycoreHesa 68.9+6.9 % ormevanach
BBICOKAsI 4aCTOTa BCTPEUAEMOCTH KIIETOK C MHKPOSPaMH
(2010 ) — 0.10+0.01 %.

3aknioyeHune

Hcxoas m3 BbINIECKA3aHHOTO, MOXKHO CHIENATh BBIBOA, YTO
0TOOp 3aCyXOYyCTOMUYUBBIX PACTCHHI HEOOXOIMMO BECTH HE
TOJIBKO TI0 TTOKA3aTelsIM, XapaKTePU3YIOIIM COCTOSHHE BETe-
TaTUBHOH C(ephl B YCIOBHAX 3aCyXH, HO U YUUTHIBAsI COCTO-
ssHue reHepatuBHON. C 3TOH 1eTbI0 MpejiaraeM IpUMeHsTh
CHCTEMY KPUTEPHEB, XapaKTEPU3YIOMNX KaK CIOCOOHOCTD
€aMoro JepeBa K BbDKHBAHUIO B 3aCYIUINBBIX YCIOBHAX Ha
OCHOBE METO/Ia KYJBTYpPbI TKaHH i1 Vitro (CKOpocTh (hopMu-
pOBaHUS M KU3HECHOCOOHOCTh KAIIyCHOM TKaHM, 4acTOTa
KaJUTyCOTeHe3a), TaK U COCTOSIHHE €ro peHnpoAyKTHBHOMN
CHCTEMBI C TIOMOIIbIO IIUTOT€HETHYECKOTO aHaIN3a CEMEH-
HOTO TIOTOMCTBA (4acTOTa MaTOJIOTHIl MUTO3a, JOJIS KJIETOK C
MHKPOSIAPAMU, MUTOTHYECKAst aKTHBHOCT).
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Challenges of in vitro conservation of Citrus germplasm resources
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The main problems of establishment a slow growth in vitro collection of citrus and other tree crops cultivars are
high degree of fungal contamination of bud explants and low growth potential of shoots. In this regard, the aim of
current research is to assess the efficiency of decontamination procedure and the possibility of tissue culture initia-
tion and slow growth conservation of valuable lemon cultivars. The best results of surface sterilization were ob-
tained using immersion solutions of 0.3 % Veltolen — 25 minutes or 10 % Domestos — 25-30 minutes. In these treat-
ments, 27.7-33.0 % of aseptic explants were obtained, respectively. However, after the third subculture, the yield of
aseptic viable explants decreased till 10 % as a result of secondary contamination by endophytic fungi. The addition
of biocide (“Gavrish”) in a nutrient medium at a concentration of 1 ml/I helped to increase the yield of aseptic vi-
able explants till 50 %. However, after the third subculture the photosynthetic activity and the pigments content
as well as growth rate decreased. Plants dropped yellowish leaves and eventually died. Thus, 37.35 % of plantlets
survived after 8 months of conservation, and only 14.6 % survived after 10 months. Even after the third month of
conservation significant decrease in the viability index and the coefficient of photosynthetic activity occurred in
plants. Chlorophyll a in leaves decreased from 1.59 to 1.14 mg/g during 12 months in vitro conservation. The similar
tendency observed on clorophyll b and carotenoids content. The experiments were carried out for 5 years using
different lemon cultivars and other citrus varieties and cultivars. Thus, micropropagation and slow growth in vitro
conservation of valuable lemon cultivars are still problematic and requires new technical solutions due to the low
growth potential of plantlets raised from the mature buds that is consistent with the data of other researchers.
Key words: Citrus; nodal explant; contamination; micropropagation; slow growth conservation; culture media; true-
to-type; endophytes.
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HpO6JIeMbI COXpaHEHUA in vitro repmMoIiljia3Mbl DNTPYCOBbIX
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! Bcepoccrinckuin HayuyHO-UCCIeAoBaTENbCKUIA MHCTUTYT LIBETOBOACTBA U CybTponunyeckux Kynetyp, Coun, Poccusa

2 DepepanbHblii NCCNeRoBaTENbCKUIA LeHTP VIHCTUTYT umtonorum u reHetnkn Cnbrpckoro otaeneHna Poccninckor akageMmnm Hayk,
HoBocnburpck, Poccus
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[naBHble Npobnembl CO3AaHNA AENOHNPOBAHHON KOMEKLMMN COPTOB LIUTPYCOBbIX in Vitro, Kak 1 HeKOTOPbIX APYTuX
L PEBECHbIX PacTEHUIA, — BbICOKasi CTEMEHb FPUOHON KOHTAaMUHALIMMN BEreTaTUBHBIX MOYEK U MOCESYoLLee CHUXKe-
HMe POCTOBOro NoTeHUMana BBeAeHHbIX B KynbTypy in vitro Mukponoberos. B cBA3M ¢ 3TM Lienb Halwen paboTbl —
BbIABUTb 3GPEKTUBHOCTb Pa3fIMYHbIX MyTeN AeKOHTaMUHaL UM BEFeTaTUBHbIX SKCMIAHTOB U OLLEHNTb BO3MOXKHOCTb
BBEeAEHNA B KYJIbTYPY in Vitro N cOXxpaHeHNA B MeASIeHHOPACTYLLeN KONeKUMn LeHHbIX COPTOB NMMOHa. Hannyuy-
lMe pe3ynbTaTbl MOBEPXHOCTHON CTepunm3aumy Obin MOSTlyYeHbl B BapraHTax C MCMOMb30BaHWEM PacTBOPOB
BentoneHa 0.3 % - 25 muHyT 1 lomectoc 10 % - 25-30 MuHYT. B 3Tx BapuaHTax 6bi10 nonyyeHo 27.7-33.0 %
CTEPUIIBbHBIX KM3HECMOCOOHbIX SKCMAaHTOB COOTBETCTBEHHO. OHAKO NOC/e TPETbEro Naccaa BbIXO CTEPUSIbHbBIX
3KCNIAHTOB CHU3MCA Jo 10 % m3-3a BTOPUYHOIO MHOULMPOBAHMA NO6EroB SHAOPUTHLIMI MUKPOOPraH3MaMU.
Ncnonb3oBaHue 6roumaa («faBpulw») B NUTaTeNbHOM cpefe B KOHLEHTPauum 1 Mi/n NoOMOrsio NOBbICUTb BbIXOA,
CTePUSIbHBIX XKN3HECMOCOBHbIX IKCMNAHTOB A0 50 %. HecMoTpA Ha nosyyeHvie acenTuyeckon KynbTypbl 1 Haya-
no mopdoreHesa, C TeUEHNEM BPEMEHV MPOUCXOAUIIO CHIKEHUE GOTOCUHTETUYECKON aKTUBHOCTY U COAepKaHus
NUIMEHTOB B JINCTbAX MUKPOMNo6eroB. POCTOBOI NoTeHUMan MUKPOMOOEeroB CHUXKaNCA C KaKAbIM NocieyoLmm
naccaxkem. lMNocne TpeTbero naccaxa MUKponobern copacbiBany NOXKENTEBLUNE INCTbSA, U POCT KX MPeKpaLLancs.
Tak, uepes 8 mecALeB KOHcepBaL MK Bblxuno 37.35 % Mukponoberos Ha cpepe 1/2 Mypacure—Ckyra, ux npupoct
cocTanisan 0.33 cm, a uepes 10 mecsALeB ocTanocb b 14.6 % Mukponoberos. To ecTb cnycTa 10 MecALEB KOHCep-
Bauum 6onbLIan YacTb MUKPONo6eroB normbna. Yxke uepes Tpu MecALa KOHCepBaLMK y pacTeHniA Habnganocb cy-
LWECTBEHHOE CHUXKEHVE NHAEKCA XKM3HEeCNoCoOHOCTU 1 KoadduumneHTa GoTocMHTETUYECKON akTMBHOCTM. Copep-
»KaHue xnopodusna da B IMCTbAX CHMXKANocb ¢ 1.59 go 1.14 mr/r 3a 12 mecALeB KOHCepBaL K in vitro. AHanornyHas
TEHJEHUMA OTMeYEHa Mo cofepKaHuio Xnopodunna b 1 KapoTUHOMAOB. IKCNEPVMEHTbI MPOBOAWNCH B TEUEHUNE
NATV NeT C UCMONb30BAHMEM Pa3HbIX COPTOB SIMMOHA W APYTUX LUTPYCOBbIX. TaKMM 06pa3oM, MUKPOpPa3MHOXeHME

© lopwkos B.M., CamapuHa J1.C., Kynan P.B., Manaposckas B./., PoinanH A.B., Paxmanrynos P.C., Opnos 10.J1,, 2019



B.M. lopuukos, J1.C. CamapuHa, PB. KynaH, B.M. Manaposckas
A.B. PoiHauH, P.C. Paxmanrynos, 0.J1. Opnos

2019
231

Mpobnembl coxpaHeHua in vitro
repmonnasmbl LIUTPYCOBbIX

n cosfaHne reH6aHKa in vitro LleHHbIX COPTOB JINMOHa BCe eLle OCTaeTCA I'IpOGJ'IeMaTVILIHbIM n Tpe6yeT HOBDbIX TeX-
HUYeCcKnx peu.lean7| no NprynHe HU3KOro POCTOBOro NoTeHuMana 3KCrIaHToOB Na3yLWHbIX MOYeK, YTO cornacyeTca

C AJaHHbIMW O PYyTrmx nccnepgoBaTenen.

Kniouesble cnoBa: LNTPYCOBbI€ KyNbTypPbl; Na3ylWHble MOYKN; KOHTaMUHaUNA; MUKPOPa3MHOXEHUE; in vitro KOHCep-
BalLWA; nUTaTeibHaA Cpefa; reHeTnyeckada OqHOPOAHOCTb; 3H,D,O¢!VITbI.

Introduction

Reliable true-to-type in vitro conservation of valuable cultivars
of tree crops requires using vegetative buds and meristems
as explants which are genetically identical to the maternal
plant. However, tissue culture initiation of woody explants
is associated with difficulties such as a high percentage of
in vitro contamination, low bud growth potential, and occur-
ring of secondarily contaminated plantlets (Niedz, Bausher,
2002; Colgegen et al., 2009; Kolomiets et al., 2014). The life
of woody plants, in particular Citrus crops, goes in close co-
habitation with fungal microorganisms (Kloepper et al., 2013;
Kulyan, 2015; Ryndin, Kulyan, 2016). Surface sterilization of
explants does not relieve tissue from internal infection, and
on the nutrient medium the hyphae of the fungus proliferate
through plant tissues, and prevents in vitro development of
explants.

Several approaches are known in order to solve contamina-
tion problem: (1) fractional sterilization of explants, (2) com-
binations of sterilizing agents, (3) the creation of an isolated
plant nursery — the source of explants, (4) pre-treatment of
plants and shoots before tissue culture initiation and others
(Gogoi, Borua, 2014; Kolomiets et al., 2014). However, heavy
decontamination procedure can be a trigger of induction of
genetic variability in tissue culture (Krishna et al., 2016), in
this case true-to-type genotype conservation is again impos-
sible. The aim of our work is to identify the efficiency of
various decontamination procedures to establish slow growth
collection and assess the possibility of in vitro conservation
of valuable lemon cultivars.

Materials and methods

Plant material used in the experiments — young shoots, ob-
tained from 5-8 year old plants grown in container culture
under the greenhouse conditions from collection of the Rus-
sian Research Institute of Floriculture and Subtropical Crops
(Sochi).

Nodal explants of Citrus limon (L.) Osbeck cultivars ‘No-
voafonskii’, ‘Beskoluchii’, ‘Jubilee’, ‘Villa Franka’, ‘Frost
Eureka’, and Citrus x meyeri Meyer were used for tissue
culture initiation and conservation. The efficiency of shoots
pre-treatment with the fungicide Fundazol was evaluated as
follows: shoots without leaves with 57 buds were placed in
aseptic wet vermiculite, treated with a solution of Fundazol
prepared according to manufacturer’s instructions and incu-
bated for three days under the temperature of +25 °C.

The efficiency of eight surface sterilizing solutions in dif-
ferent concentrations was evaluated (0.2 % Mercuric chloride,
10-20 % Domestos, 0.2—0.3 % Veltolen, 0.2-0.3 % Novodez,
0.2 % Diacid, 15-20 % Hypochlorite Ca, 3—15 % Hydrogen
peroxide), the incubation time was 10-30 min (Table 1).
The effects of antibiotics (tetracycline hydrochloride of
200-500 mg/1) and the 0.5-1.0 ml/l Biocide (“Gavrish”’) added
into the culture medium before autoclaving were assessed.

Culture medium 1/2 MS (Murashige, Scoog, 1962) supple-
mented with growth regulators BAP 1 mg/l, NAA 0.1 mg/l,
casein hydrolyzate 500 mg/1, Phytagel 2.5 g/, pH 5.7. Explants
were cultured at standard lighting conditions 5 000 lux with
periodicity 16/8 hours and temperature +22 °C. Plant growth
observations were carried out every 2 weeks.

Physiological analysis were conducted on three lemon geno-
types: ‘Novoafonskii’, ‘Beskoluchii’ and Citrus x meyeri. The
coefficient of photosynthetic activity and the viability index
were measured by the chlorophyll-fluorescent method (Buda-
govskaya et al., 2016). Chlorophyll and carotenoids contents
were measured by taking 85 mg of leaf sample (mg/g fresh
leaf weight). Pigments were extracted using acetone to a final
volume of 50 ml. The absorbance of the extracts was measured
spectrophotometrically at 662 and 644 nm for chlorophyll a
(ch a) and chlorophyll b (ch b), respectively and at 440.5 nm
for carotenoids. The concentration of chlorophyll a, b and
total carotenoids were calculated according to Shlyk (1971).

The data were analyzed by one-way analysis of variance
(ANOVA), and differences between treatments were consid-
ered as statistically significant at p < 0.05. The results were
calculated as the mean value of at least 10 replicates in 3 re-
peats, mean+ SD were counted.

Results
The best results of surface sterilization were obtained using
immersion in 0.3 % Veltolen for 25 minutes (variant IVb)
and 10 % Domestos for 25-30 minutes (variants VIIa and
VIIb); 27.7-33.0 % of aseptic viable explants were obtained,
respectively, using these treatments (Fig. 1). However, subse-
quent subculturing, secondary shoots infection by endophytic
microorganisms occurred, and resulted decrease in the yield
of aseptic explants till 10 % after the third subculture.

Shoots pre-treatment with fungicide prior to tissue culture
initiation have not affected significantly the yield of aseptic
explants: during the shoots incubation with Fundazol fungal
mycelium of endophytes released around the cut edges of
shoot as heavy visible contamination on the surface of sub-
strate. The addition of tetracycline to the nutrient medium at
a concentration of 200-500 mg/1 also have not affected the
yield of aseptic viable explants. However, addition of 1 mg/1
biocide in a culture medium showed positive effect and the
yield of aseptic viable explants increased to 50 % (average
data for cultivars), while the working concentration recom-
mended by the manufacturer of 0.5 ml/l had no significant
effect. The percentage of aseptic explants did not decrease
during following subculture, this drug prevented the develop-
ment of fungal infection on the surface and inside the nutri-
ent medium, however, at the apical end of the explants, the
output and proliferation of fungal endophytes were observed
(Fig. 2, a).

The viability of lemon shoots was reduced during further
in vitro conservation. After 4 months, 85.63 % of viable
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Table 1. Variants surface sterilization of lemon shoot

Variant  Sterilizing solution ~ Concentration, Treatment time,
% min

|Hypoch|omeca720 ...........................
0 Mercuricchlorite 02 0o
|||Dyac,de ....................... 02 .......................... 1 0 ...........................
IVa Veltolen™ 0.2 25

|Vb ............. 0325 ...........................
|Vc ............. 0525 ...........................
Va Novodez™ 0.2 25

Vb .............. 0325 ...........................
Vc .............. 0525 ...........................
V|aDomestos .................... 1 0 ........................... 1 5 ...........................
V|b ............. 20 ........................... 1 5 ...........................
V”a 1025 ...........................
V”b 1030 ...........................

Table 2. Effect of conservation period on the growth
and viability of the lemon cv.’Novoafonsky’ in vitro

Conservation period, Shoot length gain, Survival rate,
months mm %

plants were obtained (Table 2). The shoot length increased
by 4.65 mm. During further conservation leaves of plants
became yellowish and dropped. Thus, only 37.35 % of plants
survived after 8 months of conservation, and their shoot
length increased by 0.33 mm, and 14.6 % of plants survived
after 10 months. Other lemon genotypes showed similar
tendency: cv. ‘Beskoluchii’ and Citrus x meyeri survival rate
was 10-15 % after 10 months of conservation. Three other
cultivars (‘Jubilee’, ‘Villa Franka’, ‘Frost Eureka’) are not
survived after the 10 months of conservation in vitro.
Significant effect of roots on the viability of plantlets during
conservation was observed. The coefficients of photosynthetic
activity and the viability index showed better rooted plant
performance during the conservation of three lemon cultivars
‘Novoafonskii’, ‘Beskoluchii’ and ‘Meyer’ (Fig. 3). After
4 months of conservation, these physiological indicators
were higher for rooted plants. The viability index (the ratio
of the chlorophyll fluorescence maximum to the steady-state
fluorescence level of the Kautsky curve) varied from 1.50
(‘Meyer’ lemon) to 1.94 (‘Beskoluchii’) in rooted plantlets
(see Fig. 3). ‘Novoafonskii’ cultivar showed average viability
index, and in rooted plantlets it was 1.75. In plantlets without a

Challenges of in vitro conservation
of Citrus germplasm resources
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Fig. 1. Effect of sterilization treatments on sterile viable lemon buds, %
(average for all cultivars).

Fig. 2. Tissue culture initiation of lemon (cv. ‘Frost Eureka’): a - growth
of fungal endophytes in the medium with 0.5 ml of biocide (10 days in
culture); b - aseptic explants in the medium with 1T ml/I biocide (20 days
in culture); c - shoot growth initiation (35 days in culture).

root system, viability index ranged from 1.26 (‘Meyer’ lemon)
to 1.38 (‘Beskoluchii’). The coefficient of photosynthetic
activity which reflects the effectiveness of the use of light
during photosynthesis, was 0.21-0.31 in rooted plantlets,
and 0.12-0.16 in non-rooted plantlets. Positive correlation
was observed between Viability index and Photosynthetic
coefficient, and in rooted plantlets it was 0.99, in non-rooted
plantlets was 0.98.

Chlorophyll @ and b (Ch a and Ch D) in the leaves gradually
decreased during in vitro conservation (Fig. 4). The content of
Ch a decreased from 1.59 to 1.14 mg/g. A sharp decrease in
Ch b was observed from the st to the 3rd months of plantlets
conservation, when its content decreased by 0.16 mg, after
which it did not change until the 6th month of conservation
and amounted to 0.75 mg/g of fresh leaf weight. However,
from the 6th to the 12th month of conservation, the content
of this pigment again sharply decreased to 0.58 mg/g. Dur-
ing 12 months of conservation, the concentration of Ch b in
leaves decreased by 0.33 mg. Gradual decrease in the level
of carotenoids from 1.14 to 0.82 mg/g was also observed dur-
ing conservation, so its concentration decreased by 0.32 mg
in 12 months.
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Photosynthetic coefficient (Kf_n)
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Fig. 3. Photosynthetic indices of rooted and non-rooted lemon plantlets after 4 months of conservation.
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Fig. 4. Effect of conservation period on the content of chlorophylls g, b and carotenoids (mg/g of fresh leaf weight) in lemon ‘Novoafonskii’ cultivar

in vitro.

Discussion

In the Black Sea coast of the Caucasus in conditions of humid
subtropical climate, the endophytic fungal microorganisms
inhabit woody plants abundantly (Samarina et al., 2012).
During Citrus shoots decontamination surface of explants
is cleaned of microorganisms, but inside the shoot, in the
vascular tissue, the fungal mycelium is still alive. When the
nodal explants or buds are placed on the nutrient medium, the
hyphae of the fungus proliferates and prevents regeneration.
In the most publications on the citrus in vitro culture, atten-
tion is not focused on the problem of contamination. Many
of these articles describe simple standard decontamination
protocols using 1-2 sterilizing agents (Rathore et al., 2007;
Perez-Tornero et al., 2009; Samanhudi, Muji, 2010). In our
work, the problem of contamination was acute, that is why we
studied various ways of overcoming it. Addition of new ge-
neration of biocide, provided by the company “Gavrish”, into
a culture media showed a high efficiency of decontamination
of explants of all lemon cultivars. However, further micro-
propagation and conservation in vitro of valuable cultivars
were still problematic because of the low growth potential of
regenerating plants from axillary buds.

Our results showed low values of photosynthetic coeffi-
cient of 0.2-0.3, in contrast normally in plants it has to be
no lower than 0.6 units. Consequently, our plantlets showed
low efficiency of using light in photosynthesis during con-
servation, which indicates a decrease in the growth potential.
Reduction of chlorophylls and carotenoids also indicates a
general low functional state of the photosynthetic apparatus,

and the growth potential as a whole. The pigment content is
an indicator that reflects the physiological adaptation of plants
to various environmental factors (Belous et al., 2011). It can
depend on many factors: humidity, temperature, lighting and
others. In our work, we found a decrease in the pigment content
in the leaves during slow growth conservation which may be a
result of a decrease in nutrient concentrations in the medium
and a change in the pH level. After 10 months of conservation
only 14.6 % of lemon plantlets were survived in vitro. We
tested different cultivars of lemon C. limon and other Citrus
species such as C. unshiu, C. sinensis, C. grandis, C. paradisi
etc., however the efficient micropropagation and conservation
protocols for mature explants of valuable genotypes has not
developed by us yet. Thus, despite the large body of successful
protocols for slow growth conservation and micropropagation
for many plant species, including elite genotypes (Pence,
2010), reliable micropropagation and in vitro conservation
for citrus cultivars is still a problem.

Our conclusions are consistent with the findings of other re-
searchers (Krueger, Navarro, 2007). They concluded that some
species of plants easily growth in vitro using low temperatures
and reducing the intensity of lighting and modification of the
nutrient medium. In these protocols frequency of subculture
occurs once a year. This procedure allows for the reliable
conservation of many species germplasm in vitro (Engelmann,
1997). Attempts to replicate this approach on Citrus have
not been successful in the world practice, since the protocols
developed on juvenile material (Citrus seedlings), include a
complex cycle of shoots from nodal segments, rooting and
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recultivation (Marin, Duran-Vila, 1991), and these protocols
are not applicable to adult plant explants (Krueger, Navarro,
2007). In addition, the citrus fruit has a low efficiency of
rooting and micropropagation from bud explants, so the ap-
plication of this procedure to adult genotypes is not effective
(Krueger, Navarro, 2007). Thus, reliable in vitro conservation
of valuable citrus genotypes is currently problematic and
requires new technical solutions.
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Current achievements in modifying
crop genes using CRISPR/Cas system
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With the advent of the new genome editing tool of target-specifically customizable endonucleases, a huge variety
of novel opportunities have become feasible. The crop improvement is one of the main applications of genome
editing in plant science and plant biotechnology. The amount of publications referring to genome editing and
CRISPR/Cas system based molecular tools application in crops is permanently growing. The aim of this study is the
systematization and cataloging of these data. Earlier we published the first catalog of targeted crop genome modi-
fications as of February 10, 2017. The current review is an update of the catalog; it covers research papers on crop
genome modifications from February 10,2017 to August 17,2018, found by searching 47 crop names in the Scopus
database. Over one year and a half, 377 articles mentioning CRISPR/Cas and crop names have been published, of
which 131 articles describe an experimental application of this tool for editing 193 genes in 19 crops, including rice
with the largest number of genes modified (109 genes). Editing 50 of 193 genes was aimed at crop improvement.
The catalog presented here includes these 50 genes, specifying the cultivars, each gene and gene product function,
modification type and delivery method used. The current full list of genes modified with CRISPR/Cas with the aim of
crop improvement is 81 in 16 crops (for 5 years from August 2013 to August 2018). In this paper, we also summarize
data on different modifications types in different crops and provide a brief review of some novel methods and ap-
proaches that have appeared in crop genome editing research over the reviewed period. Taken together, these data
provide a clear view on current progress in crop genome modifications and traits improvement using CRISPR/Cas
based genome editing technology.

Key words: biotechnology; CRISPR/Cas; crop plants; genome editing; next-generation breeding; site-directed mu-
tagenesis; target genes.
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1 DepiepanbHblii NCCNeROBATENbCKUI LLeHTP MHCTUTYT ymutonorum u reHetrkn Cbrpckoro otaeneHns POCCUMncKol akaieMnm Hayk,
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C nosiBNeHMeM TEXHONOTMMN FEHOMHOFO PeAaKTUPOBaHNA, OCHOBAHHOW Ha MPUMEHeHUW canT-cneundruyecknx
SHAOHYKNeas, OTKPbITOCb OFPOMHOE KOJIMYECTBO HOBbIX BO3MOXHOCTeNn. OfHONM 13 KNtoYeBbIX 3afiay reHOMHOro
pepakTMpoBaHuA B 6ronorny 1 GMOTEXHONOMUY PacTeHWIN ABNAETCA YyuleHne KynbTypHbIX pacTteHui. Yuc-
no nNy6nMKaumnii, ONUCbIBAOWMX PefaKTVPOBaHNe reHOMA CeSIbCKOXO3AMCTBEHHbBIX BUAOB C MOMOLLbIO CUCTEMbI
CRISPR/Cas, HeyknoHHO Bo3pacTaeT. Llenb paboTbl — cuctematsauma 1 Katanornsauma 3tux gaHHbIX. PaHee mbl
NpPOBOAWN aHaNN3 NHAEKCMPYEMbIX B 6a3e JaHHbIX Scopus My6nnKaumia, onmcbiBaoWwmnx MogMGrKaLum reHoma
pacTeHwuid, B KaTanore, BKoJawwem cBegeHna Ha 10.02.2017. Tekywmit 0630p — 3To 06HOBJIEHME KaTanora; OH
OXBaTbIBAET NCC/IEAOBATENbCKNE PaboTbl 0 MOAVbUKALMAX FEHOMA CENIbCKOX03ANCTBEHHbIX KynbTyp ¢ 10 deBpans
2017 r.no 17 aBrycta 2018 r.,, HageHHble NyTem noucka rno 47 Ha3BaHVAM KynbTyp B 6a3e faHHbIX Scopus. B Teue-
Hue noslyTopa neT 66110 ony6MKoBaHO 377 cTaTel, B KOTOPbIX Ha3BaHWUA KYJbTYPHbIX PacTEHMI YNOMUHANUCD B
coyeTaHun ¢ «CRISPR», n3 H1x 131 cTaTbsAl oNUCbIBaeT SKCNepUMeHTaNbHOe NPYIMEHEHVe fIaHHOTO MeToAa And pe-
LaKTpoBaHuA 193 reHoB B 19 Ky/bTypax, BK/ItOUYas pUC C HAOOMbLIVIM KOIMYECTBOM MOANGULMPOBAHHBIX FEHOB
(109 reHoB). PegakTtrpoBaHue 50 13 193 reHOB 6bI710 HaMNPaBEHO Ha YyylleHne CBONCTB pacTeHnit. lNpencTasneH-
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Current achievements in modifying
crop genes using CRISPR/Cas system

HbI KaTaslor onucbiBaeT 3T 50 reHoB C yKa3aHnem copToB, GYyHKLMIA MPOAYKTOB FreHOB, T!Ma MOANPUKaLIMN U UC-
Nnonb3yeMoro MeTofa AoCTaBKu. TekyLiee obLlee KONMYeCTBO reHoB, MoanduLrpoBaHHbIX ¢ momolybto CRISPR/Cas
C Lienblo ynyylleHmns npusHaka, coctasnsaeT 81 B 16 KynbTypax (3a nAaTb neT c aBrycta 2013 no aBryct 2018 r.). B aTon
cTaTbe Mbl TakXke 0606LaeM AaHHble O PA3NIMYHbIX TMMaxX MOANOUKALMIA B KyNIbTypax pacTeHUI 1 Aaem KpaTKui
0630p HEKOTOPbIX HOBbIX METOLOB 1 MOAXOM0B, KOTOPbIE MNOABWUINCH B UCCNIEfOBAHUAX PeAaKTMPOBaHNA reHoMa
pacTeHnin 3a paccmaTpmBaeMblii nepuog. B COBOKYMHOCTM 3TV flaHHble AaloT YeTKoe MpefCcTaBfieHre O TeKyLem
nporpecce B 06nact MmoandmMKaLmmn 1 ynyyleHna reHoma pacteHui ¢ ucnonbsosaHuem texHonoruy CRISPR/Cas.
Knioueble cnosa: CRISPR/Cas; 610TEXHONOINSA; reHbl-MULWEHW; reHOMHOE peAakTUPOBaHUE; KyNbTypHble pacTe-
HWA; HaNpPaB/IEHHbIN MyTareHes; cefleKLma HOBOrO MOKOMEHNA.

Introduction

The rapidly developing complex of genome editing meth-
ods provides opportunities for the permanent expansion of
technique utilization in different fields. Breeding and crop
improvement is a broad field with endless possible applications
of targeted genome modifications. However, the progress in its
application is unpredictably affected by different factors. There
are different limitations. Many methods are still genotype-
dependent, and there are crops with only few certain model
cultivars amenable for genome editing. The overview of a field
and comparative analysis of different types of modifications
in different crops is necessary to reveal the “hot points” and
“problem zones” of this technology. Such analysis can help
predict the success of each modification in each crop and
set goals for further research. We published the first catalog
of targeted crop genome modifications performed from the
date of method emergence until February 10, 2017. Careful
registration of all successful events in trait improvement by
CRISPR/Cas-based modification after that date (from Febru-
ary 2017 until August 2018) is the aim of the present research.

Genome editing in different crops

The search was carried out using 47 crop names in the
Scopus database (www.scopus.com). A total of 377 articles
were mined by using the keyword CRISPR with a crop name
within article titles, abstracts and keywords. Each article was
analyzed, and the data about editing genes with the help of
CRISPR/Cas9 were recorded. The number of publications
describing experimental applications of CRISPR/Cas-based
genome modifications was 131 (=35 %). These articles de-
scribe the editing of the genomes of 19 crops with 193 target
genes, including rice with the largest number of genes modi-
fied (109 genes). Compared to the previous period (Korotkova
et al., 2017), data for the genome editing of the following
9 crops have been added: alfalfa, cassava, cotton, coffee, ba-
nana, carrot, switchgrass, oilseed rape and Brassica carinata
(Ethiopian mustard). Thus, the current total number of edited
crops is 24 including cereal and corn crops (barley, maize, rice,
switchgrass, wheat), vegetables and melons (cabbage, carrot,
cassava, cucumber, potato, rape, tomato, watermelon), fruits
(apple, banana, grape, grapefruit, orange), legumes (alfalfa,
soybean), technical crops (Ethiopian mustard, cotton, flax)
and coffee.

The 131 articles describing the experimental application of
CRISPR/Cas-based genome modifications (published from
February 10, 2017 until August 17, 2018) were analyzed to
distinguish studies aimed at crop improvement from func-
tional genetics investigations or methodological research.
A total of 38 papers were identified as describing gene editing
aimed at crop improvement. The number of genes related to

trait improvement without obvious severe pleiotropic effects
on other plant properties was 50 for 11 crops. These genes
were included in the catalogue (see the Table). Four crops
(cotton, oilseed rape, orange, and switchgrass) were new in
comparison with the Catalogue-2017 (Korotkova et al., 2017).
Thus, from 24 crops on which CRISPR/Cas was successfully
tested, 16 were used in the studies aimed at their improve-
ment (apple, barley, cotton, cucumber, flax, grape, grapefruit,
maize, orange, potato, oilseed rape, rice, soybean, switchgrass,
tomato, wheat). The previous (Korotkova et al., 2017) and
current (see the Table) catalogues include a total of 81 genes
(Fig. 1), with the largest gene numbers in rice (34 genes),
tomato (14 genes) and wheat (7 genes).

Among the novel genes modified, negative regulators are
most frequent, such as negative regulators of rice grain fra-
grance (Luetal., 2017) and earliness (Li et al., 2017), negative
regulators of powdery mildew resistance in wheat (Zhang et
al., 2017) and resistance to fungal pathogens in barley (Ku-
mar et al., 2018), negative regulators of lateral roots growth
in cotton (Wang Y. et al., 2017) and parthenocarpy in tomato
(Ueta et al., 2017), etc. (see the Table). Knockout of negative
regulators by NHEJ (non-homologous ends joining) results
in crop improvement or obtaining genotypes with desired
properties. For example, knockout of the Waxy gene in rice
resulted in the development of new transgene-free rice lines
with lower amylose content (Zhang et al., 2018). Based on
amylose content values, rice is commercially classified into
five groups: waxy (0-5 %), very low (5—12 %), low (12-20 %),
intermediate (20-25 %), and high (25-33 %) AC. Waxy rice,
also called glutinous rice, is especially sticky when cooked.
The resulting rice phenotype has special properties that are
important for use in the food industry. The further example
is the low-gluten transgene-free wheat. It was obtained by
multiplex knockout of a-gliadin genes (Sanchez-Leon et al.,
2017). Wheat grain contains gluten proteins. Amongst these,
the a-gliadin family is the main protein group associated with
the development of coeliac disease and noncoeliac gluten
sensitivity. Traditional mutagenesis and plant breeding have
failed to obtain low immunogenic wheat varieties for patients
with coeliac. It was shown that CRISPR/Cas9 technology
can be used to precisely and efficiently reduce the amount of
a-gliadins. It could be used to produce low-gluten foodstuff
and serve as a source material to introgress this trait into elite
wheat varieties.

In some cases, NHEJ was used not for knockout of the
target gene but for a finer change in the gene. For example,
in tomato, the GAD2 and GAD3 genes encoding a key en-
zyme in y-aminobutyric acid biosynthesis, deletion of the
autoinhibitory domain by introducing a stop codon was
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achieved, resulting in an increased level of y-aminobutyric
acid (non-proteinogenic amino acid that has hypotensive
effects) in tomato fruits (Nonaka et al., 2017). Tomato fruits
with an increased level of y-aminobutyric acid, GABA (a non-
proteinogenic amino acid that has hypotensive effects), were
obtained. Such tomatoes can be useful for patients’ treatment
with mild high blood pressure or high-normal blood pressure.

In 5 of the 50 genes modified (see the Table), amino acid
substitutions or allelic replacements were made using the
homologous recombination (HR) approach or chimeric single-
guide RNA (cgRNA) repair method. The exact replacement
of the existing NRTI.1B allele in commercial varieties with
the elite allele in rice was produced (Li et al., 2018). Without
additional selection pressure, the Japonica NRT1.IB allele
was successfully replaced with an elite allele in just one
generation at a frequency of 6.72 %. This work demonstrates
the feasibility of replacing any genes with elite alleles within
one generation, greatly expanding our ability to improve
agriculturally important traits.

For the ALS gene (related to resistance to herbicides),
besides the HR approach, the target-AID (target-activation
induced cytidine deaminase) method was used to make amino
acid substitution (Shimatani et al., 2017, 2018a, b). Adenine
and cytidine deaminases convert their respective nucleotides
into other DNA bases, thereby offering many possibilities
for DNA editing.

In addition to target-AID, some other novel methods and
approaches appeared in crop genome editing research during
the reviewed period. Besides Cas9 nuclease, Cpfl nuclease
has been used. Cpfl enzymes are a family of type V CRISPR
nucleases that includes both endoribonuclease and endode-

2019
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Fig. 1. Number of genes modified using CRISPR/Cas system with the aim
of crops improvement, summarized from (Korotkova et al., 2017) and the
Table for the period from August 2013 till August 2018.

oxyribonuclease activities. AsCpf1 recognizes the 5'-TTTN-3’
protospacer adjacent motif, thus it can be used for targeting
AT-rich genomes (Yamano et al., 2016). In addition, Cpfl
nucleases were shown to have lower rates of off-target edits
relative to Cas9 nucleases (Begemann et al., 2017). Further
qualification and broad introduction of the Cpfl genome edit-
ing technology have the potential to make a vast impact on
plant biotechnology.

DNA-free genome editing in crops develops further. Previ-
ously, efficient delivery of both Cas9 (Svitashev et al., 2016)
and Cpfl (Kim et al., 2017) as ribonucleoprotein complexes
(RNPs) with guide RNAs was reported for maize embryos
and soybean protoplasts, respectively. The detailed protocol is
now available for wheat (Liang et al., 2018); RNP delivery to
protoplast with subsequent regeneration of plants is reported
for potato (Andersson et al., 2018).

The combination of double-haploid technology and genome
editing enables one to efficiently produce homozygous plants
with modified genomes. The utilization of double haploid
plants regeneration from pollen of primary transformants
was demonstrated in barley (Hensel et al., 2018). Targeted
mutagenesis in pollen grains with subsequent regeneration
of double haploid plants in one generation was proposed in
wheat (Bhowmik et al., 2018).

New PAMs (for example, NAG PAM) for CRISPR/Cas9
gene editing were tested and showed good activity (Meng et
al., 2018). It was revealed that the most widely used wild type
SpCas9 is robust in recognizing both NAG and NGG PAMs in
rice. The NAG PAM could be chosen alone or together with

Grapefruit

111 17— Cotton

Fig. 2. Number of genotypes modified using CRISPR/Cas system with the
aim of crops improvement, summarized from (Korotkova et al., 2017) and
the Table for the period from August 2013 till August 2018.
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NGG PAM for efficient genome editing, and have a relatively
low off-target effect.

To assess possibility for a widespread practical application
of genome editing in breeding programs, we summarized data
on a number of improved genotypes for each crop (Fig. 2). The
biggest progress was achieved on rice (45 genotypes), tomato
(10 genotypes) and wheat (7 genotypes). In most crops, only
one (apple, barley, cotton, flax, grapefruit, orange) or two
(cucumber, grapes, maize, soybean, switchgrass) genotypes
were modified (see Fig. 2). The genotype-dependent efficacy
of in vitro cultivation is a frequent problem for most species.
Furthermore, in some species, like barley, finding transforma-
tion-efficient genotypes is a rare case. Hisano et al. (2017) per-
formed a high-resolution mapping of the TFA (transformation
amenability) loci and proposed a marker-assisted approach
for selection of transformation-efficient barley genotypes.
The use of this approach in barley marker-assisted breeding
may increase the possibility for wider application of genome
editing for improvement of future barley cultivars. Thus,
considering genome editing in tight association with classi-
cal and marker-assisted breeding tools can provide the most
efficient and most realistic way for next-generation breeding.

Conclusion

Targeted knockout via indels introduction and subsequent
frameshift mutation induction has been successfully applied in
many crops and is now being routinely used for agriculturally
valuable traits improvement. Base editing shows rapid deve-
lopment and seems to be a promising tool for many applica-
tions in crops. Precise genome editing via HR remains chal-
lenging. The majority of genome modifications have been
performed for rice and tomato, involving many different
cultivars and all types of modifications. The technology is
currently applied for many important crops including main
cereal crops, oilseed, cotton, vegetables and fruits.
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[eHOMHble TEXHONOII MPeTepPneny 3HaunTeNbHbIE U3MEHEHNA C MOMEHTa Ny6MKaLMmn NepBoi NocneaoBaTenb-
HOCTV reHoMa pacteHusa Arabidopsis thaliana. iccnepoBateny NPUHANN Ha BOOPYXKEHMWE HOBbIE anropUTMbl U Tex-
HOMOTUWN CEKBEHNPOBaHUA 1 6UONHGOPMaLMOHHbBIE NOAXOAbI ANIA NOJlyYEeHUA FeHOMHOWN NocCeoBaTeNIbHOCTY,
TPaHCKPUMNTOMA U 3K30Ma AJ1A MOAENbHbIX U KYNIbTYPHbIX BULOB PAaCcTEHUIA, YTO MO3BOMWMO CAENAaTb ry6oKMe Bbl-
BOJbl O 6V0SIOTUY PacTEHUIA. B pe3ynbTaTe CHUXKEHWS 3aTpaT Ha CEKBEHMPOBaHe 6rarogaps ynyylleHnio MeTOA0B
CcOOPKUN 1 aHanM3a reHoOMOB, KOSIMYECTBO M KauyeCTBO CEKBEHUPOBaHHbIX TEHOMOB PACTeHUI MOCTOAHHO PacTeT.
B TeueHve nocnepHyx ABagLATY NeT onyonnkoBaHo 6onee 300 reHOMHbIX MOC/IEA0BATENIbHOCTEN pacTeHnIA. XoTs
MHOrUe 13 ony6/IMKOBaHHbIX FEHOMOB CYMTAIOTCA HEMOJTHBIMY, OHU, TEM HE MEHEE, OKa3a/INChb LIEHHbIM UHCTPYMEH-
TOM ANA MAEHTUOUKALUN reHOB-KaHAMAATOB, YYacTBYIOWMX B GOPMUPOBaHNM XO3ANCTBEHHO LIEHHbIX MPU3HAKOB
pacTeHniA, Ana NPoBeAeHUs paboT MO MapKep-OPUEHTMPOBAHHOW I FTEHOMHOWN CENEKLMN 1 CPaBHUTENbHOTO aHa-
NM3a reHOMOB PACTeHUI C Liefiblo YCTaHOBMIEHNA OCHOBHBIX 3aKOHOMEPHOCTEN MPOUCXOXAEHMA Pa3fIMYHbIX BU-
[lOB pacTeHUii. B cBA3M € TeM, UTO BbICOKOTFO YPOBHA MOKPLITUA 1 pa3peLleHns NOTHOFreHOMHOFO CEKBEHMPOBaHWsA
He XBaTaeT Ans OOHAPYXKEHUA BCEX M3MEHEHUI B CJTIOXKHbIX 06pasLax, CTaio Pas3BuUBaTbCA LieieBoe (TapreTHoe)
CEKBEHUPOBaHMNE, KOTOPOE 3aK/oYaeTCA B BbIAENEHUN 1 CEKBEHMPOBAHMM onpepenieHHon obnactn reHoma. Oc-
HOBHbIM MPEVMYLLECTBOM LIENIEBOTO CEKBEHUPOBAHUS ABMAIOTCA €r0 BbICOKAas MOLHOCTb OOHapYXeHUs (cnocob-
HOCTb MAEHTUPULMPOBATL HOBbIE BapuaHTbl) 1 6osniee BbiCOKOe pa3pelleHne. Kpome Toro, akTMBHO pa3BuUBaeTCA
SK30MHOE CEKBEHMPOBaHKE (METOL CEKBEHNPOBAHUSA TONBbKO GETIOK-KOAMPYIOLMX YYACTKOB reHOB), MO3BosIAOLLEee
CEKBEHMPOBATb YYaCTKM reHoMa, KoTopble o6oralleHbl GYHKLMOHANbHbIMK BapuaHTaMu U AeMOHCTPUPYIOT HU3-
KUiA ypOBEHb CoflepKaHUs MOBTOPSAOLLMXCA obnacTeil. B HacToswem 0630pe NpoBefeH aHany3 pa3suTus paboT no
CEKBEHUPOBAHUIO 1 MOCTPOEHMIO «pedepeHCHbIX» FreHOMOB pacTeHUn. CpaBHMBAOTCA METOAbI LIeNeBOro CeKBEeH-
poBaHuA, 6asnpyoLMecs Ha MCMONTb30BaHMKN pedepeHcHol nocneaoBaTenbHocTy JHK.

KntoueBble CNoBa: pacTeHus; MOAXOAbl K CEKBEHUPOBaHMIO; FeHOM; 3K30MHOEe CEKBEHVPOBaHE; LiefieBoe CEKBEHM-
poBaHue.

Ana untuposaHua: bparnHa MK, AdoHHukos [.A., CanvHa E.A. Mporpecc B CEKBEHUPOBaHUN FeHOMOB pac-
TEHUIN — HanpaBfeHWA UccnefoBaHWA. BaBUNOBCKMI »KypHan reHetwuku m cenekuymmn. 2019;23(1):38-48. DOI
10.18699/VJ19.459

Progress in plant genome sequencing: research directions

M.K. Bragina! @, D.A. Afonnikov!’ 2, E.A. Salinal

T nstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
& e-mail: koltunova@bionet.nsc.ru

Since the first plant genome of Arabidopsis thaliana has been sequenced and published, genome sequencing
technologies have undergone significant changes. New algorithms, sequencing technologies and bioinformatic
approaches were adopted to obtain genome, transcriptome and exome sequences for model and crop species,
which have permitted deep inferences into plant biology. As a result of an improved genome assembly and analysis
methods, genome sequencing costs plummeted and the number of high-quality plant genome sequences is con-
stantly growing. Consequently, more than 300 plant genome sequences have been published over the past twenty
years. Although many of the published genomes are considered incomplete, they proved to be a valuable tool for
identifying genes involved in the formation of economically valuable plant traits, for marker-assisted and genomic
selection and for comparative analysis of plant genomes in order to determine the basic patterns of origin of vari-
ous plant species. Since a high coverage and resolution of a genome sequence is not enough to detect all changes
in complex samples, targeted sequencing, which consists in the isolation and sequencing of a specific region of the
genome, has begun to develop. Targeted sequencing has a higher detection power (the ability to identify new dif-
ferences/variants) and resolution (up to one basis). In addition, exome sequencing (the method of sequencing only
protein-coding genes regions) is actively developed, which allows for the sequencing of non-expressed alleles and
genes that cannot be found with RNA-seq. In this review, an analysis of sequencing technologies development and
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the construction of “reference” genomes of plants is performed. A comparison of the methods of targeted sequenc-
ing based on the use of the reference DNA sequence is accomplished.
Key words: plants; sequencing approaches; genome; exome sequencing; targeted sequencing.
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BBepeHune

B nacrosmiee BpeMst 3 PeKTHBHBIC TCHETHIECKHE UCCIIEIO-
BaHMS PACTEHHH YK€ HEBO3MOXKHO TPEJCTAaBUTH Oe3 dTama
pacuudposku renoma (Barabaschi et al., 2016). [eHoMHBbIe
HIOCIIEZIOBATEIILHOCTH SIBIISFOTCS (DYHIaMEHTAIBHOMH OCHOBOM
JUISL PEIICHHST TAKUX BAXKHBIX 3a/a4, KaK WACHTU(DHUKALHS
I€HOB M TeHHBIX CeTeil, 00ecneYnBaroInX pa3BUTHE, a/all-
TaIIIO PACTEHUH K YCIOBUAM cTpecca. OnpeneneHne Habopa
TEHOB — OTIpaBHAsl TOYKA /ISl AETAILHON XapaKTePUCTUKH
(hyHKIHH TeHOB, OMOXUMHYECKHX H PETYIATOPHBIX ITyTEH Hin
KOJIMYECTBEHHBIX JIOKYCOB IpU3HaKkoB. [locnenoBarenbHOCTH
TEHOB IMPEAOCTABISIOT IIEHHYI0 MH(OPMAIHIO O OCIIKOBBIX
KOMIUIEKCaX, PETYISTOPHBIX B3aUMOJCHCTBUAX 1 METa0OIH-
YECKHX IIpoLeccax, KOTOPhIE OMPeelsIoT (GU3HOIOTHYeCKUe
1 OMOXMMHUYECKUE CBOMCTBA KIIETKH, OpraHa WM OpraHu3Ma
(Bassel et al., 2012).

HoBble TeXHOIOTHU CENIEKLMHM PAaCTEHUH OMUPAIOTCs Ha
nH(OpMAIHIO 0 MapKepax 1 acCOIMMPOBAHHBIX C HUMH KOJIH-
YECTBCHHBIX IIPU3HAKAX, [P 3TOM HAJIMYMUE TaHHBIX O TCHOME
HI03BOJISIET MCIIONB30BATH CAMBIH LIMPOKHUIA CIIEKTP MapKEePOB,
BKJIIO4asl kak rmosropsl (Bai et al., 2017), tak u SNP (Crain
et al., 2018; Li et al., 2018). CtpykTypHO-(YyHKIIMOHATbHAS
pa3MeTKa FeHOMOB [IOMOTaeT CyIIeCTBEHHO 00JIErYHTh OIIpe-
JICJIEHUEe MOJICKYJISIPHBIX MEXaHH3MOB, 00€CIeUNBAIOIINX
(hopMHpOBaHNE IETEBBIX TPU3HAKOB pacTeHnil. UHpopmarms
0 ITOJIHOM ITOCIIEOBATENILHOCTH F€HOMA SIBIIAETCS KIIFOYEBOM 1
B ClTy4ae o100pa y4acTKOB JJIsi TCHOMHOTO PEAaKTHPOBAHUS
M TIOMCKa CaTOB, HMEIOLIMX HanOoJiee BHICOKYIO CTEIEHb
s dexruBHOCTH pazpesanus JJHK u cnemudpuanoctu mo
oTHoIIeHHIO K octambHoi reHomuoi JIHK (Scheben et al.,
2017; Zhu et al., 2017). Eme oxHo# 3amaucii, perieHue Ko-
TOPOM 3aBHCHUT OT 3HAHUS FEHOMHBIX I10CIIC/IOBATEIBHOCTEH,
SIBIISICTCS] CPABHUTEIbHBII aHAJIN3 TEHOMOB PACTEHUH C IIENBI0
YCTaHOBUTH OCHOBHbBIE 3aKOHOMEPHOCTH POUCXOK/ICHHUS pa3-
JIMYHBIX BUJIOB PACTCHHUH U CEIIBCKOXO3SHCTBEHHBIX KYJIBTYP
(Avni et al., 2017).

Co BpeMeHHU OIlpejelieH s TIepBOT0 TeHOMa PacTeHUs,
Arabidopsis thaliana (The Arabidopsis Genome Initiative,
2000), Omaromapsi pa3BUTHIO TCXHOJIOTHH CEKBEHUPOBAHHUS
U YIyYIIEHHUIO aJITOPUTMOB COOPKH M aHaJIn3a TeHOMOB KO-
JIMYECTBO ¥ KaYeCTBO CEKBEHUPOBAHHBIX FTEHOMOB PACTCHUH
MOCTOSIHHO pacTeT. B njeasne reHoMHast cOOpKa IpeacTaBisieT
coboii Habop nocaenoparensHOCTei Mosiekyn JJHK Bcex ero
XPOMOCOM € CyMMapHOH JUIMHOM, paBHOU pa3Mepy rariou-
HOTO reHoMa. Takue MOJIeNN TeHOMOB CITy»KaT OCHOBOM JUIst
peLIeHUs OrPOMHOTI'0 YKCJIa 3314, KAK CBSI3aHHBIX C TOUCKOM
TeHOB, MJICHTU(HKAIMEH MapKepoB, TaK M OMHUPAIOIIUXCS
Ha 3HaHHE JACTAILHON CTPYKTYphl TEHOMa — CPAaBHUTEIILHOM
T'CHOMMKH, I/I)ICHTI/I(i)I/IKaHI/II/I CHUHTCHHBIX I'PYIII XPOMOCOM.
HyxureoTuiabie mocienoBareIbHOCTH, COOpaHHbBIEe Ha YPOBHE
XPOMOCOM, BKITIOYAIOT, [TOMUMO KOJMPYIOIIUX, YY4acTKH, CO-
JIeprKallye MOBTOPEHHbIE MTOCIIEI0BATEIbHOCTH U MOOMIIbHBIE

aneMeHThL. MHpopManus 0 HUX MO3BOJIIET OXapaKTepH30BaTh
Ppa3JI4YHbIC KJIACChl MMOBTOPAIOMIUXCA 3JIEMEHTOB, UJCHTU-
(uIupoBaTh KpyImHOMacIITaOHYIO KOJUIMHEAPHOCTh TEHOB Y
POICTBEHHBIX BUJIOB M BOCCTAHOBHUTH OPraHH3AIMIO U JBO-
JIOLMI0 MOOWIIBHBIX s1eMeHToB (Bennetzen, Wang, 2014).

Mogenu reHOMOB Ha ypOBHE XpOMOCOM COJZIEPKaT IOIHBII
Ha0Op TeHOB, HEOOXOIMMBII JUIsl IPOBEPKH TOTO, MOXKET JIH
AyITUKALA WA OTEPsL 6I/IOXI/IMI/I‘{eCKI/lX WJIN CUTI'HAJIbHBIX
NyTeld y KOHKPETHBIX BHJOB PACTCHUH OOBSCHHUTH CTPYK-
TypHbIC U (U3HOJIOTHYESCKUE AIANTALUH, HEOOXOIUMBIC IS
BbDKHBaHUSA B OKCTPEMAJIbHBIX YCJIOBUAX. ITonuble XpOMOCOM-
HbIE TT0CIIE/IOBATENILHOCTH CITy)KaT OCHOBOI («pedepeHCHBIMY
TEHOMOM) JUISl M3y4YEHHs APYTUX TCHOMOB TOTO K€ BUJA C
WCIIOJIb30BAHUEM TOpa3/io MEHBIIMX PECypCcoB, 4eM ObLIO
3aTpavyeHo Ha IoJydeHHe pedepeHCHOH MmociienoBarTeabHO-
cti. OJHAaKO Takue MOJEIH FCHOMOB B HACTOSIICE BPEMs
JOCTYIHBI JIMIIb JJId He6OHI)IJlOFO qyucia paCTeHHfl, TaKux
Kak A. thaliana (The Arabidopsis Genome Initiative, 2000),
Brachypodium distachyon (The International Brachypodium
Initiative, 2010), puc (Goff et al., 2002; Yu et al., 2002),
ssamesb (The International Barley Genome Sequencing Con-
sortium, 2012), kykypy3a (Schnable et al., 2009), kaprodensb
(The Potato Genome Sequencing Consortium, 2011), mox
Physcomitrella patens (Rensing et al., 2008), mmennna 7. di-
coccoides (Anvietal.,2017; Akpinar et al., 2018), T aestivum
(International Wheat Genome Sequencing Consortium, 2018),
u HexoTopsIx Apyrux (http://plants.ensembl.org).

HecMoTpsi Ha TO 4TO HOCIIEOBATEIBHOCTH OOJIBIINHCTBA
us3 OHy6Hl/lKOBaHH])lX T€HOMOB IMPEACTABJICHLI ITOKa JIMIIb
¢parmenramu [IHK, a napopmanus 06 ux mopsiike B Xpo-
MOCOMaX OTCYTCTBYET, IaXKe TaKasi MOJIEIb TCHOMHOI rocie-
JIOBaTEJIbHOCTH COAEPIKUT B cede T0CTaTOYHO MH(POPMAIUU
JUISL AACHTH(UKALIMY yYaCTKOB, KOXUPYIOLINX TeHBI, T000pa
MapKepoB JUIsl 3a]1a4 FeHOMHOM CEJICKIHHU, CPAaBHUTEIBHOTO
aHaJIM3a reHOB, KOJUPYIOIIUX OEJIKHU C TOMOJIOTHYHBIMHU T0-
CIJIEIOBATEILHOCTSAMH U3 APYTHX BUJIOB.

CTpaTervm CeKBeHnpoBaHnAa reHomoB

CrpaTtern CeKBEHUPOBAHUSI PACTUTEIBHBIX T€HOMOB pa3-
BUBAJINCH B 3aBUCHMOCTH OT METOIOB CEKBEHHPOBAHUS H
MeTonoB (hpakiuonuposanus reaomuoi JJHK. K ocHOBHBIM
METO/IaM CEKBEHUPOBAHHUS B TIOPSIJIKE UX Pa3pabOTKH OTHOCST-
cs cekBeHHpoBaHue 1o CaHTepy, BHICOKOIIPON3BOANTEILHOE
MUPOCEKBEHUPOBAHUE, CEKBEHUPOBAHNE HA MOJEKYIAPHBIX
KJIacTepax C UCTIOIb30BaHUEM (DITyOpECIIEHTHO MEUEHBIX HyK-
JICOTU/IOB, IIUKIMYECKOE JIMT'a3HOE CEKBEHUPOBAHUE, TTOITY-
MIPOBOJHUKOBOE CEKBEHHUPOBAHME, OJTHOMOJIEKYIIIPHOE CEK-
BEHHUPOBAHUE, CEKBEHUPOBAHUE 4epe3 HaHONOphl. Kaxabii
U3 3TUX METOJOB MMEN WM UMEET CBOM NMPEUMYIIECTBA U
OTpaHUYEHUS, 3aKIIIOUalOIIKecs B JJIMHE, Ka4eCTBE U CTOH-
MOCTH TIPOYTEHUH, KOTOPbIE HEOTHOKPATHO OBIIN H3JI0KEHbI
B pa3nuuHbIX 0030pax (Krasnov et al., 2014; Mardis, 2017;
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Shendure et al., 2017). K HacTosiiiieMmy BpeMeHHU 4acTh IO/~
X0JI0B (CekBeHUpOoBaHUE 0 CIHTEPY, MHPOCECKBEHHPOBAHHUE)
yKe yTpaTwiia CBOIO aKTyaJbHOCTH B CBSI3H C IOSIBICHHEM
HOBBIX, 60.]'166 COBCPUICHHBIX U ACTEBLIX Texnonorui. K me-
Toxy ¢pakunonnpoBanus renoMHoi JIHK mMokHO oTHecTH
IIpe/IBapUTEIbHOE KIIOHNPOBAaHHE KPYITHBIX reHoMOB B BAC-
BekTopax (bacterial artificial chromosome) ¢ nocnenyromum
cexkBeHUpoBaHNEeM BAC-KIIOHOB, B TOM YHCIie COOpaHHBIX B
Ooree IPOTSHKEHHBIC KOHTHTY METOIaMH (PU3HUECKOTO KapTH-
poBanusi, — Tak Ha3biBaeMoe BAC-by-BAC cekBeHupoBaHue
(Bolger et al., 2014). Crparerueii, 3aKirogaronieiics B OTkaze
oT npezBapuTenbHoro Aenenus renomuoi JIHK na dpaxkunm
(oTnenbHBIE XpoMocoMbl Uil BAC-KIIOHBI) U CEKBEHUPOBa-
Hu# cyMMapHo# renomuoi JIHK, sBistercst meTox npoOoBrka
(whole genome shotgun — WGS). B nannom ciryuae ¢ momo-
IIBIO CaliT-HeCcTIeM(UYHBIX HyKJIea3 TPOBOIUTCS CIydaiiHast
tdparmernranus reaomuoit JTHK ¢ cozmanmem Onbmnorex
Juisl cekBeHnpoBaHHst. CTOUT OTMETUTbh, YTO CEKBEHHPOBA-
HHUE MEPBBIX PACTCHUN TaBaJIO YACTUYHYIO HUH(OPMALIUIO O
TEHOMAax U HE TO3BOJISJIO MOIYYHUTh MOITHYI0 peepeHCHYIO
MIOCIIEA0BATEIBLHOCTb.

BaskHbIM 3TanoM He TOJIBKO JJISL UCCIICAOBAHUA paCTeHMﬁ,
HO U ]ISl TEHOMHOTO CEKBEHUPOBAHUS, CTANIO0 CEKBEHHPO-
BaHHE T'€HOMa MOAeIbHOTO pacteHus 4. thaliana 8 2000 T.
(The Arabidopsis Genome Initiative, 2000). D10 O0bUT OfHMH
13 MEPBBIX TONYYCHHBIX TCHOMOB MHOTOKJICTOYHBIX OpTa-
HU3MOB. BriOpanHsbnii momxonq BAC-by-BAC ocHoBwIBaiCs
Ha cexBeHupoBaHuu 1o CoHrepy, cOOpKe M BbIPABHUBAHUH
nocnenosarensHocteil BAC-kmonos ((100-150)- 103 m.1.) B
COOTBETCTBUH C (PM3NIECKOM KapTOH TakK, YTOObI HACHTUYHBIE
MOCJIeIOBATEIbHOCTHU EPEKPHIBATHCE, & CMEKHBIE (KOHTHUTH)
cOOMPAINCh B TCHOMHYIO TTOCIIEIOBATEIbHOCTD BBICOKOTO Ka-
yectBa (Feuillet et al., 2011). OxHako TPyTOEMKOCTh 3TOTO
noaxoaa orpaHnynBaja €ro NpuMEHCHUEC IJId APYTrUuX reHo-
MOB, M TOJIBKO /IBA TO/Ia CITyCTSI C €0 MOMOIIbIO OBLIT CeK-
BeHupoBaH remoM puca (Goff et al., 2002; Yu et al., 2002),
pa3Mep KOTOpOro NpUMEPHO B TPH pasa MPEBbIIIAET IEHOM
A. thaliana. Kpome ToTO0, B Ka4eCTBE aIbTEPHATUBHOTO TIO/I-
X0Jla K CeKBEHUPOBAHHIO OOJBIINX ¥ ITOIHUIIIONIHBIX T€HO-
MOB, TAKMX KaK I'eKCarIoOn IHasl MIICHHUIIA, ObLIO pa3paboTaHo
BBIJICJIEHUE M CEKBEHHpOBaHMe XxpomocoM 1 rured (Dolezel et
al., 2007; Paux et al., 2008; Hernandez et al., 2012; Mayer
et al., 2014). Jlo HexaBHEro BpeMeHH CEKBEHUPOBAaHHE MU-
HUMAJIBHOTO TIEPEKPBIBAIOIIETOCS ITyTH BBITOIHSAIOCH C HC-
MIOJTb30BaHNEM aBTOMATH3MPOBAHHOTO CEKBEHHUPOBAHUS 110
Conrepy (Groenen et al., 2012; Howe et al., 2013), xors
aTOpMbI CEKBEHUPOBAHUS cieayromero nokonerus (NGS)
OBUTH ITPUMEHEHBI JUISl KPYITHOMACIITaOHOTO CEeKBEHUPOBa-
uust BAC-kioHoB (Zhang et al., 2012; Choulet et al., 2014;
Lietal., 2015).

CrenyrommM ceKBEHIPOBaHHBIM KYJIBTYpPHBIM PaCTCHHEM
craut Tonoiib (Tuskan al., 2006). C moMoIipio ceKBEeHUPOBa-
Hus MetogoM apodosuka (WGS) ero IHK 6buta ammmudu-
[IUPOBaHa, CIIy4alHbIM 00pa3oM (parMeHTHpOBaHa CaWT-
HecTeUU(pUYHBIME HYKJI€a3aMH JUIsl MOJIY4EHUs! IePEeKpbI-
BalOMMXcA (PparMeHToB, KOTOPHIE 3aTeM OBLIH CEKBEHUPO-
BaHbI ¥ cOOpaHbl. XOTS 3Ta CTPATEr sl 3HAYUTEIILHO CHHKACT
BpPEMEHHBIE 3aTPAaThl, KaK [IPABUJIO, B PE3YJIbTaTe MOIYYaeTCs
Ooree pparMeHTHpPOBAaHHAS MOCIEAOBATEIFHOCTh TEHOMA.
[TonmHOreHOMHOE CEKBEHUPOBAHHUE METOJIOM JIPOOOBHKA TaK-
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K€ OBLJIO YCIICIIHO PUMEHEHO JUIS IPYTUX PacTeHUH, B TOM
4qucie s BUHOTpama Vitis vinifera (Jaillon et al., 2007),
nanaitn Carica papaya (Ming et al., 2008), orypua Cucu-
mis sativus (Huang et al., 2009), sonouu Malus x domestica
Borkh. (Velasco et al., 2010), B. distachyon (The International
Brachypodium Initiative, 2010), con Glycine max (Schmutz
et al., 2010) u xaprodens Solanum tuberosum (The Potato
Genome Sequencing Consortium, 2011).

W3BecTHO, UTO OOJBIIMHCTBO TEHOMOB PACTEHUH Xapak-
TEPU3YIOTCS TOBBINICHHBIM COZIEPYKAHUEM TIOBTOPSIOLIEHCS
JHK n HammuueMm AyTUIMKAINN TeéHOMa M3-3a COOBITHH ITOo-
JTUIUTOUIM3AAY. Ba)kHO OTMETHTE, YTO BCE TCHOMHBIC TIPO-
€KTbI, OCHOBAaHHBIE TOJIBKO Ha CEKBEHUpOBaHUH 110 CoHTeEpY,
OBLTH peai30BaHbI IS PACTEHHH, TEHOMBI KOTOPBIX 3HAYH-
TeabpHo Menbie 5.8 - 10 . 1. Xors nogxoast BAC-by-BAC
MOTYT CHHU3HUTh CJIOKHOCTh F'eHOMa Oosiee ueM B 10 ThICsSY
pa3, cbopka OONBIINX TEHOMOB OCTaBajach TPYAOEMKOU U
noporocrosiiei. CeKkBeHnpoBaHUE METOJOM JPOOOBUKA CO-
KpaiiaeT HeoOXOIMMbIe BpeMsl U YCHIINS, OIHAKO TIOJIyYeHHUE
MOCIIEA0BATEIBHOCTH T€HOMA OBLITO 3aTPATHBIM M3-3a BEICOKOH
CTOMMOCTH CEKBeHNpOoBaHMs 0 CaHTepy M TpeOOBAIO MHOTO
BpemMeHHu. KpoMe Toro, ocraBajinch HECEKBEHHUPOBAHHBIE
o0macTy, 9T0 00YCIOBICHO HU3KUM MOKPBITHEM TIPH CEKBE-
HupoBaHun 1o Courepy (*4—7) U TEXHUYSCKUMHU IpoolIre-
MaMH, CBSI3aHHBIMH cO BropuuHOH cTpykTypoit IHK u ro-
MOTIOTUMEPAMH.

CrpaTerusi CeKBEHUPOBAHUSI METOJIOM JIpOOOBHKa Oblia
OCHOBaHa Ha CEKBEHHPOBaHWU N0 CIHTEPY M IPUMEHSIETCS
IO CUX TI0p, ogHako HauuHast ¢ 2005 1. Bce 6onbIme 000pOTHI
CTaJIO HA0MpaTh TaK Ha3bIBAEMOE CEKBEHHPOBAHUE CIICITYFO-
miero mokosieHust (next-generation sequencing — NGS). Ero
MIPUMEHEHHE YITy4IIHIO0 COOTHOIIEHHE MEKIY TOTydaeMbIMU
JTAaHHBIMH U CTOMMOCTBIO CeKBEHHUPOBAHMUS TeHOMa. TexHoI0-
rust NGS oxBaTbIBaeT HNIMPOKUN KPYT MOAXOOB, B KOTOPBIX
UET mapaiebHOe CEeKBEHNPOBAHHUE ITOCIECA0BATEIbHOCTEH
Heckombkux ¢parmenToB JIHK ¢ momydeHreM 3HaYNTEIEHO
OOJIBIIIETO YKCIIa CEKBEHHUPOBAHHBIX 10CIIE0BATEILHOCTEH,
HO, KaK MpaBmiIo, Oojee KOpoTKoi mmmHE (25-500 m.H.) 1
0oilee HU3KOTO KauecTBa, Y€M B CIydae CEKBCHHPOBAHUS
no CoHrepy. DTH MOIXObI peajn3yloTCs Ha CEKBEHATOPax
HOBOTO TIOKOJICHHUS IIPON3BO/ICTBA KOMMEPUECKNX KOMITaHUH
Illumina, Thermo Fisher Scientific, Pacific Biosciences u
Oxford Nanopore Technologies. Yacts pa3paboTaHHbIX ru1ar-
hopm yxe ynumn ¢ peraka (Hanpumep, GS FLX, 454/Roche,
HeliScope/Helicos Bioscience).

NGS npuMeHSIOT Kak JUIsl peCeKBEHHUPOBaHUs (aHaIHU3a
TEHOMOB OPTaHU3MOB C TOCTYITHBIM pe(epeHCHBIM TCHOMOM),
TaK ¥ JUIsl CEKBEHUPOBaHMUs de novo. J{is ynpouieHust coop-
KU B ciydae OOJBUIMX MO pa3Mepy M CIOXKHO YCTPOSHHBIX
TEHOMOB HCTOJNB3YIOT KOMOWHUPOBAHHBINA MOIXOMA, B KOTO-
POM COYETAIOT IIAT(GOPMBI, TEHEPUPYIOIINE KaK KOPOTKHE,
Tak u [uHHBIC nocienoBarenbHocTH (The Potato Genome
Sequencing Consortium, 2011; Brenchley et al., 2012; The
Tomato Genome Consortium, 2012), uiu codeTaHue HECKOIb-
KHX CTpaTeruii CeKBEHNPOBaHUsI (CM. PUCYHOK).

leHOMHble NpoeKTbl

B pesynbrare pe3koro CHUKEHHsI 3aTPaT Ha CEKBEHUPOBAaHUE
TeHOMa B TE€UCHHE IMOCICTHUX JIBAJIATH JIET OBUIO OIyO-
JIMKOBaHO 322 reHOMHBIX MOCJIEA0BATEIbHOCTH PACTEHUN
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olLm LB . m
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 T[op
Puc BuHorpap Kykypy3a Kakao lpywa AHaHac CaxapHbin
Orypey Kaptodenb Kunsun lony6uka TPOCTHUK
Copro Kny6Huka HyT Knesep
Kononna Mepcnk YepHuka
Manaiis Pena Ceekna BaTat
TypHenc lpaHaT
OUHUK Vikkip
Con Abpukoc  baknaxaH  Apaxuc KoKoc
flenoxa AnenbcvH  Kanycta ApTULLOK JIMOH
Apby3 KnemeHtnH Topuunua TOMCONHEUHNK
baHaH Knioksa [peunxa Momeno
ObiHA Kode lpeuknin opex POXb
KasaHn KyHxyT KnHoa ThiKBa
JleH Natyk ManuvHa Yait
MaHnok  Maw MaHgapuvH UYepewHs
MweHnua MMepey MopkoBb LLIVINOBHK
CnuBa Panc Msrta WnvHaT
Tomat Penbka OnwuBa
Xnonok Qaconb
flumeHb Xmenb
Xypma
SBKanunT

Mepexop oT paHee NpumeHaBLUeroca metoga CaHrepa K MCNonb30BaHWIO ANA CEKBEHNPOBaHMA reHOMOB Tonbko NGS (cuHui LgeT).

OUoNeToBbIN LBET — KOMOUHMPOBaHHbBIN MeTof cekBeHUpoBaHus (BAC n WGS); 3eneHblil — ceKBeHNpoBaHUe MeToaomM apobosuka (WGS); KpacHbI — CeKBEHNPO-
BaHvie BAC-knoHoB metopom CaHrepa. BH13y npriBeaeHbl Nprmepbl CeKBEHMPOBAHHDBIX KyNbTYPHbIX PacTeHWIA.

(o cocrostnto Ha utonb 2018 ., www.plabipd.de), u3 HuX
TEeHOMOB JBYIOJIBHBIX pacTeHui — 207, OMHONONBHEIX — 68,
BOZIOpOCIIeH — 35, HeTTOKpbITOCeMEHHBIX pacTeHuii — 12 (ITpu-
noxenue 1)!. Jlo HemaBHEr0 BPEMEHU BBINONHEHUEM 3THX
MPOEKTOB 3aHUMAIIUCh KPYITHBIE KOHCOPLIIYMBI 110 CEKBEHH-
POBAHHIO TeHOMa, O0BEANHSIS ONBIT BO MHOTHX oOnacTsx. bra-
roJapsi 3BOJIOINH CEKBEHUPOBAHUSI CIISAYIOIIETO ITOKOJICHHUS
HOCTEIIEHHO CTAJI0 BO3MOXKHBIM IIPOBOJIHTH LEIIBIC IIPOSKTHI
cOOpKM TeHOMa PAacTeHUI CHJaMH OTAEIBHBIX JIabopaTo-
puii wi HebonbimX KoHcopiyMoB (Pucker et al., 2016; Jiao
et al., 2017). JlanpHeiimee ycoBepIICHCTBOBAHNE TEXHOIIO-
THH C JUIMHHBIM IPOYTEHNUEM MO3BOJIUT OXBAaTHIBATh IIOBTOPSI-
IOIIMECS PaliOHBI, YTO paHee ObIJIO CEPbE3HBIM IPETSTCTBHU-
eM Ui 3aBeplIeHHs CeKBeHHpoBaHMA reHoma (Jiao et al.,
2017).

B 2008 . craproBan npoekt «1001 Genomes Project» st
MOJYYECHNS TOYHON TeHOMHOH MOCIIeI0BaTeNbHOCTH A. tha-
liana na ocHoBe cexBenuposanust 1 001 o6pasua (http://1001
genomes.org). [TepBsiii 3Tam MpoekTa HeAaBHO ObLT 3aBEPIICH

1 Mpunoxexna 11 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx2.pdf

nyonuKkaiuei noapoOHoro aHanu3a resomMoB 1135 uHOpen-
HBIX JIMHUH, KOTOPBIH as nH(OpMaIuio 00 NCTOPUN BUIOB
U pacHpeeNieHnH TeHeTndeckoro paznoodpasust (The 1001
Genomes Consortium, 2016).

B 2012 r. 6b11a co3mana MeXTyHapOaHAS MHUIIMATHBA TS
cekBeHHnpoBaHus TpaHckpunroma 1000 pa3auuHBIX BUAOB
pacrenuii — «1KPy» (https://sites.google.com/a/ualberta.ca/
onekp/). CexBeHnpoBanue mpoBoguTcs Ha miardopme Illu-
mina (GA2 nim HiSeq). Pacrenus orupanu Takum o6pasom,
4TOOBI NMPEAOCTABUTH 00PaA3Lbl Ul BCEX OCHOBHBIX JIMHUM
3€JICHBIX PACTCHNUH, BKITFOYAsl XBOMHBIC AE€PEBBSI, TATIOPOTHH-
K1, MXH, 3€JICHbIC BOZOPOCIH M [IBETKOBBIC pacteHus. Cie-
JIyeT OTMETHTb, YTO OOJILIIMHCTBO 3TUX BHUJOB HUKOIZA HE
MO/IBEPTraIIICh KPYITHOMACIITA0HOMY CEKBeHMpoBaHuio. Ha-
npuMep, ObUIN CEKBEHUPOBAHBI PEICTABUTEIH ITOUYTH BCEX
415 n3BeCTHBIX CEMENUCTB MOKPHITOCEMEHHBIX, a TIPUMEPHO
ISITYIO YaCTh CEKBEHUPOBAHHBIX BUJIOB ITPEACTABIISIIOT BOJIO-
pocim. [TomyueHHbIe TaHHBIE SBISIOTCS TPAHCKPUIITOMHBIMU
cOOpKamH, MpeAIoIaraeMbIMi KOJUPYIOIIMMH [TOCIIEeI0Ba-
TENILHOCTAMH, OPTOTPYIIIIAMH, & TAKKE (PUIOTCHETHIECKUMHU
nepeBbsiMu (Matasci et al., 2014).

AKTYANbHbIE TEXHONOT UMW FEHETUKN PACTEHUIA / MAINSTREAM TECHNOLOGIES IN PLANT GENETICS 41



M.K. Bragina, D.A. Afonnikov
E.A. Salina

B 2014 r. ony6aukoBaHa paboTa 0 peCeKBEHUPOBAHUU
3000 obpasrios puca u3 89 ctpan (http://iric.irri.org/resources/
3000-genomes-project). Bce reHOMBI HMEH CPEHIONO TITy-
OuHy cekBeHHpOBaHUs X 14, co cpeqHuMU KoaduimeHTamu
MOKPBITHS pedepeHCcHOro reHoMa U KaptupoBanust 94.0 u
92.5 % cootBeTcTBEeHHO. [l0C€e BEIpaBHUBAHUS OTyYEHHBIX
IaHHBIX ¢ pedepeHcHbIM copTtoM O. japonica Nipponbare
6pUT0 0OHApYX)eHO puom3uTensHO 18.9 MummronoB SNP.
OUIOreHeTUYECKHE aHAINU3bl, OCHOBAaHHBIE HA JaHHBIX SNP,
noareepauin auddepennmanuio renoponna O. sativa Ha
MISATh COPTOBBIX TpymN — indica, aus/boro, basmati/sadri, Tpo-
MUYECKYI0 japonica 1 ymepenuyto japonica (The 3,000 rice
genomes project, 2014).

O6mas mens [Ipoexra reHOMa Mapa3uTHUECKUX PACTCHHNA
(PPGP) (Westwood et al., 2012) 3akiodaercst B IpOBEICHUN
CPaBHHUTEIBHOTO (YHKIHOHAJIBHOTO TEHOMHOTO aHaIu3a
Mapa3sUTUYECKUX PACTEHHH JUIA BBISBICHHUS M3MEHEHUH re-
HOMa, KOTOPbIE TIPUBEJH K YCTAHOBJICHUIO NTAPA3UTHIECKOTO
oOpa3za u3Hu. B 9TOM npoekre ObUIM CEKBEHUPOBAHbI Lin-
denbergia philippensis, Orobancheae n Mimulus — TpaHc-
KPHIITHI Tapa3uTHIeckux poaos otr Orobanchaceae (7riphy-
saria, Striga u Orobanche) v IByX TECHO CBSI3aHHBIX He-
nmapasuToB. B HacTosIee BpeMsi OHM CEKBEHUPOBAHBI B He-
3apucuMoM TpoekTe (http://www.mimulusevolution.org).
OTH BUBI PACTCHUI JBOJIIOIMOHHO CBSI3aHBI MEXKY COOOIA,
HO OXBAaTbHIBAIOT JIMAIAa30H Mapa3uTapHBIX CIIOCOOHOCTEH OT
CBOOO/THOTO CYIIIECTBOBAHUSI /IO IOJTHOCTBIO T€TEPOTPOPHOTO
rapasura.

B mrone 2017 1. kutaiickuii ruranT cexBeHnpoBaHus BGI
(Beijing Genomics Institute) 1 HannonansHsrit 6ank Kuras
(CNGB) 00bsiBIIIH 0 TUTaHAX 110 CEKBCHUPOBAHHIO HE MCHEE
10000 reHOMOB, IPEACTABIAIONTIX KOYKAYI0 OCHOBHYIO BETBh
(Tpymity, KJ1aay) pacTeHUH M 9yKapHOTHYECKHUX MHKPOOOB.
[Tnan 10KP cTaHeT kiIr0ueBOi 4acThiO MIPOEKTa IO MOoJTyye-
uuto 6morenoma 3emmn (Earth BioGenome Project — EBP),
aMOMIIMO3HOM 1 BCE €I1le Pa3BUBAIOLICHCS CXEMBI, TO3BOJISI-
IOIIEH MOy YUTh JAHHBIE O TCHOMHBIX MOCIIEI0BATEIBHOCTSIX
1.5 MIJITTMOHOB 9yKapHOTHYECKUX BUJIOB, BKIIOYAs JETaNIb-
HBIE TOCJICJOBATEIBHOCTH OJHOTO WIEHA M3 KaXJOTro U3
9000 sykapuorudeckux cemeicts. [Tman 10KP ocHOBBIBaeTCs
Ha npensiaymieM npoekre 1KP; mpenmomaraercs, 9to menu
ucciuenoBanus OyayT BKIFOYATh POJIb JTYTIMKALIMHA TEHOMA,
KOPPEJSILUI0 MEXKAY FeHOMHBIMH U MOP(OIOrHYeCKUMHU
U3MEHEHHUSMH W U3MEHEHHs TEMIIOB 3BOJIONNH C TEUCHHEM
BpPEMCHH.

I'Ip06neMb| NOJIHOreHOMHOIro CeKBeHNpPOoBaHUA

Hawnbosee mmpokoe npuMeHEHNE HOBBIX MTOJX0/I0B K CEKBe-
HUPOBAHUIO PACTCHUN 3aKJIFOYaeTCs B IOJTHOTEHOMHOM CEK-
BEHHPOBAHUH JIJIs1 TIOIyIeHHS pe(hepeHCHOH TOCIIe10BaTelb-
HOCTH ¥ TEHETHYIECKOH CTPYKTYpbI TeHOMOB. borbiioit pazmep
réHomMa, qyrJjimKanus u HOBTOpH}OHJ,I/II‘/IICSI KOHTCHT SBJISAOTCSA
(hakTOpamMu, KOTOpBIE 3aTPYAHSAIOT ITOTyIEHHUE TTOTHOIIEHHOH
nH(OPMAILIUK O CTPYKType TeHOMa PacTeHNH M MOCTPOCHNH
«30JI0TOTO CTaHAAPTa» PeePEHCHON OCIEA0BATEIILHOCTH.
Ot poOIeMbl aKTHBHO TPEOA0IEBAIOTCS KaK pa3padoTKOH
HOBBIX OMOMH(OPMATHIECKUX PECYPCOB U UCTIONB30BAHUEM
IIPU CEKBEHUPOBAHUH PA3JIMYHBIX IJ1aTGOPM, TaK U IpUBIIE-
yenneM qanabsIx PHK-Seq 1 110 5K30MHOMY CEKBEHHPOBAHHIO,
a TaK)Ke IIPUBJICUCHUEM JIAHHBIX 0 (PH3UIECKOMY KapTHPOBa-

Progress in plant genome sequencing:
research directions

Huto xpomocoM (The International Wheat Genome Sequencing
Consortium, 2018).

B 2013 . 6pu1a onmy6iMkoBaHa pedepeHcHas MociIen0Ba-
TEJIBHOCTh TCHOMA CaxapHOU CBEKIIbI (Beta vulgaris). B atom
HCCIIENOBAaHNH HCIOJIB30BaAJIOCH coueranue 454, Illumina n
Sanger rutatdopm JuIs ceKBeHHpOBaHHs. B obmieit cimox-
HOCTH ObUT HaeHTUUIMPOBaH 27421 GenoK-KOAUPYIOIINii
reH, 4to moxarBepxkmaercs manHsiMH PHK-Seq. Ha ocHoBe
BHYTPUBHU/IOBOTO TEHOMHOTO aHAJIM3a IIATH Pa3IMYHbIX BHU-
JIOB CaxapHOH CBEKJIbI MJICHTU(HUIIMPOBAHO 7 MHJUIMOHOB
TEHOMHBIX BapHaHTOB, a TaKKe OOJbBIINE KOHCEPBATHBHBIC
obnactu. [lomy4eHHbIH reHOM caxapHOH CBEKJIbI TIO3BOJISICT
00OHapYXUTh arpOHOMHYECKH Ba)KHbBIC MTPU3HAKH, KOTOPHIE
MOTYT IOBBICUTB Ka4€CTBO U TPOAYKTHBHOCTH pactenust. [To-
CJIE/IOBATEIHHOCTH TEHOMOB BHECIIH TAK)KE BKJIAJ] B CPABHU-
TeJIbHBIE HcclieoBanus ¢ Bugamu Caryophyllales u npyrumu
1IBETKOBBIMHU pacTeHusMu (Dohm et al., 2014).

B nenasueit pabore (Nystedt et al., 2013) mpoBeaeno
de novo cekBeHHpOBaHNE HOPBEKCKOIT enut (Picea abies) me-
TOZIOM IpOOOBHKA C HCHONB30BaHNEM TexHoioruu Illumina.
Hepapxudeckas crparerus cOopku reHoma Obiia pazpaboTana
JUlsl OOBEIMHEHUSI TAIJIONIHBIX U JAMIUIOMIHBIX T€HOMHBIX
manabix u gaHHeIXx PHK-Seq. Pa3smep renoma P. abies ore-
HuBaetrcs B 19.6-10° n.H. Ognako Toabko 28354 nocne-
JIOBaTEJIbHOCTH, KOJUPYIOIINE OEJIOK C BBICOKOW CTEHEHBIO
JTOCTOBEPHOCTH, OBLIN Tpeacka3anbl mo qaHHbeM EST n
TpaHckpuntomMaM. Kpome Toro, mpeaigokeHa MOJeNb 3BO-
JIFOIIMY T€HOMAa XBOWHBIX [TOPOJI, KOTOPas IPEAIOoNaraeT, 4To
yAareHre MOOMIIbHBIX 3JIEMEHTOB Y HHX IIJIO MEHEE aKTHBHO,
4yeM y OOJIBIIMHCTBA JPYTHX BUAOB pactennit (Bennetzen et
al., 2005), mpuyeM BCTaBKH MOOMJIBHBIX 3JICMEHTOB B T'€HBI
MIPUBOJAT K MOSIBIICHHUIO OOJIBIINX HHTPOHOB U IICEBIOTEHOB.
JlononHuTeNnbHOE CEKBEHMPOBAHNE TEHOMA XBOWHBIX TIOPO]
MO3BOJIMT IIPOBECTH CPABHUTEIBHBIN aHAIIM3 U TPEAOCTABUT
JIOTIOTHUTENBHBIE PECYPCHI ISl TIOHUMAHHSI 3BOJTIOIINY BaX-
HBIX TIPU3HAKOB Y CEMEHHBIX PacTCHUH.

B 2014 r. 6bu1 cobpan pedepeHcHblil TeHoM Eucalyptus
grandis (Myburg et al., 2014), 11t 9ero MpoBeaeHO MOTHO-
TEeHOMHOE CEKBEHHpOBaHKe 110 CaHTepy M MapHOe CEKBEHH-
poBanne BAC-koH1IOB. DTO mepBblii pe)epeHCHBIN TeHOM,
OITyOJIMKOBAHHBIHN /TS 9BIMKOTOB MUPTOLBETHBIX, 00€CIEUH-
BAIOIIMH pecypc sl NoTydeHus: HH(OpMaIuy O TeHeTnye-
CKO¥1 IpUpo/ie OOJIBIINX JIPEBECHBIX MHOTOJIETHUKOB.

C ucnonp3oBanneM moaxozaa Illumina WGS Oblmn cexse-
HUPOBAHbI TPH HHOpEAHBIX copTa Nicotiana tabacum (Zhang
etal.,2011). Pa3mepsl oy4eHHBIX TCHOMOB ObLIU OIICHEHBI
B 4.41-10° m.u. g N. tabacum TN9O, 4.60 - 10° m. 1. st
N. tabacum K326 u4.57 - 10° . u. st N. tabacum BX (¢ no-
KkpbiTHeM x49, x38 u x29 coOoTBETCTBEHHO). ABTOPHI Mpel-
TOJTarajy, 9TO JAHHBIN MPOEKT BHECET 3HAUNTENIbHBIN BKIA]
B (DYHKIMOHAIbHBIC TCHOMHBIC MCCIICIOBAHHS MOJICIBEHOTO
opranusma N. tabacum (Sierro et al., 2014).

IToMHMO TTOTHOTEHOMHOTO CEKBEHUPOBAHUSI, TIPOBOSTCS
MCCJICZIOBAHNUS TI0 PECEKBEHUPOBAHHIO, KOTOPOE HCIIONB3Y-
€TCs B OCHOBHOM JUIsl IPO(MIIMPOBAHUSI TPAHCKPUIITOMOB U
obnapyxenust SNP nist pazpadoTtiku mapkepoB (Deschamps et
al., 2012). Takum 0Opa3om ObUI TTOTy4IEH BHICOKOKAYECTBEH-
HBII pedepeHcHbI reHoM KapTodes 1 nAeHTHOUIMPOBAHO
3.67 munmnona SNP npu cpaBHEHHH TOMO3UTOTHOM TBOWHOMN
TaIIOWIHON JTMHUW C TeTEPO3UTOTHOU autuionnHon (Xu et
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al., 2011). Kpome TOro, peceKBeHUPOBAHbBI M COTIOCTABJICHBI
JIPYT C IPYTOM HECKOJIBKO 00pa3roB apOy3a. B obmieii crox-
HOCTH HneHTHuIIpoBano 6784 860 SNP, mpencrasisronix
TeHETHYECKOe Pa3HO00pa3re BUIOB CEIbCKOX03sHCTBEHHBIX
kynsTyp (Guo et al., 2013).

B 2016 r. 6p11a co3nana komnanust NRGene, pazpadarsiBa-
I0111asi HOBelilIee NporpaMMHOE 00ECIICUeHNE U aJITOPUTMBI
JUISl CEKBEHHPOBAHMUSI CIIOKHBIX OOJIBIITMX TEHOMOB CEIILCKO-
XO3SICTBEHHBIX KYJBTYD, )KHBOTHBIX U BOAHBIX OPTaHU3MOB.
NRGene nosponuna cekBeHupoBarh de novo 10.5-10° m. u.
(98.4 %) renom TerparuonaHON mreHUIHI (Avni et al., 2017),
4.09-10° m. 1. (98.6 %) renom gumnonanol muennis (Luo
et al., 2017), 2.18-10° m.u. (98.2 %) pedepeHcHbIH TeHOM
KyKypy3bl (Springer et al., 2018) u 0.82 - 10° m. 1. (98.4 %)
renom Tomara (Kol, 2016) ¢ ncronp3oBannem miaTdopmbl
[llumina u nporpammuoro ob6ecreuenuss DeNovoMAGIC.
Takxe ObUTa CEKBEHNPOBAaHA MsITKasl MIIEHUIIA, U JaHHbIE 110
cOopke OyyT 0ObeAMHEHBI C JaHHBIMU (PU3NYECKOTO KapTH-
pOBaHMUs ISl NIOJTyYEHHs] BBICOKOKaYE€CTBEHHOM MOCIIEn0Ba-
TEJILHOCTH Ka’KI0H XPOMOCOMBI C TOYHO JTOKATN30BaHHBIMHU
TeHaMH, PEryIsITOPHBIMU diieMeHTamMu 1 Mapkepamu (https://
www.wheatgenome.org).

LlEHEBOe CeKBeHpoBaHmne

Ilepexon ot cexBenuposanus mo Crurepy k NGS npusen
CHIDKEHHIO 3aTpaT ¥ YBEIMUEHHIO YNCIIa CEKBEHHMPOBAHHBIX
reHoMoB. O/IHaKO OJIHOTEHOMHOE CEKBEHUPOBAHHE HE MOJI-
XOAMT JJIsl OOJIBLIMHCTBA UCCIIEA0BaHUIi. BbICOKOro ypoBHSI
MOKPBITHS ¥ pa3peIIeHNUS TTOTHOTEHOMHOTO CEKBEHUPOBAHUS
HE XBaTacT JuIsl 0OOHapyKEHHs BCEX I3MEHEHUH B CIIO’KHBIX 00-
pasuax. B cBsi3u ¢ 3TUM cTasnio pa3BUBATHCS U ITPOJOJDKAET Ha-
O6mparb 000POTHI I1eIeBOE (TapreTHOE) CEKBEHNPOBAHHE, KO-
TOPOE 3aKJIIOYACTCs B BBIJICIICHUN M CEKBEHUPOBAHUH OTIpE-
JIeTICHHOW 00JIacTH TeHOMa MJIH MOJIMHO)KECTBA TEHOB.

s pacTeHni, KOTOpBIE 00TaTar0T OONBITAM WITH TIOJTH-
TUTOMIHBIM T€HOMOM, CYIIECTBYET CTPATErusl yMEHBIICHHS
CJIOKHOCTH T€HOMA C UCIIOJIb30BaHUEM CTPATETnil LIeJIeBOTo
oboramienus. L{eneBoe cekBeHUPOBaHME BKITIOYALT B ce0s TPH
atamna: oroop nHrepecyromeit ¢ppakuun JJHK (oboramenne
00pa3IoB), CCKBEHHUPOBAHNE OTOOPAHHOTO MaTepuasia u
aHaJIN3 TIOJyYeHHBIX pe3ynbraToB. LleneBoe oborameHue
3aKJTI0YACTCs B BBIICIICHHUH CTICHH(PUUECKUX JIOKYCOB TeHOMA
(HammpuMep, TeHOB, MOJIEKYJIIPHBIX MapKepoB, OOIBIINX Te-
HOMHBIX 00JTaCTe, TeHOMOB OPTaHENT) B COUCTAHNH C CEKBE-
HUPOBAHHEM BTOPOTO MokojeHust. OOoramieHre MoXeT Ipo-
BoauThCs ¢ nomoiubto 1P, meTona MonexkynsipHOi MHBEp-
CHUHM, THOPUAN3AIMOHHOTO OOOTAICHUS U €T0 YIy4qIIeHHOH
BepcHH — oboramieHus B pactsope (tadum. 1, [Ipunoxenne 2).

B Hacrosee Bpemst 1J1sl paCTeHHUI UCTIONB3YIOT THOPHIH-
3aIIMOHHBIE METO/BI 00OTAIIEHHS — HA TBEPIOH OCHOBE (T. €.
MOKPOBHOE CTEKJIO, MUKPOYHIT) WM B pacTBope. Hanbornee
pacrpoCTpaHEeHHbIE U HAJISKHbBIE B UCCIIEOBAHUIX PACTEHUIN
METOJIBI TIpefocTaBieHsl komnanusaMu Agilent Technologies
(SureSelect), Roche NimbleGen (SeqCap EZ), MY croarray
(MYbaits) u Ion Torrent (TargetSeq) (Terracciano et al.,
2016). ITnomaHOCTH, pa3smep reHoMa u ocobdernnoctn JHK
(GC-cocraB) n3yyaeMbIX BHJIOB BMECTE C OCOOCHHOCTSIMH
30HJIOB (JUIMHA 30H/a, TeMIeparypa ruOpuan3ain) MOryT
MOBIHATH Ha 3¢ ekTuBHOCTE 0boTamenus. beuto mokazamo,
YTO YPOBEHb 00O0TaNICHUS 3HAYUTEITHHO CHHKACTCS B TPOMO-
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TopHoii obnactu, 5S'UTR obnactu u B mepBoM 9K30HE T€HOB
n3-3a BeIcOKOTO cozeprkanmst GC B atux obmacTsax (Dohm et
al., 2008). Bricokoe miu HusKoe conepxanue GC cHmxaeT
s dexruBnocTh [P ammnudukanuu u rudpuanzanuu
3oH712 (Aird et al., 2011). DddexTrnBHOCT 0OOTaNICHAS 3a-
BHCHT TaK)kKe OT BEIOPAHHOTO MTPOTOKOJIA U OT UCTIOJIB3YEeMO
TEXHOJIOTMH CEKBEHUPOBaHUs (TabI. 2).

3a mociegHIe HeCKOIBKO JIeT OblTa ToKa3aHa d(h(heKkTHB-
HOCTB IEJICBOTO OOOTANICHUS Ul NCCIICIOBAHUS HYKJIEO-
THJIHOTO Pa3HOOOPa3usl MOJUIUIOUIHBIX BUJIOB C OOJIBIINM,
MOBTOPSIOIIUMCS ¥ T€TEPO3UTOTHBIM T€HOMOM U TUIIIIOH/I-
HBIX BHJIOB C TEHOMHOM T'€TepOreHHOCTHIO BHYTPH TPYIIIIBI
(cm. [punoxenue 2). Tak, Harpumep, ObUT peCEKBEHUPOBAH
y9acTOK 5k30Ha 3.5 - 100 I1. H. aJU10Te TPaIuION IHOM MIIEHHTBT
st xapakrepuctuku SNP, Bapuanuu yucna Komuil reHOB
W M3YYEHHs JUBEPreHLUH FOMOJIOIMYHBIX MOCIEA0BATEb-
HOCTeH B KOOMPYIOMUX ydacTkax (Saintenac et al., 2011).
B 2012 r. pa3paboran npoTOKOJI peceKBEHHPOBaHUS U 000-
ramieHus Juis u3ydenus 56.5 - 10 . v. reromuoii JJHK BocsMu
COPTOB MSTKOH MIIEHUIIBI, B PE3YIBTATE YETO UACHTU(DHUIN-
posano oxoso 500000 noBeix SNP (Winfield et al., 2012).

[leneBoe ceKBEHHPOBAHUE TO3BOJIMIO YMEHBIIUTh CIIOXK-
HOCTh TeHOMa suMeHs Oonee weM B 50 pas, 1t 9ero ObIIo
MPOBEACHO oOorameHne KOIUpYIomuX o0nacTel, KoTopble
BKJIFOYAJIH B ce0sl Ipe/IcKa3aHHbIe I'eHbl N3 TCHOMHON COOPKH
copra Morex, HaXOAAILIYIOCS B OTKPBITOM JOCTYIIE TTOITHO-
pasmepnyto k/IHK u de novo coGpanHyl0 KOHCEHCYCHYIO
nocnenosaresibHocTh RNA-Seq (Mascher et al., 2013).

Pa3paboTaHbl METOIUKY aHATIN3a IIEJIEBBIX TEHOMHBIX 00-
JacTel, CBA3aHHBIX C arPOHOMUYECKH BasKHBIMH ITPU3HAKAMH,
Julsl BeIsIBJIeHUsI pazHooOpasust JJHK-nocienosarensHocTei
KyKypy3bl (Muraya et al., 2015), parca (Clarke et al., 2013;
Schiessl et al., 2014), xonka (Salmon et et al., 2012) u ma-
nuoku (Pootakham et al., 2014). Kpome Toro, 1iesieBoe obora-
IIEHNE TIOCJIEI0BATEIbHOCTEH 1 TOBTOPHOE CEKBEHHPOBAHHUE
MIPOBEICHBI /IS HECKOJIBKHUX BHIOB JICPEBBEB, @ UMEHHO JIa-
JIAHHOW COCHBI, YEPHOTO TOIOJISI U 3BKAJIMITA, C LIEJIbIO BbI-
SBJICHUS TTOIMMOP(U3MOB ISl IOCTPOEHUSI TEHETHYECKOM
kaptsl (Neves et al., 2013, 2014), rerorunuposanus (Zhou et
al., 2012), a raxxe pa3zpabOTKH MapKepOB, ACCOLMUPOBAHHBIX
¢ xcunorenezoM (Dasgupta et al., 2015).

KaprtupoBanue ¢ moMompi0 CEKBEHUPOBAHUS, KOTOPOE
codeTaer B ce0e reHeTHYeCKOe KapTHPOBAHMUE C LIEJIEBBIM pe-
CEKBEHHPOBAaHNEM, OBIIIO HCIIOIB30BAHO JUIS OTIPEEIICHUSI MTO-
JTMMOP(HU3MOB ITOTEHINAIBHBIX reHOB staMenst (Pankin et al.,
2014), zemnsinuku (Tennessen et al., 2013) u 7" monococcum
(Gardiner et al., 2014).

Jlaxxe TeHOMBI XJIOPOIIIACTOB OBUIM MOJABEPTHYTHI IIeie-
BOMY 00OTallleHUI0 1 MacCOBOMY IapaljIeJIbHOMY CEKBEHH-
posanuro (Stull et al., 2013). Bsur ckoHCTpyHpOBaH HAbOP
PHK-30H10B Ha OCHOBE MOJIHBIX MOCJIEI0BATEIbHOCTEN
JIHK 22 paHee ceKBEeHUPOBAHHBIX XJIOPOILIACTOB 3BUKOTOB.
C momombio 3Toro Habopa 30H0B MPOBEACHO 00OTAIICHHE
24 TOKPBITOCEMECHHBIX pacTeHUi (22 IBAUKOTA, 2 OTHOIOTb-
HBIX) C MX [TOCIIEYIOIINM CEKBEHUPOBAHUEM JIJISI TIOJTyYSHUS
MOJIHBIX TEHOMOB IIJIACTH]I C UCKITIOUMTENILHO BBICOKHM yPOB-
HeM nokpbITus (717 B cpennem).

B 2013 1. BInUIa padoTa 1Mo uACHTU(GUKAIIMA BAPHAHTOB
TEHOMHBIX TTOCJIEIOBATEIEHOCTEH Vv 84 COpTOB KapToders
(Uitdewilligen et al., 2013). I muist Tomara, 1 a7st KapToderst
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Ta6bnuua 1. Metogbl oboralleHns LEeneBoro cekBeHpoBaHus, no (Terracciano et al., 2016)

MapameTp MM6pnan3aLmoHbln meTo oboralyeHns
Ha TBepAo OCHOBE (MMKPOUMM) B pacTBOpe
NimbleGen Agilent NimbleGen
Sequence Microarray SeqCap EZ
Capture Array

Twun 3oHAa OHK OHK OHK

[OnunHa 3oHaa, N.H. 60 60 55-105

Ta6nuua 2. CpaBHeHNE MeTOI0OB LiefIeBOro oboratleHuns

Agilent MYcroarray lonTorrent
SureSelect MYbait TargetSeq
PHK PHK OHK

114-126 80-120 50-120

Ot 1000 [0 200000 30HgoB  OT 10-10*

[0 24-10° . H. 10 10-108 . H.

MapameTp nupP MeTop monekynspHo TmbpugmsaymoHHoe oboralieHne
WHBepcun e e
Ha TBepAOW OCHOBE B pacTBOpE
LleHa Bbicokas Bbicokas (<10 o6pa3uoB)  CpepHss CpepHan (<10 obpa3uoB)
Hu3kas (>100 o6pasLioB) Hu3kas (>10 o6pasuoB)
JlerkocTb Huskas Bbicokas CpepHsasn Bbicokas
B 1ICMOMb30BaHNMN
Macca HK ~8MKr anAa 1-10°n.H. 200 Hr 10-15 mkr gns 30+ 100 . H. 3 mKr gna 30+ 106 n. h.
YyscTBuTenbHocte!  >99.5 % >98 %, orpaHuyeHue 98.6 % ana LIPO° >99.5 % ana LIPO®
ansanHa
CneumdnuHocTb? 93 % gna rannongHbix >98 % [inA 3k30HOB f0 70 % Kaptu-  [na ak3oHoB o 80 % KapTu-
06pa3uos, 72 % ans posaHusa LIPO°; ana cMexHbix  poBaHus LIPO’; ana cmexHbiIx
reHOMHbIX 06pa3LoB obnacTei Bblle obrnacTen Bbllwe
OpHopoaHocTb? 80 % c X2 nokpbiTuem 58 % LIPO° ¢ x10 nokpbiTu- 60 % LIPO° B npegenax 61 % LIPO’ B npegenax
em; 88 % — ¢ X100 nokpbl-  X0.5-1.5 nokpbITnA (KauectBo  X0.5-1.5 NokpbITUA (KauecTBo
TMem KapTupoBsaHusa 30)° KapTupoBsaHusa 30)°
Bocnpoussoanmoctb® 1o 100 % 0092 % >95 % >96 %

! quCTBVITeﬂbHOCTb — NPOLUeHTHOe coAepaHune LeneBbix OCHOBaHUN, KOTOpble npeactaBieHbl OAHVM U 6onee npoyteHnem;

2 CﬂeLlI/Id)I/I‘-IHOCTb — Aona no-

cnepoBaTe/IbHOCTEN, FOMOMIOTMYHbIX LiefIeBOMY PalioHy; 3 oaHOPOAHOCTL (eAMHOOGPa3sNE) — Mepa N3MepeHus rny6ViHbI CEKBEHNPOBAHWA (MOKPbITHA) LieneBblX
panoHoB; 4 BOCMPOU3BOANMOCTb — KOPPENALMA C pe3ysibTaTaMi MOBTOPHbIX SKCMEPUMEHTOB; 5 PO (ueneBoit paiioH oboralleHuns) — palioH LieleBoro y4acTka,

K KOTOPOMY MOTYT 6bITb pa3paboTaHbl 30HAbI NOC/e MOBTOPHOTO MaCKMPOBaHWS;

6

KauecTBO KapT1POBaHYA 6bII0 BbIYMCIEHO C MOMOLLbIO MPOrPaMMHOro obec-

neuenuns MAQ (http://mag.sourceforge.net) u 03Ha4aeT BEPOATHOCTb YCMELWHOrO KapTUpoBaHus. KoadduureHT 30 1 Bbllle YKa3blBaeT Ha BbICOKOE KauecTBO
nocnefoBaTeibHOCTEN 1 Ha OAHO3HAYHOE KapTpOBaHMe ¢ HeGOMbLINM YMCTIOM HECOBMAAEHWIA.

HCIIOJIb30BaJIOCh 00OTANIEHNE U CEKBEHUPOBAHNUE T€HOB
ycroitunBocti NB-LRR, HanpaBieHHoe Ha oOHapykeHHe U
aHHOTUpOBaHKE HOBBIX TeHoB (Jupe et al., 2013; Andolfo et
al., 2014).

[TpenMy1IecTBO ENEBOr0 CEKBEHUPOBAHMS 3aKIII0YACTCS
B BO3MOJKHOCTH OIPEENCHHsI MOCIEI0BATEIbHOCTH B KOH-
KpeTHOMH 00J1acTH C Topa3no 0oJee BEICOKIM YPOBHEM ITOKPbI-
THSI TIO CPAaBHEHMIO C MTOJHOTCHOMHBIM CEKBEHHPOBAHHUEM
1M cekBeHupoBaHueM 1o Canrepy. [loqHoreHoMHOE cekBe-
HUpPOBaHNE 00BIYHO AaeT MOKpeITHE X30—75 pa3, B TO BpeMs
KakK [1eJIeBO€ MO3BOJIIET CEKBEHHPOBATH C TOKpbITHEM %5000
win Bbile. l{ereBoe cekBeHHMpOBaHUE — ATO OBICTPBIN U
HKOHOMHYHBIA crI0co0 0OHApYKEHHS M3BECTHBIX M HOBBIX
BAapHaHTOB B BBIOPAHHBIX HaOOpax reHOB MM T€HOMHBIX
o0nacTsx.

JK30MHoOe CeKBeHnpoBaHmne

DK30MHOE CEKBCHHPOBAHUE — 3TO METOJ CCKBCHHPOBAHUS
TOJIbKO OEJOK-KOAMPYIOMIUX YYaCTKOB I€HOB C MOMOIILIO
OIHOW W3 TuIaThopM cienyromero nokoineHus — [llumina,

44

SOLID, IonTorrent, PacBio (cm. Ilpunoxenne 2). Dx30M
coctanisieT 1-2 % reHoMa B 3aBUCHMOCTH OT BHJa K MOXKET
OBITh PACIIUPEH JI0 ICJEBBIX (PYHKIIMOHAIBHBIX HEKOIUPY-
TOIINX 2JIeMEHTOB (Hampumep, MukpoPHK, nimHHON HeKomu-
pytomeit PHK u 1p.) u onpenieneHHbIX JTOKYCOB-KaHANIATOB
(Warr et al., 2015). CekBeHHpOBaHHE dK30Ma BKIIIOYACT B
cebs nIeHTH(UKAITIIO TeHOB (IEJTBI IK30M, OTIPEIeIIeHHBIN
KJIacC TEHOB), TU3aiiH MpaiiMepoB WU YHUIa JJIs 00OTraIie-
HUsI 00pa31oB U CEKBEHUPOBAHUE TTOJIyYSHHON OMOIHOTEKH.
DK30MHOE CEKBEHHPOBAHHE MTO3BOIISIET CEKBEHUPOBATh HEIK-
CIPECCUPYOIINECS TSN U TeHBI, KOTOPBIC HE MOTYT OBITh
Haiens! ¢ nomotrsio PHK-seq. OnHako moaxo/si 9K30MHOTO
CEKBEHUPOBAHNS OCHOBAHBI HA CYIIECTBOBAHWU BBICOKOKA-
YECTBEHHBIX pe(hePECHCHBIX TCHOMHBIX ITOCIIEC0OBATEIIFHOCTEH
¢ TOUHOU aHHOTaruen. HekauecTBeHHast aHHOTAIUsI TEHOMOB
MOXXET IPUBECTH K MTOTEPE JaHHBIX.

DK30MHOE CEKBCHUPOBAHUC OOBIYHO MPUMCHSICTCS IS
UICHTHU(PHUKAIMK MyTalui B OCIOK-KOIUPYIOIIUX T'eHaX
(Schneeberger, 2014). B nenaBuem nccrenoBarnu (Henry et
al., 2014) mis BRIABICHUS MyTAaIlUi B MOMYJSAIHSIX MyTaHTOB
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puca (O. sativa) n muenuust (7. aestivum) ObUIO HCIIONb-
30BaHO CEKBEHHMpOBaHHE dk30Ma (42100 m 107 10° m. m.
COOTBETCTBEHHO). DTOT MeTO/ obecrednst oOHapyKeHHE My-
TaIMH, T03BOJIMII OBICTPO U HEJOPOTO CO31aTh 0a3y JaHHBIX
nonnMopdm3moB. Ob6Hapyxkerne SNP u SNV ¢ momornisio
YIIOMSIHYTOT'O METO/1a OBIIO MPOBEJECHO U B IPYTOi padoTe,
nocesieHHo# npocy P. virgatum (Evans et al., 2014), rue
BBISIBIIEHO B 00111eii croxxaocT 1395501 SNP u 8173 mpen-
nosaraeMbix SNV. B aHanornuHoM sKCriepuMEHTE Ha rekca-
IUIOUHOM TineHune obut pazpadoran 10251 SNP-mapkep ¢
MIPUMEHEHUEM IIEJIEBOTO PECEKBEHUPOBAHUS MIIEHUYHOTO
9K30Ma JIsl TIOJTY4YEHHUsS! OOJIBIIOTO KOJMYECTBA TEHOMHBIX
JAaHHBIX 7151 BochbMH copToB. Ilomyuennsle SNP-mapkepsl
o0ecrneyrii 3HAYMMBbI NCTOYHUK MH(POPMAIHH, 0COOEHHO
JUTS CENEKITMOHHBIX uccnenoanuii (Allen et al., 2013). Cek-
BEHHPOBAHUE 9K30Ma STYMEHS UCIIOJIBb30BAJIOCH JUIS UICHTH-
¢ukarm mMapkepoB H. vulgare L. w H. bulbosum L. — nu-
KOTO BHJIa, KOTOPBIH 00Ja/laeT Jydqiied yCTOWIMBOCTBIO K
MaTtoreHaM Io CpaBHeHuIo ¢ jpoMamrHumu Bugamu (Wendler
et al., 2014). Takum oOpa3om, 3K30MHOE CEKBEHHPOBAHNE
MOXKET IPUMEHSATHCS JUISl U3yUCHUS] TEHOMHBIX Bapualni y
MOJIMIUIOUTHBIX BUJOB C OOJIBIINMH, MOBTOPSIIOUIMMUCS H
TeTEePO3UTOTHBIMH T€HOMAMHU.

DK30MHOE CEKBEHHPOBAHUE COM MO3BOJIMIIO OOHAPYKHUTH
JIeJIeLIMY B TeHAX U IPOBECTU FE€HETHYECKOE CKPUHUPOBAHNE
Ha OCHOBE (heHOMa Ha MOJHOTeHOMHOM ypoBHE (Bolon et
al., 2011).

CekBeHMPOBaHUE K30Ma 0KA3aJI0Ch BaYKHBIM HHCTPYMEH-
TOM JJIsl OLICHKU €CTECTBEHHOM 3BOJIIOLMM PACTEHUH, U3Y-
YEeHUs! B3aUMOJICHCTBUS MAaTOTCHOB XO3SIMHA M YIy4IICHUS
MIPOM3BOJICTBA CEIILCKOXO3SIMCTBEHHBIX KYJBTYD, TOCKOJIBKY
9K30HBI TIOMOTAI0T HHTEPIIPETUPOBATH aJJIEIbHbIEC BapHALINT
TCHOB U WX BIHMSIHUE Ha (peHoTHIT. MeToa MOXKHO HCIIONB30-
Barh JUIsl pa3paboTKu crpareruii OOpbOBI C ITATOreHOM, YTO
OBUIO peann30BaHO A HICHTU(UKAIUNN T'€HOB, Y4acTBY-
IOMINX B PAaCTUTEILHO-TPUOHBIX B3aumosercTeusax (O’ Brien
etal., 2011; Venu et al., 2011).

Kpome Toro, cekBeHHpOBaHNE 3K30Ma MOXKET OBITH HC-
TOJIB30BAHO JJIsl BOCCTAHOBJICHHUS TAKCOHOMHYECKHX CBSI3CH 1
WJICHTU(UKAIIMY TeHOB, yYaCTBYIOIIHX B 9BOJIIOLMHU CEIIHCKO-
XO3SIMCTBEHHBIX KybTYp. Tak, B 2016 T. ObIIH CEeKBEHUPOBAHBI
9K30MBI 267 COPTOB SIUMEHSI C LIEIbI0 U3YyUCHHs U3MEHEHHUN
IeHOB /IaNlTallMM PACTEHHs K Pa3HbIM reorpaguueckuM yc-
nosusiM (Russell et al., 2016).

3aknioyeHune
B nocnename roas! 6bUTH CEKBEHUPOBAHBI MHOTHE M3 OCHOB-
HBIX KYJIBTYPHBIX PACTEHHH, XOTSI ¥ C Pa3HBIM Ka4eCTBOM U
MMOJIHOTOM MIpOYTCHUA. DTU TeHOMHEIC IIOCJICA0OBATCIIBHOCTHU
obecrnieunBaroT OECTIpeIeICHTHRIA pPecypc, KOTOPBIH MOXKET
OBITB HCIONIB30BaH Pa3IMYHBIMU crioco0amu. OJJHO U3 OCHOB-
HbIX HaHpaBHeHl/Iﬁ MMPUMEHCHUA CCKBCHUPOBAHHBIX TCHOMOB
KyJIbTYPHBIX PACTEHUH 3aKJII0YAETCS B HACHIIIEHUH BCEX
Y4acTKOB F'eHOMa MOJICKYJISIPHBIMH MapKepaMH C ITOCIIeTy 0-
UM HX BOBJICHCHUEM B KapTHUPOBAHUEC, I/I}IeHTI/I(bI/IKaLII/IIO u
aHaJIM3 TCHOB-KaH/IU/1aTOB, OTIPEACIISIONINX arPOHOMUUECKH
Ba)KHBIC TIPU3HAKH, B IPOBEJICHNE paboT MO0 MapKep-OpHeH-
TUPOBAHHON U FEHOMHOMU CEIEKLUU.

CekBeHMpOBAaHUE TIOCIIEIOBATENBHOCTH TEHOMA, 1aXe Ha
TEKYIINX YPOBHSX TOKPBITHS, CIOCOOCTBOBAJIO CYIIIECTBECH-
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lMporpecc B ceKBEHNPOBAHUVI FTEHOMOB PACTEHNN —
HanpaB/eHVs NCCNIeA0BaHNI

HOMY yBEJIMYEHHIO paOOT, HAIlPaBJICHHBIX Ha HICHTU(HKALIUIO
TEHOB-KaH/M/ATOB, yU4aCTBYIOIINX B ()OPMUPOBAHUU MOP(HO-
JIOTHYECKUX M XO3SIMCTBEHHO IIEHHBIX PU3HAKOB PAaCTCHUH;
3HAYUTENILHO PACIIUPUIIO YT MapKepOB, BOBJICYCHHBIX B
TEHOMHYIO 1 MapKep-OpUEHTHPOBAHHYIO ceneknnto. [Toaxompt
TI0 IIEJIEBOMY W 9K30MHOMY CEKBEHHPOBAHHUIO CYIIECTBEHHO
paciiupuii BOSMOKHOCTHU I/I)IeHTI/I(bI/IKaIJ,I/II/I T'CHOB, OLICHKH X
nonauMop(hu3Ma 1 BKITaga B popMupoBanue perotumna. Tpya-
HOCTH, C KOTOPBIMH CTOJIKHYJIFCB ICCIIC/IOBATEIIH TIPH COOpKE
0OJIBIINX T€HOMOB paCTeHHﬁ, MOJIUIIJIOUIHBIX T'CHOMOB,
paiioHOB ¢ BBICOKHM conepkanneM GC u TOMOTIONMMEpOB,
palioOHOB, HACHIIECHHBIX TPAHCIIO3UIIMOHHBIMHU SJIEMEHTaMHU
u apyrumu ¢paxnusimu nosropsitoreiicss JJHK, ycnemno
MIPEOI0JIEBATUCEH OJaromapsi akTHBHOMY Pa3BUTHIO OMO-
MH()OPMAIIMOHHBIX MTOJX0/I0B M METOJIOB CEKBEHHPOBAHNSI.
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ITpocToii 1 3pPEeKTUBHBIN METO, SKCTPAKIIUN ITOJISIPHBIX
MeTaboJINTOB 13 JINCTbeB ryapa (Cyamopsis tetragonoloba (L.) Taub.)
st GC-MS MeTab0/JIOMHOIO aHajIn3a
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Tyap Cyamopsis tetragonoloba (L.) Taub. — HoBaA ana Poccmmn cenbcKoXo3aNCTBEHHAA KybTypa, BOCTpeboBaHHas B raso-,
HedTefo6bIBaIOLLEN 1 MULLEBOV MPOMbBILLIEHHOCTW. B CBA3YM C pa3BUTHEM KOMUKCHBIX» TEXHOMOT I 1 ANA BbiSBAEHNA LiEH-
HbIX AS1A CeNeKLMN reHOB NpefCTaBAeT MHTEPeC CPaBHUTENbHOE N3yYeHre PasfinyHbIX COPTOB W JIMHWIA ryapa C MOMOLLbI0
MeTaboNoOMUKM 1 GYHKLMOHANIbHON reHOMMKM. [11A MacCoBOro CKPUHWHIA MeTabonoMHbIX Npoduneit 06pa3sLoB ryapa 13
Konnekumm Bcepoccnmnckoro MHCTUTYTa reHeTUYeCKX pecypcoB pacteHmi um. H.W. BaBunoBa ¢ ncnonb3osaHnem GC-MS
(Gas Chromatography-Mass Spectrometry) meTabonoMHOro aHanu3a Ha NepBbIX STarnax BaxxHoO NogobpaTtb Hanbonee on-
TUMasbHbIN METOA SKCTPAKLMU MeTaboNNTOB 13 aHanM3npyembix 06pasLoB. Pe3ynibTaTom MeTaboNIOMHOIO aHanu3a valle
BCEro ABNAETCA CTaTUCTMYECKasA MOLESb Pa3NMumnii B KOPPENALMOHHON CTPYKTYpe MeTaboNNTHOW CETU M3yYaeMblX OObeK-
ToB. HapgexxHoe KBaHTMpOBaHVe METAabONUTHBIX NPobUNENn KPUTUUYHO ANA pa3fnyeHrs COPTOB OAHOW Ky/bTypbl, TaK Kak
npodunn MeTabonnToB B TKAHAX NCTA Y PACTEHU OLHOTO BUAA, KYSIbTUBUPYEMbIX B PaBHbIX YC/TOBUAX, MPaKTUYECKMN He
oTInYatoTCA No Habopy meTabonmToB. B MeTabonomMHo NpakTrKke Npu noarotoske obpasyos kK GC-MS-aHanusy pacnpo-
CTpaHeHo ABa cnocoba 3KCTPaKLUMM MNONAPHbIX coefnHeHn. OAVH 13 WMPOKO UCMONb3yeMblX METOAO0B NPOO6ONOAroTOB-
K OCHOBaH Ha ANUTENbHOW SKCTPAKLMN METabOoNNTOB U3 LieNIbHbIX HE3aMOPOXKEHHbIX TKaHel C MOMOLLbIO PacTBOPUTENs
METaHONa, a APYron — Ha KPaTKOCPOYHOI MEeTaHOMbHOMN SKCTPaKLmMy MeTabonmToB 13 3aMOPOXKEHHOTO U NMOABEPrHYTOro
romoreHv3aumm matepurana. MpeumylyecTsa 1 HeJOCTaTKM STUX ABYX METOAOB NOGYAUIN Hac K pa3paboTke HOBOro Nog-
X0fa, Mo3BoNALLero n3bexartb 3aTPyAHEHUIA NPY aHanM3e MeTaboIOMHbIX NPodUen NMCTbEB Pa3fIMYHbIX COPTOB ryapa.
MpeAnoXeHHbI Hamn MeTof, 06 bEAVHAET NPEVMYLLECTBA fBYX BbILLE YKa3aHHbIX CNOCO60B NPO6OMNOAroTOBKM, @ MMEHHO:
UCKJIIOYaeT noTepio MeTabonmnToB Ha 3Tane LeHTpUdYrnpoBaHua 1 CnocobCcTByeT MOSTHON AeCTPYKLMUM BCEX KITETOUHbIX
CTeHOK, obecrneyriBas MakCMManbHbI YPOBEHb SKCTPAKLMMN NONAPHbIX MeTabonnToB. MeTof COCTOUT B TOM, YTO NINCT Obl-
CTPO 3aMOpPax}MBAETCA B XKMLKOM a30Te C Moc/ieAyoLWwM pa3Mopa ) BaHNeM B XONoAHOM MeTaHose. [py 3ToM TKaHW nncTa
COXpaHaAT MOPONIOrMUECKYHo LLeNOCTHOCTb, 1 nocieayollee LeHTpudyrnposaHme, Heo6Xo0ANMOe NPU FOMOreHn3aLuy,
ncknioyaetca. Hamu 6bina nokasaHa 3GpdeKTUBHOCTb MCMOSIb30BaHMWSA 3TOMO YCOBEPLLEHCTBOBAHHOIO MeTofa Ha obpasuax
NNCTbEB TPEX JIMHWI ryapa. YCTaHOBIEHO, YTO KONIMYECTBO SKCTParmpyembix MeTabosmToB yBenuunsaeTca 6onee yem B
NATb Pa3 Mo CPaBHEHMIO C METAHOMIbHOW SKCTPaKLMel N3 CBEXEro nmcta 6e3 3amopaxrBaHna 1 6onee yem B ABa pasa B
CPaBHEHNM C IKCTPAKLME METaHOIOM MOC/Ie 3aMOPaXBaHVIA U FOMOreHn3aumm. JKCTpaKkLuysa MeTabonnToB HOBbIM MeTO-
fom nossonset nposoanTb GC-MS-aHanu3 06pa3uoB ryapa ¢ HaMeHbLIVMU NMOTEPAMMU Y BbICOKOW TOYHOCTbIO, He0bX0oAN-
MOW MPW BbIABNEHNM COPTOBbIX Pa3iNUnii.

KnioueBble cnosa: Cyamopsis tetragonoloba (L.) Taub.; ryap; rasoBaa xpomatorpadus; Macc-CnekTpomeTpus; Metabonomu-
Ka; KCTpaKLuma MeTabonmnTos.
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Guar (Cyamopsis tetragonoloba (L.) Taub.) is an agricultural crop species new to Russia and is in demand by the gas, oil and

food industries. Due to the progress of “omics” technologies and the marker-assisted selection, there is a huge interest in
the studies that compare the metabolites of various guar varieties, employing metabolomics as a method of functional ge-
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A simple and efficient method to extract polar
metabolites from guar leaves for GC-MS analysis

nomics. For a large-scale screening of guar germplasm from the VIR collection, it is important to choose an efficient method
to extract metabolites from samples. The accuracy of the assessment of the content of metabolites in samples is crucial for
distinguishing varieties within the crop, since the metabolome profiles of plants within the same species differ mainly in
the quantitative ratio of metabolites, and not in their qualitative composition. In metabolome practice, two methods of
extracting polar compounds are usually employed in the preparation of samples for GC-MS analysis. One of the widely used
methods of sample preparation is the long-term extraction of metabolites from whole tissues with the aid of a methanol
solvent. Another method of sample preparation is based on the short-term methanol extraction of metabolites from frozen
and homogenized material. The advantages and disadvantages of these two methods revealed in the course of our work
have prompted us to develop a new approach that avoids some difficulties in analyzing the metabolic profiles of leaves of
various guar varieties. The method we suggested combines the advantages of the two above-mentioned approaches of
sample preparation, namely eliminates the loss of metabolites due to centrifugation and ensures the complete destruction
of all cell walls, ensuring the maximum extraction level of polar metabolites. The essence of the new method is that the
leaf is rapidly frozen in liquid nitrogen with subsequent thawing in cold methanol. Thus, leaf tissues retain morphological
integrity, and subsequent centrifugation, necessary for homogenization, is skipped. We have checked the effectiveness of
this improved method by experiments with leaf samples of three guar genotypes. It has been shown that the amount of
extracted metabolites increases more than 5-fold compared to extraction with methanol from fresh unfrozen leaf tissues
and more than 2-fold compared to extraction with methanol after freezing and homogenization. Extraction of metabolites
using the new method allows the GC-MS analysis of guar samples to be conducted with the least loss and high accuracy
required to distinguish varieties.

Key words: Cyamopsis tetragonoloba (L.) Taub; guar; gas chromatography; mass spectrometry; metabolomics; metabolite
extraction.
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BBepeHune

MeTa00I0MHBIH MOAXO0] TTO3BOJISIET TTOJTYYUTh HH()OPMAIHIO
0 (HU3HOTIOTMYECKOM COCTOSTHUHU HCCeayeMoro oobekTa. Pac-
THUTEIbHBIIl OPraHU3M CHHTE3UPYeT OOJIBIIOE KOIUYECTBO Be-
IIECTB, HEOOXOIUMBIX JUISI TTO//ICPXKaHUS )KU3HE eI TeIIbHO-
ctu. Onucano He meHee 200000 BeriecTB, OTHOCSIIUXCS
K HU3KOMOJICKYJISIDHBIM METa0OJHTaM U HE SBIISIOIIMXCS
npupoaHsiMu monuMepamu (Hall et al., 2002; Wishart, 2011).
C npyroii CTOpOHBI, 10 Pa3HBIM OLIEHKaM, pa3Ho00pasue Mo-
JIEKYJ B OJJHOM KOHKPETHOM OPraHU3Me CYIIECTBEHHO HUKE
n He npesbimaer 10000 pazmmunsix cTpykryp (Fiehn, 2001;
Wishart, 2011). K coxanenuto, HuKakasi pa3paboTaHHas J10
HACTOSAIIETO BpEMEHN aHATUTHYECKAs TCXHUKA HE IT03BOJISCT
MOJTHOCTBIO NMPOAHAIM3UPOBATh TAKYIO CIOXKHYIO CHCTEMY
MEeTabOJIUTOB, COCTOSIIYIO U3 COSAMHEHUH, 00IaIar0IINX CO-
BEPIICHHO PAa3IWYHON MPUPONOH M (PU3UKO-XUMUIECKIMU
CBOMCTBaMH.

Onun n3 Hanbonee BOCTPEOOBAHHBIX CIIOCOOOB aHAJIN3a
KOJINYECTBEHHOI'0 ¥ KaueCTBEHHOIO COCTaBOB METabOIUTOB
B HICCIIETyeMOM 00BEKTE — HellelieBoi (non-targeted) aHamus
TNICPBUYHBIX MeTa6OJ'II/ITOB, OCyH_IeCTBJ'IﬂeMI:Jﬁ C IPUMEHCHUEM
ra3o0BO-XHUAKOCTHOW xpomarorpaduu (GC), compspkeHHON
¢ macc-criekrpomerpueit (MC) (Fiehn et al., 2000; Lisec et
al., 2006; Kanani, Klapa, 2007; Alonso et al., 2015). Habop
COCTUHECHNUHN, UACHTUPHUIIPYEMBIX C TIOMOIIBIO JTH000H U3
UCTIOJIb3YEMBIX aHAIUTUYECKUX TUIATPOPM, ONpEeIsieTCs
TJIaBHBIM O6p330M BO3MOXHOCTAMHU IIPUMEHACMOT'0 METOAA.
B gactHocth, cuctema GC-MS orpaHndeHa TOIBKO COeTUHE-
HUSMH, 00J1a1aI0IIMMH JIOCTAaTOYHOH JIETY4ecTbI0. bonmbmmH-
CTBO 3TUX COCAMHEHHUI MMEIOT HeOOJBIION MONEKYIIPHBINA
BEC U OTHOCSTCS K IIEPBUYHBIM METaO0OJHTaM.

MeTabo0MHBIE TaHHBIE MOTYT OBITH COTIPSIKEHBI C TTOCT-
renomHbIM aHanu3oM (Fiehn et al., 2000; Fichn, 2002). Tak,
COBEpLICHCTBOBAaHUE METOJIOB U IIPOTOKOJIOB METa00JIOMHOT'O
aHaJIM3a MO3BOJISIET Bce ¢ OOJbIICH TOYHOCTBIO YIIABIUBAT
MexBuI0BbIC pasiuyust (Bundy et al., 2002; Shinbo et al.,

20006; Farag et al., 2014; JlockyToB u np., 2016) win oT/IH-
YaTh OpPraHU3Mbl, IMEIOIINe TeHeTHYEeCKUE MOTU(UKAIINH, OT
opran3MoB «aukoro tuma» (Roessner et al., 2001; Catchpole
et al., 2005).

B nocnennee Bpems NOsIBUIACH EPCIIEKTHBA Pa3InyaTh
10 MeTa0OJOMHBIM NMPOQHISIM COPTa CENbCKOXO3SHCTBEH-
HBIX KylbTyp (CMomnukoBa u Jip., 2015). OnucaHbl HOMBITKH
cpaBHeHHs copToB parca (CMoinkoBa  1ip., 2015), KyKypy3sl
(Rohlig et al., 2009) Ha ocHOBe pa3nmu4uii B KOHIICHTPAIIUN
caxapoB M caxapoCIHPTOB, aMUHOKHUCIIOT, KUPHBIX KUCIIOT.
KiroueByro poib B TakHX HCCIEJOBAHHUIX UIPAaeT BHIOOD
METOAMKH DKCTPAKLHH METa0OIUTOB H MPOOOIIOATOTOBKH
(Lisec et al., 2006; Kanani et al., 2008). B 3aBucumoctu ot
1eseil MeTaboIOMHOTO aHaIM3a IPUMEHSIOT Pa3InYHbIE 110
HOJISIPHOCTH BTl PACTBOPUTEIICH — METaHOII, METaHOJ/BOJIA,
METaHOJI/XJI0po(OpM/BOJIa — B Pa3HBIX COOTHOIIEHUX (Mar-
tineau et al., 2011; Puzanskiy et al., 2018). HeneireBoit ananms
NPOQUITS MOTAPHBIX COTMHEHUHN TPOBOSAT NPEUMYIICCTBEH-
Ho Ha ocHoBe MetanoJa (Fiehn et al., 2000; Lisec et al., 2006;
Kanani Klapa, 2007).

Cy1ecTByeT HECKOIIBKO CII0COO0B METAHOIBHOM SKCTPaK-
LMK: U3 TOMOTeHaTa TKaHel oOpaslia U U3 LEeJbHOTO JICTA.
OmHIM U3 CaMBIX PacIpOCTPAHEHHBIX CIIOCOOOB MPOOOTIOA-
TOTOBKH SIBJISICTCS] TOMOTCHU3ALHS 3aMOPOIKEHHOMH B XKUIKOM
a30Te TKaHU C DKCTPAKIMEH NPH BBICOKUX TeMIeparypax M
nocneayiomuM neHTpudyruposannem (Fiehn et al., 2000;
Fiehn, 2002; Lisec et al., 2006). I1pu 3ToM Hanuaue Tepmude-
CKOif 00pabOTKH MO3BOJISIET TOOUTHCS MAKCHMATBHO BEICOKHX
pesynbsraros (Lisec et al., 2006), a roMmoreHH3anuns rapaHTH-
pyeT paspyLieHHe KJICTOYHBIX CTEHOK M, COOTBETCTBEHHO,
HKCTPAKIIMIO METaDOJIMTOB M3 BCEX pa3pyLICHHBIX KIIETOK.
Hapsiny ¢ 5THM MIMPOKO HCTIONB3YeTCss METOX MPOOOIIOATro-
TOBKH, HCKJIFOYAIOIINIA arpeccuBHbIe Bo3aeiicTus (Maharjan,
Ferenci, 2003). DToT MeTOA 3aKIIOYaeTCs B METAHOJIbHOM
HKCTPAKIIMHN BELIECTB U3 LEIBHOTO JIUCTA O€3 TOMOTeHU3aUH
Martepuaa U TepMHYECKOi 00paboTKH, a TakKe 0e3 CTaauu
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LHEHTPUPYTUPOBAHUSI, HA KOTOPOU HEM30EKHA MTOTEPs YacTh
BeIrecTB. MUHUMU3AIHS (PU3UKO-XHMUYECKIX BO3IEHCTBUI
Ha aHaJM3UpyeMble 00pa3Ibl HA CTAJANHU MTPOOOIIOATOTOBKH
MIO3BOJISIET MOJIYYHTh HAaMEHEe HCKKEHHY0 HH(OpMaIHio
00 HCXOIHOI IPEACTaBICHHOCTH METaOOIUTOB B HETTOBPEK-
neHHbIx TKansax (Kanani et al., 2007).

Bri06op criocoba akcTpakiuym MeTaboIMTOB 3aBUCHT OT 1ie-
JIeli MccileIoBaHus, a TAkKe OT OMOIOTHYECKOTO MaTepHaa.
[Ipenmer HarIero uccie[0BaHuUs — cOpTa ryapa, s U3y4eHUs
KOTOPBIX JIO HACTOSIIEr0 BPEMEHH HE MCII0JIb30BAJICS MeTa-
OonoMHBII moxxoa. B nuTeparype oTCyTCTBYIOT JaHHBIE O
HanOosee pe3yabTaTUBHOM METO/IE TIPOOOTIOIOTOBKU 3TOTO
pactenust st GC-MS-ananusa.

Ha HaganpHBIX 3Tamax MeTaboJIOMHOTO aHaT3a TpedyeTcs
noz100p Hanbosee 3(hpPeKTUBHOTO METO/IA SKCTPAKIINI METa-
0OJIUTOB 151 3TOU KYJIBTYphl. TakuM 00pa3oM, 1ejb HaCTOsI-
IIETO MCCIIeIOBAHMS 3aKIIIoYaiach B Iogdope MeToaa Goiee
TIOJTHOM SKCTPAKIIMK METa0OIMTOB JUIsl XpoMaTorpaduaeckoro
aHaJn3a, CONPSHKEHHOTO C MacC-CIIEKTPOMETPUEH, U3 JINCTHEB
pacTeHuii ryapa.

MaTtepwuanbl n metogbl
HccnenoBanne MpoBeeHO Ha TPEX JTMHUSX Tyapa (THur Ne 1,
2 1 3), OTHOCSIIMXCSI K TPEM pa3iuaHbIM oOpasuam (K-52572,
K-52569, K-52580) u3 xomnekunu Beepoccuiickoro MHCTH-
TyTa FeHETUYECKUX pecypcoB pacteHuil um. H.M. BaBuiosa
(BUP). Kaxxast miaHMs IpeaCcTaBIsiIa COO0H MOTOMCTBO OHO-
r'0 pacTeHHUsI, PEIPOLYIUPOBaHHOTO Ha KyOaHCKO# OIBITHOM
craranuu BUP B 2017 1. Pactenus miist SkCriepuMeHTa BIpa-
IIMBAJIUCH B TPYHTE B YCIOBHUSAX TEIUIMIBI Ha [lymkuHckomM
¢umane BUP B 2018 1. Bo BpeMst skcriepiMeHTa pacTeHus!
HE TIO/IBePTaIiCh arpoduosornaecknM odpadorkam. [lonmms
MIPOM3BOJIMIICS €KETHEBHO BpYyUHY0. [l aHanm3a y Bcex
pacTeHuil eMHOBPEMEHHO ObLT 0TOOpaH BEpXHHI MOJIOION
JUCT (BTOpOH HacTosImuii McT). BeicoTa pacTeHmii cocTas-
nsima okos10 10 cM, pacTeHust HaXOMIINCh Ha PaBHOM CTanu
pasBuUTHs.

OKCTPaKINIO0 METaOOINTOB MIPOBOIMIIN TPEMS CITOCOOaMHU
(A, B, O):

A B C
JIunus 1 20.9* 36.1 22.5
JIlunus 2 26.1 30.4 22.7
Jlunwus 3 323 243 32.6

* Macca JIMCTa, ML

Cnocob sxcmpaxyuu A. JIncT nomernany B HeHTpHYKHbIE
npobupku (Eppendorf, I'epmanus) oobemom 2 mi. Pukca-
IO Marepuana U MOCIEAYIONIYI0 SKCTPAKIUI0 MeTabonu-
TOB nipousBoauau B 1.5 mia xonognoro 100 % meranona B
TeueHue | cyt npu remneparype +4 °C, nepemMenInBaHue Ha
BOpTekce (mIeiikepe) He MPOBOAMIOCH. [loydeHHBIH K-
TPAKT MEPESHOCHIIN B YHCThIE NPOOMPKH 00beMOM 1.5 M 1
BBINIAPMBAJIN B LIEHTPH(]YKHOM BakyyMHOM rcnapurene Lab-
conco (CIIIA).

Cnocob sxkcmpaxyuu B. JIuct u 1Ba CTEKISTHHBIX IIapUKa
MOMeEIIANH B IIeHTpHU (DY KHBIE TPOOUPKH 00beMoM 2 Mit. Duk-
CalMIO MaTeprasa IIPOBOJIHIIN, TIOMEIIast IPOOUPKY B XKUAKUH
a30T. [oMOreHn3npoBaiu C MOMOIIBIO IAPOBOH BHOpaIH-
oHHoi MmenpHHIBI Retsch MM 400 B TeyeHne 2 MUH 1pH
30 xonebanusx/c (30 I'r). DxeTpakunio MeTabOINTOB IPOU3-
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MpocToit 1 3PpEKTUBHbIN METOL, IKCTPAKLMN MONAPHbIX
MeTabonmToB 13 nucTbeB ryapa ansa GC-MS aHanu3sa

Boamiu B 1.5 Mt xomognoro 100 % metanona B TedeHue 1 u
npu Temneparype +4 °C, mepuonndecku (OuH pa3 B 15 MuH)
nepememnuBas Ha Boprekce Multi-Vortex V-32 1o paBHo-
MEpHOI'0 pacipe/IesieHnsi TOMOTeHHM3UPOBAHHOTO Marepuaa
B pactBopurene. [loaydeHHbI SKCTPaKT MEepeMEIInBaiu ¢
MOMOIIIBIO BopTekca 1 neHTpudyruposamm (12000 g 5 mun
npu +4 °C). CynepHarant oTOMpasid B IpoOUPKH 00bEMOM
1.5 My m BeIMapuBagu B LEHTPU(YKHOM BaKyyMHOM HCTIa-
purenie Labconco.

Cnocob sxempaxyuu C. JIuct nmomemany B ieHTpUQyKHblE
npoOupkn 00beMoM 2 Mit. Dukcanuio MaTepuaa IpOBOIFIIH,
roMeniast MPOOUPKH B KHUIKUH a30T. DKCTPAKINIO METa0O-
JuTOB npousBoamn B 1.5 mu xononuoro 100 % meranona
B TeueHne | 4 mpu tremneparype +4 °C, nmepeMermmBaHue Ha
BOpTeKce (1eikepe) He TpOBOIMIOCK. 1oy deHHBII SKCTpaKT
MEPEHOCHIN B IPOOUPKH 00beMOM 1.5 MII U BBITIApUBAIIH B
HEeHTPUQYKHOM BaKyyMHOM ucmapureine Labconco.

Janee mo enuHO# cxeme, BHE 3aBHCHMOCTH OT BBIOOpa
METO/Ia SKCTPAKILIMH, K BBIIAPEHHOMY CyXOMY OCTaTKy I0-
6asmsmm 50 mxsr BSTFA (N,O-Bis (trimethylsilyl)trifluoro-
acetamide, Sigma), 50 mxn nupuanHa (Pyridine) u 20 Mka
BHYTpPEHHETO cTaH/apra. B kadecTBe BHyTpEeHHET0 cTanaapTa
ncnonb3oBany Tpuko3aH (Tricosane, Sigma), paCTBOPEHHBIN
B iupuauHe (1 MKr/MK).

Xpomarorpaduyeckuii aHaau3 ObLT MPOU3BEIECH Ha Ta30-
unkoctHoM xpomarorpade Agilent (CIHA) 6850 ¢ macc-
CEeJIeKTUBHBIM AeTekTopoM 5975B. Pa3nenenne ananura npo-
U3BOAWIOCH HA KalIWJUISIPHOM KOJIOHKE YMEPEHHOM IOJIIp-
HoctH Agilent DB-5HT (5 % ¢enunmernncunokcas, aiuHa
30 M, BHyTpeHHHH auameTp 250 MKM, TOJNIIUHA MICHKU
0.25 MxM). AHaIU3 TPOBOJIUIICS B YCIOBUSIX TPOrPaMMUPO-
BaHUs Temneparypsl Tepmoctata 70-320 °C mpu ckopocTi
HarpeBaHus 6° B MUH; ra3-HOCUTEIb — TCJIUI B PeKUME TI0-
CTOSIHHOW ckopocTH nortoka (1 mu/muHn). Mcnonb3oBanHas
WHKEKIUs 0e3 JIeTIeHus T0TOKa, TeMIIepaTypa HUCIapUTess
250 °C. CxopocTh CKaHUPOBaHUS MacC-CEIEKTHUBHOIO Je-
TeKTopa 2 ckaHa/c B quarnazone ot 50 1o 800 m/z. Xpomaro-
TpaMMbI PETHCTPUPOBAINCH 110 CUTHAITY MOJIHOTO HOHHOTO
TOKa ¢ momoInsio porpammsl Agilent ChemStation.

Pa3zmMeTky NMKOB U pacueT OTHOCUTEbHBIX KOHLIEHTPALUI
COEIMHEHUH B IPo0Oe MPOU3BOAMIN € HCHOIB30BAHUEM TIPO-
rpammHoro obecniedennss UniChrome 5.0.19.1162 (www.
unichrom.com). MeToamMu MOJIyKOJIMYECTBEHHOTO (Semi-
quantitative) aHaI3a MPON3BOIMIN PACIET OTHOCHTEIBHBIX
KOHIICHTPAIMH COCJAMHECHUH MO OTHONICHHIO K KOHIICH-
TpaLUK UCIIOJIb3YEeMOr0 BHYTPEHHETO craHnapra Tpuko3aH
(1 Mxr/Mki). UneHTH(UKAINIO BEIIECTB MPOBOANIHA B TIPO-
rpamme AMDIS 32 (https://chemdata.nist.gov/) ¢ momomso
oubmoreku NIST/EPA/NIH 08 Mass Spectral Library (http://
www.nist.gov/srd). CraTucTuueckyio o0paboTky Merabo-
JIOMHBIX JIAHHBIX IIPOBOJIMIIN C HCTIOJIB30BAHUEM TTPOTPAMMBI
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) MeTomamu
MHoromepHoi ctatuctukd (Chong et al., 2018). B wactrHOCTH,
OBUT MCIIOJIB30BAaH MUCKPUMUHAHTHBIN aHAJIN3 MPOCKIUI
Ha nareHTHbIe cTpykTyphl (PLSDA, Partial Least Squares
Regression).

Pesynbtatbl
B momydeHHBIX XpoMaToTpaMMax Ui KaKIoH poOs! OBII0
JeTekTupoBaHo 71 BemecTBo, 41 U3 KOTOPBIX OBLTO UICHTH-
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A simple and efficient method to extract polar
metabolites from guar leaves for GC-MS analysis
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Bpemsa yaepKrBaHuWsA, MVH

Puc. 1. Xpomatorpamma npodunsa meTabonmtos, SKCTParmpoBaHHbIX 13 1cTa ryapa nuHum 2 (cnoco6om C) ¢ paclundpoBKoii Hambosnee npeacTasneH-
HbIX MKOB (MPY YKa3aHW1 Ha3BaHW COeMHEeHUI UCMONb30BaHbl CTPENKN).

amu (arbitrary machine units) - ycnoBHble MalMHHbIE e[UHNLbI.

OTHOCUTeNbHbIN YPOBEHD
cofepKaHuUA SKCTParmpoBaHHbIX
BelecTs

oM
A B C
Cnocob sKcTpaKkumm

Puc. 2. CpaBHeHne cymmapHOro (ycpeaHeHHo-
ro) copep)KaHuA MeTabonnTOB B JINCTbAX TPEX
NVHWIA Tyapa, SKCTParmpoBaHHbIX crnocobamm
A BucC.

¢urmmposano. Ha puc. 1 moka3zana xpo-
MarorpaMma npoQuisi METaboINTOB ¢
0003HaueHUEM [TUKOB, Hauboee mpes-
CTaBJIEHHBIX IO COZIEPKAHHIO COEANHE-
HUIl B nMcTe ryapa nuHuu 2. B uuncne
UICHTU(GUIUPOBAHHBIX COCIMHEHUN
npeo0Iiaia aMIHOKHCIIOTHI 1 OpTaHH-
YEeCKHE KHCIIOTBHI.

ConocraBienue pesyibratoB nposeneHHoro GC-MS-ananuza nokaszanio, 4ro,
HE3aBUCUMO OT criocoba skctpakiuu (A, B win C) u npuHaIIe)KHOCTH K OIpe-
JIETICHHON JTMHMH, KaYECTBEHHBIH COCTaB META0OIUTOB OCTABAJICSI HEM3MEHHBIM
(71 coennnenne). OHAKO MO KOJINYECTBEHHOMY COJICPKAHHIO aHAJIUTOB HAOIIO-
JIaJIoCh CyIIECTBEHHOE pasiuyue. [1o pesynbrataM MOJIyKOJMYECTBEHHOIO aHa-
JM3a, MaKCUMAalIbHOE CoflepyKaHue OO0IIero Imysa MeTaboNInuTOB OBIIIO JOCTUTHYTO
MIPY UCTIONIB30BaHUU criocoda skeTpakiun C. DPPEeKTHBHOCTD SKCTPAKINH CIIO-
cobom C roBbImanack B JBa pasa 1o CPaBHEHUIO € 3PPEKTUBHOCTBIO SKCTPAKIIUU
ciocobom B, 1 Gornee gem B IATH pa3 B cpaBHEHHH co criocodoMm A (puc. 2). ITpn
9TOM TECHAEHIIMS MAaKCUMAJIbHON BBITSIKKH COeMHEHUH criocodom C HabmonaeT-
Ci IIpH 3KCTPpaKIuH MeTa6OHHTOB M3 BCEX TPEX UCCICAYCMBIX JIUHUUN ryapa, 4to
TroBOpUT 00 3(p(PEeKTUBHOCTH METOAWKH BHE 3aBHCHMOCTH OT OHMOJIOTHYECKOTO
oOpasma.

[pu sxcrpakimu crnocooom C OUHAKOBO XOPOIIO BBIICISIFOTCS METa0OIUTHI,
TIPUHAAISKAIINE K Pa3HBIM KilaccaM coequHeHuit (puc. 3). CpaBHeHHE coepika-
HUSI META0OJITOB M3 KJIacca BEIIECTB CaXapH/I0B M CaXapoCIUPTOB (CM. pHC. 3, a)
MOKa3aJI0 HauOOJIbIlIee COJCPIKAHUE COCANHEHUI TIPH AKCTPAKIIMH METaOOINTOB
criocobom C. DKCTpaKmys aMUHOKHCIIOT TIPH BBIJIEICHUH MeTab0IUTOB criocobom C
MIPOMCXO/INT B CPETHEM B TPH pasa Ooiee pe3ylnbTaTuBHO, B OTIIMYHNE OT criocoda B
U B CPEJIHEM B JIECSTh pa3, B OWIMYKE OT criocoda A (cM. puc. 3, 6). Y Bcex JIMHUA
ryapa mpu npo0omoaroroBke mo crnocody C HaOmonaeTcst BBICOKOE COAep KaHue
aJlaHWHA, POJIMHA, CEPHHA, ACTIaparMHOBOW KUCIIOTHI, UYyTh MEHBILEE COflepxkKa-
HHE BajJMHA, TPEOHMHA, acraparnHa. Hambosee BbIcOKOe colepKaHUe JaHHBIX
aMHMHOKHCJIOT HAaOIIofaeTes y TMHNH 2. MaKkCHUMalbHOE Cofep kaHue acraparmaa
Habmonanock y muaun 1. ConepkaHne 3THX aMHHOKHUCIIOT B TEX K€ MTPOTIOPIIHSAX,
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Puc. 3. CpaBHeHMe copepKaHusa MeTaboIMTOB Pa3HbIX KNAacCoB COeMHEHWI, SKCTPArmpoBaHHbIX cnocobamu A, B n C 13 nCTbeB Tpex IMHWIA ryapa.

OJTHAKO B MCHBIIMX KOHIIEHTPAIUAX, HAONIOMACTCS U MPH
9KCTPAKIUU META0OIUTOB criocobom B.

Okcrpaxmys MeTaboauToB crtocodoM C MO3BOIISET TOCTHIB
MaKCHMaJIbHO 3()(EKTHBHOMN 3KCTPAKIINK OPTaHUIECKHIX KHC-
JIOT, HapsAIy C caxapuJaMy U aMUHOKHCIIOTaMH (CM. pUC. 3, 8).
IIpwu Be1nenennn MeTaboauToB criocoboM C MmpociieknBaeTcs
BBICOKOE COJICpXKaHWE OPTaHWYECKUX KHCIIOT: MOJIOYHOM,
SIHTAPHOM, S0JI0YHOM, a TAK)KE TaMMa-aMHUHOMACIIsTHOM. Hawu-
GorblIee conepKaHne OPraHNIECKUX KUCIIOT IPH IKCTPAKIUH
criocobom C ObUTO OTMEUEHO Yy JIMHUHM 2 (sS10109Hast, TaMMa-
AMUHOMACJISIHAS ), & TAKKE Y JIMHUA 3 (MOJIOYHAS, SHTapHAs ).
IIpu sxcTpakium cioco6om B pakTryaeckn He HabmomaeTcs
Ppa3I4Hii B COiepyKaHUK MOJIOYHOM, THTAPHOW OPraHUIEeCKUX
KHUCJOT y JUHUNA 2 U 3, OAHAKO 3aMETHO MX OTHOCUTEIBHO
BBICOKOE COJIEp KaHHe TI0 CPABHEHHUIO C JINHHUEH 1.

Pezynbrar JUCKpUMHUHAHTHOTO aHAIN3a MPOSKIMH Ha Ja-
TeHTHbIe CTPYKTYphl (PLSDA) nokasai, 4To METo/| 9KCTpaK-
IIUM CYIIECTBEHHO BIMSET HA PE3Y/IbTAThl AHAIN3a MTPOPUIIS
MeTa0oINTOB, COAEPKAIIMXCS B INCTHSAX JIMHUH ryapa (puc. 4,
kommoneHTa 1, 13.2 % o00bsicHeHHO! nucnepcun). Mexcop-
TOBBIE PA3JINYMS 110 KOHIICHTPAIUU META00IUTOB OOBSCHSIOT
10 18.5 % nabmronaemoii nuctiepcu (cM. puc. 4, KOMIOHEH-
Ta 2). OAHAKO TH Pa3IHYUs IPOSBISIOTCS TOIBKO IIPU YCIIO-
BUH HCTIONIF30BAaHMS B TIpOIecce MPOOONOAT0TOBKY criocoba B
wi C, HO He crocoba A. PazgennuTs JIMHUYM Tyapa npH 3Kc-
TPaKLUK METabOJIUTOB CLIOCOOOM A HE ITPE/ICTABIISIETCS BO3-
MO>KHBIM.

O6cyxpeHue

Huzkyio koHIIEHTpannio MeTabOIUTOB, IKCTPATHPOBAHHBIX
croco0oM A, MOXXHO OOBSICHATE OTCYTCTBHEM PABHOMEPHOTO
MEXaHUYECKOTO BO3JICHCTBHS Ha KJIETOYHbIE CTeHKH. OJHO
JIUIITH XUMIYECKOE BO3AEHCTBHE METaHOIA, TO-BUIUMOMY, HE
MOXET 00€CIICUUTh TIOIHOIIEHHOTO Pa3pyIICHHS KIIETOYHOTO
«0apbepay U MOJHYIO BBITSHKKY CIIUPTOPACTBOPUMBIX COCTH-
HEHWHA W3 BCEW MAacChl PacCTUTENHFHOU MPOOBI. DKCTpaKIusI
MIPOUCXOTUT JIUIIb YACTUIHO ¥ cITydaitHo. OIiOKY B OTICHKE
KOJIMYECTBA METa0OJIIMTOB, CBSI3aHHBIC C 3TOW CIIy4ailHO-
YaCTHYHON IKCTPAKIKEH, MOTYT OBITH MPEMATCTBHEM TIPU
OIICHKE JIOCTOBEPHBIX Pa3IMYMii METa0OIOMHBIX MPOohIIeH
ryapa. Panee cunrtanoch, 4T0 METOMI FKCTpaKiuu B no3Bossier
n30eKaTh TAKOTO «BEPOSATHOCTHOTOY» TPOIIecca IKCTParupo-
BaHHS METa0OIHUTOB, TAK KaK pa3pylICHNE KICTOUHBIX CTCHOK
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Puc. 4. PacnpegieneHvie pe3ynstaToB aHanusa 71 AeTeKTUPOBAHHOIO Me-
TabonuTa y Tpex NMMHUI ryapa C y4eToM Tpex pasHbiX CNoco6OB IKCTPaK-
uum A (1D), B (2D) n C (3D) B nAIOCKOCTY MEPBbIX ABYX MaBHbIX KOMMO-
HEHT, paccunTaHHOE MO MEeTOAY ANCKPUMMHAHTHOIO aHanu3a npoekyuii
Ha naTeHTHble CTPYKTYpbl (PLSDA).

HPOMCXOJMT B PABHOH CTENEHH 11 Bcero Mareprana. OqHako
9TOT METOJ MMEET €IIe O/INH HEIOCTATOK, CBSI3aHHBIH € BO3-
MOXKHOU TOTEPEi YacTH IKCTPArupOBaHHBIX META0OJIINTOB B
nporecce NEeHTPU(YTUPOBAHNUS, YTO TAKIKE MOXKET SBIIATHCS
MIOMEXOW ISl TOYHOM OIIEHKH KOHLICHTPALUH METa0O0INTOB,
COZIEpIKALIMXCS B JIUCTHSIX JIMHUI r'yapa.

[To pesynbraraM IPOBEJEHHOTO aHAIN3a METaOOIOMHOTO
npoduIIs TMHUH ryapa, yCTaHOBJIEHO, YTO CHOCO0 3KCTpakK-
i C siBisiercst Hanbouee 3 dexTuBHBIM. Ero pesynsrarus-
HOCTb OCHOBaHa Ha (PM3UKO-MEXaHUUECKOM pa3pyLICHHH BCEX
KJICTOYHBIX CTCHOK IPH PE3KOM BO3JACHCTBUHU TEMIIEPaTyphI
—196 °C ¢ nocienyronyM ObICTPBIM Pa3MOPaXKMBAHUEM MIPU
+4 °C. IIpu TakoM IIOKOBOM TEMIIEPaTYPHOM BO3/IECHCTBHU
MPAKTHYECKH BCE PACTUTEIBHBIC KICTKU MOBPEKAAIOTCS
KPUCTaJIJIaMH BOJIbI, KOTOPbIE Pa3pyIAIOT KIETOYHbIE CTCHKH,
npensTcTByronme kcTpakmi. Criocod C He mpexycMarpuBa-
€T TaK’Ke MOy bl TOMOTEHHU3AIMN 1 IEHTPH(YTrrpoBaHus,
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YTO MO3BOJISAET M30€XKAaTh MOTEPU METAbONUTOB B MPOIIECCEe
MpoOOTOATOTOBKH. B MTOTE KOHEYHAsT KOHIICHTPAIMS METa-
OOJIUTOB CYNIECCTBEHHO MOBBIIIACTCS, B CBSA3U C YE€M MBI HC-
CIIeZlyeM CUCTeMy, OoJiee MPUOIMKEHHYIO K CBOEMY HATHB-
HOMY COCTOSIHHIO.

3aknioyeHune

TaxwumM 06pa3om, IPH IKCTPAKIINN METAOOTHTOB U3 PACTCHUN
ryapa npuMeHuMBI MeTonuku B u C. HaubGonee momHbIM 1
00BEKTHBHO OTPAKAIOUIUM METaOOJOMHBIA MPOdUIbh aHa-
JTU3UPYEMOTO 0Opa3iia MOXKHO CUATATh TIpeIIaraeMblii HaMH
HOBEIH crmoco0 C, 3aKIIF0YAIONIUiics B MPOOOMOITOTOBKE
marepuaja 663 HCIOJb30BaHUA TOMOTCHU3allU U HEHTPU-
(hyrupoBaHNs, OCHOBAHHBIM Ha BO3ICHCTBUH PE3KOTO Tepe-
ajia TEMIIEpaTyp, YTO MO3BOJISIET CHU3UTH MOTEPH BEIIECTB
U 100HUThCs OoJiee MOJHON IKCTPAKIMK META0OIUTOB U3
JUCTHEB Tyapa.
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Effect of lethal yellow (AY) mutation
and photoperiod alterations on mouse behavior

E.Y. Bazhenova, D.V. Fursenko, N.V. Khotskin, L.E. Sorokin, A.V. Kulikov®

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
® e-mail: v_kulikov@bionet.nsc.ru

Decrease in natural illumination in fall/winter months causes depressive-like seasonal affective disorders in vul-
nerable individuals. Obesity is another risk factor of depression. The lethal yellow (AY) mutation causes ectopic
expression of agouti protein in the brain. Mice heterozygous for A" mutation (A"/a) are obese compared to their
wild-type littermates (a/a). The main aims of the study were to investigate the effects of A” mutation, photoperiod
and the interaction between these factors on daily activity dynamics, feeding, locomotor and exploratory activi-
ties, anxiety-related and depressive-like behaviors in mild stress condition. Six weeks old mouse males of A"/a and
a/a lines were divided into four groups eight animals each and exposed to long- (14 h light and 10 h darkness) or
short- (4 h light and 20 h darkness) day conditions for 28 days. Then the behavior of these mice was successively in-
vestigated in the home cage, open field, elevated plus-maze and forced swim tests. We did not observed any effect
of AY mutation on the general activity, water and food consumption in the home cage; locomotion and exploration
in the open field test; anxiety-related behavior in the open field and elevated plus-maze tests. At the same time,
AY mutation increased depressive-like immobility time in the forced swim test (F, 53 = 20.03, p = 0.00012). Short-
day conditions decreased nocturnal activity in the home cage, as well as locomotion (F, ,3 = 16.33, p = 0.0004) and
exploration (F, ,g = 16.24, p < 0.0004) in the open field test. Moreover, short-day exposition decreased time spent
in the center of the open field (F, ,3 =6.57, p = 0.016) and in the open arms of the elevated plus-maze (F; ,3 = 12.08,
p =0.0017) tests and increased immobility time in the forced swim test (F; ,5 = 9.95, p = 0.0038). However, no effect
of the interaction between AY mutation and photoperiod on immobility time in the forced swim test was observed.
Therefore, short-day photoperiod and A" mutation increased depressive-like behavior in the forced swim test by
means of different mechanisms.

Key words: lethal yellow; photoperiod; activity; anxiety; depressive-like behavior; mice.
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Bansune myTtannm lethal yellow (AY)
1 ISMeHeHni (poToIeproa Ha IoBeIeHe MbIIIN

E.IO. baxxeHosa, A.B. ®ypcenko, H.B. Xouxun, V1.E. CopokuH, A.B. KyAMKOB@

MepepanbHblii NCCNEROBATENBCKUI LeHTP MHCTUTYT yutonorum n reHetrkn Cbrpckoro otaeneHns POCCUMINCKON akafeMmnm Hayk,
HoBocmnbupck, Poccusa
® e-mail: v_kulikov@bionet.nsc.ru

CHWXKeHVe eCcTeCTBEHHOrO OCBeLLeHNA B OCEHHee/3IMHee BpeMsA Bbi3blBaeT AenpecCcMBHO-MOJOOHbIE Ce30HHble
abdeKTMBHbIE PacCTPOCTBA Y NPeApacrnoNioKeHHbIX MHAMBMAOB. OXMpeHVe ABNAETCA APYrUM GakToOpoMm purcKa
nenpeccun. MyTauus lethal yellow (AY) BbisbiBaeT akTonuueckyto sKkcnpeccuio 6enka aryTi B mosre. Mbilu, retepo-
3uroTHble no mytauum AY (A¥/a), cTpapaloT OXMpeHrem No CPaBHEHUIO C UX OAHOMOMETHMKaMIM AKOro Tvna (a/a).
OcHOBHas Lenb paboTbl — ncciefoBaHne BAUAHUA MyTauumn A, poTonepmoaa 1 B3anMofencTBusa Mexay STUMA
baKTOpamy Ha CYyTOYHYIO AVHAMIUKY aKTUBHOCTY, NOTpebrieHne NuLm, TOKOMOTOPHYIO U NCCNefoBaTeNbCKYO aK-
TUBHOCTb, TPEBOKHOCTb 1 IEMNPECCMBHO-MOA0GHOE NOBEAEHME B YC/IOBUAX yMepeHHoro cTpecca. Camupl A'/av ala
BO3pacToM 6 Hefienb Oblnn pa3feNieHbl Ha YeTblipe Fpynbl 1 CoAepKanunchb 28 aHel npu AnuHHOM (14 4 feHb:10 4
HOUb) 1 KOPOTKOM (4 4 ieHb:20 4 Houb) poTonepuope. 3aTem NoBefeHne STUX MbiLel MoCneAoBaTeNbHO NCCNeAo-
Banv B AOMALLHEN KNeTKe, TECTaxX «OTKPbITOE MOJEy, <NMPUMNOAHATLIN KPecToobpasHbIi NabUPUHT» U «MPUHY[UTENb-
HOe MnaBaHue». Mbl He 06HapyKum BAnaHUA MyTaunmn AY Ha 06Uy aKTUBHOCTb, NOTPe6AEHVE NULLW 1 BOAbI B
[OMaLLHen KneTKe; ABUraTeSibHyt0 akTUBHOCTb, UCCNeAoBaTeNbCKOe NOBeAeHMe B TECTE KOTKPbITOE Mosne»; TPEBOX-
HOCTb B TECTaX «OTKPbITOE MOJE» U «MPUMNOAHATHIN KPECTOO6Pa3HbIil NabuprHT». B To e Bpema myTauma A" ycunn-
BaeT AenpeccuBHO-Nofo6HOe NoBeAeHe B TeCTe «NpUHyAnTeNnbHoe nnasaHue» (F; 55 =20.03, p = 0.00012). KopoT-
KNI fieHb CHMKaJT HOYHYI0 aKTUBHOCTb MblLLeli B JOMALLHEN KNeTKe, Kak U IOKOMOTOpPHYIo (F; 55 = 16.33, p = 0.0004)
n nccneposatenbckyio (F; 55 = 16.24, p < 0.0004) akTUBHOCTb B TeCTe «OTKPbITOe nosne». bonee Toro, KOPOTKMI AeHb
CHVXXan BpemaA B LieHTpe B TecTe «OTKpbIToe nosne» (F; 55 = 6.57, p = 0.016) 1 B OTKPbITbIX pyKaBax B TecTe «npu-
MOAHATbIN KPecToobpasHbI N1abupnHT (F; 53 = 12.08, p = 0.0017), a Takxe yBennumBas BpeMa HEMOABVKHOCTY B
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and photoperiod alterations on mouse behavior

TecTe «npuHyanTenbHoe nnasaHue» (Fy 53 = 9.95, p = 0.0038). MNpy 3TOM He BbIABMEHO BINAHUA B3aUMOAENCTBIA
reHOTMM X GOTOMEPUOZ Ha BbIPAXKEHHOCTb 3TVX Npr3HaKoB. CliefoBaTesnbHo, MyTaums A' n kopoTkuit doToneproa
ycnnmealot ,EI,EI'IpECCVIBHO'rIO,U,O6HOG nosefeHme B TeCTe «NPUHyaAnUTENIbHOE NilaBaHME» NOCPeACTBOM pPasINyHbIX

MexXaHN3MOB.

Kniouesble cnoBa: lethal yellow; ¢poTonepuron; akTMBHOCTb; TPEBOXHOCTb; AeNPECCMBHO-NOAOOHOE NOBeAeHME;

MbILIN.

Introduction

Seasonal alterations of natural illumination in high or moderate
latitudes trigger numerous adaptive changes in the nervous
system and behavior of all wild animals. Although humans
mainly live at constant illumination, its decrease during fall/
winter months can cause seasonal affective disorders (SAD)
or subsyndromal SAD characterized by carbohydrate crav-
ing, overeating, weight gain, decreased libido, hypersomnia
and prominent fatigue (Levitan, 2007) in some vulnerable
individuals. SAD and subsyndromal SAD are observed in
11-21 % of individuals and are a considerable social and eco-
nomic problem due to high risk of disability (Miller, 2005).

Laboratory mice have been proposed as an animal model
of SAD (Otsuka et al., 2014). However, the reported data
about effect of photoperiod alteration on mouse behavior are
contradictory (Otsuka et al., 2014; Young et al., 2018).

Obesity and concomitant type 2 diabetes increase risk of
depressive disorders (Stunkard et al., 2003; Simon et al., 20006;
Luppino et al., 2010; Lojko et al., 2015). Mice lacking leptin
receptor are obese and show depressive-like features (Sharma
etal., 2010). Another model of hereditary obesity is 4¥/a mice,
heterozygous for lethal yellow (4¥) mutation (Boston et al.,
1997; Bazhan et al., 2013).

The main aims of the study were the following: to inves-
tigate the effects of (1) 4Y mutation, (2) short/long photope-
riod and (3) these factors interaction on brain monoamines
and behavior. Here we compared: the effect of the long- and
short-day conditions on the daily activity in the home cage, the
locomotor, exploratory activities, anxiety-related, depressive-
like behavior in heterozygous 4Y/a mice and their wild-type
littermates (a/a).

Materials and methods

Animals and experiments. The study was conducted at the
Center for Genetic Resources of Laboratory Animals at the
Institute of Cytology and Genetics Siberian Branch, Russian
Academy of Sciences (Novosibirsk, Russia) using equipment
supported by the Russian Ministry of Education and Science
(project No. RFMEF162117X0015). Experiments were carried
out on SPF-state mouse males C57BL/6-4Y (A¥/a, n = 16)
and their wild type littermates C57BL/6 (a/a, n = 16). These
mouse genotypes were bred by crossing a/a females and
A¥/a males. Such breeding results only in obtaining 4%/a and
al/a mice (50:50) which have similar genetic background,
are born and nurtured by the mothers of the a/a genotype.
The genotype of mice is assayed by the fur color which is
yellow in A¥/a mice (Boston et al., 1997) and black in a/a
mice. At the beginning of the experiment the 4Y/a and a/a
mice were 6 weeks old, weighed 20.9+0.3 gand 20.0+0.3 g
(F, 50=5.03, p =0.032), respectively. The males of the same
genotype (4%/a or ala) were kept for 28 days in groups of
four in individually ventilated cages (Optimice, Animal
Care Systems, Inc.) in rooms with 20-fold air exchange at
temperature 24+2 °C, humidity 45-50 %, and at long (14 h

of light: 10 h of darkness, 14L:10D, 40 1x) or short (4 h of
light:20 h of darkness, 4L:20D, 40 Ix) photoperiods with
daybreak at 01:00 (14L:10D) or 11:00 (4L:20D) and sunset
at 15:00 (14L:10D and 4L:20D). The 14L: 10D photoperiod
is the standard photoperiod in our SPF-vivarium. Food and
litter were autoclaved at 121 °C before use. Animals were pro-
vided with deionized water (produced in a Millipore device)
with Severyanka (Eko-proekt, St. Petersburg, Russia) mineral
supplement and feed ad libitum. There were four experimental
groups of eight animals: (1) a/a kept at 14L: 10D, (2) a/a kept
at 4L:20D, (3) AY/a kept at 14L:10D and (4) A¥/a kept at
4L :20D. Two days before the tests, the animals were isolated
in the same cages to reduce group effect. The animals were kept
at the same photoperiods during the tests. First, the dynamics
of locomotion, sleep, water and food consumption in the home
cage was tested using PhenoMaster (TSE, Germany). Then,
the mice were tested for three successive days in open field
(OF), elevated plus-maze (EPM) and forced swim (FS) tests.

The maintenance of mice was supported by the basic re-
search project No. 0324-2018-0016. All procedures comply
with the Directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 on the protection
of animals used for scientific purposes and were approved by
the Committee on the Ethics of Animal Experiments of the
Russian National Center of Genetic Resources of Laboratory
Animals based in SPF-vivarium of Institute of Cytology and
Genetics SB RAS, Novosibirsk, Russia (protocol No. 32 of
March 18, 2016).

Home cage activity. Daily dynamics of locomotor activity,
sleep duration, water and food consumption were investigated
in PhenoMaster (TSE, Germany) according to the manufac-
turer’s instruction. The device consists of eight individual
cages equipped with infrared sensors those tracing the animal
movements. Drinking bowls and feeders were also equipped
with sensors, allowing the accurate measurement of water
and food consumption. The data from the sensors were re-
corded each minute and processed by the software from the
manufacturer. The animals learned to use drinking bowls and
feeders for two successive days and then they were isolated
in PhenoMaster cages and their locomotion, sleep duration,
water and food consumed were recorded for 48 h. The first
24-hour period (1-24 h) was considered as an adaptive one
and was not taken into account. Therefore, the baseline animal
activity was assessed only on the basis of data recorded for
the second 24-hour period (25-48 h) (Khotskin et al., 2017).
According to the manufacturer’s instructions, the software
determined the state of sleep as lack of mobility for 40 s or
more. This sleep estimation correlates with the EEG estimation
of the sleep state (Pack et al., 2007; Fisher et al., 2012; Bais
et al., 2015). The dynamics of locomotor activity and sleep
duration were respectively evaluated by the distance travelled
(m) and accumulated sleep time (min) during one hour, while
the water and food consumption were measured as water (ml)
and food (g) quantity consumed during 24 h.
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Other behavioral tests were held between 15:00 and 18:00
in the dark time. The EthoStudio software was applied for
automatic tracking of mouse behavior in OF, EPM and FS tests
(Kulikov et al., 2008, 2010, 2014). In OF and FS tests we used
the transmitted (inverted) light for automatic tracking of mouse
behavior when the light was transmitted through the arena to a
WEB camera placed at 80 cm above the arena and connected
to a computer via a USB 3.0 port. Since a mouse regardless
of'its color (white, agouti or black) is opaque, it contrasts with
background in the transmitted light (Kulikov et al., 2008).

Open field test (OF). The OF test was carried out on a
brightly illuminated white plastic arena of 55 cm in diameter
with the wall of 30 cm in height. The 25 % zone in the center
of the arena was selected as the center. The arena was made
of opaque polyvinyl chloride and placed on a semitransparent
platform. The arena was brightly illuminated (300 Ix) with
two halogen lamps (35 W) placed 40 cm below the platform.
A mouse was place at the wall of the arena and its movement
was automatically tracked for 5 min. The EthoStudio software
automatically calculates two behavioral traits: the time spent
in the center (%) is calculated as the ratio of mouse-associated
pixels in the center to the total number of mouse-associated
pixels and the distance travelled during the test (m), while the
number of vertical postures were recorded by an experienced
rater blind to experiment (Kulikov et al., 2008). The time in
the OF center is negatively associated with fear (Carol et al.,
2002; Prut, Belzung, 2003), while the numbers of vertical
postures are associated with exploration (Crusio, 2001; Alves
et al., 2012). The apparatus was cleaned with wet and dry
napkins after each test.

Elevated plus-maze test (EPM). The EPM test was car-
ried out in the apparatus made of gray plastic including two
closed and two open arms (30 cm in length x5 cm in width).
The close arms were framed by plastic walls of 30 ¢cm in
height. The apparatus was elevated at 60 cm above the floor
and dimly illuminated with diffuse light (=100 Ix) of a halo-
gen lamp (25 W) placed a meter above. Newly developed
Microsoft Kinect 1 3-D sensor was applied for the first time
for automatic tracking of mouse behavior in the EPM. This
sensor was earlier successfully applied to track pig behavior
(Kulikov et al., 2014). Microsoft Kinect 1 3-D sensor was
placed 60 cm above the surface of the EPM and connected to a
computer via a USB port. In contrast to standard digital video
tracking systems based only on color or brightness of pixels,
the present version of the EthoStudio software uses also the
depth data provided by the 3-D sensor. Depth data contains
the distance (m) from each pixel of the animal and arena to
the sensor. The height threshold algorithm marks pixels higher
or lower the threshold (1.5 cm in height) as associated with
animal (1) or background (0), respectively (Kulikov et al.,
2014). The main advantage of the 3-D sensor over standard
digital video is that the former can track animal of any color
in open and closed arms of the EPM.

A mouse was placed in the center of the EPM with the
head targeted to a closed arm and its movement was auto-
matically tracked for 5 min. Since the 3-D sensor can track
animal both in open and closed arms the EthoStudio software
can evaluate the following traits: the times (%) spent in the
center, closed and open arms based on the ratio of the number
of mouse-associated pixels in these parts of the maze to the

BnusHue mytauuu lethal yellow (A") 2019
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total number of mouse-associated pixels. The time spent in
the center and in the closed arms is, respectively, negatively
and positively associated with fear (Carol et al., 2002; Prut,
Belzung, 2003). The apparatus was cleaned with wet and dry
napkins after each test.

Forced swim test (FS). Mice were placed for 6 min into a
clear plastic tank (18 cm in diameter and 30 cm in height) filled
with water at temperature 25 °C for 2/3 of the volume (20 cm).
The water tank was placed on a semitransparent platform and
illuminated (150 1x) with one halogen lamp (35 W) placed
40 cm below the platform (Kulikov et al., 2010). Behavior
in the FS test was automatically evaluated for the last four
minutes of the test using EthoStudio software by immobility
time (s) and rate of alteration of the animal silhouette (%). The
last parameter is the ratio of the number of mouse-associated
pixels that have changed their position between two adjacent
frames to the mean number of mouse-associated pixels in
these frames (%). We used the mean rate calculated for the
last four minutes of the test as the index of active resistance.
The immobility time was calculated as the time (s) when the
rate of the animal silhouette alteration was less than 17 %.

Statistics. The data were presented as the mean+SEM.
The mean values were compared using two way ANOVA
(“genotype” and “photoperiod” factors). Daily dynamics of
the locomotor activity and sleep in the home cage was com-
pared using repeated measure ANOVA with “genotype” and
“photoperiod” as the between and the “day time” as the within
variables. The differences between groups were determined
using the Fisher LSD post hoc multiple pairwise comparisons.
Statistical significance was set at p < 0.05.

Results
Photoperiodic changes in weight of a/a and 4¥/a mice. The
effect of the “genotype” factor on weight was observed: at the
end of experiment mice of A¥/a genotype (32.4+0.4 g) were
heavier than of a/a genotype (26.7+0.4 g; F, ,, = 110.81,
p<0.0001). At the same time, no effect of the “photoperiod”
factor (F, ,¢ = 2.03, n.s.) or the “genotype” x “photoperiod”
interaction (F, ,¢< 1, n.s.) on animals’ weight was found.
Photoperiodic changes in home cage behavior in a/a and
AY¥/a mice. No effect of the factors “genotype” (locomotion,
F,,,<1,n.s.;sleep duration, F, ,,= 1.2, n.s.), “photoperiod”
(locomotion, F, ,, = 2.7, n.s.; sleep duration, F,,, <1, n.s.)
and the “genotype” X “photoperiod” interaction (F, ,,<1,n.s.,
for both traits) on locomotion and sleep duration was observ-
ed. At the same time, the effects of the “day time” factor on
locomotion (F,; 55, = 8.05, p < 0.00001) and sleep duration
(Fy5 55, = 14.83, p <0.00001) were observed: in mice of both
genotypes. The effects of “photoperiod” x “day time” inter-
action on the daily dynamics of locomotion (F,; 55, = 3.42,
 <0.00001) and sleep duration (Fy; 55, = 6.65, p <0.00001)
were also observed. This indicates an influence of photoperiod
on the daily dynamics of mouse activity. Mice exposed to
long-day conditions were more active (199.54+36.27 m/h in
darkness vs 96.69+21.01 m/h in light, p = 0.000018) in the
dark-time period, while activity mice exposed to short-day
conditions did not differ in the dark- and light-time periods
(81.98+36.27 m/h in darkness vs 33.894+21.01 m/h in light,
n.s.) (Fig. 1, a). At the same time, mice exposed to long-day
(9.05+1.44 min/h in darkness vs 26.20+3.04 min/h in light,
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Fig 1. Daily dynamics of locomotor activity (distance travelled, m/h) (a), sleep duration (min/h) (b) as well as the daily consumption
of water (ml) (c) and food (g) (d) in the home cage in a/a and A¥/a mice exposed to long- and short-day conditions.

Blue and red bars under the panel (a) show the dark time for long- and short-day exposition, correspondingly. Since no effect of the
“genotype”factor on the locomotor activity and sleep time is observed, the points of the corresponding curves are the means of values for

a/a and AY/a mice exposed to the same photoperiod.
**p < 0.01 difference between long- and short-day conditions.
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Fig. 2. Travelled distance (m), number of vertical postures and time spent in the center (%) in the OF test in a/a and A'/a mice

exposed to long- and short-day conditions.

*p < 0.05; **p < 0.01 vs mice of the same genotype exposed to long-day conditions.

p < 1079 and short-day (18.16+1.44 min/h in darkness vs
31.87+3.04 min/h in light, p = 0.000018) conditions slept
more time in the light phase than in the dark phase (see
Fig. 1, ). So, the observed difference in daily dynamics of
sleep between mice exposed to long- and short-day conditions
results from the shift of light phase (long-day, between 01:00
and 15:00; short-day, between 11:00 and 15:00).

We did not observed any effect of “genotype” (water, food,
F,,, <1, n.s.), “photoperiod” (water, F, ,, = 1.16, p = 0.29,
n.s.; food, F, ,, = 1.41, p=0.25, n.s.) factors and their inter-
action (water, F, ,, =2.11, p = 0.16, n.s.; food, F, ,, = 2.66,
p =0.12, n.s.) on water and food consumption (see Fig. 1, ¢
and d).

58

Photoperiodic changes in locomotor activity, anxiety-
related and depression-like behavior in a/a and AY/a mice.
In the OF test we revealed effects of the “photoperiod” factor
on the traveled distance (F, ,, = 16.33, p = 0.0004), time spent
in the center (F, ,4=6.57,p =0.016) and the numbers of verti-
cal postures (F, ,3 = 16.24, p < 0.0004). However, no effect
of the “genotype” factor (F, ,; < 1, n.s.) or the interaction
“genotype” x “photoperiod” (F, ,4 <1, n.s.) on these traits was
observed. Short-day conditions decreased horizontal (travel-
ed distance) (a/a, p = 0.0016; A¥/a, p = 0.035) and vertical
(vertical postures) (a/a, p=0.0053; A¥/a, p=0.012) activities,
while anxiety-related time in the center was decreased only in
a/a mice (p=0.035), but not in A¥/a ones (p = 0.17) (Fig. 2).
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Fig. 3. Time spent (%) in the center, open and closed arms in the EPM test in a/a and A"/a mice exposed to long- and short-day

conditions.

*p <0.05; **p < 0.01; ***p < 0.001 vs mice of the same genotype exposed to long-day conditions.

In the EPM test we did not observed any effect of the “geno-
type” factor (F, ,; < 1, n.s.) and the interaction “genotype” x
x “photoperiod” (F, ,¢ < 1, n.s.) on time spent in the center,
open and closed arms. At the same time, significant effects
of the “photoperiod” factor on the time spent in the center
(F, ,4=27.04,p=0.000016), open (F, ,¢ =12.08, p=0.0017)
and closed (F, , = 25.02, p = 0.000026) arms were revealed.
Mice of both genotypes exposed to short-day spent less time
in the center (4¥/a, p = 0.0006; a/a, p = 0.0016) and open arms
(4%a, p=0.001; a/a, p = 0.21, n.s.), but spent more time in
the closed arms (4%/a, p=0.0001; a/a, p = 0.014) of the EPM
compared to mice exposed to long-day (Fig. 3).

In the FS test the influences of factors “genotype” (rate of
silhouette alteration, F, ,¢ = 21.54, p = 0.00007; immobility
time, F, ,, = 20.03, p = 0.00012) and “photoperiod” (rate of
silhouette alteration, F, ,; = 13.36, p = 0.0011; immobility
time, F, ,¢ =9.95, p =0.0038), but not the factors’ interaction
(F, 55 < 1, n.s. for both traits) on the rate of silhouette altera-
tion and immobility time were revealed. The rate of silhouette
alteration was lower (p = 0.0005) and immobility time was
higher (p = 0.0004) in A¥/a mice exposed to the long-day
conditions compared to a/a animals exposed to the same
photoperiod (Fig. 4). Short photoperiod decreased the rate
of silhouette alteration (p = 0.003) and increased immobility
time (p = 0.0045) in a/a, but not in A¥/a mice (see Fig. 4).

Discussion

In the present study, new information about the effects of the
“genotype” (4' mutation), “photoperiod” and “genotype” x
x “photoperiod” interaction was obtained.

The AY mutation results from large deletion in the promo-
tor of the mouse agouti gene that puts the agouti gene under
control of the promotor of an ubiquitously expressed Raly
gene (Perry et al., 1994). Although, normally, agouty protein
is expressed only in hair follicles, this deletion causes ectopic
expression of agouti protein in many tissues including the
brain, adipose and other tissues (Boston et al., 1997). Agouti
protein inhibits melanocortin-4 receptors (Lu et al., 1994) in-
volved in the regulation of total metabolism, feeding, anxiety
and depressive-like behavior (Caruso et al., 2014; Gragnoli,
2014). However, since its creation, 4¥/a mice are mainly
used to study the effect of obesity and type 2 diabetes on the
peripheral control of metabolism, immunity, reproduction etc.
This is the first systematic study of the effect of the 4¥ muta-
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Fig 4. Rate of mouse silhouette alteration (%) and immobility time (s) for
the last 4 min in the FS test in a/a and A"/a mice exposed to long- and
short-day conditions.

**p < 0.01 vs mice of the same genotype exposed to long-day conditions;
###p < 0.001 vs a/a mice exposed to long-day conditions.

tion on the mouse behavior as well as on the vulnerability to
altered photoperiod.

In the present study we did not find any effect of the
“genotype” factor (4¥ mutation) on the general activity, sleep
duration and feeding in the home cage; locomotor and explora-
tory activity in the OF test, anxiety-related behavior at mild
stress conditions in the OF and EPM tests. At the same time,
the AY mutation dramatically reduced active escape behavior
(evaluated by the rate of silhouette alteration) and increased
depressive-like immobility in the FS test. There are two pos-
sible mechanisms of the depressant-like effect of A¥ mutation:
a direct via blockade of melanocortin mechanism of mood
regulation or an indirect via obesity. The first hypothesis does
not seem to be true, since melanocortin-4 receptor inhibitors
show antidepressant effect (Chaki, Okuyama, 2005; Chaki et
al., 2005; Chaki, Okubo, 2007). The second hypothesis seems
to be more correct, since the leptin receptor deficiency results
in obesity and increased depressive-like behavior in the FS
test in Lepr@®/Lepr® mice (Sharma et al., 2010).

We first showed marked effect of photoperiod on daily
dynamics of mouse activity in the home cage. Mice are noc-
turnal animals and under “normal”, long-day conditions, they
showed “normal” daily dynamics: they were more active in
the darkness. At the same time, no such daily dynamics was
observed in mice exposed to short-day condition: they did not
increase their locomotor activity in the darkness.
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There are contradictory data about the effect of photoperiod
alterations on anxiety-related and depressive-like behavior.
Some authors reported that exposition of C57BL/6 mice for
21 days to short-day condition (8L: 16D) increased anxiety-re-
lated and depressive-like immobility in the EPM and FS tests,
respectively (Otsuka et al., 2014). Other authors reported that
exposition of C57BL/6 mice for 14 days to long-day conditions
(19L:5D) increased anxiety-related and depressive-like immo-
bility in the EPM and FS tests, respectively (Young etal., 2018).

Here we first showed that exposition to short-day conditions
reduced locomotion (travelled distance), exploration (numbers
of vertical postures), time spent in the center in the OF test,
time spent in the center and open arms in the EPM test, as well
as increased time spent in the closed arms in the EPM test.
These findings can be interpreted as increase of anxiety-related
behavior. We also found that the prolonged exposition to short
photoperiod increased depressive-like behavior evaluated by
decrease in the rate of silhouette alteration and increase in
immobility time in the FS test in mice exposed to short-day
conditions. Therefore, our results indicate that prolonged
exposition to short-day condition increased anxiety-related
and depressive-like behavior in mice. This results and con-
clusion agree with those of T. Otsuka with coauthors (2014),
but contradict to those of J.W. Young and coauthors (2018).
We think that these discrepancies result from the difference
in experimental protocols. We and T. Otsuka with coworkers
(2014) used a mild lighting conditions for long-day exposi-
tion 14 h, 40 Ix and 16 h, 50 Ix, respectively. At the same
time, J.W. Young and coauthors (2018) used more intensive
lighting, 19 h, 130 lum (=150 Ix) which is stressful for mice
and frequently used as a stressor in the chronic unpredict-
able stress model (Monteiro et al., 2015) and in the OF test.
Therefore, the protocol of J.W. Young and coauthors (2018)
is amodel for study the effect of intensive lighting rather than
photoperiod alteration.

Akey problem of the present study was to study the effect of
genetic obesity on the vulnerability to short-day photoperiod.
We did not find any effect of the “genotype” x “photoperiod”
interaction on the studied behavioral traits in the home cage,
OF, EPM and FS tests. Therefore, genetic obesity cause by A4
mutation does not seem to increase vulnerability to short-day
photoperiod. Although exposition to short day conditions and
AY mutation separately increase immobility time in the FS
test, they increase this depressive-like behavior by means of
different mechanisms.

Conclusions

One practical conclusion can be based on the results. Obese
A¥/a and Lepra/Lepr mice show similar elevated depres-
sive-like behavior in the FS test. At the same time, breeding
of 4¥/a mice is more simple than that of Lepr/Leprd mice.
Moreover, being a dominant mutation that can be easily de-
termined by the fur color of its carriers, 4¥ mutation is a very
useful tool for studying the interaction between hereditary
obesity and other neurological mutations.
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Sex differences in the expression of lipid oxidation
and glucose uptake genes in muscles of fasted mice
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Fasting has become increasingly popular for treatment and prevention of obesity. Sex differences in the mecha-
nisms of adaptation to fasting may contribute to choosing a therapeutic strategy for correction of metabolic disor-
ders. Hepatokine fibroblast growth factor 21 (FGF21) is involved in the adaptation to fasting. Muscles are assumed
to be the main energy-consuming tissue in the body, as muscle metabolism plays an important role in the adapta-
tion to nutritional deficit. However, there is still little information on sex differences in muscle and FGF21 physio-
logical response to fasting. Our aim was to find out whether there were sex differences in hormonal regulation and
the expression of genes controlling glucose and lipid metabolism in skeletal muscles in response to fasting. We
estimated the effect of 24-hour fasting on the expression of genes involved in lipid (Ucp3, CptT) and carbohydrate
(Slc2a4) metabolism in muscles and evaluated changes in body weight and blood plasma levels of glucose, insulin,
free fatty acids (FFA), adiponectin, and FGF21 in male and female C57BL/6J mice. None of the genes studied (Ucp3,
Cpt1 and Slc2a4) showed sex-related changes at mRNA levels in control groups, but females exposed to fasting
demonstrated a significant increase in the expression of all genes as compared to control. Fasting significantly de-
creased body weight and glucose blood plasma levels in animals of both sexes but exerted no effect on the levels
of insulin or FFA. The adiponectin and FGF21 levels were increased in response to fasting, the increase in females
being significant. We were first to show sex dimorphism in muscle gene expression and FGF21 blood level in re-
sponse to fasting. In females, the greater increase in FGF21 and adiponectin blood levels was positively associated
with the greater upregulation of lipid oxidation and glucose uptake gene expression.

Key words: muscle; gene expression; fasting; metabolism; sex difference; mice; C57BL/6J strain.
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[Io/s10BBbIE pas3aANUMsS B SKCIIPEeCCUN MbIIIIEYHbIX T€HOB,
BOBJIEUEHHBIX B OKMC/JIeHNe JUIINO0B U 3aXBaT IJIFOKO3bI,
Yy TOJIOOABIINVX MBbIIIE
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fonopaHne cTaHOBUTCA BCe H6onee NonynApHbIM CPEACTBOM ANA NeyeHUn 1 NpodunakTukmy oxnpeHuns. laHHble o
NMOMOBbIX PA3NYMAX MEXAHU3MOB afanTauun K ronofaHunio MoryT ObiTb akTyanbHbIMK NPU BbiGope TepaneBTuye-
CKOW CTpaTerum afif Koppekumm HapyLueHnii obmeHa BellecTs. lfenaToknH GpakTop pocTta dpubpobnactos 21 (FGF21)
BOBJIEUEH B perynaumio agantauum K ronogaHuto. OCHOBHbIM NOTpebuTenem SHEPTMN B OPraHU3me ABASETCA Mbl-
LeYyHas TKaHb, NO3TOMY perynaumsa metabonvama MbllL UFPaeT BaXKHYIO POJib B OTBETE OpraHr3Ma Ha NuLeBoi
nednymt. OgHaKo nonosble 0COH6eHHOCTU B dusmonornyeckom oreete FGF21 1 MbllLeYHON TKAHW Ha ronog noka
elle HeAOCTaTOYHO M3yydeHbl. Llenbio JaHHOro nccnefoBaHysa ObIO M3yUYeHVie MOTOBbIX 0COOEHHOCTEN FOPMOHasIb-
HbIX U3MEHEHWIN B KPOBU 1 SKCMPECCUMN FTeHOB MEeTabon3Ma roKO3bl 1 XKUPOB B CKENETHbIX MbILULAX B OTBET Ha
ronog. Mbl oueHVBany BINAHME 24-4acoBOro IMLIEHNA NULLM Ha SKCNPECCUI0 FeHOB, yYacTBYOLWMX B MeTabonnsme
nunupos (Ucp3, Cpt1) n yrneBopos (Slc2a4) B MblliLax, M U3MEHEHWA MacCbl Tena, yPOBHSA MIOKO3bl, MHCY/MHA, CBO-
GOLHBIX XKUPHbIX KNCNOT, afunoHeKTHa 1 FGF21 B KpoBM y camMLIOB 1 camoK Mbiwwein C57BL/6J. Y camLioB 11 caMOK
KOHTPOJIbHbIX IPYMM He BbIABNEHO NMOMOBbIX pa3nuunii B yposHe MPHK renos Ucp3, Cpt1 n Slc2a4 B mblwax, nog
BAVAHMEM rofiofa CaMKM NPOAEMOHCTPUPOBANN 3HAUUTENIbHOE YBEeNIMYEHNE SKCMPEeCccMmn BCeX FreHOB MO CpaBHe-
HUIO C KOHTponeMm. fonofaHre AOCTOBEPHO CHMKANO MAcCy Tena U YpoBEHb FIOKO3bl B KPOBU Y MBOTHbIX 0601X
NOJIOB U He BAMAJNIO HAa YPOBHU MHCYNIMHA Y CBOOOAHBIX XKMPHbIX KACIOT B KPOBU. YPOBHM aannoHeKkTnHa n FGF21
MOBbILWANVCL B OTBET Ha rONIOAaHNE, y CAaMOK 3TO MOBbILLEHKE ObIIO CTaTUCTUYECKM AOCTOBEPHBbIM. Mbl BNepBble
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[onoBble pasnnuma B SKCMNPECCUn MblleYHbIX FTeHOB
NUANLHOIO U YTNeBOAHOro 06MeHa Y ronoAasLUMX MblLLen

NPOAEMOHCTPUPOBAN NOSIOBOI AUMOPPU3M B SKCNPECCUN FeHOB, BOBIEYEHHbIX B METabonM3M NMNuaoB 1 yrie-
BofoB (Ucp3, Cpt1 v Slc2a4) B mbiwax, n ypoBHe FGF21 B KpOBM B OTBET Ha FONI0: Y CAMOK NMPOUCXOAMT Gonee Bbi-
pa)keHHOEe MOBbILLIEHME SKCMPECCUM FEHOB, aCCOLMMPOBaAHHOE C POCTOM YpoBHA FGF21 1 agnnoHeKkTUHa.
KntoueBble Cl10Ba: MblLLLbl; SKCMNPECCUA FreHOB; FoNog; MeTabonn3M; NosoBble Pasnuuna; Mblwm; nuHua C57BL/6J.

Introduction

Nowadays, starvation is less challenging for the world popu-
lation than hundreds of years ago; however, voluntary food
deprivation is becoming increasingly popular, sometimes
saving individuals from life-threatening obesity, sometimes
being a symptom of mental disorders. Women are approxi-
mately threefold more vulnerable than men to psychiatric
eating disorders and approximately twofold more vulnerable
to severe and morbid obesity. They also appear to suffer more
from these disorders in terms of physical and psychological
functioning (Asarian, Geary, 2013). However, most animal
studies have been made on males, whereas sex differences
in the predisposition to metabolic disorders and mechanisms
of physiological adaptation to fasting, in particular, are not
understood.

Muscles are considered to be the main energy-consuming
tissue in the body, and sex difference in muscle metabolism
plays an important role in the adaptation to the shortage
of energy substrates available during fasting (Thiebaud et
al., 1982). Fasting increases the concentration of free fatty
acids (FFA) in blood plasma and forces adaptive changes
in the whole body and in skeletal muscle metabolism that
enhance fat oxidation and reduce carbohydrate oxidation
(Lundsgaard, Kiens, 2014). It is known that fasting increases
the expression of genes implicated in the regulation of lipids
as fuel substrate in skeletal muscles, such as the genes for
uncoupling protein-3 (Ucp3), lipoprotein lipase, and muscle
carnitine palmitoyltransferase I (Cpt/) (Hildebrandt, Neufer,
2000). There is an increasing body of evidence for a distinct
sex dimorphism in the intrinsic properties of skeletal muscle,
i.e., fiber type composition and capillarization, which is likely
to affect the capacity for oxidative versus glycolytic energy
turnover. Microarray data suggests that gender has a stronger
influence on gene expression than age and training status in
the human vastus lateralis muscle (Roth et al., 2002). There-
fore, molecular mechanisms controlling muscle metabolism
adaptation to fasting can be different in males and females.

Fibroblast growth factor 21 (FGF21) is one of the recently
discovered factors induced in multiple organs in response to
diverse nutrition stressors, such as fasting and amino acid
deprivation, and it is assumed as a factor of adaptation to
disturbances in energy homeostasis (Zhang et al., 2015).
FGF21 can stimulate beta oxidation, induce thermogenesis,
and enhance insulin sensitivity (Kharitonenkov, Adams,
2013). There is evidence from animal models (Zhang et al.,
2012) and human studies (Foo et al., 2013) that physiologic
effects of FGF21 in males and females differ. Interestingly,
higher FGF21 expression and serum levels are observed in
response to cafeteria diet in males than in females (Gasparin
etal., 2018). However, there is still little data on sex difference
in FGF21 involvement in the regulation of muscle metabolic
response to fasting.

In this study, we consider changes of metabolic genes
expression in muscle after 24-hour food deprivation in male

and female C57BL/6J mice. The goal of this study was to in-
vestigate the sex-dependent regulation of genes related to fatty
acid and carbohydrate metabolism (Ucp3, Cptl and Slc2a4) in
muscle and its relationship with blood plasma levels of FGF21,
free fatty acids, adiponectin, and insulin in response to fasting.
Fasting-induced increase in expression of genes involved in
FFA oxidation (Cpt! and Ucp3) and glucose uptake (Slc2a4)
was more pronounced in females than in males. In females,
the predominant upregulation of genes related to glucose and
lipid metabolism was positively associated with the predomi-
nant increase in FGF21 and adiponectin blood plasma levels.

Materials and methods

Ethical approval. All experiments were performed according
to the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Purposes
(Council of Europe No. 123, Strasbourg 1985) and Russian
national instructions for the care and use of laboratory ani-
mals. The protocols were approved by the Independent Ethics
Committee of the Institute of Cytology and Genetics (Siberian
Branch of the Russian Academy of Sciences).

Animals. C57BL/6] mice were kept in the vivarium of the
Institute of Cytology and Genetics. The mice were housed
under a 12:12-h light-dark regime at an ambient temperature
of 22 °C. The mice were provided ad libitum access to com-
mercial mouse chow (Assortiment Agro, Turakovo Village,
Moscow oblast, Russia) and water.

To investigate the effects of food deprivation, 15-week
old female and male mice were deprived of food at 9.00 am.
Animals were killed by decapitation through 24 h of food
deprivation. The mice from control groups were decapitated
simultaneously with food-deprived mice. All mice were hosed
individually during 3 weeks before experiment. Each experi-
mental group included 7-10 animals.

Trunk blood samples were taken to measure FGF21, glu-
cose, insulin, adiponectin, and free fatty acids concentrations,
and samples of muscle tissue were taken to measure gene
expression.

Plasma assays. Concentrations of FGF21 were measured
with Rat/Mouse Fibroblast Growth Factor ELISA Kit, con-
centrations of insulin were measured with Rat/Mouse Insulin
ELISAKit, concentrations of adiponectin were measured with
Mouse Adiponectin ELISA Kit (EMD Millipore Corpora-
tion, Billerica, MA, USA). Concentrations of glucose were
measured with Fluitest GLU (Analyticon Biotechnologies
AG, Germany). Concentrations of free fatty acids were mea-
sured with NEFA FS DiaSys (Diagnostic Systems GmbH,
Germany).

Relative quantitation real-time PCR. Total RNA was
isolated from tissue samples with ExtractRNA (Evrogen,
Moscow, Russia) according to manufacturer’s instructions.
First-strand cDNA was synthesized with Moloney murine
leukemia virus (MMLYV) reverse transcriptase (Evrogen, Mos-
cow, Russia) and oligo(dT) as a primer. Applied Biosystems
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TagMan gene expression assays (Ucp3, Cptl, Slc2a4) with
B-actin as endogenous control (TagMan endogenous controls
with FAM dye label and MGB mouse B-actin (ACTB)) and
gqPCRmix-HS LowROX Master Mix (Evrogen, Moscow,
Russia) were used for relative quantitation real-time PCR.
Sequence amplification and fluorescence detection were done
with the Applied Biosystems ViiA™ 7 Real-Time PCR Sys-
tem. Relative quantitation was performed by the comparative
CT method, where CT is the threshold cycle.

Statistical analysis. The results are presented as means+SE
from the indicated number of mice. Two-way ANOVA was
used with factors “sex” (male, female) and “experimental
group” (control, food deprivation) with multiple comparisons
using the post hoc Fisher LSD test. Significance was deter-
mined as p < 0.05. The STATISTICA 6 software package
(StatSoft) was used for analysis.

Results

Body weight and blood parameters

Sex significantly affected body weight (F =208.8, p <0.001).
Fasting induced a significant decrease in body weight
(F=44.2, p <0.001). After 24-hour fasting, both males and
females lost about 7 % of body weight (p < 0.05) (Fig. 1, ).

Plasma glucose concentrations in fed mice did not differ
between males and females from control groups. Fasting
significantly decreased blood plasma glucose (F = 21.7,
p < 0.01). Compared to the control group, plasma glucose
levels significantly decreased in fasted animals of both sexes
(p<0.01) (see Fig. 1, b).

Sex and fasting did not affect plasma FFA or insulin con-
centrations (see Fig. 1, ¢, d). Both sex and fasting affected adi-
ponectin blood plasma concentrations: they were significantly
higher in females than in males (F = 14.3, p < 0.01), and in
fasted mice higher than in control mice (F = 4.96, p < 0.05).
In females, the fasting-induced increase in adiponectin levels
was more pronounced than in males (p <0.05) (see Fig. 1, e).

Fasting significantly increased FGF21 blood plasma con-
centrations (F =4.5, p <0.05). In females, there was a signifi-
cant difference between control and fasted groups (p < 0.05)

(see Fig. 1, 1).

Expression of skeletal muscle energy metabolism genes

For all genes (Ucp3, Cptl and Sic2a4) there were no sex-
related changes in basal muscle mRNA levels (Fig. 2). Fast-
ing increased Ucp3 mRNA levels (F = 4.64, p = 0.04). The
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Fig. 1. Body weight, plasma glucose, free fatty acid, insulin, adiponectin,
and FGF21 concentrations in control (white bars) and fasted (gray bars)
C57BL/6J male and female mice.

Data are expressed as means +SEM. * p < 0.05, ** p < 0.01 versus control. Post-
hoc LSD Fisher.

fasting-induced increase of muscle Ucp3 mRNA was more
pronounced in females (p <0.01), while in males changes were
not statistically significant (see Fig. 2, a). Cptl and Slc2a4
gene expression changed in females after fasting. Both Cpt/
and Slc2a4 mRNA levels in fasted females were higher than
in control females (p < 0.05) (see Fig. 2, b, ¢). In males Cpt!
and Slc2a4 mRNA level changes in response to 24-hour food
deprivation were statistically insignificant.

5r Ucp3 20r Cpt1 * 20r Slc2a4 *
151 150
1.0t Q1.0
0.5F 0.5F
0 0
Male Female Male Female Male Female

Fig. 2. Thigh muscle Ucp3, Cpt1, and Slc2a4 mRNA expression in control (white bars) and fasted (gray bars) male and female

C57BL/6J mice.

Data are expressed as means+SEM. * p < 0.05, ** p < 0.01 versus control. Post-hoc LSD Fisher.
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Discussion

Our results regarding the expression of genes involved in the
regulation of FFA oxidation (Ucp3, Cptl) and glucose uptake
(Slc2a4) in muscles demonstrate that the upregulation of these
genes at the mRNA level in response to 24-h fasting is much
more pronounced in females than in males.

Fasting glucose levels in plasma reflect the interplay be-
tween basal whole-body glucose disposal and endogenous
glucose production. Blood plasma glucose responses to fasting
in males and females were similar; they decreased significantly
in both sexes. However, females demonstrated almost 3-fold
higher increase in the muscle expression of glucose transporter
Slc2a4, whereas the increase in males was not statistically sig-
nificant. This finding suggests more intense glucose turnover
in fasted females compared to fasted males.

Ucp3 expression level is assumed to be one of the main sen-
sors of FFA in muscles, and it can be regulated by hormonal
and dietary manipulations. Starvation increases muscle Ucp3
expression when fat stores are being rapidly mobilized (Samec
et al., 1998a). FFAs act as an interorgan signal between fat
stores and skeletal muscle tissue. It is of interest that circulat-
ing FFAs upregulate Ucp3 mRNA expression during starvation
in slow-twitch (oxidative) muscles, such as the soleus muscle,
but not in fast-twitch fibers (glycolytic/oxidative-glycolytic)
muscles, which constitute the major fiber type of the total
skeletal muscle mass (Samec et al., 1998b). We found no sig-
nificant changes in the blood plasma FFA level in response to
fasting in either males or females. There is evidence that Ucp3
expression changes are not always correlated with the blood
FFA level. Some studies point to unchanged FFA levels and
expression of key genes responsible for the uptake, transport,
oxidation, and re-esterification of fatty acids during 10 to 40-h
fasting accompanied by a dramatic increase in Ucp3 gene
expression in human skeletal muscles (Tunstall et al., 2002).
A signal other than circulating FFAs must be implicated in
the induction of Ucp3 expression. FGF21 is known to induce
Ucp3 expression in cardiomyocytes in vitro (Planavila et al.,
2015). As we found that blood plasma FGF21 levels were
positively associated with the Ucp3 expression level, we
suggest that FGF21 is involved in the upregulation of Ucp3
expression in skeletal muscles.

Several research teams have shown that the expression
levels of genes related to the transport of fatty acids into the
muscle are greater in women than in men. Skeletal muscles
from women show higher expression levels of fatty acid
transporter CD36, hormone-sensitive lipase and lipoprotein
lipase (Lundsgaard, Kiens, 2014). Glycolytic capacity ap-
pears to be greater in men. Higher activities of glycogen
phosphorylase, pyruvate kinase, phosphofructokinase, and
lactate dehydrogenase have been demonstrated in muscles of
young untrained men compared with women (Green et al.,
1984). A greater capillary supply and a greater area percentage
of type I fibers in women are likely to enhance nutritive flow
and increase oxidative glucose and fatty acid metabolism,
thereby contributing to gender differences in skeletal muscle
metabolism and insulin sensitivity (Lundsgaard, Kiens, 2014).
Our data are in good agreement with these facts. They suggest
that the increased potential for beta-oxidation rather than for
glycolysis is realized in female muscles under fasting condi-
tions. It could be of adaptive significance, as females normally
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have a lesser skeletal muscle mass and greater adipose mass
than men.

Blood plasma concentrations of adiponectin are positively
associated with whole-body insulin sensitivity (Furler et al.,
2006; Hojlund et al., 2006). In our study, adiponectin levels
in both the control and fasted groups were significantly higher
in females than in males, and they increased in females but
not in males in response to fasting. This result is consistent
with human studies (Lundsgaard, Kiens, 2014). Adiponectin
promotes insulin sensitivity in skeletal muscles, increasing
Glut4 (Slc2a4 product) translocation to plasma membrane
and glucose uptake, and enhances fatty acid oxidation via
AMPK-dependent mechanisms (Nicholson et al., 2018).
FGF21 is known to directly stimulate adiponectin secretion
in rodents, and adiponectin is required for FGF21 effects, as
adiponectin-knockout mice are refractory to changes in energy
expenditure evoked by FGF21 administration (Holland et al.,
2013). We suggest that FGF21 is involved in the regulation of
lipid metabolism gene expression in muscle via adiponectin
stimulation.

In this study, we were first to show sex dimorphism in
muscle gene expression and FGF21 blood levels in response
to fasting. In females, more pronounced increase of FGF21
and adiponectin blood levels was positively associated with
more pronounced upregulation of lipid oxidation and glucose
intake gene expression.
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OcTeonopos (Oll) ABNAeTCA OAHUM 13 MHOTOGaKTOPHbIX 3a60NeBaHNUiA 1 Pa3BMBAETCA HAa OCHOBE B3aMMOAEi-
CTBUA reHETUYECKON KOMMOHEHTbI C OKpyXatolel cpefon. OfHako, HECMOTPA Ha CYLeCTBEHHbIe AOCTUXKEHUA B
NMOHUMAHUN MOMEKYNAPHO-FEHETNYECKMX acneKTOB 3TOro 3aboneBaHUA 1 Pa3BUTME METOAOB AMArHOCTUKK, ANA
0CTEONopO3a He perfiaMeHTUPOBaHbl SNUreHeTNYeCKe MapKepbl, MPOrHO3MpYloLmne pUcK 3aboneBaHnA Ha [o-
KINUHMYECKOW CTagun 1 No3BONAIOLLME NpecKa3aTb ero TeUeHne 1 TAXECTb C LeNblo NpoBeAeHUs npodunaktnye-
CKUX MepONPUATUIA AN CHUXKEHWSA PUCKA NepesioMoB. PaclurpeHmne 3HaHWi B 06n1acTyi 61oNorny KOCTHOW TKaHU,
0COGEHHO B HaMpaB/ieHN reHeTUKY 0CTEONoPO3a U OCTEOUMMYHONIOTUM, MO3BOJIUMO MOKa3aTb, YTO OCTEOMNOPO3
BO3HMKAET He TOJIbKO Ha OCHOBE FOPMOHAJIbHbIX MM MEXaHNYECKUX HapyLIeHWIA, a NpeCcTaBAaeT COOO0M CNOXKHbI
npouecc f4ecTpyKUUM KOCTHOM TKaHV MHOropaKkTopuanbHO NpUpPoAabl. YMeHbLUeHne KOCTHOM Macchl, HapyLueHne
MUHepanun3aLmm MaTprKca 1 N3MeHeHe MUKPOapPXUTEKTYPbl KOCT MOTYT MMEeTb pa3Hble NaToreHeTnyecKne cxe-
Mbl Pa3BUTUA, U, KPOME TOrO, BCE elle OCTalTCA HeM3BeCTHble 3BeHbA natoreHe3a Oll. OgHMM 13 TaKuX 3BEHbEB,
BepoATHO, AsnAetca [AHK-meTunupoBaHue, KoTopoe npeactaBnseT coboi MexaHW3M SNUreHeTnYecKon peryns-
L1 SKCMpeccun reHoB. PAa faHHbIX yKa3biBaeT Ha TO, YTO 3TOT MeXaHM3M, HapAay C perynatopHbiMn MMKpoPHK
M MNOCTTPAHCNALMOHHBIMU MOANPUKALMAMY, BHOCUT CYLLECTBEHHDBIN BKNaA B LeHTPasbHble MpoLeccbl KOCTHOMO
pemMopaenvpoBaHMA 1 POCTa KOCTHOW TKaHW. HecMoTpA Ha 3To, pe3ynbTaTbl COBPEMEHHbIX MCCNIefOBaHNA 3Hauu-
TesIbHO pasnuyaloTca, npodunb meTunuposaHua HK y nauneHToB C 0CTeONOPO30M He BCeraa BOCNPOU3BOANTCA
B MOJIHOFEHOMHbIX UCCNEeA0BaHUAX, 4O CUX MOP He onpefeneHbl GroMapkepbl nepsuyHoro Of Ha ocHOBe anure-
HeTMYeckux abeppauii, BOCMPON3BOLMMbIE B PasfnyHbIX nonynsauuax. [o3ToMy akTyanbHOW 3ajaven aBnaeTca
BbIICHEHVIE 3HAUMMOCTM HAaKOMMIeHHbIX AaHHbIX. Llenb gaHHOro 063opa — 0606LeHne 1 cncteMaT3aumns AaHHbIX O
ponu JHK-meTunrpoBaHma B KOCTHOM MeTabosIM3Me B HOPME U NaTonornmn, popmMrmpoBaHM 0CTEONOPO3a, OLEHKA
LOCTVXKEHWI 1 TeHAEHLMIA B 3TON 0611acTy NCCNeAoBaHU 1 TexHonornii nsyveHna HK-metnnnposaHuma.
KntoueBble cnoBa: 0CTeOMnopo3; anureHeTka; MetunmposaHue [HK; MrHepanbHaa NAOTHOCTb KOCTHOW TKaHW;
nepenomsi.
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The role of DNA methylation
in the disorders of bone metabolism
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Osteoporosis is one of multifactorial diseases, it develops from interactions between the genetic component and
the environment. However, the universal epigenetic markers of osteoporosis are not yet defined. Finding the risk
factors will predict the risk of osteoporosis at the preclinical stage, help define the course and severity of the dis-
ease, and develop preventive measures based on them to reduce the risk of fractures. Expanding knowledge in the
field of bone biology, especially in the genetics of osteoporosis and osteoimmunology, showed that osteoporosis
is a disease that occurs not only due to hormonal or mechanical disorders, but also as a clinically and genetically
heterogeneous disease, and there are still unknown pathogenetic links in its structure. Decreases in bone mass
and matrix mineralization as well as changes in bone microarchitecture can have different pathogenetic patterns
of development and, moreover, there are unknown links of the pathogenesis of osteoporosis. It is possible that
DNA methylation is one of these links and a mechanism for epigenetic regulation of gene expression. Evidence
exists that this mechanism alongside regulatory miRNAs and post-translational modifications makes a significant
contribution to the central processes of bone remodeling; however, the results of various studies vary greatly, and,
therefore, there is a need to understand the significance of the accumulated data and to make them consistent.
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The purpose of this review is to compile and systematize data on the role of DNA methylation in bone metabolism
in normal and pathological conditions, in the formation of osteoporosis, and to assess achievements and trends in
this field of research and technologies for studying DNA methylation.
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BBepeHune

MetunupoBanue JIHK — onuH M3 KIIOYEBBIX MEXaHU3MOB
PEryIslny TPAHCKPUITIIMOHHOW aKTUBHOCTH T€HOB, YMOpHO-
HaJIbHOTO Pa3BHUTHS, CTPYKTYPhl XpOMAaTHHA, WHAKTUBALIUH
X-XpOMOCOMBI, XPOMOCOMHOW CTa0MIBHOCTH M TEHOMHOTO
umnpuntuHra. IIpencrasiser co0oit popMy KOBaJICHTHON
momuukarmu JJHK 6e3 nm3MeHeHus ee mociaenoBaTebHOCTH,
P KOTOPOH MPOUCXOMUT HEPEHOC METHIIbHOM rpymmbl (CH,)
¢ S-aJlecHO3MJIMETHOHNHA B TIO3ULUIO 5 MUPUMHUIAMHOBOTO
KOJIbIIa IUTO3MHA. MeTIINpOBaHIE IPOMOTOPHBIX PETHOHOB
TEHOB YAacTO NMPUBOAWT K MOJABICHHUIO TPAHCKPHUIILINY, 3a-
TPYAHSISI CBS3bIBAHUE TPAHCKPHUITIMOHHBIX (PaKTOPOB, JIHOO
k ux moomnu3arun Ha CpG-caiitax. [TogaBneHne mporecco
TPAHCKPHITIMN ¥ TPAHCIISIAK IPUBOIUT K KOHJICHCAIINH XPO-
MaTHHa U BbI3bIBACT 3aTyXaHHE SKCIIPECCUH I'eHa B OIIPE/ICIICH-
HOM ydacTke reHoma (Ounmaa u ap., 2012). [Tomumo Bcero
npouero, crierruka Metmwmposanus JJHK recuHpiv o0pazom
CBsI3aHa C MPOLIECCAMH MTOCTTPAHCIISIIIMOHHBIX MO (pUKaii
THCTOHOB, HyKJICOCOMHBIM ITO3UIIHOHUPOBAHNEM U HEPABHO-
MEpHBIM paclpezieJIeHueM reHoB. Pyt TaHHBIX yKa3bIBaeT Ha
TO, YTO KOH(UTYpaLns HyKJI€OCOM U UX MO3ULIMOHNPOBAHHE
YACTUYHO peryiaupyrorcs uepes merunuposanue JIHK, koro-
poe crocoOCTByeT IporeccaM KOMIAaKTH3aIMd XpOMaTHHA
(Reppe et al., 2015).

IIpouecc metmuposanust JJHK urpaer BaxHyio ponb B
BO3PACT-aCCOIMMPOBAHHBIX 3a00JEBaHUMX, TAKUX KaK OC-
teonopos (OIT) — meTabonudeckoe 3a00jieBaHHE KOCTHOM
TKaHU, BO3HHUKAIOIIEE B PE3yibTaTe HapylmeHUs OanmaHca
METabOJIMYECKUX TPOIIECCOB U PEMOACIMPOBAHUS KOCTHOM
tkanu (Tarantino et al., 2017). Kak nokasbiBaeT CTaTHCTHKA,
3a0oJieBaHIe MPUBOIUT K OoIree YeM 9 MIIITHOHAM TIEpEIOMOB
B TOJ1, KayK/1asi TPEThsI KCHIIMHA M KXK/IbIH MATHIA My)K4nHa
crapie 50 JIeT MoJBEepIKeHbI PE3KOMY YBEIMUYCHHUIO PUCKA
MIEPEIOMOB C BBICOKOH /10JI€H CMEPTHOCTH ¥ HHBAIIMIN3AINT
(Sozen et al., 2017). Kak crienctBue, 0CTEOMOPO3 CUUTACTCS
OJIHOM U3 HanboJIee OCTPBIX POOIIEM B chepe 3ApaBooXpaHe-
HUSI M IPEJICTABIISACT CEPbEe3HBII CONNAIbHO-9KOHOMUYECKUH
BBI30B COBPEMEHHOMY OOIIIECTBY.

B xnuHn4eckoit mpaxtuke i gedeHus OIl mpumensror
(apMakoIOTHYECKUE Tpenaparsl, HalpaBlIeHHBIE THO0 Ha
WHTUOMPOBAHUE IpoIecca pe3opOuuu (aHTHPE30POTUBHBIC
npenaparsl), JI100 Ha CTUMYISIHIO KOCTHO(OPMHUPYIOLIHNX
MPOIIeCCOB (aHAOOIMYECKHE MpenapaTsl), OJHAKO BMECTE C
HMMH YacTO Ha3HAYaI0T BUTAMHHHBIE KOMITIEKCHI C KAJIBIIHEM
U BUTaMUHOM D JJIA TIOAACPIKAHUA W YBECIUYCHUS TTPOY-
HOCTH KOCTei. B mepBoM cirydae Hambosee pacipocTpaHeH-
HBIMH MEMKaMEHTaMH sBJISIOTCs Ondocdanarsl, a aist CTH-
MyIAIUA GOPMUPOBAHKSA KOCTHON TKAHU MPUMEHSIOT Iperna-
paThl Ha OCHOBE MPOU3BOAHBIX (Topa u ap. (Tu et al., 2018).
OnHaKo, HECMOTPSI Ha HAJIMYHE IIMPOKOTO CIEKTpa Tpera-
paroB U METOZIOB COBPEMEHHOMW JMarHOCTUKH, 4acToTa 3a00-

JICBAHUS TOJIBKO yBeJ’II/I'-II/lBaeTCSI, UB 60ﬂb]_lll/IHCTBe CJ'ly'-IaeB
nepeoMbl HacTuratoT 60npHBIX OI1 10 0OpamieHns B KIIMHH-
Ky, 4TO BEJIeT K BHICOKOM CTENEeHU nuHBamuu3anuu. [1o atoi
HpI/I'{I/lHe HeO6XOle/IMl>l HE€ TOJIBKO ITOUCK yHl/IBepcaﬂbHI)IX
OmoMapKepoB BBICOKOTO PHCKa, HO M pa3paboTKa METOHOB
TEpAINH U, €CJIH YUUTHIBATH TETEPOrCHHYIO IPUPOIY OCTEO-
OP03a ¥ HA3KYFO MPOrHOCTUYECKYO 3HAUUMOCTbD OT/CIbHBIX
T'€HOB, TIOMCK U MCCIIEIOBAaHUE B3aMMOCBSI3H OJIHOBPEMEHHO
OOJIBIIOTO YKCjIa TEHOB, BOBJIEYEHHBIX B KOCTHBIA MeTabo-
JIN3M B CBA3KE C UX DIIUTCHCTUYCCKUMU perﬂ}lTOpaMl/I. 3TO
MO3BOJIMJIO OBl MACHTH(UIMPOBATH MATTEPH TeHETHYSCKUX
JIOKYCOB, Ha KOTOPBIE MOXKHO BIIUSITH Y€PEe3 SIMUTCHETHUCCKHE
MEXaHU3MBbI, U pa3paboTarh ajlrOpUTM paHHEH JHarHOCTUKH
MEPBUYHOTO OCTEONOPO3a U €ro TAPreTHOM Teparnuu.

Ponb snureHeTnyecknx ¢pakTtopos

B roMeocTa3e KOCTHOWN TKaHu

Hawnbosee panHue ucciieoBaHus SIUTCHETHIECKNX (pakTo-
POB KacaTelbHO KOCTHOM TKaHM HAYaJIHCh C UCCIEAOBAaHUN
JHK-meTunpoBaHus KaHAWJATHBIX T€HOB, allETUIIMPOBAHHUS
THCTOHOB U n3ydenus npounet MukpoPHK, mist koTopsix
yke ObLIa IOKa3aHa BBICOKasi POJIb B PETYISILIMUA KOCTHOTO
PEMOJIETTMPOBAHNUS U, YACTHYHO, B TIATOTCHE3€ OCTEO0NOpo3a
(I'pebennnkoBa u np., 2015).

Ha naHHBI MOMEHT HayKe U3BECTHBI HECKOJIBKO MEXaHU3-
MOB HOCTTPAHCIIAMOHHBIX MOM(DUKALINIA: alleTUINPOBAHHUE,
(hocopunrposanne, METHINPOBAHKUE, CyMOMINPOBAHUE,
nonu(ADP)(AJ1®)-pubosnnnpoBanue, HEKOBaJIEHTHAS H30-
MepH3anus NpoiIrHa U Jie3aMUHUpoBaHue. PesynsraTtoM ak-
TUBHOCTH 3TUX MOIU(PHUKATOPOB SABISLECTCS N3MECHEHHE CTPYK-
Typbl XpOMaTHHA, NIPU KOTOPOM OIpEJeNeHHbIE YYaCTKU
1100 NEKOHJICHCUPYIOTCS, aKTUBU3UPYS TPAHCKPHUIIUIIUIO
JHK, 1160 KOHIICHCUPYIOTCSI, 3HAYUTEIILHO CHUXKAsI TPaHC-
KPHUIILUOHHYIO aKTMBHOCTh WJIM TIOJIHOCTBIO OJIOKUpYS ee.
[TatTepH TX MomuduKanuid oOpasyeT Tak Ha3bIBaeMBIN
TUCTOHOBBIN KOJ, KOTOPBIH (hopMHUpPYyET 001y KapTHHY
TPAHCKPUIIIMOHHON aKTUBHOCTH FeHOMa 0e3 M3MEHEHHs ee
nocnenosarensHOCTH (Rojas et al., 2015).

Y4auThIBask CIIOKHBIA COCTaB KOCTHOM TKaHW M Pa3HO00-
pa3ue MpoTEeKaroIuX B HEl MPOLecCoB, HAUMHAsSL OT OIOp-
HOM (YHKIIMHU W 3akaH4YMBas (QpyHKIHEH pe3epBHpPOBAHUS
MOHOB, TaKMX KakK KalbLUi u (ocdar, OueBUIHO, YTO ITa
TKaHb J0JDKHA 00eCIeunBaTh ObICTPBIE PEAKLIUKM HA OpTaHH-
YeCKHE N3MEHEHHS ¥ BHEIITHNE CTUMYJIBI, ¥ STIUT€HETHIECKUE
(haKTOpBI, BEPOATHO, UTPAIOT HE MOCIEIHIOI POJIb B ITOH
cucreMe. DIUreHeTHYecKrue Mo (uKalny, B CBOIO O4epe/ib,
00paTUMBI U YyBCTBUTEJBHBI K 9HJIOTEHHBIM M 9K30TCHHBIM
CTHUMYJIMPYIOIIUM CHTHAJaM, 4TO OKa3bIBaCT BIMSHHUE KaK
Ha (PU3HOIIOTHYECKHE, TAK M HA MATOPU3UOIOTUICCKHIE TIPO-
neccobl B opranusme. [1o 3Toil npuunHe M3MEHEHUs! OAHOIO
VI HECKOJIBKUX ATIUTEHETHYECKIX MEXaHU3MOB MOTYT OBITh
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CBSI3aHBI, B TOM YHCII€, U C HApyIIEHUEM PETYNISILINUU TOMeo-
CTa3a KOCTH C MOCIEAYIOINM U3MEHEHNEM peryisinuu (op-
MHUPOBAHHS U Pe30pOIMN KOCTHOM TKaHU M MPOLECCAMH €e
muHepanuzanuu (Marini et al., 2016).

Hecmotpst Ha TO 9TO POJSIb PA3IMYHBIX AMUTEHETHUECKUX
MexaHn3MoB B natoreHese OI1 00bIMHO HCCIeYIOT 1O OTAEIb-
HOCTH, HE UCKIIIOUEH U Pa3HbIH yPOBEHb UX CHHEPrU3Ma. Y 4n-
ThIBasi IPUYACTHOCTH peryisiTopHbIXx MUKpOPHK miu noct-
TPAHCISIIIMOHHBIX MOAU(UKAINK K OOJIBIIOMY KOJINYECTBY
OGHMOJIOTNYECKHX MPOLECCOB, OUEBUAHO, YTO B3AaUMOBIIHSHUS
9THX (akTopoB U ux m3Menenus ¢ JJHK-mernnmupoBanmem
MOTYT UTPaTh 3HAYUTEIBHYIO POJIb B (DOPMUPOBAHUH OCTEO-
noposa (Moskalev, Vaiserman, 2018).

K HacrosimeMy BpeMeHH YK€ JOCTOBEPHO M3BECTHO O Cy-
IIECTBOBAHNHN HECKOJIBKHUX AIUTECHETHUECKUX MOAN(DHUKATO-
POB, Y4acTBYIOLIMX B PEryJsiLlMd KOCTHOW TkaHuU. Tak, Ha-
TIpUMep, YCTAaHOBWIIH, UTO AearneTniassl ructoHoB (HDACS),
KOTOpBIE OTBEYAIOT 32 PEryJIALHUIO CTaTyca aleTHINPOBAHUS
THUCTOHOB, UI'PAIOT OIPOMHYIO POJIb B TMOAJEPKAHUU Ipa-
BWJIBHOTO Pa3BUTHUS CKEJIETa, KA €r0 KOCTHOI Macchl, Ha-
KOIUICHHMS 1 TTOAJICP>KAHHSI KOCTHOIM MacChl B TCUCHNE )KU3HH
u ripu crapenuu (Marini et al., 2016).

ITomMuMO ponu aneTUITMPOBAHKS THCTOHOB B KOCTHOM METa-
Gorn3Me, JOCTaTOYHO XOPOIIO N3y4YeHa CHCTEMa THCTOHOBOTO
METWIMPOBAHUS — TOHKO HACTPOEHHOM aHTarOHUCTUYECKON
CHCTEMBI aKTUBHOCTH METHIITPaHC(EPa3bl TU3NHOB TMCTOHOB
W JIM3UH-IEMETUIIa3bl THCTOHOB. Peub MAET 0 pasnuumsix
MoayIsUK AU GepeHIMai ME3eHXUMaIbHBIX CTBOJIOBBIX
kietok (MCK) B ocTeoreHHBIH Wi aIUTIOTeHHBIN Ty Th, TaK
Kak oOHapysxeHo, uTo Meruntpancdepazsl SETDB1 u EZH2
HHTUOUPYIOT ocTeoreHnyro nuddepeniporky MCK gepes
nomasnerane RUNX2, TpanckpuruonHsix (akropos TCF7
n Osterix (OSX) 1 crtocoOCTBYIOT TEM CaMbIM aIUTIOTCHE3Y
MCK. U, nanporus, metunrpanchepazst KDM4B, KDM6A
1 KDM6B ycunmBaioT ocTeoreHes, HHIyIupyst TPAHCKPHII-
uuro RUNX2, BMP, OCN, DLX5 u cBsa3anabix HOX-reHos.
OnHaKo, HECMOTPS Ha BAYKHOCTB 3THX ITPOLIECCOB B (POPMHPO-
BaHWMHU KOCTHOI TKaHM, OOJIbIlIce BHUMAaHNE UCCIIEJOBaTEIEH
npusnekaer MetuiupoBanne JJHK (Ghayor, Weber, 2016).

Ponb AHK-meTnnupoBaHuna

B anddepeHUnpoBKe KOCTHbIX KNETOK

1 pemMmoaennpoBaHNn KOCTHON TKaHU

M3BectHO, uTo narrepus! JJHK-meTnnpoBanus MoryT pasiu-
4aThCs KaK B CIICNNAIIM3UPOBAHHBIX KIIETKax (ocTeodacrax,
OCTEOKJIACTaxX), TaK U B IPOT€HUTOPHBIX (CTBOJIOBBIX KJIETKaX,
JIETEPMUHUPOBAHHBIX Ha AN PEPEHIIPOBKY B ONPEICTECHHBII
THII KJIETOK). B TO e Bpemst JaHHBIX 00 U3MEHEHNH YPOBHS
METUJIIMPOBAHUS B TEX UJIU MHBIX I'CHAX, BOBJICYCHHBIX B (bOp-
MHUPOBaHHE KOCTHOW TKaHM WJIN TIATOTE€HE3 OCTE0II0PO3a, BCE
eIle HeJOCTaTOvYHO, YTOOB! C(hOPMUPOBATH TIOJIHYIO KAPTHHY
o ponu JJHK-MetunupoBanusi B romeoctase KOCTHON TKaHU
(Moore et al., 2013).

YcraHoBICHO, UTO B ocTeodOmactax MeTmuposanue JJHK
MapajulebHO PETYIUPYET IKCIPECCHUI0 HECKOJIBKHX T€HOB,
ydacTBYIOMHKX B (PyHKIMAX KOCTHBIX KieTok (Reppe et al.,
2015). B wactHOCTH, OOHApY>KEHO, UTO T€H MIEIOYHOHN (oc-
(dataser (ALPL) (Cho et al., 2014), ckiepoctuna (SOST),
OSX (Osterix), DLX5 (romeo6oxkcubiii reH) (Lee et al., 2006;
Zhang D. et al., 2015), scTporeHoBoro peuenTtopa aiabda
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(ESRI), octeonontuna (OPN), nuranna RANK RANKL, oc-
teonporerepuna (OPG), CeKpeTHpOBaHHOTO (hEePMEHTHPO-
BaHHOTO Oenka 1 (SFRP1) n nentuna (LEP) perynupyrorcst
JHK-metunupoBanueM. Metunuposanue npomotopa ALPL
CBSI3aHO 0OpaTHOW 3aBHCHMOCTBIO C TPAHCKPHUIIIHEH U IKC-
npeccuel psijia reHoB n TuQQepeHIHaIbHO PEryIupyeTcs B
Pa3HbIX (YHKIMOHAIBHBIX TPYNIaxX KJIETOK KOCTHOHM TKaHH.
Tak, B ocTeobnactax reH ALPL THIIOMETHIHPOBAH, y OCTEO-
IIUTOB METWJINPOBAHKE TTOBBIIICHO, & Y OCTEOKIIACTOB BBIPa-
JKCHO THIepMeTmiinpoBanue 3toro rena (Reppe et al., 2015).
CxuiepocTrH, Kogupyemblii reHoM SOST, IpenMyIecTBEeHHO
skcpeccupyercs B octeormrax (Li et al., 2005). [TepBona-
YaJIbHO ATOT OEJIOK CYMTAJICS AHTAarOHHUCTOM HEKJIACCHYECKO-
r0 KocTHOrO Mop¢orenernueckoro 6enka (BMP). ITozaree
CKJIEPOCTHH OBUT MJICHTH()HUIIMPOBAH Kak OEJOK, B3aMMO-
neiictByrommii ¢ pereniropamu LRPS/6 u ciocoOcTByroImii
MHTHOMPOBAHHUIO CHUTHAIBHOTO MyTH Wnt, 4TO MPUBOAUT K
YMEHBIICHNIO 00pa3oBaHus KocTu. MaenTudunupoBanHbe
CpG-caiitbl B reHe SOST pacrnonoxeHbl 1100 ONMU3KO K KO-
JMPYIOIIEH MOCIe0BaTeIbHOCTH, IMOO0 B IIPEIIOIaracMbIxX
y4acTKaxX CBS3BIBAHHS C TPAHCKPHUITIHOHHBIMHU (DaKTOpaMH.
BeusieiieHo, uro metunupoBanune JTHK moxet adpdexrusHO
MPETIATCTBOBATH CBA3BIBAHHIO TPAHCKPHUIIIOHHBIX (PAKTOPOB,
MPUBOJS K MHIMOMPOBAHUIO dKcrpeccuu rena SOST, 4ro
KOPPEJNHUpOBaIO C BapuadeIbHOCTbIO MUHEPAIBHOM ILIOT-
Hoctu koctHOU TKaHu (MIIKT) (Li et al., 2005). Bsio 06-
Hapy>X€HO, 4TO y >KCHIIMH, BHE 3aBUCHMOCTH OT BO3pacTa,
ypoBerb MPHK rena SOST u conepxaHue CHIBOPOTOYHOTO
CKJIEPOCTHHA aCCOIIMUPOBAHBI C BO3PACTOM, HHIEKCOM MACChI
tena u MIIKT Genpennoii koctu (p < 0.0005). Beickazano
MIPEONIOKEHUE, YTO Y )KEHIIMH C 0CTEOIOPO30M, BEPOSITHO,
BKJIFOYAETCSI TOMEOCTaTHIECKUH MEXaHU3M, YMEHBIIAIOIINI
MOTEPIO KOCTHOM MACCHI TOCPEICTBOM yCHIICHHS TIPOIIECCOB
(hopMHUpPOBaHUS KOCTHOM TKaHU uepe3 Wnt-CUTHAIBHYIO CH-
cremy (Delgado-Calle et al., 2012).

OHUM U3 MAJTON3YYEHHBIX, HO IPEICTABIISIONINX HHTEPEC
C TOYKH 3PEHHSI PEMOJICITMPOBAHHSI KOCTHON TKaHHM SIBIISICT-
cs TUPO3WH-KUHA3HBIN penentop ROR2. Oto cnenmduye-
ckuif perenitop i kopenenrop st WNTSA (wien cemeid-
CTBa CTPYKTYPHO CBSI3aHHBIX T€HOB, KOTOPbIE KOAMPYIOT CEK-
peTupyemMble CUTHAJIBHBIE JIUMNAA-MOAN(GUINPOBAHHbIE TIH-
KonpoTenHsl). [IpoMoTop rena 3Toro perenTtopa 3HaUHTEIBHO
JIEMETHJIMPOBAH B X0/ MHAYKINHU AUPPEPSHIIMPOBKU TIPO-
TEHUTOPHBIX KJIETOK KOCTHOH TKaHHU B 0cTeo01acTsl. bito mo-
Ka3aHo, YTO B ITPOTEHUTOPHBIX KIIETKaX, KOTOpbIE An(phepeH-
LUPYIOTCS B OCTEOOACTBI, B OTIIMYHE OT 3PEIIbIX OCTEOIIUTOB,
skcpeccus reHa ROR?2 yennyena B 300 pa3. B Hactosmii
MOMEHT pOJib U (DYHKIMH 3TOTO T€Ha, a TaKkke abeppaiuu
€ro METHJIMPOBAHUS B KOCTHOI TKaHU BCE €IlIe OCTAIOTCS He-
n3ydeHHsIMU. Takum obpaszom, [IHK-MeTrmmpoBanme Hampsi-
MYIO CBSI3aHO ¢ paOOTOH JJaHHOTO TeHa, 1 HEOOXOANMO Olle-
HHUTBH €ro BKJIAJl B Pa3IM4YHbIC 3BEHbs MMaTOreHe3a KOCTHOM
tkanu (Tarfiei et al., 2011).

B pabote (Cho et al., 2014) mokazaHo, YTO OJMH U3 YICHOB
cemeiictBa 6enkoB WNT — Wnt3a — criocoOeH akTHBHPOBATH
SKCIPECCHI0 JBYX TeHOB: BMP2 (MopdoreHeTndeckmii Oe-
7oK 2-ro thmna) u ALPL (menounas ¢ocdaraza). It Genxu
UTPArOT OOJIBIIYIO POJIb B TU(PPEPEHIINPOBKE OCTCOOIACTOB.
ABTOpBI YCTAaHOBHIIH, YTO B KJIETKaX HEOCTEOT€HHOTO ITyTH
MIPOMOTOpHBIE peruoHbl reHoB BMP2 u ALPL BbICOKOMETH-
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JIMpOBaHbl. PackpbiTe MEXaHU3MOB 3TON CHUCTEMBI MOYKET
OBITH MPUMEHEHO B TEPAIUHU OCTEONIOPO3a, HAPUMED, C HC-
nonb3oBanueM SAzadC (a3alMTHUANH, MPEICTABISLCT COOOM
aHaJIOT MUPUMHUIMHOBOTO HYKJI€03H/ 1A [IUTUINHA, KITFOYEBOTO
xomnonenta PHK u JIHK) s nemetiunupoBaHust IpoMOTOp-
HBIX PETHOHOB I€HOB, KOHTPOJINPYIOIIUX HIIH yCHITHBAIOITHX
octeoreHe3 (Cho et al., 2014).

[Toxokue pe3ynbTarhel OBIIM ONMUCAHBI MIPHU MCCIIEI0BA-
HUM METWJINPOBAHMS NIPOMOTOPHBIX PETHOHOB I'eHA TPaHC-
KpumiuoHHoro ¢akropa DLX5 (romeoOOKc-comepxKaiiuii
rer 5) u rera OSX, nn Osterix (KogupyeT ocTeodmaacT-cre-
UpUIeCKni TPAHCKPUIIIIMOHHBIA (haKTOp), KOTOPHIE OBLTH
JIEMETWIMPOBAaHbl B OCTEOI'€HHOU JIMHUM KJIETOK. lcrosb-
30BaHHE JIeMeTmwInpyomero areura SAzadC mpuBommio
YBEIIMUYCHHUIO SKCIIPECCHN 3THX TeHOB. Takue ke pe3ysbTaThl
MOJTyY€HBl IPU UCCIETOBAHUU MYJIBTUIIOTEHTHBIX KIIETOK
mynbITel 3y0oB. [Tocite 06paboTKu KyIbTYphI JAHHBIX KIETOK
5AzadC B HUX MOBBICWIIACH AKTHBHOCTH INEIOYHOU (poc-
(daTtaspl ¥ yBeJMYWIaACh dKcrpeccus reHoB DLXS, OSX u
RUNX?2. DKCTIEpIMEHT C NCTIOJIE30BAHNEM ME3EHXUMAIIbHBIX
CTBOJIOBBIX KJIETOK U IEMETIIINPYIOLIUX areHTOB, ITOJOOHBIX
5-a3alUTUMHY, TOXKE IPUBOJIMI K YCUJIEHUIO OCTEOT€HHOMN
muddepenmmpoku (Zhang D. et al., 2015).

Taknum obpazom, JJHK-MeTnnnpoBanne uMeeT BBICOKHIT
YPOBEHB BOBJIEYEHHOCTH B IIPOLIECCHI KOCTHOTO PEMOJIEITUPO-
BaHMS YePe3 CHCTEMY PEryISITOPHBIX TEHOB U TECHO CBSI3aHO
C TeHaMHU-PETYIATOpaMH pocTa 1 JuddepeHInpoBKH 0CcTeo-
0J1aCTOB M OCTEOKJIACTOB, @ TAKXKE YCHIMTEISIMA U WHTHU-
OUTOpaMH CUTHAJBHBIX MyTeH, KOOPIAUHUPYIOIINX MPOLECC
KOCTHOTO PEMOJICITUPOBAHMS.

COBPEMEHHbIe [DOCTNXKEeHNA

B n3yuyeHuun metunmuposaHusa JHK

npun octeonopose

TexHONMOTuM CEKBEHUPOBAHNS HOBOTO TTOKOJICHUS TTO3BOJIS-
10T CHCTEMHO HCCIIE/IOBATh BIMSIHUE SIIMT€HETHICCKUX MeXa-
HU3MOB Ha PETYJIALHUI0 SKCIIPECCU TeHOB. B uacTHOCTH, OHU
MO3BOJISIOT OMpeAensaTh npodras MeTmaupoBanus JJHK u
o6mmit mpodmie PHK omHIX 1 Tex ske 00pa3nos, Onarogaps
4eMy MOYKHO C OOJIBILION TOYHOCTBIO ONPEACIUTH () (PEKTHI
metmmupoBanus JJHK (nmm muxpoPHK) Ha sxcnipeccnto of-
HOBPEMEHHO OOJIBIIIOrO KOJIMYECTBA I'EHOB.

B uccnenoanuu (Zhang J.G. et al., 2015) a1t BbISIBICHHSI
STUTEHETHYECKUX N3MEHEHHH y TTAIIEHTOB C OCTEOIOPO30M
MIPOBEJH N3MEPEHUE YPOBHS TPaHCKpUNTOMBI 1 MUKpOPHK
Ha MUKPOYHIIAX, a TAK)KE UCCIIE0BaHUE METUIIOMA B HOPME U
narojoruu (¢ Hu3kuM ypoHeM MITKT nmm Hamuamem ocTeo-
MOPOTHYECKHX TIeperoMoB). COIOCTaBUB JaHHBIC, aBTOPEI
oToOpasii HauboJsee 3HaYUMbIE ITyTH U B3aUMOACHCTBYIOIINE
TEHBI, KOTOPBIE OBIIIM ACCOLMUPOBAHBI C OCTEOIIOPO30M HITH
BapuabenbHoCcThI0 MITKT, mocite yero Obu1a HOCTpOEHa CETh
u3 12 B3aumopeiictyromux resos u 11 mukpoPHK. Kak oka-
3aJ10Ch, HEKOTOPBIE TEHBI U3 9TOTO MOy, Takue Kak PIK3RS
(perymsaTopHas cyosenuanIa 5 Gocdano3uTuia 3-KUHA3H),
STAT5A (curnaibHbli 1peoOpazoBaTesb U aKTHBATOP TPaHC-
kpunnu SA) u AKT1 (mporenHKuHa3a B), accormmupoBaHbl
¢ BapuabensHocThi0 MITKT 1 B3aMMOCBSI3aHBI € JIOKycaMHu
konuuecTBeHHbIX npusHakoB MIIKT. MHTepecHO, 4TO 3KC-
MPECCHUsSI ITUX T€HOB 3aKOHOMEPHO CHUYKAJIACh C TOBBIIIEHHEM
YPOBHS METHJINPOBAHHMS TIPH IIEPEXOIE OT TPYIIIHI C BHICOKUM

The role of DNA methylation
in the disorders of bone metabolism

ypoBaem MIIKT k rpymnme ¢ Huszkum ypoBHeM (Zhang J.G.
etal., 2015).

Komanoii J.A. Morris et al. (2017) 65110 TpOBEICHO KPYTI-
nomacmtabnoe EWAS ucciienoBanue (McciaeoBaHue acco-
IUALUH STTUTEHOMa) ¢ U3MEPEHNEM YPOBHS METUINPOBAHUS
110 473 882 CpG-caiitos u ero cpaBHeHHeM ¢ yposHeM MITKT
B HIDKHEH 4acTH ILeHKH Oe/ipa 1 MOSICHUYHOTO OT/IelIa I03BO-
HOYHHKA C BBIOOPKO 00BeMoM 10 4614 yenmoBek 3 EBpomsl
n CesepHoit AMepuku. OHaKo ucciea0BaTesl He 00Hapy-
JKWJIN 3HAYMMOTO M3MEHEHUS! METHJIMPOBAHHUS, IOCTOBEPHO
csazanHoro ¢ ypoBHeM MIIKT (Morris et al., 2017).

[TpumepHO B 3TO e BpeMsI aCCOIMAIMH OBUTH TTOIYYEHBI
rpynmoit Cheishvili et al. (2018). OcHOBHOI1 1esbIO UX HC-
CJIeI0OBaHMsI OBUIO HAWTH TaKUE yJacTKU B TEHOME, METHIIN-
poBaHHME KOTOPBHIX HanbOoJiee 3HAYNTEIBHO acCOLUHPOBAHO
C TIEPBUYHBIM OCTEONOPO30M Y JKEHIIHUH M KOTOPBIE MOITIH
OBI OBITH OTEHIIMATBHBIMHA OHOMapKepaMy PAHHETO TTEPHO-
na storo 3abonesanus (Cheishvili et al., 2018). [TepuunbIit
aQHAJIN3 TEHOMA Y HOPMAJIbHBIX JKE€HIIUH U y KEHIIUH C paH-
HHAM OCTEOITIOPO30M TIO3BOJMI BBIABUTH 4454 muddepen-
nuanbHO MeTminpoBaHHbIX CpG-caiiTa, a aHAIU3 METH-
muposanus JIHK nBeHanmatu y4acTHHKOB € IpOrpeccupy-
OIINM OCTEOMIOPO30M IIPU CPABHEHNH C KOHTPOIBHOMU IPyTI-
noii BeIsiBHA 13293 nuddepeHnnanbHO METHIINPOBAHHBIX
CpG-caiita.

Bckope mociie aHanm3a JaHHBIX MCCIIEI0BATENIMU ObLIN
BbiieneHsl 13 CpG-caliToB, ypOBEHb METHIUPOBAHUS KO-
TOPBIX CTAaTUCTUYECKU HanboJiee HAZIeKHO KOPPEIUPOBAIl C
octeoniopo3oM (Cheishvili et al., 2018). Hexotopsie u3 HIX
0Ka3aJUCh JIOKAJIM30BaHbI B CIeAYIOMMX reHax: ZNF267
(6enok nuHKOBOTO Maibua 267), ABLIM?2 (akTuH-CBs3bIBa-
roruii 6emok 2-ro tuma), RHO.J (anen cemericTBa OenkoB Ras,
romoror J), CDKLS5 (unknuH3aBUcHMas KMHa3a 5-To THIIA),
PDCD] (6enok 3amporpaMMUPOBaHHON KIETOYHONH CMEPTH
1-ro Tuma). ZNF267 y4acTBYeT B PETYISALUN TPAHCKPUIIIINN
MHOTHX T€HOB M OKAa3aJICSl THITIOMETWINPOBAH Y MAIIMEHTOB
¢ ocreonopo3om, ABLIM?2 neiictByeT Kak ckadoia-0enox,
CTUMYJIMPYIOIIUNA TPAaHCKPUIIIMOHHYIO aKTUBHOCTb ABRA
(KommpyeT aKTHH-CBSI3BIBatOIIHI Oenok), RHO.J — dieH ceMeii-
ctBa 6enxoB RHO, yuacTByeT B mpolriecce pocTa i BBIKUBaHUS
kieTok PI3K/AKT/mTOR nyTH, ero Genmok cBsi3aH Takxke ¢
anruoreHezoM. CDKLS5, koqupyromuil MUKINH3aBUCUMYIO
KHMHa3y, OblI TUIIEPMETHIMPOBAH Y BCEX HCCIEAYEMBIX C
OCTEOMOpPO30M. J[pyruM runepMeTHIINPOBAHHBIM T€HOM
okaszasicss PDCD1, y4acTBYIOIUI B PEryIsMd aKTUBHOCTH
T- 1 B-kJ1€TOK 1 1€UCTBY IO B POJIM MHIYKTOPA KJIETOUHON
cmeptu. MccnenoBarenu yctanoBwid, uto CDKLS, uinenTu-
(urpoBanHbIil B JanHOM EWA S-anamnise, MOXeT BBI3BIBATh
nocrrpancisinonsbie Moaupukanuu MeCP2 — metnin-CpG-
CBSI3BIBAIONIHNH OENOK 2, KOTOPBIA UTPaeT OJHY W3 ITIaBHBIX
poueii npu pazButnu cuaapoma Perra. Kpome Toro, m3ecTHo,
yro RHOJ umMeer CBONCTBO MOHMKAaTh aKTUBHOCTH OEJIKOB
muo3nHa [X kmacca Myo9a u Myo9b, u 5To peacrasisercs
MHTEPECHBIM, TaK Kak ObLIO MoKa3aHo, 4To Myo9b — kiroue-
BOUW PEryJssiTop nojjiepxanust GyHKIHMHA OCTEOKIACTOB U OT-
KJTFOUEHHE 3TOr0 OesKa yBeIMUMBAET aKTUBHOCTH OenkoB Rho
(Rho I'T®a3b1 — ceMeicTBO KIIETOUHBIX CHTHABHBIX OCITKOB,
«mManbix» G-0enkoB). BaxkHO Takxke 1 TO, 4YTO ONOCPEIOBaH-
HbII Oenkamu Rho myTh cHTHANMHTa MMEET 3HAYUTEIBHOE
BIIMSTHHE Ha UG PEPESHINAIIIIO OCTEOKIACTOB. UTO KacaeTcst
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reHa ZNF267, KOTOPBIN y )KEHIIUH ¢ 0CTEOTIOPO30M TUIIOMe-
THJIUPOBAH, TO TPETIOIATacTCsl, YTO OH MOXKET OJIOKMPOBAaTh
AKTMBHOCTb MAaTPUKCHON MeTasutonporentassl 10 (MMP-10),
ydacTBytomei B nuddepeHnupoBke MUOOIACTOB B OCTEO-
OnacThl, ¥ IOCKOIBbKY ZNF267 HEeTaTHBHO PETYIHUPYET 3TOT
(hepMeHT, BEpOSITHO, OH UTPAET POJIb B CHIDKEHHN aKTUBHOCTH
(hopmupoBanus koctei. bbuto mokazano, uto 6enox PDCD1
B3aMMOICHCTBYET C Pa3IWIHBIMA KOMIIOHEHTaMH WMMYH-
HOM CHCTEMBI M UTPAET KIIIOUEBYIO POJIb B IIepU(epUIecKoit
UMMYHHOH TOJIEpaHTHOCTH. 3BeCTHO, YTO IE(UIUT 3TOTO
0eJKa CHIKAeT OCTEOKIIACTOIeHE3, MPEIITCTBYS TAKUM 00-
pa3oM pasBuTHIO ocTeonoporudeckoro penoruna (Cheishvili
etal., 2018).

Hecmotps Ha naHHBIE ITIOOATBHBIX HCCIIEAOBAaHHUN, BCE
ele He OOHapyKMBAETCSI YETKON B3aUMOCBSI3U MEK/1y OIIpe-
JICIIEHHBIMH TIATTepHAMH METHJIMPOBAHHS M OCTEOIIOPO30M.
[TosToMy Bce 4ale BO3HHMKAIOT MPOCKTHI, HAlpaBICHHBIC
Ha uccienoBanue narrepHoB J{HK-mernnupoBanus Heno-
CPEACTBEHHO B KOCTHOM OMOIICHITHOM Marepuaie. IlombiTka
0XapaKTepH30BaTh MTATTEPHBI METHIIMPOBAHHNS TEHOB, KOTOPBIE
3HAUUTENILHO ACCOLMUPOBAHBI C BapuaOeIbHOCTBIO YPOBHS
MIIKT y 84 mocTMeHomay3anbHbIX )KEHIINH, ObIIa MPEpH-
HsTa B padote (Reppe et al., 2017). [IpoananmsupoBano Ooiee
480 TbIc. MeTHHpOBaHHBIX CpG-caliToOB, 11 HCCIIEN0BAHUS
otobpano 100 reHOB, KOTOPBIE HEMTOCPECTBEHHO BOBJICUCHBI
B MeTaboam3m MIIKT. BeIsicHHIIOCH, YTO aKTUBHOCTE T€HOB
MEPE, SOST, WIFI u DKKI — MeTa00oI1ueCcKiuX UHIHOH-
TOPOB KOCTHOW TKaHM, CHIIBHO KOPPETUpoBaia ¢ METHINPO-
BaHMEM B OonbnioM konmdectBe CpG-calTOB B Pa3IMIHBIX
reHax. ABTOpPbI MICHTU(QHUINPOBAIN 64 METHINPOBAHHBIX
CpG-caiita, ypoBeHb KOTOPBIX IOCTOBEPHO pazivyajcs y
OCTEOMOPOTUYECKUX MAIIMEHTOB M Y KOHTPOIbHOW TPYIIIIHI.
HawnGosee BbICOKHMI YpOBEHb 3HAUMMOCTH ObLII OOHapYKeH
st reHa RAD23 — romonora B (eg14919562), nepokcuco-
ManbHOTO (pakTopa O6morenesa 14 (egl4170597), TeHacku-
Ha XB (cg03822479, TNXB), nepeHOCYHKa PACTBOPEHHBIX
BEIIECTB 25 (MUTOXOHAPHATBHBIN IEPEHOCUHK Kee3a), ie-
Ha trma 37 (cg26617611, SLC25A437) 1 KHCIIOTHOTO KJIACTep-
HOro coprupyromero oeika 2 dhochodypuna (cg08105005,
PACS?2). OTMedeHa peayKIHs ypOBHS METHIMPOBAHHS B TCHE
RAD23 y >k€HIIMH ¢ OCTEOIIOPO30M, XOTSI Y UEThIPEX KEH-
IIMH YPOBEHb METWIMPOBAHUS OBbLI MOBBIIIEH. JlIsi OLleHKH
BiusHuA MeTinupoBanusa CpG-caiitos Ha ypoens MIIKT B
mrelike Oexpa OBLT MPUMEHEH METOJ JIMHEHHON perpeccuu;
00HapYKEHO, YTO METHIMPOBaHUE 00bsiCHSET 0koji0 19 %
Bapuanuu yposast MITIKT (Reppe et al., 2017).

ITomumo u3mepenus u accounaunu narrepaoB JJHK-me-
TUIMPOBAHUS C HaJW4YMeM IepesoMoB U ypoBHeM MIIKT,
MPEANPUHUMAIOTCS] TIONBITKA COOTHECTH JaHHBIC PO
METWJINPOBAHMS BO B3aUMOCBSI3HU C PETyIATOPHBIMH TIOCIIE-
nosaresibHOCTIMU JIHK. Tak, Del Real et al. (2017) pewmiun
MIPOBECTH MOJO00HYI0 paboTy, U3yYUB POJIb ME3ECHXHMAab-
HBIX cTBOJIOBBIX KiteTok (MCK) B matorenese ocreonoposa.
Pesynbrarsl moxaszanu, 4yro Haubonee auddepeHnnanbHoO
METHINPOBAHHBIE JIOKYCHI PACTIONIOKEHBI B 00IACTSIX C SHXAH-
CEPHOMN aKTHBHOCTHIO, YIAJICHHBIX OT TEHOB U MX TPOMOTOPOB.
Otu obnactu ObutH cBsizaHbl ¢ poctoM MCK u nuddepen-
nuarueit octeodmacro. MCK y manueHToB ¢ mepeinoMamMu
MOKA3aJI TIOBBIICHHYIO MPONN(Eepannio u IMOBBIIICHUE aK-
THUBHOCTH OCTEOT€He3a uepe3 akTUBHOCTh reHoB RUNX2/OSX.
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ABTOp])l YTBEPKAAIOT, YTO CBA3b MCKIAY MCTUJIIMPOBAHUEM U
skcpeccuei nepemenna (Del Real et al., 2017).

ONuaeMUOIOrHYECKUE UCCIIEA0BaHNS JOKA3aIH, YTO BO3-
HUKHOBeHue U pazputue OIl cBA3aHO ¢ yCIOBUSAMU KU3HU B
MIPEHATAIbHOM M pAHHEM [TOCTHATAIILHOM IIEPHOJIE PA3BUTHUS
pebenka. Kak ycraHoBIICHO, BEC IIPU POXKACHUH CBSI3aH IPs-
MO 3aBUCHMOCTBIO C KOCTHOIM Maccoi B MOJIOJIOM U B3POCIIOM
BO3pacTe, a HapyIllIeHHEe POCTa B Ha4asle MOCTHATAIBHOTO Pas3-
BUTHSL ABISIETCA MapKEPOM IOBBIIIEHHOTO PHUCKa MepesioMa
6enep y B3pocibIX. BepodTHo, 37ech He MOCIETHIO POJIb
urpaet JIHK-meTunupoBanue, 0JHaKO 3TOMY HE CYLIECTBYET
npsMbIX pokaszarenbeTB (Harvey et al., 2014). YBenudenue
qucia Cy4yaeB IepeioMOB M3-3a OCTEONOPO3a BBI3BAHO Xa-
PaKTEpHOH JUIs PA3BUTHIX U Pa3BUBAIOILUXCS CTPAH TEH/EH-
Uel K yBEJITUYEHUIO IPOAOIDKUTENBHOCTH KHU3HH U BO3pac-
TaHUIO JIOJH JIOJeH MOXKUIIOro Bo3pacTa B momynsiuu. Ilo
STOM MPUYMHE MEMIIMHA HYKIAETCS B JadbHEHIIEM COBEP-
IIEHCTBOBAHUH MPOQHIAKTUKH TIEPBUYHOTO W BTOPUYHOTO
OII ¢ 00s13aTesIbHBIM BKJIIOUYEHHEM B KIIMHUKY HOBBIX OTKPBI-
TBIX JUArHOCTUYECKUX MapKepOB, CPEH KOTOPBIX OOJIbIIOE
3HAYEHUE MOTYT UMETh SIUTCHETHYECKHE MOAN(DUKATOPEI, B
toM yucie JIHK-meTunupoBanue.

TexHonorum nsyyenusa AHK-metnnmposaHuna

B 1969 r. 5.®. BanromuHbiM ObliIa MPEIIOKEHA OJHA U3

MEPBBIX AMUTEHETHUECKUX TUIIOTE3, COTTIACHO KOTOPOH Me-

THJINPOBAHKE OTIPE/ICIICHHBIX YYaCTKOB I'eHa BIUSIET Ha ypO-

BEHb €0 3KCIPECCUH. JTa TUIoTe3a JIeTria B OCHOBY TEOPUU

snureHeTuky (Banrommn, 2013). A B 1978 1. 3. bepxa u ero

TpyIIa MoKa3ay, 4To MeTminpoBanue yyactkoB JJHK moxHO

BBISIBUTH C HCIIOJIb30BAHUEM YyBCTBHTEIBHBIX K METHIHPO-

BaHMIO ()EPMEHTOB, UTO MIPEIBOCXUTHIIO HAYAJI0 HHTEHCH(U-

KaI[iH SIIATCHETHYSCKUX UCCIieNoBaHui (uc u ap., 2010).

C Tex mop TexHoNoruu ucciaenoBanus Metunupoanus JJHK

ObUTH 3HAUUTENBHO YITYUIICHBI, 1 UX MOXKHO Pa3/ielnuTh Ha

Tpu Kareropuu (Baccarelli, 2018):

1) renocnienuduueckunii ananus (M3y4eHue JOKAILHOIO Me-
TUnupoBaHus). HampasieH Ha KaueCTBEHHOE M KOJIMYe-
CTBEHHOE OIIpE/ICICHIE YPOBHS METHIMPOBAHUS OTAEIb-
HBIX TCHOB,;

2) aHaM3 ypOBHA IIT00ATEHOTO METHINpOBaHus. [1o3Bomser
MIPOBOJINTh KOJMYECTBEHHBIH M KaueCTBEHHBIH aHAIH3
SMUTCHETHYECKUX MapKepOB OJHOBPEMEHHO B Pa3HbIX
ydJacTKax T€HOMa HEe3aBUCHMO OT MX JIOKaJIM3alluH;

3) noNMHOTEHOMHBIN aHanu3. basupyromuiics Ha mojHOTE-
HOMHBIX METOJaX MCCIIEIOBAHHSI M TEXHOJIOTHIX MHKPO-
MaTpPUYHOTO aHau3a (Micro array), 3TOT METO II03BOJISIET
M3y4aTh OJTHOBPEMEHHO OOJIBIIIOE KOJTMIECTBO H3BECTHBIX
CpG-caiiToB 10 BceMy reHOMY.

Hazio otMeTuTs, 4TO IMara3oH METO/IOB ONIPEACICHHs CTa-
tyca IHK-mMeTnunupoBanus 10cTaToqHO pa3zHOOOpaseH, U B
HACTOsIIIee BPEMSI CYLIIECTBYET OOJIBIIOE KOJIMYECTBO ITOX0-
JIOB, BKJIIOYAsi TAKNE TEXHOJIOTUH, KaK BBICOKOI((EKTHBHAS
JKUJKOCTHast Xxpomarorpadust uepe3 YD-1eTexrop, moammop-
¢usm anuH ammmuduuupoBanHbix ¢parmentos (ITJAD),
UMMYHO(EepPMEHTHBIN aHAIN3, TIOMIHOMETPUIESCKUN aHATTN3
u jap. (Kurdyukov, Bullock, 2016). CymecTBeHHBIM HEmO-
CTATKOM 3THX METOJIOB, C TOUKH 3PEHHS [TONCKA MOJIEKYIAPHO-
TEHETUIECKNX MapKePOB 3a00JIeBaHN ], ABIAETCS U3MEPEHNE
o6ero craryca metmmposanust JJHK, nmpu koTopom HeBo3-
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MOYKHO OLEHUTH CTAaTyC WU MPO(UIb METHIIUPOBAHHUS B OT-
nenpHBIX CpG-caiitax nimm CpG-ocTpoBKax. J[ist Toro 94To0s!
YBEIMYHUTH YyBCTBUTEIBHOCTD, TOYHOCTH U TPOM3BOUTEIb-
HOCTh B 9TOH 00JIaCTH, CO BpEMEHEM ObUIM pa3padoTaHbl
TEXHOJIOTHH, TIO3BOJIIONINE U3MEPATH  HACHTU(OUIIMPOBATH
ypoBenb MetunupoBanus JJTHK ¢ BBICOKOM TOUHOCTBIO Kak
B OJIHOM, TaKk M B OousibiioM kosmuectBe CpG-caiiToB (Hitu
CpG-ocTpoBkoB). brraromapst 3ToMy MOKHO OIIEHHUTH OOIINH
BKJIa]] ©3MEHEHNS NAaTTEPHOB METHJIMPOBAHHNS B ITPOSIBIICHUE
OIpe/IeIeHHBIX (PEHOTUITNYECKUX IPU3HAKOB OJHOBPEMEHHO
B cOTHAX ThIcTY CpG-caiiTOB MO0 OCYIIIECTBUTH CPABHUTEIh-
HBII aHaJIN3 C MTPOQUIEM TPAHCKPHUIITOMBI, IPOTEOMBI U TIp.
(Kurdyukov, Bullock, 2016).

«30JI0TBIM CTaHAAPTOM» COBPEMEHHBIX METOAOB OLICHKU
craryca uinu npoduns JJHK-MernnupoBanust cuuraercs
oucynbdurHas kousepcus JJHK. DToT Metox mpesmnonaraer
IpeBapuTeNbHy0 npouenypy aenarypauuu JJHK, kotopas
3aTeM MHKYOHpYeTCs B IPUCYTCTBUH ONCYIb(HTA, B pe3yIbTa-
T€ 4ero MPOMCXOAUT PeaKIys CyJIb(HOHUPOBAHMS IUTO3HHA B
6-M nonoxkeHu. I1ocie 3Toro npoBOANUTCS THAPOIUTHIECKOE
JIe3aMUHUPOBaHUE IIUTO3UH-CYIb(ara, KOTOPIA MPH TO-
clleflyrolel peakuy ¢ MIEJI0Ybl0 MPEBPALIAETCS B YPaLHIL.
KonBeprannuu moasepraeTcsi TONbKO HEMETHINPOBAHHBIH
IIUTO3MH, a 5-METHIINTO3MH HE BCTYNAeT B PEAKIHUIO C Ou-
CyIb(pHUTOM, YTO B MTOI€ MO3BOJISIET WACHTH(UIIMPOBATH U
KOJIMYECTBEHHO OMNPEENATh METHIINPOBAHHbBIC YIACTKH Te-
HoMa. City’>ka OTHpaBHOM TOYKOM, 3Ta MPOIEaypa MO3BOJIHIIA
aJanTHPOBATh P MOJIEKYJISIPHO-TEHETHUYECKUX METO/I0B
s uceneposanust JJHK-MeTnnupoBaHusi, KOTOpbIE 4acTo
00BEIMHSIOT 110/] Ha3BaHUEM METOI0B «OHCYIIB(GUTHON KOH-
Bepcum» (Li et al., 2013). Ha ceroassiiunuii 1enp HanOosee
MOMYJISIPHBIME CPEN HUX CUMTAIOTCS CIECTYIOMINE METO/IBI.

InpocexBennpoBanne. OCHOBaHO Ha MPEIBAPUTEIBHON
oucynshutHoi kouBepcuu JJHK. B ocHOBe MeTO/1a JICKUT am-
IUINUKAINS HHTEPECYIOIIEH OCIEA0BATEIbHOCTH, KOTOpast
3aTeM KJIOHHUPYETCS /ISl IPOLEeyphl CEKBEHUPOBAHUS. JTa
TEXHOJIOTHS TO3BOJISIET ONPE/ICIUTH aJlIeNb-Clieln(uIecKoe
METHJINPOBAHNE OJHOBPEMEHHO B OOJIBIIIOM KOJHUYECTBE
¢parmentoB JJHK. Kak u npsiMoe cexBeHMpoBaHUe, MUPO-
CEKBEHHUPOBAHHE MOXKET OBITh IPUMEHEHO ISl U3yUYeHHUs
100aIbHOTO CTaTyca METHIIMPOBAHMUS ¥ CUUTAETCSI OTHUM H3
HanOosee 3(h(HEeKTHBHBIX METO/IOB C BBICOKOH pa3pemiaromieit
CrocoOHOCTHI0. Ero akTHBHO MPUMEHSIIOT TaKoKe [UIsl aHaIN3a
METHIIMPOBAHHS MOOMITBHBIX TeHETHIECKUX AmeMenToB JJHK
(Wong et al., 2006). Kak mpaBuiio, OIeHHBAIOT ypOBECHb
MerunpoBanus LINE-31eMeHTOB, Tak Kak OHM II03BOJISIOT
OLIEHUTb ITI00ATBHBIH CTaTyC METHIMPOBAHNUS M3-32 BBICOKOH
4acTOTHI TIOBTOPOB U JUTHHEI pparMeHToB. OCOOEHHO YacTo
MTUPOCEKBEHIIUIO TPUMEHSIOT ISl BHICOKOIIPOM3BOUTEILHOTO
ananmu3a oopasnos JIHK omyxoneBsix kierok. Kpome Toro, ee
UCTIONB3YIOT [UIsl UCCIIEAOBAHUS METHIIMPOBAHNS UMITPUHTH-
poBannbix reHoB (Colin et al., 2016).

Metni-cneuuduyeckas IIP. Onua u3 Hambonee mo-
CTYIHBIX ¥ 3()()EeKTUBHBIX METOOB MCCIICIOBAHHUS METH-
nmupoBanus [IHK, mo3Bonstonuii o1eHnBaTh CTaTyCc METH-
nmupoBaHus Ha JT00BIXx CpG-caitax mmm CpG-oCTpoBKax.
Brawane npoBoaurcs oucynbdurnas konsepeus JIHK, 3arem
uccie0BaTeNid UIASHTUHHUINPYIOT U3MEHEHHSI B UCXOIHOM
MIOCJIEZIOBATENIBHOCTH C MCIONB30BAHUEM TPaJAULINOHHON
TP ¢ npumeneHneM crieruduiaeckoro Habopa npaiMepos

The role of DNA methylation
in the disorders of bone metabolism

KaK Ul METWIMPOBAHHOMU, TaK U Il HEMETWIMPOBAHHOU
JHK. Metoz 6511 BHenpeH B 1996 1. I'epmanom u ero kodi-
neramu. OH ya00eH Uit aHann3a HeOOJBIIOTO KOJIMYECTBA
renoB, conepxamux CpG-aunykieoruasl (Ku et al., 2011;
Cxps6uH u np., 2013).

Hmmynonpenunuranust mernianposannoii JJTHK. Oror
MeTOoJ] Mo3BoJseT oneHuTsh craryc JJHK-meTtunupoBanus
Omaromapsi CBOMCTBY HEKOTOPHIX OEIKOB BBICOKOCTICTIH(DHY-
HO CBSI3bIBATh METHIIMPOBAHHBIN IUTO3HH. VX pazaemnstor Ha
JIBa TUIA: aHTUTEJIA, KOTOPbIE PACIIO3HAIOT S-METHIIIUTO3HH,
n metuin-CpG-cBs3piBaronie 6enku. B cirydae, xorma mpu-
MEHSIOT II€PBbIH THIT OeJIKa, TOBOPST 00 HIMMYHOIIPEIIUITHTA-
un MetuiaupoBanHoi JIHK, a mpu ucnoinbs30BaHnN BTOPOTO —
00 MMMYHOTIPEIMITUTANN XpoMaTuHa. [IpuHINIHansHas
cxema merona takosa: /IHK pacmenmsercs ¢pusnieckum
WIH PECTPUKIIMOHHBIM METOJIOM, 3aT€M OHA OCaXkJaeTcs C
UCTIONIb30BaHNEM OEJIKOB, KOTOPBIE PACIIO3HAIOT S-METHIIIHN-
To3uH. [locne ouncTkn OT HecnennpuIecKux (parMeHToB
meTrupoBanHas JJHK amroupyercst 3 KOMIUIEKCOB ¢ Oeli-
KaMu. J[aHHBIH METO/T TO3BOJISET ONPEAEITUTH OOIIHNIA CTaTyc
metmmposanust JIHK, HO He TO3BOJISAET yCTaHOBUTD CTATYC
metmupoBanus CpG-aunykieoruaa (Gupta et al., 2010).

HRM-ananu3. Aramms metunupoBanns JJHK MoxeT OBITh
MPOBEJECH YyBCTBUTENBbHON K MeTripoBanuto [11P ¢ anamu-
30M KPHBOH IIaBJICHUsI BbICOKOTo paspemenus (Methylation-
Sensitive High Resolution Melting — MS-HRM). Otot meTon
0COOCHHO aKTyaJIeH ¢ TOYKH 3PEHHS Majoro KOJIMYeCTBa
tpedyemoii JIHK. B ocHOBe npuHIIHIIa JIGKHUT IPUOOPETEHIE
pa3IUYHON MOCIE0BATEIBHOCTH UCCIEAYEMbIX y4acTKOB
JIHK mocie 6ucynb(uTHON KOHBEPCHH, KOTOPOE TTO3BOJISIET
BBISIBUTH Pa3HbIN NPO(QUIIb KPUBBIX TUIABJICHHSI M HA OCHOBE
3TOTO HAECHTH(UIINPOBATH HAJTIYHE UIIN OTCYTCTBUE METHIIN-
poBanus Ha onpeneneHHoM CpG-caiite (i CpG-ocTpoBKke)
(Wojdacz, Dobrovic, 2007; Hussman, Hansen, 2018).

Pean-raiim ITL{P. E1te onHrM METO0M KOJIMUECTBEHHOTO
ompezeneHus: Metmimuposanus sisisiercst [P B peanbHOM
Bpemenu MethyLight, ocHOBaHHas Ha 4yBCTBUTEIHHOM,
KOJTMYECTBEHHOM U CIEHU(UIHOM OINPEIEICHNH METHIIU-
pOBaHHBIX calToB. [Ipu 3TOM MOTYT HCcnonb3oBaTkcs Taq-
Man-30Hbl, crieupUIHbIC AT METUIMPOBAHHBIX WIIU
HEMETUIMPOBaHHbIX nocienosarensHocteil. JJHK Takxke
MPeABapUTEIbHO MOABEPTaloT OUCYNb(GUTHONH KOHBEPCHH.
MethyLight mmpoko npumeHsiercst Ui aHaian3a OO0JIbIIOTO
KoJmdecTBa 00pa3oB. HecMOTpst Ha BBICOKYIO 1yBCTBUTEIb-
HOCTB K JIETEKTHPOBAHHIO CUTHAJIA METHIIMPOBAHUSL, OOBIYHBIH
anaym3 MethyLight MoxeT aHaTU3UPOBATH TOJIBKO OJIUH I'CH
3a pa3, 4TO MOTEHIMAIBbHO OTPAHWYMBACT AHAIN3 MHOXKE-
CTBEHHBIX MapkepoB (Susan et al., 2004; Olkhov-Mitsel et
al., 2014).

MeTuna04unbl. BeICOKOIPOU3BOIUTEIILHBIM METOIOM SIB-
JSIeTCsl HCTIOIb30BaHNE YMIOBBIX TEXHOJIOTHA. C MX TIOMOIIIBIO
BO3MOYKHO OCYIIIECTBHUTH OJTHOBPEMEHHBII aHAJIN3 OOJIBILIOTO
KOJIMYECTBAa METHJIMPOBAHHBIX yYacTKOB. Tak, KOMIaHUS
[llumina pa3paborana cucremy 450K Infinium Methylation
BeadChip, conepixariyto 6omee 450000 moTeHIIHATEHO METH-
mpyembix CpG-caiitoB. B mannom metozne JIHK na Havams-
HOM 3Tarie TaKkKe MoaBepraercsi Oucynb(GUTHON KOHBEPCHH,
0CJIe Yero MPOBOAMTCS CTaHIApTHas IpoLexypa ruopuan-
3amuy Ha gumnax (parmenToB amrmuduuuposanHoi JJHK
(Lietal., 2013; Yi-an et al., 2013).
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TexHONMOTHH HCCACIOBAHUN ACCOIMAIMU 3TTUTCHOMA
(EWAS) Ba ocHOBE MHKPOMATPHYHOTO aHANN3a, a TAKKe
TEXHOJIOTHH CEKBEHUPOBAHUS CIICYIOIIETO ITOKOJICHHUS (TIH-
POCEKBCHUPOBAHKE U IIP.) CUUTAIOTCS Harbojiee BOCTpeOo-
BaHHBIMH B 00JIaCTH M3yUYEHHS SITUTEHETUIECKUX (haKTOPOB
MHOTO(aKTOPHBIX 3a00eBaHui. B To ke Bpems s uccie-
JTIOBaHUs HEOOJIBIIIOTO YHCIIa KaHAUATHBIX TCHOB HanboJee
ONITUMAJTEHBIMU PEIICHUSMH MOTYT CIUTAThCst MeToI HRM-
aHanm3a U MeTuiI-creruduaeckoit TTIP.

3aknioyeHune

Wnentndukaiys paHHUX TPEJUKTOPOB MHOTO()AKTOPHBIX 3a-
OosieBaHUit — Oj1HA M3 HanOoJIee MPHOPUTETHBIX 33/1a4 COBpe-
MEHHOH MOJIEKYIISIPHON MeULMHBL. Kak BUHO U3 ONTMCAHHBIX
HCCIIECI0BaHNi, B META00IIM3M M PEMOJICITMPOBAHNE KOCTHOM
TKaHU BOBJICYCHO OOJIBIIOE KOJIMYECTBO PETYIISTOPHBIX CHUC-
TeM. 3HaYNMOCTb M BBICOKas poib MetmnupoBanus JJHK B
PETYISTOPHBIX TpOIeccax HEOTHOKPATHO OBUTH MOATBEPK-
JCHbI MHOTUMHU HCCJICJOBAHUAMU. OI[HaKO ﬂaHHbIﬁ OIIUTC-
HETHYECKUI MEXaHNU3M BCE €111 OCTACTCSI MaJION3yIECHHBIM B
CTPYKTYpe€ psiia MHOTO(aKTOPHBIX 3200JIEBaHHH, B TOM YHCIIC
octeonopo3a. [IpeanpuHATO HeManoe KOJIUYECTBO MOTMBITOK
oxapakTtepmu3oBarh adeppannu JJHK-MeTnnnpoBaHus He TOIb-
KO B FICCJIC/IOBAHMSIX KaHJUJJATHBIX TCHOB, HO M B NIOOAJIBHBIX
HCCIIEJOBAHMAX acCOLMaLUi d1IUreHoMa uesoseka. IIpexne
BCEro U3 HuX ciaenyert, uro JJHK-metmnnpoBanue — 310 KpaiiHe
YYBCTBUTEIIBHBINA U TKaHEeCTICIM(DUIHBIN TpoIiece, KOTOPBIi
MOJKET CHJIBHO BapbHUpPOBaTh B 3aBHCHMOCTH OT BO3pacTa,
T10J1a, MUKPOOKPYKEHHUS TPAaBMUPOBAHHBIX YIACTKOB U yCJI0-
BUI1 OKpYy>Xato1ei cpensl. HecMoTpst Ha mostHOMacITaOHbIe
HCCIIEIOBAHMUS, PE3YIBTAThI JOBOJIBHO CHIIBHO Pa3INYaroTCs,
HO M3 HHX CIIEIYeT, 4To Oosiee 0OBEKTUBHBI UCCIIEOBAHNS,
HarpaBiieHHble Ha n3ydenue JJHK-mMetunupoBanus Henocpen-
CTBEHHO B CAMOM KOCTHOM TKaHU. IIpy 5TOM Ba)KHO yUUTHIBATH
KaK MOKHO OOJIbIIIee KOJIMYECTBO MUKPOIIapaMeTPOB OTOMpa-
€MOro MaTepuana, HadMHas OT €ro KI€TOYHOH FTOMOT€HHOCTH
1 3aKaH4YMBas1 CUCTCMHBIM MOAXOJA0M OJHOBPEMCHHOT'O HUC-
CJIC/IOBAHMS YPOBHS SKCIPECCUH TEHOB U MIX CBS3HU C IPYTUMHU
SMHUI'€HETHYECKUMH MO (HUKaTOpamMH, BKItodast MUKpoPHK
1 MOCTTPAHCIALIUOHHBIC MOILI/I(I)I/IKaLlI/II/I.
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YacToTa pacripegejieHsI reHOTUIIOB rmojaumopdusma IL4
(rs 2243250) ripu 1ricopuase 1 rcopmuaTmyeckoM apTpuTe

A.A. Bapuao ®, M.B. CmoabHukoBa, C.B. CMupHOBa

MepepanbHblii NCCNEROBATENbCKUI LeHTP «KpacHOAPCKMI HayuHblii LeHTp CMOMpPCKoro oTaeneHrs POCCMinckon akagemmm HayK»
060cobneHHoe noapasaeneHie «<HayyHo-nccnenoBaTenbCknin UHCTUTYT MeULMHCKUX Npobnem Cesepar, KpacHoapck, Poccua
&) e-mail: anntomsk@yandex.ru

MNcopwas (MC) n ncopunatnyecknin aptput (McA) - MHorodpakTopHble 3aboneBaHus, pPa3BUTME KOTOPbLIX Onpeae-
NAETCA PEe3yNbTaTOM C/IOKHOIO KOMOUHVMPOBAHHOMO B3aVIMOAENCTBUA FEHETMYECKOW NMPEAPacrnoNoXeHHOCTH
1 GaKTOpOB OKpYyKatoLuein cpefbl. Vi3yueHne reHeTMyeckoro nonumopdrama B 3aBUCUMOCTY OT KIMHUYECKOTO
TeyeHua MC u McA No3BoNUT BbIABUTb €AMNHbIE ANArHOCTUYECKME KPUTEPUM NPOrpeccrpoBaHA NaToNormu.
Llenbto paboTbl 6bifI0 — NpoaHanM3npPoBaTb YacToTy pacnpefeneHna reHoTMNnoB noarMopdraMa NPoOmMoTop-
Horo permoHa C-590T (rs2243250) reHa IL4 y 605bHbIX NCOPUA3OM 1 NCOPUATMYECKUM apTpuTOM. B nccnepo-
BaHue Obiny BKoYeHbl 605bHbIe Ncopurasom (n = 49) 1 ncopmaTmyecknm apTputom (n = 48), KoTopble C yye-
TOM HOCWTENbCTBa OMpefeneHHbIX reHOTUMOB pasfeneHbl Ha rpynnbl: 1- MNC, Hocutenun reHoTtuna C/C IL4 (rs
2243250) (n = 31), 2 - NC, HocuTenu reHotunos C/T wn T/T (n = 18), 3 - MNcA, Hocutenn reHotnna C/C (n = 30),
4 —TNcA, Hocutenu reHoTunos C/T u T/T (n = 18). BoigeneHne [JHK v3 uenbHOM BEHO3HOW KPOBU MPOBOAUIOCH
npwvi NOMOLLM CTaHAAPTHOrO Habopa ¢ copbeHTOM. [eHOTUNMPOBaHVEe annefibHbiX BapUaHTOB OCYLLECTBAANOCH
MEeTOAOM PECTPUKLMOHHOrO aHanm3a npoayktos amnnndukaumm (MOAPMO-aHanun3, aHanu3 nonumopdmnsma gnm-
Hbl PECTPUKLMUOHHBIX dparmeHTOB) creyndryecknx yyactkoB reHoma. Y 6onbHbix MC, HocuTene reHotna
C/C IL4 (rs 2243250), 3HaueHme nHaekca PASI (Psoriasis Area and Severity Index) cTaTUCTUYeCKM 3HAUUMO HUXKe
OTHOCUTeNbHO HocuTenen reHoTunoB C/T n T/T. OTMeyeHa BO3MOXKHaA accoumaumnsa HOCMTeNbCTBa reHOTUMOB
C/T v T/T npm MNcA ¢ ncoprasom Horter B cpaBHeHuM ¢ reHoTunom C/C. MNpu n3yyeHnn MexrpynmnoBbix pas-
NNYNiA onpeaeneHo, YTo HocutenbcTBo reHotuna C/C npu MNcA MoxeT oKasbiBaTb BAUAHME Ha KMHUYeCKoe
TeUeHne NCcopraTUYECKOro NPoLecca C YacTbiMM OOOCTPEHNSMU 1 BOBIIEYEHMEM B MATONOMMUYECKNiA NpoLecc
BOJIOCMCTON YacCTyV FonoBbl C NoLaabio nopaxkeHus 6onee 30 %. Hocutenobctso reHotunos C/T v T/T npu McA
MOXET UMeTb accoumaumio ¢ peHomeHoM KebHepa 11 METabONMUYECKMU HAPYLLEHUAMMN B CPAaBHEHWM C TaKo-
BbIM npu MNC. OnpepeneHbl pa3nuumna B HocuTenbcTee reHoTunos C/C otTHocuTenbHo C/Twn T/T IL4 (rs 2243250) y
6OMNbHbIX MCOPMA3OM 1 NCcopuaTUYecKnM apTpuTom. C yueTomM KpaliHe HU3KOW YMCIEHHOCTM rpynmn NauyeHToB
pe3ynbTaThl HEOGXOAVMO paccMaTpMBaTh Kak npefBapuTesibHble 1 Tpebytowwme AanbHenLwei NpoBepPKM, HO Ha
BbIGOPKAX 3HAUNTENbHO BOMblLEero oobema.

KnioueBble cioBa: Ncopmas; ncopraTmyeckunin apTpuT; NosMmMopdu3m reHoB; LUTOKUHDI; IL4.

Ansa yntupoBaHua: bapuno A.A., CmonbHukosa M.B., CmupHoBsa C.B. YacToTa pacnpegeneHunsa reHOTMNoOB No-
numopdousma /L4 (rs 2243250) npu ncopurasze v NcopmaTmyeckom aptTpmte. BaBMnoBCKU XypHan reHeTuKn 1
cenekuymn. 2019;23(1):75-80. DOI 10.18699/V]19.464

The frequency of distribution of the genotypes
of the IL4 polymorphism (rs 2243250)
in psoriasis and psoriatic arthritis

A.A. Barilo®), M.V. Smolnikova, S.V. Smirnova

Scientific Research Institute for Medical Problems in the North - Division of Federal Research Center “Krasnoyarsk Scientific Center
of the Siberian Branch of the RAS’, Krasnoyarsk, Russia
&) e-mail: anntomsk@yandex.ru

Psoriasis (PS) and psoriatic arthritis (PsA) are multifactorial diseases determined by the result of complex com-
bined interaction of genetic and environmental factors. The study of genetic polymorphism of PS and PsA will
allow identification of common diagnostic criteria for the progression of pathology. The aim was to analyze the
frequency of distribution of genotypes of the promoter region of the C-590T (rs2243250) gene IL4 in patients
with psoriasis and psoriatic. The study included patients with psoriasis (n = 49) and psoriatic arthritis (n = 48),
which, taking into account the carriage of certain genotypes, are divided into groups: 1, PS, carriers of the C/C
genotype (n=31); 2, PS, carriers of the C/Tand T/T genotype (n = 18); 3, PsA, carriers of the C/C genotype (n = 30);
and 4, PsA, carriers of the C/T and T/T genotype (n = 18). DNA extraction from whole venous blood was per-
formed using a standard kit with a sorbent. Genotyping allelic variants was carried out by the method of restric-
tion analysis of amplification products (RFLP-analysis) of specific regions of the genome. In PS carriers of the C/C
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The frequency of distribution of the /L4 polymorphism
(rs 2243250) genotypes in psoriasis and psoriatic arthritis

IL4 (rs2243250), the value of the PASI index is statistically significantly lower relative to the carriers of the C/T and
T/T genotypes. A possible association of the carriage of the C/T and T/T genotypes in PsA with nail psoriasis was
noted in comparison with the C/C genotype. When studying intergroup differences, it was determined that the
carriage of the C/C genotype in PsA can influence the clinical course of the psoriatic process with frequent exac-
erbations and involvement of more than 30 % of the hairy part in the pathological process. The carriage of the
C/Tand T/T genotypes in PsA may be associated with the Koebner phenomenon and the metabolic disorders
in comparison with PS. Differences in the carriage of the C/C genotypes relative to C/Tand T/T IL4 (rs2243250) in
psoriasis and psoriatic arthritis were determined. Given the extremely low number of patient groups, the results
should be considered as preliminary and require further testing on much larger samples.

Key words: psoriasis; psoriatic arthritis; genes polymorphism; cytokines; IL4.

For citation: Barilo A.A., Smolnikova M.V., Smirnova S.V. The frequency of distribution of the genotypes of the
IL4 polymorphism (rs 2243250) in psoriasis and psoriatic arthritis. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov
Journal of Genetics and Breeding. 2019;23(1):75-80. DOI 10.18699/VJ19.464 (in Russian)

BBepeHmne
[copwuas (I1C) — xpoHUYIECKOE Ay TONMMYHHOE BOCIIAJIHTETb-
HOE 3a00JIeBaHNE KOXKH, TTOITYJISIIMOHHAST YacTOTa KOTOPOTO
B Mupe coctaisiet ot 0.6 10 4.8 % (Naldi, 2004). Cucrem-
HOCTb BOCHAJIUTEIBHOTO TIPOLECcca, HEYKJIOHHBIH pocT 3a00-
JIEBa€MOCTH, ACCOLMAIINS C ITOBBIIICHHBIM PUCKOM Pa3BUTHS
UIIEMHUYECKON 00JIe3HH cep/ta, PUOPUILIALUH TPEACEPANH,
WHCYIIBTa, TPOMOOIMOOIHH, OHKOJIOTHIECKHIX 3a00JIeBaHUN
00yCJIaBIMBaIOT aKTyaJbHOCTh M3y4deHHs rcopuasa (Gel-
fand et al., 2006; Kurd et al., 2010; Wan et al., 2013; Chiesa
Fuxench et al., 2016). IIcopnatnueckuii aprpur (IIcA) sB-
JISIETCS OJTHOM U3 TSHKENBIX (POPM IICOPUATHUECKOM OO0JIe3HH,
KOTOpasi XapaKTepU3yeTCsl 9pO3UBHOM JECTPYKLUEH OIIOPHO-
JIBUTAaTENILHOTO anmnapara u passusaetcs y 8—30 % O0IbHBIX
ncopuazom (O’Rielly, Rahman, 2010). B monasnstomem
OOJIBILIMHCTBE CIIy4aeB BOCIIAIUTENBHBIH MIPOLIECC B CyCTaBax
rpu [ICA HEyKIIOHHO IPUBOJANT K MHBAJINIU3AINHT OOJIBHBIX.
[copna3z u ncopuarnveckuii apTpuUT — MHOTO(AKTOPHBIE
3a00JIeBaHUsI, PA3BUTHE KOTOPBIX OIPEIEIISETCS PE3yJIbTaTOM
CII0)KHOTO KOMOMHHMPOBAHHOTO B3aMMOACHCTBUS T€HETH-
YEeCKOW MPEeIpacHOoNOKEHHOCTH U (PaKTOPOB OKpY’Karomiei
cpensl (CmonpauKOBa, CMupHOBa, 2014). Hanbonee nepcrek-
TUBHBIM METOJOM HCCJIEJOBAHHUS NPEIPACIIOIOKECHHOCTH
n xapakrepa tedeHus [IC u IIcA sBaseTcss MOUCK T€HOB-
KaHIuaaToB, OCHOBAHHBIN Ha aHAIH3e KOHKPCTHBIX T'C€CHOB,
MIPOIYKTBI AKCIIPECCHH KOTOPBIX MTPAIOT POJb B PA3BUTHH
3aboneBanus (Xaiipyraunos, 2011). I'en nnTepneiikuna 4
(IL4) — opuH U3 KITIOYEBBIX T€HOB-KAHIMIATOB B PE3yIbTaTe
KOZIMPOBAaHMUSI IMMYHOPETYJSITOPHOTO INTOKWHA — MEIaTOpa
BOCTIAJICHHS, aronTo3a 1 pa3sutust T-mmmdormtos npu [1C
u IlcA (Indhumathi et al., 2017). I'en, kopupyrommii npoayk-
uto [L-4, pacrionoxen Ha 5q31.1xpomocome (Bidwell et al.,
1999). M3BecTHBI ClienyIONHe TOUCYHBIE TOIMMOP(QHU3MBI B
npoMoTopHO#t oOmactu rena IL4: C-1098T, C-590T, C-285T,
A-81G, C-33T (Kim et al., 2007). ITomumopduzm C-590T
(rs2243250) npoMOTOpHOTO peruoHa rexa /L4 nmeer BayKHOE
3HauCHHUE B MIATOreHE3e NICOpUa3a U ICOPUATHYECKOTO apTPH-
ta (Indhumathi et al., 2017). Hanuuue 3amMeHsl B ITociie10Ba-
TEJILHOCTH HYKJICOTH/IOB (OJHOHYKJICOTHAHBIC TIOTMMOP(H3-
Mmbl 1 single-nucleotide polymorphisms, SNPs) Biusier Ha
YPOBEHb JKCIIPECCHUH U MPOLYKINH OeiKa (OmpeesleHHOTO
IIUTOKHMHA), YTO TPUBOJUT K UMMYHOJIOTHYECKUM C/IBUTaM,
CIIOCOOCTBYIOITUM (POPMHUPOBAHHIO TIATOJIOTHH C OTIPEIEIICH-
HBIMH (PEHOTUNNYECKUMH OCOOCHHOCTSIMU U KIIMHUYECKUM
teuenneM (Konenkov et al., 2001). M3yuenne reHeTHYECKOTO
HOJ'IHMOp(bI/ISMa B 3aBUCHMMOCTH OT KIIMHUYCCKOI'O TCUCHUSA

IIC u IIcA mo3BOIMT BBISABUTH SOUHBIC JUArHOCTHYECKUC
KPUTEPUH MTPOTPECCUPOBAHUS MTATOIOTHH.

Hens paboThl — MpoaHAIN3UPOBATH YACTOTY pacmpere-
JICHHUS TeHOTUTIOB rouMopdmsma /L4 (rs 2243250) y 60mb-
HBIX TICOPUA30M U TICOPUATUYECKUM aPTPUTOM €BPOIICOUIOB
r. Kpachnosipcka.

MaTtepwuanbl n metogbl

OO0BeKTOM N3y4deHns ObUTH OONTFHBIC BYABTapHBIM IICOPHA30M
(n = 49) n ncopnarnyeckuM aptTputoM (n = 48), KUTEIN
r. Kpacuosipcka. bonbnbie TIC u IIcA Obuin pa3zesneHsl Ha
rpynmnsl: | — GonpHble I1C, HOcuTenn renoruna C/C L4
(rs 2243250) (n=31), 2 — 6ompHbIe [1C, HOCUTENH TCHOTHUTIOB
C/Twu T/T (n = 18), 3 — 6osbubie [IcA, HOCHTENIN TEeHOTUIIA
C/C (n =30), 4 — 6onbubIe [IcA, HOCuTenn reHotunos C/T
u T/T (n=18).

[Iporokon obOcnenoBanusi OOJMBHBIX M MPAKTHUECKH 3/10-
POBBIX JTOfiel (KOHTPOJIbHAS TPYIIAa) COOTBETCTBOBAI TH-
YECKMM CTaH/AapTaM U ObII pa3peiieH KOMHUTETOM MO Ono-
MEJUIUHCKON 3THKe HayuHo-McciieqoBarenbCkoro HHCTU-
TyTa MeTUIIHCKHX mpobimem Cesepa (mmpotoxom Ne 12 ot
10.12.2013 r.). IIpaBo Ha mpoBeneHne 00OCIIET0BAHMS IOPHU-
JIMUECKU 3aKPeIUISIIOCh HHPOPMUPOBAHHBIM IMHCHMEHHBIM
COIVIACHEM MAIMEHTA.

Bce GonbHBIE COOTBETCTBOBAIM KPUTEPHAM BKIIFOUCHHMS/
uckitoueHus. Kpurepuu BimtoueHust OOJIbHBIX B HCCIIEI0BA-
HHE: HAINYNE KINHUYECKH MOATBEPXKICHHOTO BYJIbIapHOTO
Tricoprasa 1 ICOPHaTHIECKOTO apTpUTa, eBPOIICONTHOE TIPO-
HCXOXACHUE (TP MOKOJIEHHs), Bo3pacT oT 18 g0 66 ner.
Kpurepun MCKITIOYEHNS U3 UCCIECIOBAHMUS: HAIMUUE COITYT-
CTBYIOIINX JICKOMIICHCHPOBAHHBIX 3a00JIeBaHNH, 000CTpeHNE
COMYTCTBYIOIUX XPOHUYCCKHUX 3a00JICBaHUH, yKa3aHUE B
aHaMHe3€ Ha TePaIuio IUTOCTaTUKAMU M CHCTEMHBIMH TITIO-
KOKOPTHKOCTEPOHUIAMH, HATIMIHE I0OPOKaIECTBEHHBIX H 3710~
KauC€CTBCHHBIX onyxoneﬁ, caxapHoro ﬂna6eTa, CHCTCMHBIX
U TICHXMYECKUX 3a00IeBaHMi, O€peMEHHOCTh U JTaKTAIH.

VY 6onpabIX [IC u TIcA W3y4amuch CIeAyIOMHe KIMHU-
YeCcKHe MPHU3HAaKH: BO3pacT Je0loTa NCOPUaTHYECKUX BbI-
CBITTAHUH Ha KOXe, CTaX 3a00JIeBaHMs, 4aCTOTa 000CTPEHUH
KO’KHOTO TIpoIiecca, XKajao0bl Ha UCTICTICHIO 1 O0JTb B 00J1aCTH
MPaBoOro nojpedephsi, HAIMYKUE KOXHOTO 3yna U (heHOMeHa
Kebnepa (mosiBieHne CBEKMX BBICHITAHUI Ha MECTE TIOBPEXK-
JICHUST KO’KHOTO TTOKpOBa TIPH IICOpHase), copua3 HOTTEH,
TUIONIA/1b HOPAKEHHUSI BOJIOCUCTOM YaCTH I'OJI0BbI, CTENICHB T5i-
JKeCTH KOXKHOTO Tiporiecca mo uaaekcy PASI (psoriasis area
and severity index), 3Hauenue unaekca maccsl Tena (MMT).
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[Ipu moacuere numekca PASI koMOUHUPYIOTCS KOJIMUE-
CTBEHHBIE OIICHKH CTEIEHU BBIPAKEHHOCTH OCHOBHBIX KIIU-
HUYECKHUX MpOsBIeHUl (MHUIBTpauus, 3y/, yTOJIIIECHUE
KOXH, OTEK, THUIIEPEMHUSI, IIeNyIIeHNE) C OLEHKON TIOIIaIu
MOpa’KEHUS 10 IPOCTON TMHEWHOM 1IKase. B 3aBUCMMOCTH OT
3HaueHust uuaekca PASI BBLAETSIOT: IETKYIO CTENEHb TSHKECTH
ricopuasa — 10 9.9 6asos BkitountensHo; ot 10.0-30.0 Gan-
JIOB — CpeIHss TShKeCTh mporiecca; oT 30 mo 72 6ammo (Mak-
CHUMaJIbHO BBIPAKCHHBIC KOXKHBIC MPOSIBICHHS) — TSDKEIOE
TE€4EeHUE IIcopuasza. I3BecTHO, UTO MOPaKEHUE BOJIOCUCTON
yacty ronoel y 6ombHbIX I1IC 1o 30 % ompenensiercst kak
JIeTKasi CTeTIeHb TsoKecTH, Oonee 30 % — yMepeHHast 1 TshKenast
creneHu. B uccienoBanue OblIM BKIIIOUEHBI OOJIBHBIE C TIO-
pakeHHEeM BOJIOCHCTOI dacTh roioBs! Oomee 30 %.

HccnenoBana oiHOHYKIICOTHAHAS 3aMEHA B TPOMOTOPHOM
peruone /L4 (rs 2243250). Beinenenne {HK nmpoBoauiock
MIpH TIOMOINHM CTaHAapTHOro Habopa mia Beaeneans JJHK
u3 1eIbpHON BeHo3HOH kpoBHu (OO0 «Jlaboparopus MEIU-
I'EH», r. HoBocubupck). ['eHOTHIIpOBaHKE aJUIEIbHBIX Ba-
PHAHTOB OCYIECTBISIIOCH METOIOM PECTPHKIIMOHHOTO aHa-
nm3a npoxykros amrumndukaryn (ITPd-ananms) cnenudu-
YECKUX YYAaCTKOB I'€HOMaA. HCTGKLII/IH MPOAYKTOB BbINOJIHAIACH
B 2 % arapo3HoM re’e.

Craructuyeckasi 00paboTKa pe3yJabTaToB MCCIICTOBAHUS
OCYIIECTBIIAIACH C TOMOIIBIO CTATUCTUYECKHUX MAaKETOB MPH-
KIagHBIX mporpamm Statistica 6.0. lns KonwmdecTBEeHHON
XapaKTEePUCTUKN BapHallMd BBIYMCISUIN Meanany (Me) u
MHTEpPKBAapTWIBHBIM pa3max B BuIe 25 u 75 mponeHTuiei
(25 %; 75 %). Pactipenenenue TeHOTHIIOB TTO WCCIICAOBAH-
HBIM TOIUMOP(HBIM JIOKyCaM MPOBEPSUIM HA COOTBETCTBHUE
paBHOBecuto Xapau—BaiinOepra ¢ moMolIpo TOYHOTo TecTa
Oumepa. OneHKy accoruaniii ToTMMOP(HBIX BapHAHTOB
TEHOB C MATOJIOTMYEeCKUM (PEHOTUIIOM TPOBOAMIN MO OTHO-
meHuto mancoB (OL) coObITHs B OJ{HO# IpyIINe K MaHcam
3TOTO k€ COOBITHS B IpyTOii rpyIie ¢ pacueToM 95 % nose-
purensHOTO HHTepBaina ([1). s cpaBHEHHUsI KaueCTBEHHBIX
NPHM3HAKOB B TPYNIAX UCIIONBL30BaNu Kputepuii y2 [Tupcona
¢ monpaskoii Mercena Ha HenpepsIBHOCTb. C yueToM HU3KO#
YHCIIEHHOCTH CPABHUBACMBIX I'PYIIIL, & TAKYKE MHOXKECTBA BbI-
TMOJIHEHHBIX TECTOB CPABHCHU A roKasareJiei MEXKAY IrpyrnmnamMu
MIPU CTaTUCTUYECKOM aHAJIN3€ BHECCHBI ITOIIPAaBKH HA MHOXeE-
CTBEHHOCTH CpaBHEHMH (ronpaBka boudepponn). YposeHs
3HAYUMOCTH NIpuHUMacs ipu p < 0.0125.

Pe3ynbratbi
B xo71e poBeCHHBIX HAMH UCCIICIOBaHUH MoauMopdu3Ma
mpoMoTopHOTO pernona IL4 (rs 2243250) Bo Bcex Tpymmax
00cIIe1I0BaHHBIX BBISBIEHO Tpeodnananue renoruna C/C, 94To
COOTBETCTBYET MUPOBBIM JJaAHHBIM B JIPYTHUX CBPOINICOUIHBIX
MOMYIISIHAX.

Ocoboe BHUMaHNE B N3yYCHUH TEHETHUECKHX OCHOB Ta-
TOJIOTUM YACACTCA PA3JINYUAM B KIMHUYCCKOM TCYCHUU 3a-
GoneBaHus U ero nmporpeccupoBanuy. Hamu nposeseH aHa-
JIM3 pacIpe/ieieHus YacToThl reHoTHIoB /L4 (rs 2243250) B
rpynre 6onbHbIX [IC u [IcA ¢ yyerom ocoGeHHOCTEH K-
HHYECKOTO TeUeHHMs 3a00IeBaHN.

[Tpu uccnenoBaHuy Y4acTOTHl 0OOCTPEHUH KOXKHOTO CHH-
JApoMa Ha OCHOBAaHWU JAaHHBIX aHaMHE3a YCTAHOBJICHO, YTO
y 6ompHBIX [1C, HOCHTENeH renotuna C/C, cTaTHCTHYECKA
3HAYMMO Yallle OTMEYEHO 000CTPEHUE OMH-BA pa3a B TOJ
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YacToTa pacnpeneneHuna reHoTMnos nonnumopdusma /L4
(rs 2243250) npu ncoprase 1 ncopnaTMyeCckoM apTpuTe

B CPaBHEHHH C IpyInoi 6onbHbIX [ICA, HOCHTENeH reHoTUIa
C/C, tne gamie BBISBICHO HETPEPHIBHO-PEHUANBHPYIONIEE
TedeHue 3aboneBanus (Tabm. 1).

IIpu u3yuyeHun MEKIPYIIIOBBIX Pa3INYUN OIIPENEIICHO, YTO
y 6ompHBIX TIcA ¢ renotumom C/C IL4 (rs 2243250) garme
OTMEUEHBI KOOI Ha KOXKHBIN 3yJ1 B CPABHEHHUH C I'PYIIIOH
6onbHeIX I1C, HOCHTenel Toro ke renotuna: 86.7 % (26) u
62.6 % (20) coorBercTBeHHO, p = 0.02. B rpynmne 0oabHBIX
IIcA, HOCuTenel renotuna C/C, daiie OnpeaessTuCh JTUC-
MEeTNCUYEeCKUE KaJo0bl B CPAaBHEHHUHU C IPYMIION OOJBHBIX
I1C, HocuTeneii Toro xe reHotumna: 46.7 % (14) u 19.3 % (6)
coO0TBeTCTBEHHO, p = 0.02. OnHaKko 5TH MOKa3aTenau, Kak U
»KasI00bI Ha OOJIb B TIPABOM I10Ape0ephe, HE JOCTHIVIH YPOBHS
CTaTUCTHYECKON JTOCTOBEPHOCTH. TeM He MeHee, COIIacHO
JTAaHHBIM JINTEPATYPBl, OTMEUEHA IOJIOKUTEIbHAsT KOppesis-
s MEXK/Iy HHTEHCUBHOCTBIO 3y/1a 1 IUIOILA/IBI0 TOPAYKEHUSI
koxu y 6ompHBIX [1C (Szepietowski, Reich, 2016).

Yacrora BcTpewaemoctu eHomena Kebuepa cratuctu-
YeCKM 3HauMMO BbILIE B Tpyrne OonbHbIX [IcA, HOcHuTeneit
rerotunioB C/T'u T/T IL4 (rs 2243250), B cpaBHEHHH C TPYTI-
noii 6ompHBIX [IC, HOcuTemnei Toro e rerorumna, p = 0.01.
B rpynne 6onbubix I1cA, Hocuteneli renoruna C/C, deHo-
MeH Kebnepa BcTpeuancs yamie B CpaBHCHHH OOJBHBIMU,
Hocurensmu renotunos C/T u T/T, ogHAKO CTaTUCTUYECKOM
JIOCTOBEPHOCTH 3HaYeHUs He AocTUurn, p = 0.05.

[Ipu m3yueHNn 0COOCHHOCTEH JIOKATH3aINH IICOPHATH-
YECKOro Ipoliecca YCTaHOBJICHO, YTO B TPYIIE OOJIBHBIX
IIcA, nocureneii renoruna C/C, CTAaTUCTHYECKH 3HAYUMO
yale BCTPEYaeTcs MOPaKeHWE BOJIOCHUCTON YaCTH TOJIOBBI
¢ momanapto 6onee 30 % B cpaBHEHHUH C TPYIION OOIBHBIX
I1C, Hocureneii Toro xe rerotumna: 63.3 % (19) u 19.3 % (6),
p =0.0004.

W3BecTHO, YTO B MATOJIOTMYECKUI TICOPHATHIECKUI TIPO-
1[ECC BOBJICKAETCS HE TOJIBKO KOXKa, HO M €€ IPUIATKU — HOTTH.
PacnipocTpaHeHHOCTh TICOPUATHIECCKON OHUXOAUCTPODHUH Y
6onpHEIX [1C xonebnercs ot 10.0 mo 80.0 % (Zargari et al.,
2018). I1pu uzydeHur 0COOCHHOCTEH KIMHHUYSCKUX POSIB-
JIeHnH y OOJTBHBIX IICOPHATHIECKON OOIE3HBIO B ATOH paboTte
YCTaHOBIICHO, YTO TICOpHa3 HOTTEH CTaTUCTUYECKU 3HAYUMO
Jaire oTMeueH B rpyine 6osbHbIX [IcA, HocHTeel reHoTHIIa
C/CIL4 (rs 2243250), B cpaBHEHUH ¢ TPyMTIOif 00TpHEIX [ICA,
Hocutenel renorunos C/Tu T/T, p = 0.007.

B npoBeieHHOM HCCIIEIOBAHUU BBISIBIICHBI CTaTUCTHYE-
CKHM 3HAYMMBbIE PA3IN4IMs OTHOCHUTEIBHO CTETIEHH TSKECTH
KO)KHOTO TIPOIIecca M HATNYNS META00IMYECKUX HapyIICHUH
y OOJIBHBIX IICOPHA30M H IICOPUATHYECKUM APTPUTOM C pas-
JIMYHBIMH TeHOTHIIaMH TTosmmopduama IL4 (rs 2243250). Tax,
OTIpEeEIIeHO, YTO y 00IbHBIX [ICA HOCHTENBECTBO FEeHOTHITOB
C/T w T/T acconmupoBaHo ¢ J1e0I0TOM KOXKHOTO TIpoliecca B
3penom Bo3pacte, a mpu I1C — B MoIog0M, OIHAKO 3HAYCHUS
CTAaTHCTHYECKOH JIOCTOBEPHOCTH HE JIOCTUIIH (Tab. 2).

YCcTaHOBIEHO, YTO MHJCKC OXBaTa M TSXKECTH ICOpHasa
PASI ctarucTryecku 3HaYMMO BBIIIE B TPYIIE OOJBHBIX
IIcA, vocureneii renotuna C/C IL4 (rs 2243250), 1 00TBHBIX
I1C, nocureneii renorunos C/Tu T/T, B cpaBHEHUH IPYIIIOi
oonbHbIX T1C, HOCHTENEH TeHoTnna C/C.

[Tpy n3yueHNM KIMHUYECKUX IOKa3arenell y OOJbHBIX,
Hocurened reHorunoB C/T u T/T, ycranosneHo, uto UMT
CTAaTHCTHUYECKH 3HAYMMO BBIIE B rpymnne OonpHBIX IICA B
cpaBHeHHUH ¢ rpynmnoi 6omsHbIX [IC. CnenoBarensHO, HOCH-
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The frequency of distribution of the /L4 polymorphism
(rs 2243250) genotypes in psoriasis and psoriatic arthritis

Ta6nuua 1. YactoTa reHoTMNOB 1 annenei nonumopdursma IL4 (rs 2243250) 1 KNMHUYECKNE faHHble

y 60NbHbIX MCOPMA3OM 1 MCOPUATUYECKM apTPUTOM, % (Nn)

KnuHnyeckme gaHHble  pynna 60nbHbIX
MNcopuas
[eHoTun [eHoOTUMbI [eHoTun
c/C L4 C/TwT/TIL4 C/CIL4
C-590T (1), C-590T (2), C-590T (3),
(n=31) (n=18) (n=30)
Ob6ocTpeHmne 54.8(17) 50.0 (9) 23.3(7)
ncopwvasa
1-2 pa3zaBrog
HenpepbiBHO- 22.6(7) 448 (8) 70.0 (21)
peunausupytoLiee
TeyeHue Nncoprasa
KoxHbil1 3yq 62.6 (20) 66.7 (12) 86.7 (26)
(OeHomeH 41.9(13) 33.3(6) 433 (13)
KebHepa
MNcopwua3s Bonocucton  19.3 (6) 27.7 (5) 63.3(19)
4acTu rofioBbI C M10-
LaZiblo NOpaKeHUs
6onee 30 %
Mcopwas HorTen 64.5 (20) 66.7 (12) 83.3(25)
Hncnencunyeckne 19.3 (6) 33.3(6) 46.7 (14)
»asnoobl
Bbonb B 06nactn 12.9 (4) 16.7 (3) 33.3(10)

npasoro nogpebepbs

n pumeyaHune. B Ta6ﬂI/IL|,e npuBeaeHbl MNOJTIOXKNTENIbHbIE 3HAYEHNA NPU3HAKOB.

tenbeTBO TeHotunoB C/T u T/T IL4 (rs 2243250) mpu TIcA
MOXKET OBITh aCCOLMMPOBAHO C Pa3BUTHEM META0OIMUECKUX
HapyLICHUH.

Taknm 00pa3zoM, TIPH M3yHYEHHH MEXKIPYIIIOBBIX Pa3iv-
YU yCTAHOBJIEHO, 4TO HOCUTENbCTBO reHotuna C/C IL4
(rs 2243250) npu [IcA MoxeT ObITh aCCOLMUPOBAHO C JUIU-
TEJIbHBIM HETIPEPBIBHO-PEIUANBUPYIOIUM TEUEHHEM IICO-
pHasa, BBICOKMM HHAeKkcoM PASI, HannuneM KoxHOro 3ya U

OLL (95 % ) p

[eHOTMMbI
C/TnT/T IL4
C-590T (4),
(n=18)

222 (4) Ol ,=1.21(0.32-4.56), x* = 0.1 py =07
Ol ;=3.99(1.17-14.07),52=5.09 p; ;=0.011
Oll; ,=1.07 (0.22-5.37),x*=0.07  p3 ,=0.9
oll, ,=3.50(0.68-19.35),x>=1.93 p, ,=0.08

55.6 (10) Oll, ,=0.36 (0.09-1.51), x*=1.64  p, ,=0.1
Ol ;=0.13(0.03-0.45), x*=11.96  p; ;=0.001
Oll; ,=1.87 (0.47-7.51),x*=049  p; ,=0.3
oll, ,=0.64(0.14-2.90), x*=0.11  p, ,=0.5

83.3(15) ol ,=0.91(0.22-3.64), x*=0.03  p, ,=0.9
Olll, ;=0.28 (0.06-1.16), x*=2.93  p; ;=0.02
Ol ,=1.3(0.19-8.34), * = 0.01 ps4=08
Oll, ,=0.40 (0.06-2.40), x*=0.59  p, ,=0.2

72.2(13) Ol ,=1.44(0.37-5.79),x*=0.09  p, ,=0.6
OlW,; 3=0.94(030-2.95),x*=0.02  p; ;=09
Oll; ,=0.29(0.07-1,21),x*=271  p; ,=0.5
Oll, ,=5.20(1.03-28.52), x> =4.01 p, ,=0.01

50.0 (9) oul, ,=0.62(0.13-2.97),x*=0.11  p, ,=0.5
Oll, 3=0.14 (0.04-0.50), x> = 10.44  p,; ;=0.0004
Ol ,=1.73(0.45-6.70), x* =037  p; ,=04
oll, ,=0.38(0.08-1.87),x*=1.05  p, ,=0.2

100.0 (18) oll, ,=091(0.22-3.64),x*=0.03  p, ,=0.9
Ol 3=0.36 (0.09-1.40), x*=1.90  p; 3=0.09
Oll; ,=0.83(0.71-0.98), x*=1.80  p; ,=0.07
oul, ,=0.67 (0.48-0.92),x*=5.00  p, ,=0.007

38.9(7)

38.9(7) oL, ,=0. ) ’
Ol ;=0.30(0.07-1.25),x*=2.54  p, ;=0.05
Oll; ,=0.79(0.20-3.13), x*=0.01  p; ,=0.7
oul, ,=0.31(0.05-1.84),x*=1.25  p, ,=0.1

BOBJIEYEHHEM B [1ATOJIOIMUYECKUN ITPOLIECC BOJIOCUCTOM 4acTH
TOJIOBBI C TUTOMIA IBIO TTIopaxeHus 6onee 30 % B cpaBHCHHU C
ncopuazom. Y 0onbHbIX [IcA, Hocutenelt renoturios C/T u
T/T, craTHCTHYECKH 3HAYNMO Yallle OTIpeeNsIeTcst H30Mopd-
Has peaknus KeOHepa, mcopmas HOTTeH, 1e0roT 3a001eBaHuUs
B 3pPEJIOM BO3PACTE B COUCTAHUU C META0OINICCKUMHU Hapy-
IICHUSAMH B CpaBHEHHNH ¢ OoibHBIME [IC, HOCUTENISIMH TOTO
K€ TeHOTHIIA.
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YacToTa pacnpeneneHuna reHoTMnos nonnumopdusma /L4
(rs 2243250) npu ncoprase 1 ncopnaTMyeCckoM apTpuTe

Tabnuua 2. KnnHnuyeckre faHHble y 60NbHbIX COPUA3OoM 1 MCOPUATUYECKM apTPUTOM
C pa3nnyHbIMU reHoTnamu nonnumopdusma IL4 (rs 2243250), Me (25 %; 75 %)

KnunHunuyeckne paHHble

lpynna 60nbHbIX

BospacTt pnebrota 27.0 18.0
KOXHbIX BblCbiMaHui, net  (18.0; 40.0) (16.0; 25.0)
OnutenbHOCTb 6.0 7.5
KOXHOro npouecca, net (1.0; 11.0) (4.0; 15.0)
WHpekc PASI, 6ann 12.1 17.4
(8.0;16.2) (14.4;18.4)
MHpeKc maccol Tena, 24.8 23.6
Kr/cm2 (21.7;29.7) (22.2; 25.5)

MpumeuaHwne. JocToBEPHOCTb pasnuuuii (p) — Kputepuii MaHHa-YnUTHW.

O6cyxpeHue

B Hacrosiiem nccie0BaHny BIIEPBbIC OKA3aHbI Pa3inyKs B
KJIMHIYECKOM T€UEHHH TICOPHATUIECKOI 001e3HHU Y OOIBHBIX
TIC u IlcA, nocureneii renotumnos C/C ornocurensno C/T u
T/T nonumopduzma /L4 (rs 2243250). Tak, y 6onpHbix [1C,
nocureneii renoruma C/C, 3Hauenne uagexca PASI crarncru-
YEeCKH 3HAYMMO HM)KE OTHOCHTENIHO HOCHTEINEH TeHOTUIIOB
C/T wu T/T. B nuteparype UMEIOTCS TaHHBIC O MMOBBIIICHUU
koHIeHTparmu [L-4 B ceiBopoTke KpoBH O60npHBIX [1C, HOCH-
teneit renoruna C/T IL4 (rs 2243250), moaToMy NoydeHHas
acconmanus renoruna C/C u nerxoii crenenu tsoxectu I1C mo-
JKET OBITH CIIEZICTBIEM HOPMAJIBHOTO YPOBHS 3KCIIPECCHH TeHa
1L4 y HOCcHTeIel 3TOTO TCHOTHIIA, YTO, BEPOSITHO, HE CIIOCO0-
CTBYET aKTHBAIIMU Ay TONMMYHHBIX BOCIIAJTUTEIIBHBIX PEAKIIN
y atoit kKareropuun 60ompHEIX (Indhumathi et al., 2017). Jlanasre
JMTepaTypsl 00 accoranyy noaumopdusma /L4 (rs 2243250)
¢ [1C nTlcA nemuorouuncientsl u nporuopednssl (O’Rielly,
Rahman, 2010; Munir et al., 2015; Indhumathi et al., 2017).
B azmarckoii momyssuy oOTMedeHa acCOLUaIus aeIbHOTO
Bapuanrta C* L4 (rs 2243250) ¢ pazuruem [1C, B To Bpemst
KaK B WHAMHCKOW IMOIYIALUK YCTaHOBJICHA HMPOTEKTUBHAS
pouts nonmumopdusma C-5907 (rs2243250) B OTHOLIEHUH pa3-
BUTHSI ICOPUATUYECKUX BBIChINaHUK Ha koxke (Munir et al.,
2015; Indhumathi et al., 2017). CnemoBaTenbpHO, TOTyICHHBIC
HaMU pe3yJbTaThl MOTYT YKa3bIBaTh Ha TO, YTO UMEIOTCSI BO3-
MOXHBIE pasnnuus nojaumopousma /L4 (rs 2243250) npu
oTIpeneNIeHHBIX KInHnYecKuX popmax [1C.

B nureparype OTCyTCTBYIOT CBEJICHNUS O Pa3IUUMSIX B KIIH-
HUYeCKOM TedeHHHr [ICA B 3aBUCHMOCTH OT HAJIMUHSI TOTO HITH
uHoro reHotuna /L4 (rs 2243250). B mpoBeeHHOM HaMH HUC-
CJIeTOBAHHH BBISIBIICHA BO3MOYKHASI aCCOLIMAIIHSI HOCUTEIBCTBA
renotunioB C/T u T/T IL4 (rs 2243250) npu IIcA ¢ ncopua-
30M Horteil B cpaBHeHUH ¢ reHoturioM C/C. TTockombKy B
JUTEpaType OnrcaHa npsiMasi KOpPeIss MKy HaJIUIHeM
MICOPUATHYECKOM OHUXOAUCTPO(DUH U YBEIINUCHUEM CTEIICHH

28.0 30.0
(22.0;43.0) (21.0; 42.0)
12.0 16.0 py,,=0.08
(4.0; 22.0) (13.0; 20.0) p;,3=0.0169
ps3,4=0.5
p, 4=0.07
175 18.7 p;,=0.0123
(11.9;22.4) (16.7; 21.9) p; 3=0.007
ps,4=04
e P22 Z 0N
27.1 27.9 py,2=06
(24.3;30.8) (25.5;34.9) py,3=0.07
p3,4=0.7
P, 4= 0.005

TSOHKECTH KOYKHOTO TIPOIECcca, TTOTyYeHHBIC HAMH PE3YyIbTaThI
MOT'YT YKa3bIBaTh Ha TCHACHIIHIO K ACCOIMAIINN HOCHTEIILCTBA
rerotunioB C/T u T/T ¢ TsKeabIM KIMHUYSCKHM TEUCHHEM
ncopraTiueckoit Oonesnu (Zargari et al., 2018).

[Ipu m3ydeHHH MEKTPYIIIOBEIX PA3UYHUil OIpeeIIeHa
TEHJICHIIHSI K accoluanuu HocurenbeTBa reHotuna C/C [L4
(rs 2243250) ipu [IcA ¢ KTHHAYECKUM TEUCHUEM TICOPHATH-
YECKOTO MPOIIecca ¢ YaCTHIMU 000CTPEHHUSIMU U BOBJICYCHIEM
B IATOJIOTHYECKHUH MPOIIECC BOJIOCHCTOW YacTH TOJIOBHI C
Tomaapio mopaxenus 6onee 30 %. CiaeqoBaTenbHO, MOITY-
YCHHBIC HAMU B XOJIC UCCIICIOBAHUS PE3YIIETaThl MOTYT OBITH
CBsI3aHBbI ¢ TeM, 4TO [ICA, SBISSCH TSKEIOW KIMHUYCCKOH
(hopmoii mcoprataecKkoii 0oae3HH, 00yCIaBINBACT PA3BUTHE
TICOPUATUIECKOTO IPOIECCa C ONPEICTICHHBIMU (PCHOTUTIHYC-
CKUMHU 0COOCHHOCTSIMHU.

YeranosineHo, 9To HocuTeascTBo renotunos C/Tu T/T IL4
(rs 2243250) mpu [IcA MOXeT MMETh acCOLHUAINIO C HaJH-
yreM (peHomena KeOHepa u MeTabosimueckux HapyleHui B
cpasaennd ¢ [1C. [TosBnenne ncoprasndOpMHBIX BRICHITTAHIN
Ha KOXC U TIOBPEKICHUE OIIOPHO-IBUTATEIHHOTO arirapara
B OTBET Ha TPaBMYy IIPH IICOpHase O0bsCHsIETCS (HEHOMEHOM
Kebnepa (n3oMopHas peakmus), COrmacHo KOTopoMy (op-
MHUPOBAHHE MATOJIOTHYECKOTO NICOPHATHYCSCKOTO o9ara Ipo-
HCXOJUT B MECTE MOBPEKACHUS KOXKHOTO mokposa (de Vlam
etal., 2014). [ToBeImieHue 4acTOTHI BCTPEYaEMOCTH (peHOMEHa
KeGnepa y 6onbubIX [IcA, HOCHTeneii renotunoB C/Tu /7,
MOXKET YKa3bIBaTh Ha BO3BMOKHYIO aCCOIMALIUIO XPOHUYECKOTO
BOCIIAJICHHSI ¢ HOCUTENbCTBOM ayienst 7+ IL4 (rs 2243250)
mpu apTponarudeckoil Gopme 3aboneBanus. B nureparype
OlMcaHa accolMaTuBHas CBs3b amiens 7* nonumopduima
C-590T (rs2243250) rena /L4 ¢ runepnpoxykuuen 1L-4,
OJTHOTO W3 KJTFOYEBBIX MUTOKUHOB Th2-mipoduiis, urparomiero
Ba)XKHYO poJib B (hopmupoBanuu Bocnaneuus rnpu [1C u [IcA
(Cantagrel et al., 1999). CnenoBatensHo, amiens 1% IL4
(rs 2243250) acconmmpoBaH ¢ MOBBIIICHHO# npoxykiueii [L-4
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1, KaK CIIeJICTBUE, C BOBMOXKHBIM Pa3BUTHEM XPOHUYECKOTO
BOCTIAJICHHS B CyCTaBax H Koxe mpu TIcA.

B cTpykType KoMOpOuIHBIX cocTosTHUM [IcA BakHas poOIIb
OTBOAUTCA HAJIUYHUIO M36I)ITO‘IHOI>1 MacCcChI T€J1a, CBUJACTCIIb-
CTByIOIIEH 0 METabONMYECKUX HApYIICHHUX, (HOPMUPYIO-
IIMXCS TIPH TTPOTPECCUPOBAHUN TICOPUATHUCCKON OOJe3HH.
CormnacHO JaHHBIM JINTEPATyphl, HATUYHE BBICOKOTO YPOBHS
UMT y Gompubix IIC accommmpoBano ¢ pasButueMm lIcA,
MIOCKOJIBKY JKUPOBAsi TKAHb UTPACT BAXKHYIO POJIb B Pa3BUTUH
nMMyHonorundeckux Hapymenuii (Truong et al., 2015; Thrum,
2017; Feld et al., 2018). CxenoBaTenspHO, MOTYICHHBIC HAMU
pe3yabTaThl MOTYT CBHJICTEILCTBOBATH O BEPOSTHOM acco-
anuu resotunioB C/T u T/T IL4 (rs 2243250) ¢ no3aHum
nebrorom [IcA B coueTannu ¢ M30BITOYHON MAacCOM Tella, KO-
TOpAst SIBISICTCS] MAPKEPOM aTporaTHyecKoi (hopMBI IIcoprasa.

3aknioyeHune

Omnpenenensl pa3nmndust B HocuTenbeTBe renorunos C/C
otnocurenbio C/T u T/T IL4 (rs 2243250) npu nicopuase u
MICOPUATHYECKOM apTPUTE ¢ OCOOCHHOCTSIMU KIMHHYECKUX
MPOSIBIICHUI.

C y4eToM HU3KOH YHCIEHHOCTH TPYII MALUEHTOB Pe3yib-
TaThl HEOOXOIMMO PAacCMaTPHUBATh KAK IPEIBAPUTEIBHBIE U
TpeOyromye falbHeNIIei TPOBEPKH ¢ yBEIHYCHUEM 00beMa
BBIOOPOK OOJIBHBIX.

W3zydenne nonmmMop(HBIX y4aCTKOB TEHOB IIUTOKUHOB, 00-
YCIIOBJIMBAIOLINX U3MEHEHHE YPOBHSI KOHEUHOTO MPOAYKTa, B
MIEPCIIEKTHBE TO3BOJIUT YCOBEPILICHCTBOBATH NPO(UIIaKTHYe-
CKHE MEPOIPHSTHUS MO CHIKEHUIO PUCKA PA3BUTHS TSHKEIBIX
kiuanaeckux Gopm I1C u [IcA B momyssiumm.

Cnucok nutepatypbl / References

CwmonpaukoBa M.B., CmuproBa C.B. T'eHeTnueckue GpaxTops! B UMMY-

HOTaTOreHe3e Mcopruasa M MCOPUATHIECKOro aprputa. Men. uMmy-
uHomorust. 2014;16(3):211-220.
[Smolnikova M.V., Smirnova S.V. Genetic factors in the immuno-
pathogenesis of psoriasis and psoriatic arthritis. Meditsinskaya Im-
munologiya = Medical Immunology. 2014;16(3):211-220. (in Rus-
sian)]

XaiipyrnunoB B.P. Tenernueckuii macnopt OOJBHOTO IICOPHA30M.
Bectn. nepmaron. u BeHepon. 2011;4:14-19.

[Khairutdinov V.R. Genetic profile of psoriasis patients. Vestnik
Dermatologii i Venerologii = Journal of Dermatology and Venereo-
logy. 2011;4:14-19. (in Russian)]

Bidwell J.L., Wood N.A., Morse H.R., Olomolaiye O.0., Keen L.J.,
Laundy G.J. Human cytokine gene nucleotide sequence alignments:
supplement 1. Eur. J. Immunogenet. 1999;26(2-3):135-223.

Cantagrel A., Navaux F., Loubet-Lescoulié¢ P., Nourhashemi F., Ena-
ult G., Abbal M., Constantin A., Laroche M., Mazié¢res B. Inter-
leukin-1beta, interleukin-1 receptor antagonist, interleukin-4, and
interleukin-10 gene polymorphisms: relationship to occurrence and
severity of rheumatoid arthritis. Arthritis Rheum. 1999;42(6):1093-
1100. DOI 10.1002/1529-0131(199906)42:6<1093::AID-ANR5>3.0.
CO;2-P.

ORCIDID

A.A. Barilo orcid.org/0000-0001-5349-9122

M.V. Smolnikova orcid.org/0000-0001-9984-2029
S.V. Smirnova orcid.org/0000-0002-1197-1481

The frequency of distribution of the /L4 polymorphism
(rs 2243250) genotypes in psoriasis and psoriatic arthritis

Chiesa Fuxench Z.C., Shin D.B., Ogdie Beatty A., Gelfand J.M. The
risk of cancer in patients with psoriasis: a population-based co-
hort study in the health improvement network. JAMA Dermatol.
2016;152:282-290. DOI 10.1001/jamadermatol.2015.4847.

de Vlam K., Gottlieb A.B., Mease P.J. Current concepts in psoriatic ar-
thritis: pathogenesis and management. Acta Derm. Venereol. 2014;
94(6):627-634. DOI 10.2340/00015555-1833.

Feld J., Nissan S., Eder L., Rahat M.A., Elias M., Rimar D., Laor A.,
Bitterman H., Zisman D. Increased prevalence of metabolic syn-
drome and adipocytokine levels in a psoriatic arthritis cohort.
J. Clin. Rheumatol. 2018;24(6):302-307. DOI 10.1097/RHU.
0000000000000721.

Gelfand J.M., Neimann A.L., Shin D.B., Wang X., Margolis D.J.,
Troxel A.B. Risk of myocardial infarction in patients with psoriasis.
JAMA. 2006;296:1735-1741. DOI 10.1001/jama.296.14.1735.

Indhumathi S., Rajappa M., Chandrashekar L., Ananthanarayanan P.H.,
Thappa D.M., Negi V.S. T helper-2 cytokine/regulatory T-cell gene
polymorphisms and their relation with risk of psoriasis in a South
Indian Tamil cohort. Hum. Immunol. 2017;78(2):209-215. DOI
10.1016/j.humimm.2016.12.006.

Kim Y.K., Pyo C.W., Choi H.B., Kim S.Y., Kim T.Y., Kim T.G. As-
sociations of IL-2 and IL-4 gene polymorphisms with psoriasis in
the Korean population. J. Dermatol. Sci. 2007;48(2):133-139. DOI
10.1016/j.jdermsci.2007.06.014.

Konenkov V.., Prokofiev V.F., Shevchenko A.V., Golovanova O.V.,
Smolnikova M.V. Polymorphism of immune response genes as a
factor of predisposition to disease development. Russ. J. Immunol.
2001;6(2):123-130.

Kurd S.K., Troxel A.B., Crits-Christoph P., Gelfand J.M. The risk of
depression, anxiety, and suicidality in patients with psoriasis: a pop-
ulation-based cohort study. Arch. Dermatol. 2010;146(8):891-895.
DOI 10.1001/archdermatol.2010.186.

Munir S., ber Rahman S., Rehman S., Saba N., Ahmad W., Nilsson S.,
Mazhar K., Naluai A.T. Association analysis of GWAS and candi-
date gene loci in a Pakistani population with psoriasis. Mol. Immu-
nol. 2015;64(1):190-194. DOI 10.1016/j.molimm.2014.11.015.

Naldi L. Epidemiology of psoriasis. Curr. Drug Targets Inflamm. Al-
lergy. 2004;3:121-128.

O’Rielly D.D., Rahman P. Where do we stand with the genetics of
psoriatic arthritis? Curr. Rheumatol. Rep. 2010;12(4):300-308. DOI
10.1007/s11926-010-0111-4.

Szepietowski J.C., Reich A. Pruritus in psoriasis: An update. Eur. J.
Pain. 2016;20(1):41-46. DOI 10.1002/ejp.768.

Thrum S. Obesity and autoimmunity: Adipose tissue as an immune
organ? Z. Rheumatol. 2017;76(4):348-350. DOI 10.1007/s00393-
017-0298-0.

Truong B., Rich-Garg N., Ehst B.D., Deodhar A.A., Ku J.H., Vakil-
Gilani K., Danve A., Blauvelt A. Demographics, clinical disease
characteristics, and quality of life in a large cohort of psoriasis pa-
tients with and without psoriatic arthritis. Clin. Cosmet. Investig.
Dermatol. 2015;8:563-569. DOI 10.2147/CCID.S90270.

Wan J., Wang S., Haynes K., Denburg M.R., Shin D.B., Gelfand J.M.
Risk of moderate to advanced kidney disease in patients with pso-
riasis: population based cohort study. BMJ. 2013;347:£5961. DOI
10.1136/bm;j.t5961.

Zargari O., Leyli EK., Azimi S.Z. Nail involvement in patients with
psoriatic arthritis in Northern Iran. Autoimmune Dis. 2018;4608490.
DOI 10.1155/2018/4608490.

BnarogapHocTu. ABTOpPbI 651aroaapAT 3a TeXHUYECKYI0 NOAAEPXKKY HacToALLel paboTbl pyKoBOAMTENA TabopaToprn KNETOUHO-MOSEKYIAPHON ¢pr3no-
nornn 1 natonorun HayyHo-nccnenoBaTeNibCkoro MHCTUTYTa MeanUUHCKUX Npobnem CeBepa — o6ocobneHHoro nogpasgenernus OUL KHL CO PAH

O.M.H., npodeccopa A.A. CaBYeHKo.

KoH$nuKT nHTepecoB. ABTOPbI 3asBAAIOT 06 OTCYTCTBUM KOHOIMKTA MHTEPECOoB.
Moctynuna B pepakumio 21.09.2018. Mocne gopabotkm 29.11.2018. MpuHATa K nybnnkauyum 11.12.2018.

80 BaBunoBckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 201923« 1



O MEOVWUNHCKAA FTEEHETUKA BaBunoBcKuii X)XypHan reHeTrkm u cenexkumu. 2019;23(1):81-85
~ OpwuruHanbHoe nccneposanue / Original article DOI 10.18699/VJ19.465

YK 616-006.484 +576.343:546.712-31

BausiHye 06JIyUeHMsI I HAHOYACTULL, OKCHIa MapraHiia
Ha IVIMKOJIN3 KJIETOK IVIMOMBbI yejsioBeKka U-87 MG

H.B. I/IAAapMOHOBal@, A.B. HeTPOBCKMIZI, Mn.A. PasyMOBl' 2 E.A. 3aBbsiaoBl 2

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umutonorum n reHetrkn Cbrpckoro otaeneHns POCCMINCKO akafeMmnm Hayk,
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[Mnombl — 370 Hanbosnee pacnpPOCTPaAHEHHDbIV TUM 310KaYeCTBEHHON ONyX0NW rofoBHOro mo3ra. CtaHpapTHoe
neyeHe VoM 3aK/YaeTca B XMPYPrmMyeckoM ncceyeHnm onyxonn C nocsieaytowen XMMmno- n pagmotepanm-
eii. OnyxoseBble KNeTKM XapakTepusyoTcs ObICTPbIM feneHneM C noTpebnieHrnemM 60MbLIOro KONMYecTBa rito-
KO3bl 1 ee pacliensieHnemM B npouecce rvkonusa. na nopaepxaHusa 6bICTPOro AenileHnsa ypoBeHb MNKONu-
TUYECKON aKTUBHOCTU OMYXONEeBON KNETKM 3HAUNTENTbHO YBeSIMYEH MO CPaBHEHMIO C HOPMaJTbHbIMUY KNeTKamu.
M3BecTHO, UTO HeKoTOpble HaHouYacTMLbl (HY) 0bnapatoT CBOMCTBOM HaKamMBaTbCA B ONyxonax. B yactHocTy,
HY okcupa mapraHua MOryT NPOHUKaTb B MO3F M MPY 3HAYUTENIbHOM HaKOMMEHNW Bbi3biBaTb TOKCUYECKME
3¢ PekTbl. ITV GaKTbl MOCAYKNAN NPeANOCbINKON ANnA n3yyeHnsa spdektoB HY okcupa mapraHua Ha Xn3He-
CMOCOBHOCTb KNeToK rvombl. Llenbio Haweln paboTbl 6bio uccnepoBaHve a¢pdektos HY okcnpa mapraHua,
a TaKXe VX CoYeTaHns C raMMa-061yyeHeM Ha FNKONN3 KNEeTOK rnombl. ObnyyeHre KNeTok Nponu3Boanam Ha
nccnefoBaTebCKol raMmMa-ycTaHoBKe paguobuonoruyeckoit «MMYP-1» Ha ocHoBe 137Cs. YpoBeHb akTVBHOCTH
KNEeTOUYHOrO FMNKOJM3a ONpeaensany C MOMOLLbIO CTaHAAPTHOIO MeToAa MUKOAUTAYECKOro CTpecca Ha npu-
60pe Seahorse XFp. *Kn3HecnocobHOCTb KNETOK onpeaensanmn ¢ MoMOLLbio oKpalunBaHus peareHTom ViaCount
KMBbIX 1 MePTBbIX KNeTOK. [lofgcyeT KNeToK NpoBOAMIICA C MOMOLLbIO MPOTOYHON LuToMeTpun. Mbl nokasanu,
YTO FMKONN3 KNeTok rmmombl U-87 MG 3HauuTeNbHO CHUXanca npu uHKybaumm B TedeHmne 48 u ¢ HY okcrpa
MapraHua. ObnyyeHve B komnnekce ¢ HY nnm otaenbHO He OKasbiBano 3HaUUTeNIbHbIX 3PGEKTOB Ha MMUKONN3
rnvmom. Hamu yctaHOBREHO, UTo Yepes 72 4 nocne Havana nHkybaumm ¢ HY okcupa mapraHua xmnsHecnocob-
HOCTb IIMOM JOCTOBEPHO CHMXanacb. [laHHOe nccnefoBaHne MoXeT 6bITb MOSIe3HbIM AS1A Pa3paboTKM HOBOW
Tepanuun 1 ANarHoCTUKM rIMOM.

KnioueBble Ci0Ba: MMOMa; HAHOYACTULIbI; OKCU MapraHLua; FNKOmn3.

[na yutuposaHua: MnnapuoHosa H.b., Metposckuin [1.B., Pasymos U.A., 3aBbanos E.J1. BiuaHune o6nyyeHuns
1 HAHOYACTML, OKCMAA MapraHLua Ha FMKONN3 KNeToK rmomMbl Yenioseka U-87 MG. BaBMmOBCKUIA XKy pHan reHe-
TUKKN 1 cenekymn. 2019;23(1):81-85. DOI 10.18699/VJ19.465

Effects of radiation and manganese oxide nanoparticles
on human glioblastoma cell line U-87 MG glycolysis

N.B. Illarionoval &, D.V. Petrovskil, .A. Razumov! 2, E.L. Zavyalovl’ 2
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Gliomas are the most common type of malignant brain tumors. Standard treatment of gliomas consists of
surgical excision of the tumor with subsequent chemotherapy and radiotherapy. Tumor cells are characterized
by rapid division with an increased uptake of glucose and its catabolism during glycolysis. To maintain rapid
division, the level of glycolysis of the tumor cell is significantly increased, compared with normal cells. It is known
that some nanoparticles (NP) have the property of accumulating in tumors. In particular, NPs of manganese
oxide can penetrate into the brain and, with considerable accumulation, cause toxic effects. These facts served
as a prerequisite for studying the effects of manganese oxide NPs on the viability of glioma cells. The purpose of
this work was to study the effects of manganese oxide NPs, as well as their combination with gamma irradiation
on the glycolysis of glioma cells. The cells were irradiated using the research radiobiological gamma-installation
IGUR-1 based on 137Cs. The level of cell glycolysis was determined using the standard glycolytic stress test on
a Seahorse XFp platform. Cell viability was determined using the ViaCount reagent staining of living and dead
cells. Their count was performed using flow cytometry. We showed that the glycolysis of U-87 MG glioma cells
was significantly reduced when incubated for 48 hours with manganese oxide NPs. Irradiation in combination
with NPs or alone did not have significant effects on glycolysis of gliomas. Glioma incubation with manganese
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Effects of radiation and manganese oxide nanoparticles
on human glioblastoma cell line U-87 MG glycolysis

oxide NPs for 72 hours led to a significant reduction in cell viability. This study may be useful for the development

of new therapies and diagnosis of gliomas.
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BBepeHmne
I'muomer — Hambosnee pacpoCcTpaHEHHBIH 3II0Ka9eCTBEHHBIN
THIT OITyXOJIEH TOJIOBHOTO MO3ra. MeTabon3M KIICTOK OITy-
XOIM ¥ B YACTHOCTH IVIMOMBI OTJIMYAETCS OT MeTabonnu3Ma
HopMmanbsHOU KieTku (Pavlova, Thompson, 2016). Eme B
HavaJe npornioro Beka Otro I, BapOypr nokasai, 4yTo pako-
BbI€ KJIETKH B ropasio OOJIbIIei CTerneHH, 4eM HOPMaJIbHbIe
KJIICTKH, TIPOU3BOMAT SHEPTHIO 3a cyeT rmkonm3a (Warburg
et al., 1927). [lnsg nopnepkaHuss akTHBHOTO JEJICHUS OIy-
XOJICBbIC KJIETKH YBEJIMUUBAIOT 3aXBaT TIIIOKO3bI U Iy TaMH-
Ha ¥ TOBBIIIAIOT YPOBEHb INIMKOJIUTHYECKONW aKTHBHOCTH,
JlaKe B ITPUCYTCTBUH KUCIIOpoJia. B cooTBeTCTBIY C ypOBHEM
OIACHOCTH YISl TPOJIOJDKUTENILHOCTH JKU3HH TTAI[EHTa Bbl-
JIEIISIIOT YETBIPE CTETICHH 3JI0KauecTBeHHOCTH oM (Louis
et al., 2016). HenuddepenunpoBanHble TIIHOMBI OTHOCAT K
TPETheMy M YETBEPTOMY KJIACCY 3JI0KaUeCTBEHHOCTH, CPETHSA
MPOJOJKUTENBHOCTD KU3HN MAMEHTA MOCIE JUarHOCTUKI
TAKOTO pPoJia OMYyXOJH cocTaBisieT 15 mecsues (Stupp et al.,
2009). Jluausa kneTok mmobiactomsl yenoseka U-87 MG,
KOTOpasi OTHOCUTCS K YETBEPTOMY KJIACCY CTEIICHHM 3JI0Kayde-
CTBEHHOCTH, IINPOKO HCIIOIB3yETCsI KaK MOJIEIb PaKa roJI0B-
Horo mosra (Lenting et al., 2017). Ee meTabonu3m xoporio
0XapaKTEepU30BaH, B TOM YHCIIC B CPABHEHUHU C META00IM3MOM
aCTPOLIMTOB YesloBeKa. B yacTHOCTH, ycTaHOBIIEHO, UTO Y Kile-
ToK HUK U-87 MG ypOBEHb INTUKOJIUTHIECKON aKTUBHOCTH
B TPH pa3a BbIIIE, YeM Y HOPMAJIbHBIX aCTPOIIMTOB YEJIOBEKa
(Poteetetal., 2013), a ypoBeHb aKTHBHOCTH OKHCIIUTEIHHOTO
(hochopupoBanus B iBa pa3a Bbiiie. Bee 310 ykaspiBaeT Ha
OoIbIIIIE YHEPIO3aTPAThI, KOTOPBIE HYXKHBI IJIsI TOACPKAHUS
AKTUBHOTO JICJICHUS OIyXO0JeBbIX KieTok juHun U-87 MG.

OCHOBHBIMH HAIPABJICHUSIMU B TEPAIMU [JIHOM B HACTOSI-
I1ee BpeMsl SABIISIOTCSI XUPYPTUUECKOe NCCEUEHHE OITyXOJIH,
XUMHUOTEpanust ¥ paauorepanus. OJHAKO 3710Ka4eCTBECHHBIE
IIIMOMBI XapaKTEePHU3YIOTCSI BEICOKOH mponudepareil 1 uH-
Ba3UBHOCTHIO. HacTo mocie npoBeleHHON Tepanuy HOBBIN
o4ar OIyXoJIM BO3HHKAeT B CTOPOHE OT MPOONEPHUPOBaH-
Hoit obiactu (Claes et al., 2007). Kpome Toro, HeKoTopble
THIIBI IJITHOM CTAHOBSITCS HE PECIIOHCHBHBI K XUMHUOTEPAIuu
(Sarkaria et al., 2008). B aToii cBsi3u TpeOyrOTCSl HOBBIE TIOJI-
XOZIbI B TEPAITHH TITHOM.

OmHNM W3 aKTHBHO Pa3BHUBAEMBIX ITOAXOJOB B O0pnbe
C ONYXOJISIMH SIBIIsieTCsl MpuMeHeHue HaHowactun (HY),
KOTOpbIE IMEIOT CBOWCTBO HaKaIIMBaThCs B omyxoisix (Her-
nandez-Pedro et al., 2013; Tzeng, Green, 2013). [IpoBomstes
WCCIICIOBAHUS TI0 CO3/[aHMIO MPOTHBOOIYXOJIEBBIX Ipera-
paroB ¢ ucnons3oBaHneM HY MeTamoB WM MX coeIuHe-
HUH C APYTUMH BEIIECTBAMH HITH MOJIEKYJIaMH, 0013120~
MH IIPOTHBOOITYX0JIEBOH akTHBHOCTHIO (Steichen et al., 2013;
Vinardell, Mitjans, 2015; Tran et al., 2017). Pe3ynsrars! usy-
4YeHHUs OMOJOTHYECKON aKTUBHOCTH 1mono0HBIX HY roBopsT
0 MEPCHEKTUBHOCTH MX NMPUMEHEHUs B Pa3BUTHU METOJIOB
JIMarHOCTUKHU M Tepanuu riroM. HaHouacTuIbl 3axBaThiBa-

FOTCS KJIIETKAMHU ITyTEeM DHIONUTO3a U MOTYT HAKaTUTUBAThCS
BO BHYTpHUKIJIETOUHbIX Be3ukynax (Oh, Park, 2014). ITpoge-
JIEHHBIN paHee aHanu3 pacnpenesnenus MPT-konTpacra npu
BHYTpHUBEHHOM BBeacHHH HU okcmpa mapraHia mokasai,
yro HY HakarmiuBaiuch MIaBHBIM 00pa3oM B KJICTKaX IJIH-
obmactomsl genmoseka U-87 MG mocie uX opTOTONHYECKOH
KCECHOTPAHCIUIAHTAHTAIIMH B TOJIOBHOW MO3T HMMYHOIC(H-
LIUTHBIM MbI1IaM (3aBbsuIoB 1 JIp., 2015). B npyrom uccneno-
BaHNM OBLTO TTOKa3aHo, uTo HY okcuna mapranma obmaganu
IIMTOTOKCUYHOCTBIO B OTHOIIEeHUHN KieTok U-87 MG B skc-
nepuMeHTax in vitro (Razumov et al., 2017). Kpome storo,
HY okcua Mmaprasna ycuiMBaid LUTOTOKCUUECKHUE CBOMCTBA
ramma-oomyuenns (Kuper et al., 2016).

B nanHoil pabore MBI MccienoBaiu in vitro 3GpQpexTs
opuruHanbHeix HY okcuna mapranna (Mn,O,) Ha xusHe-
CII0CcoOHOCTH KIeTOK rmnoMbl U-87 MG, a TakiKe HHTCHCUB-
HOCTb IIPOIIECCOB IIIMKOJIU3a B ATUX KJIETKAX B CPABHEHHU C
TIIMKOJIN30M B HOPMAJIbHBIX aCTPOLIUTAaX MBIIIEH, KaK IMOCe
BO3/IeHCTBHS HccienyemMbix HY minm ramMmma-o0mydeHns, Tak
W [IPU UX COBMECTHOM BO3/I€HCTBHUH.

Matepwuanbl n metogbl

IHosryuenne ko/tongnoro pacrsopa HY oxcuna mapran-
ua Mn;0,. HanoyacTuipl OKCHIa Mapraiia Iojay4eHsl B
nadoparopun. Cmech 10 M1 0.5 M pactsopa MnCl, u 15 mMn
20 % pactBopa [lonucopbara-20, a Takxke cMech 5 M 2 M
pactBopa KOH n 20 M1t 20 % pactBopa ITomcopbara-20 06-
pabarbiBasi ynsrpasBykom 10 Mus. O6a pacTBOpa CMEIIMBAIIN
n uentpudyruposamm npu 18000 g B redenne 30 mun. Ocamgok
TPY>K/IbI OTMBIBAJIM TUCTUIUIMPOBAHHOM Boz1oi. [losryueHHbIe
HY xpannnm 10 Hauana SKCIIEpUMEHTa TPH TeMIeparype
+4...+6 °C u nepej MpUMEHEHHEM 00pabaThIBall YiIbTpa-
3BykoM ("gacrora 20 kI, momuocTs 300 BT/m; Tpuamare
ukioB ON (30 ¢)/OFF (30 ¢)). Tunponmaammaeckuii paanyc
MOJYYEHHBIX YaCTHI, U3MEPEHHBIH C TOMOIIbI0 ZetaSizer
Nano (Marvel), BeisiBiT B uka — 59 u 249 HM.

Kaerounasi munaust riimomsl desoBeka U-87 MG Oputa
KynasTuBUpoBaHa B cpenre DMEM 31885 ¢ L-mroramuHoM
1 mxM, FBS 10 %, NeHUIIMUINHOM W CTPENTOMHIITHOM
50 mxr/mi (Bce pearentsl GIBCO Laboratories). Dxcrniepu-
MEHTHI poBomIN Mexay 4—10 maccakaMu KJIETOK MOCie
pasmopaxkuBanus. Kietkn nepeceBamucs mo 2500 kimeTok/
JYHKY B 8-TyHOUHBIH MuHH-IIanmer st Seahorse XFp
(Agilent) 3a nens no Hadana unkydarmu ¢ HU oxcnaa map-
raHia. HanouacTuiis! okcuia Mapraiua 00aBIIsiiin K pOCTo-
BO# cpefie B puHaNbHON KoHIeHTparuu 0.07 Mr/MI1 1 HHKY-
OupoBasy ¢ KJIeTKaMu 48 4 J1si U3MEPEHUsI TIIMKOIM3a 1 72 9
JUISl OLIEHKH JKU3HECTIOCOOHOCTH KIIETOK.

IlepBuYHbBIe acCTPOLMTHI IMMNOKaMNa MbIH. [icco-
[UMPOBAHHAs KYJIBTypa T'HIIIIOKAMIIa MBIIIH MOJy4eHa M3
sMOpuoHoB Mbimiei muHuN C57BL6j B Bo3zpacte 17 nmueit
SMOpPHOHAIIBHOTO Pa3BUTH. BhIeIeHHbIE THITTIOKaMITBI 3MO-
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proHOB nHKyOupoBaiu ¢ TpuricuaoM 0.25 % (GIBCO Labo-
ratories) B HBSS Oydepe (14175-053 GIBCO Laboratories) ¢
HEPES 20 MM (Sigma), 37 °C, 10 MuH. 3aTeM TUIITOKaMIIBI
obutn ombIThl B HBSS 0ydepe ¢ HEPES. INinnokammnsl u3-
MEJIBYaITH 10 OTJEIBHBIX KJIETOK C TIOMOIIBIO ITUIIETHPOBAHUS
B POCTOBOM cpejie. ACTpOoIThI OblH rocestHbI 1o 5000 Kire-
TOK/JIyHKY B 8-JTyHOUHBIN MUHH-TUTaHIIET it Seahorse XFp
(Agilent) B cpene DMEM 31885 ¢ L-mmoramuaoM 1 MKM,
FBS 10 %, NeHUIMIITMHOM U CTPENTOMUIIMHOM 50 MKI/MII
(Bce pearentsl GIBCO Laboratories). Kitetku BeipaiyBaiy B
TeueHue § nHel. HaHouacTuIlbl OKcHa Mapranna 100aBisiiu
K pOCTOBO¥ cpefe B pruHanbHOM koHIeHTparun 0.07 Mr/min u
MHKYOMPOBaJIM C KJeTKaMu 48 9 JIsi u3MEPeHHUs TIIMKOJIH3a.

O0sydyeHne KJIeTOK INIMOMbI Ye/10BeKa IPOU3BOANIN Ha
MCCIIEI0BATENBECKOM raMMa-yCTaHOBKE PaJHOOHOIOTMIECKOI
«UI'YP-1» na ocrnose 137Cs. IIpogomKuTeN,HOCTh OXHOTO
ceanca obOmyuenus 1 4. Jloza oOmydeHns, TOTydeHHAs KIeT-
KaMHU 3a 9TOT nepuof, coctasuiua 40 I'p.

J1s MccieioBaHus KJI€TOYHOI0 INTMKOJIN3a UCIIONIB30-
BaJIM CTAHAAPTHBINA MPOTOKOJ ITTMKOJIUTHYECKOTO CTpecca
(Agilent). MI3mepenne npoBoxmim Ha 00OpyIOBaHHH Sea-
horse XFp (Agilent). [Ipubop u3mepsier ckOpocTh MPOTO-
aupoBanus cpeasl (ECAR), koTopoe CBsI3aHO C SKCIIOPTOM
JIaKTaTa, MPOM3BOIHBIM INIMKONIN3a, BHE KieTKu. [lepen n3-
MEpEeHHUSIMH KJIETKH TPOMHKYOMPOBAIIH B cpejie 0e3 IITIOKO3bI
(1 9). ITocne navana uzmeperns 1o6aswmau 10 MM TITIOKO3BI
JUISl MTHOYKIUHA aKTHBHOTO IIMKOJIHM3a. MaKCHUMalIbHBIN ypo-
BEHb IIMKOJIMTHYECKOW aKTHBHOCTH JIOCTHTAJICS OJIOKMPOB-
KOW OKHCIHUTENBHOTO (pochopuarpoBanus | MKM oauromu-
UHOM — HHTHONTOpOM AT®-CHHTA3HI.

TecT Ha KU3HECTIOCOOHOCTH KJIETOK ITPOBOIMIIN METOIOM
Guava ViaCount, pa3nu9aroniuM KUBbIE U MEPTBBIC KIICTKH
(Merck). IToncyer KI€TOK BBIMOIHSIN ¢ TOMOIIBIO TIPOTOY-
Ho#t nuTomerpuu (Guava® easyCyte HT Sampling Flow
Cytometer, Merck).

Craructuueckuii anaaus. [lomyueHnsie pe3yasrarsl 00-
pabarbIBaJIU C TOMOIIBIO IBYX(aKTOPHOTO JUCIIEPCHOHHOTO
anaimm3a ANOVA. Bce manHBIe MpencTaBiIeHB! Kak Cpej-
Hee+ CTaH/apTHas OMINOKa CPEeTHETO.

Pesynbrathl n 06CyKaeHMe
BaxxHbIM nOKa3areneM *XM3HECIOCOOHOCTH KIICTOK SIBIISICTCS
nx Metadbosu3m. [Tockonbky MeTaboIM3M OITyXO0JICBOM KICTKU
BO MHOTOM CBSI3aH C IVIMKOJHM30M, MBI M3MEpPSUIH YPOBEHb
IIMKOJIMTHYECKOH aKTUBHOCTH B KJIETKAX IITHOMBI C TIOMOIIIBIO
MeTo/1a NIMKOJIMTHYECKOTo cTpecca Ha nprbope Seahorse XFp
(Agilent). Mi3mMepenus TuKonm3a Ipou3BOAWIH depe3 48 4
rocjie Havajia MHKyOaluu KJIETOK B pocToBoi cperne ¢ HU
Mmaprasua u uepes 24 4 nocie ooiyuenus. [Ipu nodasnenuu
10 MM miIt0KO3B!I YPOBEHDb NINKOIMTUYECKON aKTHBHOCTH
kierok U-87 MG, nnky6upoBanubix ¢ HU okecnia mapranua,
OBUT TOCTOBEPHO HIKE 110 CpaBHEHUIO ¢ KoHTposeM (ANOVA
F(1,36)=15.37; p<0.001) (puc. 1). IIpn nocnexyromreii Omo-
KHPOBKE HENN OKUCIUTENbHOTO (hocdopunmupoBanus ¢ mo-
MOLIbIO OJIMTOMUIIMHA YPOBCHb IMKOJIUTHYECKON aKTUBHO-
CTH KOHTPOJILHOM TPYTIITEI BO3POC U OBUT TOCTOBEPHO BBIIIE,
YeM YPOBEHb DIIMKOJIUTHYECKON aKTUBHOCTH TPYIIITBI, HHKY-
ouposannoii ¢ HU (ANOVA F(1, 36) = 15.04; p <0.001).
WHTepecHO, 4TO BIMSHHME PAAMAlMU HA KICTKU TIIHOMBI
U-87 MG npakTH4eCcKd HE OTPa3MUIOCh Ha YPOBHE HUX INIH-

Bnunaxue obnyyeHna 1 HaHOYACTUL, OKCMAA MapraHua 2019
Ha rMMKONN3 KNeToK rmombl Yenoseka U-87 MG 23.1
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Puc. 1. Bnuanue HY okcmpaa mapraHua n 06iyyYeHmns Ha rnKon3 KNeTok
rnvombl U-87 MG uenoBeka.

KneTku rnvombl YenoBeka 6binn MHKy6upoBaHbl ¢ HY okcrpa mapraHua B
TeueHvie 48 u. O6nyyeHune (40 p) NPOBOANNOCH 3a 24 Y A0 U3MEPEHUA M-
Konu3a. B cooTBeTCTBUM C MPOTOKONOM FMUKOAUTUYECKOTO CTpecc-TecTa,
KNeTKn NHKybrposanu B cpefie 6e3 rnokosbl (0 MM Glu), 3atem gobasnanu
10 MM roKo3bl ANA UHALMALUM aKTUBHOTO MIMKONN3a, 6NI0KMPOBann OK1C-
nutenbHoe dochopunuposaHue ¢ nomoubto T MkM onurommumna (Olig) ana
[OMONHNTENIBHOTO YBENMYEHUA TNKONM3a 1 GOKMPOBaNN MNKOAN3 C No-
MOLLbIo 2-Ae30Kcnrioko3bl (2-DG). KoHTposbHble n3mMepeHns 0603HaueHbl
YepHbIMU KBagpaTaMu, u3mepeHns nocne obnyyeHns — 6enbiMmn KBagpatamu.
M3mepeHusa nocne nHkybaumm ¢ HY 48 u 0603HaueHbl YepHbIMK TPEYTosbHU-
Kamu, n3mepeHus nocne nHkybaumm ¢ HY 48 y n obnyueHusa — 6enbiMmn Tpe-
YroNbHVIKamu.

KOJIMTHYECKON aKTMBHOCTH 3a rnepuoxa HaOmtoneHus. [o
3TOMY ITIOKa3aTeNi0 KOHTPOJIbHAS T'PYMIa JOCTOBEPHO HE
OTIMYaIach OT TPYHIIBI KJIETOK ¢ obmydenueM. M3BecTHo,
4YTO JNUHUA oMbl uenoBeka U-87 MG xapakrepusyercs
3HAYUTENEHON YCTOHUMBOCTEIO K obmydenuto (Naidu et al.,
2010). bazaipHbBIH YpOBEHb INIMKOINTHYECKONH aKTHBHOCTH,
TIPU OTCYTCTBUU IIFOKO3BI B CPETIE, HE PA3INYacs JOCTOBEPHO
MEK1y IpYIITaMH.

OTMeuanoch U3MEHEHUE JKU3HECITIOCOOHOCTH KJIETOK Ha
(hoHe u3MeHeHus1 ypoBHs Tiukonu3a B kierkax U-87 MG B
otBeT Ha nobasrenne HY u ob6myuerne. MBI HCTIONB30BAIN
JudepeHIPOBaHHBII MeTo OKpacku KieTok ViaCount
(Merck) Ha >xuBBIE 1 MEPTBBIE KIIETKH B KylbType. TecT Ha
JKU3HECTIOCOOHOCTH KJIETOK MPOBOIWIICS depe3 72 9 mocie
Havaja nHKyOarmn ¢ HY n yepes 48 u mocne oOmydeHus.
PesynbraThl OLIEHKH JKH3HECIIOCOOHOCTH KIIETOK TJIMOMBI
U-87 MG moxkasainu, 9To 4epe3 72 9 mocie Hadana HHKyOa-
uuu kieTok ¢ HY nomst aUBBIX KIIETOK coKpauiaiack Ha 16 %
(ANOVAF(1, 8) =6.28, p <0.05) (puc. 2). O0ny4eHue CHU-
3WJI0 TAKIKE BEDKMBAEMOCTD KIIETOK, HO 3TH M3MEHEHHS ObLIN
HEI0CTOBEpHBIMU. [IprMedarenbHO, YTO B3aUMOICHCTBHS
(akTopoB 00ayueHus u nHkydanun ¢ HU He oOHapysxeHo.
IoydeHHbIe pe3yNbTaThl COMIACYIOTCS C TIPEICTABICHUAMHI
0 paaArope3uCcTeHTHOCTH KieToK TuHuu U-87 MG ueTBepToro
kiacca 3nokadecteHHocTr (Naidu et al., 2010).

HanouacTuis! B cuily cBOEi BBICOKOW IPOHUIIAEMOCTH B
TKaHW M HAKOIUICHUS B TIIMOMaX IIMPOKO MCCIIETYIOTCS KaKk
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Puic. 2. [locToBepHOE CHUXXEHME »KIN3HECTIOCOOHOCTI KNETOK IMMOMbl Ye-
noBeKa nNpu nHKy6auuy ¢ HY okcmpa mapradua (72 u).

C

KuBble 1 MepTBble KNeTkn B rpynnax koHTposnb (C), obnyyenue (R), HY (NP),
obnyyeHmne n HY (NP + R) nogcumntaHbl ¢ nomolbio peareHta Guava ViaCount
[NA NPOTOYHON LumToMeTpUK. Mo ocr opaNHAT OTMEYEHO NPOLIEHTHOE COAep-
MKaHue XVBbIX KNETOK B CPaBHEHNM C KOHTPOMNEM.
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Puc. 3. BnusHre HY okcupa mMapraHua u obnyyeHust Ha FMKONN3 Kie-
TOK acTPOLMTOB MbILLK, MHKYOUPOBaHHbIX ¢ HY okcupa mapraHua B Te-
yeHue 48 u.

Ycn. 0603H. cm. Ha puc. 1.

MOTCHIMAIbHBIE HHCTPYMEHTHI /ISt Tepanuu riroM (Caruso
etal., 2011). [TonaieHue rIUKOJIK3a [JIMOM SIBJISICTCS OHOU
U3 CTpaTeruil yCUIEHUS! MUTOTOKCHYECKHX 3 QeKkToB. Mbl
Ha0JI0/1aeM 3HAYNUTEIBHOE CHUIKCHHE YPOBHS TIMKOJIM3a
yepes 48 4 unkyoaunu ¢ HY okcuna mapranua. [lanee, uepes
72 4 mocne Havajxa WHKyOaIuy, KOJIMYECTBO KUBBIX KIETOK
cHmxkaetcs Ha 16 %. M3BecTHO, 4TO M3OBITOK MapraHia
MUMEET IIUTOTOKCHYHBIA 3PQEKT, IPEII0I0KUTEIBHO U3-3a
BO3JEHCTBHS HA MUTOXOHAPHAIbHOE AbIXaHue. B qacTHOCTH,
paHee ObUIO MOKa3aHO CHIDKEHHE [IUTO30I6HOTO ypoBHSI ATD
B KJIETKaX AHJ0TeNus nocie 24 4 mukydanuu ¢ HY oxcn-
nma mapranmna (MnO) (Landgraf et al., 2015). Bmecre ¢ Tem,
nocine wHKyOanuu B TeueHne 48 1 ¢ HY okcuma mapranma
(Mn;0,) NpOUCXOAUT 3HAYUTEIBHOE CHUIKEHUE YPOBHS
TIIKoNU3a. TakuM 00pa3oM, MOJKHO 3aKITIOYNTh, 9T0 HY OK-
CHJla MapraHiia yrHeTaloT BCE CHCTEMbI QHEProodecedeHus
KJIETKHU [IMOMBI, JIeJiast €€ YSI3BUMOM JJIsi HeOJIaronpusiTHOro
BHEIIIHETO BO3JIEHCTBHSI.

Juis cpaBHenus BnusHus HY okcuna mapranna Ha HoOp-
MaJIbHbIE KJIETKH MO3Ta MbI HCIIOJIb30BAJIM B KAUECTBE MOAIEIN
MEPBUYHBIE ACTPOLUTHI MBIIIN. YPOBEHb TIIHKOIUTHYECKOH
AKTHBHOCTH KOHTPOJIEHBIX aCTPOLMTOB MBIIIN HE OTIHYAI-
Csl 3HAUUTEJIBHO OT YPOBHS INIMKOJUTHYECKOW aKTUBHOCTHU
acTPOLMTOB W3 TPyMI, NPONMHKYyOupoBaHHeIX ¢ HY n/mmm
00y4eHHBIX (puc. 3), 1 ObUI MEHBIIIE, YeM Y KIIETOK TITHOMBI

Effects of radiation and manganese oxide nanoparticles
on human glioblastoma cell line U-87 MG glycolysis

genoBeka U-87 MG (cM. puc. | u 3). IlonydeHHsle JaHHBIE
COIVIACYIOTCS C TIPHHATBHIMH MPEICTABICHUSIMHI O MOBBIIICH-
HOM YPOBHE INIMKOJIN3a B KJIETKaX OIyXOJH.

Takum oOpazom, Bozneiictrue HY okcua mapranua npu-
BOJWJIO K 3HAYUTEILHOMY CHMKCHMIO YPOBHS IIIMKOJIN3a
kietok mroMbl U-87 MG Ha QoHe CHIKeHHSI UX KH3He-
CIIOCOOHOCTH, TOT/a KaK HAaKOIMTENIbHAsS /1032 OOyUYeHHs B
40 I'p He oka3bIBaia JOCTOBEPHOTO BIHMSHUS HA TIIUKOIU3 U
JKH3HECTOCOOHOCTh KiIeTok oMbl U-87 MG. Kymynsatus-
Horo 3(ddekra ot Bo3aekcTBus obiayueHus u HY taroke He
HaOmonanock. [TomydeHHbIE pe3yabTaThl MOTYT IPE/CTABIIATH
MHTEPEC B CBETE Pa3padOTKH HOBBIX CXEM TEpaIuH IJIHOM,
I7i€ B Ka4eCTBE aJIUTUBHOIO YTHETAIOIIEr0 KOMIIOHEHTA [TPU
KOMITJIEKCHON XMMHOTEPAINH Ha OITyXOJIEBBIE KJIETKH MOTYT
ObITH Mcrionp3oBanbl HY okenpia Mapranua.
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MIKPOCIIOPOBBIN 9MOpuMoOreHes in vitro — pojib CTPeCcCcoOB

T.N. Apsaayk ®, O.B. Xomskosa, B.H. Akununa, VI.A. Ku6kaao, A.B. [TomuHoB

HayuHo-nccnepnoBaTenbCKMin MHCTATYT CebCKOro xo3ancTaa loro-Boctoka, CapaTos, Poccusa
® e-mail: cell_selection@list.ru

FaMeTnyecKuii SM6proreHes ABAAETCA OAHON 113 GOPM TOTUMOTEHTHOCTM PACTUTENIbHON KNETKM, NPV KOTOPOM
KNETKM MY»CKOTO U KEHCKOTro raMeToprTOB NPOSABAAIOT CMOCOOHOCTb popMmUpoBaTb IMOpUronabl (cnopo-
¢uT). PereHepauua rannonaHbiX pacTeHUin 13 sM6p1oMA0B 1 NocneayoLlee yABOEHNE YMCSIa XPOMOCOM Npu-
BOAAT K NOMYyYEHNIO YABOEHHbIX raniongos, nnn DH-nuHuiA. TexHONOrMm Npomn3BoaCTBa YABOEHHbIX ranioun-
[l0B [aloT BO3MOXXHOCTb OJHOCTYMNEHYaTOro Co3AaHnA roMo3MroT U3 reTepo3nroTHbIX pacteHui. PaspaboTka
3$PeKTUBHBIX ranIONHbIX MPOTOKOIOB MeeT 60/IbLLOe 3HaYeHWe ANA ceneKumm, X NpYMeHeHVe coKpalla-
€T Bpems 1 3aTpaTbl 41 CO3AaHNA HOBbIX COPTOB. MUKPOCMOPOBBIV UK MbiNbLEBO 3MOPUOTrEHES NCMOSb-
3yeTcA 6osiee WMPOKO B CPaBHEHWM C APYrMMU METOAaMU NMONYyYEHUA ranjouaHbIX pacTeHnid. B 3HaunTenb-
HOWI CTEMEHU 3TO CBA3AHO C BOSbLUUM KONIMYECTBOM MY>KCKMX rameTodUTOB B Npefesiax OLHOrOo MblIbHUKA Mo
CPaBHEHNIO C eANHUYHBIMU rameTodUTamMy B 3apOAbILLEBOM MeLLKe. MNepeKioueHre KynbTUBUpYeMbIX in Vitro
MMUKPOCMOP C raMeToPpUTHOrO Ha CnopodUTHBIN MyTb Pa3BUTKA, Kak NPaBUIO, MHAYLMPYETCA PasfNyHbIMU
cTpeccamu, NPUMeHAEMbIMUN Ha [JOHOPHble PacTEHUA, COLBETUSA, U30/IMPOBaHHbIE MbIAIbHUKNA UM MUKPOCMO-
pbl B YCNOBUSAX KaK in vivo, Tak u in vitro. Du3nyeckme n xummnyeckme npeaobpaboTku (X0No[0BOoN 1 TENNOBOW
LLOK, YINEeBOAHOE rofofaHne, KONXULMH, 6yTaHON) AeNCTBYIOT KaK TPUITepbl, MHAYLMpPYoLMe CnOpOdUTHbIN
nyTb Pa3BUTKSA, U NPEAOTBPALLAOT raMeTodUTHOE pa3BUTME MUKPOCTOP. HakonneHHble nuTepaTypHble AaH-
Hble NMo3BONAIT MPEAMNONOXKUTb, YTO XONOAOBOM LLOK BAMAET GaKTUUYECKM KaK aHTUCTPECCOBbI GaKkTop, CMAr-
valoLwuin AencTBre peanbHOro CTpecca, Bbi3BaHHOMO rofofjaHneM U30MPOBaHHbIX OT PACcTEHUA MNbIIbHNKOB
nnm Mukpocnop. Noa BO3JencTBMEM CTPECCOB CUIbHOBAKYONM3MPOBaHHas MONAPY30BaHHas MUKpPOCNopa
TpaHchopMUpyeTCA B AENONAPU30BaHHYIO U AeanddepeHLMPOBaHHYO KNETKY, UTO ABAAETCA 06A3aTeNbHbIM
yCIOBMEM OISt PEMNPOrPaMMNPOBaHUNA ee pa3BUTUA B cnopoduT (3mbprong). B HacToAwem 0630pe Mbl 0606-
LUK AaHHbIE O PO PA3NINYHBIX CTPECCOB B MHAYKLMN MUKPOCNOPOBOrO SMOproreHe3a 1 HekoTopble BO3-
MOXHble MeXaHV3Mbl NX AeNCTBUA Ha KJIETOYHOM 1 MONEKYNAPHOM YpOBHe. BbifiBNeHre HOBbIX CTPECCOB 1
CNoco60oB 1X BO3AENCTBUNA, MOBbILWAILWMX NOTEHLMAN MUKPOCMOPOBOro 3MOpMoreHesa, No3BONT CO3AaTb
3¢bPeKTUBHbIE NPOTOKObI NonydYeHus DH-NMHWI Ans X MCNOSIb30BaHMWSA B CENTEKLUM SKOHOMUYECKN LIEHHbIX
BV0B PacTeHUI.

KnioueBble cnoBa: rannovfpl; yABOEHHble ranfounibl; FOMO3MIOTHOCTb; KybTypa MblIbHUKOB 1 MUKPOCMOP;
MMKPOCMOPOBbIA SMOPMOreHes; CTpecchl.

Onsa yntnposanua: Ibauyk T.N., Xomsakosa O.B., AkuHnHa B.H., Kubkano N.A., MomrHos A.B. MUKpocrnopoBsbiii
3MbpuroreHes in vitro — ponib CTpeccoB. BaBUNOBCKNI XypHan reHeTky 1 cenekymm. 2019;23(1):86-94. DOI
10.18699/VJ19.466

Microspore embryogenesis in vitro: the role of stresses

T.I Djatchouk®, O.V. Khomyakova, V.N. Akinina, I.A. Kibkalo, A.V. Pominov

Agricultural Research Institute of South-East Region, Saratov, Russia
@ e-mail: cell_selection@list.ru

Gametic embryogenesis is one form of totipotency of plant cells, in which either male or female gametes are
induced to form embryoids (sporophytes). Regeneration of haploid plants from embryoids and subsequent
chromosome duplication result in doubled haploids and DH-lines. The production of haploids and doubled
haploids (DHs) through gametic embryogenesis allows a single-stage development of complete homozygous
lines from heterozygous plants. The development of effective haploid protocols to produce homozygous
plants has a significant impact on plant breeding, shorting the time and costs required to establish new culti-
vars. There are several available methods to obtain haploids and DHs-lines, of which anther or isolated micro-
spore culture in vitro are the most effective. Microspore embryogenesis is more commonly applied. This is in
part because more male gametophytes are contained in a single anther compared to the single female game-
tophyte per embryo sac. Microspore embryogenesis is regarded as one of the most striking examples of plant
cell totipotency. The switch of cultured microspores from gametophytic to sporophytic mode of development
has been induced by stress treatments of various kinds applied to donor plants, inflorescences, buds, anthers
or isolated microspores both in vivo and in vitro. Physical or chemical pretreatments (cold and heat shock,
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MuKpocrnopoBbIi Sm6puoreHes in vitro —
ponb CTpeccos

sugar starvation, colchicine, n-butanol, gametocydes) act as a trigger for inducing the sporophytic pathway,
preventing the gametophytic pathway development of microspore. The recent investigations have revealed
that cold pretreatment during microspore reprogramming acts rather as an anti-stress factor alleviating the
real stress caused by nutrient starvation of anthers or microspores isolated from donor plants. Under stress
pretreatment a vacuolated and polarized microspore transformed into a depolarized and dedifferentiated cell,
which is an obligatory condition for reprogramming their development. We summarize data concerning the
role of various stresses in the induction of microspore embryogenesis and possible mechanisms of their action
at cellular and molecular levels. Identification of new stresses allows creating efficient protocols of doubled
haploid production for end-user application in the breeding of many important crops.

Key words: haploids; doubled haploids; homozygosity; anther and microspore culture; microspore embryo-

genesis; stresses.

For citation: DjatchoukT.l, Khomyakova O.V., Akinina V.N., Kibkalo I.A., Pominov A.V. Microspore embryogenesis
in vitro: the role of stresses. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding.
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BBepeHune

IlosydeHue rariouIHbIX paCTEHUM B KYJIBTYPE i Vitro MyX-
CKHUX 1 XKEHCKHX T'€HEpPaTUBHBIX CTPYKTYP — OJHO U3 BOCTpe-
OOBAaHHBIX HANpaBICHUI COBPEMEHHOI OMOTEXHOJIOTHH.
JlanpHeiliee yIBOCHUE 4KC/Ia XPOMOCOM TaIuIOUAOB IIPHU-
BOJUT K CO3JaHUIO0 TOMO3UTOTHBIX DH-nmuuauii. [71aBHBIM UX
MPEUMYIIECTBOM SIBIISICTCS UCIIOIB30BAHNE B CENICKIMU JUIS
COKpalieHusa CEMU-BOCbMHU MOJIOBBIX reHepauHﬁ, HCOGXOI[I/I-
MBIX JJIs1 CTaOMIIN3alui THOPUIHOTO TeHoTuma. Pa3pabora-
HBI TEXHOJIOTHU MPON3BOJICTBA TaIlJIONI0B Y SKOHOMHUECKH
3HAYMMbIX BHUJIOB — IMIICHUIILI, AYMCHs, TPUTUKAJIC, pHCa,
panca (Wedzony, 2003; Pauk et al., 2009; Weyen, 2009;
Wrnarosa, 2011; IlImbrkoBa u 1p., 2015). C ux ucmnons3osa-
HUEM c031aH0 0Kosio 300 COPTOB IKOHOMUYECKU 3HAYUMBIX
CEJIbCKOXO3SIMCTBEHHBIX KYJIBTYp, 150 U3 KOTOPBIX MPUHAJ-
JIekKar TpeJicTaBuTeNsIM cemeiictBa Poaceae. Uncio copros,
BBIBCJICHHBIX C IPUMEHCHUEM TalLIOUIHBIX 6HOT6XHOHOFHﬁ,
noctostHHO yBenunuuBaetcst (Dunwell, 2010). B psize pernoHoB
mupa DH-copra cranositcst tomuHMpyonmMu. Harmpumep,
B EBpone 50 % BO3A€TIBIBAEMBIX COPTOB SIUMEHS TTOTYyYEHBI
C TPUBJICYCHHEM TaIUIOMIHBIX OMOTEXHOJIOTHH, TOTJa Kak
B Kanane Tpy U3 msITH COPTOB MIICHUIIBI C HAHOOIBIINMU
miomaasmu — 310 DH-copra (Germana, 2011).

Cpenn cymecTBYIOMNX Pa3IndHbIX METOI0B IPOAYKIINU
TaruIONIHBIX PACTEHUI HanOOIbIlee TTPAKTUIECKOE MpUMe-
HCHHEC UMECT KYJIbTypa MbIJIBHUKOB U €€ Pa3HOBUIAHOCTb —
KyJIbTypa M30JIMPOBAaHHBIX MUKpOCTIOp. B oTnmune ot rame-
TO(UTHOTO, CIIOPOMUTHBIN Iy Th Pa3BUTHUS XapaKTEPH3yETCsl
(hopMupoBaHreM dMOPUOTIONOOHBIX CTPYKTYP (TICEBI03apO-
JIBIIIEH) W3 MUKPOCTIOP, TIPUBOISIINM K (POPMHUPOBAHUIO T'a-
TUTOUHBIX pacTeHui. ITOT PeHOMEH, N3BECTHBIN KaK aHapo-
TeHe3 in vitro (TanIOUAHBIN SMOPHOTeHe3, MUKPOCIIOPOBBIN
SMOpHOTeHe3, aHAPOKIMHU), BOSHUKAET, KOTJa MbIIbHUKI
pacTeHui, N30JMPOBaHHBIC Ha ONPEEIICHHON CTaIuU pas-
BUTHA, KYJIBTUBUPYIOTCA Ha OTHOCHUTECIIBHO MPOCTBIX Cpeaax
C TOpMOHAIBHBIMHA JoOaBKamu win 0e3 Hux (Kpyrmosa u mp.,
2005; Clement et al., 2005; Segui-Simarro, 2010; Germana,
2011; HImbikoBa u 1p., 2015).

MuKpOCIOpPOBEIA WM MBUIBIIEBOH IMOPHOTEHE3 SBISCT-
csl OAHUM M3 Hanbouiee SIPKUX NMPUMEPOB TOTUIIOTEHTHOCTH
pactutensHO KiteTkd (Reynold, 1997; Cistué, Kasha, 2005;
Segui-Simarro, 2010). ITepBrie cooOmeHns 00 UHAYKINH
CHOpPO(UTHOTO Pa3BUTHSI MHKPOCIIOP TOSBIJINCH BO BTO-
poii monoBuae XX Beka (Guha, Maheshwari, 1964). Ycner-

Hasi MHIYKIUST MUKPOCIIOPOBOTO 3MOpHOTeHe3a yCTaHOB-
nena 6onee yem y 250 BunoB pacreruit (Maluszynski et al.,
2003).

Tem He MeHee 10 CHX MOP CYLIECTBYIOT OTPAHUYUBAIOIINE
(hakTOpHI, CACPKUBAIOLINE ITUPOKOE TPUMEHEHNE TarlIou/I-
HBIX 6HOT€XHOHOFHﬁ. I'maBHBIE Y3 HUX — T'€HOTUIIMYECKas
3aBUCUMOCTb Y HU3Kasl 4aCTOTa pereHepanuu pacrenui. s
MHOTHX BH/IOB 3JIaKOB BKHEHIIICH MPOOIEMOH raruronpoyK-
LAH B KYJIBTYPE NBIIBHUKOB i71 VifFO OCTA€TCs BBICOKAs OIS
aTBOMHOCHBIX pereHepanToB (Soriano et al., 2008; Urnarosa,
2011; Germana, 2011). Ha3BanHble TIpoOsIEeMbI ClIepKHUBa-
10T pa3paboTky 3¢ (GEKTUBHBIX MMPOTOKOJIOB MPOU3BOICTBA
TaIUIONJHBIX PACTEHUH M YIBOCHHBIX TaIlJION/I0B, COKpaIIa-
IOIINX CPOKHM M 3aTpaThl Ha CO3/1aHHE COPTOB 110 CPAaBHEHHIO
C TPAAULMOHHOM CeJIeKIUEeN.

YHUBEpCATBHBIX TEXHOJIOTHH TOIY4YEHUs TalIOMIHBIX
pacTeHuil B KyJIbTYpE i Vitro MBUIBHUKOB (MHUKPOCIIOP) ISt
Ppa3HbIX BUJOB HE CYHICCTBYET, OAHAKO OCHOBHBIC UX 3Tallbl
OCTaloTCs Hen3MEeHHbIMU. OHM BKITIOYAIOT: BBIPAILMBAHHUE
0TOOp JOHOPHBIX PacTEeHHH, MPeJoOPadOTKY COLBETHI HITH
MBIJIbHUKOB Pa3JIMYHbIMU CTPECCOBLIMU (l)aKTOpaMI/I, BbIYJIC-
HEHUE TIBUIBHUKOB (MHKPOCIIOP) U UX KYJIBTHBHPOBAHHUE B
YCIIOBUSIX in Vitro, MHIYIIMPOBAHHE SMOpHOTeHe3a, pereHe-
palMio pacTeHUH, YIBOCHHE YHUCIa XPOMOCOM PAaCTEHHM-
perenepanToB. Ha OT3BIBUMBOCTD MBUIBHUKOB NPH KyJIBTH-
BUPOBAHHH i1 Vitro BIWSIOT MHOTOYHCIICHHBIC SHJIOTCHHBIC
Y 9K30TeHHBIE ()AKTOPBI: YCIOBUS BBIPAILIUBAHUS JOHOPHBIX
pacTeHuil, FeHOTHII, CIIOCOOBI U MIPOJOIKUTEILHOCTD MIPE-
00paboTOK COIBETHH WM MBIILHUKOB, CTAIHS PAa3BUTHS
MBUIBHKKA, COCTaB HUTaresbHbIX cpex (Smykal, 2000; Kpyr-
moBa u 1ap., 2005; Wedzony et al., 2009; Urnarosa, 2011;
Germana, 2011).

BaxHOii CTyIeHbIO B MOBBILICHUN d(PPEKTUBHOCTH 3MO-
puorenHoi (amOpronnorenHoi, mo (Kpyrmosa u np., 2005))
OT3BIBYMBOCTH KYJIBTUBHPYEMBIX NBUILHUKOB SIBIISICTCS TIO-
HUMaHHE MEXaHM3MOB MHJYKIUU CHIOPO(PHUTHOTO Pa3BUTHS
MUKpOCIIop in vitro. OTKPBITHE TOTO, YTO CTPECC — ITO TEHE-
pabHBIA CUTHAJ, OTBETCTBEHHBIH 32 CMEHY I'€HETHYECKOH
MPOrpaMMBbl Pa3BUTHSI MUKPOCIIOP M MX MEPEXo]] Ha CIIopo-
(bUTHBIH Ty T PAa3BUTHS, TO3BOJIMIIO YHU(PUIIIPOBATH MOJICTH
MHIYKIIMH MAKPOCIIOPOBOTO 3MOpHOreHe3a 1 ONTHMH3HPO-
BaTb MHOTHUC TCXHOJIOTUH MMOJTYUCHUA IAIUIONIHBIX paCTeHl/Iﬁ
(Touraev et al., 1996a, 1999; Devaux, Pickering, 2005; Zur
etal., 2008; Wedzony et al., 2009). ITo cpaBHeHnto co crpec-
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COM, TSl CIOPOGUTHOTO PA3BUTUS MUKPOCIIOP i1 Vitro Naxe
MIPUMEHEHNE TOPMOHOB MOXKET OBITh MEHEE KPUTHIHBIM, UTO
MOATBEPIKIACT TOT (PAKT, YTO IHIOTCHHBII OaJaHC TOPMOHOB
SBJISICTCA HGO6XOZ[I/IM])IM YCJIO0BUEM [JIs1 MHUKPOCIIOPOBOIO
sMmOpuoreHesa in vitro (Aionesei et al., 2005).

XapaKtepuctnka Mukpocnop

KaK MHNLUaJIbHbIX KNETOK

cnopo$uUTHOro pasBuUTnA

YeneurHass MHIYKIMS MUKPOCIIOPOBOI'O 3MOpHOTEeHEe3a
in Vitro 3aBUCHT OT TIPaBUIIbHOM OILICHKU COCTOSHHS PA3BUTHSA
MYKCKOTO rameToduTa JOHOpHOTO pacteHus. Mopdorene-
THUYECKasi KOMIIETEHTHOCTh MUKPOCIIOP MTPOSIBIISIETCS TOJIBKO
Ha OIPEAEIEHHOM cTagun nX pa3BuTHs. s GONBIINHCTBA
BUJIOB ONTHMAJIBHOW JUI CMEHBI MPOTPaMMBI Pa3BUTHS C
raMeTo(pUTHON Ha COPOPUTHYIO 0003HAYAETCsI CTaIus,
Onm3Kas K mepBOMY MBUThIIEBOMY MUTO3Y (Babbar et al., 2004).
Kpurnueckoii craaneil pa3BUTHs MBUIbHAKA TSI HHITYKIIUH
MoporeHesa in vitro o CIOPOPUTHOMY MYTH CUYUTACTCS
cTaans BaKyonm3npoBaHHON MuKpocnops! (Clement et al.,
2005; Germana, 2011) unu CHIIBHO BaKyOJIM3MPOBAHHOM
mukpocnops! (Kpyrnosa u ap., 2005, 2017). ITo MHeHuto
A. Touraev c coast. (1996a), mpomOMmKUTEIEHOCTD «IMOPHO-
TEHHOTO OKHa» MOXKET OBITh O0JIee IMPOKOI: OHO HAYMHACT-
cs ¢ a3l G1 mukpocnopsl U npogoikaercs a0 ¢aszsl Gl
JIBYXKJIETOUHOTO TBUIBIIEBOTO 3€pHA. TOUHOE KOKHO)» KOMIIE-
TEHIIMH MUKPOCIIOPHI 3aBUCHT OT BH/1A M TEHOTHUIIA JOHOPHO-
IO pacTeHusl.

JlMHaMK3M MHKpOCHOpPBI HA CTaAWU OTOOpa ONpesersieT
€e CIOCOOHOCTD TEePEeKITIUaThCsl Ha CIOPO(UTHYIO TPO-
rpamMMy pa3BuTHs. BoJbIMHCTBO criopoduTHO-crienuduye-
CKUX T€HHBIX MTPOJYKTOB MMMHHHUPYIOT K Hadally Meio3a, a
raMeTHO-CIenn(UIECKNe TeHbl TPAHCKPHUOUPYIOTCS TONb-
KO TOCJIe MEPBOTrO MBUIBIIEBOIO MHUTO3a, YTO CBUJIETEIbCT-
BYET O HECTaOMIBHOM CTaTyce MHKPOCIIOPBI Ha 3TOH CTaAnH
(Segui-Simarro, 2010). IToce mepBoro MbUTLIIEBOTO MUTO3a
rameTo(puTHas NporpaMMa CTaHOBUTCS HEOOPATUMOI — ITpo-
ncxoauT (HOpMHUpOBaHKE TBUIBIIEBOTO 3epHa (Scott et al.,
1991). Y HeKoTOpBIX BUAOB pacTEHWH in situ oOHapyx eHa
(pakiusi aHOMaJIbHBIX HBUIBIEBBIX 3€PEH, XapaKTepusy-
IOMINXCSL MEJTKUM pa3MepoM U craboil OKpaIlInBaeMOCThIO
arierokapMuHOM. Takne neuibLeBsie 3epHa (P-pollen) MoryT
MOJIBEPraThCsl JIOMOIHUTEIBHBIM JCICHUSIM N ViVo, U UX
MOCTIENYTOIIee TaMETOPUTHOE Pa3BUTHE TOPMO3UTCS. DTOT
(heHOMEH 0003HAYEH KaK MBUIBLEBON TUMOPGHU3M, OH OBIIT
u3ydeH y Tabaka, suMmeHs, nieHuisl, pxxu (Belogradova et
al., 2009). AHOMaITbHBIE TTBUTBIIEBEIE 3€pHA, CHOPMUPOBAHHBIC
in situ, KOMIETEHTHBI K SMOPHUOTEHE3Y in Vitro, a UX 4acToTa
3aBHCHUT OT I'€HOTHIIA U YCIIOBHU BBIPALMBAHUS PACTCHUIN
(Heberle-Bors, Reinert, 1981).

CriocoOHOCTh K NMEPEeKIIOYEHUI0 IPOTPaMMBl PAa3BUTHUS
OIIpeeIIIeTCs] 0COOEHHOCTBIO CTPYKTYPHOW OpraHu3aluu
CHJIBHO BaKyOJM3UPOBAHHOW MHUKPOCIOPBI, TPEkKAE BCETO
€e XOpOIIO BBIPAKEHHOM MONISIPHOCTBIO. YeTKO BBIpaskeHHast
MOJIIPHOCTH TIPOSIBIISIETCSl HE TOJIBKO BO BHYTPEHHEM, HO M
BO BHEIITHEM CTPOEHHM: OTIPEIECTICHHOM ITOJIOKEHUH BaKyOIN
(co cTOpOHBI HapY>KHOTO MOJTI0CA, 0OPAIIEHHOTO K TANETYMY)
U s171pa (CO CTOPOHBI BHYTPEHHETO MOJII0CA, CYITPOTHBHO I0OPE
npopactanus). [ToaspHOCTh OTpaxkaeTcsl TakKe B 3aKOHO-
MEpHOM pacTpeIeICHUH IIUTOIIa3MBbl, €€ OpraHeIul U BKITIO-

Microspore embryogenesis in vitro:
the role of stresses

YeHUHW M OOYCIIOBJIEHA LIEJIBIM KOMILIEKCOM (pakTopoB, B
MEPBYIO OUYEPEb MOTOKEHUEM MUKPOCIIOPHI IO OTHOLIEHHIO
K TKaHSIM CTEHKHU TBUIBHWKA M CO3/IaHHEM MMM TpaJicHTa
nuTareNbHbIX Beriects (Babbar et al., 2004; Kpyriosa u nip.,
2005, 2017).

[o psimy mpu3HAKoB (HaJIW4YME KPYIHOTO sApa, XOPOLIO
Pa3BUTOM IEHTPAILHON BaKyOJIH W alMKaJIbHO-0a3aabHON
OpTaHM3aIK KJIETKH) CUIBHO BaKyOJIN3UPOBAaHHAS MHKpPO-
CTIOpa CXOJIHA C SINIIEKJICTKOH, Taroiel Havyalo 3UTOTHIeCKo-
MY 3apOJIbIILY TP TIOJIOBOM Pa3MHOXKEHHUH, & TAKIKE KIJIETKaM
3apOJIBIIIEBOTO MEIIIKA, HYLIEJUTyCca U HHTETYMEHTOB, (hopMu-
PYIOIINM 3apOJBIII TIPH AIIOMUKCHCE. DTO J1aeT OCHOBaHHE
[IPEAIoJIararb, YTO CTPYKTypa BCEX MHULMAIBHBIX KIETOK
HOBOTO MHIMBU/IA SIBIISICTCS] yHUBEPCATBHON P PA3INIHBIX
Croco0ax perpoayKIHH B €CTECTBEHHBIX YCIOBHSX U B KYJIb-
Type in vitro (Batygina, 2011).

MHunuanbHas KJIeTKa aHIAPOreHe3a in Vitro 10JHKHA paccMa-
TPUBATHCS KaK CIIOPOTEHHAs KJIETKa B KPUTUIECKON CTaanu
pa3Butusd. [T1aBHBIM KpUTEpUEM KPUTUYECKOM CTaAUM pa3-
BUTHS CIIOPOTEHHOM KIIETKH SIBIISIETCS €€ UyBCTBUTEIHLHOCTD
K JICHCTBHIO 3KCTPEMAIBbHBIX (PAaKTOPOB, ONPEACIMIONIas
nepexos k mopdorenesy. [Ipy 3ToM MHMIMANIBHAS KJIETKA
JIOJDKHA 00J1a1aTh BCEMH XapaKTepHUCTHKAMI MEpPUCTEMaTHIe-
cKoif kiteTkH (Zoriniants et al., 2005; Kpyrnosa u np., 2017).
CriocoOHOCTh CHIIBHO BaKyOJM3UPOBAaHHONW MHUKPOCIIOPEI
MEPEKIIIOYaThCSl ¢ TAMETOPHUTHOTO HA CIIOPOPUTHBIN MyTh
Pa3BUTHS MO3BOJISIET PACCMATPUBATh €€ M KaK CTBOJIOBYIO
KJIETKY. DMOpuoreHHas (MopQporeHHast — TepMUH IPEIIOKEH
Kpyrnosoii u ap. (2005)) Mukpocmiopa IMEET U TaKUe CBOI-
CTBa CTBOJIOBOM KJICTKH, KaK TOTH- M IIIOPHIIOTEHTHOCTB,
T. €. CrI0ocOOHOCTH (POPMHUPOBATH PA3IMUHBIC TUIIBI TKAHEH 1
OpTaHOB, a TAK)KE HOBBII OPraHU3M Ha OCHOBE PA3IMYHBIX
myTei Mmopdorenesa in vitro (Batygina, 2011).

MHayKuma cnopoduTHOro pas3BuTus

npwu BO34eNCcTBUN CTpeccamm

TepmuHn crpecc (OT aHIII. stress — HaNpsbKeHUe) ObLT npe-
JIOKEH KaHAJICKUM ydeHBIM-¢usnonorom ['ancom Cenbe B
1936 . I oTTMCaHuUS peaKIIK OpraHI3Ma Ha JTF000¢ CHITBHOE
HeOnaronpusitHoe Bo3eiicTue. [1o mHenwmto F. Bonet ¢ coasr.
(1998), MEKPOCITOPOBBIN SMOPHUOTEHE3 SBISETCS BAKHBIM
a/IalTal[MOHHBIM MEXaHU3MOM pacTeHUH, KOTOPbI 00Hapy-
JKMBACTC TOJILKO B OIIPCACIICHHBIX YCIOBUAX KaK CIICACTBUEC
CTPECCOBBIX BO3IEHCTBUM.

[Tepexitouenne MUKpOCIOp ¢ raMeTo(GpHUTHOTO Ha CIO-
POQUTHBINA MYTh Pa3BUTHS UHAYLUPYETCS Pa3iu4HBIMU
cTpeccaMu, MPUMEHSIEMBIMHU in vivo U in vitro (Touraev et al.,
1996b; Zoriniants et al., 2005; Germana, 2011). HezaBucumo
OT IIPUMEHSIEMOTO cTpecca, GopMUpOBaHNE IMOPHOTEHHBIX
MHKPOCITOp COMPOBOKIACTCS CICAYIOMIMMHI OOIIINMH COOBI-
TusiMA: 1) yBenmaeHne o0beMa MUKpPOCIIOP; 2) TPOXOXKICHHE
yepes peruukanuio JJHK ¢ 3amepkkoit KI€TOYHOro IHKIIa;
3) ayrocarus uToruIa3MBl; 4) mpeodpa3oBaHNe IIUTOCKENETa,
MIPUBOJIAIIETO K MEPEMEIICHHIO sipa U3 neprdepuIeckoro
B IICHTPAJIbHOE TOJIOKEHHE; 5) POPMUPOBAHUE HOBOW KJie-
TOYHOM CTEHKH; 6) KOMITAKTH3AIMsI XpOMaTHHA; 7) N3MECHEHHS
sKcrpeccun TeHoB (Aionesei et al., 2005).

HU3menenus B OKCIIPECCHUU T€HOB MOTYT 6I)ITb CBCIICHbI B
TPY NPUHLIUIHAIBHBIE TPYIIIBI: KIIETOYHAS OT3BIBUMBOCTD HA
cTpecc; CynpeccHs raMeTo(UTHOHN IPOTpaMMBbI X SKCIIPECCHUS
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cnopogutHoro passutus (Pauls et al., 2006). bosnbrioe uuc-
JI0 TeHOB, OEJNKOB M METAaOONUTOB HICHTU(UITMPOBAHBI KaK
MPSIMBIE WJIN KOCBEHHBIE TPUTTEPHI B KAJKIOH N3 ATUX CTAANH.
Mopdosioruueckue, GU3NOIOTHUCCKUE U MOJICKYISIPHBIC
MU3MEHEHHS B MUKPOCIIOPAaX, Pa3BUBAIOIINXCSI TIO CHOPO(HUT-
HOMY ITyTH, XapaKTEPHBI JUIS BCEX 9yKAPHOTHUECKUX KIIETOK
BO BpEMsl CTPECCOBOIO BO3/EHCTBHS. JTO JaeT OCHOBAHUE
MpEeAnoaraTb HaJIu4dhe OOIMX PEakKIUil B OT3BIBYMBOCTH
pacrenuii Ha cTpeccsl (Zoriniants et al., 2005).

[lepBbIii CTPYKTYpHBIN CUTHAI MHAYKIHMU CIIOPO(UTHOTO
pa3BUTHS MUKpOCTIOp — AenuddepeHnanns IuToImas3-
MBI. DTOT IpoIecC BKIIOYAET CHIKEHHE YHMCIa OpraHeln,
JKMPOBBIX TeJlell, KpaxMallbHbIX 3epeH U pudocom. Sapo ne-
pememiaercs oT mepudepun K MeHTPY MUKpocropsl. OmHO-
BPEMEHHO BaKyoJIb ()parMeHTHPYETCs LUTOIUIa3MaTHye-
ckumu Jdydamu. OTMedaeTcsl MeHee IJIOTHasl [UTOoIlIa3Ma,
OTCYTCTBHE HAKOIUICHUS KPaXMaJIbHBIX 3€PEH, XapaKTepPHOE
JUISL CO3PEBAIONINX I'€HEPAaTHBHBIX KJIETOK. B pesynbrare
(dopmupyercsi Tak Ha3zplBaeMasi 3Be3auarasi CTpyKTypa, co-
CTOSIINAs U3 IUTOIIA3MATHUECKHUX TSDKEH, COEAMHSIOMMNX
MEPUHYKIJICAPHYIO U CYOKOPTHKAIBHYTO 00JIaCTh [IUTOIIIA3MBI.
[Tono6nast Mmopdostorus Obljla OTMEUCHA HA PAHHUX CTAIHSIX
KyBTHBHPOBaHMS MUKpoctiop Tputrkaie (Dubas etal., 2010),
puca (Raina, Irfan, 1998), mmennmsr (Touraev et al., 1996b;
Indrianto et al., 2001; Cistué, Kasha, 2005), Tabaka (Touraev
et al., 1996a) n npyrux BUIOB pacTEHHUIA U pacCMaTpUBACTCS
Kak HavaJbHasl CTyNeHb SMOPHOTCHHOTO Pa3BUTHA. Takum
00pa3oM, CHJIBHO BaKyOJIM3MPOBAHHAsI W MOJSIPU30BAHHAS
MHUKpPOCIOpa TpaHc(hOopMHUpyeTCsl B IACTIONAPU30BAHHYIO U
nenuddepernmpoBannyo KiIeTky. [lepexon Ha ambTepHATHB-
HBII TyTh pa3BUTHUs CTaHOBUTCS HeoOparumbiM (Touraev et
al., 1996a, b; Segui-Simarro, 2010; Germana, 2011).

Hawubonee paHHUM CTPYKTYypHBIM MapKepoM, MpeacKasbl-
BAIOIMM M3MEHEHHE CUMMETPHUH JIeIISILEHCsS MUKPOCIIOPHI,
CIY)KUT TIOSIBIIGHHE Tpemnpoda3zHoil JEHTH MUKPOTPYOO-
yek (PPB). PPB — kopTrkanbHOE KOJIBIO MHKPOTPYOOUEK,
KOTOpoe 00pasyercsi B MEAMAIBbHOW 00JaCTH MHUKPOCHOPEI
yepe3 HECKOJIBKO YacoB MOCIE MPUMEHEHHUS CTPECCOBOTO
Bo3zelcTBus. [Ipy HOpManbHOM pa3BuTHHM IbLIbIEI PPB He
dhopmupyercs. Tak kak PPB nukryeT miockocts Oyaymiero
JIETICHNS] ¥ yJacTBYeT B CTAOMIM3AIMN KJIETOUYHOH CTEHKH,
MIPE/IIONaraeTcs, YTo peopraHu3anusi MUKpoTpyOodeK — 3To
KIIIOYE€BOE COOBITHE B M3MEHEHUHU MPOrPaMMBbl Pa3BUTHS
MuKpoctops! (Zhao et al., 1996; Cistué, Kasha, 2005; Dubas
et al., 2010). KynsruBupoBaHue NMbIIIBHUKOB Brassica napus
Ha MUTATeNLHOM cpesie, colepiKallieil KOJXUIMH, TPUBEIIO K
YBEIMUYECHUIO YHCIIAa PABHBIX JICJICHUH B MUKPOCIIOpaXx, 4To,
10 MHEHUIO aBTOpOB (Zhao et al., 1996), noxrBepxaaeT poib
LIUTOCKEJIETa B UX CIOPOUTHOM pa3BUTUH. CUMMETPUYHOE
JIETIEHNE MUKPOCTIOPHI SIBIISIETCSI MAPKEPOM €€ SIMOPHOTEHHO-
ro passutus (Smykal, 2000; Kpyrmnosa u nip., 2005; Soriano
et al., 2013). biokupoBaHue cHHTE3a Kpaxmalia Kak MapKepa
CO3pEBaHMS MBUIBIBI M JMUMUHALNS PE3EPBOB Kpaxmana —
KJITIFOY€BOE COOBITHE B ATOM IIPOIIECCE, KOTOPOE CITY>KHT Ha-
JISKHBIM MapKepoM CHOPO(GHUTHOTO Pa3BUTHSI MHUKPOCIIOPHI
(Clement et al., 2005).

Takum 06pa3oM, cTpecchl He TOIBKO HEOOpaTUMo OJIOKH-
PYIOT raMeTO(GUTHYIO IPOTpaMMy Pa3BUTHSI MHUKPOCIIOP, HO
W TIEPEKITIOYaloT WX Pa3BUTHE HA CIOPOPHUTHBIA myTh. OT-
KPBITHE TOTO, YTO CTPECC CIY>KUT T'€HEPAIbHBIM CHUTHAJIOM
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MuKpocrnopoBbIi Sm6puoreHes in vitro —
ponb CTpeccos

Cropo()UTHOTO Pa3BUTHS MUKPOCIIOP, MO3BOIMIIO pa3pado-
TaTh YHHBEPCAIBbHYIO MOIENb MHIYKIUH MHKPOCIIOPOBOTO
ambpurorenesa (Touraev et al., 1996a), BxiIrOHatonyto Tpu
OCHOBHBIX 3Talla:

* HeobpaTtnMoe OJIOKHPOBaHHME TaMETO(UTHOI TPOrpaMMBI
Pa3BUTHUS NPU MIPUMEHEHHH CTPECCOBBIX BO3ICHCTBU.
310 HEOOXOAMMOE, HO HE ETMHCTBEHHOE YCIOBUE JJIS 10-
CIIEYIOIIETO PAa3BUTHSI SMOPHOUJIOB;

* (opMHpOBaHHUE MOITYISMN SMOPHOTEHHBIX MUKPOCIIOP 32
CUYEeT U3MEHEHUU Ha MOJIEKYJISIPHOM YPOBHE;

* peanu3anyst ciopo(UTHON IPOTpaMMBI Pa3BUTHS Ha ITH-
TaTeJILHOM cpezie, CoNeprKallel yriieBop! (caxaposy).

MyTn pasBuTtna smé6pronaos

B pesynbrare pa3indHbIX CTPECCOBBIX BO3JICHCTBUI 3HAYH-
TeJIbHAs J0JII MUKpociop norubaer. HesHaunTenbHas ux
4acTh CJIeAyeT MO raMeTo(puTHOMY IyTH pa3BUTHS C (op-
MHPOBaHHEM KOPOTKUX WJIHM JUTMHHBIX MBUIBLEBBIX TPyOOK
(Touraev et al., 1996a). DMOpuoreHHbIC KICTKH (MHUKPO-
CIIOPBI U IByXKJICTOUHBIE IBUIBLIEBBIC 36pHA) OIBEPratoTCs
JICIICHUSIM TI0 Pa3IIUYHBIM ciieHapusM (Aionesei et al., 2005;
Soriano et al., 2013).

JlejieHusi BereTaTHBHON KJIETKH ABYXKJIETOYHOI'0 NNBLIb-
1eBOro 3epHa. Pollb BereTaTMBHON KIICTKM YCTaHOBJICHA B
(hopmupoBanuu dMOpHUONIOB Tabaka, MINEHUIIBI, pUca, Ky-
Kypy3sl, cM. 0030psI (Aionesei et al., 2005; Clement et al.,
2005; Germana, 2011).

CumMeTpHYHOE /IeIeHHe MUKPOCTIOpBI. Takoii myTh npu-
BOJIUT K 00pa30BaHUIO ABYX MICHTHYHBIX KJIETOK B OTIMYHE
OT HOPMAJILHOTO aCHMMETPHYHOTO JEJCHUS, TPEIALICCTBY-
1omiero oopazosanuio mneuibiieBoro 3epHa. Cornacho (Cle-
ment et al., 2005), TTaBHBIM CUTHAJIOM CHMMETPUYHOTO JIeTie-
HHUS SBJISCTCS CTPECC, M TAKOMY CLICHAPHUIO CIICIYIOT «3BE3/I-
YaThle» MUKPOCIIOpHI. B 3TOM cityuae Mukpocropa Bezer ceOst
ce0st Kak 3UroTa, M pa3iIMYHbIe CTaAuH Pa3BUTHS SMOpHONIa
CXOJTHBI C TAKOBBIMH Y 3UTOTHYECKOTO 3aposibiiia. Criopodurt-
HBIE CTPYKTYPBbI, C(OOPMUPOBAHHBIE 32 CYET PABHOTO J€ICHUS
MHUKPOCIIOPHI, 00HapYKeHB! Y Brassica napus (Telmer et al.,
1993), mrenwntst (Indrianto et al., 2001; Kpyrosa u ap., 2005;
Cistué, Kasha, 2005), Tabaka (Eady et al., 1995).

JlejieHne KaK BereTaTUBHOM, TAK H TeHEePATHBHOM KJle-
TOK. OMOPHON ], KaK TIPaBUIIO, Pa3BUBACTCS 33 CYCT JICJICHUH
BEreTaTUBHOM KileTKU. Penkuii cirydail y4acTus reHepaTus-
HOW KJIETKH B (HOPMHUPOBAHNHT YMOPHONIOB OBLIT OTIMCAH IS
Oenenbl yepHoit Hyoscyamus niger. BereraTnBHas KieTka
100 HE JIENUTCS COBCEM, JIMOO JENUTCs HECKOIBKO pa3 ¢
BO3HHKHOBeHHEM cycnen3opa (Raghavan, 1976).

JloMrHMpOBaHNE OAHOTO MYTH Pa3BUTHS SMOPHOMIA Hall
JPYTUM MOKET IPOUCXOAUTH AK€ Yy OJHOIO BHUJA B 3aBU-
CHMOCTH OT THIIA M HPOAODKHTEIBHOCTH CTpecca, CTaJuH
pa3BUTHS NBUIbHNKA U Apyrux ¢akropoB (Wedzony et al.,
2009; Germana, 2011).

Pasnble cragmm GopMHpOBaHUS 3MOPHOUIOB, UX CXOJ-
CTBa M Pa3IM4usl C MOJOBBIMH 3apOABILIAMH NPHBEICHEI B
nyonukausax (Kpyrmosa u ap., 2005; Clement et al., 2005;
Segui-Simarro, 2010; Soriano et al., 2013). Kpurngeckas
CTaJ¥sl B Pa3BUTUH SMOPHOMN/IOB — PA3phIB 9K3UHBL. VIMEHHO
B 9TOT [IEPHOJ] 0003HAYAIOTCS PA3ITHYHS MEXY TeHOTHUIIAMH,
00yCIIOBIICHHBIE KOJIMYECTBEHHOH BBIPAKEHHOCTBIO JIeTeHEe-
panuu smM6puonos (de Buyser, Henry, 1986).
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an/IMeHFIEMbIe cTpeccoBble BO3F|eI7ICTBI/IFI

Jliist u3MeHeHnst criopo(UTHOW M TaMeTO(GUTHOW JeTepMHU-
Halluu BO3MOXKHBI CTPECCOBEBIC BOSHCﬁCTBHH Ha JOHOPHBIC
pacTeHus in vivo, TIpH 3TOM BpeMsI BO3IEHCTBHSI MOXKET OBITH
pa3IMYHBIM: KPaTKOBPEMEHHBIM (Ha OAMH JTAll Pa3BHTHUS
pacTeHwusl) WK JUIUTeTbHBIM. B 3HaUUTEIHLHON CTEMEHU ITO
3aBHCHT OT (haKTOpa BO3ACHCTBHSL, a TAKKE OT BH/IA PACTCHHSL.
[IpumeHnsieTcs U TOKaabHOE BO3AECUCTBUE in Vitro Ha IBUIBHUK
WJIM COI[BETHUE, HA M30JIMPOBAHHBIN CLIOPO(UTHBIN KOMILIEKC.
HeszaBucumo ot criocoba BO3EHCTBHS, 9TUM CHUMAETCS JIe-
TEepPMUHALUA HOPMAJIBbHOIO XOAa MHUKPOCIOPOreHe3a U pas-
BUTHs mbLIbIIeBOTO 3epHa (Kpymiosa u ap., 2005; Aionesei
et al., 2005). B 0630ope (Shariatpanahi et al., 2006a) crpeccsl
MOJIENICHBI Ha TP KATETOPHH: IIMPOKO UCHOIb3yeMble, HUU-
TOXXHBEIE U HOBBIE. K HIUPOKO MPUMCHIACMBIM CTpECCaM OT-
HOCSIT TEMIIEPaTyPHBIN MIOK, YIIIEBOTHOE TOJONAHIE H BO3-
JieficTBHE KOJIIXULIUHOM.

Xonoaosoi WokK

HawnGosnb1iee pacpocTpaHeHHE B OIBITAX MO IPOU3BOICTBY
raruion/I0B y Pa3iM4YHbIX BUJOB MOJIydnsia 00paboTka 1o-
HOPHBIX PAacTEHHH MOHIKCHHBIMH IMTOJIOKUTEIBHBIMU TEM-
neparypamu (II1T) (2—4 °C) B Teuenue 2—7 nHel, a MHOTIA
u 3—4 uenens (Mruarosa, 2011; Tian et al., 2015; u ap.).
®akruuecku Bozaeiictsue IIIT crano pyTuHHOHR mpoueny-
PO¥ raruIonpoyKIny BO MHOTHX Jlabopatopusx Mupa. Boz-
JICWCTBHE MOHMKEHHBIMHU TIOJIOKUTEIbHBIMU TEMIIEPATypaMu
MIPUMEHSIIOCH TSI co3manus rartonoB stamens (Oleszezuk
et al., 2006), muennis! (Mraarosa, 2011), puca (Tian et al.,
2015), tputukane (Wedzony, 2003), parica (Gu et al., 2004),
kinemeHTrHa (Chiancone, Germana, 2016). [Ipu moHmKEHHBIX
TEMIIepaTypax BBIIEPKHUBAIOTCS TOOETH, COILIBETHSI U N30JIH-
pOBaHHBIC IBUILHUKH, BBEACHHBIC B KYJIbTYpy (Aionesei et
al., 2005; Zoriniants et al., 2005; Germana, 2011). YactoTa
(hopmupoBaHUsT SMOPUOUIOB CYIIECTBEHHO IOBBIIIACTCS.
Xomom0Boit cTpecc yacTo MPUMEHSIOT B KOMOMHAITHH C OC-
MOTHYECKHM CTPECCOM I TOJ0/laHueM (YIIICBOIHBIM HITH
aszotHbM) (Touraev et al., 1996b, 1999).

Opnaxo BnugHue [IIIT Ha KyasTHBHpYEMBIE NMBUIBHUKH
WJIN MUKPOCITOPBI HE BCETIa OHO3HAYHO. B ombITax ¢ AByMs
IIMPOKO BO3/EJIBIBAEMBIMU B [ peliny copTamul IIICHHIBI
Acheloos n Vergina u ux rudpugaMu ObUIO MMOKa3aHO, YTO
XOJIONOBBIE MPenoOpaboTKN HE SBISIFOTCS HEOOXOIUMBIMU
JUIS TaryIoNpPOIYKIIMK B KYJIbTYpE IBUILHUKOB, OCHOBHYIO
POJIb UTPAIOT TEHOTHIT JIOHOPHOTO PacTEHUsI ¥ TeMIIepaTypa
KyJIBTUBUPOBAHNUS MBUTEHUKOB (Xynias et al., 2001).

Wzyuenue ¢ dexTa X0I0I0BOTO BO3ICHUCTBUS HA OT3HIB-
YMBOCTh KYJIBTHBUPYEMBIX INbIIBHUKOB TPUTHKAJE MOKa3a-
JI0, 9TO CTIOPO(UTHOE Pa3BUTHE MUKPOCIIOP MPOUCXOAUT U
B IIBUIBHUKAX CBEKECYOPaHHBIX KOJIOCHEB, IIPHYEM Y HEKOTO-
PBIX TEHOTHIIOB C OOJIBIIEH YaCTOTOM 10 CPABHEHHIO C ITbLITb-
HUKaMH, TO/IBEPTaloUMICS BO3ACHCTBHIO 3TOTO CTpecca
(pstayx u ap., 2010). Manmmanus cniopouTHOTO pa3BUTHUS
MHKpPOCIIOp 0€3 CTPECCOBBIX BO3ICHCTBHI ObLIa IOCTUIHYTA B
KyJIBTYpe IBUTEHUKOB staMerst 1 mmeHutrs! (Ohnoutkova et al.,
2000; Shariatpanahi et al., 2006b). ITH SKCTIEPUMEHTHI CBHU-
JIETEJILCTBYIOT O TOM, YTO M30JISILIUS COLBETHUH U MbIJIBHUKOB
OT JIOHOPHOTO PACTEHUSL, & TAKXKE YCIOBUSI KYJIbTHBUPOBAHUS
in vitro caMu 10 ce0e MOT'YT BBICTYIIATh B KAYE€CTBE CTPECCOB,
KOTOpBIC 0€3 PUMEHEHHUS JI0OBIX APYTHX CTPECCOB MOTYT

Microspore embryogenesis in vitro:
the role of stresses

HepernporpaMMUpOBaTh JajibHElIIee pa3BUTHE MHKPOCIIOP
B ycnoBusx in vitro (Shariatpanahi et al., 2006b).

VY 31aK0B MUKpPOCTIOpPH! (PU3UUECKHU TPUKPEIUICHBI K Ta-
neTymy nocpenctsom opoukyi (Kpyrmiosa u ap., 2005). Ta-
METaJbHBIC KJIETKH, OKPYKAIOIIHEe MUKPOCIOPHI, UTPAIOT
BXXHYIO PETYJISTOPHYIO POJIb B Pa3BUTHUHU IbUIbIEL. [Ipu
BoznercTeuu IIIIT MuUKpoCHOpBEl OTCTAXOT OT Tameryma u
CBOOO/IHO BBINAAAIOT B MOJOCTH THE3/A MBUIBHUKA, B CBSI3U
¢ 4eM OJIOKHPYETCsI TTOCTYIIJICHUE TTUTATeNIbHBIX BEIIECTB U
HacTymnaer roysojanue Mukpocrnop. CTpeccom B TakoW CHUTY-
anuu seisitores He IIIT, a ronoganue MUKpOCIIop, KOTOPOe
penporpamMMupyet ux passutue (Sunderland, Hu, 1982).
['ameToduTHOE Pa3BUTHE MUKPOCIIOP B YCIOBHSIX FOJIOAAHUS
6moxupyetcs Heoopatumo (Touraev et al., 1996a).

ITo mueHUtO Sv. Zoriniants ¢ coast. (2005), IIIIT neticTBy-
I0T HE KaK cTpecce, a Kak «antucrpecce». [Ipenodpadorka xo-
JIOZIOM BJIMSET KaK 3aKaJUBAIOMIMK (AKTOp M MHIYLUPYET
LB KOMIUICKC IIUTOJIOINYECKUX U (PU3NOTOTNIECKUX U3-
MEHEHM, KOTOPbIE aKTUBUPYIOT CUCTEMY KJIETOUHOMU 3a1UThI
OT Apyrux cTpeccos (Zur et al., 2008). B kynsType MbUTLHUKOB
TputuKane nocie Bo3aeictBus [II1T Obm 0OHApYKEHBI
pa3nu4Hble OeNKH, IPUYACTHBIE K KOMIIETEHIIMA MUKPOCIIOP,
OT3BIBUNBOCTH HA CTPECC M MHIYKIMIO MHKPOCIOPOBOTO
sMOpHoreHesa. YBeInIniIoCch KOJIMIECTBO OCIIKOB, THITMYHBIX
JUIsl 3ALUTHI OT OKUCIMTEILHOIO CTpecca, IarepoHOB U Ip.
OyHKINOHATBHASA KiacCH(puKanus oOHApyKEHHBIX OEITKOB
MI0Ka3aJIa, 470 OOJIBIIYIO UX YacTh COCTABIISIOT OCIKH MeTa-
6onusma (47 %), ctpeccoBbie (28 %) u 3anacHsbie (9 %) Oenku
(Krzewska et al., 2017).

BbISIBIICHO TOBBIIIEHHOE COJCP)KAaHUE SHAOTCHHBIX aMH-
HOKHCJIOT B mbuibHUKaX Tabaka (Krogaard, Andersen, 1983)
u puca (Xie et al., 1997), uto cBA3aHO C yBenn4eHHEM OHO-
CHHTe3a (PEPMEHTOB B MUKPOCIIOPAX U N3MEHEHHEM I'€HEeTH-
YECKOW IIPOrpaMMbl UX Pa3BUTHSL in Vitro.

BbicokoTemnepaTypHbIi cTpecc in vitro
O PEeKTUBHBIM TPUTTEPOM ISl IEPEKITIOYEHHIST MUKPOCIIOP
Ha CIOPO(UTHBIN ITyTh Pa3BUTHS ABJISIETCS TEIUIOBOH MIOK.
[ToBeIIEHHBIE TEMIIEPATYPBI KYJITUBHPOBAHNS MBUTEHIKOB
nieHUIs (1o 32-34 °C B TeueHHe YeThIpex JHEH ) MPUBOAAT K
BO3PaCTaHMIO IPOAYKTUBHOCTH MHKPOCIIOPOBOTO 3MOpHore-
He3a (Touraev et al., 1996b). KparkoBpemeHHbIE BO3CHCTBUS
BBICOKOTEMITIEPATYPHBIM CTPECCOM — Hanbosee 3 PeKTHBHBII
MPUEM MHAYKIMNA MHKPOCIIOPOBOTO 3MOPHOTEHE3a Y BUIOB
pona Brassica L. (Custers et al., 1994; I1ImbikoBa u 1p., 2015).
[TonoxwurenbHas pojib IPUMEHEHUS OBBILIEHHBIX TEMIIEpa-
TYp YCTAQHOBJICHA M B COUETAHUM C JPYTMMHU CTPECCOBBIMHU
(haxropamu, Hanpumep ronoganueM (Touraev et al., 1996a).
TenoBoii 10K BbI3BIBACT PA3JIUYHbIN CIIEKTP U3MEHEHUN
B KJIETKE, B YaCTHOCTU MHIYKIUIO CHHTE3a OENKOB TEIlIo-
Boro 1moka (HSPs), ocobenno HSP70, koTopsie O110KHpYIOT
nporpammy mnbuibleBoi nuddepenunanuu. Yem Oosbiie
TEMIIEpaTypHBIE PA3JINIUs MEX/IY YCIOBUSMHU BBIPAIIINBAHUS
JIOHOPHBIX PACTEHHH i1 Vivo U YCIIOBUSIMH KYJIBTHBHPOBAHUS
in vitro, TeM «ctpoxke» curran HSPs. [Ipu temmneparypax
Hiwke 25 °C HSPs He 00pa3yioTcst — TeMmeparypsl CITUIIKOM
HU3KHUE JUISl TIPOSIBIICHHSI OT3BIBYMBOCTH Ha CTpecc. Takum
oOpazom, cunte3 HSPs MoxkeT ciyXUThb MOJEKYISPHBIM
MapKepOM PeaKIi MUKPOCIIOP Ha CTPECC U UX CIIOCOOHOCTH
WHHULMMPOBATh aH/iporenes in vitro (Smykal, Pechan, 2000).
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HSPs neifcTBYIOT Kak MOJEKYJSpHBIE IIaNepOHbI. AKTH-
Barst cuaTe3a HSPs 3amummaer MUKpPOCTIOpPHI OT armonTo3sa,
BBI3BIBAEMOT'0 BHICOKUMH TeMIlepaTypamu. biiokupyst aror-
T03, HSPs MoryTt crnoco0cTBoBaTh BBDKHBAHHIO KJIETOK C
«TIepETPOrpaMMHPOBAHHBIMY» T€HOMOM U MEPEKIIOUCHHIO
MHKPOCIIOp Ha crIopouTHBIH myTh pazsutus. Cunre3 HSPs
MPEMSITCTBYET CUHTE3Y OEJTKOB, HEOOXOIMMBIX ISl TalIbHEH-
mei nuddepeHnranui MUKPOCTIOp B MBUTBILY (Zoriniants
et al., 2005). CpaBHenue narTepHoB (HOCHOPHIMPOBAHHBIX
0€JIKOB B SMOPHOT€HHBIX 1 HEAIMOPHUOTEHHBIX MHUKPOCIIOPAX
Brassica napus L. moka3zano 6onee BRICOKHI ypoBeHB (hoc-
¢opmnmpoanust HSP70 B sMOpHOTEHHBIX MHUKpOCIIOpax.
V3mMeHeHust B CHHTE3€, TPAHCIOKAHU U (poCHOpHITMPOBAHUH
3TOTr0 OEITKa CBSI3aHbI C IEPEKITFOYEHUEM MUKPOCIIOP C Tame-
To(hUTHOTO Ha cOpodUTHBIA myTh pa3zBuTus (Cordewener
et al., 1994).

YrneBopgHoOe ronogaHune

VrieBoiHOE roJIofiaHue NpeicTaBiIseT co0oi 3 heKTUBHBIH
MIPUEM WHAYIHPOBAHUS MUKPOCIIOPOBOTO 3MOpHOreHe3a.
[IpumeuarenbHO, YTO 3TOT BHJ CTPECCca MOXKET OBITH NPH-
MEHEH HE TOJIbKO JIJIsl H30JIMPOBAHHBIX MUKPOCIIOP, HO U JIJIsI
M30JINPOBAHHBIX ITBUTBHUKOB, COIIBETHI MM 1IE€JIOTO PACTEHUS
(Heberle-Bors, 1989). YrineBoanslii cTaTyc pacTeHUs CIY)XUT
OJTHMM U3 HauOOJIee 3HAYUMBIX (DAKTOPOB, OMPEICIIIOIINX
pa3BUTHE MUKpOCIIOp U (popMupoBanne GepTHIFHON MBIITb-
sl in vivo (Corbesier et al., 1998). l'ononanue BeI3BIBacT
pa3InYHbIC KICTOYHbIC MPEOOPA3OBAHUS il VIlro: 3aICPKKY
pOCTa KIETKH, OBICTpOE MOTpedIeHne KIETOYHBIX YIIICBO/IOB,
JIeTpalalivio JINIHUIOB M J)KUPOB, HAKOIUICHHE CBOOOIHBIX
AMUHOKHCIIOT, CHM)KEHUE TJIMKOJIUTHYECKON aKTUBHOCTH
thepmenToB (Zoriniants et al., 2005). Mopdonorngeckue u
(hu3HoNIOrNUECKre N3MEHEHHSI MUKPOCIIOPHI TIPH YTIIEBOIHOM
TOJIOIAHUM THITMYHBI JJIsl ayTO(arHbIX KIETOK in vivo — Ha-
OmomaeTcs aeaudQepeHIanys mIacTua, Jerpajanus a-
MEJUISIPHOH CTPYKTYPBI, HICUE3HOBEHUE KpaxMala, MOsIBICHNE
6onbmoi Bakyonu (Garrido et al., 1995). JlonogHUTEIbHBIN
cTpecc (BBICOKHE W HU3KHE TEMIIePaTyPHl), a TAKXKe TPO0-
JKUTEIILHOCTD TOJIOIAaHHS OIIOKMPYIOT TaMeTOPHUTHOE pa3BH-
THE U CIIOCOOCTBYIOT AMOPHUOT€HHOMY Pa3BUTHIO MUKPOCIIOP
(Touraev et al., 1996a).

[MonoxurenbHbIi 3G EKT P 3aMeHe caxapo3bl Ha MaJIbTO-
3y B KyJIBTyp€ IbUILHUKOB IIIEHHIIBI CBS3aH C 3aMEJICHHBIM
THPOIM30M MaJIbTO3bI, UTO BBI3BIBAET CTPECC TONOJAAHUS U
WHAYKIUI0 MUKpocriopoBoro sMopuorenesa (Indrianto et
al., 1999; Redha, Talaat, 2008). Bux npumMeHnsiemoro ctpecca
TOJIOIaHMS OBJIMSUT Ha YHCIIO ¥ COOTHOIICHNE alTbOMHOCHBIX
¥ 3eJICHBIX PaCTEHHH STIMeHs, X GpepTHiIbHOCTh. Hanbomplee
YHCIIO 3€JICHBIX PACTEHUH ObLIIO MOIYyUYSHO IPH IPUMEHEHUH
maranToNa (0.3 M) mpu Temmeparype 32 °C B Teuenne 24 4
(Oleszczuk et al., 2006).

[Tpu yriieBogHOM TroJI01aHUU HAOJIOAAI0TCSI KOJTMYECTBEH-
HBIE ¥ KaU€CTBEHHBIE N3MEHEHUS B AKTHBHOCTH IIPOTEHHKHHA3
in vitro. BeposiTHO, MPOTEMHKNHA3bI BOBJIEKAIOTCS B TPAHC-
JYKLUIO CUT'HAJIa, BBI3BAHHOTO A(EKTOM TroIoJaHusl, 1 BIH-
SIOT Ha SKCIIPECCHIO TEHOB U PETYISINIO KIETOUHOTO IIUKIIa
(Garrido et al., 1995). l'omonanne BBI3BIBAET SKCHPECCHIO
reHoB HSPs in vitro, uto moaTBep:kaeT posib MOJIEKYJISIPHBIX
IIaTIEpOHOB B KJIETOYHOM TepenporpammupoBanny (Wang et
al., 1999; Varnier et al., 2009).
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MuKpocrnopoBbIi Sm6puoreHes in vitro —
ponb CTpeccos

BaxkHyto poJib B ajantanuu K crpeccam urpaeT abcu3oBas
knuciota (ABK). B KynbTHBHpYEeMBIX NMBUIBHUKAX SYMEHS,
MO/IBEPTHYTHIX TOJIOAAHUIO U OCMOTHYECKOMY CTpeccy, CO-
nepkanne ABK yBennuuioch B 1Ba pa3a U KOppeIupoBaio ¢
JKU3HECTI0cOOHOCTRIO MUKpoctiop. Hakomnenne ABK moxet
paccMaTpuBaThCs KaKk CHUTHAIBHBINA (DAKTOp MEPEKITIOUCHNUS
Pa3BUTHSI MUKPOCIIOpP HA aJIbTCPHATUBHBIN IIyTh Pa3BUTUS
(Wang et al., 2000). I[Ipeanomaraercs, 4ro 3amuTHas QyHK-
st ABK Bo3HMKIIa B pe3ynbrare cTaOMIIN3ani KIETOYHBIX
MeMOpaH 1 MHUIHALIUH 3aIIUTHI K OKUCIIUTEIEHOMY CTPECCY
(Prasad et al., 1994; Wang et al., 2000; Zur et al., 2008).

KonxnuymtH

KonxuimH kak areHT, WHAYIHPYIOUIHI CIIOpopUTHOE pa3-
BUTHE MHKPOCTIOP, YCIIEIIHO IIPUMEHSIICS B KYJIBTYpE IbLIb-
HUKOB U M30JIUPOBAHHBIX MUKpOCIOp Tputopaeym (Barceld
et al., 1994), mmennnsr (Redha, Talaat, 2008), xyxypy3s!
(Saisington et al., 1996), Tputukane (Arzany, Darvey, 2001),
parica (Mohammadi et al., 2012). Mcnosib30BaHHE KOJIXH-
I[MHA B COCTaBE MHIYKIMOHHOW NMHUTATEIbHOI Cpenbl JUIs
KyJIGTUBHPOBAaHMS MBUIBHUKOB MIICHHIBI B KOHIICHTPALUU
0.02 1 0.04 % B TeueHHE HECKOIBKUX MEPBBIX YACOB KYJIBTH-
BUPOBAHMS BBI3BAJIO N3MEHEHNSI CHMMETPUH JICTICHUS 32 CUET
cynpeccuu (OPMHUPOBAHHS MUKPOTPYOOUEK, YTO MPHUBEIIO K
YBEIIMYCHUIO YaCTOTBI CUMMETPHUYIHO ACIIAIINXCSI MUKPOCIIOP
(Barnabas et al., 1991). B xynpType MBIIBHHKOB KYKypY3HI
HanOOJNIBIINI yCIeX B MHIYKINH SMOPHOTEHHOTO Pa3BUTHS
MHKPOCIIOp JIOCTUTHYT B Clly4ae KOMOMHHUPOBAHHOTO IPHU-
MEHEHHUS NMOHWKEHHBIX MOJOXKHUTENbHBIX TemIeparyp (Ha
JIOHOPHBII Marepual) U KOJIXHIMHA B codetannu ¢ TIBA B
KauecTBE PEryJsiTopa pocTa B COCTaBE MUTATEIbHOU CPeibl
(Obert, Barnabas, 2004). D¢ dekT Bo3neHCTBH KOIXHUIINHA Ha
(hopMupoBanue SMOPHOHUIOB U 3€JICHBIX PACTCHUH 3aBHCUT
ot reHoruna (Redha, Talaat, 2008).

Konxuiux cBA3bIBaeT o- 1 B-rerepoauMepsl TyOyIHHa, UX
JlabHenIIee MPUCOCAMHEHNE K MUKPOTPYyOOUYKaM MHTHOM-
pyercsi, 4TO BBI3BIBACT JICTIOJIMMEPU3ALMIO U TIepeMeElleHHE
Aqpa oT nepudepun K NeHTPY MUKPOCTIOpsl. Peopranuszanus
IIUTOCKEJIETa MPUBOJMT K ITOTEPE ACUMMETPHUN MUKPOCIIOPHI 1
OsoKkHpoBaHKIO TaMeTopuTHOTO pa3Butus (Zhao et al., 1996;
Babbar et al., 2004; Aionesei et al., 2005; Clement et al., 2005).
[TokazaHa cBs3b MUKPOTPYOOUEK C IUKINH-3aBUCHMBIMH KH-
Hazam# (cdc2), KOTOpPhIC YYaCTBYIOT B CMEHE (a3 KIIETOYHOTO
mukota (Weingartner et al., 2001). YpoBens HakoruieHus Oenka
cdc2 cBs3aH ¢ mponudepaTUBHON aKTHBHOCTHIO KiI1eTOK (John
et al., 1990). [Ipeamnonaraercs, 4To MHrHOMpOBaHue HOpMH-
pOBaHNUS BEpeTEHa AEIEHHs KOJIXUIIMHOM MOXKET BIIHSATH Ha
O6unocunTe3 6enka cdc2 B MUKpOCIIOpax M NX MEPEKIIOYCHUE
Ha copodUTHBIA MyTh pa3BuTHst (Zoriniants et al., 2005).

n-bytaHon

ByTunoBelii ciupt (n-0yTaHoI) — IPeICTaBUTEb OIHOATOM-
HBIX criipToB. [IpuMenenne n-OyTaHoia B COCTaBe TUTATEIhb-
HoM cpenpl B koHUeHTpauuu 0.1-0.2 % B Teuenue 5 4y AByx
COpTOB MsIrKoii neHuisl Pavon u Caramba ripuBesio K yBenu-
YEHHIO BBIX0/Ia SMOPHONAOB. B CpaBHUMBIX SKCTIEPIMEHTAX
YHUCIOo 3eNeHbIX pacTeHuid Ha 100 NbUIbHUKOB YBEJIUYMIOCH
co 121 1o 300 y copra Pavon u ¢ 46 10 90 y copra Caramba.
BrIxon yaBOSHHBIX Tamion0B OBLUT YBEIWYEH B 1B pa3a B
CpaBHEHHUHM ¢ KOHTpojeM (Soriano et al., 2008).
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[To3nHee moNOKUTENBHBIN 3PPEKT n-OyTaHoIa B COCTa-
Be MMUTATENIBHBIX CPel B CXOAHBIX KOHIEHTpPALUAX ObLI
MOATBEPKACH B KYJIbTYPE MBUIbHUKOB MSTKOW MIICHHIIBI
(Broughton, 2011), kykypy3sl (Foldesiné et al., 2011; Fabian
et al., 2015) u samens (Castillo et al., 2014). B xymsrype
MBUTBHUKOB KYKYpY3bl COBMECTHasi 00paboTKa n-0yTaHOIOM
U TIOHIKEHHBIMH TEMIIepaTypaMu yBEIWYMJIa 4acTOTy OT-
3BIBUMBBIX MBIUIBHUKOB Y CJIa00 OT3BIBYMBBIX I'€HOTHIIOB.
[Tpn KOMOMHUPOBAHNH ITHX 00PAOOTOK BBIXOI SMOPHOHN/IOB
cocrasui 20.9 % no cpaBuenuto ¢ 0.5 % B kontpose (Fabian
etal., 2015).

[Tpumenenne n-OytaHona B KOMOMHAIIMH C MaHHHUTOJIOM
MIPUBEJIO K YBEIMYEHUIO SIMOPHOMJIOB U 3€JICHBIX PACTCHUI
B KYJIBTYpE NMBUIEHHKOB 1200 OT3BIBYMBBIX COPTOB SUMEHS.
V¥ coproB Astoria u Majestic 4MCIIO0 TIOJyYeHHBIX IMOpHO-
WJIOB YBEJIMYMIIOCH B IBa pa3a, a YKCJIO 3€JICHbIX PACTeHUH —
B TpH paza (Castillo et al., 2014). Ograko MO3UTHUBHEIHN H]-
(exT n-OyTaHoma B Ky/IbTYpe MBUIBHUKOB CJ1a00 OT3BIBYMBBIX
COPTOB STYMEHSI ObUT HIKE, YEM Y CJIa00 OT3BIBUMBBIX COPTOB
MIIEHUIBI, Y KOTOPOH BBIXOJI 3€JICHBIX PACTEHUH OB yBENH-
yeH B 14-27 pa3 (Broughton, 2011). ¥ o6oux BumoB sdpdexr
n-OyTaHoJ1a ObLT BBIIIE Y HU3KO OT3bIBYMBBIX cOpTOB. [Tokazan
AIUTHBHBIN () (dekT MaHHUTONA U n-OyTaHOIa HA MHUKPO-
crniopoBblit aMOpuorenes ssamens (Castillo et al., 2014).

[MonoxurenbHblil 3dexT n-OyTaHosa MPUITUCHIBAIOT €r0
CITOCOOHOCTH pa3pymIaTh KOPTHUKAIBHBIE MHUKPOTPYOOUKH.
MHuKpOTpyOOUKH MOAICPIKMBAIOT MOJISIPU30BAHHBINA CTATyC
LUTOILIa3Mbl, TI03TOMY MX pa3pylleHHe HapylaeT IMoJsp-
HOCTh MHKPOCIIOP U IPHBOJHUT K UX CHMMETPUYHOMY Jie-
neHuo. V3MeHeHHs: B CHMMETPHHU MIEPBOTO NEJICHHS MOTYT
BJIMSITH Ha OKCIPECCHIO TEHOB ¥ MOAN(HUIINPOBATh Ty Th pa3-
BUTHUS JIOYEPHHUX KIETOK. Ba)KHBIM CTPYKTYPHBIM H3MEHe-
HHEM KIICTKH, BBI3bIBAEMBIM N-OyTaHOJOM, siBisieTcs (op-
MHUpOBaHHE aHOMAJILHOHM KileToyHoi ctenku (Fabian et al.,
2015).

3aknioyeHune

st BHenpenust DH-TexHOnoruil B ceIeKIIMOHHBIN ITpoLece
TpeOyIoTCs BOCIPOU3BOIUMBIC U HEJOPOTHE TEXHOJIOTHHU
[IPOU3BOACTBA IaINIOUHBIX pacTeHuil. HecMotps Ha To, uTO
JIOCTUTHYTHI 3HAUNUTENBbHBIE YCIIEXH B TIOTYUYEHUH rarion10B
Ha OCHOBE MHKPOCIIOPOBOTO SMOpHOTEHe3a i Vitro y MHOTHX
BUJIOB (SYMEHb, paric, MIIeHUIa U Ap.), IPyTrue BUIBI U TaxKe
pa3Iu4HbIe TEHOTUIIBI OAHOIO BHJIa OCTAIOTCS «TPYAHOOT-
3BIBYMBBIMIY. BBISIBIEHNE HOBBIX CTPECCOB U CIOCOOOB MX
BO3/I€UCTBUH, MOBBIIIAIONIMUX MOTEHIMAT MHUKPOCIOPOBOIO
SMOpHOTeHe3a, MO3BOIUT CO31aTh YPPEKTUBHBIE TEHOTHII-
HE3aBUCHMBIE TPOTOKOIIBI reHeprupoBanusa DH-nunumii aus ux
HCIIOJIB30BAaHHUA B CCIICKIIMHM DKOHOMHNYCCKHU IICHHBIX BUI0B.
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OHTOreHe3 MHOTFOKJIETOYHOTO OpraHr3Ma HauYMHAETCA C TOTUMOTEHTHON 3UroThbl, 06najatoLLeli HeorpaHNYeHHbIM
noteHumanom auddepeHUPOBKY BO BCe NMeILMEecs BO B3POC/IOM OpraHu3me Tunbl KNeTok. [o mepe aeneHvs
1 CO3PEBaHNA KNETKN NMOCTEMEHHO YTPaUuMBatOT MOTEHLMaN, U CNEKTP AOCTYMHbIX MyTel pa3Butra cyxaetcs. Mpo-
X0 nocsiefoBaTesibHble 3Tanbl AvddepeHUMpPoBKY, KNeTKU NprobpeTaioT cneyndundeckne GyHKLMOHaNbHbIE U
Mopdonornyeckne 0Co6eHHOCTU, XapakTepHble AnA JaHHOTO KNIeTOYHOro Tuna. PacwmdpoBka MexaHM3MOB, pe-
rYNUPYIOLLMX aKTUBHOCTb reHOB B xofe AnddepeHUnpoBKY, ABNAETCA akTyanbHON 3afadeil. B HacToswee Bpems
TPpexmepHas OopraHu3aumsa reHoMa B MPOCTPaHCTBE Afipa CYMTAETCA OAHUM 3 OCHOBHbIX YPOBHEN perynauum ak-
TUBHOCTM reHoB. Pa3BnTre METOL0B, OCHOBaHHbIX Ha TEXHOJOMMU 3axBaTa KOHGOPMaL MV XPOMOCOM, 3HAUUTENBHO
pacLuMpuno Halle NnpeacTaBieHne 06 opraHn3aLmn 1 perynaummy reHoma B NpocTpaHcTae. B yactHocTH, 6binv onu-
CaHbl HECKOJIbKO YPOBHEN ynakoBKU reHomHow [HK, BKtovatoLwmx Takme CTpyKTypHO-GYHKLMOHANbHbIE eJUHULIbI,
Kak KOMMapTMEeHTbl XPOMaTVHa PasHbIX TUMOB, TOMOMOTMYECKEe AOMEHbl U BHYTPUAOMEHHbBIE NIOKallbHble B3au-
MOAECTBUA PEryNATOPHbIX IEMEHTOB. HecMOTpA Ha 3HauUTeNbHbIN NPOrpecc B 3TON 0611acTy, TOUHble MOJEKY-
NAPHbIE MEXaHN3Mbl YCTAaHOBNEHWA 1 NofaaepKaHnA Nofo6HON opraHM3aLmm Nnoka He yaanocb paclundposaTb Jo
KoHUa. Mo3Tomy B nocnegHee BpeMs Bce 60rbLUyto akTyalbHOCTb NPUOBPETAIOT NCCNefoBaHUA U3MEHEHNI TPEX-
MEPHO apXMTEKTYPbl FTeHOMa, COMPOBOXAAIOLMX Ty UIIN NHY0 AnddepeHLnpoBKy. Cpefmn onvcaHHbIX AuddepeH-
LIPOBOK 3pUTPOUAHAA 3aHMMaeT 0cob0e MecTo, Tak Kak OHa COMPOBOXKAAETCS IKCTPeMasibHON peopraHn3ayuei
XPOMaTVHa, @ KOHEYHbIV NPOAYKT AnddepeHLPOBKM — 3pesible SPUTPOLMTBI, Y MIIEKOMUTAIOLMX U BOBCE HE CO-
Jepxar agpa. Kpome Toro, KomnakTusaums agpa SpUTPOUIHbIX KNEeTOK CONMPOBOXAAETCA rMo6anbHbIM CHYKEHMEM
TPaHCKPUMLMOHHOI aKTUBHOCTW. B CBA3M € 3TVIM rnobanbHble 3MeHeHUs naHAaLadTa XpomaTHa, ConyTCcTByoLMe
apuTponaHoi anddepeHUMpPOBKe, NPeaCcTaBATCA YI0OHON Mofenblo ANiA U3yyeHnsa OBLUX MEXaHN3MOB Moj-
JepXaHUsA TPexMepHOI apXUTEKTYPbl FeHOMa, a TakKe [iNA 13yUYeHUs UX B3aMOCBA3M C MeXaHU3MaMu, obecrneun-
BalOLLVMU aKTUBHOCTb reHOB. B 0630pe Mbl 06CyanM CBA3b NOC/IeA0BaTeNIbHbIX M3MEHEHUI CTPYKTYPbl XPOMAaTUHA
B XOAe 3pUTPOonAHON AnddepeHLUPOBKY C ycTaHOBNEeHEM 3D apXUTeKTypbl reHoMma.

KnioueBble cnoBa: 3puTpobnacTbl; sputponaHasn auddepeHLMpoBKa; KOMNaKTM3aLUmsa XpomaTrHa; 3D apxuteKkTypa
reHoOMa; opraHu3aus XpomMaTrHa.

[AnauntnposaHusa: Xabaposa A.A., Poikkoa A.C., batTynuH H.P. PeopraHunsanma xpomaTiHa B npoLecce SpuTpona-
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Reorganisation of chromatin during erythroid differentiation
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A totipotent zygote has unlimited potential for differentiation into all cell types found in an adult organism. During
ontogenesis proliferating and maturing cells gradually lose their differentiation potential, limiting the spectrum of
possible developmental transitions to a specific cell type. Following the initiation of the developmental program
cells acquire specific morphological and functional properties. Deciphering the mechanisms that coordinate shifts
in gene expression revealed a critical role of three-dimensional chromatin structure in the regulation of gene activ-
ity during lineage commitment. Several levels of DNA packaging have been recently identified using chromosome
conformation capture based techniques such a Hi-C. It is now clear that chromatin regions with high transcrip-
tional activity assemble into Mb-scale compartments in the nuclear space, distinct from transcriptionally silent
regions. More locally chromatin is organized into topological domains, serving as functionally insulated units with
cell type - specific regulatory loop interactions. However, molecular mechanisms establishing and maintaining
such 3D organization are yet to be investigated. Recent focus on studying chromatin reorganization accompa-
nying cell cycle progression and cellular differentiation partially explained some aspects of 3D genome folding.
Throughout erythropoiesis cells undergo a dramatic reorganization of the chromatin landscape leading to global
nuclear condensation and transcriptional silencing, followed by nuclear extrusion at the final stage of mammalian
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Reorganisation of chromatin
during erythroid differentiation

erythropoiesis. Drastic changes of genome architecture and function accompanying erythroid differentiation seem
to be an informative model for studying the ways of how genome organization and dynamic gene activity are
connected. Here we summarize current views on the role of global rearrangement of 3D chromatin structure in

erythroid differentiation.
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BBepeHmne

Co3peBaHne SPUTPOUIHBIX MPEAINIECTBEHHUKOB B XOJE Te-
Maroro33a A0CTATOYHO IOJHO OXapaKTEPH30BaHO C TOUKH
3pEHUS CTYNCHYAThIX M3MEHEeHUI nx Mopdonoruu. /lanHbIit
MpoLEeCcC BKJIIOYAET 3HAYMTEIbHOE COKpAlleHHEe pazMepa
KJIETKH, [OTEPI0 MUTOXOHJpUM, anmnapara [onabaxu, sH10-
TUIA3MaTHYECKOTO PETHKYIIIOMA U 3HAYUTEIILHOTO YHCIIa PHU-
060coM, peopraHu3aluio MUKPO(UIAMEHTHBIX CTPYKTYp, a
TaKKe HAKOIUICHHE TeMOINIOONHA M APYTUX SPUTPOUJ-CIIE-
muduuecknx OenkoB (Moras et al., 2017). CoracHo cye-
CTByIOH.Ieﬁ MOJCIIH, U3 MyJ'IBTPIl'IOTeHTHOfI TreMaToInod3TH4YC-
ckoii crBonoBo# kieTku kKpoBH (CKK) mocpencTBoM HeCKoIb-
KHX JIeJIeHUH oOpasyeTcs Hespelasi SpUTPOUIHAs KIeTKa-
MIPEAIICCTBEHHHUK, Ha3BaHHAasI OypcT-00pa3yromiel eAnHuIen
spurporutoB (BOE3), BmocnencTBun garomiast Ha9ajio KoJio-
HueobOpasyromiei equauie — KOEs. [lanpHeiiee pa3sutue,
HMCHYCMOC TCPMHUHAJIBHBIM 3PUTPOITIO330M, BKIIIOYACT B
cels Iy Th OT MPOIPUTPOOIACTA IO PETHKYIONUTA, KOTOPBIH
KJIETKa TPOXOJIUT 33 YETBIPE-TIATh MUTOTHYECKUX JIEICHUI
(cm. pucyHok). Obpasyrommecs uz KOE» nmpospurpobiacts
0051a1at0T KPyMHBIM SAPOM, 3aHUMAOIIMM ITOYTH BCE TIPO-
CTPAHCTBO KJIETKH, SIBHO Pa3IMYMMBIMH SIPBIIIKAMH, a TAKKE
HUMEIOT 0a30()MITBHYIO [IUTOILIA3MY.

B xone nanbHeHIMX cTaguil IPOUCXOIUT IOCIE10BATENb-
Hoe o0pazoBaHue 6a30(UILHOTO, MOIUXPOMATOPHIBHOTO U,
HaKoHell, OKcH(uIIbHOTO SpUTpodIIacToB. [Ipu 3TOM THIameTp
KJIETKH COKpAaIIaeTcs ¢ 25 MKM 110 ipumepHo 8 MKM. Kpome
3TOTO, SIPO HPUTPOOIACTA TTOJIBEPracTCs 3HAUUTEIBHBIM U3-
MeHeHusM B xone auddepeniuporku. Ha stamne 6azoduib-
HOT'0 3pUTPOOIIacTa 3aIyCKaeTCs MPOLecc KOHAESHCALNH XPO-
MaTHHa, ucue3aeT sApbimKo. Jlanee B nuTomasme emie oosee
MEJIKOTO TOJIMXPOMAaTO(UIIEHOTO APUTPOOIACTa HAYNHACTCSI
AKKyMYJISIIIMSL TEMOITIOONHA, & XPOMATHH HPETEepIeBacT psl
Moan(UKALUI U yITaKOBBIBAETCs elile 0ojee IOTHO. 3areM
XpOMaTuH CUJIBHO KOMITAKTU30BAaHHOI'O fAApa CTAHOBUTCA
TPAHCKPUIIMOHHO HEAKTHBHBIM, a AP0 BBIOPACHIBACTCS U3
knerkn (Migliaccio, 2010; Nowak et al., 2017). B ¢unane
OKCU(HIBHBINA pUTPOOIIACT AT HAYAJIO IBYM CTPYKTypaMm:
PETHKYJIOIHTY, COAEPrKAIEMy OOBIIYIO YaCTh INTOIIA3MBI,
U MTUPEHOINTY, COZIEPKAIEMy HEaKTHBHOE ITMKHOTHUECKOE
SIIPO, OKPY’KEHHOE TOHKMM 00O0KOM IIUTOTIa3Mbl. Briocien-
CTBHMH PETUKYJIOLUT BBIXOAUT B KPOBSHOE PYCIIO, B TO BPEMsI
KaK THPEHOLUT MOJBEPraeTcs Aerpajalil NPy y4acTUU
Makpogaros, KOTOPbIE PACIO3HAIOT CHEHUPHUSCKUE Map-
kepbl Ha ero moBepxHocTH (Yoshida et al., 2005). Hecmotpst
Ha TO YTO IOTEPs siApa 3PEIBIMHU SPUTPOLIUTAMH SIBIISIETCS
0COOCHHOCTHIO UMEHHO MIICKOMHUTAIONINX, TOTEeps] TPAHC-
KPHITIMOHHOW aKTUBHOCTH M KOMITAaKTH3aLMsl XPOMATHHA B
xojie apuTpousHol nuddepeHIMpPOBKN HAOMIONAIOTCS U Y
JAPYTUX TO3BOHOYHBIX, B YaCTHOCTH IITUIL, YTO YKA3bIBACT HA

IBOJTIOIIIOHHYTO KOHCEPBATHBHOCTH 3THX mporieccos (Dolznig
etal., 1995).

Iporecc spurpouanoii auddepeHIUPOBKUA COTPOBOXK 1A~
eTCsl III00aTBHOM MepecTPORKON apXUTEKTyphl TeHOMA U JIO-
KaJIbHBIMHM N3MECHEHHSMH MaTTEPHA aKTUBHOCTH MHOXKECTBA
reHoB. [loaTomy taHHast MOJENb PEICTaBIISIET OrPOMHBIN HH-
Tepec I N3yUCHUs! B3aUMOCBSI3H IBYX YPOBHEH peryisiuy,
KOOPAMHHPYIOMHUX X011 1] HepeHIIMPOBKH, 0COOCHHO B CBETE
HOBBIX METOJIMK, IO3BOJISIIOIMX OOJIee eTalIbHO UCCIIEIOBATh
MIPOLIECCHI, CBSI3aHHBIC C YCTAHOBICHHEM M pEOpraHu3anueit
TCHOMHOI apXUTEKTYPHI.

MpuHUnnbl 3D opraHu3auMm reHoma

B sapax 9yKapHOTHUECKUX KJIETOK CYHIECTBYET HECKOJIBKO
nepapxuueckux ypoBHen yknaaku monekyisl JIHK. TlepBeim
ypoBHeM kommakrtu3ayn JJHK seisercs 10 am ¢pubpmia,
cocrosiast u3 monekynsl JIHK, namorannoil Ha oxtamep
I'MCTOHOBBIX OeskoB. Ha jaHHOM ypoBHE OpraHHM3aliu Xpo-
MAaTHHA €r0 KOMITAKTH3aLUsI OCYIIECTBISIETCS 3a CUET H3Me-
HEHUS 3JIEKTPOCTATHIECKUX B3aUMOJICHCTBII Mex Ty N-Tep-
MHUHAaJIBHBIMHU palilOHaMH THCTOHOBBIX OenkoB (Allahverdi et
al., 2011).

Crnenyromyii ypoBeHb OpraHU3allMd XpPOMaTHHA — TET-
JeBOH, c(hOPMHUPOBAHHBIH HYKIICOCOMHBIMH (UOpHIIIAMU
u cnenuanbHEIMA Oenmkamu (Mirny, 2011). ®opmupoBanne
neTeNb B MHTEp(a3HOM sApe MPOUCXOIUT 32 CUET KOTe3NHO-
BOTO KOMILJICKCA OCJIKOB, MPEICTABIISIONICTO COO0M KOJBIIO,
CKBO3b KoTOpOe mpoTsruBaercs HUTH JJHK, obpasys metmo.
B ocHOBaHMM TETIM HAaXOJATCS JIBa CalTa CBSI3BIBAHUS C
6enxom CTCF, npuueM 3TH callThl UMEIOT KOHBEPI'€HTHYIO
opueHTanuio. Huth XpomMaTnHa npoTAruBaeTcs yepes3 Kore-
3MHOBOE KOJIBIIO /IO T€X IIOp, MOKa HE BCTPETHTCS 00OpaTHO
opuenTupoBanHblii caiit 6eka CTCF (Fudenberg et al., 2016).
Mopens MeTIeBOH dKCTPY3UH OOBICHACT, KAKUM 00pa3oM
B3aUMOJICHCTBYIOT MEXy co00i ynanennsle yuactku JJHK u
KaK CTPYKTYpHPOBaH XpoMaTuH B UHTepdazHoM siyipe. Cxoxast
MOZIEINb NETIAEBON OpraHU3alny OIMCcaHa U s MeTa(asHbIX
XPOMOCOM, OJTHaKO B HEHl ydacTBYIOT OeJIKM KOHJCHCHHA |
u II (Gibcus et al., 2018), kotopsie GOPMUPYIOT METIINA U
MAacCHBBI N1ETEb.

KomnakTtusauus

ApPXUTEKTypHBIE O€JIKH, yIaCTBYIOIINE B OPTaHNU3AIIUH XPO-
MaTHHa, HO3BOJIAIOT noaaepxkuBaTh cTpykrypy AHK, HO Bpsia
JIN le/IHI/lMaIOT AKTUBHOC yqaCTue B KOMIIAKTHU3allUHU ;mpa,
MTOCKOJIBKY YIaJIEHUE TAKUX OCITKOB MPHUBOIUT K HAPYIIICHUIO
CTPYKTYPbI, HO HC BIIUACT 3HAYUTCIIbHO Ha KOMIIAKTU3allUIO.
BepoaTHee BCEIo, Ha YINIOTHCHHUEC XpOMAaTUHA KOMIJICKCHOC
BIIMSIHHUE OKa3bIBAKOT KAaK OTIACIIBHBIC 6GHKI/I, TakK U UOHHBIC
BBaHMOHGﬁCTBHﬂ. XpOMOCOMa npeaACTaBIIACT CO6OI71 I10JIU-
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Cxema TepMUHaNbHOro 3pUTPOMNo33a.

JIIEKTPOJINTHBIN KOMIUIEKC, I03TOMY YIUIOTHEHHE XPOMOCOM
JIOJKHO 3aBHCETH OT TOTO, HACKOIBKO XOPOIIO OTPUIATENb-
uele 3apsaapl JJHK meiitpanusyrores, uToObl 00ecieunuTh
KOHJICHCAIIHUIO.

Bonbiuas yacte orpunarensHeix 3apsaos JAHK welitpanu-
3yeTcsl CBSI3bIBAHWEM THCTOHOB, OytHaKo okoiyo 40 % B3au-
MOﬂeﬁCTBleT C APYTUMHU NOJIOKUTCIIbHO 3apAKECHHBIMU MO-
nexynamu (Korolev et al., 2012). Haubosee pacmpoctpanes-
HbIE BHYTPHUKJIETOUHbIE KaThoHbl — Nat, K¥, Mg?* u Ca?*.
Bmecte ¢ Tem yBenmuenue Konuentpauun Mg?t u Ca?t B
IISITH Pa3 B XOZI€ KJIETOYHOTO IMKJIA YKa3bIBAET HA AKTHBHYIO
POJIb 3TUX HOHOB B KOMITAKTH3AI[MH XPOMOCOM TIPH KIIETOY-
HoM genenuu (Strick et al., 2001; Phengchat et al., 2016).
BusanenTheie nonsl (Ca2t m Mg?") cosnaror moine, KoTopoe
pacrpocTpaHsieTcss He TOJIBKO BOKPYT HYKJIEOCOM M JIMH-
KEpHBIX MOCIIEA0BATEIBHOCTEH, HO U 3aTparuBaeT o0JacTH
xBocToB THcToHOB (Gan, Schlick, 2010). Taxum o6pazom,
KOMIAKTH3alUsl XpOMaTHHa 00ECIIEYNBACTCS KOMIIJIEKCOM
B3aUMOJICHCTBUI apPXUTEKTYPHBIX OEJIKOB M OMBaJICHTHBIX
nonoB (Kschonsak, Haering, 2015).

KomnaptmeHTannsauyusa
N OMeHHaA opraHn3saymna
Ha BpICIIEM ypoBHE T€HOM B MHTEp(hA3HOM SApE MOapas-
JieNgeTcs Ha IBa KoMIapTMeHTa — A u B, Bapsupyronmx ot
eAMHHUII 10 JECATKOB MIJIIMOHOB IMap ocHoBaHuii (MO) B
pasmepe (Lieberman-Aiden et al., 2009). Cerperanust Kom-
MapTMEHTOB KOPPEJIUPYET C PA3TUYHBIM (PYHKIIHOHAIBHBIM
COCTOSTHHEM XpOoMaTrHa 1 pa3mnaabiM GC-cocTaBoM. AHAITN3
pacripefiesieHuss XpOMaTHHOBBIX METOK ITOKa3all, YTO KOM-
MapTMEHT A COAEP)KUT MPEUMYIIIECTBEHHO aKTUBHBIE palio-
HBI TEHOMA, TOT/]a KaK KOMIIApTMEHT B Koppenupyer ¢ 30Ha-
MU TeTepOXpOMaTHHA, 00JIaJafOIMMHU TIPOTHBOIIOIOKHBIMHU
xapakrepuctukamu (Lieberman-Aiden et al., 2009; Imakaev
etal., 2012).

broku renoma, mprHaUIeKAIINE K OJHOMY KOMITAPTMEHTY,
UMEIOT OOJIBLIMK TOTEHIHAN K (POPMUPOBAHUIO KOHTAKTOB
MEXIy co00M, UeM ¢ JJOKyCaMH M3 JAPYTOTO KOMITAPTMEHTA,
IpUYeM KOMIApTMEHT B B cpeqjHeM XapakrepusyeTcs 00Iib-
e 4acTOTOW KOHTAKTOB, T.€. YIakOBaH 0oJiee MIOTHO,
geMm A. IlomoOHas cerperamys KOHTaKTOB, HaOmonaemMas 1
Ha BHYTPH-, 1 HA MEKXPOMOCOMHBIX YPOBHSIX, 03HAYACT, YTO
JyXpOMAaTHH U T€TEPOXPOMATUH OTAEJIEHBI APYT OT Apyra u
MMEIOT TeHICHINIO K (OPMHUPOBAHUIO CBOCH €IMHOM U I10-
CTaTOYHO 000Cc00NIEHHOI 0OnacTy BHYTpH siipa. [Tpn ananuse
BHYTPHUXPOMOCOMHBIX KOHTAaKTOB Ha 0oJyiee BBHICOKOM pas-
pemeHnn ObITH OOHApYKEHBI ydacTKu reHoma (~800 TrIC.
rap OCHOBaHMi{), 0OOTralneHHbIe KOHTAaKTaMH BHYTpPH ce0s 1
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PeopraHusauua xpomatuHa
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/ﬂmpeHouMT

MonnxpomatodunbHbii  OKCPUNbHBIN
3putpobnact aputpobnact

Petvikynount  Sputpouut

o0eTHeHHbIE KOHTAKTaMH C TEHOMHBIM OKpykeHueM. Takue
MHCYIMPOBAaHHBIE 00JIacTH OBUTM Ha3BaHBI TOIIOJIOTHYCCKH
accounuposanabiMu gomenamu (TAJ]) (Dixon et al., 2012),
U MMEHHO OHHM SIBJISIIOTCSI KJIIOYEBBIM (PYHKIMOHAIBHBIM
9NIEMEHTOM T'€HOMHOU apXHUTEKTYPBI, BEICTYIIast KaK eANHUII]
PETYISINN, OTIPECIISIFONINE U OTPAHUYUBAIOIINE PETYIIATOP-
HBII KOHTEKCT U1l aKTUBHOCTH T€HOB.

PeopraHu3sauma apxutekTypbl XpomaTuHa

B Xole 3pnUTPOno33a

[Torck MONEKyISIPHBIX MEXaHU3MOB (DyHKIIMOHMPOBAHUS,
(hopMUpPOBaHMS 1 TIOJIEPKAHUS OIIMCAHHBIX BBIIIE CTPYKTYP
B XO0JIe KJIETOYHOH MudPepeHIMPOBKHU SBIISIETCS OJHOM M3
TOpSTYMX TEM B TEHOMHUKE. B yacTHOCTH, peryssiuus nepeBo-
Jla XpOMaTHHa B CYTICpPKOMITAKTH30BaHHOE COCTOSTHHE B XOJ1€
IPUTPOUAHON AUP(EPESHIMPOBKU € MOCICA0BATCIbHBIM
BBIKJTIOUCHHEM TPAHCKPHUIIIHOHHON aKTHBHOCTH OCYIIECT-
BJISICTCSl HA HECKOJIBKMX YPOBHAX. B simepHON 00omouke
SPUTPOUIHBIX MPEJIIIECTBEHHUKOB ()OPMUPYIOTCS OOLIMPHBIE
00J1acTH, B KOTOPBIX OTCYTCTBYIOT KOMITIOHEHTHI S/IEPHOU
JIAMHUHBI, TOPOBOT'O KOMITIEKCA M siiepHast MemOpana. Yepes
TaKue pa3pbIBbl 3HAYUTEIbHAS (PPAKIHS THCTOHOBBIX OSITKOB
(ructons! H3 1 H4) BBIXOIUT B IUTOTIIIA3MY U IeTpaupyeT.
WurepecHo, uro ocraromuiics B aape H2A.Z BosneueH B
pEeryJsiMIo AMHAMUKY pacrioiokeHnus Hykieocom (Li et al.,
2012), 970 TOBOPHUT O €r0 BOZMOKHOH POJIH B peOpTraHU3aInn
XpOMaTHHA B XO/I¢ TEPMUHAIBHOTO 3puTporno3sa. Obmacti
TaKUX Pa3pbIBOB JIMHAMHUYHBI, U UX 00pa30BaHHE TECHO ac-
COIIMMPOBAHO C KJIETOYHBIM LIUKJIOM: B XOJIE CO3PEBAHUS SIIIPO
3pUTpOOIaCTa MPOXOIUT Yepe3 HECKOIIBKO MOCIIEIOBATEIBHBIX
(a3 oTKpeITOTO M 3aKphITOro cocrosinus (Zhao et al., 2016).
YacTu4HBIN BBIXO/ THCTOHOB B IIUTOILIA3MY UEPE3 Pa3phIBbI
B SIZICPHOM 000JI0UKE M, KaK CJICICTBHE, M3MEHEHUE OOIIEro
3apsaa JJTHK mpuBoasT k TOMy, 4TO POJIb MOHHBIX B3aUMO-
JeWCTBUN M KOMIIEHCAIIH 3aps0B B yIAKOBKE XpOMAaTHHA
3HAYUTENIFHO TTOBBIIACTCSI.

Takske CTOUT YHOMSIHYTBh O TOM, YTO II00aJIbHBIN EPEBO
XpOMaTHHA B HEAKTHBHOE COCTOSHHE B XOJ€E 3PHUTPOIIO33a
HE CBS3aH C aKTUBHOCTBIO N3BECTHBIX apXUTEKTYPHBIX Oel-
xoB Bpoae HP1. Okazanock, KpUTHYECKOE 3HAUYCHHUE B 3TOM
mporecce UMeeT OOIIUPHOE JealeTHINPOBaHNE THCTOHOB
(Popova et al., 2009). ITpu sTom B mporecce nuddepernn-
POBKHM pacrpezieJIeHue METKH alleTHIMPOBAHUSI CMEIAeTCs
U3 IEHTPAIbHBIX PETHOHOB K mepudepnu sjipa, a WHAKTHU-
BaIMsl THCTOHOBBIX JI€allETHIIAa3 MPEISATCTBYET MPOLEccy
KOHJICHCALIMM XpOMaTnHa, 00pa3oBaHUIO COKPATHTEILHOTO
AKTHHOBOTO KOJIbITA W siAepHOH skcTpy3uu (Ji et al., 2010).
HWcxonst n3 HelaBHUX CBEJICHUI O TOM, UTO HA yCTAHOBIICHHE
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XPOMATHHOBBIX KOMITAPTMEHTOB B OOJIbIIEH CTEIICHH BIHSET
B3aMMOJICHCTBHE JIOKYCOB BHYTPU KOMIIapTMEHTa B, ueM KoH-
TakTel A—A/A—B, TOTHYHO MPEAIIONIOKHTE, YTO MacIITabHOE
yaajleHHe METKH aKTUBHOTO XPOMAaTHHA MPHUBEIET K 3HAYH-
TEJIbHOM NEPECTPONKE KAPTUHBI TEHOMHBIX B3aUMOJEHCTBUH,
n3MeHss pacipenenenne A/B kommapTMeHToB.

Jpyrum perysiasTopoM KOMIAKTU3aLUU XPOMAaTHHA B XOJI€
spuTpouaHON U HEPEHITUPOBKH SBISETCS METHATPAHC(E-
paza Setd8. Y MiekonuTaronmx 3T0T (PepMEHT OCYIIECTBISICT
MoHOMeTHIupoBanue rucrona H4 mo Lys 20. Ero axktus-
HOCTh HEOOXOAMMa ISl IPOXOXKJCHUS KIETOYHOTO IHKIIA,
KOHJICHCAIINU XpoMaTHHa 1 ctabmibHoCTH reHoMa (Oda et al.,
2009). TouHblif MeXaHH3M, B COOTBETCTBHHU C KOTOPHIM Setd8
MOAN(HUINPYET apXUTEKTYPy XpOMaTHHA B SPUTPOOIACTAX,
noka He siceH. MoHomeTunuposanue ructona H4 no Lys 20
MOTEHI[AJIBHO MOXET CII0COOCTBOBATH YIUIOTHEHUIO XpOMa-
THHA Pa3INIHBIMH CIOCO0AMH, B TOM YHCIIE B3aHMOACHCTBYS
C KOMIUTIEKCOM KoHzeHcHHa [I, akTuBHO BOBIICUEHHBIM B 00-
pa3oBaHUE KPYIHBIX METeNb U KOMIIAKTU3aLUI0 XPOMATHHA
(Liu et al., 2010).

CunTaercs, 9To KapTHHA IPOCTPAHCTBEHHOM OpraHn3anu
TUIIMYHOTO UHTEP(DA3HOTO sipa POPMHUPYETCsi IPH B3aUMO-
JIEWCTBUH ABYX ITI00ATBHBIX ITPOIIECCOB: (ha30Bast cernapanus
IIBITACTCS TIPUBECTH XPOMAaTHH B PaBHOBECHOE COCTOSTHHE,
IIPU KOTOPOM BECh T'€TEPOXPOMATHUH COOpaH B €AMHOM 00be-
ME M UMEET MHHHUMAJBHYIO IUIOMIAb COMPHUKOCHOBEHUS C
9yXpOMaTHHOM, a MeXaHu3M npotrsaruanus nerens JHK
MPENATCTBYET 3TOMY, TOCTOSHHO JIOKAJIBHO TepeMeIlnBas
XPOMAaTHH MPOTATUBAHUEM IETENb CKBO3b KOJIBIIO KOTE3HHO-
Boro komiutekca (Nuebler et al., 2018). B nameit naboparo-
PHUM MOTy4eHBl JaHHBIE O TOM, YTO IIPU TOJHOW OCTAHOBKE
TPAHCKPHIIIIUH B 3PUTPOLUTAX KYPHIIBI SIAPO NEHCTBUTEIBEHO
MIEPEXOIUT B PABHOBECHOE COCTOSTHHE: IaHHBIE, TIOJTyYCHHBIC
npu oMo Hi-C 1 21eKTpOHHOW MHUKPOCKOIIMHU, TOBOPSIT
0 MakCHMaJlbHO BBIPAXEHHOH cerperanuy KOMIapTMEHTOB
AKTUBHOTO U HEAKTUBHOTO XpoMarHHa. [ Ipy 3ToM noiry4eHHbIe
KapThl XPOMAaTHHOBBIX B3aUMOJICHCTBUI CBUIETENLCTBYIOT O
morHOM oTcyTcTBHH TA JloB 1 metens (Fishman et al., 2019).
Vcue3HoBeHNE PETYIATOPHBIX NETIEBBIX B3aUMOJCHCTBUI
HE MOXKET OBITh 00BSICHEHO OCTAHOBKOW TPaHCKPHUITLIMOHHOH
AKTHBHOCTH ¥, COOTBETCTBEHHO, MPOJBIKEHUS KOMIUIEKCA
ACCOIMUPOBAHHBIX C TPAHCKPHIIINECH OEIKOB, MOCKOJIBKY
B AJpax CIEepPMaTO30U/IOB, TAKXKe TPAHCKPHUIIIIMOHHO HEaK-
TUBHBIX, JOMEHHAsI OpraHU3alus COXPaHsUIach. Bo3zMoxHO,
moJj00Hast KapTHHA OOBSICHSICTCS MEepEeMEIIeHNEM OClIKOB
kore3uHoBoro komiuiekca u CTCF, oTBeTCTBEHHBIX 3a JaH-
HbIM THN B3aumonencteui, ¢ JJHK B nHTEpXpOoMaTHHOBOE
MIPOCTPAHCTBO, TAK KAK B Apax aKTUBHO JICIISIIUXCS SPUTPO-
0sacTOB OCJIOK PAaBHOMEPHO PaCIpPEICIICH 10 BCeMy 00beMy
KJIETOYHOTO 5Ipa, a B sSAPax 3pEIbIX 3PUTPOLUTOB KypPHIIbI
CTCF pmuccouuupyet ¢ JJHK u HaxomuTcs Oonplnei cBoei
yacThio Ha nepudepun siapa (Kantidze et al., 2007). Takum
00pa3oM, OTCYTCTBHE aKTHBHOTO IIPOIECCA MPOTATHBAHUS
TMIeTEINb, BEPOSITHO, TIO3BOJISIET YCTAHOBUTHCS PABHOBECHOMY
COCTOSIHMIO CO CTPOTO Pa3[eJIeHHBIMU 30HAMH XpOMaTHHa
Pa3HOTO THMA B AJpax TEPMUHAIBHO AN PEPEHIIMPOBAHHBIX
SPUTPOUIHBIX KIIETOK.

Jpyroii HeOXXHUaHHOH 0COOCHHOCTHIO TEHOMHOW OpTraHH-
3alUH SPUTPOLUTOB KYPHIBI CTAl0 3aMETHOE YBEIHMUCHUE
YacTOTHI JaTbHUX KOHTAKTOB (pasmeneHHbIXx ~20 MO muc-

Reorganisation of chromatin
during erythroid differentiation

TaHIIKEH), He XapaKTepHOe IS IPyTUX UCCIIE0BAHHbBIX paHee
TUTIOB KJIeTOK. CIUTAETCS, YTO BEPOSITHOCTH B3aHMOICHCTBHSA
TEHOMHEBIX JIOKYCOB UMEET TCHJCHIIUIO K PAaBHOMECPHOMY
CHIDKEHMIO C YBEITMUCHHEM JIMHEHHOIO PACCTOSHUS B T€HO-
Me. B coOoTBeTCTBUM ¢ M3BECTHBIMH Ha CETOTHSIIHUHA JACHD
JTAHHBIMH, UCKJTFOYCHUE COCTABIISIOT TOJIBKO IUIOTHO KOHJICH-
CHpOBaHHBIE MeTa(azHbIe XPOMOCOMBI, JJIsl KOTOPBIX HEIABHO
TakKe OBLTO TTOKA3aHO JIOKAJTFHOE MTOBBIIIICHNE BEPOSITHOCTH
nmanpHuX B3aumopericTBui (Gibceus et al., 2018). It 00bsic-
HEHUS TAKUX KOHTAKTOB ObliIa MPEAJIOKEHa MOJIeJIb, B KOTO-
poit GYHKIMOHMPYIOMHNI B HHTEPda3e KOTe3UH 3aMeHSeTC S
komriekcamu Koujencuna I u I1. [lpu ygactnm aTux 6eixoB
(hopMupyercst KOMIIaKTHasE CTPYKTYpa, COCTOSIIAsT U3 JBYX
TUTIOB BJIO)KEHHBIX TIETEJb: MEJIKHUX IETEeNb, B OCHOBaHHUH
KOTOPBIX JIKHUT KOHACHCHH |, 1 00BEIHHSIONINX X KPYITHBIX
neTesnb, chopMupoBaHHbIX KoHAeHCHHOM II. Takoit MaccuB
netens (nested loops) mpeanonoXuTensHO HOPMHPYET JI0-
KaJIbHOE TTOBBIIICHUE ITIOTHOCTH KOHTAKTOB MEXKITY JaTbHUMU
JokycaMmH. JleTanu MexaHH3Ma, OTBEYAIOIIEro 3a ITOT Mpo-
IIECC B AAPE 3PENbIX IPUTPOUIHBIX KICTOK, CIle MPEACTOUT
pacmmdposats. s m3ydeHus qanHOro (peHOMeHa TpedyeTcst
HCCIIEIOBATh BKJIAJ] PA3IMYHBIX JIEMEHTOB, ONIPEIEIISIONINX
TEHOMHYIO apXHUTEKTYpPY, TAKUX KaK HHCYISTOPHBIN OeloK
CTCEF, koublLieBble KOMIUIEKCHI KOT€3MHA U KOHAECHCHHA, B
OpraHU3aIUI0 XPOMAaTHHA SPUTPOUTHBIX KIETOK.

3aknioyeHune

[ToHnMaHue MEXaHU3MOB, JeXKalUX B OCHOBE (hOPMHUpPOBa-
HUSI TO0AJIBHOTO JTaHAIIadTa XPOMATHHA, TO3BOJISIET HHAUE
B3IVISIHYTh Ha PETYISINIO aKTUBHOCTH U CTAOMIIBHOCTH Te-
HoMa. HaMm M3BECTHO O HECKOJBKHX B3aUMOAEHUCTBYIOIINX
MeXTy COOOH YPOBHSX yITaKOBKH reHoMa, oT HamoTKHu JJHK
Ha HYKJIEOCOMBI 10 00pa30BaHMs XPOMOCOMHBIX TEPPUTOPHI.
Hexortopble n3 HUX, HanpuMep Meraba3HbIe TOIOJIOTHYECKUE
JIOMEHBI, CYUTAIOTCSI CTAOMIIBHON M 3BOJIIOIIMOHHO KOHCEP-
BaTHUBHOU (PYHKIIMOHATHHOU COMHHIICH, XapaKTEePHOU s
reHoMa BBICIIHX 3yKapHoT. [Ipearnonaraercs, 4To nporeccsl 1
(hakTOpHI, POPMHPYIOIINE 1 MOIICPKUBAIOIINE OPTAHU3AINIO
JIOMEHOB, JIOCTaTOYHO KOHCEpBaTUBHBL. OHM HEM3MEHHBI IS
BCEX KJISTOUYHBIX THIIOB M Ha Pa3HbIX dTarax ux audpdepeHun-
POBaHUSI, TOCKOJIBKY MOJIEP>KaHUE TPAHUI] TOMOJIOTHYECKUX
JIOMEHOB HT'PACT OIIPE/ISIIIONIYTO POJIb B AN PepeHIINaTbHON
AKTUBHOCTH F€HOMA.

[TomyueHHBIC HAMU JaHHBIC O MACIITa0OHOH TEpecTpoiike
XPOMaTHHOBBIX B3aUMOJICHCTBHH B 7P 3PUTPOLUTOB KypH-
Ibl, KAK Ha yPOBHE JIOMEHOB, TaK U Ha OoJjiee AajbHUX JHC-
TaHIMAX, TPEOYIOT AaIbHEHIIIET0 N3YYSHHUS STUX MEXaHU3MOB.
Bornee ynoOHOI Mozepi0, B TOM YHCIIE U 33 CYCT OOJbIICH
JIOCTYITHOCTH T€HOMHBIX JAHHBIX, SIBISETCS MBIIIb. AHAIN3
JIMHAMHUYECKON KapTUHBI XPOMAaTHHOBBIX B3aUMOIEHCTBUN
Ha pasHbIX CTAAMSX TEPMHHAILHOTO 3PUTPOII033a, BHIIOI-
HEHHBIH Ha KJIEeTKaX MBIIIH, a TAK)Ke TIOUCK apXUTEKTYPHBIX
3JIEMEHTOB, ONPEAEIAIONNX (POPMHUPOBAHUE JaHHON KapTH-
HBI, OCTAIOTCSl KpailHe aKTyaJbHOW 3a7a4eil.
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CucTeMHBbI ITOAX0/, K MOAeINPOBAHNIO Pa3BUTUS
JINICTOCTEO6EIbHBIX I'PUOHBIX MHMEKIII TIIeHUIIbI
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B HacToALlee Bpema B Poccun 1 B MUpe MHTEHCMBHO BeAyTCA paboTbl MO NCCIefoBaHNIO MEXaHM3MOB naTtore-
He3a 3aboneBaHU pacTeHNI 1 UX PacnpOCTPaHeHns B NoceBax. [pexae BCero 31o CBA3aHO CO 3HAUUTESIbHbIM
BANAHMEM MATOrEHOB Ha ypoxal. Ha Tepputopun 3anagHoin Cnbupwn B noceBax APOBOIA U O3UMOI MWEHULbI
NPaKTUYECKN EXErofHO PerncTpupyloTcsa Bypas paBumHa 1 MyYHUCTas POCa, a B OTAeSNbHble rofbl CTereHb
nopaxeHna focturaet anUPUTOTUNHOTO YPOBHA. MeTofbl MOHUTOPUHIA COCTOAHNA MOCEBOB Pa3BUBAIOTCA C
Lenblo NPOrHO3npPOBaHUA UX AMHAMUKU U MAIAHUPOBAHMA arpoOTEXHOIOMMUYECKNX MEPONPUATAI ANA ynpase-
HMA COCTOAHNEM pacTeHWI B NOCEBAX, B TOM Yncie npu passutum rpnbHom nipexumm. CylyecTBeHHOM CoCTas-
HOW YacTblo CUCTEM MNAHUPOBAHMUA 1 YNpPaBieHNsa COCTOAHMEM MOCEBOB ABAAIOTCA MOLENN Pa3BUTMA NUCTO-
cTebenbHO rpubHON NHPeKLuUn (Hanprmep, 6ypoi pKaBUMHbI) B MoceBax NieHULbl. MaTemaTnyeckrie Moaenu
NO3BOJIAT NPOBOANTL BbIUNCIUTENbHbIE SKCMEPUMEHTbI A1 MOSyYeHUA NPOrHO30B OTHOCUTENIbHO AUHAMUKN
pUCKOB MHGEKLUMIA NpY pasHbIX CLieHapuaxX rmobanbHbIX MOrofAHbIX M3MeHeHW. Takoe HasHaueHve moghenen
npegnonaraeT Ux Uepapxmyeckylo CTPYKTYpY, XapakTepHY AnA MHOMOYPOBHEBbIX CUCTEM MOAENMPOBAHMA.
B HacTosiem 0630pe npeacTaBieHbl MOAENN Pa3BUTWA JIMCTOCTEGENbHBIX TPUOHBIX MHOEKUMI Ha MpumMepe
pP>KaBUMHHDBIX 326051€BaHMNI B NOCEBAX 3€PHOBBIX KYNbTYpP 1 CPOpPMYyNNpOBaHbl METOANYECKME NOAXOLbl CUCTEM-
HOrO MOAENNPOBAaHNA, KOTOPbIE MOXHO MPUMEHATb MPU NCNOMb30BAHUN U/UNN aganTauun CyLLecTBYoLWNX MO-
fenei 1 nx 610KoB 1 pa3paboTKe Ha UX OCHOBe COOGCTBEHHbIX Mofesel. B cTaTbe Takxke npeanaraeTca CTpyk-
Typa viepapXnyecKomn cMcTemMbl MOAeNEeN pa3BUTMA NMCTOCTeGeNbHON MHEKLMN, AaeTcA 0630p COCTaBNAIOLMX
cuctemy 610KOB, 06CyKAAOTCA BONPOChI MapameTpuyeckor agantauum nogmogeneit. NpepctaBneHsbl paspa-
60TaHHble K HaCTOALEeMy BpeMeHU MOAENV PoCTa 1 PasBUTWA PACcTeHWI, yUUTbIBAIOLLME PA3SINYHYIO CTEMeHb
feTanu3aunm onmcaHma npoteccos MopdoreHesa. Takve MOLENN nexaTt U B OCHOBE ONVCaHNA B3aUMOAeNCTBUN
naToreH-Xo3AuH, NPeACTaBNeHHbIX B BUAe Mogynen. [InAa Kax[oro ns Mogysen MOXXHO UCMONb30BaTb yxe pas-
paboTaHHble 1 OnrcaHHble MoAeny 6a30BbIX MPOLECCOB A1 OTAENbHbIX PaCTEHUI NI NOCEBOB C yYETOM MIMElo-
LMXCA IKCMEPVIMEHTAbHbIX JaHHbIX.

KnioueBble cnioBa: nnctoctebesibHble rpubHble MHGEKLUY; NweHnUa; bypas pKaBurHa; MEXaHUCTUYECKUE MOAe-
NN POCTa pacTeHunit; NapameTpuyeckas naeHTnduKauma mogenen.

Ansa yutuposauusa: Hukonaes C.B., 3y6anposa Y.C., CkonotHeBa E.C., Opnosa E.A., AboHHUKoB [].A. CUCTEMHbIN
NoaxoA K MOENMPOBAHMNIO Pa3BUTUA NNCTOCTEOENbHBIX FPUOHBIX MHGEKLNIA NileHKLbl. BaBUNOBCKMI XypHan
reHeTuKkn n cenekummn. 2019;23(1):100-109. DOI 10.18699/VJ19.468

A system approach to the modeling
of fungal infections of the wheat leaf

S.V. Nikolaevl ®, U.S. Zubairoval, E.S. Skolotneval, E.A. Orloval, D.A. Afonnikov! 2
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Currently, studies on the mechanisms of the pathogenesis of plant diseases and their distribution in crops are
intensively conducted in Russia and the world. First of all, this interest is associated with a significant effect of
pathogens on the harvest. In Western Siberia, brown rust and powdery mildew are almost annually recorded in
the crops of spring and winter wheat, reaching in some years up to the epiphytotic level. In this regard, methods
for monitoring the condition of crops in order to predict their dynamics and plan agrotechnological events to
control the state of plants in crops, including the development of fungal infection are developing. Models of
fungal infections development on the wheat leaf (for example, brown rust) are used to monitor, predict and
control the state of crops in order to optimize the growing process. Mathematical models allow computational
experiments to make predictions about the risk dynamics of infections in different scenarios of global weather
changes. Such designation of models assumes their hierarchical structure characteristic of multilevel modeling
systems. This review presents models for the development of foliar fungal infections in crops, and formulates the
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CNCTeMHBI MOAX0H K MOAESTIMPOBAHNIO Pa3BUTUSA
NNCTOCTEOESTbHBIX FPUOHBIX MHOEKLMNIA NWEHWLbI

methodological aspects of system modeling that can be used for adapting existing models and their units, and
developing new models based on them. The article presents the structure of the hierarchical system for modeling
the development of leafy infection, provides an overview of the units constituting the system, and discusses the
issues of parametric adaptation of submodels. We demonstrated that, to date, plant growth and development
models have been developed with varying degrees of detail. Currently, to develop a system for modeling the
development of an infection in a crop, it is necessary to determine a large body of available experimental data
and, by taking into account this data, we can put together a model as a system consisting of model modules, for
which the models of basic processes have already been developed and described.

Key words: fungal infections of leaves; wheat; brown rust; mechanistic models of plant growth; parametric iden-

tification of models.

For citation: Nikolaev S.V., Zubairova U.S., Skolotneva E.S., Orlova E.A., Afonnikov D.A. A system approach to the
modeling of fungal infections of the wheat leaf. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal of Genetics
and Breeding. 2019;23(1):100-109. DOI 10.18699/VJ19.468 (in Russian)

BBepeHune

K ocHOBHBIM czepkuBatomuM (akTopam MOBBIILICHUS YPO-
JKaWHOCTH 36PHOBBIX OTHOCSTCSI P)KaBUMHHBIC OOJIC3HH, CeTl-
TOPHO3 JIUCTHEB U KOJIOCA, My4HHCTast poca. ExxeromHo Tonsko
ot »Tux Odosesneit Poccust repset 30 % 3epra (Canun, 2010).
B ycnosusix 3anagnoit CuOupu B moceBax sipoBOH M 03UMOM
MIICHUITB! Oypasi pKaBIMHA U MYYHHCTAsl poca OTMEYaroTCs
mpakTH4Iecku exeronHo. Haunnas ¢ 2007 . pa3BuTHe cTed-
JICBOM pKaBUMHBI B PETHOHE CTAJIO PETYNISPHBIM, TOXOAS B
OTZAEIbHBIE TOABI 10 ypoBHs snudurorun (CKoIOTHEBA U
ap., 2018).

W3ydenne MexaHU3MOB MaToreHe3a 3a00JIeBaHN i pacTeHHUI
1 UX pacClpoCTpaHCHHUA B IOCCBAX, BIIUAHUA IATOICHOB Ha
yposKaif — OTHO U3 BaYKHBIX HAIIPABJICHUH OMOJIOT U paCTCHUH.
Hapsiny ¢ skcriepuMEHTaIbHBIME METOJAMH JUIsl PELICHUS
9TOH 3aJ]a4y UCIIOJIb3YETCsI ILUPOKUI KJIACC METOIOB CUCTEM-
HOIt OMOJIOTHH, B TOM YHCJIE ¥ BEIYUCIUTEIILHbIE SKCIIEPUMEH-
TBI, KOTOPBIE TIO3BOJISTIOT PaccMaTpUBaTh B3aUMOJICHCTBHE Ma-
TOT€H—PacCTeHHE KaK KOMIUIEKCHBIH ITPOLIECC, 3aBUCSLIUMI OT
0O0BIIOTO KOMM4ecTBa (PaKTOPOB: YCTOHYUBOCTH PACTEHHIH,
CKOPOCTH MPOHWKHOBEHHMSI BO30Y/IUTENS B TKAHW PacTeHUS,
KOJIOHU3AIMK (JIATeHTHOH (ha3bl MMaToreHes3a) U yCIEIIHOTO
CTIIOPOHOIIECHUS C MIOBTOPHBIM 3apa’KeHUEM BETETUPYIOLINX
pacTeHuH, MOTOHBIX YCIOBHUH (TEMIIEpaTyphl, BIQXKHOCTH) U
1p. Ipu 3ToMm BustHME 3a00J1eBaHUS HAa ypoXkail 00yCIOBICHO
MPOSIBJICHHEM BCEX 3THX (DPaKTOPOB B OIPEIETIEHHBIC MOMEHTEI
pazButust pactenuil. Cpeny TpHOHBIX MaTOTCHOB MIICHUIIBI
BO30YIUTENIN PKABUMHHBIX 3a00JICBaHUI — yIOOHBIH 00BEKT
JUTS pa3pabOTKKU MoJeNel pa3BUTHs WHQEKIUH, MaToreHes3
KOTOPBIX BKJIIOYACT 3KTO(DUTHYIO M SHAOPHUTHYIO CTaI1H, HA
KaXJI0M M3 KOTOPBIX pa3BUTHUE AaTOT€HA B Pa3HOM CTENEHU
3aBHCHUT OT a0MOTEHHBIX U OMOTEHHBIX (PaKTOPOB.

Lens 0030pa COCTOUT B TOM, YTOOBI PEICTABUTH MOJICIN
Ppa3BUTHA PKABYUHHBIX 3a00JIEBAHMI B ITOCEBAX 3€PHOBLIX
KyJBTYp Ha IPAMEepe BO3OYAUTENsI OypOii pyKaBUMHEI M CPOp-
MYJIUPOBaTh METOANYECKUE MOAXOIbI CHCTEMHOTO MOJIEIH-
PpOBaHHA, KOTOPbBIC MOKHO MPUMCHATH MPU UCITOJIb30BaAHNUU
W/WIIH aJlalTalliy CYIIECTBYIONIMX MOAENEH U nx OJIOKOB U
pa3paboTKe Ha UX OCHOBE COOCTBEHHBIX MOJICIICH.

Ponb mopenpoBaHuA B3anuMoaencTBuin
naToreH-pacTteHune

Oco0eHHOCTH MaToreHe3a Bo30yauTeJeil pskaBUYMHHBIX
3a0o0eBaHuii 31aKkoB. JKU3HEHHBI UK BO3OyauTeNnen
PYKaBUMHHBIX 3200JICBAaHUI 37IAKOB COCTOUT U3 HECKOJIBKUX
CTaI[Hﬁ U CBs3aH C ABYMs1 paSHI:-IMI/I BHAaAMH XO35€B, OAWH U3

KoTOpbIX — pacteHue mieHus! (Kolmer, 2013). ITary6Hoe
BIIMSTHUE HA YpOXKail MpOSIBISETCS Ha CTaJUM yPeIoCop —
MIPOIYKTOB OECIIONIOT0 Pa3MHOXKEHHUS Tpruda, KOTOPBIE BOC-
MIPOU3BOJISITCS HECKOJIBKO pa3 B TEUCHUE CE30HA, HHPUIUPYS
COCEJHHE PacTEeHUs B MOCEBE. YPEJOCIOPhI OCAKIAIOTCS
BETPOM MIIX JIOXKJIEM IO 00€ CTOPOHBI JIUCTA MIICHUIBI. J{I1st
npopactanus criop Tpedyercs 100 % BIaXKHOCTB, OTHAKO OHU
MOT'YT COXPaHSITh KU3HECTIOCOOHOCTD B MOJIEBBIX YCIOBHSX B
OTCYTCTBHE BJIarl Ha MMPOTsKEHUN | —3 THEH rmocie nHOKYIs-
un (Bolton et al., 2008). B 3aBucuMoCTH OT BUIa PiKaBUNHBI
TeMIIepaTyPHbII ONITUMYM JUTSI Pa3BUTHS SKTOQUTHOM CTaIUU
Bapeupyer B npenenax 18-23 °C. [Ipopactanue crop pocT-
KOBBIMH TPYOKaMH IIPOMCXOINT B TeUCHHUE 4—8 U, TIOCIIC YEro
[aTOreH MPOHHUKAET B TKAHb JIMCTA Yepe3 YCThULA, TPOXOI
BaXHYIO MOP(OJIOTHUECKYI0 cTanuio anmpeccopusi. Cpasy
1ocJjie TTIPOHUKHOBEHUS B JINCT TpHO hopMupyeT HHEKIu-
OHHBIE TU(BI, KOTOPbIE OBICTPO PacTyT B pa3HbIX HallpaBlie-
HUAX, OOMIIBHO 3aTIONTHSA MEKKJICTHUKH. B KneTku me3oduna
BHEJIPSIOTCS CIICIMAIN3UPOBAHHBIE OTPOCTKH — TayCTOPHH,
paspylasi KJIeTO4YHble CTEHKH, HO COXpaHsisi IPU 3TOM HH-
TaKTHOM IIa3MaTHYECKyI0 MeMOpaHy, uepe3 KOTOPYIO yCTa-
HaBJIMBaeTCs TPO(PUUECKNil KOHTAKT C MUTAIOMIEH KIETKOH
xo3suHa. Yepes 7-10 mHeid pa3BuTHs 3HAODUTHON CcTaguu
B TKaHU JIUCTA ()OPMHUPYIOTCS CyO3MHIEpPMAIIbHBIE Ty CTYIIbI
(ypenuHHun), KOTOpbIe BHOBH MPOXYIHUPYIOT YPEIOCIIOPHL.
Mopdonoruueckue cTpyKTypbl SKTOGUTHON U SHIO0PUTHOM
CTaJMi Pa3BUTHUS PKABUMHHBIX TPHOOB MPEACTABIISAIOT COOO0H
MUIICHHU ISl BO3/ICHCTBUS POLyKTOB T'€HOB YCTOWYNBOCTH
pacrenusi-xo3suHa. [loatomy npu pa3paboTke Mojesel pas-
BUTHUS TH(EKINN UX POITh TOJKHA HETIPEMEHHO YUHTBIBATHCS.
Posib u Ha3HaYeHMe MojeJieil pPa3BUTHA P:KABUYMHBI.
B Hacrositiee BpeMst [1sl yIIpaBJIeHHs COCTOSIHUEM PacTeHUi
B IIOCEBAX C IIEJIBI0 IIPOTHO3UPOBAHMS MX TMHAMUKH U TUIaHU-
POBaHMUS arpOTEXHOIOTHUECKIX MEPOIIPUATHI Pa3BUBAIOTCS
METOJIbl MOHUTOPHHTa. MOHUTOPUHT U NPOTHO3MPOBAHHE
pa3BuTHs 3a00eBaHUIl B MOCEBaX HEOOXOMUMBI JUIsl ONTH-
MU3alMU XUMHYCCKON 3alIMThl 1 MUHUMU3AIMN Harpy3K{
Ha 9KOCUCTEMBI B pe3yJibTare ee MPUMEHEHHs — arpoTeXHO-
JIOTUYECKHE MEPOIPHUSITHUSI IPOTHB BPEIOHOCHBIX OPraHU3MOB
1 MH(EKINOHHBIX areHTOB JIOJDKHBI IIPOBOANTHCS JIOKATBHO
KaK BO BPEMEHH, TaK U IIPOCTPAHCTBE, MOCKOIbKY HH(EKIHsI
Ha HadaJbHBIX CTAJMAX PA3BUBACTCS B MOCEBaX ISATHAMH,
OKPY’KEHHBIMU OOJBIIMMH IIIOIIAASIMH 3J0POBOTO ITOCEBA,
a ee JlajbHelIee pacupocTpaHeHne o BceMy MoceBy o0y-
CJIOBJICHO PACCEHBAaHMEM MHQHUUIMPYIOUIUX areHTOB BOKPYT
MepPBOHAYAILHBIX 09aroB Oone3Hu (Arrow et al., 1961).
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JJIst OCyIIeCTBIICHUS TAKOTO ITAHUPOBAHHUS arPOTEXHOJIO-
IMYECKUX MEPOIPUSITUI pa3pabaThIBAIOTCS U IIPUMEHSIOTCSI
MOJICITH HOPMAaJBHBIX M MATOJIOTHYECKUX TPOIIECCOB B pac-
TEHUSIX M MMOCEBAaX, KOTOPBHIC MMEIOT OIPOMHBIN TOTCHIIUAI
JUTS yIIOBJICTBOPEHHSI TOTPEOHOCTH B HOBO# CTPATEI iU yIIpaB-
JICHHUS TIPOIIECCOM BBIPAIIMBAHUS C TPUBIICYCHIEM HH(OP-
MalMoHHbIX TexHonoruit (Krause, Massie, 1975; De Wolf,
Isard, 2007).

OMOupHYecKHe U MeXaHHCTH4YecKue Moaean. Mogme-
U pa3BUTHS WHQEKIHH Oypod prKaBYMHBI, KAK U MOJCIU
GOHBHII/IHCTBa APYyrux CHUCTEM, MOXHO pas3acjInTb Ha JIBa
Thma: Mexannctuaeckue u smmupudeckue (El Jarroudi et
al., 2014).

MexaHuCTUYeCKHE MOJIEIH OTTMCHIBAIOT B MATEMaTHIECKOM
(hopme HaIH 3HAHUS ¥ TUTIOTE3BI O (PH3HOIOTHIECKIX TIPO-
[eccax OpraHm3Ma W WX B3aMMOCBS3SIX, 00CCIICYMBAIOIIIX
poct u pasutue pacrenuii (Landsberg, Sands, 2010). ITpu
MOJIEJINPOBAaHUN B3aUMOJEHCTBUS PACTEHUN M NATOIEHOB
MEXaHUCTHUYCCKUAC MOJICIIU MO3BOJISIOT, C OJHON CTOPOHBI,
JIy4HI€ MTOHATH MPOUECCHI POCTAa U Pa3BUTHA OPraHU3MOB U MC-
XaHWU3MBI, OTIPEICIISFONINE TIPOXOXKICHUE CTAIIH HH()EKIINH.
C npyroii CTOpOHEI, B pE3yJIbTaTe aHaJIHM3a TaKUX MOJICICH
MOXHO BBIABUTH KPUTHUCCKUEC CTAANU Pa3BUTHA I/IH(I)GKI_[I/II/I,
CIUTAaHUPOBAThH YIPABIAIONINE BO3ACHCTBHSA IS CHUKCHHUS
ee pacmpoCTpaHeHus, CHOPMYIUPOBATH 3aa4U IO MTOUCKY
BO3MOXHBIX ITpE€IaparoB, KOTOPLIC MOT'YT HOBJIHATHL HAa OTHU
KPUTHYECKUE CTAINN.

A system approach to the modeling
of fungal infections of the wheat leaf

[Ipu SMIUpPUYECKOM MOJEIMPOBAHUU MPUMEHSIOT CTa-
TUCTUYECKUE MOJENIN Pa3BUTUS MH(EKIINHU, ONUCHIBAIOIINE
KyMYJISSTUBHBIH TIpOIlecC B 3aBHCHMOCTH OT IapaMeTpOB
Cpelibl — MOZIEIH TUIIA «BO3JECHCTBUE—OTKINK». [TapameTpbl
3THX MOAEJEH, KaK MPaBHUIIO, aAaNTHPYIOTCS Ha TOJIEBBIX
nmaaubiX (Junk et al., 2016). OcHoBHast 0OnacTh UX MpUMe-
HEHUsI — MPOTHO3 Pa3BUTHUS MHPEKLIUU B ONPEICICHHBIX
PETHOHATBHO-KIIMMATHYECKUX YCIOBHAX JUIsI KOHKPETHOTO
copra pacTeHusl.

B HacTosieit cratbe npejctaBieH 0030p padoT, B KOTO-
PBIX UCTIONB30BaH CHCTEMHBIHN TTOJIXO/ K N3yUECHHUIO Pa3BUTHUS
MH(EKINH PaCTCHUH Ha OCHOBE MEXaHUCTHYECKUX MOJICIICH.

CTpyKTypa mogenein pasButua
nHbeKUUM B noceBe

YpOBHU vepapxui B opraHv3auum n onnucaHum cucTem
OOBEKTUBHO CYIIECTBYIOIIAS! HEPAPXUsl IPUPOIHBIX 00bEK-
TOB/CHCTEM H ITPOIIECCOB B IPOCTPAHCTBEHHBIX U BPEMEHHBIX
MacmTabax (Verdier, 2006) oOyciiaBirBaeT HaJIHYNE Hepap-
XWYECKHX CBSI3el U B MaTeMaTHYeCKOM OIMCAHUN OUOJIorHye-
CKHX M 9KOJIOTHUYECKUX cHCTeM. B Tabnmiie mpuBeieH BapuanT
BBIJICJICHUS] HEPAPXUUYECKUX YPOBHEH CHCTEM H IPOLIECCOB
IIPU PACCMOTPEHNH PAa3BUTHSI TPUOHOM HH(EKIMH B ITOCEBe,
a Ha puc. | 1OKa3aHO COOTHOIIEHHE YPOBHEW U MacIITaboB
BPEMEH JUIs IPOLIECCOB, PACCMATPUBAEMBIX IIPH MOJIEIHPO-
BaHHMHU PACTUTEIBEHOTO MOKPOBA.

Nepapxna 06beKTOB 1 NPOLIECCOB, pacCMaTPUBaEMbIX MPY MOAENNPOBAHUMN FPUOHON NHPEKLUN

3Hepro— 1 MaccoobMmeH B pPacTnTeNbHOM NOKpOBe, ¢0pMVIpoBaHVIe MUKPOKMaTa B nocese npu

Poct 6rnomaccobl pacteHnii B nocese, opmrpoBaHue ypoxas
MepeHoc cnop, AMHaMVKa pacnpocTpaHeHnsa MHGEKLMM MO NNoLaAM NoceBa
BnuaHue rpmbHoi nHbeKLMM Ha POCT 1 YPOXKaNHOCTb MOCeBa

DopmmrpoBaHre MUKPOKINMATA B MOrPaHNYHOM CJI0€ OKOJIO NMOBEPXHOCTY NINCTA NPU 3aAaHHbIX
YCNIOBMAX MUKPOKMaTa B MOCeBe. YCTaHOBIEHNE TEMMEPATYPbI TKaHen pacTeHus

PocT 1 pa3suTtre pacteHnsa nog BANAHNEM MUKPOKIUMATA B Nocese

BnuaHwme rpnbHON MHEKLUM Ha POCT M NPOAYKTUBHOCTb PacTeHns

CuHTes n nepepacnpeneneHne KOMNOHEHTOB, AblXxaHWe, o6ecneq|/|Ba|ou.u/|e POCT B 3aBUCMMOCTU

MpoxoxaeHne 3KTOGUTHON CTapnm MHPeKUMN (NpUKpenneHme Crnopbl, NpopacTaHie Cropsbl,
KOHTaKT C ycTbUL@aMu 1 popMmupoBaHmne annpeccopus) 1 3GpeKTMBHOCTU 6ecrnonoro cnopo-

Bknag MUKPOKJIMMaTa B NOrpaHNYHOM CJ/10€ OKOJ10 MOBEPXHOCTU NINCTa U reHOTUNa pacTeHnA

PacnpocTpaHeHue rud B mesodune, bopmmpoBaHue rayctopus
M3mMeHeHMe COCTOAHMA KNETKM-X03A1Ha Npu NuTaHun rué rpmba

PacnosHaBaHue MOJIEKYNTAPHDBIX NaTTEPHOB MaToreHoB (BHVICVITOPOB) npy nomMown KMHasHbIX

rnepYyBCTBUTENbHbIV OTBET NyTeM 06pa3oBaHsA akTUBHbIX GOpPM Knciopoaa
anbTepHaTUBHbIe NPOAYKTbl R-reHoB 1 QTL-N0KYCOB YCTONUMBOCTM

YpoBeHb  O6bekT Mpouecc
nepapxmm
1 Moces
PasHbIX MOrOAHbIX YCOBUAX
2 PacteHne
3a OpraHbl pacTeHua Bo3HuKHOBEHME, pOCT, OTMMpPaHKe opraHa
OT YyCNOBUN Cpefbl
36 [pu16bI Ha NcToBOW
nnacTuHKe
HoLleHuA
4 TkaHu nucTa
C pacTyLyMMM B HUX
rndpamm rpnba
5 MonekynsapHo-
reHeTnyecKmne MexaHn3mbl peLenTopoB
B3aMMOAENCTBUA pacTeHNa  AKTMBaLMA UMMYHHOW CUCTEMbI PaCcTeHNI
C rpubHOI NHbeKLMEN 3anycK curHasnbHbIX NyTen OTBeTa Ha NaToreH:
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Puc. 1. CooTHOLWEHMe MeX[Y YPOBHAMYM OpraHu3aLuy B CUCTEME PacTUTENIbHOMO MOKPOBA 1 MacluTabamu BpEMEH) Npu MOAENU-
pOBaHMM NPOLIECCOB Ha AaHHOM YpoBHe (aganTupoaHo u3 (Donatelli et al., 2017)).

MopenvpoBaHue pa3BuTUA NHOEKL N B TOCEBE
OKCHEepUMEHTAIFHOE U TEOPETHUECKOEe M3YUYEHHE pacIpo-
CTpaHEeHUs] MH(EKINN B MOCEBE IPEACTABICHO B paboTax
(Cowger et al., 2005; Mundt et al., 2011), B KOTOpBIX HH-
(heKIMIO paccMaTPUBAIOT KaK SIBICHUE, HE TIOPA3ACISI €ro
Ha cocTaBHbIE Tponecchl. [lepeMeHHBIMU COCTOSIHUSIMH B
TaKUX MOICIIAX ABJIAIOTCA CTCIICHDb IMOPaKCHUA (HaHpI/IMep,
OTHOCHTEIIEHOE YUCIIO TIOPAXKEHHBIX PACTeHNUIT) U TIOMIa b,
3aHMMaeMast TOCEBOM C OTIPE/IECIICHHON CTEIIEHbIO MOPAXKEHUS
B 3aBUCUMOCTH OT Bpemenu (Madden, 2006).

B pamkax MEXaHHCTHYECKOTO TO/IX0/1a Ha BEPXHEM YPOBHE
nepapxui MOXKHO PacCMaTpHBaTh CHCTEMY PACTCHUS B TO-
ceBe+naroreHHble rpudbl. [Ipumepom Monenu pocra Guo-
MAacCHl TOceBa U POPMUPOBAHUS YPOKAMHOCTH MOXKET OBITH
moznenb STICS, koTopas pa3zpabareiBanack B HannonansHOM
HMHCTUTYTE CEJIbCKOX03HCTBEHHBIX UcciieoBaHuI DpaHiuu
(Institut National de la Recherche Agronomique, INRA) (Bris-
son et al., 2003) 11 MOAEIMPOBAHUS POCTA OCEBA C YIECTOM
OasyiaHca BOABI M @30Ta B MOYBE, HAXOSIIMXCS MO BO3/ICH-
CTBHEM CYTOYHON TUHAMHKH KIMMAaTHYECKHX MMapaMeTpOB.
BrruncnurensHas MOJesIb COCTOUT U3 B3aUMOJICHCTBYIOIINX
MOJyJIeH, paccuuThIBaOmUX: 1) nmpoxoxacHue (perodas
pacTeHUsMH B TIOCEBE, 2) pOCT HA/I36MHOW 9aCcTH pacTCHUH,
3) dopmupoBanue ypoxas, 4) arpoTeXHUYECKHE MEpOIIpH-
arust, 5) GpopMHUpOBaHHE MUKPOKIIMMATa B TOCEBE, 6) POCT
KOPHEBOH cHCTeMBI, 7) OajaHC BOIBI M1 a30Ta B TIOYBE 32 CUET
MPOLIECCOB MOMIONICHUS PACTBOPOB KOPHSIMH M TpaHCIIUpa-
el B armocdepy, a Takke NPOAYKIHH JOCTYITHOTO a30Ta B
TporIeccax pa3IoKeHNs OpraHuKH, §) GopMHUpOBaHHUE TPOHH-
JIs TEMITEPaTyphI U BIXXKHOCTH B ITIOCEBE 1 TIOYBE B PE3YJIbTATE
MPOLIECCOB IHEPIo- U MaccooOMeHa B cucteMe armochepa—
pacTeHnsi—1o4Ba. MojenupoBaHue mporeccos (HopMrupoBa-
HUSI MUKPOKJTMAaTa B TIOCEBaX OCHOBAHO Ha ITPE/ICTaBICHHSIX
N MOICIIAX paalluOHHOTO, KOHBEKTUBHOI'O 1 KOHAYKTUBHOT'O
nepeHoca »aepruu (Gates, 1980; Campbell, Norman, 1998).
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Mogens STICS ucnons3yercs Ui MPOTHO3a TUHAMHUKH
MIOCEBOB M MpoxoykaieHus (eHodas, yuera OanaHca BIard u
KOMITOHCHTOB MUHEPAJIbHOI'O ITUTAHUA B IOCEBAX, IJIAaHUPOBA-
HHS arpOTEXHUYECKUX MEPOIIPUATHI M IPOTHO3a nX 3 dexra
(Jing et al., 2017; Lammoglia et al., 2017a, b; Tribouillois et
al., 2018).

BTtopoit 00beKT MOIENIMPOBAaHUS B CHCTEME PACTCHHUS B
MIOCEBE + [TaTOreHHbIE TPHOBI — IPUOBI, UX PACTIPOCTPAHEHHUE
B IIOCEBE U pa3BUTHE MHEKINH (TeHepalusi HOBOTO IIOTOM-
CTBa c1iop). MoaenupoBaHne PacIpoCTPaHEHHS CIIOp TPUo-
HBIX MH(EKIMH B TOCEBaX OCHOBAHO HA YKCIIEPUMEHTATBHOM
1 TCOPECTUYCCKOM U3YUCHUUN TPAHCIIOPTa TBEPAbIX JUCTIEPC-
HBIX CHCTEM B aTMoc(epe U IoceBax Ha Pa3HbIX IPOCTPaH-
CTBEHHBIX MacITabax — OT AECATKOB U COTEH KUIIOMETPOB JI0
metpoB u cantumerpoB (Chamecki, 2012; Chamecki et al.,
2012; Bailey et al., 2014; Miller et al., 2017). CxopocTs pa3-
BUTHS MH(EKINH OT MOMEHTA HHOKYJISIIUH CIIOP — BayKHBIH
napameTp MOJIeNH, caM OH Takke sBisieTcs (QyHKuuei ot
BIAKHOCTH U Temreparypsl cpensl (Duthie, 1997; Magarey
et al., 2005). O0mmpHBIi 0030p 10 MOAEIAM (POPMUPOBAHUS
W TI0TEph ypoXKasi B IoceBax copepkurcsi B (Savary et al.,
2015, 2018).

CornacoBaHue ypoBHell B Mepapxnyeckom Mogenu
pa3BuTKA rpnbHON NHPpeKLMN

PaspabatpIBaTh 1 aHATU3UPOBATH CIIOKHBIC MOJICITH «TEXHO-
JIOTUYHEE» € yYETOM UX HEPAPXUUECKOM CTpyKTypsl. Hanpu-
Mep, BEPTUKAIBHBIA MPOQIIIH TUIOTHOCTH ITOTOKA (POTOCHH-
TETHYCCKU akTUBHOM pamuanuu (DAP) B moceBe 3aBUCHUT OT
BEPTHUKAJILHOTO pacIpe/ieNIeHus INIOTHOCTH JTUCThEB (MHIEKC
muctoBoi moBepxuoctH, WUJIIT) B mocese. MJIIT (leaf area
index, LAI) mpexacrasisier coboii 6e3pasMepHyI0 BEJIMUNHY,
PaBHYIO OTHOILIEHUIO TUIOMIAN JTUCTHEB, CIIPOCIIUPOBAHHBIX
Ha TIOBEPXHOCTH TIOYBHI K TUTOIIAIX 3TOH moBepxHOCTH (Wat-
son, 1947). ®AP BXxoauT B Ka4eCTBE OCHOBHOW HE3aBUCUMOI
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MEPEMEHHO B MOZIETH (POTOCHHTETUUICCKOM aKTUBHOCTH, OITPEICIISIOIICH B UTOTE
MIPOAYKTUBHOCTb PACTEHMA. B CBOIO ouepe/ib, BEPTUKAIBLHOE pacIipe/iesICHNE III0T-
HOCTH JINCTBEB M €ro JIMHAMHKY B IIOCEBE MOXKHO PAaCCUMTATh, UCXOJS U3 IJIOT-
HOCTH pacTeHHH B IMOCEBE U MOJIENIN POCTA PACTEHHUs C yYETOM €ro TPEXMEPHOU
apxutektypsl (Gates, 1980; Campbell, Norman, 1998; Fournier, Andrieu, 1998;
Chelle, Andrieu, 1999; Zhu et al., 2012).

B kauecTBe Apyroro npuMepa paccCMOTPHM MOJICIMPOBAHUE PAa3BUTHUS PIKaB-
YUHHBIX TPUOOB Ha PACTEHUH C WCIOIB30BaHHEM «THOpuaHOI Momenu STICS-
MILA (Caubel et al., 2017). Kak coobmuianocs Beimre, mozens STICS (Brisson et
al., 2003) 1mo3BoJISIET PACCUUTHIBATE MHUKPOKIMMATHUYECKUE YCIIOBHS B IOCEBE.
C npyroii croponsr, Monens MILA (Caubel et al., 2012) omuceiBaeT craguu pas-
BUTHS IATOI'€HHBIX TPUOOB HA JINCTOBOH MJIACTHHKE PACTEHHS B 3aBUCHMOCTH OT
MHUKPOKIMMATHYECKUX YCIOBHH. J[Jsi Takoro omucaHus aBTOpamMy IPeIoKEHbI
SMIUPUYECKUE «00Imue (pyHKINN OTBETa», KOTOPBIE MOTYT OBITH aJallTHPOBAHBI
K IIUPOKOMY CIIEKTpy HatoreHHbIX rpuoos (Caubel et al., 2012). Takum o6pazom,
B mojenu STICS-MILA 650ku, cootBeTcTByomme Momaesnu MILA, ciyxar mis
pacdera NWHAMHKH Pa3BUTHS TPHOOB Ha JINCTOBOW IUIACTHHKE (CM. TaONHILY,
ypoBeHb 30) B MUKPOKJIMMATHUECKHX YCIOBHAX, C(QOPMHUPOBAHHBIX IIOCEBOM (CM.
Tabnuuy, ypoBeHb 1) u paccuntsiBaeMbix Ookamu Mozenu STICS.

MopenupoBaHune pa3BuTuA MHGEKLMM Ha pacTeHNN

Kak mpaBuiio, Besikast MEXaHUCTHYECKas MOJICTb Pa3BUTHA TPUOHON HHPEKINH Ha
pacTteHun (CM. TaOIuILy, YpOBHHU 2—4) COCTOUT U3 ABYX OJOKOB: 1) MOIeNs pocTa
W Pa3BUTHS PACTEHUS B IIOCEBE B 3aBUCHMOCTH OT a0MOTHYECKUX (haKTOpPOB U 2)
MOJIeTTb PA3BUTHUS OPraHU3MAa-MIaTOTeHa Ha PACTEHHUAX B ToceBe. Mosienb pa3BUTHA
[IaTOreHa MOKET BKIIIOUATh 3aBUCUMOCTD €TO POCTA KaK OT a0MOTEHHBIX (haKTOPOB
Cpe/ibl, TaK U OT TaKuX (haKTOPOB, KAK F€HOTHIT PACTEHHS, €T0 YCTOMYMBOCTD K
MaTOTeHY, B TOM YHCJIE 3aBUCUMOCTB OT CTaJMU PA3BUTHUS U (PU3HUOIOTUIECKOTO
COCTOSIHHSI PaCTEHHMS, TOPAKEHUS PACTEHUS IPYTMMH [1aTOTCHAMH.

JlBa yka3zaHHBIX OJI0Ka MOJICII IMEIOT KayK/IbIii CBOO Pa3BUTYIO CETh B3aUMOCBSI-
3eil MeX/ly BHYyTPEHHUMHU [IEPEMEHHBIMU COCTOSIHUSL. B3auMoieicTBUS ke MEX Ty
6110KaMH, KaK MPABUII0, OTIMCHIBAIOTCS IIOCPEICTBOM HEOOIIBIIIOTO YHCIIA TTAPAMET-
poB. Takoe paznenenue rpaga B3aMMOCBSI3CH MEXIY MEPEMEHHBIMU COCTOSHHS
o01eit MoJieny pa3BUTHsI HH(EKIINHU B IOCEBE Ha J[Ba MoArpada ¢ OTHOCUTEIHHO
MaJIbIM YHCIIOM CBSI3€H MEX1y HUMH U 00€CIIeunBaeT MPEUMYyIIECTBO pa3OoneHus
o0eit Mozeny Ha aBa Onoka. B aHHOM citydae MOJeny pa3BUTHs PACTCHUS U
rprOHOM (PUTONATOIOTHH CBSI3aHBI Yepe3 IEPEMEHHBIC COCTOSHHSA, B UHUCIIO KOTOPBIX
BXOZIUT APaMETP «IUIOMIA I 3€JIEHOH YaCTH JIMCTOBBIX IITACTHHOK». JTOT TapamMeTp
B MOJICJIV PA3BUTHS PACTEHHMS OTIPE/ICIISICT CKOPOCTh (POTOCHHTE3a, @ B MOJICIIH Pa3-
BUTHSI IATOTEHA CBA3aH CO CKOPOCTHIO PA3BUTHUS MOPAKEHHS B PE3YJIbTaTe POCTA U
pa3BuTHs rpuda. Bzanmocssa3p rpubHOM nHbekInu 1 3hhekTHBHOCTH (HOTOCHH-
Te3a SIBJIAETCS IPEIMETOM HKCIIEPUMEHTANIBHBIX U TEOPETUUECKUX UCCIEIOBAHUI
(Robert et al., 2005; Bancal et al., 2007).

MopenupoBaHue pocTa pacteHus
Poct pacrenus MozenupyeTcst UCXOJIsl U3 COOOpaXKeHUH OallaHca SHEPTUU U Mac-
CBI: Macca (JOTOCHHTE3NPYEMBIX YIIIEBOAOB PACXOLYETCs Ha POCT U MOAAEP)KaHHE
¢usnonornueckux nporecco. [locinenHue BKIro4aroT o0ecrieueHHe YHEPTrUeH,
MOAIepKAHUE IPAIMEHTOB BELIECTB HA BCEX CTPYKTYPHBIX YPOBHAX M IIPOLIECCHI
CHHTE3a, B TOM YHCJIEe ¥ COOCTBEHHO HaKoIUIeHHe Omomacchl pactenus (TopHiwy,
1982; Simulation..., 1989; Zhu et al., 2011), n peasm3yroTCs 3a CUET JIBIXaHHS.
Bce mporiecchl 3aBUCAT Kak OT FeHOTHNA, a3kl pa3sBUTHI U (DPU3HUOIOTHUECKOTO
COCTOSIHUSI PACTEHHSA, TaK U OT (haKTOpoB okpyxkaromeil cpensl (Toprmu, 1982;
Simulation..., 1989; Campbell, Norman, 1998; Zhu et al., 2011; Yin, Struik, 2016).
SHCPFI/II/I 1 MaTepraJibHBIC Cy6CTaHI_II/II/I, JIOKQJIM30BaAHHBIC B PA3HBIX UJIX B OTHUX
1 TeX K€ MIPOCTPAHCTBEHHBIX CTPYKTYpax, BEICTYHAIOT IIEPEMEHHBIMH COCTOSTHUS
CHCTEMBbI IPH MOZICINPOBaHUH. [IepeMEeHHBIE COCTOSIHISI MOTYT PacCMaTpHBATHCS
KaK XapaKTePUCTHKU OIpE/IEICHHBIX KOMIApTMEHTOB. [Iporecchl npeBpalneHus
SHEPIUH U MaTepHAIBHBIX CyOCTaHIMIH, pacCMaTPHUBAEMBIE B MOJICITH, ONIMCHIBAIOTCS
KaK MOTOKH MEX/y KOMITapTMEHTaMH. XapaKTepUCTUKH KOMIIAPTMEHTOB U IIOTOKU
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MepemeHHas cocToAHNA
MartepuianbHbiil NOTOK
MNH$popMaLMOHHbIN NOTOK

DyHKUUA, perynmpytoLlas notok

oo l0

NcTOYHMK (CTOK)

BcnomoratenbHasa nepemeHHas

4

KoHcTaHTa nnm napameTp

Puc. 2. YcnoBHble 0603HAYeHUs 31EMEHTOB
nnarpamm QoppecTtepa 1 Ux MHTepnpeTayun.

MEXJly HUMHU IOJUUHSIOTCS 3aKOHaM
COXpaHEeHHMs BelecTBa 1 sHeprud. Ilo-
MHMO 3aKOHOB COXPaHCHHS, JHHAMH-
Ka pusnveckux (B TOM 4uciie U OnoIo-
TMYECKHUX) CHCTEM OIpEENseTCs CKO-
POCTBIO IIPOLIECCOB, KOTOPAsl ONIMCHIBA-
€TCsl HEeKOTOPOH (DYHKIMEH — IepeMeH-
HOM CKOpOCTH.

Jliist TpaduuecKoro MmpeacTaBIeHIs
U MOJICJIMPOBAHUS CIIOKHBIX CUCTEM B
CaMBbIX PAa3HBIX 00TACTAX YACTO IPUME-
Hsitotest uarpaMMel doppectepa (For-
rester, 1968; Wallach et al., 2014). Kom-
MIApTMEHTHI B HUX 0TOOpakaroTcs Mpsi-
MOYTOJIbHUKaMH, a TOTOKH SHEPTHH/Be-
1IECTBA — B BU/IE CIUIOIIHBIX CTPEJIOK, CO-
€IMHSIOMNX COOTBETCTBYIOIINE KOM-
napT™MeHTHI (puc. 2). IlepeMeHHbIE CKO-
POCTH — BEHTHJIM Ha CTPEJIKaX OTOKOB,
a 3aBHCUMOCTH CKOPOCTEH OT IIepeMeH-
HBIX COCTOSIHUS X, BO3MOYKHO, OT HEKO-
TOPBIX BHELIHUX IapaMETPOB yKazaHa
IITPUXOBBIMU CTPENKAMHU, UIYIIUMH K
BEHTUJISIM (3TO «MH()OPMAIIMOHHBIE T10-
TOKW» B OIMCAHWUU CHCTEMBbI, KOTOPbIE
MIPEJCTABISIOT HAIM 3HAHUS O 3aKO-
Hax ee peryasiunu). Takne MOTOKH Be-
LIeCTBa, YHEPruH U UH(OpPMALUK BbI-
SIBIISTIOTCSI TIPH MOJICTMPOBAHUH MHO-
rux cucreM. Ha puc. 2 npuBeneHa us-
TeprpeTanus 3Ha4koB auarpamm dop-
pectepa (Leffelaar, Ferrari, 1989), uc-
TI0JIb3yEMBIX JajIee B CTaThe.

banancoBble ypaBHEHHSI MOTYT CIIy-
KHUTh OCHOBOM JJIT MOJEIMPOBAHUS
TEMITOB TIPOXOXICHUS (eHodas pac-
TEHUSI U COIPSIKCHHOTO HAKOIUICHUS
6uomaccel. [Ipu mMonenupoBaHun poc-
Ta MIICHUIBI B PaMKax MOJICIH Pa3BH-
THsI (PUTONATOTCHHON HH(EKINH Hapsi-
Iy ¢ 6aTaHCOBBIMH «(PHU3HOTOTHIECKH-
MI» MOJIEIISIMU YACTO PEaIn3yIOT HEeo-

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 201923 « 1



C.B. Hukonaes, Y.C. 3ybanposa
E.C. CkonotHeBa, E.A. OpnoBa, [I.A. AbOHHUKOB

2019
231

CNCTeMHBI MOAX0H K MOAESTIMPOBAHNIO Pa3BUTUSA
NNCTOCTEOESTbHBIX FPUOHBIX MHOEKLMNIA NWEHWLbI

Moamopenb
«Bbypan paBUMHa»

LAA T[nowagb nncTa Ha CTaguun NOABNEHUA
LAE  TMnowagb nncTta Ha CTagum pocTa

LAM  Tnowagb nicTa Ha CTaAnn MakCMManbHOro pasmepa
LAS  Tnowaab nnucra Ha CTagun yBagaHna

APP  CkopoCTb NOABNEHUA NNCTa

EXP  CkopocTb pocTa nucta

MAN  CkopocTb nepexofa K B3pocCsion cTagumn
SEN  CkopocTb yBAAaHWA nucTa

Phc  OunnoxpoH

TTS  Cymma Tennoro BpemeHu

Te CyTouHas a3 deKTMBHaA TemnepaTtypa

LA 3eneHana nnowaab n1McTa

ENV  MapameTpbl OKpy»<atoLein cpesibl

Puc. 3. PegyumpoBaHHan cxema MOAeNnu pocTa U pas3BuTuA nweHuubl (@aantuposaHo u3 (Rossi et al., 1997)).

CPEICTBEHHBIH pacdeT BpeMeH NpOXOokKAeHHus GeHodas B
3aBHCHMOCTH OT aOMOTeHHBIX (pakTopoB cpernsl. Omncanue
(heHO(a3 MIICHUIIB XOPOIIO pa3paboTaHO B arPOHOMHU H, B
YaCTHOCTH, MOXKECT OBITH ITOKA3aHO JACCATUYHBIMU UHACKCAMU
(Zadoks et al., 1974). Ilpu 3TOM paccMaTpuBarOTCs pa3HbIC
CTaJMM Pa3BUTHUs PACTCHHN M TPOLECCHI MEPEXosia MEXIy
HUMHM, 4TO, [0 CyTH, COOTBETCTBYET OIMCAHHIO IpoIecca
pa3BUTHS B paMKax MEXaHHCTUYECKOM Mozenu. B kauectse
npuMepa Ha puc. 3 ToKa3aHa peAylHpOBaHHas CXeMa B3au-
MOCB$I3U TIPOLIECCOB, JISKAIMX B OCHOBE POCTA U Pa3BUTHS
pacTeHus! MIIEHUIBI, ¥ BAUSHUS HA HUX HOTOJAHBIX YCIOBUH
W CTETIEHH NOPaXKEHHS JINCTOBOM MOBEPXHOCTH IPHOOM.

B Mopenu, npencrasieHHoi Ha puc. 3, nepeMeHHbIe Co-
CTOSIHUSI CBA3aHBl MaTEPHAIBHBIMHU IIOTOKAMH, KOTOPBIE OTIH-
CBIBAIOT TTOSIBJICHUE JINCTOBOM IUTACTHHKY (CM. pHC. 3, Tiepe-
meHHas LAA, ee nepexon B a3y pocra (LAE), 3arem B dazy
crabunsHOTO pasmepa (LAM) u B ¢azy crapenus (LAS).
Kak BuaHO, B TaHHOW MOZENH Pa3BUTHUS pacTeHHs 0a30BbIC
IMPOUECCHI, 10 KOTOPBIX IPOBOAUTCA ACKOMITIO3UIIUA MOJCIIH,
SBJISIIOTCSI CaMH IO ce0e JJOCTaTOYHO CIOKHBIMH OHOIIOTH-
YECKUMH MPOLIECCaMH. DTO MIPUBOIUT K TOMY, UTO Ha HIDKHEM
YPOBHE UEpapXUH B ITON MEXaHUCTUUYECKON MOJIEIHN UCTIOJIb-
3yIOTCSl SMITUPUUECKUE 3aBUCHMOCTH — CKOPOCTH IPOXOXK-
JeHnst a3 ONMHMCHIBAIOTCS AMITUPUUCCKUMH (QYHKIHSIMH OT
YCIIOBUI1 CpeJibl, KaJICHIaPHOTO BPEMEHH U «COOCTBEHHOTOY»
BpeMeHH (a3bl. Hampumep, CKOpoCTh HACTYIUICHHUS COOBITHS,
COCTOSIIIIETO B MOSIBIICHUU OYEPETHOTO JIUCTA, ONPEAEISIETCS
TEMIIOM ITPOXOKACHUS (PULTOXPOHA (BCIIOMOTaTeIbHAsS IIepe-
MeHHas Phc, mokasbIBaeT KOJIMYECTBO TEMIIEPaTypo-IHEH,
TpeOyeMBIX PACTEHHIO /IS TOTO, YTOOBI B PE3YIBTATE POCTO-
BBIX [IPOLIECCOB MOSBUJIICS OdepeaHOM JucT (L)):

n
Phc, =X.° Te, - Pht,
I7e z — HOMep JHS pa3BUTHUS pacTeHus (z = 1 mpu mossie-

HMU 1100€ra, z = n; A7 JHUCTa C TOPAAKOBBIM HOMEPOM L),
Pht, — doronepuomuaeckuii pakrop u Te — nHEBHA >¢)-
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(dhexktuBHas Temieparypa. IBa MOCICIHUX MapameTpa Bbi-
YHCIAIOTCS KaK

Pht, = (DL, — DL0)/(24 — DLO0),

Te,, = (Tmax, — Tmin,)/2 — TO,
rae DL ;. — IpomoimKuTENbHOCTE CBETOBOTO AHA z, Tmax ;, u
Tmin, — MakcuManbHas ¥ MUHMMAJbHAs JTHEBHBIE TEMIIE-
parypsl, a mapameTpbl DLO u TO onpenenstoTcst 11st MIIeHH-
I1b1, BEIPAIINBAEMOI B KOHKPETHOM PETHOHE. BhIparkeHus 171t
ckopocteit mporeccoB «kEXPy», «MAN», «SEN» (cm. puc. 3) —
TaKXkKe dSMIuprudeckue GyHKIHU (IoIpoOHOCTH CM. B paboTte
(Rossi et al., 1997)). Bce mepeMeHHBIE COCTOSIHHS BHOCST
BKJIa/l B JIOTIONHUTEJIBHYIO TIepeMeHHyI0o LA — «romanb
3€JICHOH YacTH JINCTOBBIX IUIACTUHOK», KOTOpasi BXOAUT B
MOJIeTb pa3BUTHS puTomaToreHa. [Ipumeps! Mozgeneii pocra
¢ 0a30BBIMU IIpoIeccaMu, OoJiee OIMM3KUMHE K (PU3UOTOTHYC-
CKHMM IpOI[ECCaM SHEPTo- K MacCOOOMEHa B PACTCHUH, MOYKHO
HaiiTu B (Simulation..., 1989; Maclean et al., 2010).

B monenu V. Rossi (Rossi et al., 1997) u npyrux moxoxux
MOJCIAX NEPEMEHHBIX COCTOAHUA U MapaMCTPhbl CBA3aHbBI
cucteMoi anredpandeckux u AndhepeHTHaIbHbIX (WITH pa3-
HOCTHBIX) ypaBHeHHH. [Ipr 5TOM, TOCKOJIbKY paccMaTpHBaeT-
CA «CTPYKTYpHass» MOIACJIb paCTCHUA, HAITPUMEDP OTACIIbHBIC
JIMCTHS, TIOSIBIISTIOIIIMECS B OTIPEAEIICHHBIE MOMEHTHI BPEMEHH,
3HAUCHMS JTUX [AapaMeTpPOB JTUHAMUYECKH M3MEHSIOTCS B
3aBHCHMOCTH OT BpeMeHH. B mpoliecce pacdyera mMonenu B
OTIpeIeTICHHbIE MOMEHTHI BpEMEHH (IIPU HACTYIUICHUH OIIpe-
JISTICHHBIX YCIIOBHMI) MpUpAIleHHe OuepeTHOMN MepeMeHHOI
COCTOSTHMSI CTAHOBHUTCS HEHYJIEBBIM (BBIIIIE IPUBEICH TPUMED
CO BCIIOMOTATEIEHON MTEPEMEHHON «PIILIIOXPOH» ). 3aMETHM,
YTO AJILTEPHATUBHBIM (POPMATU3MOM JUIS peaT3aIii MOJICITH
pocTa pacteHus U pOpMHUPOBAHHS €r0 APXUTEKTOHUKH MOXKET
OBITH popMa3M muddepeHraIbHbIX L-cuctem, Ha3HaYe-
HHE KOTOPOTO COCTOHUT B MOJICJIMPOBAHUU JHHAMHUYECKHX
CHCTEM ¢ U3MeHsoIIeHcs cTpykrypoii (Robert et al., 2008;
3ybaunposa u ap., 2012; Boudon et al., 2012).
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NVLA  Tnowagb nncTa, KoTopas 6osblue He yA3BUMA AN MHeKLn

Mnowaab nncTa ¢ naTeHTHOM NHbEKLMen
Mnowaab nncTa ¢ ABHOM NHbeKLnen

S PeKTBHOCTb UHOGULMPOBAHUA YPe[UHOCTOP
CKOPOCTb BCKPbLITUA MYCTY

Mnowaab n1cTa, JOCTynHas Ans MHeKunm

Mnowaab nucTa (3eneHas nnowagb N1CTa)

MoTeHumanbHasA ckopocTb MHGULMPOBaHUA

MapameTpbl OKpy»atoLLen cpeabl

Puc. 4. Cxema Mofienu pocTa v pa3suTysA rpubHoi nHdeKLun Ha nucTe nweHuubl (aaantuposaHo u3 (Rossi et al., 1997)).

MopenvnpoBaHue pa3BuTUA

HbEKLUNN pKaBUMHbI Ha MeHNLe

Bcesikoe MozenupoBaHue ecTh pe3ysbTar adCTparupoBaHus
OT HECYIICCTBEHHBIX JIeTallel SBICHHMS, pacCMaTpHBaEMOro
C TOYKH 3pEHUs HazHa4YeHHs Mopesu. VIMeHHO Ha3HayeHue
MOJICIIM OIPE/EIIIET MHOXKECTBO IEPEMEHHBIX COCTOSHUS
MOJIEITH, MHOYKECTBO MOJICITHPYEMBIX ITPOLECCOB M CTAIUH U
Ha0op mapameTpoB. B omyOIMKoBaHHBIX MOZICISIX Pa3BUTHUS
rpuOHOIl MH(EKIHMN B IMOCEBaX YUCIO PACCMATPHUBAEMBIX
CTaauil pa3BUTHA NMATOTeHA W/MIM MH(EKIMU BapbUPyeT OT
1 mo 8 ¢ menuanubiM 3HaueHHEM 3.5 (De Wolf, Isard, 2007).
Cpean HUX MOJISTIMPYIOTCS PaclipOCTPaHEHUE CIIOP MaToreHa
(McCartney et al., 2006; Pan et al., 2010), nmomaganue ux Ha
MOBEPXHOCTB JICTA U IIPUKPEIUICHHUE, TPOPACTAaHHE CIIOPHI
W NPOHUKHOBEHHE Yepe3 YCThUIA B Cy03MuIepMalibHOE
MPOCTPAHCTBO JIHCTa, pa3BUTHE rpruda 10 (GopMupoBaHUs
HoBoro mnokoJierus crop (Lew, 2011; Balmant et al., 2015;
Sugai-Guérios et al., 2016). B npyrux Mozuensix HEKOTOpbIe
OMOJIOrMYecKUe CTAJNH «CBOPAYHUBAIOTCS» M PaccMaTpHBa-
I0TCSI POLIECChl TH(UIIMPOBAHUSL, JTATEHTHOT'O IIEpHO/ia U MO-
SIBJICHHE Iy CTYJ (PaCKPBITHIX MEIIOYKOB C HOBBIMH CIIOPAMH)
(Audsley et al., 2005). MacmTaObl MOAETHPYEMBIX ITPOIIECCOB
MOT'YT BapbUpOBaTh B IIMPOKUX Mpexenax. Tak, B HEKOTO-
PBIX MOZEJSIX Mpolecchl (GOpMHUPOBaHUS MUKPOKIMMATa U
BO3IYIIHBIX MOTOKOB B ITOCEBAX W HAJl HUMHM, BaXKHBIC JIS
OIMCAHUS POCTA, PA3BUTHUS M PACIIPOCTPAHEHNUS TATOTCHHBIX
OpPraHnW3MOB, UMEIOT MPOCTPAHCTBEHHYIO JETaIH3alHI0 B
OJIMH METP IPH pazMepe MOICIHPYEMOTO ITI0CEBa 10 HECKOIIb-
kux kmrometpoB (McCartney et al., 2006; Pan et al., 2010).
B ciydae jxe onucaHus pa3BUTHs NaTOTEHE3a HA PACTCHUU
MPOCTPAHCTBEHHOE ITOBEJCHUE MPOPACTAIOICH CIIOPOBOH
TpyOKHM Ha MIOBEPXHOCTH JINCTA MOJICJIIUPYETCSI C TOYHOCTBIO
IO HECKOJIBKHX MHUKPOH (Setten et al., 2015).

Ha puc. 4 mpuBeneHa peyMpoBaHHAsI CXeMa MOJICIH pas3-
BuTHs MH(eknun n3 padotsl (Rossi et al., 1997). Takoit na-
pamMeTp, Kak CKOPOCTh MH(PHUIIUPOBAHHUSL, YIIPABIISET IIOTOKOM
CIIOp, TOMAJAIOMINX Ha JIMCTOBYIO INIACTHHKY M OOyCliaB-
nuBatomux nHoeknuio. OH sBisgeTcst GpyHKIMEH IuIomanm
JUCTOBOM nmoBepxHOoCTH ALA, TOCTYTTHOM /71 3apakeHus, U
nepemerHoii PRI, motenmmansHON ckopocTrn MHPHUIIIPOBA-
HUsI, KOTOpasl PAaCCUNTHIBAETCSI HA OCHOBE HECKOJIBKHUX Tapa-
METPOB, B TOM YHCJIE 3aBUCSIIX OT COCTOSIHUS OKPYKAIOIIEH
cpenst (Rossi etal., 1997). B pe3ynsrare pa3BuTHs aToreHesa,
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COMIACHO JTOW MOAENH, IUIOWAAb JIUCTOBON IUIACTUHKHU C
JIATEHTHOM MH(EKINeH yBeInYnBaeTcsi, YTo Mo Mepe co3pe-
BaHus cnop co ckopoctbio ERU naer Bkilag B yBeauueHue
Jlonu 1ucToBoi noBepxHocTH ILA, Ha KOTOPO aKTUBHO IPO-
seisercs uHdexys. Beanunna ILA npencrasisier co6oif, 1o
CYTH, IIOIIAb HOBEPXHOCTH JIMCTA, TOKPBITOM Ty CTYIaMH, 1
MI03TOMY TTPONIOPLHOHAIILHA TOTOKY CHOP, 00eCIIeUHBarOIIIe-
MY BKJIaJl B MH(HULUPOBAaHHE HOBOM JIMCTOBOW MOBEPXHOCTH.
PaccmoTpeHne TaknXx [UKI0B MH(EKIHH ObIIIO0 BIIOCIEACTBUN
MPUHATO KaK METOIUYECKUH MPUEM MOJIEIIUPOBAHUS PA3BUTHS
mucroctebenbHbix nHpekiwmii (De Wolf, Isard, 2007).

DKCnepuMeHTanbHble N TeopeTnYeCcKne 3agauu,
CBA3aHHbIe C napameTpmquKoﬁl

naeHTuduKaumen mogenei

[TapameTpudeckast uACHTUDHUKALMS MOJICNICH Pa3BUTHS WH-
(dhexuuu Oypoi pKaBYMHBI B IMOCEBAX IIICHHUIIBI COCTOUT B
nozdope mapaMeTpoB MOJENEH M WX HCIOIb30BaHUS B
KOHKpETHOM pernone. Kak cka3aHo BbIIIe, Bce IEMEHTap-
HbIC MOJCJIM B KOHCUHOM CUECTC MNPECACTABJICHbI SMIIMPpUYIC-
ckuMu QyHKIusAMH. Ho MOCKONbKY 31eMEHTapHbBIE MOJETH
OTIMCBIBAIOT MPOILIECCHI PA3HOTO YPOBHS (YHKIIMOHAIBHOMN
Hepapxuu, X aJanranns MeToguuecku pasinyHa. Harpumep,
npoxoxaeHne penodas — mporece, yrnpaBiIsieMbIid (yHKITH-
OHAJIBHON CHCTEMOH BBICOKOTO YpoBHs. [l mapameTpuye-
CKOI MAeHTH(UKALMU MOJEIH TOT0 Hpolecca TpeOyroTCs
CIUTAHUPOBAHHBIE MHOTO()AKTOPHBIE YKCIIEPUMEHTHI JTHO0
CTaTUCTUYECKUE MOJICITH JUTsl KOHKPETHOTO perrona. C apyroi
CTOPOHBI, MOZIEJIb IIPOPACTAHUSI CIIOPBI OIIMCHIBAET ITPOIIECC,
Ha KOTOPBIH BIMAET MEHbIIEE YHCIIO BHEIIHUX (DaKTOPOB, U
os00p MapaMeTpoB 3TOH MOJEIH MOXKHO OCYIIECTBUTH B
pe3yabrare 1ab0opaTopHOro SKCIIEPUMEHTA.

Cpenn sKCeprMEHTAIBHBIX METO/IOB OLIEHKH (PU3HOJIOTH-
YEeCKOT0 COCTOSTHHS PACTEHUH B TIOCEBAX MJIH B JJAOOPATOPHBIX
YCIIOBUSIX ¥ CTETICHH [TOPAYKEHHSI PACTEHUH (PUTOIAaTOreHHON
nH(EKINeld B MOCIEAHNE TOABI Ha TIEPBOE MECTO BBIIBUTA-
I0TCSI TAKKE ONITHYECKHE METO/IBI, KaK MYJIBTHCIIEKTPaIbHas
U TUIIepCceKTpalibHast cheMka. O6a MeTo/1a at0T CIIeKTPab-
HYIO pa3BepTKy B K&¥KIOM JIeMeHTe (TIHKcese) H300paKeHUs
W Pa3IMYaroTCs 0 YHUCITYy PETUCTPUPYEMBIX TOJIOC CIIEKTpa
OTpa)XeHHsI KaXJ0ro dJieMeHTa 00bekTa. ITH (MYJIBTH-/TH-
Tiep- ) CeKTpabHbIe JaHHBIE COBMECTHO C pe3yJabTaTaMu (Gu-
3MOJIOTHUECKUX W/MIM OMOXMMHYECKHX M3MEpeHuil odpa-
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0aThIBAIOTCSI METOAMHU PACIIO3HABAHUS 00Pa30B M MAllUH-
HOTO O0y4YeHHS JUTsl CO3TIaHusI TIPABHJI MHTEPIPETAIIUH CTIEK-
TpanbHBIX ITaHHBIX (Bannari et al., 1995; Bravo et al., 2003;
Mabhlein et al., 2013). [IpumepoM MOXKET CIIy)KHUTh HIKaja
NDVI (Cabrera-Bosquet et al., 2011) — BereTaTuBHBII HHAEKC,
KOTOPBII TO3BOJISICT MPHU AUCTAHIIMOHHOM 30HIUPOBAHUU
OIICHUBATH [IAPAMETPbI, XapaKTEPU3YIOIIUE MPOTYKIIMOHHBIN
MPOILIECC B PACTUTEIHHOM TTOKPOBE.

3aknioyeHune

K Hacrosimemy BpeMeHH pa3paboTaHbl MOJEIH POCTA U Pa3-
BUTHS PACTCHUH C Pa3HOM CTENEHbIO AeTanu3auu. st Hux
IpoBe/ieHa ajanTanus (nmapamMmerpudeckast HaeHTHUKams)
C LIENBIO MX MIPUMEHEHHS B KaUE€CTBE PACUCTHBIX MOACUCTEM
B CHCTEMax TOJICPKKU NPUHSITUS PEHICHUH O COCTOSIHUHU
IMOCEBOB, pa3BUTHUA B HUX JIMCTOCTEOETILHOM l/IH(beKHI/Il/I Hu HE-
00XOAMMOCTH TEX MJIM UHBIX arPOTEXHUIECKHX MEPOIPHATHIA.

[Tpu pazpaboTKe CHCTEMbI MOJCIMPOBAHNUS PA3BUTHS UH-
(exMu B 1oceBe ClielyeT ONPEeIUTh MHOXKECTBO MMEIO-
IIMXCSI SKCTIEPUMEHTANIBHBIX JaHHBIX 1 HHCTPYMEHTAIBHBIX
CPEACTB Ul X TIOJNyYCHHS W CKOMIIOHOBATh MOJIENb KaK
CUCTEMY, COCTOSILIYIO U3 MOYJIEH-MOJEIIEH, B KAUECTBE KOTO-
PBIX MOJKHO HCIIOJIB30BATh YK€ pa3paOOTaHHbIE U ONMCAHHBIE
Moyzienu 0a30BBIX MporieccoB. [y peann3aym MoJIeIH 1ere-
c000pa3HO NMPUMEHUTH TTAKET, COOTBETCTBYIOLIUN LIEIH MO-
JIETTMPOBAHNUS 1 HEPAPXUIECKOMY YPOBHIO pa3padaTbIBaeMoit
MOJIENH, HAaIpUMeEp CrielUanu3upoBannble nporpaMMel STICS
(Constantin et al., 2012), OpenAlea Modelling Framework
(Pradal et al., 2008) i mpyTue A5 MOIETUPOBAHUS PACTECHHIH,
MIOCEBOB M arpOCHCTEM JIOO Cpe/ICTBA MOJICITMPOBaHUS OoJree
obmiero HaszHaueHus (Hampumep, Mathematica, Modelica,
Matlab u mp.).

Kpowme Toro, crietyer nMeTh B BULY, 4TO TOSIBICHUE HOBBIX
OKCECPUMCHTAJIbHBIX MCTOAOB U M3MEPACMBIX MMapaMETpPOB
COBMECTHO C Pa3BUTHEM HH(POPMALMOHHBIX ¥ BBIYUCIUTEIb-
HBIX TEXHOJIOTHI MOAEIMPOBAHUS MOXKET IOTpeOoBaTh pas-
pabOTKHM MOJIeNIeld, ONTMCHIBAIOIINX MTPOLIECCHI, Il KOTOPBIX
paHee He ObUTO BO3MOXKHOCTH ITOJTy4aTh 3KCIIEPUMEHTAIbHBIE
JTaHHBIC, IPUMEHATH Bce OOJIee COBEPIICHHBIE METOIBI HJICH-
TU(UKALUK TAPAMETPOB, B PE3YIIBTATE BCETO TOT0 MMEIOIIHX
BBICOKYIO ITPOTHOCTHYECKYIO CIOCOOHOCTb.
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Cratuctuueckas u rpapudeckasi (GGE biplot) orteHka
agarITUBHOI CIIOCOOHOCTI U CTaOMIbHOCTHU
Ce/IeKIMMOHHbIX JINMHUN SUMEHS 031IMOTO

B.H. I'yasenko

MUPOHOBCKMIA MHCTUTYT NWeEHMLbI UMeHn B.H. Pemecno HauvoHanbHo akageMunm arpapHbix Hayk YKpauHbl, Knesckas o6nacTb, ¢. LieHTpanbHoe, YkpanHa
® e-mail: barleys@mail.ru

B cBA3U ¢ rnobanbHbIMU KNUMATUYECKUMU U3MEHEHNAMM NOCNIEAHNMX JIET OCTPO CTOMT BOMPOC NOBbILIEHNA aAanTUBHO-
ro noTeHuMana CenbCKOX03ANCTBEHHbIX KyNbTyp. HeobxoaMmo co3faHre COPTOB 03MMbIX 3€PHOBbIX Kak C KONornye-
CKOW aAanTBHOCTbIO, TaK U CNOCOBHOCTHI0 POPMUPOBATL CTabUIbHBIV YPOBEHb YPOXKANHOCTI B pa3Hble MO rMapoTep-
MMUYeCKM ycnoBram roaa. C Lenblo BbiBejeHNA COPTOB AUMEHA 03UMOTO C COYETaHMEM YPOXKANHOCTM U CTabUNbHOCTH
B MMPOHOBCKOM MHCTUTYTe MnweHnubl nMmeHn B.H. Pemecno HaunoHanbHOM akageMumn arpapHbix HayK YKpaviHbl B
2012/2013-2014/2015 rr. ucnbitbiBany 14 nepcnekTUBHbIX CENEKLNOHHbIX INHUIN AYMEHA O3MMOro, UCMOMb3yA Ye-
Tblpe Pa3nyHbIX Cpoka ceBa. C MOMOLLbIO ANCNEPCMOHHOIO aHan3a BbiAB/IEHbl JOCTOBEPHbIE BKaAbl B BapuaLuuio
YPOXaNHOCTW: ycnoBun cpefbl — 64.59 %, B3anmopenctauna reHotun-cpepa — 16.84 % v reHotna — 15.57 %. Cpoku
CeBa CyLEeCTBEHHO BAVAMN Ha yBeNMYeHne BapbUPOBaHUA YPOXKANHOCTM NUHWIA. PasHnUa MeXay CpeaHnMU 3Haue-
HUAMU YPOXKaMHOCTM MO CPOKaMm ceBa B Npefenax roga coctasnana: 2012/2013 r. - 1.05 1/ra, 2013/2014 r. - 0.90 1/ra,
2014/2015 r. - 1.25 1/ra. ina xapakTepucTKM B3anMOAENCTBMA reHOTUMN—CPeaa U PaHXMPOBaHMA TMHUIA NO YpoXxali-
HOCTV MPUMEHANN HECKONbKO Hanbonee pacnpoCcTpaHeHHbIX CTaTUCTUYECKUX MapameTpoB afanTUBHOCTM, CTabunb-
HoCTW, NnacTuyHocTy 1 GGE biplot. icnonb3oBaHne pa3nuyHbIx CPOKOB CeBa Ha 3aBepLUaloLLeM STane ceneKUMOHHOro
npouecca AYMEHA 03UMOro — NMPOCTON, HO 3PPEKTUBHDBIN NMOAXOL, NO3BONALLWMIA 6onee feTaNbHO OLEHUTb afanTMB-
HOCTb CeNeKLMOHHbIX IMHNI B MEHAIOWNXCA YCNIOBUAX BereTaumn. Mo cpaBHEHMIO C CTaTUCTUYECKMMU MOoKa3aTenamm
GGE biplot nmeeT pag npenmyLiecTB ANA XapakTepUCTUKM B3aMMOAENCTBUA reHoTUN-cpefa. JTa rpaduyeckan mo-
[lenb No3BOJIAET BM3Yann3npoBaTb PaHXMpoBaHve cpeq no anddepeHumpyoLLein CToCo6HOCTU U penpe3eHTaTUBHO-
CTW, @ TaK>Ke BbIAeNATb FreHOTUMbI Kak cneumdrnyeckn afanTrpoBaHHble, Tak U C ONTYMaJIbHbIM COYeTaHMeM NoTeHuma-
Na ypoxalHOCTY 1 CTabribHOCTI B COBOKYMHOCTU Cpef (Meracpen). BoigeneHbl cenekymMoHHas MHUA C ONTUMabHbIM
coyeTaHneMm ypoxKanHocTu 1 ctabunbHocTu Pallidum 4816, a Takxke BbicokonpoayKTMBHble MHuK Pallidum 4857 un Pal-
lidum 4659, KoTopble NepefaHbl Ha rOCYAAPCTBEHHOE COPTOUCTIbITaHME YKpanHbl Kak HOBble COPTa AYMEHSA 03MMOrO:
MW Acon, MU Ockap n MUT Mapgnatop.

KntoueBble COBa: 03MMbIN AYMEHb; CENEKLMOHHbIE IMHUW; CPOK CeBa; YPOXKaNHOCTb; B3aMMOAENCTBIE reHOTUMN - Cpe-
[1a; NapameTpbl afanTUBHOCTY, NNAaCTUYHOCTY, cTabunbHocTu; GGE biplot.

[na untnposanusa: yaseHko B.H. Ctatuctnueckas n rpadpuryeckasn (GGE biplot) oueHka aganTBHOWM CMOCOB6HOCTM 1
CTabMIIbHOCTMN CENEKLMOHHbIX JIMHWI AYMEHA 03MMOTO. BaBMIOBCKII KypHan reHeTukn u cenekummn. 2019;23(1):110-
118.DOI 10.18699/VJ19.469

Statistical and graphical (GGE biplot) evaluation
of the adaptive ability and stability of winter barley breeding lines

V.N. Gudzenko

The V.N. Remeslo Mironovka Institute of Wheat of NAAS of Ukraine, Kiev region, Tcentralnoe village, Ukraine
& e-mail: barleys@mail.ru

Due to current global climate changes, the issue of improving adaptive capacity of crops is of high importance. It is
important to create winter crop varieties with both ecological adaptability and yield stability in years with different
hydrothermal conditions. In order to develop winter barley varieties with a combination of yield and stability, 14 prom-
ising breeding lines have been evaluated in the conditions of the V.M. Remeslo Myronovka Institute of Wheat of NAAS
of Ukraine in 2012/2013-2014/2015 using four different sowing dates. The ANOVA revealed a reliable part in yield varia-
tion: 64.59 % for environment, 16.84 % for genotype—environment interaction, and 15.57 % for genotype. The sowing
dates significantly increased the yield variation of the breeding lines. The differences between the average yields of
the lines depending on sowing date within the year were 1.05 t/ha in 2012/2013, 0.90 t/ha in 2013/2014, and 1.25 t/ha
in 2014/2015. For genotype—environment interaction interpretation and ranking lines by yield a number of the most
known statistical parameters of adaptability, stability, and plasticity and GGE biplot were applied. The use of different
sowing dates at the final stage of the winter barley breeding process is a simple but effective approach that allows a
more detailed assessment of the adaptive potential of breeding lines in various growing conditions. As compared to
statistical parameters, GGE biplot has some advantages for interpretation of genotype-environment interaction. This
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CraTuctyeckas v rpapryeckas oLeHKa aganTiBHOM
CNOCOBHOCTM 1 CTAaBUSIBHOCTM AYMEHSA 03VIMOTO

graphic model allows ranking environments to be visualized for their discriminating ability and representativeness, as
well as both specifically adapted genotypes and the ones with the optimal combination of yield potential and stabil-
ity to be identified in a set of environments (mega-environment). The breeding line Pallidum 4816 with the optimal
combination of yield and stability, as well as the high-yielding breeding lines Pallidum 4857 and Pallidum 4659 were
identified and submitted to the State Variety Testing of Ukraine as the new winter barley varieties MIP Yason, MIP Oskar

and MIP Hladiator.

Key words: winter barley; breeding lines; sowing date; yield; genotype-environment interaction; parameters of adapt-

ability, plasticity, stability; GGE biplot.
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BBepeHune
B cBsi3u ¢ m100aNbHBIME KIMMATHYCCKUME H3MCHCHUSIMU
MOCJICAHUX JIET OCTPO CTOMUT BOIPOC MOBBIIICHHS aIalTHB-
HOTO TIOTEHITHANa CEIbCKOXO3SHCTBEHHBIX KYIBTYp Kak B
JKOJOTMYCCKOM TPAJMCHTE, TaK U CIOCOOHOCTH (HOpMUPO-
BaTh CTAOMJIBHBIN YPOBEHb YPOJKafHOCTH B Pa3HbIC 1O THA-
porepmuuecknM ycioBusMm roasl (Nicotra et al., 2010; Di-
mova et al., 2012; Gebremedhin et al., 2014; Mirosavljevic
et al., 2014; Ingvordsen et al., 2015; Macholdt, Honermeier,
2016). CopTa 03UMBIX KYJBTYpP ITOIDKHBI XapaKTePH30BaThCS
CTaOMITBHOM YPOIXKaWHOCTBIO IS PA3HOTO BPEMECHU BCXOJIOB,
KOTOPBIE MOTYT CUJIBHO BapbHUPOBATh B MMPOU3BOJACTBCHHBIX
YCIIOBHSIX B 3aBHCHMOCTH OT CPOKOB CE€Ba, TEMIIEPAaTyPHOTO
peKMMa TIOYBBI U BO3yXa, BIArooOECIICYEHHOCTH MOYBHI,
CpoKa yOOpKH MPEAIIECTBEHHUKOB M JIPYTUX (hakTOpOB.
Crnemyer OTMETHTb, 9TO B IPOM3BOACTBEHHBIX YCIOBHSAX JIe-
cocTeny YKparHbI CPOKH CEBa TUMEHSI 03UMOT0 BAPBUPYIOT B
mpezenax KOHEI[ CeHTA0ps —KoHel okTA0ps. [1pu pa3nuanbix
CpOKax TMOSIBICHUS BCXOIOB PACTCHUS B 3SUMHHI IEPUOI U B
TEUCHHC BECCHHE-JICTHCH BEreTAIMH ITOJIBEPTAOTCS BO3ICH-
CTBHIO A0OMOTUYECKUX U OMOTHYECKHUX CTPECCOB Ha Pa3HBIX
JTalax OpraHoTreHe3a, YTO MOXKET CYIICCTBEHHO BIHATH Ha
UX POCT, PA3BUTHC U B UTOTC — HA YPOBCHD YPOKAMHOCTH.
[To3mHue cpoku ceBa (BTOpast IIOJIOBHHA OKTSIOPS) B psAJIe JIEeT
CYIIECTBEHHO CHIDKAIOT YPOKAWMHOCTD STIMCHS B pe3yJIbTaTe
TOBPEKIICHUSI TIPU TICPE3UMOBKE, a TaK)KE HCTOIHON KOM-
MEHCAIIMXA PACTCHUSMH BECHOW HEIOCTATOYHOTO OCCHHErO
KymieHus. VccrmenoBaHne CeNeKIMOHHBIX JTUHUH 03UMBIX
3CpHOBBIX KYIBTYp C HUCIOJH30BAHUCM PA3IHYHBIX CPOKOB
CeBa Ha YPOBHE KOHKYPCHOTO COPTOMCIIBITAHHUS MOYKET II03BO-
JIUTB TeTICHATIPABICHHO OTOMPATH aJaITHBHBIC TE€HOTHITHI [UIST
MepeIavd B CHCTEMY TOCYIapCTBEHHOTO COPTOUCITBITAHMSL.
HJ’IS[ HHTCPHOPETALIUN PE3YIbTATOB MHOTOCPCIAOBBIX HIIU
MHOTOJIETHUX WCIBITAHUHA W BBIACICHUS TEPCIEKTHBHBIX
TCHOTHIIOB B Pa3HbIC TOIBI MPEIIOKEH Psiji U3BECTHBIX Ma-
TEMATHUYCCKU-CTATUCTUYCCKUX MECTOANK OLICHKH a}IaHTHBHOﬁ
CIOCOOHOCTH, TUTACTHYHOCTH U cTabmibHoCTH (Wricke, 1962;
Finlay, Wilkinson, 1963; Eberhart, Russel, 1966; Tai, 1971;
Shukla, 1972; KunsueBckuii, XoTeuiena, 1985; Lin, Binns,
1988; Huehn, 1990). B mocnennee BpeMs MUPOKOE pacIIpo-
CTpaHCHHE IS XapaKTEPUCTHKH B3aUMOICHCTBHUS TCHOTUII—
cpela MMEHOT MOAXO/bI, MO3BOJISIONINEC BU3YaIH3UPOBAThH
pacripenieieHie TeHOTHITOB M CPeJT UCIBITAaHHUS B TIPOCTPaH-
CTBC INIaBHBIX KOMITOHEHT, B yacTHOCTH GGE biplot Mmomens
(Jalata, 2011; Ahmadi et al., 2012; Farshadfar et al., 2012;
Mortazavian et al., 2014; Sarkar et al., 2014; Mohammadi et
al., 2015; Solonechnyi et al., 2015; Dimitrova-Doneva et al.,
2016; I'yazenko u nip., 2017). [IpeumyiecTBa u 0COOEHHOCTH

JTAHHOTO ITOJIX0/1a MOJPOOHO OCBEIICHBI B OPUTHHAIBHBIX CO-
obmenusax (Yan et al., 2000; Yan, Tinker, 2006).

C 1eNBIO BBIJCICHUS CEICKIIMOHHBIX JTMHUN SUMEHS O3H-
MOro, KOTOp])le COYCTAKOT NIOTCHLIKAT HpO[lyKTl/IBHOCTI/I U CcTra-
OMJIBLHOCTD B KOHTPACTHBIC IO MOTOJHBIM YCIOBHSIM IoJia,
HCIIOJIb30BAIIM PA3INYHbIE CPOKH CEBA C MOCIEYIOIIEH HH-
TepIpeTalUeH PKCIIEPUMEHTAILHBIX JAHHBIX HanOOJIee pac-
MPOCTPAHEHHBIMH CTaTUCTHUeCKuMH moaxonamMu u GGE
biplot.

MaTeleaﬂbl n metogbl

WccnenoBanust mpoBoAMIM B MUPOHOBCKOM HHCTHTYTE
nuenuns! uMeny B.H. Pemecno HanuonaneHol akanemuun
arpapHbIX HayK Yikpauasl B 2012/2013-2014/2015 rr. Cran-
JIapT — copT stluMeHst o3uMoro JKepap u 14 mepcrieKTHBHBIX
CCJICKIITMOHHBbIX JIMHUN €IKETOJHO CCAJIM B YCTHLIPE CPOKa:
27 cents0ps, 4 okraops, 11 oxrabps u 18 okTs0pst. Takum
00pazom, 3a TpH rojia MOJTy4EHbI ypOKaiHbIC TaHHbIC HCITbI-
TaHul TMHUN B 12 cpenax.

JUts paHXUpPOBAaHUS U OLEHKH CEJNEKIMOHHBIX JTUHUI
10 COYETAHUIO YPOXKaAHHOCTH M aaNTHBHOCTH HCIIOJIb30Ba-
JIM CTaTUCTHYECKUE I0Ka3aTeln: 001as a1alTHBHAs CII0CO0-
HOCTb — GAA,, BapraHca crienn(puIecKoil a1anTUBHOH cro-
cOOHOCTH — 62SAA,, OTHOCHTENIbHAS CTA0MIBHOCTh TeHOTH-
na — Sg;, CENEKIMOHHAs LIEHHOCTh reHoruna — SVG, (Kub-
4eBCKui, XoTbIIERa, 1985), koadpuumenT perpeccun — b, u
Ccpe/iHeKBa IpaTHieckoe oTkinoHenne — S2d; (Eberhart, Russel,
1966), oxoBanenca — W, (Wricke, 1962), nokasaress npeumy-
mectBa copra — P; (Lin, Binns, 1988), nenmapamerpudeckue
MOKa3aTeNi CTaOMIBHOCTH — Sl.(” u Sl.(z) (Huehn, 1990). dns
yA00CTBa CPAaBHEHUS! JIMHUSM I10 Ka)KIOMY MapameTrpy MpH-
CBaMBaJIM COOTBETCTBYIOMMH paHr (R). Jlyumemy 3Ha9eHUIO
rapaMeTpa COOTBETCTBYET EIMHHMIIA.

Cornacuo meronuke A.B. Kunsuesckoro u JI.B. XoTsié-
Bo# (1985), xapakrepu3oBanu auddepeHIupyIONIyIo CIo-
COOHOCTB CpeJl C MOMOIIBIO TTAPAMETPOB: MPOAYKTUBHOCTD
cpenbl — d,, BapuaHca B3aMMOJICHCTBHS T€HOTUII—Cpesa —
0%(GxE),,, Bapnanca audepeHupyomeil cocooHOCTH
cpensl — 62DAE,, K03hQUIHEHT HEMMHEHHOCTH OTBETA Te-
HOTHIIOB Ha cpefy — L ,, oTHOcuTenbHas AudpepeHupyo-
1as CrocoOHOCTE Cpeibl — S, , KO3POHUIMEHT KOMIIEHCALMH
cpensl — K . J1ns rpadu4eckoro aHaan3a MPHMEHSIIH TTaKET
npukinaaaeix nporpamm GGEBiplotGUI Ha ocHoBe R-mpo-
rpammupoBanus (Frutos et al., 2014).

Pe3ynbratb
KonTpacTHble 10 THIPOTEPMUUECKOMY PEKUMY IOTOAHBIE
ycCJoBus JIET I/ICCJ'IelIOBaHI/Iﬁ IMMO3BOJIMJIM BCECTOPOHHC OLC-
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Ta6bnuua 1. MorogHble yCioBMA BereTaMOHHOTO neproga AumeHsa o3nmoro, 2012/2013-2014/2015 rr.

Mecsy  Cymma 0cagKoB 3a Mecsil, MM

CpenHemecayHadA TemnepaTypa Bo3ayxa, °C

Ta6bnuua 2. YpoxXaHOCTb (T/ra) cenekuMOoHHbIX TMHWUIA
AYMEHA 03IMOTO B 3aBUCUMOCTU OT CPOKa ceBa, 2012/2013 .

Wnop CraHgapr, Cpok ceBa CpepnHsasn
reHoTuna ii::'emr;umowaﬂ 131% 13-2* 13.3* 13.4* ﬁgg:;am
61 .............. )Kepap .................. 445 ...... 432 ...... 393 ...... 363 ...... 410 ..........
Gzpa||,dum4857 ...... 540 ...... 533 ...... 475 ...... 447 ...... 499 ..........
G3Pa”|dum4816 ..... 521 ...... 518 ...... 468 ...... 441 ...... 437 ..........
G4 Parallelum4418 491 472 412 397 443
G5pa|||dum4483 ...... 530 ...... 516 ...... 445 ...... 406 ...... 474 ..........

G6Pa"|dum4836 ..... 541 ...... 498 ...... 443 ...... 402 ...... 471 ..........

G7Pa“|dum4659 ..... 522 ...... 519 ...... 478 ...... 456 ...... 494 ..........

Ggpa||,dum4031 ...... 544 ...... 488 ...... 437 ...... 422 ...... 473 ..........

Ggpa||,dum4g10 ..... 549 ...... 497 ...... 447 ...... 409 ...... 476 ..........

G10pa||,dum4792 ...... 489 ...... 475 ...... 412 ...... 401 ...... 444 ..........

ana||,dum486o ..... 524 ...... 505 ...... 448 ...... 422 ...... 475 ..........

G12pa||,dum4879 ..... 497 ...... 435 ...... 409 ...... 401 ...... 448 ..........

G13pa||,dum4723 ...... 535 ...... 517 ...... 441 ...... 402 ...... 474 ..........

G14pa||,dum4654 ..... 532 ...... 507 ...... 435 ...... 403 ...... 469 ..........

G15pa||,dum4606 ..... 512509 ...... 416 ...... 412 ...... 462 ..........
Cpeprmnypoxaiivocts 518 498 437 413 467
HCPOS ...................................... 032 ...... 038 ...... 023 ...... 036 ...... 033 ..........

3pech v Huke: ¥ roa n cpok ceBa.

HUTB CelIeKIIMOHHBIE JIMHUU (Tadn. 1). Ciienyer oTMETHTb,
gyT0 Markue 3uMbl 2012/2013-2014/2015 . He OKazamu cy-
IIIECTBEHHOTO BIIMSHUS Ha pe3yJbTarhl nctblTanuid (audde-
PEHIMALUH TI0 3MMOCTOWKOCTH), @ OOJIBIINIT BKJIA]| B BAPbH-
pOBaHME YPOKaTHOCTHU UMEJIN YCIIOBUSI OCEHHEN U BECEHHE-
JIeTHEW BereTalyu.

B 2012/2013 rr. oTMeueHsl 103jHee BO30OHOBIICHHE Be-
CEHHell BereTanuy U IOBBIIICHHBIC TEMIIEPATYPhbl BO3/1yXa
B alpesie—MIoHe, YTO MPUBENIO K COKPANICHUIO MIepHo/ia Be-
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TeTaluu, PaKTUIEeCKN OTCYTCTBUIO BECEHHETO MPOIYKTHB-
HOTO KYIIECHHUS U TIOCIIEYIOIEero MoAropanus 3epHa. Mak-
CHUMAJIbHYIO CPE/IHIOI0 YPOXKaiHOCTb 110 ONBITY JIMHUU cop-
MHPOBAJIH B IIEPBOM CpOKe ceBa — 5.18 T/ra, HECKOIBKO HIKE
BO BTopoM —4.98 T/ra (Tabmn. 2). B TpeTbeM 1 ueTBepTOM cpo-
Kax ceBa ypoXkalHOCTb OblIa CyleCTBEHHO HIke —4.37 T/ra
n 4.13 T/Ta COOTBETCTBEHHO. DTO CBI3aHO C TEM, YTO MEHEE
Pa3BUTHIE paCTEHUS ABYX MOCJIETHUX CPOKOB ceBa ObIIN Ooj1ee
TIO/IBEPIKEHBI ICHCTBUIO HEOJIATONPUSITHBIX YCIOBHIA.

OO0umM# 0COOSHHOCTAMH ABYX Moceayromux et (2013/
2014 1 2014/2015 rT.) O6UTH BEICOKHI YPOBEHb PacipocTpa-
HeHUsI BO30yauTelieit 0omnesneit (Mmy4ynuctas poca (Blumeria
(Erysiphe) graminis (DC.) Golovin ex Speer f. sp. hordei
Em. Marchal), cetuaras (Pyrenophora teres Drechs.), TeMHO-
oypas (Bipolaris sorokiniana (Sacc.) Shoem.) u nonocaras
(Pyrenophora graminea Ito & Kurib.) natHECTOCTH, 2 TaKOKe
KapiukoBast pxkaBunHa (Puccinia hordei Otth.)).

CyliecTBEeHHOE MPEBBIIICHUE KOJINYECTBA OCAJKOB HaJ|
MHOTOJIETHE HOpMOii B Mae 2014 1. cripoBOIMPOBAIO CHITEHOE
TIOJIEraHye PaCTEHHH, 0COOEHHO B IIEPBBIX JIBYX CPOKax CeBa.
Crenyer OTMETUTh, YTO HHTEHCUBHOMY Pa3BUTHIO PACTEHUI
B 3THX CPOKH CEBa CIIOCOOCTBOBAIM M OOMIIBHBIE OCA/KU B
centsiope 2013 r. [ToaToMmy MakcuManibHOE 3HaYEHHUE YpOXKa-
HOCTH OBLIIO B TPEThEM CpOKe ceBa —4.83 T/ra, MUHUMAIIbHOE
B mepBoM — 3.93 1/ra (Tabm. 3).

B memnom 1o cpaBHEHHUIO ¢ ABYMS IPEIBIAYIIUMA TOJaMU
ycioust 2014/2015 1. Obutn Haubosee ONArONPUATHBIMU
JUIS pOCTa M Pa3BUTHS SUMEHS 03MMOro. B To xe Bpems y
HEYCTOWYMBBIX JIMHUH B 3TOM IOy OTMEUaJIH MOJIETaHue, 0CO-
OEHHO B IIEPBOM CPOKE ceBa. MaKCHUMaIIbHYIO YPOXKalHOCTb
OTMETHIIH BO BTOPOM CpoKe ceBa — 6.33 T/ra, HAMMEHBIIYIO
B mocuenHeM — 5.08 T/ra (Tabm. 4).

0000111351 TpEXJIETHHE PE3YyJIBTAThl HCCIICIOBAHUM, CICAYCT
OTMETHUTD, YTO N3MEHUYMBOCTD YCIOBUI BETETAI[N PACTCHUI
B Pa3HBIC TO/IbI 3HAUUTEIBHO BIIMSIIA HA yPOXKAHHOCTD CEleK-
LIMOHHBIX JINHUH. CPOKH CeBa BIIMSUIN Ha yBEIIMUCHUE BapHa-
OeTpHOCTH ypoXKalHOCTH. Pa3sHnIa MeX Iy CpeTHIM 3HaYeHH-
€M ypOXXKaifHOCTH B OIIBITE 10 CPOKAM CEBa B MPEAEIax roja
cocrapisia: 2012/2013 . — 1.05 1/ra, 2013/2014 . — 0.90 T/Ta,
2014/2015 r. — 1.25 1/ra. I[Tpn 3TOM MakCUMaIIbHBIN YPOBEHD
YpOXaiHOCTH JIMHUH 110 CPOKaM CeBa BApbUPOBAJI TI0 TO/IaM.
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B.H.TyaseHko CratncTnyeckas v rpaduryeckan oLeHKa aganTuBHOM 2019
CMOCOBHOCTY 1 CTabWIbHOCTU AYMEHA 03MMOTO 23.1
Ta6bnuua 3. YpoxaHOCTb (T/ra) cenekumoHHbIX TMHWUIA Tabnuua 5. Pe3ynbTtathl ANCNEPCYOHHOIO aHanmsa
AYMEHA 03IMOTO0 B 3aBUCUMOCTY OT CpOKa ceBa, 2013/2014 r. YPOXKaNHOCTN CeNeKLMOHHBIX INHUI AYMEHA 031MOro
Wnop CraHpapr, Cpok ceBa CpepHssn NcTouHmk SS df MS Bknan
..................................................... . BADNALIAN & BapuaLMio, %
renormna cewﬁe;;u”o"""aﬂ 14-1 14-2 14-3 14-4 ')_"po_)rKaM p ..... Ll' ................................................................................ p Ll' ......... °..
.................... e 0CTE - TeroTUIN 6347 14 453 1557
L Hepap . 415 41 501 445 4st Cpepa 26328 11 23.93* 6459
G2 Pallidum4857 ' 523 546 609 585 566 Bsaumopelictene  68.63 154 045*  16.84
G3 Pallidum4816 521 529 579 522 538 T O e
G4 Parallelum 4418 3.81 406 598 544 482 Oumbka 1224 380 000
Gs Pallidum4483 375 402 569 577 481 Obwee AT 330
G6 Pallldum4836 ..... 370 ...... 453 ...... 546 ...... 482 ...... 463 .......... n pumMmedaHune. SS - CyMMa KBaApaTtos; df - uncno creneeit CBO60/:|bI,'
OO O SOOI OO MS - cpeaHuit KeappaT; * cylwectseHHo Ha 0.01 % ypoBHe A0CTOBEPHOCTU.
G7 Pallidum 4659 450 453 485 484 468
G8 Pallidum 4031 435 463 479 469 462
G.9.....P..”..d. ....... .4..8.1.0. ..... .3.8..8 ...... .4.0..6 ...... .4..3..2 ...... .4..6..0 ...... .4’.2.2. .......... HaI/I60Hee BBICOKa;[ B CpeﬂHeM HO OH])ITy ypo)KaI‘;IHOCTB OT—
...................... anaumas e Al e AN S meuenaB2014/2015T Bo BTOpPOM cpoke ceBa — 6.33 1/ra. Mu-
G10 Pallidum 4792 355 3.97 432 462 4.2 HUMaJIbHast cpeiHsisl ypokaitHocTs Obita B 2013/2014 1. ipu
Gl Paliduma4860 387 413 419 420 410 1epBOM CpoKe ceBa — 3.93 T/ra. AGCOMIOTHAs MHHHMATbHAs
........................................................................................... ypO)KaﬁHOCTL (GIS _ 3 1 1 T/l"a) oTMeueHa HpI/I HCpBOM CpOKe
G12 | Palidum4879 319 332 434 463 387 cesa 2013/2014 r., maxcumanbhas (G3 —7.52 1/ra) — Bo BTO-
G13 Pallidum 4723 344 372 396 404 3.79 pom cpoke 2014/2015 1. Takast BapnaOeTbHOCTD yPOXKAHOCTH
G1a Pallidum 4654 325 376 397 382 370 CBUJCTEIBCTBYET 00 OTCYTCTBHH OZHOTO YHHBEPCAIBLHOTO
....................................................................................................................... KaJICHJIApPHOIO CpOoKa ceBa ssuMeHsl o3umoro. IlonmyyeHHbie
G15 Pallidum 4606 3.11 342 367 362 3.46

Ta6bnuua 4. YpoxahHOCTb (T/ra) ceneKuMOHHbIX TMHWUIA
AYMEHA 03VIMOTO B 3aBUCUMOCTY OT CPOKa ceBa, 2014/2015T.

Wnop CraHpapr, Cpok ceBa CpepHan
reHoTuna Ei}:ﬂ;umomaﬂ 151 152 153 15-4 ﬁg(c):;am
G1 .............. }Kepap .................. 612 ...... 641 ...... 549 ...... 534 ...... 584 ..........

Gzpa||,dum4857 ...... 658 ...... 578 ...... 623 ...... 533 ...... 623 ..........

Ggpa||,dum4816 ..... 662752 ...... 598 ...... 519 ...... 633 ..........

G4para||e|um4418574 ...... 655 ...... 503 ...... 455 ...... 547 ..........

G5pa||,dum4483 ...... 587 ...... 603 ...... 561 ...... 497 ...... 562 ..........

G6pa||,dum4836 ...... 607 ...... 617 ...... 568 ...... 517 ...... 577 ..........

G7Pa|||dum4659 ...... 633 ...... 693 ...... 624 ...... 591 ...... 648 ..........

Ggpa|||dum4o31 ...... 503 ...... 690 ...... 635 ...... 551 ...... 595 ..........

Ggpa|||dum4810 ...... 523 ...... 615 ...... 565 ...... 501 ...... 551 ..........

G10pa||,dum4792 ...... 5” ....... 564 ...... 513 ...... 463 ...... 513 ..........

G11pa||,dum486o ...... 626 ...... 630 ...... 610 ...... 512 ...... 595 ..........

G12pa||,dum4879 ...... 471 ....... 537 ...... 516 ...... 498 ...... 506 ..........

G13pa||,dum4723 ...... 509 ...... 588 ...... 545 ...... 503 ...... 536 ..........

G14pa||,dum4654 ..... 566 ...... 603 ...... 588 ...... 465 ...... 556 ..........

G15pa||,dum4606 ...... 573 ...... 626 ...... 546 ...... 488 ...... 558 ..........
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JTAaHHBIE TTOATBEPKAAIOT HEOOXOAUMOCTh CO3/IaHHsI COPTOB,
CIOCOOHBIX K pean3aliy MPOAYKTUBHOTO MOTEHIMAIA TIPH
BapbUPYIOIIHNX CPOKaX CEBA B IPOU3BOJACTBCHHLIX YCIOBUAX.

JlucriepcHOHHBIN aHaTN3 MOKAa3bIBACT, YTO HAMOOBIITHIA
BKJIa]] B BAPHALMIO YPOXKAHHOCTH UMEJH YCIIOBUS CPEIbl —
64.59 %, CyIecTBeHHO HIKE, TPAKTUYECKH PAaBHO3HAYHO —
B3aMMOJICHCTBUE TeHoTUNI—cpena — 16.84 % u reroTum —
15.57 % (tabn. 5).

O6¢cyxpeHue

Jlnist TTOITHOTO aHaM3a HKCIIEPUMEHTAIBHBIX JaHHBIX B3aH-
MOJICHCTBHS T€HOTHUI—Cpella HeoOXOAUMO yUUTHIBATh HE
TOJIBKO OIIEHKY T€HOTUIIOB, HO M JIBa APYTUX BAXKHBIX aCTIEK-
Ta: MEracpe0BON aHAJIM3 M OLICHKY cpes ucnbiTanus (Yan,
Tinker, 2006).

OnauM n3 npenmyecTs Metoanku A.B. Kunsuesckoro u
JI.B. Xoteéoii (1985) siBisieTcst BO3MOXKHOCTD XapaKTepH-
30BaTh CPEIIbl HCIIBITAHUI 110 TU(PPEPEHIUPYIOIICH CITOCO0-
HOCTH W JIpyTuM Tapamerpam (tabm. 6). Huskue 3HaueHUS
nuddepenumpyroieit cnocobHoctn cpebl (62DAE) ) 1 0THO-
cuTenbHOM muddepenupyome cnocodbHocTy cpensl (S,,), a
TaKyKe CHIIbHBIH KomneHcupyromuii spdexr (K, =0.34-0.56)
OTMEYEHBI BO BceX YeThIpex cpokax cesa 2012/2013 . Cneny-
€T OTMETHTBh, YTO OHHU JIOCTATOYHO CHIIBHO Pa3INYaInch MEX-
1y co6oii o npoaykruBHOCTH (d, ). Beicokumu 6?°DAE, u S,
XapaKTepH30BaINCh YeThIpe cpoka cesa 2013/2014 1., a Takxke
nepBble iBa cpoka ceBa 2014/2015 r. B aTux cpenax orMeueH
BBICOKHMH JecTabunusupyromuii sdpdekr (K, = 2.50-5.47).
Bce cpoxu cepa 2013/2014 1. nMenu HU3KYIO d;, 0COOEHHO
nepBbIe 1Ba. B IPOTHBOMONIOKHOCTE 3TOMY, TIEPBBIE /IBA CPOKA
cera 2014/2015 r. umeny HaUBBICIIYIO d, B ONBITE. YCIIOBHSA
JIBYX TIOCIICTHUX CPOKoB ceBa 2014/2015 r. 3aHmMamm mpo-
MEKYTOUHOE MOJI0KEHUE MEXK/LY PACCMOTPEHHBIMHU CPEIaMHU,
HO MEXAy coOOW OHM JOCTATOYHO CHIIBHO OTIMYAJIUCH T10
d,. B cpene 15-3 npepanupoBany JecTabMIN3HPYIOIIHE d¢)-
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Ta6bnuua 6. MapameTpbl cpefbl Kak poHa ANIA OLEHKM
1 0TOOPA CENEKLMNOHHDIX TMHUI

02(GXE) o

02DAE, Ly Sek Ko

MpumeyaHue. d, - NPOAYKTUBHOCTb cpeabl; 02(GXE),, — BapuaHca B3aumo-
AencTBuA reHoTun—-cpena; 62DAE, — BapraHca anddepeHLmpyoLLeil cnocob-
HOCTU cpefbl; L, — KOIPPULMEHT HENMHENHOCTI OTBETa FreHOTUMOB Ha Cpeay;
Sex — OTHOCUTeNbHasA AnddepeHupyioLlas CNOCO6HOCTb cpepl; K, — Koad-
bULIMEHT KOMNEHcaLUK cpeabl.

(hektsl, a B 15-4 3¢phexThl KOMIICHCAIIUH U I€CTAOMTH3AIMN
OpUTH Ha OTHOM ypoBHE. [IpuBeieHHBIC TaHHBIE YKA3bIBAIOT
Ha pa3jINYHyI0 MPOAYKTUBHOCTH (DOHOB MCCIICAOBAaHUH, a
TaKXKe Ha UX CHOCOOHOCTH AU((PEPEeHIUPOBATh T€HOTHIIBI.
VYemosus cpex 13-1, 13-2, 13-3, 13-4 MoxHO XapakTepu3o-
BaTh Kak HUBenupymoomuii gon; 14-1, 14-2, 14-3, 14-4, 15-1,
15-2 — ananusupyromuii; 15-3, 15-4 — cTabuIn3upyoIuii.

Statistical and graphical evaluation
of the adaptive ability and stability of winter barley

XapaKTepUCTUKa CEJICKLUUOHHBIX JIMHUM 10 IapaMmerpam
aIalITUBHON CMOCOOHOCTH, TNIACTUYHOCTH M CTAOMIBHOCTH
npuBeneHa B Tabn. 7 u 8. Panru (R) oryeminBo yKas3pIBaioT
Ha OLIEHKY JIMHUI1 TeM WIIM UHBIM [IAPaMETPOM U ITO3BOJISIOT
g depeHIpoBaTh TeHOTHUITEI MEXIY CO00i. MakcuMasHast
001mas azanTHBHAs cI0cOOHOCTh (GAA,) OTMedeHa y TMHUM
G2 1 G3. Camoe HU3KOE 3HAYEHNE BAPUAHCHI CIICHU(PHIECKOI
aJIANTUBHON criocobHOCTH (62SAA ;) OBLIO y CENeKUMOHHON
muaun G10, camoe Bbicokoe — y G15. Cnegyer oTMETUTS,
gyro nuHUA G15 ycTymana ocTaJbHBIM IO IOKa3aTensM OT-
HOCHUTEJIEHON CTa0MILHOCTH (Sg;) M CENEKMOHHOM IIEHHOCTH
regoruna (SVG,). Ilo 5TuM nokasaTensM OPEHMYLIECTBO
nmena cenekinonHas tuHus G2. OnTuMansHO! peakiuei Ha
U3MEHEHHUE YCIIOBUH cpejibl 1o ko3 uumenty perpeccu (b;)
xapakTtepusuposanachk TMHUA G3. Bin3kol k oNTHMaIbHON
Obuta peakuus y nunuii G8, G6, G4, G13. HaumMenee pearu-
poBaa Ha I3MEHEHHe ycI0BUi cpensl muHusA G2, Hanbomee —
G15. B coOTBETCTBUM C CPEIHEKBAAPATUYECKUM OTKIOHE-
HueM (S%d,) u sxoBaneHcoii (W) crabuIbHBIME OBLTH THHHH
G10 u G9. Ilo nokaszaremo npeumyiecTsa copra (P;) cy-
niecTBeHHO npesanuposany tuHuu G3 u G2. Jlyumee 3Have-
HHE TIePBOT0 HellapaMeTPUIECKOro I0Ka3aTeIsi CTaOMIIbHOCTH
(Sl(l)) nmena muaAS G10, BTOporo HemapaMeTpruIeckoro mo-
KazareJssi crabMIIbHOCTH (Sl.(2>) —G2. Takum 0Opazom, ciemyer
OTMETHUTb CYLIECTBEHHOE N3MEHEHHE PAHTOB CEJICKIIMOHHBIX
JIMHUH M0 pa3HBIM [TOKA3aTEeNsAM.

st onpesieneHust cBsizeil MeXy NPUBEICHHBIMHU Tapa-
METpaMM U CPEeHEH YpPOXKaHHOCTBIO MCIIOJIB30BAIUd KOppe-
JISAIAOHHBIA aHanmu3 (Tabm. 9). BonbIMHCTBO TOKa3aTenen
(0%SAA,, b, Si(l), Si(z), W, Sg;) He HIMEIIO CYIECTBEHHOH CBA3M
CO cpenHelt ypokaitHOCThI0. TakuM 00pa3oM, 0TOOp JTUHUIMA
TOJIBKO T10 ATUM TIOKa3aTeNIM MOXKET CIIOCOOCTBOBATH BBIJIC-
JICHUIO CTAOMIIBHBIX TEHOTHITOB, HO TIPAKTHYECKH 0€3 ydeTa uxX
YPOBHS ypoxkaiiHOCTU. B TO e Bpemsi B KOMMEpUYECKOM COpTe

Ta6nuuya 7. PaHX1pOoBaHie CeNeKLNOHHbIX SIMHNUI AYMEHS 03UMOTO MO NapameTpam afanTUBHOM CNOCOBHOCTM 1 CTabUNbHOCTK

Wndp reHotnna R 02SAA; R

MpumeuyaHue. GAA; - obulas aanTMBHaA CNoCcO6HOCTb; 025AA; — BapuaHca crelndryeckoin aaanTMBHON CMOCOBHOCTY; Sg;— OTHOCHTENbHAA CTabUIbHOCTL
reHoTuna; SVG; — cenekuMoHHan LIEHHOCTb reHoTuna; R — paHrosas oLieHKa reHoTuna.
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Ta6nuua 8. PaH)KVIpOBaHVIe CeneKLMOHHbIX IMHNA AYMEHA 031MMOro
Nno napameTpunyeCcknm 1 HenapameTpnyeCKnm nokasatenam nnactTmuyHoCTn n CTabunbHOCTM

lWndp reHotvna  b; R

MpumeuaHue. b; - Ko3dULMEHT perpeccun; S°d; - cpefiHeKBapaTUIeCKOe OTKIIOHeHMe; W, - sKoBaneHca; P; - nokasatenb NpenmyecTsa copta; 51 n 5@ -
HernapameTpuyeckme nokasatenu cTabunbHOCTY; R — paHroBas oueHKa reHoTuna.

Ta6bnuua 9. KoapduruneHTbl Koppenaumm mexxay CpefiHein ypoXKalHOCTbio
1 NMoKa3zaTensiMm alanTUBHOCTU, MIACTUYHOCTU U CTabUNbHOCTY

MokasaTenb CpeqaHss ypoxaiiHocTb b, S%d, w; P, st S 0%SAA; Sg;
- l ........................... S S S
52dl .......................... N
W, ............................ S S L
PI ........................... s S R L
551) ......................... s i e S i
552) ......................... s oI P S S L
025AAI ................... o R o S T S e
sgl ......................... s R o i S S S S
5VG’ ........................ S S s o T e

HEOOXOIMMO CTPEMHUThCS AOCTHYD ONTHUMAJIBHOTO OajaHca
MEXIY YPOXKAWHOCTHIO M CTAOMJIBHOCTHIO. BhICOKas oTpu-
I[aTeNbHAsl CBA3Db BBISBICHA MEXKy CpETHEN yPOXKAHHOCTHIO
U IIOKa3aTejieM NpeuMyliecTsa renotuna P; (r =—-0.96). Oto
CBHJIETENLCTBYET O TOM, YTO P, IPEMMYILECTBEHHO CBA3aH CO
CpEeHIM YPOBHEM YPOXKaWHOCTH, HO MEHBIIIE XapaKTePHU3U-
pyeT cTaOMIIBHOCTD TEHOTHIOB. BhIecpequsst Koppemnsuus
OTMedeHa Mexay ypoxainocteio u SVG; (r = 0.72). Oro
MOJKET yKa3blBaTh Ha TO, 4To SV G, Oonee cOanaHCHPOBaH Mo
COYETAHUIO YPOXKAWHOCTH M CTAOMIILHOCTH.

BrICOKy10 OTpHUIIATENBHYIO KOPPENALIUI0 OTMETUIN MEXTY
napamerpamu Sg; u SVG, (r = —0.93), NonoKUTENBHYIO —
Mexay b, u 62SAA, (r = 0.91), a Taxxe Sg; u b, (r = 0.88).
Cy1ecTBeHHas OTpULATeNbHAs CBA3b OTMeueHa Mexay SVG,
u b, (r=-0.75), P,u SVG, (r=-0.71), a taxxe SVG, 1 6>SAA,
(r =—0.69), monoxxuTenapHAs — MKy AByMs HellapaMeTpH-

BUOUHOOPMATUKA U CUCTEMHAA BUONOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

YECKUMHU I10KA3aTEISIMU Sl.(l) u Si(z) (r=0.74). BersiBneHHble
3aKOHOMEPHOCTH CBSI3€H MEX/y YPOKaHHOCTBIO U ITOKa3aTe-
JSIMU CTaOMIIBHOCTH CIIEAYET yUUTHIBATH ITPU 00IIEi OIleHKe
a/IalITUBHOCTH T€HOTHUIIOB.

W. Yan ¢ xomneramu (2007) coobmrarot, uto GGE biplot
MMEET NPEUMYIIECTBO MO CPABHEHUIO C APYTHUMH CTaTHCTHIC-
CKUMH MOJIEIISIMH, TOCKOJIBKY [T03BOJISIET XapaKTepU3UPOBATh
BCE TPH aCIEKTa FeHOTHII-CPEJOBBIX HCIIBITAHNI: TCHOTHUIIBI,
Cpedbl M MeracpeioBoi aHasiu3. BaKHBIM MHCTPYMEHTOM
GGE biplot siBisieTcst TaKKe TO, YTO B OJHOW MOACTH 00b-
€/IMHEeHBI (a HE pa3beMHEHBI) /1BA NIABHBIX HCTOYHUKA BapHa-
IIMM B METacpeZ0BOM aHaJIM3€e: IEeHOTHIT M B3aMOJICHCTBHUE
TeHOTUII—CpeTa.

B Hamewm ciyuae mepBble /IBE ITTaBHBIC KOMIIOHEHTHI
(Axis 1, Axis 2) GGE biplot mogenmn oObsicasroT 80.98 %
B3auMOJIecTBHS reHOTUII—cpena. Ha puc. 1 mokasana cpas-
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AXIS217.97 %
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Puc. 1. InddpepeHumpyoLan cnoco6HOCTb 1 penpe3eHTaTUBHOCTb Cpes,
NCMbITaHWA.

HUTEIbHAS XapaKTePUCTUKA Cpel Mo TudQepeHInpyromei
CIIOCOOHOCTHU W penpe3eHTaTHBHOCTH. JIMHUS, Tpoxo/siast
ckBo3b 1eHTp GGE biplot, nmpencrasnser coboil cpenHioo
ock cpen. [lynkrupHsle nuHuy, coenuustomue ueHtp GGE
biplot ¢ romaMu HCHBITAaHUH, SBISIIOTCS BEKTOPAMH CPE/I.
Bonee mmiHHBII BekTOp HHGOpMEpPYET 0 Oombieit quddepen-
LUPYIOIIEH CITOCOOHOCTH COOTBETCTBYIOIIEH cperbl. B aTom
cilydae moBbIeHHOH auddepeHiupyoieii criocoOHOCTHIO
xapakTepusytorcs cpensl 14-3, 14-4, 14-1, 14-2, 15-1, 15-2,
15-3, Heckomnbko Hike — 15-4, Huskont — 13-1, 13-2, 13-3, 13-4,
Yron Mexny cpeaHel 0Cblo Cpell U BEKTOPOM KOHKPETHOM
Cpellbl XapaKTepU3yeT €ro pernpe3eHTaTUBHOCTb. MeHbIINI
YTOJI COOTBETCTBYET OoJiee BBHICOKOH perpe3eHTaTHBHOCTH.
MaxkcumanbHasi penpe3eHTaTUBHOCTh OTMEUYEHa B Cpelax
14-1 u 14-2. B nenom ciexyeT OTMETUTB, 9TO cpensl 14-1 u
14-2 coderanu BEICOKHE YPOBHH An(PepeHIINpYIOIIEi cro-
COOHOCTH U PeNpe3eHTAaTUBHOCTH. YeM MEHBIIIE yroJl MEeK1y
BEKTOPaMH Cpel, TeM OoJiee TIOX0XKH 3TH CPEIbI MeX Ty cOO0H
TI0 yPOBHIO YposkaiiHOCTH, 1 Hao0opoT. Hanboee 6im3kumu
MesK1y co00# ObLH cpeibl 14-1, 14-2, Hanbolee OTIIMYaINCh
14-4 m 13-1.

GGE biplot «xTo-THC-TOOCAIIT TTO3BOISCT BU3YAIIU3H-
poBarh MPEUMYILIECTBO IE€HOTHIIOB B OTIEILHOM cpelie Wil
rpymre cpex (puc. 2).

Jluauamu, orxomsimumu w3 neHTpa GGE biplot, nByx-
KOMITOHEHTHOE MPOCTPAHCTBO PACIIPENEICHO Ha CEKTOpa,
B KOTOPBIX pacHpeeNeHbl Cpeasl W TeHOTHNBl. Ha yrmax
MOJIMTOHAIBHOHN (PUTYPBI PACIIOIOKEHBI TEHOTHUIIBI, KOTOPBIE
MMEIOT IIPEMMYIIECTBO B ONPE/IEIICHHBIX CPEax WM IPyIIIe
cpen (meracpema, mega-environment). Tax, muann G2 u G3
SIBIISIIOTCSL Ty4IIMMH B COBOKYIHOCTH cpen 14-1, 14-2, 14-3,
14-4. B 3TOM cexTope pa3MecTHIIUCh Takke reHoTunsl G6
u Gl. IIpeumymiecTBo B Meracpene, 00pa3oBaHHONW COBO-
KynHocTbto cpea 15-1, 15-2, 13-3, 13-4, umeer aunust G7.
K atomy cextopy mpuHaaiexut Takxke unaus G8. [eHoTumnsl,
MOTIABIIME B CEKTOpa 0e3 cpen, YCTyMmaau NMPUBEICHHBIM
BBIIIIC JTIMHAUSIM T10 TallTHBHOCTH.
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AXIS 1 63.01 %

Puc. 2. GGE biplot «kTo-rge-nobeaun».

Ha puc. 3 npencrasnen GGE biplot, xapakrepuzyronmii
CEJICKLIMOHHBIE JIMHUM 10 COUETAHUIO CPEIHEN YPOKANHOCTU
u crabmnsHOCTH. OCh, MpoxoxaAmias ckBo3b neHTp GGE biplot
T10 TOPU30HTAIIH, C 0003HAYEHHON KPYTOM CTPEJIKOH, SIBIISIETCSI
cpeaHel s cpen abcuuccoit. CieBa HanpaBo 00pasilbl paH-
YKUPOBAHBI 110 CpeAHEN ypokaHOCTU. B BepTukanbHOM Ha-
TMpaBJIEHUHN CPEAHIOIO JUIS cpejt aOCIIMCCY TIePeCceKaeT CPEIHSIS
Julsl cpe]] opanHara. MecTo UX nepecedeHus OJJHOBPEMEHHO
MIPEACTABIISAET CPEIHEE 3HAUEHUE YPOXKAMHOCTH O OMbITY. JIn-
HHH, PACTIOJIOKEHHBIE ITPaBee OT Hee, UMEIOT BBIILIECPETHION0
I10 OTIBITY YPO’KaHOCTB, JIEBEE — YPOKANHOCTH HUKE, UEM 110
OTIBITY. YIaIEHHOCTH 00Pa3IOB OT OCH a0CITHCC MO OCH OPIH-
HaT B 000MX HaNpaBJICHUIX XapaKTepU3yeT BApHaOEIbHOCTD
YPOXalHOCTH TI0 OTHOIICHHIO K OXKHJAEMOMY €€ YPOBHIO
MPOSIBICHUSA B KOHKPETHBIX rozax. Yem OnvKe T€HOTHIIBI
pa3MeleHsl K abcrycce, TeM OHM cTa0MiIbHEe, 1 HA000POT,
4yeM OoJiee OHM OT/JaJIeHbI, TeM OOJIbIIE X BAPHAOEIbHOCTb.

Taxum 00pa3oM, MaKCUMaTbHOH YPOKAHHOCTBHIO 1O YOBI-
Baronlel xapaxrepusytorcs auHuu G2, G3, G7. Jlunus G3
numena OoJIblIyI0 CTaOMIBLHOCTD 110 cpaBHeHHIo ¢ G2 u G7.
DTO CBSI3aHO C TEM, YTO ypoxxaiiHOCTh nuHNHA G2 OblNa He-
CKOJIBKO BBIIIIE, 4eM IPOrHO3upyemMas B cpeaax 14-3u 14-4,a
muann G7 — B cpenax 15-1,15-2,15-3,15-4. T'enoruns: G8, G6,
G5, G1, G4 u G11 uMeroT ypoxaHHOCTD, OIU3KYIO K CpeTHE-
My 3HaueHuto no onsity. Jlunuu G9, G14, G10, G13, G15
u G12 ycTynarooT 1no ypoxxalfHOCTH CpeiHEeMY €€ 3Ha4CHUIO
10 OTBITY. [IOBBIIIIEHHON CTa0MIFHOCTRIO XapaKTePU3YIOTCS
cranaapt XKepap (G1) u muaun G10, G12, G9, G8. Hanbosnee
BapuadenbHbIME ObUTH TeHoTunbl G4 1 G15.

Ha puc. 4 orpaskeHO paHXUpOBaHHE T€HOTHIIOB IT0 OTHOIIIE-
HUIO K THITOTETHYECKOMY «HJICaJIbHOMY» T€HOTHITY, KOTOPBIH
YCIIOBHO JIOJDKEH pacIioyiaraTbCsi B LEHTPE IEHTPUYECKUX
kpyroB. JIuamst G3 — MakcUMabHO OIH3Kas K HeMy. Takum
o6pazom, muHusA G3 (Pallidum 4816) ontuManbHO coueTaeT
[IOTEHLUAJ YPOKaWHOCTH U alallTUBHOCTb. YCTYNAIOT €1 110
crabunpHOCTH uHIS G2 (Pallidum 4857), mo ypokaitHocTH
n crabunbHocT — G7 (Pallidum 4659). I'enotunsr G8, G6,
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Puc. 3. CpegHecpeoBasi KOOPAMHALUMA MO YPOXKANHOCTU U CTabusib-
HOCTW.

Gl1, G11, G5, G4, G1 ycTynaroT Ha3BaHHbBIM BBIILIE JTUHUSAM
no ypoxkainoctu. Jlunuu G9, G14, G13, G15, G10, G12 ¢
YPOKaMHOCTBIO HUXKE CPEAHEH 110 OIBITY HE UMEIOT MpaK-
TUYECKOW IICHHOCTH B JAbHCUIIICH CEIIEKIIMOHHON padoTe.

3aknioyeHune

Vcnonp30BaHKe pa3IMIHBIX CPOKOB CEBA HA 3aBEPIIAOIIEM
JTaIle CEJIEKIIMOHHOTO ITPOLIeCcca TYMEHsI 03UMOT0 — IIPOCTOH,
HO TIPaKTHYHBIN 1 3(PEKTUBHBIN CIIOCO0 OIEHKH U 0TOOpa
TEHOTHIIOB, KOTOPbIE COYETAIOT MTOTEHINA YPOXKAHHOCTH 1
OoJiee BHICOKYIO CTaOMIIBHOCTD B YCJIOBHSIX TIOTO/IHBIX (ITyK-
Tyaluii pa3HbIX JIET BBIPAIINBAHNUSI.

CrarucTnyeckre MOoKa3aTelnn MOo-pa3HOMY XapaKTepu3y-
0T UCCIIeAyeMble T€HOTHUIIbI. BoIbIIMHCTBO (GZSAAi, b, Si(l),
Sl,(z), W, Sg,) OLleHHBAIOT IIPEMMYILECTBEHHO CTAOUIIBHOCTS,
0e3 ydera ypoBHs MPOXYKTHBHOCTH. Ilokasarens P; umeer
0JIM3KYIO K OTpULIATEIbHON (DyHKIIMOHAIBHYIO CBSI3b CO CPe/I-
Hell ypokaifHOCThI0. OTHOCHTENBHO COANaHCHPOBAHHBIM
II0 CTAOMIBHOCTH U NPOIYKTHBHOCTH MOKHO CUuTaTh SVG,.
OTH 3aKOHOMEPHOCTH HEOOXOAMMO YYHMTHIBATh MPHU Xapak-
TEPUCTUKE TEHOTUIOB JIIsl OOBEKTUBHOW MHTEPIIPETALNT
9KCTIEPUMEHTAIBHBIX JIaHHBIX.

ITo cpaBHeHuto co craructuueckumu napamerpamu GGE
biplot obmamaeT psAIOM MPEUMYIIECTB, TO3BOJISIONINX BH-
3yajbHO aHAIM3UPOBATH Pa3JIMUHbIC aCIICKThl TeHOTHII-Cpe-
JOBBIX I/ICHI)ITﬂHI/Iﬁ, a TAaKXKE BBIACIIATH KaK cneun@)nqecxn
a/1alITUPOBAHHbBIE TEHOTHITBI, TAK U HOMEPA C ONTHMAJIbHBIM
COYETaHMEM IOTEHINANA YPOXKAHHOCTH U CTAaOMIBHOCTH B
psne cpen (meracpene).

CoBMECTHOE HCIIOIB30BaHNE KAK CTATUCTHUECKUX Tapa-
MeTpoB, Tak 1 Bu3yanu3anuii GGE biplot cmocoOcTByeT Mak-
CUMaJIbHOI HH()OPMATHBHOCTH ITPH OIICHKE B3aUMOICHCTBUS
TEHOTHIIA ¥ CPEJIBI, @ TAK)KE BBIACICHHUIO [IEHHBIX TEHOTUTIOB.

B pesynbrare ncciesoBaHNN BBIJICJICHBI CEIEKINOHHAS
JIMHUSA C OIITUMAJIbHBIM COYECTAaHUEM ypO)KaﬁHOCTPI )41 CTa6I/IJ'II)-
HoctH, Pallidum 4816, a Takxke ABe BEICOKONPOTYKTHBHBIC
muany, Pallidum 4857 u Pallidum 4659, nmepenanusie Ha
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CraTuctyeckas v rpapryeckas oLeHKa aganTiBHOM
CNOCOBHOCTM 1 CTAaBUSIBHOCTM AYMEHSA 03VIMOTO

AXIS217.97 %

AXIS 163.01 %

Puc. 4. PaHxnpoBaHune cenekuMOHHbIX MMHUIA AYMEHA 03MMOro Mo OT-
HOLWEHNIO K «neanbHOMYy» reHoTUny.

roCyapCTBEHHOE COPTOUCHBbITAHUE YKPAUHbI KaK copTa si4-
MeHs ozumoro: MUII Scon, MUIT Ockap u MUII I'maauarop
COOTBETCTBEHHO.
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