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OpurnHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.606

YOK [575.22:582.542.1]:543.545

BrIsiIB/IeHI€ TEHOMHOTI'O COCTaBa aIJIOIMOIUIIIONIHBIX
BuUOoB pona Elymus (Poaceae: Triticeae)
A3uatrckoii Poccumu c momoibio CAPS-aHanmsa

A.B. Ara(’pm-wB1 ®), E.B. lllabanoBa (Ko6osepa)l, C.B. Ac6aranos!, A.B. Mransuen?, B.C. BoraaHosa?

T LleHTpanbHbIi cbupckmil 6oTaHuecKuil cag CUBMPCKOro oTaeneHna POCCUIICKOI akafemni Hayk, HoBocn6upck, Poccusa
2(])e,qepaanb||7| nccnepoBaTenbCkunin LeHTp VIHCTUTYT yutonornm n reHetkn Cnbrpckoro otaeneHnsa Poccuitckol akagemnmn Hayk, HoBocnbrpck, Poccus
® e-mail: agalex@mail.ru

AHHoTauus. Pop Elymus L. Hapagy C NWeHULEeR, POXKbio 1 SUMEHEM NPUHAANEXUT K Tpube Triticeae. Momumo cBoero
XO03ANCTBEHHOTO 3HaUYeHMs, 3Ta TPUba XapaKTepU3yeTca WMPOKNM PacnpoCTpaHEHNEM anoNoIMMNOUAHBIX TAKCOHOB,
KoTopble GOPMUPYIOTCA B XOLEe MEXBUAOBOW 11 MeXPOLOBOI rMMOprAM3aLun 1 nocneayoLmnx npeobpasoBaHnin Bo-
BIeUEHHbIX B rMbpuman3aumio ANMNAONLHbIX FeHOMOB. 1nA naeHTdUKaLmm NCXogHbIX reHOMOB B COCTaBe NONUMION-
[I0B YAOOHbI MaIOKOMWIHbIE AlEPHbIE FeHbl, MEHee MoABEPXKEeHHbIe MpoLeccam peopraHr3anuy, YeM rnoBTOPEHHbIe
HekoaupytoLwe 3neMeHTbl. B HacToAweln paboTe pa3paboTaH yoobHbin CAPS-mapkep ana pasnmyeHus 6asncHbIX re-
HoMOB St, H, Y, BXoAALMX B COCTaB a3naTckmx BUAOB poaa Elymus, c nomollpblo anekTpodpopeTrnyeckoro aHanmsa dpar-
MeHTOB pecTpukumm MNLUP-amnnnounumpoBaHHoro yyactka reHa, kogupytoulero 3-amunasy. B Poccum pacnpoctpaHeHo
okono 50 BuaoB Elymus npennonoxutenbHoO Tpex ranioMHbix KombumHaumin: StH, StY n StHY. HaumeHnee n3yyeHHbIMK
ocTatoTcA 6opeanbHble StH-reHoMHble Buabl — SHAeMUKN Poccuiickonn Oegepauun. Mo pesynbratam aHanusa paHee
M3yUYeHHbIX Pa3HbIMV aBTOPaMUN HYKNeOTUAHbIX MOCNeoBaTeNbHOCTEN reHa 3-amuinasbl Gbina oTobpaHa SHAOHYKIea-
3a pecTpuKuun Tagl, KoTopasa nMena pasnuyaioLmeca no NoNoXKEHNIO CalTbl y3HaBaHNA B COCTaBe BbllleyKa3aHHOro
¢dparmeHTa 13 reHomoB St, H n Y. B pe3ynbraTe pacwennenus MLUP-npogykTta aHgoHyKkneason Taql y Kaxxgoro v3 nc-
XO[HbIX ransiomoB popmmpoBanca cneyndpryHbIn naTTepH GparMeHToB PECTPUKLIML, NErKO BMU3Yyann3npyemblii B ara-
po3Hom rene. MpoaHanusnposaHa BbibopKa 13 68 06pa3LoB, NprHaaiexalyx 32 sugam. Y 15 B1AOB Gbina NoaTBEPX-
[leHa paHee 13BeCTHasA reHOMHasA KOHCTUTYUUA, y E. kamoji 5TOT MeToA He NO3BOMWA BbIABUTb MPUCYTCTBME FreHoma H.
Mpennonaraetca BO3MOXHOE NPOVCXOXKAEHNE JaHHOTO BapuaHTa reHoma H ot apyroro Buaa Hordeum. Y 16 Bnpgos
reHOMHaA KOHCTUTYUMA onpeaerieHa Bnepsble. [NokasaHo, YTo 60bLUNMHCTBO U3YUEHHbIX BUAOB 6opearnbHON Fpynmbl
BraoB 13 Cnbmpn n Poccuinckoro lanbHero Boctoka MMeloT reHOMHYo KOHCTUTYyuuto StStHH. McknioueHne coctaBun
E. amurensis, dunoreHeTnyecky 6amskui K StY-reHomHomy Buay E. ciliaris n Takxe MeroLwmnin reHoMHbI coctas StStYY.
CpenaH BbIBOJ, UTO OCHOBHOE BMOBOE pa3Hoobpasue StH-reHOMHO rpynmnbl HAXOAUTCA CeBEpHee LieHTpa Npownc-
XOXKAEeHVA 60NbLUNHCTBA StY-reHOMHBbIX BUOB poja.

KntoueBble cnoBa: Elymus; TakCOHOMMSA; annononunionabl; reHoMHasa KoHCTUTyuma; CAPS-mapkepbl.
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Identification of genome compositions in allopolyploid species
of the genus Elymus (Poaceae: Triticeae) in the Asian part of Russia
by CAPS analysis
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Abstract. The genus Elymus L., together with wheat, rye, and barley, belongs to the tribe Triticeae. Apart from its eco-
nomic value, this tribe is characterized by abundance of polyploid taxa formed in the course of remote hybridization.
Single-copy nuclear genes are convenient markers for identification of source genomes incorporated into polyploids.
In the present work, a CAPS-marker is developed to distinguish basic St, H, and Y genomes comprising polyploid ge-
nomes of Asiatic species of the genus Elymus. The test is based on electrophoretic analysis of restriction patterns of a
PCR-amplified fragment of the gene coding for beta-amylase. There are about 50 Elymus species in Russia, and most
of them are supposed to possess one of three haplome combinations, StH, StY and StHY. Boreal StH-genomic species
endemic for Russia are the least studied. On the basis of nucleotide sequences from public databases, Taqgl restrictase
was selected, as it produced patterns of restriction fragments specific for St, H, and Y haplomes easily recognizable in
agarose gel. A sample of 68 accessions belonging to 32 species was analyzed. In 15 species, the earlier known genomic
constitutions were confirmed, but in E. kamoji this assay failed to reveal the presence of H genome. This unusual H ge-
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nome was suggested to originate from a different Hordeum species. In 16 species, genomic constitutions were identi-
fied for the first time. Fifteen accessions from Asian Russia possessed the genomic constitution StStHH, and E. amuren-
sis, phylogenetically close to the StY-genomic species E. ciliaris, had the genomic constitution StStYY. It is inferred that
the center of species diversity of the StH-genomic group is shifted to the north as compared to the center of origin of

StY-genomic species, confined to China.

Key words: Elymus; taxonomy; allopolyploids; genome constitution; CAPS markers.
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BBepeHmne

Pon Elymus L. — xpynsaelimmid pox TpuOsr Triticeae Dum.
U, 1O OleHKaM, HacuuThiBaeT oT 150 1o 200 BumoB (Dewey,
1984; Barkworth, 2000). O npeacTaBiIeH HCKIIOUUTESIBHO
AJUTOTIONHTIIONIHBIMU TaKCOHAMHU C TEHOMHBIM COCTaBOM,
BKJIFOYAIOIINM HECKOJILKO OCHOBHBIX T€HOMOB (TalllIOMOB) B
pasHbIX coueTaHusx. | eneTnueckas ocHoBa pona Elymus 00-
pasoBana maThio raromami (St, H, Y, P, W), mponcxonsmumu
OT pa3IM4HBIX posioB TpuOHI Triticeae (St— Pseudoroegneria,
H — Hordeum, P — Agropyron, W — Astralopyrum, Y — noHop
Hem3BecTeH). C MOMEHTa YCTaHOBICHUS TEHOMHON KOHCTH-
TYLUH BUIOB poaa Elymus ee cTany npeiaraTb B KauecTBe
CTaOMIILHOTO FEHETHYECKOTO KPUTEPHSL JIJIsl KilacCU(UKALIUH
takcoHOB (Love, 1984). 3a oTHOCHTEIEHO KOPOTKHUH ITpOMe-
JKYTOK BPEMEHH B cHCTeMarnke TprOb! Triticeae mponzonutu
CYIIECTBEHHbIE U3MEHEHHUS B CBSI3U C TEHOMHOU CHUCTEMOM
knaccudukanmn, npeanoxenHord D.R. Dewey (1984). 3a 20
MOCJIEAYIOIINX JIET ObIIIO MJICHTU(QHUIIMPOBAHO IIECTH CaMO-
CTOSITEJILHBIX POJIOB B COOTBETCTBUH C TEHOMHON KOHCTHTY-
el BXOJIINX B HUX TakcOHOB: Douglasdeweya C. Yen, J.L.
Yang & B.R. Baum (PPStSt), Roegneria C. Koch (StStYY),
Anthosachne Steudel (StStWWY'Y), Kengylia C. Yen & J.L.
Yang (PPStStYY), Campeiostachys Drobow (HHStStYY) u
Elymus L. (StStHH, StStStHH, StStHHHH).

OnHaxo, OTKJIOHAACH OT MPUHIMIOB A. Love, MHOTHE 060-
TaHUKH J0 HACTOSIIETO BPEMEHHU ITOMEIIAIOT HECKOIBKO Te-
HOMHBIX KOMOWHANWH B eAuHbIA pox Elymus s. 1. [lpu atom
npuMepHo y 40 % BUIOB reHOMHAs KOHCTUTYIUS €Ile He
ompenenena (Okito et al., 2009). dns Tepputopun Poccun
B HacToOsIIIee BpeMst pu3HaeTcst 53 Buaa pona Elymus, mon-
pasnenenHoro Ha deteipe ceknuu (L[Benes, 2008; Ilenes,
[Ipobatosa, 2010). [Tpu 3TOM B cocTaB nBYX cexuuii (Elymus
n Goulardia (Husn.) Tzvelev) BKIr0o4eHBI BUIBI C Pa3HBIMHU
TEHOMHBIMH (hOpMyJIaMH, YTO C OYEBHIIHOCTBHIO HApyIIaeT
(hMITOTeHeTHYECKUI MPHUHIUIT UX TocTpoeHus. [lo Hamemy
MIPE/TIONIOKEHUIO0, B Poccnu pacpocTpaHeHb! BUABI TOJIBKO
Tpex rarioMHbIX komOuHarwmit: StH, StY u StHY (Aradonos
u ap., 2015). HaumeHnee n3y4eHHBIMHU OCTAIOTCS OOpeabHbIe
StH-renomubie Buabl — sueMuku PO. Eciu npuaepxuBarbes
3apy0eKHON CUCTEMBI TAKCOHOB, TO BUIBI Elymus ITOMKHBI
OBITH pacIpeIeeHbI IO TPEM POIaM B COOTBETCTBUH C TEHOM-
HOW KoHCTHUTyUueH: Elymus, Roegneria u Campeiostachys.
Ha naw B3misin, nogpasaeneHue BUAoB poaa reppuropuu Poc-
CHH Ha OT/CTBHBIC CAaMOCTOSTEIFHBIC POJIBI HelleJIecoo0pas-
HO M3-32 CJIOKHOCTEH B MOpdoornyeckoit naeHTHGUKauu
Takux pojoB. Ho npu 3ToM kitaccuduKkanus BHy TPUPOIOBBIX
TaKCOHOB Ha OCHOBE TEHOMHOW KOHCTHTYIIMH BHAOB abCo-
JIOTHO HEOOXOAMMa ISl MOCTPOCHUSI (PUIIOTeHEeTHYECKH
OPHEHTHPOBAHHOW CHCTEMBI POAIA.
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Panee anst naeHTH(QUKAIMKM TEHOMOB Yy TpE/ICTaBUTEICH
TpuOsI Triticeae 6butn pumenensl CAPS-mapkeps (Cleaved
Amplified Polymorphic Sequences — mommmMophu3m pecTprk-
IIMOHHBIX (hparmenToB ammununuposanHoi JIHK) (Gostim-
sky et al., 2005; Li et al., 2007; Hu et al., 2014; [llaBpykoB,
2015). 13 npeumymiects ucrons3zoBanus CAPS-mapkepos
MOXHO OTMETHTh KOJIOMHHAHTHOCTh HacJe0BaHuUs, HETpe-
OoBaresbHOCTD K KonndecTBy TeHoMHol JIHK u HeBbIcOKyTO
CTOMMOCTb.

CAPS-mapxepbl ObUTH BIIEpBBIE TPUMEHEHBI HAMH B LETSIX
WIeHTU(HKAIINY TeHOMHOW KOHCTUTYIIMU BUOB poja Elymus
(Kobozesa u nip., 2017). Anst aTOT0 OBLTH pa3paboTaHbI mpaii-
MEpbl HA OCHOBE M3BECTHBIX MOCIENOBATEIBHOCTEH reHa
B-amunazsr (Mason-Gamer, 2013), xotopble BKiIO4amn 38
MOCJIENOBATENLHOCTEN 13 Tamiaoma St, 23 — u3 raruioma H n
15 — u3 ramioma Y, mpuHamiexanwx 24 sunam Elymus, B ToM
yucie 14 — ¢ reHomubIM coctaBom StStHH, 9 — ¢ reHOMHBIM
cocrtaBoM StStY'Y u 1 — StStHHUKUKk (Elytrigia repens). IIpo-
BEJICH ITOMCK BapruaOeIbHBIX ITO3HUINHA, KOTOPbIE OANHAKOBEI y
BCEX MPE/ICTABUTEIICH OJJHOIO TeHOMA U OTIIMYAIOT ATOT FEHOM
OT ABYX OcTasbHBIX. [Ipr 3TOM 0c000€ BHIMaHHE yAENAI0Ch
TEM T€HOM-CIEHU(UIHBIM 3aMEHaM, KOTOPbIC MPHUBOIAT K
BO3HMKHOBEHHIO/MCYE3HOBEHHUIO CATOB y3HABAHMUSI DHJIOHY-
KJIea3aMH PECTPUKINH. YCTaHOBJIEHO, 4T0 0OpadoTtka ITL[P-
MIPOIyKTa pecTprkTazoi 7agl mpuBonuia K BO3HUKHOBEHHIO
reHOM-CIel(UUHBIX ATTEPHOB PECTPUKIMU. B HacTosei
pabote M1 npumensieM metox CAPS-ananm3a s nuzyueHus
OoubIIoN BEIOOPKH BUAOB Elymus ¢ TEppUTOPUH a3UaTCKOM
yactu Poccun JUISA BBIICHCHUSA UX TeHOMHOM KOHCTUTYLIUH,
KOTOpasi 1O HACTOSIIET0 BPEMEH! He Oblila N3BECTHA.

MaTtepwuanbl n metogbl

B anmanu3 OpumH B34THI 68 00pasioB BUAOB, pacmpocTpa-
HEHHBIX Ha TeppuTopuu Poccum, ¢ paHee ycTaHOBICHHOMH
(Tabi. 1) u Hen3BeCTHO# (Ta0IM. 2) TCHOMHON KOHCTUTYIHEH
(I'K). Homenxmatypa BunoB mpuseaena cormacao H.H. Ise-
nesy u H.C. IIpobaroBoii (2010). beutn rcrionb30Banbl 00-
pasiibl U3 OMOpeCypCHON HAyYHO! KoJuteKiuu LIeHTpaabHOro
cubmupckoro 6oraHngeckoro caga CHOMPCKOTO OTAEIEHHUS
Poccwiickoit akanemun Hayk (LICBC CO PAH) — «Komek-
LUs1 KUBBIX PACTEHUH B OTKPBITOM U 3aKPbITOM I'PYHTE», UX
nAeHTH(HUKAIIIOHHBIE HOMepa IpuBeIeHbI B Ta0M. 1 1 2. [Ipe-
(DPMKCHI COOTBETCTBYIOT TeOrpapuIeckoMy MPOUCXOKIACHHUIO
00pasioB.

Toranpayro IHK Beigensm u3 20 Mr cyxoit 3eneHoi
Macchl ¢ ucnonbs3oBanreM Habopa NucleoSpin Plant IT Kit
(Macherey-Nagel, 'epman¥st) 110 IPOTOKOITY IIPOM3BOUTELS.
Peaxmuio ammmndukannuy ¢pparMeHTa reHa -aMuiIas3sl Ipo-
BoauiH B repmonnkiepe C-1000 (Bio-Rad, CIIIA) ¢ ucnosns-
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BblABNEHNE reHOMHOro COCTaBa annonoNnnNIONAHbIX BULOB
popa Elymus A3snatckoi Poccum ¢ nomoubio CAPS-aHanusa

Ta6nuua 1. O6pasubl BUAOB pofa Elymus c N3BeCTHOW FEHOMHOI KOHCTUTYLMEN,
YCTaHOBJIEHHON KNacCUYeCKUM LIUTOreHeTUYeCKM METOLOM

Bup Elymus;
obpaszel

[eHoMHas
KOHCTUTYLMA

MecToHaxoxpeHue, aBTopbl c6opa

E. kamoji;
CCH-1395

StHY (Zhou et
al., 1999)

KHP, npoBuHuma CrnyyaHb, oKpecTHOCTY I. YeHay, dparmeHT neca B MaHga-napke,
alt. 527 m, N 30°44.253'E 104°8.453' (A. AradoHos, E. Ko6o3eBa)

E. kamoji;
SLA-1276

MpyMopcKuin Kpait, XacaHCKni p-H, . CnaBaHKa, NpUOPeXxHbIA Ny,
alt. 1m, N 42°52.101"E 131°22.987' (A. ArapoHOB)

E. dahuricus;
BUD-0781

StHY

Pecny6nuka Bypatus, IpKMPruHCKWIA p-H, OKPeCTHOCTM noc. HuxxHmi Topen, aonnHa p. Topelika,
NyroBom CKNoH, alt. 863 m, N 50°34.567'E 104°52.571' (H. bagmaeBa)

Kutarickas HapogHas Pecnybnvka, npoBuHUmMsA Li3nnmnHb, neconocagkn B OKPeCTHOCTAX
03. LlaraH-Hyp, alt. 138 m, N 45°12.106' E 124°25.074' (C. AcbaraHoB)

E. schrenkianus;
AKA-0702

StHY (Lu,
Bothmer, 1992)

Pecny6nuka Antai, Kow-Araucknin p-H, KaMEHWUCTbIV Nyr B fonvHe p. KanaHerup,
alt. 2283 m, N 49°37.896' E 88°29.441' (C. JTlyKbAHUMKOB)

E. schrenkianus;
AUK-0652

Pecny6nuika Antaii, Kow-Arauckuin p-H, nnato YKok, 80 M ceBepHee aBTOTPaCChl, KAMEHUCTbIV Nyr
B fONUHe pyybs, alt. 2445 m, N 49°30.418'E 88°5.012’ (A. ArapoHos, B. Salomon)

E. pendulinus;
VOK-0738

StY

MprYMOpPCKUIA Kpaii, OKPeCTHOCTU T. BNaamnBOCTOK, KYCTapHUK B 30He OTUYKAEeHNA
Yy »KenesHoaopoxHoM cTaHumm OkeaHckas; alt. 7 m, N 43°14.10’E 132°0.19' (A. AradoHoB)

E. pendulinus;
CHE-1044

Pecny6nuka Antai, okpecTHOCTV YemManbCcKoro p-Ha, OKpPeCTHOCTU Noc. Yeman, paoH CnAHNA
pek KaTyHb 1 Yeman, alt. 434 m, N 51°23.533'E 86°00.197’ (E. Kobo3eBa)

E. gmelinii;
AUS-1013

StY (Jensen,
Hatch, 1989)

Pecny6nuka Antai, LlebannHcKuin p-H, okpecTHOCTU T. YcTb-Cema, raneyHuk B nonme p. KatyHb,
nesbin 6eper, alt. 341 m, N 51°37.620' E 85°45.923’ (A. AradoHos, E. Ko6o3eBa)

E. sibiricus;
ACH-1601

StH
(Dewey, 1974)

Pecny6nuka Antaii, nepesan Ymke-TamaH, npaBas 0604mHa aBToTpacchl, 500 M ceBepHee
CMOTpoBOI Nnowaaky, alt. 1250 m, N 50°38.911'E 86°18.789' (E. Kobo3eBa)

E. caninus;
OSE-1423

StH
(Dewey, 1968)

Pecny6nuka CeBepHaa Ocetna—AnaHua, Anarnpckuii p-H, 3koTpona B fonvHe p. LienaoH,
alt. 1951 m, N 42°47.139'E 43°53.605' (A. AradoHoB, M. AradoHoBa)

Pecny6nuka CeBepHan Ocetua—Ananus, Mpadcknii p-H, okpecTHocTy noc. Ctyp-Auropa,
3anafHblii CKNoH xp. bonblwon KaBkas, AonnHa npasee nputoka p. Ypyx,
alt. 1996 m, N 42°52.898'E 43°35.959' (C. AcbaraHoB)

E. caninus;
OSE-1427

E. caninus;
UKU-1617

Pecny6nuka bawkopTocTaH, Benopeukuii p-H, okpecTHOCTM noc. HoBoab3akoBo, Cyxoii nyr
B CMellaHHoOM fecy, alt. 618 m, N 53°48.718' E 58°40.377' (A. AradoHos, C. AcbaraHoB)

E. gmelinii;
BKA-0962

StY (Jensen,
Hatch, 1989)

MprMopcKuii Kpaii, oOKpecTHOCTU T. bonbluoii KameHb, NOAHOXIE KAMEHWUCTbIX OCbINEN,
alt. 41 m, N 43°7.513'E 132°25.133’(A. Ara¢oHoB)

StY (Liu,
Dewey, 1983)

KasaxcTaH, xp. lOxHbIn AnTaii, 3anagHblii MakKpOCKIIOH, alt. 1791 m, N 49°05.077' E 86°04.483’
(4. fepyc)

E. fedtschenkoi
KME-1729

KaszaxcTaH, xp. 3aunuinckun Anatay, okpecTHoCT/ noc. Meaey, BbICOKOrOPHbIV KAMEHWUCTbIV NyT,
alt. 3223 m, N 43°07.101'E 77°06.828’ (C. AcbaraHoB)

E. fedtschenkoi
AUR-1714

Pecny6nuvika AnTai, YnaraHckuii p-H, [ONMHa p. Apnbl-AMPbI, BbICOKOTOPHBbI KAMEHNCTbIN NyT,
alt. 2180 m, N 50°19.044'E 087°43.049' (E. Kobo3eBa)

E. nevskii;
KME-1728

StY

KasaxcTaH, xp. 3annunckmnin Anatay, okpecTHOCT/ noc. Meaey, BbICOKOrOPHbIV KAMEHWUCTbIN Ny,
alt. 3223 m, N 43°07.101'E 77°06.828’ (C. AcbaraHoB)

E. fibrosus;
ABZ-1602

StH

Pecny6nvka bawkopTocTaH, BenopeLkuii p-H, okpecTHoCTM noc. HoBoab3akoBo, 060uUnHa rpyHTO-
BOW JOPOrv B CMeLLaHHOM fecy, alt. 546 m, N 53°47.845'E 58°37.291' (A. AradoHos, C. Acb6araHoB)

E. mutabilis;
KHA-1210

KpacHosapckuin kpai, LyweHcknin p-H, LLyweHckuin 60op, alt. 495 m, N 52°49.622'E 91°26.609’
(C. AcbaraHoB)

E. mutabilis;
ABZ-1607

Pecny6nuka bawkopTocTtaH, benopeukunin p-H, okpecTHoCTM noc. HoBoab3akoBo, 0604MHa FPyHTO-
BOW AOPOrM B CMeLLaHHOM Jiecy, alt. 546 m, N 53°47.845'E 58°37.291' (A. AradoHos, C. AcbaraHos)

E. abolinii;
BUD-0780

StY

Pecny6nuka bypatua, [IpKMpruHCKnin p-H, okpecTHoCTn noc. HuxkHmi Topel, agonnHa p. Topelika,
onyLKa MMCTBEHHMYHOIO Neca, alt. 863 m, N 50°34.634'E 104°52.781' (H. Bagmaesa)

E. ciliaris;
VOK-0711

Sty

OKpecTHOCTY I. BNaanBOCTOK, KYCTapHYIK B 30HE OTUYXKAEHWA MEXLY »KeSIe3HOAOPOXKHbIMM
cTaHumAmmn CaHaTtopHas 1 OkeaHckas, alt. 4 m, N 43°13.94'E 131°59.95' (1. lepyc, A. AradpoHoB)

E. panormitanus;
H4152%

StY (Lu,
Salomon, 1992)

E. caucasicus;
H3207*

StY (Jensen,
Wang, 1991)

E. confusus;
BUM-0505

StH
(Lu et al., 1995)

Pecny6nuka BypaTus, TYHKUHCKWIA p-H, OKPECTHOCTU Noc. MOHABI, I0>KHbI MaKPOCKSIOH TYHKUHCKO-
ro xpe6Ta, KameHNCTbI 6eper pyubs, alt. 1738 m, N 51°42.610'E 100°59.967' (. lepyc, A. AradpoHOB)

E. confusus;
TAR-0730

Pecny6nuka TyBa, Tec-Xemckuia p-H, nepean LLyypmak-Camarantai, ceBepo-3anagHble oTporu
Xp. XopymHyr-Talira, enoBo-NMCTBEHHNYHBIN Nec, alt. 1545 m, N 50°36.870’E 95°10.729' (1. ApTemos)

MpumeyaHune. Hymepauma o6pasLoB COOTBETCTBYET TPEKaM Ha puc. 2.
* O6pasLbl noslyyeHbl oT A-pa B. Salomon (LLIBeackuii arpapHblil yHUBepCUTeT, OTAENEHNe cenekuun pacteHmii, AnHapn, Lseuws).
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Ta6nuua 2. O6pa3ubl BUAOB poaa Elymus c Hen3BeCTHON reHOMHOW KOHCTUTYLMeN ¢ Tepputopun Poccunm

Ne 06- Bug Elymus;
pa3sua obpasey

MecToHaxoxeHve, aBTopbl c6opa

18 E. uralensis; Pecny6nuka bawkopTtocTaH, benopeLKkunin p-H, okpecTHOCTU Noc. HoBoab3akoBo, Cyxoli Nyr B CMELIaHHOM Jiecy,
UKU-1617 alt. 618 m, N 53°48.718'E 58°40.377' (A. AradoHos, C. AcbaraHoB)

19 E. viridiglumis; Pecny6nuka bawkopTtocTaH, benopeLkunin p-H, okpecTHOCTU noc. HoBoab3akoBo, ropa KypKak, BbICOKOTPaBHbIN
UKU-1618 nyr B 6epe3oBom peakonecbe, alt. 619 m, N 53°48.718'E 58°40.377' (A. AradoHos, C. AcbaraHoB)

20 E. transbaicalensis; Pecny6nuka Antaii, Koww-Arauckuin p-H, 10 KM Ha ceBep oT noc. YaraH-Y3yH no Yyickomy TpakTy, nor KylokTaHap,
AKU-0422 alt. 1815 m, N 50°9.783'E 88°19.054’ (A. AradoHos, [1. lepyc)

21 E. transbaicalensis; Pecny6nuka bypatuna, OKMHCKIMI p-H, aBTOTpacca Ha noc. OpnuK, raneyHuk y p. fapra,
GAR-0530 alt. 1610 m, N 52°05.947'E 100°23.005’ (A. AradoHos, [1. lepyc)

22 E. margaritae; Pecny6nuka Antai, YcTb-KOKCMHCKIMI p-H, ropa KpacHas, KOMMIEKC KYPYyMOB 1 BbICOKOTOPHbIX J1yroB,
GUK-1009 alt. 2028 m, N 50°4.495'E 85°13.073' (4. HukoHoBa, E. Kobo3esa)

23 E. margaritae; Pecny6nuka Antai, Kow-Arauckuin p-H, nnato YKok, 80 M ceBepHee aBTOTPACChl, KAMEHUCTbIV NyT B AOMNVHE
AUK-0650 pyubs, alt. 2438 m, N 49°30.418'E 88°05.012’ (A. AradoHos, B. Salomon)

24 E. komarovii; Pecny6nuka Antaii, Kow-Arauckuii p-H, 10 KM Ha ceBep oT noc. YaraH-Y3yH no Yyinckomy TpakTy, nor KytoktaHap,
AKU-0458 alt. 1815 m, N 50°9.783'E 88°19.054’ (A. AradoHos, [1. lepyc)

25 E. transbaicalensis; Pecny6nuka Tysa, TORKUHCKNIA p-H, 3anoBefHUK A3ac, kopaoH Unru-Yyn ([. LLayno)
TUV-9697

28 E. komarovii; Pecny6nuka Antai, Kow-Arauckuin p-H, CeBepo-Yyiicknii xpebeT, yuenbe AKTPY, FpaHuLa neca u rpyHTOBOM
AKT-0417 noporuy, alt. 2061 m, N 50°6.518"E 87°48.193" (A. AradoHos, [1. lepyc)

29 E. komarovii; Pecny6nuka bypatnsa, OKMHCKIMI p-H, fonvHa p. OKa, necHasa nonaHa B 50 m ot pycna p. lapraHx,
GAR-0501 alt. 1607 m, N 52°05.947'E 100°23.005’ (A. AradoHos, [1. Tepyc)

30 E. komarovii; Pecny6nuka AkyTus (Caxa), XaHranacckum p-H, OKpecTHOCTU T. TOKPOBCK, Nyr y aBTOCTaHLMN,
JPO-1505 alt. 131 m, N 61°29.367'E 129°08.225' (E. Ko6o3eBa, C. AcbaraHoB)

31 E. subfibrosus; YyKOTCKMI aBTOHOMHbI OKPYT, OKpecTHOCTU . AHaablpb ([. JIbiceHKo)
ANA-1118

32 E. subfibrosus; Pecny6nuka Caxa (AKyTuns), XaHranacckui ynyc, 3anagHole JleHckue cton6bewl, alt. 156 m, N 61°6.370'E 127°21.593’
LEN-1524 (E. Kobo3eBa, C. AcbaraHoB)

33 E. macrourus; BocTouHbIn Tanmblip, parioH cnnaHua pek bonblias JlecHasa Paccoxa n Hosas. laneyHasa novma B ycTbe bonbluon
12-0135 JNecHow Paccoxu, alt. 2 m, N 72°37.363'E 101°17.793' (E. MNocnenosa)

34 E. jacutensis; fOro-BocTouHbii Taimblp, OKpariHa AHabapCKOro NaTo, PaioH CANAHMS pek dpredka u Hamaknt-AanabiH,
13-0443 ny»alka nop ckanamy, alt. 218 m, N 71°15.250"E 105°37.452' (/. Mocnenos)

35 E. sajanensis; Pecny6nuka bypatus, OKMHCKMI p-H, OKpecTHOCTU noc. 3yH-Xon6o, alt. 1682 m, N 52°10.092'E 100°57.581"
ZUN-0502 (A. AradoHos, [1. Tepyc)

36 E. sajanensis; Pecny6bnunka Antaii, Kow-Arauckuii p-H, xp. Ynxauesa, rafieyHuK no neBomMy nputoky p. byrysyH,
ART-0202 alt. 2254 m, N 50°1.914'E 89°23.620' (V. ApTemoB)

37 E. amurensis; MpuMmopcKnii Kpa, XacaHCKMin p-H, OKpecTHOCTN Mopckom skcnepumeHTanbHom ctaHuun TMBOX 1BO PAH,
MES-1111 NyroBou ¢parmeHT y 060uMHbI rpyHTOBOM fopory, alt. 93 m, N 42°37.045'E 131°8.650’ (E. Kobo3eBa, A. Ara¢poHoB)

40 E. transbaicalensis; Pecny6bnuka Antaii, Kow-Arauckuii p-H, CeBepo-Uyinckunin xpeberT, yuenbe AKTPY, UBHAK y anbrnareps,
AKT-0628 alt. 2118 m, N 50°5.038'E 87°46.820’ (A. AradoHos, [1. lepyc)

41 E. kronokensis; Pecny6nuka bypatua, EpaBHUHCKUIA p-H, IOro-BOCTOYHEe BaxTOBOro noc. O3epHbIi, TMCTBEHHUYHUK,
BER-0804 alt. 1154 m, N 52°58.625'E 111°38.166’ (O. AHeHXOHOB)

42 E. kronokensis; MarapaHckaa 06nactb, TeHbKUHCKUIA P-H, OKPeCTHOCTY Noc. MaaayH, ropeHHVK B nome p. ApMaHb,
MMA-1103 alt. 627 m, N 60°35.861'E 150°40.862' (1. JIbiceHKO)

43 E. kronokensis; KamyuaTtckumin Kpam, BbICTPUHCKUI P-H, 0>KHbIV CKITOH ropbl Ha ceBep OT Noc. ICCo,
KES-9603 alt. 627 m, N 55°55.945'E 158°41.275' (A. AradoHos, B. Salomon)

44 E. lenensis; BocTouHbiii Tambip, parioH cnnaHma pek bonbluas JlecHasa Paccoxa 1 Hosas, 6anfxapax Ha 6epery o3epa,
12-0125 alt. 39 m, N 72°39.613'E 101°17.079' (/. Mocnenos)

45 E.kamczadalorum; Kamuatckuin Kpaii, EnnsoBckui p-H, okpectHocT noc. CocHOBKa, alt. 247 m, N 53°5.046'E 158°17.918'
KSO-9623 (A. AradoHos, B. Salomon)

46 E. charkeviczii; Kamyuatckuit Kpait, BbICTPUHCKII p-H, OKPeCTHOCTM Noc. 3CCo, 0604MHa rPYHTOBOW [JOPOTY,
KES-9670 alt. 484 m, N 55°55.014’E 158°42.116' (A. AradoHoB, B. Salomon)

47 E. charkeviczii; Ffopogckoi okpyr MaragaH, noc. CHeXHbI, Tpona y rpaHuubl neca, alt. 145 m, N 59°43.466'E 150°52.677’
MSN-1202 (H. bagpmaesa)

52 E. lenensis; Pecny6nuka Caxa (AKyTuna), XaHranacckuim p-H, TyroBor CKIIOH Ha npaBom 6epery p. JleHa,
LEN-1520 alt. 114 m, N 61°6.369'E 127°21.593' (E. Kobo3eBa, C. AcbaraHoB)

53 E. lenensis; Pecny6nuka Caxa (AkyTuna), AngaHcKuii p-H, neBbli 6eper p. AnaaH, KyCTapHUK y mecyaHomn otmenu,
ALD-1539-3 alt. 228 m, N 58°40.878'E 128°33.081' (E. Kobo3eBsa, C. AcbaraHoB)
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OKOHuaHue Tabn. 2

BblABNEHNE reHOMHOro COCTaBa annonoNnnNIONAHbIX BULOB
popa Elymus A3snatckoi Poccum ¢ nomoubio CAPS-aHanusa

2020
24.2

Ne 06- Bug Elymus;
pasua obpasey

MecToHaxoxeHue, aBTopbl cbopa

Amypckas obnactb, 60 KM BHI3 no p. Minton ot r. TeiHAa, NecyaHbli 6eper, alt. 445 m, N 54°56.216'E 125°21.854'

54 E. kronokensis; KpacHoApcKuin Kpail, IBEHKUACKUI P-H, OKPeCTHOCTM noc. Typa, p. HUKHAA TyHrycka, NMCTBEHHUYHNIK,
KRT-1611 oboumHa Tponbl, alt. 169 m, N 64°16.478'E 100°16.445’ (J1. KprBo60oKOB)
55 E. kronokensis; BocTouHbiii Tanmblp, 6eperoBoii 06pbiB Ha p. bonblwas JlecHan Paccoxa, alt. 2 m, N 72°35.808'E 101°15.900’
............... L N e
56 E. kronokensis; Pecny6nuka Antai, Kow-Arauckuin p-H, gonvHa p. Tanaypa, MMCTBEHHUYHUK MO CKIIOHY ropbl,
TAL-0602 alt. 2095 m, N 49°57.472'E 87°57.552' ([. lepyc, A. ArapoHoB)
57 E. subfibrosus; KpacHosapckuii Kpain, DBeHKUIACKNIA p-H, noc. Typa, 0604rHa rpyHTOBOM AOPOTY,
............... KRT-1612 .. 2lt309m N64°16.920'E 100°14.880' (1. Kpmo6oKoB)
58 E. subfibrosus; Pecny6nuka Caxa (AkyTunsa), TOMNOHCKMI p-H, aBToTpacca Konbima, t0XkHble oTporn BepxosHckoro xpebTa,
............... JRO-1733 ..........AonmHa p. Pocomaxa, npuTok p. Unbryseem, alt. 460 v, N 63°2.879°E 137°52.610' (H. bapwaeea)
59 E. jacutensis; Pecny6nuka AnTai, YnaraHCKuiA p-H, pasHOTPaBHBbIN Jyr Ha IeBoM Gepery p. YynbilwmaH noj nepesanom
ALU-1711 Katy-fpblk, alt. 733 m, N 50°55.497'E 088°12.226' (E. Kobo3eBa)
60 E. jacutensis; Pecny6nuka Antan, YemanbCKunin p-H, OKPECTHOCTM Noc. AHOC, CKITOH K ieBoMy 6epery p. AHOC y MOCTa,
............... GAN-1516 .. 2lt.380m N51°30.014'E85°57.160'(E. K0603eBa) |
61 E. jacutensis; Pecny6nuka Caxa (AKyTuns), AngaHcKuin p-H, neBbli 6eper p. ANAaH, KyCTapHUK Y NecyaHon otmenu,
ALD-1541 alt. 228 m, N 58°40.878'E 128°33.081' (E. Kobo3eBa, C. AcbaraHoB)
62 E. macrourus; MaragaHckana 06nacTb, TeHbKUHCKUI P-H, 060UMHa aBTOTPACChI Y FPAaHULIbl CMELIAHHOIO N1eca,
............... MTE-1210  alt.970m N 60°26.034'F 150°58.558'(H. banwaesa)
63 E. macrourus; Pecny6nuka Caxa (AKyTuns), XaHranacckui p-H, TyroBor CKNIOH Ha npaBom 6epery p. JleHa,
............... LEN-1524 1 alt.114m N61°6.369'E 127°21.593' (E. Kobosesa, C. AcGaraHos)
64 E. turuchanensis;  KpacHosapcKuii Kpaii, TypyxaHcKkuia p-H, noc. bop, Ha necke no 6epery p. EHucen,
............... KRE-1440 . 2lt.30m N61°36.265'E 90°0.143'(M. Jlomorocosa)
65 E. peschkovae; MarapaHckaa o6nacTb, XacblHCKWI p-H, AGNIOHOBBIV NepeBan, NOVMMEHHbBIV NyT y [JOPOrY,
_______________ MIA-1106  alt755 m, N 60°19467'E 151°10.540' (. leiceniko)
68 E. peschkovae;
AMU-8804 (O. MoTemKuH)

MprmeuaHmne. Hymepauwms 06pa3LoB COOTBETCTBYET TPEKaM Ha pUc. 2.

3oBanueM mpaiimepoB El balg F4 (5'-GGTACCATCGT
GGACATTGAA-3") n El balg R4 (5'-CTGTACCACCA
GTGAATGCC-3") (KobozeBa u np., 2017). Peakiuonnas
cmech i [P B o6peme 15 MKt comeprkana OqHOKPATHBIN
Taq 6ydep, o 0.2 MM kaxaoro dNTP, 1.5 MM MgCl,, 1 mxn
kaxxoro npaiimepa, 20 ur renomuoit JJHK, 1 en. HS Taq
JHK mommvepasst («EBporeny, P®). Mcnions3oBanu criemyro-
MUH pexXuM: nepBuuHas AeHatypauus npu 94 °C — 4 muH;
40 ruxutoB: neHaryparms mpu 94 °C —20 ¢, oTxur npaitMepoB
mipu 60 °C — 25 ¢, samonranus npu 72 °C — 90 c¢; punanbHas
anonranust — 5 muH nipu 72 °C. CAPS-ananus (Konieczny,
Ausubel, 1993) npoBoawin ciaeayronmM o0pa3om: K 8 MKII
IIP-ammmudukara nobasmsmm Tagl 6ydep (mo 1%), 1 ex.
Tagql pectpuxrasel (Thermo Scientific, CIIIA), MQ-H,O
10 15 Mxi1. PeakimoHHy0 cMech HHKyOupoBau mpu 65 °C
B T€UCHHE | 9, 3aTeM aHAJU3WPOBAIH DIEKTPO(POpe30M B
1.7 % arapo3nom reze, cogepxaiieMm ofgHokpatHbeiii TAE-

oydep.

PesynbraTbl 1 06cyxaeHne

CpaBHUTENBHBIN aHaJIM3 IT0CIIeI0BATEILHOCTE Ir'eHa [3-aMu-
Ja3el, OMyOIMKOBaHHBIX B pabore R. Mason-Gamer (2013),
MOKa3aJI, 9TO N3y4aeMblil pparMeHT reHoMa Y JUIMHOH OKOJIO
1100 1. H. He cofep:kaj HU OJHOro caifTa pectpukuuu Taql,
TOT/Ia KaK B TeHOME St y HEero ObUI OJIMH CalT y3HaBaHHs Ha
paccrostHum ~170 1. H. or npaiimepa El balg R4. Dtot xe
CaiT MOT NPHUCYTCTBOBATh B HEKOTOPBIX H-conepikamux 00-
pasLuax, KpoMe Toro, Bce reHomMbl H nmenu caidiT y3HaBaHuUs
Ha paccrostHnu ~280 1. H. oT npaiimepa El balg F4. Takum

[OnvHbl GparmMeHTos, M. H.,

L 1100 1 nocne obpabotku Taql
F4 R4
Taql Taql +/-,
H > 1 9= 65042804170
! T (820+280)
St = { il 930+170
Y = il 1100
f f f f
280 650 170

Puc. 1. Cxema pacnonoxeHusa calToB y3HaBaHWA 3HAOHyKneason Taql
BO dparmeHTe reHa (3-amusnasbl B Tpex 6a3nCHbIX raniomax, BXOAALWMX
B COCTaB MONUMNIOUAHOrO reHoma Elymus.

00pa3om, ITpu BU3yaJIM3aIHH B TeJie TEHOMBI PACIIO3HABAIINCH
IO CaMbIM KPYTHBIM (parmMeHTam: renoM H — 1o Hammuauro
(dbparmenra mmHON okoio 650 m.H., St — 930 m.H., Y —
1100 m. 1. (puc. 1).

Hamu 65611 mpoBenien ananu3 CAPS-mapkepa y 68 o0pasz-
1oB (cM. Tabm. 1 u 2). Dnexrpodoperpammsl pparMeHTOB
pectpukiun Tagl sHIOHYKIIEa30 IpeIcTaBIeHB! Ha puC. 2.
ITo pesynmbraram storo ananusa Obuta ompexneneHa ['K mc-
CcJieIoBaHHbIX 00pa3oB. 13 16 BUIOB poja paHee U3BeCTHas
I'K 6pu1a moaTBepkaeHa y 15 BUIOB, 32 HCKIIOYeHueM E. ka-
moji. Y 16 BugoB I'K Gbuta onpenenena Briepssle, 15 n3 HUX
umenu reHoMubii coctaB StStHH u 1 Bun, E. amurensis, —
reHoMHBIH cocTtaB StStYY (tadn. 3). Bmecte ¢ Tem Obutn
0OHapy>KeHbI HEKOTOPbIE OI'PaHUYEHUS NPU MPUMEHCHUH
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]
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62 63 64 65 66 67 68 M

Puc. 2. NMonnmopdusm AivH NPoAyKTOB PeCcTPUKLMM SHAOHYKNea3on Tagl amnnudunurposaHHoro GparmeHTa reHa (-amunasbl

y BUgoB popa Elymus.

Hymepauua obpasuoB cooTBeTcTBYeT Tabn. 1 u 2. B KauecTBe MapKepa A/iMHbl GpparmeHToB mcronb3oBany 100+ bp DNA Ladder

(<EBpoOreH»).

Ta6nuua 3. Cnrcok 6opeanbHbIx BULOB Elymus ¢ TepprTopun a3raTckoin yactu Poccny,
y KoTopbix reHomHasA KoHcTuTyuma (TK) Bnepsble onpepeneHa CAPS-meTogom

Ne n/n Bua Elymus Yncno nsyuenHoix K

9TOro Metoja. Tak, y IByX FeHOTHIIOB E. kamoji ¢ TOMOLIbIO
CAPS-ananu3a ygaiocs 0OHapyKUTh TOIBKO JBa rarioma,
St n Y, XOTs, NCXOJISl M3 U3BECTHOTO YHCIIa XPOMOCOM, BUJI
SIBJISICTCS] TEKCATIIIONJIOM, CJIE/IOBATEIIbHO, JTOJKEH CONIEPIKaTh
Tpu 0a3MCHBIX TeHOMa (ramioma) (cM. puc. 2, I, 2). Maio-
BEPOSTHO, YTO OTCYTCTBHE PECTPUKIMOHHBIX (parMeHTOB,

120

Ne n/n Bup Elymus Yucno nsyyenHoix K

0o6pa3uoB

COOTBETCTBYIOIUX ramioMy H, o0yclIoBIeHO HEMOJIHBIM
ruapoan30oM. ITIoCKombKy BCe IPEACTaBUTENHN POAA COIEPKAT
reHoM St, IMEIOLIUH CaliT y3HaBaHUS dHIOHYyKIea3ol Taql,
TO HaJMuue (pparMeHToB, CEUUPHUYHBIX JIJIS TOTO TEHOMA,
CIy’KHT BHYTPEHHUM KOHTPOJIEM HPOXOKJIEHUS THAPOIIN3A.
DTO COOTBETCTBYET 3apyOeKHOH Kilaccu(UKauy, TAe BUL
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E. kamoji otHecen k pony Campeiostachys (Baum et al.,
2011), comepkamemy BuABI ¢ TeHOMHOU (hopmymoit StHY.
[IpoBeneHHast HAMH LU TOJIOT MUECKast TPOBEPKA MOKa3aja 9uc-
J10 XpoMocoM 2n =42 y 06oux 00pasios E. kamoji. Hannuue
y E. kamoji renomMa H, MUIIIEHHOTO IBYX CalTOB y3HABaHMUS
9HJIOHYKJIea30i Tagl, cTaBUT BOIIPOC 0 €T0 IPONCXOXK/ICHHH,
KOTOpOE OCTaeTCs HeBBISICHEHHBIM. He MCKioueHo, 4To y
Pa3HbIX IpeacTaBuTeNei poga reHoM H nonyueH ot pazHbix
MIPEAKOBBIX TAKCOHOB, YTO COOTBETCTBYET MPEAIOI0KEHHIO
o o uIMu J0HOPOB Oa3ucHbIX ramioMos (Mason-Gamer,
2013).

WnTtepecHblii marTepH pparMeHTOB peCTPUKINH MOKA3AIIN
nBa obpasua E. confusus (cM. puc. 2, 66 u 67), 'K xoroporo
6p11a onpenenena panee kak StStHH (Lu et al., 1995). ¥V 06-
paszua TAR-0730 (cm. puc. 2, 67) Gosee ATMHHBIN (DparMeHT,
COOTBETCTBYIOIINH aJlJIeNIo U3 TeHOMa St, BUJIMMO, YKOPOYEH,
MOXXeT OBITh, BCIEACTBHE Aenenun. B cnekrpe parmeHToB
oOpaszna BUM-0505 (puc. 2, 66) oTcyTcTBYyeT (pparMeHT
JTIMHON 0K0J10 930 1. H., MPOUCXOASIINI U3 TeHoMa St, Torna
Kak Oojee Menkwii pparmenT mmHOH oxomo 170 1. H., Xapak-
TEpHBIN JUIS 9TOTO TaluioMa, OTYETIIMBO BUjeH. BeposTHo,
9TO OOBSCHSIETCSl MyTallell B COCTaBe MCCIIEyeMOro reHa
reHoMa St, HarpuMep, IPUBOISIIEH K BOSHUKHOBEHUIO caiiTa
y3HaBanust U1 7agl. He mckiiouena takxke BO3MOXKHOCTh
PEKOMOMHALINY W/WITH HHTPOTPECCUH MEXKAY FeHOMaMHu St 1
H B X01€¢ MHTEHCUBHBIX MUKPOIBOIIOIHOHHBIX ITPOIIECCOB,
YTO KOCBEHHO ITOATBEPIK/IAETCS BBICOKOH MOP(OIOrniIecKoi
M3MEHYMBOCTBIO BHYTPH 3TOTO BUJIA.

Taxkum o6paszom, mo nanabiM CAPS-ananmm3a, moutu Bce
BHOBb M3yUCHHBIE 00pa3ibl OOpeasbHOM IPYIBI BUIOB H3
Cubupu n Jlansuero Bocroka Poccun nmeror StH-renom-
HBIA cocTaB. Vckmrodenne coctaBui E. amurensis, QUiIo-
TeHeTH4ecKn O3kl k StY-reHomHoMy Buny E. ciliaris n
UMEIOIINI TeHOMHBIHN cocTaB StY. OTo 03HAa4YaeT, 4To LEHTP
pa3HooOpa3ust azuarckoil StH-reHoMHO# Tpymmbl pacmono-
JKEH CeBepHee, M0 CPABHEHMIO C TAKOBBIM y StY-reHOMHON
IPYIIIbI, KOTOPBIH, KaK CYMTACTCS, HAXOANUTCS Ha TEPPUTO-
pun Kuras (Lu, Salomon, 1992). IlpumedarensHo, 9TO B
CesepHoil AMepuke cocTaB poaa Elymus TakKe MpeiCTaBIeH
B OCHOBHOM StH-reHOMHBIMHM BUAaMH, 32 UCKIIOUCHHEM
Elymus californicus ¢ HescHsM porcxoxaerneM (Mason-
Gamer, 2001). Kpome Toro, TaM OTMEUEHO HECKOJIBKO 3aHOC-
Hbix asuarckux StHY- u StY-reHomubix BuaoB (Barkworth
etal., 2007).

Mertoz 1oKasai BEICOKYIO TOYHOCTb: B JaHHOI pabore pa-
Hee M3BEeCTHAsi TeHOMHAasi KOHCTUTYLISI ObliIa TIOITBEPIKACHA
CAPS-anamu3om y 15 u3 16 BunoB Elymus. Insg 10 Bumgos
reHoMHast opmysta, BHOBB onpenenennas CAPS-anamizom
kak StH, ObL1a HE3aBHCHMO MOATBEPIKICHA CEKBEHUPOBAHH-
€M HyKJICOTHHBIX MOCIEI0BATENbHOCTEH KIOHHPOBAHHOTO
¢parmenra rena GBSSI (waxy) (Kobozeva et al., 2018; Ara-
dhonoB u ap., 2019). [Ipu 3TOM HEOOXOTUMO OTMETUTH OTHO-
CHUTEJIBHO BBICOKYIO TPYIOEMKOCTh CEKBEHHIPOBAHMUS T€HOB y
MOJIMTUTONAHBIX BUJIOB BBHY HEOOXOAMMOCTH HCIIOJIB30Ba-
HUSI MUKPOOHOJIOTMYECKUX MPOLIEAYP MPH KIOHUPOBAHUH.

3aknioyeHune

I'naBHOe nocronncTBO CAPS-ananusa ¢pparmenra rena f3-amu-
J1a3bl — B €r0 OBICTPOTE U METOIMYECKON 1OCTYITHOCTH, I103BO-
JSTFOIIEH aHAIN3NPOBATH OOJIBIIIOE YMCIIO 00Pa3IoB Y BUAOB

2020
24.2

BblABNEHNE reHOMHOro COCTaBa annonoNnnNIONAHbIX BULOB
popa Elymus A3snatckoi Poccum ¢ nomoubio CAPS-aHanusa

C OOUIMPHBIMH apeajaMy U IMHPOKOH MOP(OIIOTHYECKON U
TeHEeTHYECKON BaprabeTbHOCThI0. OHAKO CIeayeT MMETh B
BUJ1Y, YTO HUKAKOH OTJICITLHO B3SITHIH MOJIEKYIISIPHBIN MapKep
HC MOXCT OJHO3HAYHO I/I[leHTI/Iq)l/ILlI/IpOBaTI) BUJ UJIN I'CHOM,
OH CITY’KHT JIMIIb MapKepoM, HO He JHarHo3oM. [loatomy pas-
paboTKa TOMOIHUTENBHBIX MTPOCTHIX U IOCTYITHBIX METOZ0B
TEHOMHOM MJICHTU(UKAIMY HOBBIX MJIM HEU3y4YEeHHBIX OHO-
THIIOB U3 JIOKAJIbHBIX MECTOOOUTaHHUH OCTAETCS aKTyalIbHOM.
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IUuHaMMKa reHeTUYeCKOro pasHoobpasus COpTOB OBcCa
B TIOMEHCKOJiI 006JIaCTH 110 aBEHMH-KOAMPVYIOIIVIM JIOKYCaM

A.B. Ao6umosal’ 2@, I.B. To6oaoBa2, AL EpeMI/IHz, W.I. AOCKYTOB3

T HayuHo-nccnenoBaTenbCKkuii MHCTUTYT CeNbCKOro X03AiCTBa CeBepHOro 3aypanba — ¢unvan OepepanbHOro NCCNefo0BaTeNIbCKOrO LieHTpa

TioMeHCKoro HayyHoro LeHTpa Cnbmpckoro otaeneHnsa Poccninckon akagemum Hayk, noc. MockoBcKuid, ToMeHCKMI paiioH, TiomeHcKas obnacTb, Poccus
2 locynapcTBeHHbIN arpapHbivi yHuBepcuteT CeBepHoro 3aypasnbs, TiomeHb, Poccua

DepiepanbHblii NCCNeaoBaTeNbCKUI LIeHTP Bcepoccnincknin MHCTUTYT reHeTUYecKnx pecypcoB pacteHuin um. H.W. Basunosa (BUP),

CaHkT-lMeTepbypr, Poccus
&) e-mail: ostapenkoav88@yandex.ru

AHHoTayuA. [1nA aHanm3a BHYTPYBMAOBOIO reHeTNYECKOro pasHoobpasua cenbCKoXo3ANCTBEHHDBIX KyNbTYp NPYMeHSI0T-
cA pa3HoobpasHble MoNeKynApHble 1 Buoxmmmyeckre MapKkepbl. Bbicoko 3$ppeKTMBHOCTbIO NPY OLeHKe 3TOro NokasaTe-
na obnagaloT NnponaMmnH-KoampyoLme nokycbl. Ha 6ase nabopatopum coptoBoit uaeHTrdUKaLmm cemaH flocyaapcTBeHHO-
ro arpapHoro yHusepcuteta CeBepHoro 3aypanbs B 2018-2019 rr. MeTogoM anekTpodopesa nccnenosaHbl 18 coptos oBca
NMOCEBHOTO, BKMIIOUYEHHbIX B [0Cy[apCTBEHHDBIV PeecTp CENEKLMOHHbIX JOCTUXeHMI no TiomeHcKon obnacti ¢ 1930-x IT. Ao
2019 r. Lenbto paboTbl 66710 N3yUnUTb AVHAMIKKY FEHETMYECKOTO Pa3HOObpa3sa COPTOB MO aBEHUH-KOAVPYIOLLUM JIOKYCaM.
[na aHanusa ncnonb3osany no 100 3epHOBOK KaxkAoro copta. dnekTpodpopes NPOBOAWIN B BEPTUKaNbHbIX MAacTUHaX
13.2 % nonuakprunaMmMaHoOro rena npu NocTtoAHHOM HanpsaxeHun 500 B B TeueHune 4.0-4.5 u. YctaHoBneHo, uto 44.4 %
COPTOB FreTepPOreHHbl 1 COCTOAT M3 fBYX 6MOTMMNOB. [InA Tpex NOKycoB uaeHTudnumposaHo 20 anneneid, 10 N3 KOTOPbIX
BbIfIB/IEHbI BMepBble. YacToTa BCTPeYaemMoCTH ansienein aBeHNH-KOAPYIOLWMX JIOKYCOB M3MEHANACh C TeYeHNEeM BPEMEHN.
Annenu, xapakTepHble A1A COPTOB MHOCTPAHHOIO MPOUCXOXKAEHMA, B MpoLiecce COPTOCMEHbI 3aMeCTUINCL annensamu,
NPUCYTCTBYIOLLMMI B OTEUECTBEHHbIX COPTaX, a 3aTeM B COPTax MECTHbIX CENTEKLIMOHHbIX yupexaeHuin. Hanbonbluyto yac-
TOTY BCTPEYaeMoCT/ B COpTax TIOMeHCKoW cenekuumn nmenn annenu Avn A4 (50.0 %), A2 (25.0 %), Avn B4 (50.0 %), Bnew6
(37.5 %), Avn C1 (37.5 %), C2 n C5 (25.0 %). 2T annenun nmetoT 60NbLUYIO LIEHHOCTb KaK MapKepbl XO3ANCTBEHHO LIeHHbIX U
afanTVBHO 3HAaUMMbIX MPU3HAKOB. BennunHa reHeTnuyeckoro pasHoobpasna B copTax OBCa M3MEHANAch C TeueHnem Bpe-
meHu oT 0.33 B 1929-1950 rr. go 0.75 B 2019 r. BbicOKO€e 3HaueHne reHeTUYeCckoro pasHoobpasna B COBPEMEHHbIX COPTaxX
cenekummn HayuyHo-nccnegoBaTenbCkoro MHCTUTYTa CelbCKoro xo3ancTea CeBepHOro 3ayparnbs, a Tak»Ke yBesinyeHve 3Toro
nokasarenia Ha NPOTAXeHnn nocsiefHnx 20 feT CBA3aHbl C UCMNONb30BaHNEM B CENEKLMOHHOM NpoLecce reHeTUYecKn pas-
HOPOAHOTO NCXOAHOro MaTepurana. 3To NO3BOUIIO NOYUNTb COPTa, Ob6aaatoLLme BbICOKMM afanTUBHbBIM MOTEHLMANIOM B
NPUPOAHO-KNNMATNYECKNX YCIOBUAX AAHHOMO pernoHa.

KnioueBble cioBa: oBec; COpT; aneKTpodopes; 3anacHble 6eskK; aBeHWH; aBeHVH-KOAMPYIOLLVEe IOKYCbI; afifenb; reHeTnye-
cKoe pa3Hoob6pa3sue.

[Ana yntuposaHus: Jlilobumosa A.B., To6onosa I.B., Epemun J.U., Jlockytos W.I. JuHamnKa reHeTUYeCckoro pasHoobpa-
31A COPTOB OBCa B TIOMEHCKOW 0611acTy MO aBEHUH-KOANPYIOLLMM NIOKYcam. BaBMNOBCKMIA »KypHan reHETUKIN 1 CeNneKLnn.
2020;24(2):123-130. DOI 10.18699/VJ20.607

Dynamics of the genetic diversity of oat varieties
in the Tyumen region at avenin-coding loci

A.V. Lyubimoval 2@, G.V. Tobolova?, D.I. Eremin?, L.G. Loskutov®

T Scientific Research Institute of Agriculture of the Northern Trans-Ural Region - Branch of the Tyumen Scientific Center of Siberian Branch
of the Russian Academy of Sciences, Moskowsky village, Tyumen district, Tyumen region, Russia

2 Northern Trans-Ural State Agricultural University, Tyumen, Russia

3 Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
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Abstract. Molecular and biochemical markers are used to analyze the intraspecific genetic diversity of crops. Prolamin-
coding loci are highly effective for assessing this indicator. On the basis of the Laboratory of Varietal Seed Identification of
the State Agrarian University of the Northern Trans-Urals, 18 varieties of common oat included in the State Register of Selec-
tion Achievements in the Tyumen Region from the 1930s to 2019 were studied by electrophoresis in 2018-2019.The aim of
the work was to study the dynamics of the genetic diversity of oat varieties at avenin-coding loci. For the analysis, 100 grains
of each variety were used. Electrophoresis was carried out in vertical plates of 13.2 % polyacrylamide gel at a constant vol-
tage of 500V for 4.0-4.5 h. It was found that 44.4 % of the varieties are heterogeneous, each consisting of two biotypes. For
three loci, 20 alleles were identified, 10 of which were detected for the first time. The allele frequency of avenin-coding loci
varied with time. In the process of variety exchange, alleles that are characteristic of varieties of non-Russian origin were
replaced by alleles present in domestic varieties and then in the varieties developed by local breeding institutions. The fol-

© IMobumosa A.B., Tobonosa IB., Epemun 1.1, TockyTtos W.I,, 2020
KoHTeHT gocTyneH nop nuuensmein Creative Commons Attribution 4.0 License



A.V. Lyubimova, G.V. Tobolova
D.l. Eremin, I.G. Loskutov

Dynamics of genetic diversity of oat varieties
in the Tyumen region at avenin-coding loci

lowing alleles had the highest frequency in Tyumen varieties: Avn A4 (50.0 %), A2 (25.0 %), Avn B4 (50.0 %), Bnew6 (37.5 %),
Avn CT (37.5 %), C2 and C5 (25.0 %). These alleles are of great value as markers of agronomically and adaptively important
characters for the region in question. The amount of genetic diversity of oats varied with time from 0.33 in 1929-1950 to
up to 0.75 in 2019. The high value of genetic diversity in modern breeding varieties of the Scientific Research Institute of
Agriculture of the Northern Trans-Urals and an increase in this indicator over the past 20 years are associated with the use
of genetically heterogeneous source material in the breeding process. This allowed obtaining varieties with high adaptive
potentials in the natural climatic conditions of the region.

Key words: oat; variety; electrophoresis; storage proteins; avenin; avenin-coding loci; alleles; genetic diversity.
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BBepeHune

Ogec noceBHOU (Avena sativa L.) — nieHHasI CEIbCKOXO3sTHi-
CTBEHHAs KyJIbTypa, UCIIOIb3yeMas Kak I IIPOU3BOACTBA
MPOAYKTOB MUTAHU, TaK U Ha KOpM >KUBOTHBIM (Barsila,
2018). BakHblii akTop B yBEINYECHUN TPOU3BOICTBA OBCA —
CO3JaHUEC HOBBIX COPTOB MHTCHCHUBHOT'O THIIA, XapaKTCpU-
3YIOLIUXCSL BBICOKOM YpOXKaHOCTBIO U 3KOJIOTHYECKOM ycC-
toiunBocThio ('onuapenko, 2016). B Tiomenckoit obmacti
CeJIeKIIMOHHAs paboTa ¢ ATOW KyJIbTypOH BEJETCS OUeHb aK-
tuBHO. C mepBoii moaoBUHEI XX B. 10 HACTOAIIECTO BPEMEHH
B [ocymapcTBeHHBII peecTp CeTeKIMOHHBIX J0CTHXEHUH 110
obnactu 0610 BKITIOUEHO 18 copToB sipoBoro osca. B 1993 .
OBLT pallOHMPOBAH TEPBEI COPT MECTHOM cesleKuuu — Me-
rroH. C 3TOro MOMEHTa JI0JIsl COPTOB, CO3/1aHHBIX HayuHo-uc-
CJIE/IOBATEIbCKUM MHCTHTYTOM CEJIbCKOTo X03s1iicTBa Ceep-
Horo 3aypanps (HUMCX CesepHoro 3aypaibs), B moceBax
0051acTi TIOCTOSIHHO yBEJIMYHMBaeTcs. B HacTosiee Bpems B
l'ocynapcTBeHHBIN peecTp CENEKIMOHHBIX JOCTHUXKEHUHN IO
0051acTH BXOST TOJIBKO COPTA MECTHOH CEJIEKIUH.

OnHaKo aKTUBHAsI CEJICKI[OHHAs paboTa MOXKET TpHBe-
CTH K CHIDKEHHIO TEHETHYECKOTO pazHooOpasus BUAA. DTO
CBSI3aHO C YaCThIM BOBJICUEHHEM B CEJICKIIMOHHBIN MPOLECC
OJIHUX M TE€X € FCHOTHIIOB JIISI YCHJICHUSI KOHKPETHBIX XO-
3SIMCTBEHHO ICHHBIX MIPHU3HAKOB. CHIKEHHE TeHETHYECKOIO
Pa3HO00pa3Ns OTPUIIATEIHHO CKa3bIBACTCS HA YCTOHIMBOCTH
TIOMYJISIIMN K OOJIE3HSIM 1 MX CHIOCOOHOCTH aJIalTHPOBATHCS
K U3MCHAKIIHUMCA NPUPOAHO-KINMATUYCCKUM YCIOBUAM
(HoBocensckas-/parosud u np., 2007; Adanacenko, Hoso-
xwitoB, 2009; Toruapenxko, 2016).

Jnst aHanu3a BHYTPUBHUIOBOTO T'€HETHYECKOTO Pa3HO00-
pasusi MPUMEHSIOTCSI pa3HOOOpa3HbIE MOJIEKYISPHBIC U
ouoxumuueckue mapkepsl (Konapes u np., 2000; Montilla-
Bascon et al., 2013; Shavrukov, 2016; Scheben et al., 2017).
OueHb 3(ppeKTUBHBI AT OIICHKH 3TOTO MOKAa3aTels Mpoja-
MUH-Kkozupytomre Jokycsl (Che, Li, 2007; MenbHukoBa 1 j1p.,
2010; KyapsiBues u np., 2014; Jlsutuna u ap., 2016; 3060Ba
u ap., 2018; Jlrobumona, Epemun, 2018; Utebayev et al.,
2019). IIponamuHBI OBCca (aBEeHUHBI) HACIEAYIOTCS! OIIOKaMHU
1 KOHTPOJIUPYIOTCS TPEMs HE3aBUCUMBIMU JIOKycaMu: Avn A,
Avn B n Avn C, pacmioo;XKeHHBIMH B TPEX TOMEOJIOTHIHBIX
xpoMocoMax rpynmnsl A. [To kax1oMy n3 aBeHUH-KOUPYIO-
IIIMX JIOKYCOB BBISIBIICH MHOXeCTBEeHHBIH amunenn3M (IToprsan-
Ko u 1ip., 1987; Portyanko et al., 1998). brarogaps Beicokomy
YPOBHIO NOJIMMOp(H3Ma aBeHNHA, MPAKTHUYECKH KasKIbIH
COpT OBCa, OMOTHUN WJIN JUHUS XapaKTePHU3YIOTCS YHUKAJb-
HBIM KOMITOHEHTHBIM COCTaBOM 3amacHbIX OenkoB (JIockyToB,
2007; Lyubimova, Eremin, 2018). OTo no3Bossiet nmpoanaim-
3UPOBATh YACTOTY BCTPEUAEMOCTH OT/ICIBHBIX aJjiesiell aBe-
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HI/IH-KOI[I/IpyIOLIll/IX J'IOKyCOB, Ill/IHaMI/IKy N3MCHCHUA UX BCTpe-
YaeMOCTH BO BPEMEHH U TIPOCTPAHCTBE, a TAKIKE OIIEHUTH T'e-
HETHYECKHE TPe0oOpa30BaHUs, TPOUCKOSIINC ITO]] BIUSTHHEM
JUTUTENTLHOTO UCKYCCTBEHHOTO OTOOPA.

Lens paboThl — M3y4NTh AMHAMHUKY TEHETHIECKOTO Pa3HO-
00pa3ust M0 aBeHUH-KOAHMPYIOMINM JOKyCaM B COPTax OBCa
MMOCEBHOTO, BKJIFOUCHHBIX B [ 0CY1apCTBEHHBIN PEeCTp CeleK-
IIHOHHBIX TOCTIXeHMIt 1o TromeHnckoit oomactu ¢ 1930-x .
IO HACTOSIIIIETO BPEMEHH, JUIS OLCHKU 3(P(eKTHBHOCTH Ce-
JIEKIIMOHHOH paboThI, IPOBOMMOM B pETHOHE.

Matepwuanbl n metogbl

HccnenoBanusi NpoOBOJMIIM B JIAOOPAaTOPHU COPTOBOM MIICH-
THHUKAAT CeMSH ATpoONOTEXHOIOTHIECKOro neHTpa [ocy-
JIapCTBEHHOTO arpapHoro yHuBepcutera CeBepHOro 3aypabs
B 2018-2019 rr. beino n3zyueno 18 coproB oBca MOCEBHOTO,
BKIIIOUEHHBIX B [0CynapcTBEHHBIN peecTp CeNeKINOHHBIX
nmoctrkeHui mo TromeHcko# obmactu ¢ 1929 r. (Tadm. 1).

PactutenbHblil MaTepuasn MperocTaBieH U3 KOJUIEKLIMU
DenepanlbHOIO MCCIEN0BATENBCKOrO LeHTpa Beepoccuii-
CKHIl MHCTHUTYT T€HETHYECKHX PECYpPCOB PACTCHUH MMEHHU
H.M. BaBunoBa u y4pexacHUEM-OPUTHHATOPOM COPTOB —
HUNCX Ceseproro 3aypamnbs — ¢pummanom DenepasbHOTO
MCCIIEI0OBATENILCKOTO IeHTpa TIOMEHCKOT0 HayYHOTO IIEHTpa
Cubupckoro orenenus Poccuiickoii akaieMuu HayK.

s mabopatopHOTo aHanmm3a ncnonb3oBann o 100 3ep-
HOBOK KaXJIOTO COpTa, OTOOPaHHBIX METOJOM CIIydaifHOH
BbIOOPKH. J[J151 OZJHOMEPHOTO 3IeKTPOodope3a aBEHUHOB MPH-
Mensun Metonuky (Portyanko et al., 1998), ¢ mogndukarus-
MH. Benku SKCTparupoBaiy U3 OTACTBHBIX M3MEITBUCHHBIX
3epHOBOK Jo0asienueM 90 mxn 70 % sraHona. [lomyden-
HBII AKCTPAKT IEHTPU(PYTUPOBAIN U JOOABISAIN K HEMY T10
300 MKJI KpacuTest METHIICHOBOTO 3€JIEHOT0. DKCTPAKT Oelika
(22 MxJ1) BHOCHIIM B MOJTMAKpUIaMUIHBIHN renib. CocTaB rens:
13.17 r akpmnamuaa, 0.66 T N,N'-meTuneH-0rnc-akpuiaMuaa,
7.17 T moueBuHSI, 2.0 Mrxene3a cepHokucioro (I1I), 80.0 mr
ackopOMHOBO# KucioThl ¥ 0.26 T JaKTara ajJrOMHHUS; BCE
peaxTuBbI pacTBOpsIH B 100 MIT aIFOMUHHIA-TaKTaTHOTO OY-
(epa (pH 3.1). [Tommmepunzanmio akpuaMua THALMAPOBAIIN
nobasnenueM 25 mxi 15 % nepekucu Bomopoaa K 75 mi
pacTBopa rens. DnekTpodopes MPOBOIAMIN B BEPTHKAIHHBIX
AMEKTPOPOPETUIECKUX KaMepax ¢ pazMepamMu (POpMUPYEMBIX
wiactud 17.8x17.8x0.15 cm (VE-20, Helicon, Poccus) B
teuenne 4.0—4.5 1 npu nocrosanoM Hanpspkerann 500 B. s
(buKcaryu 1 OKpamBaHus resist uenonszosanu 10 % pactBop
TPUXIIOPYKCYCHON KHCIOTHI ¢ obasienuem 0.05 % kpacu-
tenst Kymaccu O6pmmmmanroBoro romyboro R-250 B stano-
ne. nenTudukanmio aaenbHbIX BApUaHTOB OJIOKOB KOMITO-
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[IMHamuKa reHeTMYyecKoro pasHoobpasmnsa CopToB OBCa 2020
B TioMmeHCKoI 0611acTh NO aBeHVH-KOAMPYIOLUM JIOKYCaM 24.2

Ta6nuua 1. CopTta 0BCa NOCEBHOTO, BKIIIOUYEHHbIE B [0CYAapCTBEHHDBIN PEeCcTp CENeKLMOHHbIX JOCTVKEHNI
no TiomeHcKon o6nact (1929-2019 rr.)

N¢ B KaTanore Coprt MpovicxoxaeHne lop lon cHATUA Bcero B paloHu-
BWP paioHMpoBaHUA  C palloHMpPOBaHMA POBaHWK (neT)
7965 Mobepna LLiBeuusa 1929 1963 34
794730,10To,,,no>mb ......................... 1 929 .......................... 197647 ...........................
8494 Open 1939 1982 43
8256ynapHV|K883 .............................. K paCHoﬂpCK,,,,,,Kpa,,, .................. 1957 .......................... 1960 ........................... 3 ..............................
2874 Hupap Hopserus 1957 1963 6
1 1 1 32 ........................ C EBepﬂ H,,,H ................................ A pxaH reanKaﬂ 06,13 C Tb ........... 1 966 .......................... 1 974 ........................... 8 ..............................
11717 Ckopocnenbiii KnpoBsckas obnactb 1974 1981 7
1”22 ........................ H aprMCKMM943TOMCKaHOGHaCTb ....................... 1975 .......................... 1996 ........................... 2 1 ............................
12245 TaeXXHUK 1977 2001 24
11379ACT0p ......................................... H MnepnaHAb, .............................. 1978 .......................... 2 000 ........................... 2 2 ...........................
1 1 5 84 ........................ C en bMa ....................................... |_|J Beu M ;, ....................................... 1 931 ........................... ] 993 ........................... 12 ...........................
13478 MepoHa Hupepnangbl 1985 2018 33
14039 ........................ M er,,,OHT,OmeHCKa,-.,OGnaCTb .................. 1993_ .................................. 2 6 ...........................
14031 HoBocnbupckun 88 HoBocunburpckas obnactb 1994 2004 10
14784T,OMEHCKM,,,ronog,eprW,T,OmeHCKaﬂo6naCTb2000_ .................................. 19 ...........................
14785 ....................... Ta,-,,,,CMaH 2002_ .................................. 17 ...........................
153800Tpana 2014_ .................................. 5 ..............................
15451 ®oma 2015 - 4

HEHTOB, KOHTPOJHUPYEMbIX aBeHUH-KOAWPYIOIINMH JIOKyCa-
MH, OCYIIECTBIISUIM HAa OCHOBAHHH KaTaJiora, pa3pab0TaHHOTO
B.A. Iloprauko ¢ komteramu (1987). B xauecTBe cTanaapra
WCTIONB30BaJIN OBEC MTOCEBHOI copTa Actop (Avn A2 B4 C2).
B cityuae, eciti BBISIBICHHBIH OJIOK OTCYTCTBOBAJ B KaTaJlore,
ero 0003Ha4YaIl OTMETKOM «newy.

Jst TOro 4ToOBI OLIEHUTh TUHAMUKY W3MEHEHHS I'eHETH-
YEeCKOT0 Pa3Ho00pa3ns COPTOB OBCA BO BPEMEHH, BCE HCCIIe-
JIOBaHHBIE 00pa3iibl ObUIM O0BEJMHEHBI B IpyNIbl. B oy
TPYIITy BXOAWIM COPTa, BO3AENBIBACMBIE B OAUH M TOT XK€
JICCATUIICTHUH TTepuos BpeMeHu. [enHoe pazHooOpasue Ha
nokyc (H) paccuntbiBanu Jiisi KaxkI0H TPYIIIBI COPTOB OT-
JIENTBHO TI0 (hopMyIie:

H= < (X p),

I7e p; — NOMyIIALMOHHAs 9acToTa [-TO ajuens, k — Konude-
CTBO aJIeNelt Tokyca, n — 00beM Beioopku (Nei, 1987). dns
pacdera cpemHero reanoro pasnoot6pasus (H) ycpennsou
KOJIMYECTBO aJlJIEJIeH Ha JIOKYC 110 BCEM JIOKycaM. Brruuciie-
HUSI TIPOBOJIMIIN C MCIIOJIb30BaHMEM mporpaMmbl Arlequin
Ver 3.5.2.2 (Copyright 2015 L. Excoffier. CMPG, University
of Berne).

Pe3ynbratbl

B pesynbrare uccnenoBanuil ycTaHOBIIEHO, UTO § (44.4 %) 3
18 mpoaHamM3UPOBAHHBIX COPTOB OBLIM FETEPOTSHHBIMHE T10
KOMITOHEHTHOMY cocTaBy aBeHuHa. Copra [Tobena, 3omoToii
noxab, Open, Cesepsiann, Hapsimcknii 943, TaexHuk, Me-
rrioH 1 OTpajia COCTOSUTH U3 IByX OUOTHIIOB. [1J1sl 9THX COPTOB

XapaKTepHO HAJINYME HECKOJBbKHUX aJlIeNeil 0 OJJHOMY HWITH
HECKOJIBKIM aBEHIH-KOJMPYIOIINM JIOKycaM. B reHeTmaeckoit
(hopmysie Takue COCTOSIHUSI JIOKYCOB 3aIIMChIBAIN CO 3HAKOM
«+» (tabm. 2). [Ipu mocnexyromux pacyerax KaxIplii OMOTHIT
paccMaTpuBalICsl HAMH KaK OTJeNbHBIN 00pasell. Beero Op110
HCCIICIOBAHO 26 00pas3IioB.

AHanu3 37eKTPo(HOPETUUECKUX CIIEKTPOB aBEHHHA II0-
3BOJIMJT HAM OTIHCATh TEHETUICCKHIE POPMYIIBI ISl KaXKI0TO
13 MCCIIEIOBAaHHBIX COPTOB. Beero ObLIO BBISBICHO ajuieneit
o oxycam: Avn A — 8, Avn B — "7, Avn C — 5. Heob6xomumo
OTMETHTB, YTO YACTh M3 OOHAPYKECHHBIX COYCTAHMHA KOMITO-
HEHTOB aBEHHMHA OTCYTCTBOBAJIa B Karajore reHeTHUECKOM
HOMEHKJIATypbl. JInsi uaeHTHUKAIIMA HOBBIX OJIOKOB KOM-
MTOHEHTOB HEOOXOIMMBI MPOBEACHUE THOPHUIOIOTHYECKOTO
aHaJIM3a U OLEHKa XapakTepa HaclieI0BaHHsl KOMIIOHEHTOB
aBeHnHa. OJIHAKO HaMH OBUTH BBIJIENICHBI MPEAIONIaraeMble
OJIOKH KOMITOHEHTOB, Ka)KIOMYy 3 KOTOPBIX IPHCBAUBAJICS
HOMep, CIIeYIOIINIi 32 paHee ONMCaHHBIMU OJIOKAaMH B Kara-
nore. [Tepe; HOMEPOM KaKA0TO U3 TIPE/IIIONIaraeMbIxX OJI0KOB
JIOOABIISUTH OTMETKY «NEW.

J1i1st OLIeHKH TeHETHYEeCKOro Pa3HO00pasusi B pa3Hble IPO-
MEKYTKH BPEeMEHH HaMH Oblila paccyMTaHa 4acToTa BCTpe-
YaeMOCTH aJlIeIICH aBeHUH-KOUPYOIINX JIOKYCOB (Tabdm. 3).

B pasHbIxX rpynnax copToB npeolliaialoT pa3Hble ajIeiH.
ITo moxycy Avn A mo 1950 r. BcTpeyanuch TONBKO ayuIesn 2
u new9. Ho gactora X BCTPEYaeMOCTH Havaja CHIDKATHCS
C MOSIBJIGHHEM B [I0CEBaX 00JIACTH COPTOB OTEUECTBEHHOI, a
3aTeM U MEeCTHOI cenekiuu (puc. 1). Amtemn 1, 5 newl?2
OBLTH XapaKTepPHBI JUII COPTOB, BO3MICIBIBACMBIX B ITEPHOI
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Tabnuua 2. Annenv aBeHNH-KOAVPYIOLLMX JTOKYCOB COPTOB OBCa MOCEBHOTO, BKIIOUEHHbIX B [0CYyAapCTBEHHDIV peecTp
ceneKkLMOHHbIX AOCTUMXeHWI no TiomeHckol obnactu (1929-2019 rr.)

Copt Kon-o 6riotnnos Annenvi aBeHUH-KOANPYIOLLEro foKyca

AvnAAvnBAan .................................
noﬁena ............................................... 2 2+new9 .............................. 1neW3 ..................................
3on0To|/|p‘o)Kp‘b ................................. 2 2 ........................................... 12+new8 ............................
open ................................................... S . ew9 ................................... 12+neW8 ............................
yﬂapHMK883 ...................................... 1 ............................................... n eW” .................................. n eW93 .........................................
Hmap ................................................ 12 ........................................... 12 .........................................
Cesepmmn > newll+newl2 | new9+newio 3
CKopocnenbm .................................... 1 ............................................... n eW;z ................................. n eW1o3 .........................................
HapblMCKM%%?’ ................................ 2 5+2 ..................................... 7+4 ..................................... 1+2 ...................................
Tae)KHMK ............................................. 2 2+1new82 .........................................
ACTop ................................................. 1242 .........................................
CenbMa ............................................... 1 ............................................... n ew9 ................................... 73 .........................................
ﬂepoHa .............................................. 1442 .........................................
Memo” .............................................. 2 2+neW” ............................ n eW65 .........................................
Hosoc.,.a.,.pc.(.,..,.sg .......................... 1242 .........................................
T|ome|-|c|(y||/|rono3ep|-|b||/| .................. 12 ........................................... n EW63 .........................................
TanmcmaH ........................................... 1442 .........................................
oTpana ............................................... S . ew10+44 ........................................... [
cpoma .................................................. 14 ........................................... n ew7 ................................... 1 .........................................

Ta6nuua 3. YacToTa BCTpeYaeMoCTy annenei aBeHH-KOAVPYIOLLMX JIOKYCOB COPTOB OBCA MOCEBHOTO, %

Jlokyc  Annenb Tlogbl

AvnA 1 0 0 0 0 83 12.5 10.0 125 0
2 ................. 6 00600 ................ 5 00444417 ................ 3 75 ................ 5 00 ................ 5 00 ................ 2 50 ..............

4 ................. 0 ..................... 0 ...................... 0 ..................... 0 ..................... 0 ..................... 1 2 5 ................ 1 00 ................ 2 5 0 ................ 5 00 ..............

5 ................. 0 ..................... O ...................... 0 ..................... 0 ..................... 8 3 ................... 125 ................ 100 ................ 0 0 ...................

new9400400 ................ 3 75 ................ 3 33 ................ 167 ................ 125 ................ 100 ................ 0 0 ...................

newm ........ 0 ..................... 0 ...................... 0 ..................... 0 ..................... 0 ..................... 0 ..................... O ..................... 0 ..................... 1 25 ..............

neW” ........ 0 ..................... O ...................... 1 25 ................ 111 ................. 8 3 ................... 0 ..................... 1 00 ................ 125 ................ 125 ..............

neW12 ........ 0 ..................... 0 ...................... O ..................... 1 ]1 ................. 167 ................ 125 ................ 0 ..................... 0 0 ...................

AvnB ....... 1 ................. 1000 .............. 1000 .............. 8 75 ................ 7 78417 ................ 2 50 ................ 2 00 ................ 0 0 ...................

4 ................. 0 ..................... 0 ...................... 0 ..................... 0 ..................... 1 67 ................ 3 75400 ................ 3 75 ................ 5 00 ..............

ne W 6 .......... 0 ..................... 0 ...................... 0 ..................... 0 ..................... 0 ..................... 0 ..................... 2 0 0 ................ 3 7 5 ................ 3 7 5 ..............

new7 ......... 0 ..................... 0 ...................... O ..................... 0 ..................... 0 ..................... 0 ..................... 0 ..................... 0 ..................... 1 25 ..............

newg .......... 0 ..................... 0 ...................... 0 ..................... 0 ..................... 1 67 ................ 2 50 ................ 2 00 ................ 2 500 ...................

newg .......... 0 ..................... 0 ...................... 1 25 ................ ”1 ................. 8 3 ................... 0 ..................... 0 ..................... 0 0 ...................

newm ........ 0 ..................... 0 ...................... 0 ..................... 1 11 ................. 167 ................ 125 ................ 0 ..................... 0 0 ...................

. Avn . C ...... 1 ................. 0 ..................... 0 ...................... 0 ..................... 0 ..................... 8 3 ................... 1 2 5 ................ 1 0 ................... 0 ..................... 3 7 5 ..............

. 2 ................. 3 3 3 ................ 3 3 3 ................ 3 7 5 ................ 3 3 3 ................ 5 00 ................ 6 25 ................ 6 00 ................ 6 25 ................ 2 5 0 ..............

. 3 ................. 0 ..................... O ...................... 1 2 5 ................ 2 22 ................ 2 50 ................ 2 5 0 ................ 1 0 0 ................ 1 2 5 ................ 1 2 5 ..............

. 5 ................. 0 ..................... 0 ...................... 0 ..................... 0 ..................... 0 ..................... 0 ..................... 2 00 ................ 2 5 0 ................ 2 5 0 ..............

newg .......... 6 67667 ................ 5 00444 ................ 167 ................ 0 ..................... O ..................... 0 0 ...................
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Puc. 1. JuHamnka paiioHMPOBAHHOIO COPTVMMEHTA OBCA MOCEBHOMO B
TiomeHckown obnacTtu (1929-2019 rr.).

Copra: 1 - 3apybexHoii cenekuuu; 2 — oTe4eCTBEHHON CeNeKLni; 3 — MECTHbIX
CeNeKUMOHHbIX YUPEXAEHNIA.

¢ 1960 mo 2010 rr. u B HacTosIIEE BpeMs YK€ HE BCTpeda-
I0TCS; MAaKCUMalIbHO pacmpocTpaHeH amtens 4 (50.0 %),
Ha oo aymiens 2 mpuxomutes 25.0 %; newll u newl2 —
o 12.5 %.

B nokyce Avn B coBpeMEHHBIX COPTOB OBCa MpeodmagaroT
amenu 4 (50.0 %) u new6 (37.5 %); ¢ gactotoit 12.5 % BeTpe-
yaeTcsi aJuteb new?. [10THOCThEO TMMUHUPOBAHBI aJUICNH 1,
news8, new9 u newl (), XapakTepHbIe Il COPTOB 3apyOeIKHOH
U OTEYCCTBEHHOH CEJICKIINU, HO He 00OHApYKCHHBIC HAMU Y
COPTOB MECTHOM CEJICKIIUH.

CxoKasi CHTyanus oTMedaeTcs U Ut Tokyca Avn C— annens
news, BcTpedaBIuiics ¢ actoror 66.7 % B 1929-1950 rr,,
K HacTosiieMy BpeMeHu 3amelneH amiensmu [ (37.5 %),
5 (25.0 %) u 3 (12.5 %). Heobxomnmo oOpaTHTh BHUMaHHE
Ha aJuteib 2, MPUCYTCTBUE KOTOPOTO B COPTaX HAOIIOTACTCS
BO BCE MEpPUOJBI BO3JENbIBaHUA, HaunHas ¢ 1929 r. u 1o
CerofHsIIHero AHA. YacToTa BCTPEIaeMOCTH 3TOTO aylIems

1.00

2020
24.2

[MHammKa reHeT4yecKoro pasHoobpasua COpToB OBCa
B TioMmeHCKoI 0611acTh NO aBeHVH-KOAMPYIOLUM JIOKYCaM

cocrasisuia o1 25.0 10 62.5 %. B HacTos111€€ BpeMs HATTMYHEM
3TOrO aniens xapakrepusytorcs 25.0 % coptos. Takas ke
0COOCHHOCTBH OTMEUEHa JUTs ayutess 2 JoKyca Avi A.

BenuumnHa reHeTHuECKOro pazHo00pasusl, pacCunTaHHas Ha
OCHOBE JIaHHBIX O YacTOTE BCTPEYAEMOCTH aJlIENeH, TaKKe
M3MEHSUIACh C TEUCHHEM BpeMeHH (pHuc. 2).

MuH#MMaJIBHBIM 3TOT [TOKa3areib ObLI B iepuox 10 1950 .
(0.38), xorna B pernoHe BO3/EIBIBAIIM JIUIIH TPH COPTA OBCA!
[To6ena, 3omoroit moxae u Open. B nanpHelmiemM ¢ moss-
JICHWEM B TOCeBax 00JIaCTH HOBBIX COPTOB BEJIMYMHA Te€HE-
THYECKOTO Pa3HOOOpa3Hs yBEIMUNBAIACh, JOCTHTAst CBOETO
Makcumyma B riepuog ¢ 1970 go 1980 r. (0.78). B atot mipo-
MEKYTOK BPEMEHH B PErHOHE IPOBOAMIN aKTUBHYIO COPTO-
CMeHy — OBUIH CHATHI ¢ paifoHupoBaHus copTa [lobena, Ymap-
Huk 883 1 Hunap, a Ha cMeHy UM NPUILIN HECYIIUE HOBBIE
aJJIeJIM ABEHUH-KOIUPYIOIINX JIOKYCOB copta CKopocIeNnbli,
Hapsmvcxkwmit 943, Taesxxauk u Actop. [leprox 1970-1980 T
XapaKTEPHU30BAJICS CaMbIM OOJIBIIIM Pa3HOOOpa3HeM ajlIeib-
HBIX BAPUAHTOB B COPTAX — 10 TPEM JIOKycaM Avi BCTpeyaoch
15 anneneii (cMm. Tabm. 3). B mporecce 3aMeHBI HHOCTPAHHBIX
COPTOB OTEUYECTBEHHBIMH ITOKa3aTelb TeHETHIECKOTO pa3Ho-
o6paszus cunzmics 10 0.70 x 2010 r. K nonmxenuto pasHo-
00pa3ns MpUBEII0 NCKITIOYEHUE U3 PAHOHUPOBAHMS OOJIBIIIOTO
KOJIMYECTBA COPTOB, HECYIINX aJUICJIN, HE BCTPEUAIOIINeCcs B
copTax MecTHOH cenekiuu. OJHaKO K HACTOSIIEMY BpEMEHU
OTMEYAEeTCs TOBBIIIEHHE CPEHEr0 TEHHOTO Pa3HO00pas3us
10 0.75.

O6¢cyxpeHue

B pesynbrare nmpoBeIcHHOT0 HAMH aHAJIN3a C NCTIOJIb30BaHM-
€M MHO)KECTBEHHBIX aJlIeleil aBeHHMH-KOAUPYOLIHX JIOKYCOB
OMHCaHBl TeHeTHYecKue (HopMyIsl I 18 copToB oBca mo-
CEBHOTO, BKJIIOYEHHBIX B TOCYJIapCTBEHHBIH PEECTp CelleK-
LIMOHHBIX JOCTIKEHUH 110 TroMeHCKoM 001acTh. YCTaHOBIIE-
HO, YTO F€TEPOT€HHOCTH COPTOB cocTaBsieT 44.4 %. Hannuane
HECKOJIbKMX OMOTHIOB TIOBBIIIACT a/IalITUBHBIA MOTCHIHA
copra (Metakovsky, 1990; HoBocenbckas-/[parosud u mp.,
2013), uTo KpaifHe BaKHO B TPUPOIHO-KIUMATHIECKHAX YCIIO-
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Puc. 2. leHeTnuyeckoe pa3Hoo6pa3|/|e COPTOB OBCa NO aBEHUH-KOAMPYIOLLUM TOKYyCaM.

Jlokycbl: 1 - Avn A; 2 — Avn B; 3 - Avn C; 4 - cpefiHee reHHoe pa3Hoob6pasue.
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BUsX TroMeHCKOM 001acTH, SBJISIOIIEHCS 30HON PUCKOBAaHHO-
TO 3eMIIEAEIHS.

Y gacTu copToB ObUTH OOHAPYKEHBI OJJMHAKOBBIE CIICKTPBI
nposnamuHa. Tak, mepBblit 1 BTOPOil OMOTHITB copTa 30710TOH
JIOXKTb MACHTUYIHEI OnoTrnam copToB [lobena (mepBbrii 6no-
tun) (2.1.new8) n Hunap (2.1.2) coorBercTBenHO. Bropoit
ouotum copra [TobGena coBmana co BTOPsIM OHOTHIIOM COPTa
Open (new9.1.new8). IlepBsiii 1 BTOpOHf OMOTHIIBI cOpTa
CeBepsiHUH COBITQAAIOT C cOpTaMu YaapHUK (newll.new9.3)
n Cxopocnensiii (newl2.newl(.3). OnuHaKoBbIE THIIbI
CIEKTPOB XapaKTEPHbI TAKXKe T BTOPOrO OMOTHIIA cCOpTa
Hapeivmckuit 943 u coproB Actop n HoBocubupckwmii 88
(2.4.2); coBnanator crnekTpbl coptoB Ilepona u Tamucman
(4.4.2). Bcero B pe3yibTare aHaN3a YCTAHOBIIEHO, YTO COP-
tocrenupuaasl Tonbko 10 (38.5 %) u3 26 mccineq0BaHHBIX
T€HOTHUIOB. JTO JOCTATOYHO HU3KHH MOKA3aTelNb.

MneHTnyHOCTh ajieneil npolaMUH-KOAUPYIOIHUX JOKY-
COB Y COPTOB CBSI3BIBAIOT C BOBJICUCHUEM B CEJICKIIMOHHBIC
porpamMMbl OJTHUX M Tex ke renorunoB (Portyanko et al.,
1998; MenbHUKOBA 1 1p., 2010; HoBocenbckas-/parosud u
Ip., 2013). Tak, mHampumep, copta [ToGena u 30710TON 10K B
BBIBE/ICHBI METO/IOM 0TOOpa M3 OJJHOTO copra oBca — Milton
(=Propsteier), ot Hero xe mpousorien u copt Open. Crapsrit
copt oBca Milton nmosiBuiicst B ceBepHOit yactu ['epmannu u
ObUI IKMPOKO pactipocTpaneH Ha ceBepe EBpomnsl (Portyanko
et al., 1998). [To-BuanMoMy, OH 0071a/1a]T BBIJAIOIIIUMHUCS XO-
3AHCTBEHHBIMHU MTPU3HAKAMH, YTO IPUBEIIO K 4aCTOMY BKJIIO-
YEHHMIO €ro B CEJIEKIIMOHHBINA MPOIEcC. JTO HALUIO CBOE
OTpa)XEHHE B COBIMAJAIOIEM HaOOpe ajuieseil aBeHNH-KOIN-
PYIOIINX JIOKYCOB Yy €ro IoToMKoB. Haniume copToB ¢ coBna-
JIAFOLIMMH TeHETHYECKUMHU (POPMYJIaMU IPOIAMHHOB CHHYKA-
eT 3¢ PEeKTHBHOCTh MCTIIONB30BaHMUS METOa NIEeKTpodopesa
quist ux quddepennnannu. P ncenenosaresneii B cBOMX pa-
60TaX IMMPULILJINA K BBIBOAY, YTO MCIIOJIb30BAHNEC aBCHUH-KOAN-
PYIOIIMX JIOKYCOB KaK €JUHCTBEHHON MapKEepHOW CHUCTEMBI
JUIS pa3iTge s OOJIBIIOT0 KOJIMIECTBA COPTOB OBCA SIBIISICTCS
HEJI0CTaTOYHBIM, TaK KaK aJIeJIbHOE pa3HOOOpas3ye JIOKYCOB
MIPOJTaMHHA OBCA XapaKTEePU3YETCsI KaKk HU3KOE TI0 CPABHEHHIO
TakoBeIMH y neHuIpsl, stamens u pxu (Cliff, Cooke, 1984;
Souza, Sorrels, 1990; Portyanko et al., 1998). B takux ciy-
Yasgx BO3HUKAET HEOOXOMMOCTh B TOMOJIHUTEILHOM HCIIONb-
30BaHUM JIpyrux MapkepHbIx cucteMm (Wight et al., 2010).
OnHaKo ciielyeT OTMETHTh, YTO COBPEMEHHBIE COpTa OBCa,
coznanasie HUMCX CeBepHoro 3aypaibs, 001agaroT HHIH-
BUyaJIbHBIM QJIJICIIBHBIM COCTaBOM aBEHWH-KOJHPYIOIINX
JIOKYCOB, 4TO ITO3BOJISIET C BBICOKOM TOYHOCTBIO AU depeH-
IIUPOBATh MX TCHOTHIIBI.

AHa3 4acTOT BCTPEUacMOCTH ajliesie aBeHNH-KOIUpy-
IOIIMX JIOKYCOB II0 BCEM TPEM JIOKYCaM MO3BOJIHI OTMETUTh
CBSI3b MEX/y YaCTOTOH BCTPEUAEMOCTH ajuieiel 1 Habopom
BO3/ICJIBIBAEMBIX COPTOB, OCOOCHHO UX NPOUCXOKICHUEM.
B mponecce coprocMeHbl COBEpILANIOCH MOCTENEHHOE 3a-
MeIIeHHEe ajuIeliel, XapakTepHBIX I COPTOB 3apyOeKHOMH
CEJICKINH, Ha AJIJICIIH, TIPUCYTCTBYIONINE B OTEYECTBEHHBIX
copTax, a 3areM U MeCTHOH cenekiuu. [TomoOHas 3aMeHa
OHUX aJuleJel Ha IpyTHue B XO/€ CEIeKIIMOHHOW paboTHI
OTMeYeHa MHOTMMH HCCIIEIOBATEIISIMH ITPU M3YYEHHUHU IIPO-
JIJaMUH-KOAUPYIOHIUX JIOKYCOB IMIICHUIIBI U AYMCHSA (HOBO—
cenbckas-Jlparosua u ap., 2007; Jlsnuua u ap., 2016). Ha
OOJIBIIIOM KOJIMUYECTBE MPHUMEPOB JIOKa3aH a/IalTUBHbIA Xa-
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pakrep mosuMopu3Ma MposiaMHHOB. MX CBs3b ¢ ajanTuB-
HBIMH T€HHBIMH KOMIIJIEKCAMH TTO3BOJISET, OCHOBBIBAsICh HA
CIEKTPAaX 3aIacHbIX OCJIKOB, BBICNIATH TEHOTHITBI, Hanboee
MPUCHIOCOOIEHHBIE K KOHKPETHBIM MPUPOAHO-KIUMATHYE-
ckuMm ycnoBusaM. A.JO. HoBocenbckas-Z{paroBmd ¢ koieraMu
(2013) oT™MeuanH, 4TO reHEeTHYECKUE OTIIYHSI COPTOB PA3HOTO
reorpauecKoro POUCXOXKICHHUS OIIPEIEIISIFOTCS JISHCTBHEM
ecrecTBeHHOTO 0oTOOpa. Ilpm 3TOM MPHUYMHON TOCTATOYHO
OBICTPOIT 3aMEHBI «CTapBIX» aJUICNICii K HOBBIMI» BBICTYIIAIOT
HaIpaBJIeHHbIE MPOLIECCHI, CBSI3aHHbIE C HOBBIMH HaIPaBJIeHH-
SIMHU B CEJICKLIUH 1 IPUBJICUCHUEM T€HETHIECKHU OTIMYAOIIe-
rocs ucxopnoro marepuaia (HoBocenbckas-Jparosuy u ip.,
2007). Ilony4yeHHbIEe HAMH IaHHBIE O YaCTOTE BCTPEYAEMOCTH
atesel aBeHNH-KOUPYIOIINX JIOKYCOB XOPOIIIO COTIIACYIOTCS
C 9THM YTBEP)KICHHUEM.

C HauaJIoM CeJIEKLIMOHHOM paboThI 110 0BCy B TrOMEHCKOM
o0macTi MOSBUIINCH COpTa, oOmagaromue HabopoM XO3sii-
CTBEHHO IICHHBIX M aJalTHBHO 3HAYMUMBIX IPH3HAKOB. JTO
MIPUBEJIO K MOBBIIIEHHUIO YaCTOTHI BCTPEYAEMOCTH OIPE/IeNICH-
HBIX aJuIeJIel aBeHUH-KOANPYIOIINX JIOKYCOB, KOTOPHIE MOYKHO
CUUTATh MapKepaMu TAKUX TCHOTUIIOB WJIM IPU3HAKOB, U B
TO 7K€ BPEMS BBI3BAJIO0 CHUKEHUE YaCTOTHI MIIU JJaXKe MOJTHOE
MCUE3HOBEHNUE aijelneil, XapakTepHBIX ISl HHOPAHOHHBIX
coptoB. Amnenu A2 u C2, BCTpeyaromuecs BO BCEX BPEMEH-
HBIX IPYMIax COPTOB, BEPOATHO, MAPKUPYIOT BEICOKOKOHKY-
PEHTHBIE aCCOIMAINH TEHOB, JAIOIINE UX HOCUTEIISIM BaKHBIE
MIPEUMYIIECTBA B IPHPOAHO-KINMATHYECKHUX YCIOBHSIX pac-
CMaTpPUBAEMOTO PErHOHA.

KoHTpob n3MeHeHNs BETNINHBI TEHETHYECKOTO Pa3HO00-
pasust COPTOB BO BPEMEHH ITO3BOJISICT CYAUTH O HATMYNH HITH
OTCYTCTBHH F€HETHUYECKOI 9po3uu. B paboTax, MOCBSIIEHHBIX
OLIEHKE TEeHETHUECKOTO Pa3HOO0Pa3 st B COPTAX APYTHX CElb-
CKOXO3AMCTBEHHBIX KYJIBTYP, €ro 3HaueHHsI cocTaBisuin 0.62—
0.76 st COPTOB MSTKOM IMIIEHUIIBI, CO3IaHHBIX B CepOun 1
Wramuu (HoBocemnsckas-Zparosud u ap., 2007); 0.5-0.6 —
Y COPTOB MSITKOH MIICHUIIBI YKPAUHCKOH cenexnun (3anuka u
np., 2014); 0.42—0.64 — y rpymnn COPTOB TBEPAOH MIITESHUIIBI C
MIPOUCXOXKACHUEM M3 pa3HbIX cTpaH mupa (KynpsiBues u 1p.,
2014). Ilpn >TOM OTMeYaeTcsi CHHKEHUE BEIMYMHBI 3TOTO
MoKasaresis B coBpeMeHHbIX coprax (KynpsBues u ap., 2014;
Jlsmmna u ap., 2016).

BrisiBiIeHHBIC B pe3ynibTaTe Hamel padoThl BBICOKHE 3HA-
YEeHHUsI TCHETHYECKOTI0 pa3HooOpasus u yeenuderue ¢ 2000 1.
3TOTO MTOKA3aTeNsI CBUJETEIBCTBYIOT 00 OTCYTCTBUHU I'€HETH-
Yyeckol 3po3un. HeoO6xoammo oTMeTHTh, 4TO B pa3Hble IEPHO-
JIbI BPEMEHH BKJI]T OT/IEIIbHBIX ABEeHUH-KOANPYIOILIHUX JIOKYCOB
B BEJIMUMHY CPEIHETO TCHHOTO Pa3HO00pasusi B cOPTax OBCa B
obmactu 0buT HeonuHakoB. Ecim B mepuon ¢ 1970 mo 2010 T
0O0JIBIITYIO POJIb B (HOPMHUPOBAHUU T€HETUIESCKOTO Pa3HOOOpa-
3HsI UTPAIH JTOKYCHI Avit A 1 Avn B, TO B HacToslIee BpeMs
MaKCUMaJIbHOE TEHETHUECKOE Pa3HOOOpa3ne OTMEUaeTCs 110
nokycy Avn C. Ilo HanieMy MHEHHIO, 3TO CBUJIETENILCTBYET O
TOM, 4TO aJUIEIIN ATOTO JIOKYCa MOTYT UIMETh BaYKHOE 3HAUCHNE
KaK MapKepbl aJIalTHBHO 3HAYNMBIX TIPH3HAKOB.

3aKkno4yeHne

YacroTa BCTpeyaeMOCTH aJliesicii aBeHUH-KOIUPYIOIIHX JI0-
KyCOB B COpPTax OBca MOCEBHOT0, BKJIIOUEHHBIX B [ocynap-
CTBEHHBIH PEECTP CEJIEKLIMOHHBIX JTOCTMKEHUH 10 TroMeH-
ckoit obmactu ¢ 1929 no 2019 r. u3MeHsIach C TEUEHUEM
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BpeMeHu. Ha cMeHy ajuiensiM, XapakTepHbIM JIJIsl COPTOB 3a-
PYOEKHOH CeNeKINH, MPUIIIHA «HOBBIEY, CIICHN(HUIHBIE AT
coproB MecTHOM cenekuun: Avn A4 (50.0 %), A2 (25.0 %),
Avn B4 (50.0 %), Bnew6 (37.5 %), Avn C1 (37.5 %), C2 un
C5 (25.0 %). Ot amnenst UMEIOT OOJBIITYIO IEHHOCTh Kak
MapKepbl X035HCTBEHHO IIEHHBIX ¥ AN THBHO 3HAYUMBIX JIIS
JIAHHOTO PETHOHA IIPU3HAKOB.

CoBpeMeHHbIE pallOHMPOBaHHBIE COPTA OBCA XapaKTepH-
3yIOTCSI BBICOKUM I'eHeTH4ecKuM pazHoodpazuem (0.75), uro
CBSI3aHO C UCIOJIb30BAaHUEM B CEJIEKIIMOHHOM IpOIiecce pas-
HOPOJTHOTO MCXOAHOTO MaTepHaa. DTO MO3BOJISET MOMydaTh
copra, obiagarone BEICOKMM aIalTHBHBIM MOTCHIINAIOM
B IIPUPOIHO-KIIMMATHYECKHUX yCIOBUsIX 3anaanoid CuOupH.

BbIcokoe 3HaUYeHHE TeHETHUECKOTO pa3HooOpasus B CO-
BpeMeHHbIX coprax cenexiun HUMCX Ceseproro 3aypanbs,
a TaK)Ke yBEJIMYCHUE ITOTO MOKA3aTelsl Ha MPOTSHKEHUHU T10-
cirentHuX 20 JeT CBUAETENBCTBYIOT O TPAMOTHO OPraHM30BaH-
HOHU U (p(heKTHBHON CENEKIIMOHHON paboTe ¢ ITOH KyJIbTY-
poii B TromeHcKkoii obnact.
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AHHoTayuA. CtebneBas p)kaBuMHa MLLEHWLbI B NOC/IeAHME rofibl Npuobpena anueuUTOTUIHBIN XapakTep, HAHOCA 3HauW-
TeJIbHbI SKOHOMUYECKNIA yiep6 NPOn3BOACTBY 3epHa MlueHNLbl B OTAENbHbIX obnactax 3anagHon Cubupw. Mo pesynb-
TaTaMm V3y4YeHuA pacoBOro cocTaBa MonynAuMin cTebneBoi pxaBunHbl, cobpaHHom B 2016-2017 rr. 8 OMcKol obnacTu 1
AnTaickom Kpae, BblsiBfieHO 13 naToT!noB B OMCKoW nonynauuy u 10 - B antackoin. AuddepeHurposaHme pac ctebnesoi
pP’KaBUMHbI MPOBOAMAM C MOMOLLbIO TECTEPHOrO Habopa 20 ceBepoamMepUKaHCKNX NMMHUA-AMdpdEepeHLnaTopoB Sr reHoB.
[eHbl MAaTOTUMNOB CTEGNEBOIN PXKaBUMHbBI OMCKOI MOMNYNALMUM aBUPYSIEHTHbI TONbKO K FeHy YCTOMUMBOCTM Sr31, anTanckme
N30MATbl aBUPYNEHTHbI, MOMUMO Sr31, K reHam Sr24, Sr30. Hu3kas yactoTta BupyneHTHocTH (10-25 %) naToTMNoB OMCKOMN
nonynauumn yctaHosneHa ana Sr11, Sr24, Sr30, a natoTMnoB anTanckom — ana Sr7b, Srob, Sri11, Srimp, KoTopble HeahpeKTVB-
Hbl B OmcKol obnacTu. NoneBas oLeHKa YCTONUYMBOCTM K cTebrieBol prkaBumHe npoogunacsk B 2016-2018 rr. B Omckoi
06nacT B AMHaMKMKe B TeUeHMe BereTalyMoHHOro neproga y COpToB W NIMHWUIA MATKOW MLIEHWLbl U3 TPeX Pas3fnyHbIX UC-
TOYHUKOB. lNepBblii HAGOP BKAOYAN 58 NNHWIA U COPTOB APOBOW MArKOW MWEHNLbl C NAEHTUGULMPOBAHHBIMI reHamu Sr,
YCJIOBHO Ha3blBaeMbIMU «MUTOMHUMK-ToBYLLKa» (ISRTN — international stem rust trap nursery). Bropoi Habop Bkntouan nu-
HIW APOBOW MLIEHULbl U3 KOMneKuun «ApceHan», oTobpaHHble paHee Mo KOMIMIEeKCY XO3ANCTBEHHO LIEHHbIX MPU3HAKOB
1 Hecyle nMpamuay reHoB YCTOMYMBOCTU K CTE6IEBOIN pPXKaBUMHE, B TOM YMCIe NHTPOrPEeCCUPOBAHHbBIX B FTEHOM MAr-
KOW MLUEeHMLbl OT AMKOPACTYLUMX BUAOB 3/1aKOB. TpeTuin Habop BKoYan copTa APOBOW MAFKOW MLLEHNLbl, CO3AaHHble B
OMCKOM arpapHOM yHMBepCUTeTE MO NPOrpaMme YesIHOYHONM cenekumm, UMerLLre B POAOCTIOBHOW CUHTETUYECKYIO MLle-
HULY C reHoMOM Ae. tauschii. YcTaHOBNEHO, UTO NUHWUK ¢ reHamu Sr31, Sr40, Sr2 complex HeBocnpUMUMBDLI K cTebneBo
pKaBuMHe B ycnosuax 3anagHo-Crbupckoro pervoHa. BoigeneHbl MCTOYHUKN C 3PHEKTVBHBIMY FreHaMu Sr: U3 MUTOMHIMKA
ISRTN - (Benno)/6*LMPG-6 DK42 (Sr37), Seri 82 (5r31), Cham 10 (Sr37), Bacanora (Sr31), RL 6087 Dyck (Sr40), Amigo (5r24,
1RS-Am), Siouxland (Sr24, Sr31), Roughrider (Sr6, Sr36), Sisson (Sr6, Sr31, Sr36), Fleming (Sr6, Sr24, Sr36, 1RS-Am), Pavon 76
(Sr2 complex); n3 konnekuun «ApceHan» — N2 1 BC,F, (96X 113) X 145x 113 (Sr2, Sr36, Sr44), N® 14a F; (96 x 113) x 145 (5r36,
Sr44), Ne 19 BC,F5 (96 x 113)x 113 (Sr2, 5r36, Sr44), N2 20 F5 (96 x 113) x 145 (Sr2, Sr36, S5r40, Sr44); copta Omckoro arpap-
HOro yHMBepcuTeTa — dnemeHT 22 (Sr31, Sr35), NiotecueHc 27-12, JliotecueHc 87-12 (Sr23, Sr36), NMiotecueHc 70-13, Jliotec-
ueHc 87-13 (Sr23, Sr31, Sr36). BoigeneHHble UCTOYHUKN PEKOMEHAYIOTCA ANA BKIIOYEHUA B CENEeKLNOHHbIN npouecc npu
CO3AaHNN COPTOB, YCTOMUMBBIX K CTe6NIEBOI PXKaBUMHE B YCIIOBMAX PErMOHA.

KnioueBble cioBa: MArkas niueHnLa; ctebnesan pxkaBymHa; NatoTun; 3G eKTBHbIE FreHbl YCTOMYMBOCTU; CENleKLUA.

Ana yntnposanua: LamannH B.MN., NMotoukaa U.B., Lenenes C.C., MNoxepykosa B.E., CannHa E.A., CkonotHeBa E.C,, XogcoH [,
Xoymsénnep M., Matnyp M., MopryHoB A./. CtebneBas pxaBuvHa B 3anagHoin Cnbrpu — pacoBblii cocTaB 1 3$eKTUBHbIE
reHbl yCTONYMBOCTY. BaBMAOBCKUI XypHan reHeTkmn n cenekumn. 2020;24(2):131-138. DOI 10.18699/VJ20.608

Stem rust in Western Siberia —
race composition and effective resistance genes
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Abstract. Stem rust in recent years has acquired an epiphytotic character, causing significant economic damage for wheat
production in some parts of Western Siberia. On the basis of a race composition study of the stem rust populations col-
lected in 2016-2017 in Omsk region and Altai Krai, 13 pathotypes in Omsk population and 10 in Altai population were iden-
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race composition and effective resistance genes

tified. The race differentiation of stem rust using a tester set of 20 North American Sr genes differentiator lines was carried
out. The genes of stem rust pathotypes of the Omsk population are avirulent only to the resistance gene Sr31, Altai isolates
are avirulent not only to Sr37, but also to Sr24, and 5r30. A low frequency of virulence (10-25 %) of the Omsk population
pathotypes was found for Sr11, Sr24, Sr30, and for Altai population — Sr7b, Sr9b, Sr11, SrTmp, which are ineffective in Omsk
region. Field evaluations of resistance to stem rust were made in 2016-2018 in Omsk region in the varieties and spring
wheat lines from three different sources. The first set included 58 lines and spring bread wheat varieties with identified
Srgenes — the so-called trap nursery (ISRTN - International Stem Rust Trap Nursery). The second set included spring wheat
lines from the Arsenal collection, that were previously selected according to a complex of economically valuable traits, with
genes for resistance to stem rust, including genes introgressed into the common wheat genome from wild cereal species.
The third set included spring bread wheat varieties created in the Omsk State Agrarian University within the framework of
a shuttle breeding program, with a synthetic wheat with the Ae. tauschii genome in their pedigrees. It was established that
the resistance genes Sr371, Sr40, Sr2 complex are effective against stem rust in the conditions of Western Siberia. The follow-
ing sources with effective Sr genes were selected: (Benno)/6*LMPG-6 DK42, Seri 82, Cham 10, Bacanora (Sr37), RL 6087 Dyck
(Sr40), Amigo (S5r24, 1RS-Am), Siouxland (5r24, Sr31), Roughrider (Sr6, Sr36), Sisson (Sr6, Sr31, Sr36), and Fleming (5r6, Sr24,
Sr36, 1RS-Am), Pavon 76 (Sr2 complex) from the ISRTN nursery; No. 1 BC,F, (96x 113) x 145x 113 (Sr2, Sr36, Sr44), No. 14a
F3 (96x113)Xx 145 (Sr36, Sr44), No. 19 BC,F; (96x113)x 113 (Sr2, Sr36, Sr44), and No. 20 F5 (96 x 113) x 145 (Sr2, 5r36, Sr40,
Sr44) from the Arsenal collection; and the Omsk State Agrarian University varieties Element 22 (Sr31, Sr35), Lutescens 27-12,
Lutescens 87-12 (5r23, Sr36), Lutescens 70-13, and Lutescens 87-13 (5r23, Sr31, S5r36). These sources are recommended for
inclusion in the breeding process for developing stem rust resistant varieties in the region.

Key words: bread wheat; stem rust; pathotype; effective resistance genes; breeding.
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BBepeHune

CreOneBast pykaBurHa MIICHUIBI (BO30yanTenb Puccinia gra-
minis f. sp. tritici Erikss.) amutensHOe BpeMsi Melia cia-
0oe pacmpocTpaHeHHe Ha Tepputopuu 3amagHoit Cubmpu
U TOJIKO B IMOCJIETHHE TOJbl pruodpena sMuGUTOTHHHBIN
XapakTep, HAHOCSA 3HAYUTEIbHBIM 3KOHOMUYECKUH ymiepo
MIPOM3BOJICTBY 3€pHA MIIEHUIIBI B perHoHe. B miepByto ouepenp
9TO CBSI3aHO C yXyALICHUEM (UTOCAHUTAPHON 00OCTaHOBKY B
peruoHe, o0yCIOBIEHHBIM O0IIEH TeHCHIINEH MOTETUICHHUS
KJIMMara 1 BO3/IEJIBIBAHMEM Ha OCHOBHOH IUIONIAI MOCEBa
TIICHAIBI COPTOB, BOCIIPUUMYHUBBIX K CTE0JICBOH prKaBUNHE
(amanun u ap., 2015, 2016). BeposTHocTh 3aHOCa pachl
ctebneBoit prkaBunHbl Ug99 1 MOsIBIICHIE HOBBIX OMOTHUIIOB
9TOH packl, MOPaKaOLIUX COpTa ¢ reHaMu Sr24 u Sr36, HecyT
CEpPBE3HYIO YTPO3y IIPOU3BOJICTBY 3€pHA ITIICHUIIBI B 3amIaIHO-
CHOMpCKOM peTHoHe, TOTa KaK TeHETUIEeCKOe pa3Hoo0pasne
BO3/I€BIBAEMbIX COPTOB MIIEHUIIBI 0 YCTOWYMBOCTH K Ma-
torunam pacsl Ug99 Becbma orpannueHo (Shamanin et al.,
2016).

[ToBbllIeHNE TeHETUYECKOH yCTOMUMBOCTH 3€PHOBOTO
arpoIrieHo3a K maToreHaM MOXKET peaTtbes MOCPEACTBOM
4acTOH COPTOCMEHBI, & TAaKXKe BO3/IEIBIBAHUEM B PETHOHAX
U XO3sicTBaX COPTOB C Pa3HBIM YPOBHEM YCTOMYMBOCTH K
60e3HsIM M K Pa3HBIM pacaMm. DTH IPHUEMBI MperHa3Ha4e-
HBI ISl CIEPXKUBAHUSI SBOJIIOIIMN MAaTOT€HOB W MOSBICHUS
HOBBIX BHPYJICHTHBIX pac. Takue mporpaMmbl IMIMPOKO HC-
MoJB3yI0TCA B cTpaHax EBpomnsr u Amepuku. [IponomxuTens-
HOCTB BO3/ICJIBIBAHUSI COPTA B TIEPEIOBBIX CTPAHAX COCTABIIACT
3—4 roma, Torna kak B Poccun — 7-10 ner (Canun, 2016).
B 371011 cBA3M cenexuus, HarpaBiIeHHas Ha CO3/JaHuEe COPTOB
SIPOBOM IIIICHUIIBI, IMEIOLIUX Pa3HOOOPa3HYI0 TEHETHIECKYIO
OCHOBY I10 YCTOWYHMBOCTH K CTEOJECBOH prkaBUMHE, BeChbMa
aKTyaJbHa.

Haumnas ¢ 1950-x rr. MHOTHE HMHTPOIYIIMPOBAHHEIE B
MSTKYIO MIICHHUILYy TeHbl YCTOHYMUBOCTH MTOTEPSUTN CBOIO (-
(dexruBHOCTB (Singh et al., 2008). Hanbosee 3Ha4nMbIMu 1151

CEJICKIIMOHHON MPAKTUKH SIBJISIFOTCS TeHbl Sr2, Sr23, Sr24,
Sr25, 8r31, Sr33, Sr36, Sr38, Sr45, Sr50, SrTmp, Sr1RSA™migo
(Singh et al., 2015).

HMutporpeccust TeHOB YCTOMYUBOCTH JAMKUX U KYJIBTYp-
HBIX POJMUEH O3BOMISAET PACHINPUTh TEHETHUECKOE Pa3HO00-
pasue COpToB M 00ecneynTh MX 00Jee ITUTENBHYIO 3aIIUTy
(JIeonosa u np., 2014). K Hacrosimiemy BpeMeHu HIeHTH(U-
IIUPOBAHO OKOJIO 86 TeHOB S7, M3 HUX 26 TEHOB YCTOHYNBOCTH
K CTe0JIeBOH pKaBUMHE MEPEHECEHBI B MATKYIO MILICHUILY OT
Japyrux BujoB 3iaxkoB (Mclntosh et al., 2013). Tak, 7. turgi-
dum ToCTy>XKWII HICTOYHUKOM I'€HOB YCTOMYMBOCTH K CTEOIC-
Bo#i pxkaBunHe Sr2, Sr9d, Sr9e, Sr9g, Sril, Sri2,Sri3,Sri4n
Sr17,u3 koTopbIX reHbl Sr2, Sr13 v Sri4 >ddexTuBHbI TPOTHB
pacer Ug99; T. monococcum — MCTOYHUKOM TeHOB Sr21, Sr22
u Sr35 (Singh et al., 2011).

I'enbl, 00ycI0BIMBAIOIINE YCTOHYMBOCTh K CTEOIEBOM
prkaB4rHE, OBIIM HHTPOTPECCUPOBAHBI B TEHO(OH]T MITICHUIIBI
13 TeHOMA pa3luHbIX BUIOB Aegilops L.: Ae. speltoides —
Sr32, Sr39, Sr47; Ae. comosa — Sr34; Ae. ventricosa — Sr38
(Schneider et al., 2008). Ot Ae. tauschii 6T IPUBHECEHBI
rensl Sr33, Sr45, Sr46 (Kerber, Dyck, 1979). ITytem npsimoit
rubpunmzaunu 7. aestivum u Ae. tauschii ¢ mociaeayomnum
OEKKPOCCHPOBAHUEM B T€HOM MSTKOW IIIEHUIIB MPUBHE-
CEHBI HOBbIE TeHbl ycTonuuBoctH SrTA1662, SrTAI1017 n
SrTA10187 (Olson et al., 2013), kotopsie 3pHeKTUBHBI TIPO-
TuB pacsl Ug99. [Ipomomxaercs MONCK HOBBIX T€HOB YCTOM-
YUBOCTH B TEHO(OHAC JAUKHX COPOJAMYECH MIICHUIIBI; Ha-
npumep, G. Yu ¢ KoyieraMu BBIIBIJIM JiBa HOBBIX TeHa S7'y
Ae. sharonesis (Yu et al., 2017).

OnHO¥ M3 33124 TPOrpaMMBI 110 YIy4LICHHIO MIICHHUIB! B
Kazaxcrancko-Cubupckoii cetn (KACHB) Ha ocHOBe MeTO-
na yeTHouHOH cenexiuu nof arunoil CIMMY T (Mekcuka)
SIBJISIETCSI PACIIMPEHNE TEHETHUECKOTO MOIMMOp(H3Ma CO3-
JlaBaeMbIX COPTOB, B TOM YHUCIIE TI0 YCTOHYMBOCTH K BpPEIO-
HOCHBIM 3a6oneBarnsaM (Gomez-Becerra et al., 2006). Copra
YEITHOYHOH CeNeKINH, OJTyYeHHBbIE ¢ yuacTueM Ae. tauschii
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u T. dicoccum, a Takxe JUHUU KOJUICKIUU «ApCeHaI,
HMMEIOLME B CBOEH POJOCIIOBHOM I'€HETHUECKUN MaTepuai
YyXEPOAHBIX BUAOB, IPEACTABIISIOT HHTEPEC ISl CENEKIUU
Ha YCTOIUYMBOCTB K CTEONIEBON PyKaBUMHE B PETHOHE.

Lenr uccnenoBanuii — aHamM3 pacoBOr0 COCTaBA 3amajl-
HOCHOMPCKOW TOMYNANNN CTeOIeBOH p)KaBUMHBI, OI[CHKA
YCTOMYMBOCTH JIMHUM U COPTOB SIPOBOM MSTKOM MIIEHULIBI C
UACHTU(UINPOBAHHBIMY T'€HAMU K JIOKAJIbHOH MOIYIISIUH
Y BBISIBIICHHE MICTOYHUKOB € 3((PEKTUBHBIMU TeHAMU S ISt
CeJIeKIMU B yCIIOBUsIX 3anaaHo-CHOUpPCKOro pernoHa.

MaTtepwuanbl n metogbl

PacoBelii coctas nonyssitiuu P, graminis f. sp. tritici, coopan-
HoM ¢ 06pa3ioB B 20162017 . B Omckoit obmactu (15 06-
pasuoB nutomHuka KACHB-16, OMckuil rocygapCcTBEHHBIN
arpapubiii yauepcuteT (I'AY)) u Anraiickom kpae (12 ce-
neKIoHHBIX 00pa3noB, I’ BHY «AnTaiickuii arpapHbIii Ha-
YUHBIA HEHTP»), OBUT OITpesiesieH BoO BceMrpHOM CripaBoYHOM
uentpe pxasunnbl (Global Rust Reference Center, GRRC,
Hanws; http://agro.au.dk/forskning/internationale-platforme/
wheatrust).

BI)I}IGJ'ICHI/IC MOHONIYCTYJBbHBIX HU30JIATOB NPOBOAWUIN B
COOTBETCTBHUH ¢ TpeboBaHMsIMH TTPoTOKoIoB GRRC (Www.
wheatrust.org). MoHOMyCTy/IbHBIE U30JSITHl OBUIH Pa3MHO-
JKEeHBI sl uaeHTHuKanuu pacel Ug99 ¢ momolnpio Tecta
PCR-Stage 1. Beero Brigeneno 19 MOHOMYCTYIBHBIX H30TSI-
TOB M3 OMCKOH momrysiun 1 20 — u3 anTaiickoii (tadm. 1).

Juddepennupopanue pac cTeOIeBOi piKaBIMHBI TPOBO-
JIAITN C TIOMOIITBIO TecTepHOTo Habopa 20 ceBepoaMepHKaH-
CKHX JIMHUH-TU(HEpEeHIINaTOpOB, COAEPIKAIINX Sr TeHBI:
Sr5 (ISr5-Ra), Sr21 (CnS_Triticum monoc. Deriv.), Sr9e
(Vernstein), Sr7b (ISr7b-Ra), Sr11 (ISr11-Ra), Sr6 (ISr6a-Ra),
Sr8a (ISr8a-Ra), Sr9g (CnSr9g), Sr36 (W2691SrTt-1), Sr9b
(W26918S19b), Sr30 (BtSr30Wst), Sr17+13 (Combination VII),
Sr9a (ISr9a-Ra), Sr9d (I1Sr9d-Ra), Sr10 (W2691Sr10), SrTmp
(CnsSrTmyp), Sr24 (LeSr24Ag), Sr31 (Benno Sr31/6*LMPG),
Sr38 (VPM-1), SrMcN (McNair 701). UnpunupoBanubie
pacTeHus orieHnBaNA yepe3 14—16 qHei mociae HHOKYISIHA
C UCTIONB30BaHNEM MoaudunupoBaHHoi mkansl E.C. Stak-
man (Roelfs, Martens, 1988). ®eHoTunsl BUpYJICHTHOCTH
KI1accu(UITMPOBATIH TI0 CeBepoaMepuKaHCKoi cucteme (Jin
et al., 2008).

2020
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CrebneBas pxaBunHa B 3anagHomn Cnbupu —
pacoBblin cocTas 1 3GdeKTUBHbIE FeHbl YCTONYMBOCTY

Ha onsrrHoM nose Omckoro 'AY copra U TMHUN MATKOM
MIIEHNIBI U3 TPEX PA3INYHBIX HCTOYHUKOB B TEUCHHUE BEre-
TAI[IOHHOTO TE€pHOoJia OLCHUBAIH (B JMHAMHKE, HE MCHEE
4-5 y4eToB) Ha BOCIPUHUMYHUBOCTh K CTCOJICBON pIKABUMHE
mo mkanaMm, pekomennyemeiMm CIMMYT (Koiimreibaes u
Ip., 2014). YauteBanu Tun peakuuu ro mkaie E.B. Mains,
H.S. Jackson (1926) u creneHb nmopaxeHusi o MOAUMUITUPO-
BaHHOM mikajne R.F. Peterson (Peterson et al., 1948): 0 — um-
MYHHTET, ypeAOoIycTy bl He 00pasyrorcs; R (Resistance — BbI-
COKasi yCTOWYMBOCTH), 1 Oasui, creneHp nopaxenus 5—10 %;
MR (Moderately resistance — cpenHss yCTOHYHNBOCTS), 2 6a-
7a, crerniens nopaxenus 10-25 %; M (rereporeHHbIH THIT), ITy-
CTYJIBI PA3JIMYHOTO pa3Mepa, OKPYKEHHBIE XJIOPOTUYECKUMHU
1 HEKPOTHYECKUMH TSITHaMU wiH 0e3 Hux; MS (Moderately
susceptible — cpeHsIst BOCIPHMMYNBOCTS), 3 Oaia, CTeNeHb
nopaxkerust 40-50 %; S (Susceptible — BOCIPHUUMYHBOCTS),
4 Gamna, cTenenb nopaxeHus oonee 60 %.

B 20162018 rr. mpoBezieHa OLEHKA CTENEHU YCTOMYHBO-
cTH (BOCIIPUUMYHMBOCTH) K OMCKOH MOMYJISIIUU CTEOIEeBOM
PKaBUMHBI 58 JTMHUNA U COPTOB C MIACHTH()UIIMPOBAHHBIMU
reHamu Sr. DTH JIMHUU U cOpTa ObUIN Mepeaansl u3 Mexy-
HApOJIHOTO IIEHTPA M0 YJIYYLICHHUIO MIICHHUIBI U KYKypY3bl
CIMMYT (Mekcuka) U MOTYyYHIIN YCIOBHOE Ha3BAHUE ITH-
tomHuK-110ByHIKa» (ISRTN — International Stem Rust Trap
Nursery) (ta6i. 2). [ToceB copToB U JIMHUNA TUTOMHHKA-JIO-
BYIIKH OBUT OCYIIECTBIICH Bpy4HY0. Kax/b1it 0Opaszer BbI-
CeBaJIM 10 J1Ba psiika AuMHOM 1 M, uepes kaxasie 10 HomepoB
pasMelaiy CTaHJapT yCTOMYMBOCTH K CTEOIEBOM piKaB-
YUHE — COPT DIeMeHT 22 W CTaHIapT BOCHPUUMYNBOCTH —
UYepmnsipa 13.

B 2015 r. u3 koyuiekIun « ApceHain, TI00e3HO Mpe0CTaB-
JIeHHOH A51s1 uccnenoBanuii .@. JIanoukuHOi, 110 KOMILIEKCY
XO3SICTBEHHO IIEHHBIX MPU3HAKOB OBUTO BBIZICTICHO 9 JIMHNI
SIPOBOM TIIEHUIIBI, HECYIUX MHPAMHUIy T€HOB YCTOWYHBO-
cTH K crebneBoii pxkaBanHe (Lapochkina et al., 2017): Ne 1
[BC,\F, (96x113)x145x113]; Ne 13, 14a [F, (96x113)x
x 145]; Ne 16, 17, 17a [BC,F, (96 x113)x 113]; Ne 19
[BC,F; (96x113)x113]; Ne 20, 22a [F, (96x113)x145].
B reuenne Tpex net (2016-2018) ot TMHUM H3y4alu B ce-
JICKIIMOHHOM MHUTOMHHKE BTOpOro roxa. Ilmomans aensHku
2 M2, moceB cestmkoit CCPK-7 na mmy6umy 5 cm. Crioco6 mo-
ceBa — pAJI0BOM, HOpMa BeiceBa — 500 3epen Ha 1 M2,

Ta6nuua 1. DeHOTMNMYECKUIA COCTAB 1 BUPYNEHTHOCTb NaToTunoB Puccinia graminis f. sp. tritici

B OMcKow obnacTv 1 Antaickom Kpae (2016-2017 rr.)

MNMokasaTenb OnbITHOE Nnone
Omckoro lAY, 2016 .

KonnyectBo obpasLos 15

Konnuectso MOHOMYCTY/bHbIX M30MATOB 19

KonnyectBo natotmnos 13

RRGTF, TKRPF, RKRSP, RFRSF, THRTP, RHRTP, TKRTF,
QHHSF, RCRTF, SHHSF, RCRTP, QFRSF, RFRTF

Sr5,5r6, Sr7b, Sr8a, Sr9a, Sr9b, Sr9d, Sr9e, Sr9g, Sr10,
Sr17,5r21,5r36, 5r38, SrMcN, SrTmp
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OnbITHOE nose
Antalickoro arpapHoro HL, 2017 .

SFRSF, NFMSF, QKCSF, MPMTC, LHCSF,
LFRSF, LKCSF, LKMSF, LTMSF, QHMSF

Sr5,Sr8a, Sr9a, Sr9d, Sr9, Sr9g, Sr10,
Sr17,5r21, 5r36, 5r38, SrMcN
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Tabnuua 2. Pe3ynbTtaTbl OLIEHKM IMHUIA U COPTOB C MAEHTUGMLMPOBAHHBIMU reHamu Sr
Mo YCTONYMBOCTN/BOCNPUNMYMBOCTM K CTe6NEeBOI pXKaBUuMHe, onbiTHoe none Omckoro MAY, 2016-2018 .

Nen/n  CoprT, nuHuA [eHbl MoparkeHne ctebneBol pXKaBuMHON, %/THN
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B nuToMHUKE KOHKYPCHOIO COPTOUCIIBITAHUS IIPOBEEHA
oIleHKa 9 COpTOB SPOBOI MSTKOW TMIICHHUIIBI, CO3TAHHBIX B
Omckom I'AY 1o nmporpaMme 4eTHOYHOM CENEeKIUU, UMEI0-
X B pO}IOCJ’IOBHOPI CUHTCTUYCCKYIO MIIECHUIY ¢ TCHOMOM
Ae. tauschii: Jlorecuenc 24-12 (Kacubosckas), Jlrorec-
nenc 27-12, Jrorecuenc 87-12, JIrorecuenc 70-13, Jlro-
tecuenc 87-13, Jliorecuenc 88-13 (Cunantuit), Jlorec-
neHc 124-13, Jlrorecuenc 53-15, Jlrorecuienc 128-15. ITno-
@b JENSHKH 25 M2, TOBTOPHOCTH YETHIPEXKPATHAS, TIPE/-
HIECTBEHHUK — 4HCThIi map. Crannaptel — [lamaru Asuesa
(cpemnepannmii), lysT (cpeanecnenslit) u DnemenT 22 (cpea-
HETIO3THHN ).

I'enbr Sr B coprax OMCKO# cenekuuu OblIM MIACHTH(U-
IIUPOBAHbBI C UCIIONB30BAHUEM MOJIEKYJSIPHBIX MapKepOB:
Xsts638 —Sri5, Xcfa2123 — Sr22, Xgwm210 —Sr23, Xscs73 —
Sr24, Xwme221 — Sr25, BE518379 — Sr26, Xscm09 — Sr31,
SCS421 — Sr34, Xcfa2170 — Sr35, Xstm773-2 — Sr36, Ven-
triup-LN2 — Sr38, Lr34plus — Sr57, cornacHO ycTaHOBIICH-
Homy nporokoiy (http://maswheat.ucdavis.edu/protocols/
StemRust/index.htm). B nuaMAX 1 coprax ApoBOH MITKON
TIIEHUIIBI, BXOJAIINX B COCTAB MHTOMHUKA-JIOBYIIKH, U B KOJI-
JeKkuun « Apcenain reusl Sr onpezeneHsl panee (Mclntosh et
al., 2013, 2017; Lapochkina et al., 2017).

B 2016 . B8 OMCKoOIf 00NacTH IOTOIHBIC YCIOBHS OBLIH
OTHOCHTEJIFHO 3aCyIUTUBBIMHU, YTO CIOCOOCTBOBAJIO YMEPEH-
HOMY pa3BUTHIO cTebIeBoi pxaparHbl. B 2017 . oTMeueHO
MHTEHCHBHOE Pa3BHUTHE OOJE3HH, CTENICHb MOPAXEHHS BOC-
NPUMMYHBBIX 00pa3lioB BapbHupoBaia B mpexaenax 20S—80S.
B 2018 1. oTMe"eHO CHIBHOE MOopaXkeHHe CTeOIeBOH pKaB-
YHHOM, IMOCKOJIbKY BETETAllMOHHBIN MEPHO/ XapaKTepH30-
BaJicst 00JIee MPOXJIa{HOM MOTOI0H 1 OOJIBIITUM KOJIHYECTBOM
0CaJIKOB, CTENEHb IMOPAXKEHUS] BOCIPUUMYNBBEIX 00pa3IloB
coctaBuia 30S—80S.

Pesynbratbl

AHam3 pacoBOTO COCTaBa MOMYJISIUN CTeOIeBON PHKABINHBI
B OMcKkol oOnacTu U AJNTalCKOM Kpae Iokasaj, 4To B OT-
JMYME OT MHOTHX PETMOHOB MHUpA, TIe cTeOneBast pskaBarHa
JICCATUIICTUSIMU SIBIISICTCS BDEZIOHOCHOM O0JIE3HBIO, HATIPHMEDP
Kpacnonapckoro kpast Poccuu (Absnosa u ip., 2016), B 3anan-
Hoit Cubupn 3a KOPOTKHi1 Tepro] CO BpEMEHH €€ TIOSIBIICHNUS B
PETHOHE OTMEYACTCsl CYIIECTBEHHOE KOIMYECTBO MTaTOTHIIOB!
B OMCKoii nomyssitiuu — 13, B antaiickoit — 10 (cm. Tadm. 1).
BonbIIMHCTBO MATOTHUITOB, HICHTU(PUIIMPOBAHHBIX B MOMYIIS-
1K cTeOIeBON prkaBUMHEI Ha TeppuTOprK OMCKOH 00nacTH
u AJTaiickoro Kpas, 1o BUPYJICHTHOCTH HE WIACHTUYHBI I1a-
TOTHIIAM, OOHAPYKEHHBIM B MOCIEIHNE TO/b B A3un u Ad-
puxke (http://wheatrust.org/fileadmin/www). Bo Bcex nzyuen-
HBIX 3aI1aJHOCHOMPCKUX MOMYJIALUIX HE UICHTU(PHUIIUPOBa-
Hbl Ug99 n cunmnuiickas pacel P. graminis. | éHbI TaTOTUTIOB
cTeOIeBON PIKAaBYMHBI OMCKOW TOMYJISIIIMM aBUPYJICHTHEI
TOJIBKO K TeHy Sr3/, antaiickue M30JIThl aBUPYJICHTHBI K
Sr31, Sr24 u Sr30.

Hwuskast yactora BupynentHoctu (10-25 %) marorumnon
OMCKOH MOMYJISIIMK yCTaHOBJeHa st TeHoB Srll, Sr24,
Sr30, anratickoit nomynsaun — aist Sr7b, Sr9b, Sril, SrTmp,
KoTopbIe HeadekTrBHBI B OMCKOH 001acTh. Pesysprars! ja-
0GopaTopHOii OLIEHKH BUPYJAEHTHOCTH NMATOTHUIIOB P. graminis,
coOpaHHBIX B OMCKOW 007acTH, MTOATBEPIKIAIOTCS TTOJIEBEI-
MH HCCJIEZ0BAHHUSMH IO OI[CHKE YCTOHYMBOCTH/BOCTIPUIMYH-
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CrebneBas pxaBunHa B 3anagHomn Cnbupu —
pacoBblin cocTas 1 3GdeKTUBHbIE FeHbl YCTONYMBOCTY

BOCTH K CTEOJIEBOW prKaBUMHE JIMHUI M COPTOB MUTOMHHKA-
JIOBYIIKY C HACHTU(PHUINPOBAHHBIMU TeHaMHt S7 (cM. Ta0I1. 2).

Terorumet ¢ Sr31: Sr31 (Benno)/6¥*LMPG-6 DK42, Seri 82,
PBW343=Attila with Sr31, Cham 10=Kauz//Kauz/star, Baca-
nora=Kauz’s’ IpOsSBIIIN BBICOKYIO YCTOMYHUBOCTH K OMCKOM
MOMYJISIIUY CTeOIEBOM PrKaBUMHBI BO BCE T'OJIbI HCCIIEIOBAHUS
(2016-2018). Cpenneit yCTOWIMBOCTBIO OTIUYATIACH TUHUS
Ne 28 LcSr24Ag +BTSr24Ag ¢ renom Sr24. Cnenmyert oT-
METHUTb, YTO JUIsl HEKOTOPBIX S7* TEHOB OTMEUEH yCTONUMBBIHI
THUII peaKklMM Ha CTaJUH B3POCIBIX PACTEHHUH B YCIOBHSIX
3NU(UTOTUN U BOCTIPUUMYUBBIN — Ha IOBEHHMIIBHON CTaINU
B JIADOPATOPHBIX yCIOBHSIX.

Hamnpumep, copt Trident (Ne 46 1 47) ¢ renom Sr38 B mosie-
BBIX YCIIOBHSIX IMEJ BRICOKYTO yeToWanBOCTh (R-5SMR), copt
Einkorn (Ne 25) ¢ rernom Sr21 n smans Ne 44 (W2691SrTt-1
CI 17385) ¢ rerom Sr36 B MOJNEBBIX YCIOBUSIX UMEIHU Cpell-
HIOI0 ycTOHUMBOCTh Ha ypoBHe 10M, a B mabopaTopHBIX
YCIIOBHSIX IOBEHWJIBHBIE PACTEHUS C YKa3aHHBIMU I'€HAMHU
OTHECEHBI K I'PYIIE BOCIPUUMUYUBLIX. BBICOKON ycTOWUU-
BOCTBIO K CTEOJIEBOH prkaBUMHE BO BCE TOIBI HCCIIEI0BAHUS
omnyanuch copra nuroMHuka ISRTN ¢ nupamuioi reHos:
Ne 50 Amigo (Sr24 + 1RS-Am), Ne 51 Siouxland (Sr24 +Sr31),
Ne 52 Roughrider (Sr6 +Sr36), Ne 53 Sisson (Sr6 +Sr31 +
Sr36), Ne 55 Fleming (Sr6 +Sr24 +Sr36 + I1RS-Am).

Pe3ysbraThl OICHKH YCTOHYUBOCTH K CTEOJICBOM PiKaBUH-
HE JIMHUH U3 KOJUICKIINN « APCEHA» 1 JIyUIINX COPTOB KOH-
KypcHoro coproucnsitauns (KCH), co3nannsIx 1o nporpam-
Me YEJHOYHOH CEeJIeKIIMU C MCIIOIb30BaHUEM B rHOpuan3a-
IIMY CHHTETUYECKOH MIICHUIBI, IPEICTABICHBI B Ta0M. 3.

JIMHUN M3 KOJUICKIUH «APCEHAID» TPEACTABISIOT OOJIBIION
MHTEpEeC KaK MCTOUYHHMKH JUIS CEJIEKLUH Ha YCTOMYMBOCTh K
MaTOTeHY, OHHU SIBJISIFOTCSI HOCUTEINSIMHA ITMPAMU/IbI TEHOB S72
(T turgidum), Sr36, Sr40 (T. timopheevii), Sr44 (Th. interme-
dium). B pomociioBHOW BBIICIEHHBIX JIMHUN MPUCYTCTBYET
spoBast nuHAA meHuisl 13/00/i-4, y KoTopoit uaeHTH(H-
IIUPOBAHO CEMb I'€HOB YCTOWYHMBOCTH K CTEOJICBON prKaB-
ypne — Sr2, Sr36, Sr39, Sr40, Sr44, Sr47, Srl5, n o3umas
maus GT 96/90 ¢ renamu Sri5, Sr24, Sr31, Sr36, Sr40, Sr47
(Lapochkina et al., 2017).

VY coproB cenekuuu Omckoro 'AY Obu10 HACHTHGHUIHPO-
BaHO TPY T€Ha YCTOMYMBOCTH K CTEOIeBOH pxxaBumnHe: Sr23,
Sr31, Sr36. [lmennuno-pxxanaa Tpanciaokanus 1BL.1IRS
¢ TeHoM Sr3/ BbIsBIIEHA Y copTa DJIeMEHT 22, UMEIOLIEero
B pomocioBHOI copT ABpopa (Shamanin et al., 2016). Co-
yeraHue d(QEKTUBHBIX T€HOB ycToiuuBocTH Sr3/ u Sr35
00yCJIOBJINBAET BHICOKHI YPOBEHB YCTOHYMBOCTHU K CTEOICBON
prKaBUrMHE JAHHOTO COpTa. DIEMEHT 22 — OMH U3 HEMHOTHX
COPTOB C IPYIIIOBOH YCTOHYMBOCTBIO K cTeOneBol 1 Oypoit
p’KaBUMHE; OH BKJIIOUEH B [ 0CynapCTBEHHBIH peecTp cenek-
IIUOHHBIX JOCTIDKEHHUH 10 3anaHo-CHOMPCKOMY pEeTHOHY U
SIBJISIETCSI CTAHAAPTOM JUISl CPETHETIO3JHEH IPYIIIBI Ha TOCY-
JIApCTBEHHBIX copToy4yacTkax B OMCKOW 001acTH.

Jlnst cenekiuy B PETHOHE MPEACTABISIIOT HHTEPEC COpTa
JIrotecuenc 27-12, Jlrorecuenc 70-13, Jlrotecuenc 87-13, JIro-
tecieHe 88-13, KOTopbie ObLTH BBIIEICHBI M3 OHON THOpU/I-
Ho# momyssiin (Lutescens 30-94%2/3/T. dicoccon P1 94625/
Ae. squarrosa (372)//3*Pastor), co3naHHO OT CKpEIMBaAHHS
KazaxcTaHcKoro sipoBoro copta Jlrorecuenc 30-94 ¢ nunuei
CIMMYT, noxydeHHOH THOpHUIN3AINEH CHHTETHYECKON
MIIeHuIs! ¢ coptoM Pastor, n copt Jliotecuenc 87-12 (Ka-
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Ta6nuua 3. YcToumBOoCTb K CTe6NEeBOI PXKaBUMHE NIVMHUIA 1 NYYLLINX COPTOB APOBOIA MArKow nweHuubl KCY,

onbiTHoe none Omckoro MAY, 2016-2018 rr.

CopT, nnHuA %/Tvn

[eHbl ycTonumeoctn

zakhstanskaya 25/2* Attila/3/T. dicoccon P194625/Ae. squar-
rosa). B coprax KCU unentudunupoanst renst Sr23, Sr31
1 Sr36 B pa3IngyHOM COYETAHHH.

O6cyxpeHue
B coBpeMeHHBIX ycIoBHsIX cTeOsIeBasi pykaBurHa Ipe/CTaB-
JSIeT HanOOJIBIITYI0 OMTACHOCTH JUIS 38PHOBOTO X03s1iicTBa 3a-
naiHoi Crubnpu. B rozsl snmduroTHii motepu ypoxkas mie-
HUIIBI B PETHOHE COCTABIIAIOT OKOJIO 2 MITH T 3epHa. K coxa-
JICHHUIO, YCTOMYMBHIE K CTEOTIEBOH pPrKaBUMHE COPTa, KOTOPHIE
BKJIFOYEHBI B [ OCyapCTBEHHBII peecTp B MOCIETHHUE TO/IbI,
3aHuMaloT He Oonee 10—15 % B cTpyKType MOCEBOB mie-
HuIp! B peruone. [Ipu omenke B 2015-2016 rT. 57 copTtoB
SIPOBOM MUIEHUIIbI, UCTIBIThIBaeMbIX Ha MockaneHckom ['CY
Omckoil obnacTu (F0XKHAs JIECOCTEIb), YCTOMYMBBIN THII
peaxmym (5—15MR) BBISBICH TOJTBKO y COPTOB DiieMeHT 22
(Sr31+Sr35), Omckas 37, Curma, Ypanocubupckas (Sr31),
Curma 2 (Sr31+S8r25), Toraa kak ocrajbHbIEe cOpTa Mmopa-
JKaJIMCh [TIATOI€HOM B CPEIHEN U CHIIBHOM CTEIEHU, YTO MOJ-
pasymeBaeT NPUMEHEHNE CPEACTB XUMHUICCKON 3aIUTHI 110-
ceBoB nuieHusl B perrnone (Lapochkina et al., 2017). Panee
ObuTa IpoBeeHa MACHTU(UKAINA T€HOB yCTOWYMBOCTH K
cTeOIEeBON pKaBUMHE C MCIOIB30BAHNEM MOJICKYISIPHBIX
MapKepoB KOJUICKIIMU COPTOB, CO3/IaHHBIX CEJICKIIMOHHBIMH
yapexaeHusaMu 3anaaao Cudnpu, v moka3aHo, 9To B Pe-
CTaBJICHHOM MaTepHuaje ¢ Hanbojee BBHICOKOH YacCTOTOH
BCTpevaroTcs reHsl Sr25, Sr31 v couetanue reHoB Sr25+Sr3 1
(Shamanin et al., 2016). Bricokas H3MEHIHBOCTH PaCOBOTO
cocTaBa MOIYJISIIH MaTOT€HOB, YTO POAEMOHCTPHPOBAHO B
HalIuX UCCICOOBAaHUAX, U OI[HOO6pa3I/Ie T'CHOB yCTOﬁ‘{HBOCTH
K cTeOIeBOM p)KaBUMHE Yy BO3/EIBIBAEMBIX COPTOB CTaBSIT
TIO/T yTPO3y CTaOMIBHOCTh TIPON3BOICTBA 3€PHA B YCIIOBHAX
3anaanoit Cubupn.

Crparerus celeKIuy COpTOB 0KHA PEIIaTh 3a1ady oIe-
peKeHus pa3BUTHs Oose3HH B pernone. [lomymsiunu P. gra-
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minis, GOPMHUPYIOMIHECS HA MPOU3BOICTBEHHBIX MTOCEBAX
MIICHUIB B PA3JIMYHBIX OOJIACTSIX PETHOHA, OMPEAEISIIOT
HEOOXOIUMOCTh OPHUEHTHPOBATHCSI HA (PUTOMATOIOTUICCKHE
CBOJIKM I10 pacoOBOMY COCTaBy momnyisiuuil. B omckoi nomy-
nsuun P, graminis HET aBUPYJIEHTHBIX KIIOHOB K reHy Sr24,
B ANTaliCKOM Kpae, HalpOTUB, HE BBIJICJICHO BUPYJICHTHBIX
KJIOHOB K Sr24, KOTOPBIN COXpaHAeT CBOIO 3(PPEeKTHBHOCTH
n B HoBocnbupckoii oomactu (CkosotHesa u jip., 2018). Pe-
3yJIBTaThl CPABHEHHUS PACOBOT'O COCTaBa MO3BOJISIIOT TOBOPHTH
00 OMCKOH W anTaickoil cyOmOmyIAnusIX ¢ He3aBHCUMBIMU
MCTOYHHUKAMHU T€HETHYECKOTO Pa3HO00pa3Hs M 30HOH COTIpH-
KocHOBeHMs1. [TyTeM cpaBHEHHS pacoBOroO cocTaBa 00OpasoB
noryssiuuy n3 OMckoit, HoBocnbmpcekoit obmacteit n Anraii-
CKOTO Kpasi BBISIBIICHA CIIOXKHAsI CTPYKTYpPa 3aI1aTHOCHONPCKOH
nonynsiuu P graminis. Ilpeanonaraercs cymecTBOBaHHUE
JIBYX CyONOITYIIALINIT: OMCKOM M aITalCKOi, C He3aBUCHMBIMH
MCTOYHMKAMH F'€HETHYECKOTO Pa3HOOOpa3nst M 30HOH F'eHOTH-
MUYECKOro 0OMEHa Ha MIICHIYHbBIX moceBax HoBocubupcekoit
obmactu (CxonoTHEBa U 1p., 2020).

AHaJm3 pacoBOro COCTaBa OMCKOH IOMyJSIUK cTede-
BOW PrKaBYMHBI MOKa3ajl, YTO CHEKTP 3(P(EKTHBHBIX TCHOB
yCTOIUMBOCTH B ycIoBHAX OMCKOHM 00JacTH CyKaeTcsl, 9To
00ycItoBIIeHO roTepei 3 PEKTUBHOCTH psifia TeHOB K MECTHOM
nonyysiuuu P, graminis.

Ha ocHOBaHMM OLIEHKM YCTOMYMBOCTH K MECTHOW IOIY-
JSIIMU cTeOIIEBOM PKaBUMHBI BBIICIICHBI BBICOKOYCTOHYNBBIC
copra u sinHuK iutoMuuka ISRTN: Sr31 (Benno)/6¥*LMPG-6
DK42, Seri 82, Cham 10, Bacanora (Sr317), RL 6087 Dyck
(Sr40), Amigo (Sr24, 1RS-Am), Siouxland (Sr24, Sr31),
Roughrider (Sr6, Sr36), Sisson (Sr6, Sr31, Sr36), Fleming
(Sr6, Sr24, Sr36, 1RS-Am), Pavon 76 (Sr2 complex). Brine-
JICHHBIC COPTAa M JINHHUH [eJIECO00pa3HO NPUBIICKATH B CEJIEK-
LIMOHHBIE IIPOTPAMMBI B KaUECTBE HCTOYHUKOB YCTOWYHBOCTH
JUISL CO3JJaHUSI COPTOB IIIEHUIIBI, YCTOWYMBBIX K CTEONEBOI
pkaBurHe. D deKTuBHBIE TeHbI ycToiunBocT Sr31, Sr40,
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Sr2 complex n nx xomOuHaIMK ¢ HEI(D(DEKTUBHBIMHU T'€HAMHU
PEKOMEH/JOBAaHbI sl MCIIOIB30BAHUS B CEJIEKIUH C YIETOM
MOCTOSTHHOW POTAINH, MOAKIIOYSHUS] TeHOB Hecrenuduye-
CKOW YCTOWYMBOCTH, @ TAK)KE BO3MOYKHOCTH 3aHOCA MH(DEKIINH
C COIPENEIbHBIX TEPPUTOPUHL.

I'en Bo3pacTHOM ycTOHUMBOCTH Sr2, IIMPOKO MpPUBIIEKaE-
MBIH B CEJEKIHIO Ha YCTOWYUBOCTH K BHUPYJIECHTHBIM pacaM
cTeOIeBON pKABUMHBI, PACIIPOCTPAHEH B KOMMEPUECKUX
copTax B psijie CTpaH MUpa, B yacTHOCTH B CIIIA, ABcTpanuu,
Nunun u Mexkcuke. /laHHbBIN reH MPakTUYECKU OTCYTCTBYET
B peecTpoBbIX coprax Pocculickoin denepanuu, OIHAKO IS
3¢ PEKTUBHOM 3aINTHI OT CTEOIEBON PHKABINHBI PEKOMEHTY -
€Tcs ero NMPaMUIMPOBaHKE C IPYTUMHU FeHaMH yCTOHYMBOCTH
(bapanosa u 1p., 2015).

Jlis co3naHust COPTOB C JIUTENBHON yCTOMYMBOCTBIO pas-
paboTaHa cTparerusi 00beJUHEHHs B OJTHOM I'€HOTHIIC T'€HOB,
OTBEYAIOLIMX 3a pa3Hblil TUN ycToiunBocTy. [Tupamuaupo-
BaHIE ICHOB IOBEHIUTFHOH ycToiunBocta (Sril, Sr24, Sr30wn
Sr31) ¢ reHOM BO3pacTHOM yCTOHYUBOCTH Sr2, 00y CIIOBIHBA-
OIIAM 3aMeIJICHHOE pa3BUTHE Oone3HH (slow rusting), Oymer
oOecrieunBarh OoJsiee TPOAOIKUTENFHYIO 3aIUTY MOCEBOB
IMIIEHUIBI OT cTe0IeBOH pKaBuMHBI B 3anaqHoil Cubupu B
YCIIOBHSIX CIIOXKHBIIEHCS (PUTOCAHUTAPHON CHTYAITHH.

JInnun n3 xomnexiuu «Apcenam» —Ne 1 BC,F, (96 x 113) x
X145 %113 (82, 5136, Sr44); Ne 14a F, (96 x 113) x 145 (Sr36,
Sr44); Ne 19 BC,F, (96 x113)x 113 (Sr2, Sr36, Sr44); Ne 20
F; (96 x113)x145 (Sr2, Sr36, Sr40, Sr44) — npencTapusioT
c000¥ MEPCICKTUBHBIA UCXOMHBIN MaTepHas B CEJICKIMH Ha
CO3/1aHHUE COPTOB C AJIUTEJIBHON YCTOWYUBOCTBIO.

B rubpuanzanmio nenecooOpa3sHo BKIIOYATh MCTOYHUKH
YCTOHYMBOCTH K CTEOJEBOW prkaBUMHE C MUHUMAIbHBIM
YHCJIOM HETaTHBHBIX IIPU3HAKOB, KOTOPbIE CHIKAIOT UX CEJIEK-
IIMOHHYIO IIEHHOCTb. B 9T0i1 cBsA3M ycTOHYNBBIE K CTEONEBOI
pkaBunHe copta cejiekimu Omckoro TAY ¢ uaeHTHdUIH-
poBaHHBIMHU (PPEKTUBHBIMU TeHaMu Sr DnemenT 22 (Sr31,
Sr35), Jlrorecuenc 27-12, Jlrotecnenc 87-12 (Sr23, Sr36),
Jlrorecuenc 70-13, Jlrotecuenc 87-13 (Sr23, Sr31, Sr36),
Jlrorecnienc 88-13 (Sr23) ABNAIOTCS IEHHBIM HCXOIHBIM Ma-
TEPUAJIOM JUIsl CEJIEKIINU B PETUOHE.

3aknioyeHune

Taknm 00pa3zom, reHeTHYecKast OTHOTHITHOCTh COPTOB SIPO-
BOI1 NIIICHUIIBI, BO3JICIIBIBACMBIX Ha 6OJ'HJU_II/IX miomagsax B
3amagaoit CubupH, Mo TeHaM YCTOHYHBOCTH K CTeOIeBON
PrKaBUMHE 1 TTpeolI1afaHie COPTOB € TeHAMH PacoCIeu(u-
YEeCKOM yCTOWYMBOCTH CHOCOOCTBYIOT PaclpOCTPAHEHUIO U
BBICOKOW M3MEHYMBOCTH NatoreHa. JImHnm xomnexmun «Ap-
ceHam» —Ne 1 BC,F, (96 x113) x 145 x 113 (Sr2, Sr36, Sr44),
Ne14aF, (96x113)*x 145 (Sr36, Sr44), Ne 19 BC,F, (96 x 113) x
X113 (Sr2, Sr36, Sr44), Ne 20 F, (96 x 113) x 145 (Sr2, Sr36,
Sr40, Sr44), copra OMCKOTO arpapHOTro YHHBEpCHTETa — DJe-
MeHT 22 (Sr31, Sr35), Jlrotecuenc 27-12, Jlrorecuenc 87-12
(8723, Sr36), Jlrorecuenc 70-13, Jlrorecuenc 87-13 (Sr23,
Sr31, Sr36) peKoMeHTyIOTCS JITs BKIIIOUCHHUS B CENICKIIMOH-
HBIH NPOIIeCC MPH CO3AaHIH COPTOB, YCTOHUUBBIX K CTEOIEBOM
pKaBUMHE B YCJIOBUAX pernoHa. JlanpHeHmnid MOHUTOPUHT
BUPYJICHTHOCTH BO30YyIUTENs CTEOIEBOH PyKaBUMHBI M CKO-
OpAWHUPOBaHHAsA CTpaTerud CCICKIMOHHBIX IPOTrpaMM B
3amagHoit CuOupy M compenenbHBIX paitoHax PecryOmuku
Kazaxcran 1o BKIIOYEHHIO pa3HOOOPa3HBIX HCTOYHHKOB d(h-

CENEKLUMA PACTEHUA HA UMMYHUTET / PLANT BREEDING FOR IMMUNITY

2020
24.2

CrebneBas pxaBunHa B 3anagHomn Cnbupu —
pacoBblin cocTas 1 3GdeKTUBHbIE FeHbl YCTONYMBOCTY

(DEeKTHBHBIX TEHOB YCTOMYMBOCTH, B 4acTHOCTH Sr2 u Sr40,
HO3BOJIUT YIYYLINTH (PUTOCAHUTAPHYIO OOCTAaHOBKY M pac-
MIMPUTH CETMEHT YCTOWYHBBIX COPTOB B PETHOHE.
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ONUPUTOTUYECKNII ITPOIIeCcC CerITopmosa
Ha COpTax SIpOBOI IIIIEeHUILIbI

E.IO. Topor[msal’ 2@, O.A. Kasakosal’ 2, B.B. HMCKapeB3

" Hoocu6mpckuit roCyAapCTBEHHbIV arpapHblii yHuBepcuTeT, HoBocnbrpck, Poccua
2 Bcepoccninckunii HayuHo-UcceAoBaTebCKUn UHCTUTYT dprTonaTonoruu, p.n. bonblne Basembl, OAMHLOBCKMIA paiioH, MockoBcKas obnacTb, Poccus
3 CUBVPCKNI HayYHO-MCCIIEOBATENBCKNI HCTUTYT PAaCTEHNEBOACTBA 1 cenekum — dunnan QeiepanbHOro UCCIEOBATENLCKOTO LieHTpa
WHCTUTYT umTonorum n reHetnkn Cnbupckoro otaeneHms Poccuinickor akaaemum Hayk, p. n. KpacHoo6ck, HoBocubnpckas obnactb, Poccua
® e-mail: 89139148962@yandex.ru

AHHoTayus. CenToprios NIMCTbEB U KOJTOCA APOBOI NLIEHMLbI — OfHA M3 Hanbonee SKOHOMNYECKUN 3HAUMMbIX MHEK-
unii B CMBMPCKOM pervoHe. B cnctemax KOHTPOMA CENTOpMO3a OCHOBHbBIM 3KONOrMYeCcKr 6e30MacHbIM 31eMeHTOM
ABNAIOTCA YCTONYMBbIE COPTa, KOTOPblE TOPMO3AT UM OCTaHABMBAIOT Pa3BUTUE NUPUTOTUYECKOrO NpoLecca nyTem
3amef/IeHns pa3MHOXeHUA Bo3byanTenen centopuro3sa. Llenb paboTbl cocToAna B yTOUHEHNM BULOBOFO COCTaBa BO3-
6yauTeneit centopmosa no pervoHam 3anagHon Cnbrpu n coptam APOBON NLWEHWLbI, NUCCIEAOBAHNMN SNUPUTOTUYE-
CKOro npotecca centopuosa andpdepeHUnpPoBaHHO Ha JIMCTbAX MU KONIOCbAX COPTOB, @ TaKXKe B OLEHKe aKTVBHOCTU
ceMeHHon nepepaun Parastagonospora nodorum. WccnepoaHus nposoaunm B 2016-2018 rr. no o6WwenpuHATbIM
meToamKam. B 3anagHoin Cnbrpu cenToprios NNCTLEB 1 KONOCA SPOBOWA MLIEHMLbI LUIMPOKO pacnpocTpaHeH: 35 % no
nokasatesnto pa3Butua 6onesHn n 90 % no pacnpocTpaHeHHOCTU. Bugosoii coctaB Bo3byauTeneii centopuosa npes-
cTaBneH P. nodorum, Septoria tritici v P. avenae f. sp. triticae, npuiem COOTHOLLEHVE BUAOB N3MEHSANIOCH MO PervoHam.
B HoBocnburpckoli 061acT 0TMeUeHO NoniHOe AOMUHKpPOBaHue P. nodorum, S. tritici BcTpeyanca B 13.8 pasa pexe, a
P. avenae f. sp. triticae eguHnyHo. B TioMeHCKo 06nacTy foMrHMpOBaHmne P. nodorum He 6bIN0 TakUM 6e3yC/IOBHBIM 1
HapyLLanocb B HEKOTOPbIX reorpaduyecknx nyHKTax S. tritici n P. avenae f. sp. triticae. B AnTalickom Kpae BO BCeX TOUKax
yueTta npeobnagan P. nodorum; S. tritici n P. avenae f. sp. triticae BcTpeyanncb NOBCeEMeCTHO, HO B 5.6 1 8.6 pa3a pexe
COOTBETCTBEHHO. VI3yyeHne cOpTOB APOBON MLIEHMLbI PAa3HOrO NMPOUCXOXKAEHNA HE MO3BONMIO BbIABUTb MMMYHHbIX
K CenTopuosy nucTbes n Konoca ¢dopm. YctaHoBNneHO AnddepeHLMpoBaHHOE NPOABIeHME NPU3HAKOB YCTOMYMBO-
CTV K CEeNTOPKO3y IMCTbEB U KOJNOCA, BblAeNeHbl COPTa, COYeTatoLne NOHMKEHHYI0 BOCMPUMMUYMBOCTD K CENTOPMNO3Y
1 INCTbEB, 1 Konoca. MHouumpoBaHHOCTb cemAH ¢uUTONaToreHom B perroHax Cnbupn gocTurana 7 SKOHOMUYECKNX
NopPOroB BPEAOHOCHOCTY U B 3HauMTeNbHoW cTeneHn (52.5 %) onpepenanacb NOrofHbIMK YCIOBMAMM aBrycra. Msyye-
HVie KOMNeKLuiA COpPToB 13 Tpex permoHoB Crbrpu No3BoNMIIO BbIABUTL CIEAYIOLLYI0 TEHAEHLMIO: Hanbosee akTUBHO
nepegayva P. nodorum c cemeHamu copToB LWwia B HoBocnbupckon obnactu (7.6 %), B MeHbluel cteneHn — B OMcKon
(5.7 %); camas 6narononyuyHasa ¢puTocaHUTapHasn cutyaums 6bina B KypraHckoin obnactu: copta nepegasanu P. nodorum
B cnaboi cteneHu (2.1 %), HUXKe SKONOrMYeckoro nopora BPegoHOCHOCTU.

KnioueBble ci0Ba: CENTOPMO3 NINCTLEB U KOSTOCA; APOBas MLLEHNLA; MOHUTOPUHT; Parastagonospora nodorum; Septoria
tritici; P. avenae f. sp. triticae; copT; yCTOMUMBOCTb; CEMEHHas Nnepepaya.

Ana yntnposaHusa: Toponosa E.10., Kazakosa O.A., Mnckapes B.B. Snnoutotnyecknin npouecc centoprosa Ha copTax
APOBOWN NLUeHNLbl. BaBMNOBCKMI XypHan reHeTUkn n cenexkummn. 2020;24(2):139-148. DOI 10.18699/VJ20.609

Septoria blotch epidemic process on spring wheat varieties

E.Yu. Toropoval> 2@, O.A. Kazakoval> 2, V.V. Piskarev?

T Novosibirsk State Agrarian University, Novosibirsk, Russia
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3 Siberian Research Institute of Plant Production and Breeding — Branch of the Institute of Cytology and Genetics of Siberian Branch
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Abstract. The Septoria blotch of spring wheat leaves and ears is one of the most economically significant infections in
the Siberian region. In the control systems of Septoria blotch the main ecologically safe element is resistant varieties,
which are designed to slow down the pathogens reproduction rate and slow down or stop the development of the epi-
phytotic process. The purpose of the work was to clarify the species composition of Septoria blotch pathogens for West
Siberian regions and spring wheat varieties, to study the epiphytotic process of Septoria differentially on the leaves and
ears of varieties, and to evaluate the activity of seed transmission of Parastagonospora nodorum. Studies were carried
out in 2016-2018 according to generally accepted methods. Septoria leaf and ear blotch of spring wheat is widespread
in West Siberia and the Trans-Urals, causing a decrease in yield by up to 50 % or more with the deterioration in grain
quality. The causative agents of the disease are P. nodorum, Septoria tritici, and P. avenae f. sp. triticae, and the species
ratio varied across the regions and varieties, and within plant organs. In Novosibirsk Region, P. nodorum completely
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dominated; S. tritici was 13.8 times less common; and P. avenae f. sp. triticae was a singleton. In Tyumen region, the
dominance of P. nodorum was disrupted in some geographic locations by S. tritici and P. avenae . sp. triticae. In Altai Krai,
P.nodorum predominated at all points studied; S. tritici and P. avenae f. sp. triticae were found everywhere, but 5.6 and
8.6 times less often, respectively. The study of spring wheat varieties of different origins has not revealed any samples
immune to Septoria blotch. A differentiated manifestation of resistance to Septoria leaf and ear disease has been es-
tablished. Some varieties show complex resistance, combining reduced susceptibility to Septoria leaf and ear disease.
Seed infection with P. nodorum in the regions of Siberia reached 7 thresholds and was largely (52.5 %) determined by
the August weather conditions. The study of the collection of spring wheat varieties from three Siberian regions has
revealed the following trend. Transmission of P. nodorum with the seeds of varieties was the most active (7.6 %) in Novo-
sibirsk Region and somewhat weaker in Omsk Region (5.7 %). The most favorable phytosanitary situation was in Kurgan
Region, where varieties transmitted P. nodorum to a low degree (2.1 %), below the threshold.

Key words: Septoria leaf and ear blotch; spring wheat; monitoring; Parastagonospora nodorum; Septoria tritici; P. avenae
f. sp. triticae; variety; resistance; seed transmission.
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BBepeHune

B Teuenue nnuTenbHOrO nepuoja BPEMEHHM OAHOW M3 Hau-
Ooree pacrpoCTpaHEHHBIX W BPEIOHOCHBIX OOJE3HEH sipo-
BOM IIIEHUIIBI BO BCEX 30HAX €€ BO3/ICIBIBAHUSI OCTACTCS
centopro3 nuctheB u kojoca (Eyal, 1999; Robert et al.,
2004; Hazaposa u ap., 2010). [Ipu mopaxeHUH MIICHUIIBI
CENTOPHO30M JIUCThSI MPEKACBPEMEHHO 3aChIXalOT, HAJIHB
3epHa UJIET TOJIBKO 3a CUET 3eJICHBIX YacTeil cTeOus u KoJoca.
3epHO QopMupyeTcs MIyIIioe, ¢ HU3KOW HAaTypoOl U Maccoi
1000 3epeH. 3epHOBas MPOAYKTUBHOCTH SPOBOM MIIEHUIIBI
nagaet Ha 25-60 %. BcxokecTs n 9HEprus mpopacTaHus
ceMsH cHIpKaroTcs Ha 7—12 % (Uynkuna, 1991; Parker et al.,
2004; Robert et al., 2004; Canusn u ap., 2015).

OcHoBHBIC BO30yaUTENN OOJIC3HU HA IPOBOH MIICHHIE —
MHUKpOMULETH Parastagonospora nodorum (Berk.) Quaedvl.,
Verkley & Crous (cun. Depazea nodorum Berk.) u Septoria
tritici Roberge ex Desm. (cun. Zymoseptoria tritici (Roberge
ex Desm.) Quaedvl. & Crous.). 13 5THX 1ByX BUIOB rpuOOB Ha
sipoBoi ImeHwute B CHOMPH MPEenMyIIIeCTBEHHOE pacipoCcTpa-
HeHue umeet P. nodorum, otnyaronuiicst 6onee ObICTPBIM
(B 8-10 pa3) mpopacTaHneM MUKHOCIOP U KOJOHU3aNneH
TKaHU pacTEHUsS-X0341Ha 110 CpaBHEHUIO ¢ S. tritici (Hynku-
Ha, 1991). Takxe oTMEUEHO pacIpoCTpPaHEHHE Ha MIICHHIIE
Phaeosphaeria avenaria f. sp. triticae Shoem. & C.E. Babc.
(cun. S. avenae f. sp. triticae) (Topomnosa u np., 2019). Otn
K€ BUJIbI HAHOCAT HAHOOJBIITNI BPEl TOCeBaM O3UMOM TIIIIe-
autp! (Komomuern u ap., 2018). Kaxnaprit n3 ¢puronaroreHoB
MMEET OTpe/IeTICHHBIC ITHIEMHUOJIOTHIECKIE OCOOCHHOCTH
TpeOOBaHMUS K YCIOBHUSIM OKPYKAIOIIEH CPEJIbl, YTO 00eCTIeUH-
BAaCT BBICOKYIO AKOJIOTMIECKYTO IIACTUYHOCTH 32a00JI€BaHIS U
TPYyAHOCTH 00pBOBI ¢ HUM. Bo3Oynurenu cenrtoprosa MOryT
CYIIIECTBOBATh COBMECTHO HA PACTEHUH. S. tritici TIaBHBIM 00-
pa3oM MopaskaeT JIMCThSI, IIPH 3TOM HHTCHCHBHEE pa3BUBACT-
Cs1 Ha MOJIOZIBIX, YE€M Ha CTapbIX TKaHsX. P. nodorum onuna-
KOBO XOPOIIIO TIOpa)kaeT KaK JIUCThSI, TAK M KOJIOCHS, CHOCOOEH
JKUTh U Pa3sMHOXKAThCS Ha MepTBEIX TKaHAX (Komomwmen m
Ip., 2018). Haubonpmias BOCIPHUMYHBOCT K P. nodorum
ormeueHa B ¢asy konomenus u userenus: (Cooke, Jones,
1970). ®a3a HauBBICIIEH YYBCTBHUTEIBHOCTH MIIEHHUIBI K
S. tritici pUXOIUTCS Ha TIEPUOJT Ky IICHUSI—TPYOKOBAHHMS, 4TO
MPEUMYIICCTBCHHO CBA3aHO C MOBBIIICHHON BJIa>KHOCTBIO
BO3/1yXa B muctoBoM mosore (Adolf et al., 1993). IIpencras-
JICHHOCTb OCHOBHBIX BO30Y/IUTEIIEH B [TaTOT€HHOM KOMILIEKCE
CeNTOprO03a 03UMOH MIICHUIIBI 3aBUCUT OT MOTONBL. S. fritici
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JOMHUHHUPYET B TOIBI C HU3KUMHU 3UMHUMH TeMIEpaTypaMu
u ¢ OoJsiee TEIUTBIMH U JIOXKUTMBBIMHU YCIIOBUSIMH B TIEPBOI
MmoJjioBUHE Jieta. S. nodorum mpeodianacT B Toasl ¢ Ooiee
BIQYKHOM TOTOJ0M OCEHHETO MEPUOAA, TEIUIBIMH 3UMaMH U
OOJIBIINM KOJIMYECTBOM OCaJIKOB BO BTOPYIO MOJIOBHHY JI€Ta
(Canus u np., 2017).

CenTopro3 INCTHEB U KOJIOCA 3apETUCTPHPOBAH OoJiee yeM
B ISITH/IECATH CTPaHaX MUPA, TPEUMYIIECTBEHHO B ITMPOTAX
¢ ymepeHHbIM kiaumaTtoM (EBpoma, CeBepHas Amepuka,
Asctpamus). Ha tepputopun OpBmero CCCP cenropros
0co0eHHO cHIIbHO pacmpoctpaneH Ha CeepHoM KaBkase,
VYpane, Ykpaune, B benopyccuu (Hazaposa u ap., 2010).

Brenpenne pocTKOBBIX TPyOOK (PHTOIATOTCHOB B TKaHU
JIMCTHEB BOCHPUMMYHBBIX X035€B MOCIE MPOPACTAHUS TTHK-
HOCIIOp B OOJIBIIMHCTBE CIIYy4aeB OCYIIECTBISCTCS 4Yepes
YCTBUUHYIO MIENb, PeXEe — uepe3 snuaepmMuc. Yacto B oqHO
YCTBHIIE MPOHUKAET HECKOIBKO POCTKOB. [locie mpoHnKHO-
BEHMsI BO30yIUTENEH OTMEYAIOT cj1aboe BETBICHUE M POCT
rpruOOB B MEXKKIIETHUKAX ME30(MIIBHBIX KJIETOK JIUCTA, TIPH-
4yeM OOJBITMHCTBO I'H( PacTeT BJOJIb JINCTA MEXKTY KIIETKAMHU
snuaepMuUca U Me30(uiuia. DTHM, BUIUMO, OOBSICHSICTCS TOT
(haxT, 9TO TATHA CENTOPHO3a YACTO BBITSHYTHI BOJIb KHIIOK
mucra. [locTeneHHO MPOMCXOIUT BETBIEHUE TH(, paszpac-
TaHWUEC UX B PA3HBIX HAIIPABJICHUAX, IIPU 3TOM HECCKOJIBKO pa3
MIPOHM3BIBACTCS TONIIA JINCTA, MEKKIETHUKH 3aITOIHSIOTCS
murnenneMm (Robert et al., 2004; Hazaposa u ap., 2010).
VY B030yauTeNsl CENTOpHO3a JIMCThEB S. fritici OOHApyXKeH
(PUTOTOKCHH OXPAIHH, OAABIAIOMINN POCTOBBIE POLIECCHI
pacTeHnii-X0351€B, ¥ CENTOPHH, MHIMOUPYIONIHI MPOLIECCH
OKHCJIUTENBHOTO (hocOpHIMPOBAHUS B PACTUTEIBHBIX KIIET-
kax (Eyal, 1999).

3apaxxeHHe pacTeHHH BO3OYIUTEIISIMH CETITOPHO30B PO-
UCXOIUT 0COOCHHO WHTEHCHUBHO, €CJIM MEPUOJL KarelbHOTo
YBIIQ)KHEHUS IPH ONITUMAJIbHON TEMIIEPAaType COCTABISET HE
MeHee 8 4, a OTHOCHUTENbHAS BIAXKHOCTb Bo3ayxa — 98—100 %.
[TosTOMy CcenTopro3bl yallle BCEro pa3BUBAIOTCS B pailoHax
C JI0CTAaTOYHBIM yBIakHeHHEeM. OIHAKO M3BECTHBI CIIydau,
KOTJIa CENTOPHO3 MPEJICTABIISIT OITACHOCTh M B CYXHX palioHax.
910 OGT))ICHSI@TCSI TEM, YTO MAaTOT'C€HbI MOT'YT HMCIOJb30BATh
MIPEPBIBUCTHIN BIaKHBIN EPHO, B PE3YIbTATE PETYISIPHOTO
Bemaenus poc (Toporosa u ap., 2002).

WHKy6anoHHbIN MEpHOJ CEITOPHO30B B 3aBUCUMOCTH OT
THUIPOTEPMHIUYECKUX YCIOBHH COCTABISAET OT 6 1o 49 nHeil.
Perpeccuonnslil ananu3 nokasai, 4To 45 % U3MEHUUBOCTU
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JIATEHTHOTO Tieproja Bo30yauTelisi 00yCIIOBICHO BIHMSHHEM
Temreparypsl, 12 % — IIOTHOCTHIO €ro MOMYIISINHI, U TOJIBKO
3 % — puurenbHOCTBIO yBiIaxHeHus (Yynkuna, 1991). Oto
CBUACTCIILCTBYET O TOM, YTO, ITOTIaB B 9KOJIOT'MYCCKYIO HUIITY,
BO30YIHUTEINb YK€ MPAKTUIECKH HE 3aBHCUT OT yBIIQ)KHEHUSI.
XoTs BO BHEIITHEH cpejie Ha IPOTSHKEHUH BeeX (a3 MexaHu3Ma
nepe/iauu (OTAENICHHE OT UCTOUYHHKA BO30YIUTEINsI MH(EKIINH,
repeada Mpormaryi BO3AyIIHO-KaleJbHbIM ITyTeM, Ipopac-
TaHWE U BHEJIPEHHE B TKAHHW BOCTIPUMMYNBBIX PACTCHHI) €TO
JKU3HEHHBIN IIUKJI B 3HAYUTEIBLHOU MEPE 3aBUCUT OT HAJTUYU A
KanenmpHO-kuaKoi Biaru (Nolan et al., 1999; Topomosa u ap.,
2002; Hazaposa u nip., 2010; ITaxonkosa, 2015).

PenponykTuBHBIN NOTEHIIMAN BO30yAMTENEH CENTOPUO-
30B JIOBOJIFHO BBICOK, 710 10—15 ThIc. MUKHOCTIOp B ONHON
MUKHAZE. MeK1y KOIMYeCTBOM MUKHU U THKHOCHOP Obli1a
YCTAHOBJIEHA TeCHas KoppeisiuoHHas cBa3b (r = 0.901)
(Yynkuna, 1991).

Just oOpa3oBaHMs MUKHUI HEOOXOIMUMA BBICOKAsI OTHO-
CHUTeNbHasl BIXXHOCTb Bo3yxa (0osee 98 %). 3perble nuk-
HUOBl P. nodorum Qopmupyiorcs B TeueHue 8—14 nHew,
S. tritici — 14-20 nmue#t mocne nHOKymsinuu (Ilaxomkosa,
2015). 3a ce30H pa3BuBaercs oT 6 10 12 reneparuii rpudoB.
B kxoHIe Beretannu pacTeHUI-X035€B YUCII0 MUKHU] JOCTH-
raeT MaKCHMalIbHOM BEJTMUMHBL; Ha OTHUX M TEX )K€ JTUCTHIX
(hopMHUPYIOTCS IIMKHUJIBI U CyMKH (TIJIOIOBBIE TeJla) PasHbIX
BUOB Bo30OynuTenei centoprosa (Koxomwuen u ap., 2018).

Bo30ymurenu centoprno3oB 3UMYIOT Ha HH(HUIINPOBAHHBIX
PaCTUTCIIbHBIX OCTAaTKax B (bopMe MHUICJINA, INIOJOBBIX TCII U
MUKHAL, a P. nodorum Taxke Ha OBEPXHOCTH WM BHYTPH
cemsH — B hopme munenust, mukaun (Topornosa u np., 2016;
CanuH u 11p., 2018). Ha nHQUIMPOBAHHBIX PAaCTUTEIBHBIX
OCTaTKax B MOBEPXHOCTHOM CJIO€ ITOYBBI MJIM Ha €€ TTOBEPX-
HOCTH BO30YIUTEIIN COXpaHSIOTCs 6—18 MecsitieB, a B OUBe Ha
nIyOMHE MaXOTHOTO CJIOS — J10 KOHIA HIOHs—H1IoNs. [Ipu aToM
I T pacTUTENBFHBIX OCTaTKOB B TIOYBE COHAEPXKUT 1.5—6 MiH
CTIOp BO30YAMTEIIs, HA TIOBEPXHOCTH IMOYBBI — 52—63 MIH
crop. JKuzHecrnocoOHOCTh Kak TMKHOCIIOP B MUKHUIAX, TaK
1 0COOEHHO acKOCTIOp B CyMKax ObIBaeT BBICOKOM, JOCTHTas
100 % B a3y xosomieHus IPOBOM MIICHMIIBI, KOTAA MPO-
UCXOAMT MaccoBoe 3apakeHue pacteHuit (Uynkuna, 1991;
Topormosa u nip., 2002; Canun u ap., 2018).

CriocoOHOCTh MUKHOCTIOP K PacHpoCTpaHEHHUIO MOCIe
OCBOOOXKICHUS U3 NMHUKHH] CBs3aHa ¢ JOXJeM. Berep 0e3
JOXIST HE MOYKET TIEPEHOCUTD CITOPBI, TAK KAK OHU MOKPBITHI
KJICHKOI Maccoi, KOTOpasi B OTCYTCTBHE BJIark IPUKJICHBACT
ux K cyocrpary. [To Mepe yaaneHus OT HICTOUHHKA HHPEKLIUH
ToMyJIsIys crop ymenbinaercs. Jlaixee 500 M crtopsr 00I9HO
He 00HapyXXHMBAIOTCs. B BepTHKaIbHOM HalPpaBICHUH CIIOPHI
B Macce MOoJAHUMAroTCs 10 75 cM, a Ha BeicoTe 150 cM oHU
orcytcTByioT (Eyal, 1999; Topomosa u ap., 2002; Robert et
al., 2004; Canus u np., 2018).

OcB0OOXKIEHHE ACKOCTIOP U3 MIEPUTEIIUEB BOZMOYKHO TOJb-
KO BO BPEMsI JIOK/IsI, IPUUEM ITOT HPOLIECC PACTAHYT M MOXKET
JUTNTBCSI HECKOJIBKO MECAIeB. ACKOCIIOPHI TIEPEHOCATCS Ha
HECKOJIBKO (2—3) KHJIOMETPOB.

PasBurtne centoprosa B 3HaUUTEIBLHON CTENEHH 3aBUCHT
OT THJPOTEPMUYECKHUX YCIOBUH. [IpH HU3KOW BIAKHOCTH
BO3yXa CIIOPbI HE BBIACJIAIOTCA U3 MUMKHU U HE pacIipoCTpa-
HsttoTest. [ToaToMy Bemblky OOJI€3HN MPUXOAATCS] HA TOABI
CO 3HAYUTEIHLHBIM BBINIA/ICHAEM OCAJIKOB, IIPH MAaKCUMAJIbHOH

2020
24.2

ANnPUTOTUYECKNIA MPOLIECC CENTOPMO3a
Ha copTax APOBOW NLIEHNLbI

TeMIieparype Bo3ayxa He Boiiie 30 °C, a cpenHecyTOuHON —
Bmpenenax 14-21 °C. [TopaskeHne KOpHEBBIMHU THIISIMHA JaXKe
B craboii crenenn (3—10 %) ycuimmBaeT pa3BUTHE CENTOPHO3a
(Topomosa u ap., 2002; Topomnosa, 2005; Hazaposa u ap.,
2010; CanuH 1 1p., 2015).

CHIDKeHNEe MHTEHCUBHOCTH 0OpaOOTKM MOYBBI M HAKOII-
JICHUE Ha ee MIOBEPXHOCTH HHPHUIUPOBAHHBIX PACTUTEIBHBIX
OCTAaTKOB TIPUBEJIO K YBEIHMYCHHIO B 2—2.5 pa3a 4acTOTHI
snuduTOTHI cenrTopro3a B tecocteny 3anaanoit Cubupu 3a
nocnenaue 10 set. [TockoabKy B 3TOT NEPUOA Y SIPOBOI U 03H-
MO} MIIEHNIBI HHTEHCH(UINPOBATIACh CEMEHHas Iepeiada
OCHOBHOT'0 BO30yauTes 6one3nu P. nodorum, eXKerogHo co3-
JIaBaJIMCh MPEANOCHIIKH /115l (POPMUPOBAHMS PAHHUX 04aroB
6omnes3nn (Topomosa u 1p., 2018). DmuduroTnitHoe pa3BUTHE
09aroB CENTOPHO3a, IPH KOTOPOM OO0JI€3Hb Ha BEPXHHX JIHC-
ThSIX JIOCTUI'aeT HKOHOMHYECKOrO MOPOra BPEJIOHOCHOCTH
(BI1B = 15-20 %), mponucxoauT, KOrJa 3a IeKaay BBITATaeT
B 3 paza OouibllIe 0CaKOB MO CPABHEHUIO CO CPEAHEMHOTO-
JIETHUMHU JaHHBIMH Tpu Temneparype 14-22 °C. bonesHs
IIPU 3TOM Pa3BHBAETCS CO CKOPOCTHIO 10 2—3 % B CYTKH, UTO
Tpebyer npuMmeHennus ¢pyurunnnos (Topornosa, 2005; Cannn
u ap., 2015).

[lepenaua P. nodorum qepes ceMeHa BBI3BIBACT PaHHEE T10-
SIBIICHHE CENTOPHO03a Ha KOJICONTHIIE ¥ IPUKOPHEBBIX JINCTHIX
B (hazbl BCXOJOB—KylIeHUs. Mexay 3apaKeHUeM CeMSH U
BCXOZIOB HET JTMHEHHOH 3aBUCHMOCTH. 3apaKeHHEe CEeMsH Ha
5-10 % y>ke MOXKET IPUBECTHU K Pa3BUTHUIO AU(PHUTOTHH CEIl-
TOpHO3a MPH OJIArONPUSTHBIX NOTOIHBIX ycioBuUsX (UynkuHa,
1991; Canunn u ap., 2015; Topomosa u nip., 2018).

Bo30ymurenu centopro3oB UMEIOT I-CTPATETr o )KU3HEH-
HOT'O LIUKJIA. XapaKTepHble MPU3HAKH I-CTpaTerky (PUTOIaTo-
TeHOB: MHOTOYHCIIEHHBIE (6—12) TeHepaIii KOHUAHAIEHOTO
(MMKHUIBI ¢ TMKHOCTIOPaMH ) CIIOPOHOIICHHUS IPH O1arornpu-
STHBIX YCJIOBHSIX, BRICOKAsI CKOPOCTb IIepeiadr BO3OyIUTelIeH,
MOJIUINKINYECKUN, T3MEHUMBBIH THIT ANHAMHUKH SMTUPHUTOTH-
yeckoro nporecca. Crparerust GUTOCaHUTAPHBIX MEPOTIPHS-
THIl TIPOTHB CENTOPHO30B COCTOUT B CHIIKEHHU CKOPOCTH
pa3MHOXKEHHs BO3OyAUTENEeH U Pa3BUTHS ATIN(UTOTHIECKOTO
npouecca 10 ypoBHs Hike DIIB. D10 nocruraercs 3a cuer
COpTOBOM M (PU3MOJOTUYECKON yCTOHYMBOCTH PACTCHHM
U TpeAyNpeXICHNs BEPTUKAIBHON nepenaun P. nodorum
yepe3 ceMeHa.

Co3nianue yCTOWYMBBIX COPTOB SIBJISETCSI HauOosee rep-
CHEKTUBHBIM U HKOJIOTHYECKH O€301TaCHBIM KOMITIOHEHTOM
CHUCTEM HMHTETPUPOBAHHOMN 3aIMTHI SIPOBOW IMIICHUIBI OT
CENTOPUO3a JINCTHEB U Kosloca. TpyIHOCTh NPAaKTUYECKON
CEJIEKIINH MIIECHUIIBI HA YCTOMYMBOCTB K CENITOPHO3Y 3aKITIO-
YaeTcst B TOM, YTO 3TOT IPU3HAK HECTAOMIICH, BAPbUPYET BO
BPEMEHHU U B IPOCTPAHCTBE U KOHTPOIIUPYETCSI MHOKECTBOM
MmexaumMoB (Komomuen u ap., 2018). Penko BcTpewarorcs
TEHOTHITBI C KOMITJIEKCHOM YCTOHYHMBOCTBIO: COPTa MOTYT
OBITH yCTOﬁ'-IPIBbI K OJHOMY BUAY aTOr¢Ha U BOCIIPUHUMYKNBBL
k apyromy (Jenkins, Jones, 1981). OgHo Bpems monaraim, 9To
MIIEHUIIa BOOOIIE He 00J1a/1aeT yCTOHUMBOCTRIO K P. nodorum
(Scharen, Krupinsky, 1970; Broennimann, 1975). Onnako
JaTbHEHIINE UCCIISIOBAHMS TOKa3alIH, YTO CUTYaIHs HE CTOJIb
omnosHauHa (Mullaney et al., 1981; Du et al., 1999).

CraOuiIbHBIH TPOTrpece HAOTFOIAETCS B BBIBEACHUH YCTOM-
YHUBBIX COPTOB IMIICHUIIBI K S. tritici. OTeueCTBEeHHBIMH HCCIIe-
JIOBAaTEJISIMH BBIJICIICH PsIT COPTOB, KOTOPHIE PEKOMEH IOBAHbI
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JJI BKIIFOYCHUS B CCJICKIIMOHHBIC IMPOrpaMMbl B KaUC€CTBE
HCTOYHHUKOB U JIOHOPOB YCTOWYMBOCTH K Bo30OyauTemto (Ko-
JoMuern u ap., 2018).

YCTOHYMBOCTD K CENTOPHUO3Y MOXKET OBbITh KaK KOJIUYEeCT-
BEHHOM (TOPH30HTATIBHOM), TaK U U30JIAT-CIIeU(UIHOH (BEp-
tukanbHoi) (Teipeimkun, Epmosa, 2004; Komomuen u np.,
2017). B Hacrositiee BpeMsl y MIISHULBI HICHTU(PHIIUPOBa-
HO 17 reHoB ycroiunBocTH K S. tritici (Stb1-Stb17). bnaro-
Jlapsi TCHETUYECKOMY aHaJIM3y B ITaTOCHCTEME «IIIICHUIIA—
M. graminicola» ObUTO TOKa3aHO B3aUMOJICHCTBHE «TCH-HA-
ren» (Komomuern u ap., 2017). HemaBHuM#u rccieoBaHISIMA
YCTaHOBJICHBI HEKOTOPbIE OMOXMMHUYECKNE MEXaHU3MBI YCTOH-
YUBOCTH MSTKOH MIIeHUIIbI K cenToprosy (Becenosa u ap.,
2018, 2019). YcToitunBbIe K CETOPHO3Y (POPMBI MATKOH TIIIIe-
HUIIBI BBIIENEHBI 1 3a pyoeskom (Van Ginkel, Rajaram, 1999;
Simoén et al., 2003; Robert et al., 2004). OnHUM U3 aCIIEKTOB,
3aTPYAHSIONINX MOMCK YCTOMUMBBIX K CENTOPHO3Y (HopM
pacTeHuil, SBIAETCS HEJTO0ONEHKAa MHOTOKOMIIOHEHTHOCTH
BHJIOBOT'O COCTaBa BO3OyAMTENEH CENTOPHO3a U HEJ0CTATOU-
Hasl N3y4eHHOCTb PETHOHAIBHOH IPEACTaBICHHOCTH BUIOB B
MaToreHHOM KoMIutekce 6one3Hu. Kpome Toro, Hepeako npu
OLIEHKE YCTOMYMBOCTH pacTeHuit He npoBo T nuddepeHun-
POBaHHOTO y4eTa MOPaKEHHOCTH JUCTHEB U KOJIOCKEB, XOTS
OHA MOYKET OTPEJIEIATHCS Pa3HBIMUA MEXaHH3MaMH.

Lenp paboThl cocTosyia B yTOYHEHHH BHJIOBOTO COCTaBa
BO30yIUTENeH CENTOPHO3a 0 perrnoHaM 3anagHoit Cudnupn u
copTaM SIpOBOH IIICHUIBI, UCCIIEIOBAaHUH STTU(PHUTOTHIECKOTO
mporiecca centopros3a AudHEepeHIIUPOBAHHO HA JIMCThIX U
KOJIOCBSIX COPTOB, @ TAK)KE B OL[CHKE aKTUBHOCTH CEMEHHOM
nepena4u P. nodorum.

MaTepmanbl n metogbl

Uccnenosanust npoonmiu B 2016-2018 rr. B necoctenHoin
30He 3anaHoi Cubupu. Yyer centopuosa JIMCTHEB U KOJIO-
ca BBITIOJIHSUIN C UCTIOIb30BAHUEM MEXKYHApPOIHON MIKAJIbI
(Yynknna u np., 2017) B IpOM3BOACTBECHHBIX YCIOBHUSIX
XO34MCTB peruoHa. [l yroyHeHMsl BUJIOBOIO COCTaBa BO3-
OyauTeneil cenTopro3a oOpa3Ibl MOPaKEHHBIX pacTEHUH
W pacTUTEIbHBIC OCTATKH MIICHHUIBI COOMPATIH Ha IOJISIX B
KOHIIE BeTeTallly MIIeHHIIbI, 0TOnpasi o 10-20 nopaxeHHbIX
JHMCThEB B KaXKA0W Touke yuera. [ ompenencHus BUAOB
rpuboB (parMeHTHl MOPAXKEHHOIN TKAaHHU C IUIOJOBBIMHU Te-
JIaMM TIOMEIIAJIN Ha MpEeJMETHBIe CTeKJIa B KaIUII0 BOJBI U
gepe3 10—15 MuH mpocMaTpUBaId IPHU MAJIOM yBETHUCHUH
mukpockorna. ITo hopme 1 pasmepy BBIISAIINX U3 MTUKHHT
CIIOp yCTaHABJIMBAJIM BUJI I'PHOa U €ro pacipoCTPaHEHHOCTb,
B IIPOLIEHTAX OT OOIIETO Ynciia NCCaeA0BaHHbIX TMKHUT (ITbI-
JKUKOBaA | 1p., 1988). MccaenoBanue cenTopro3a JINCThEB H
KOJIOCA Ha COPTax U COpTooOpasax spoBOi MIIEHUIbI ObLIO
MIPOBEIICHO HA €CTECTBEHHOM HH(PEKIIMOHHOM (POHE C UCTIOIb-
3oBanueM KosuieKuuu UL MTHCTUTYT HUTONOTHUH U TEHETUKU
(UIuI") CO PAH. Komnekuus cocrtosna u3 10 coproB u3
mATH perroHoB Poccuiickoit exepannu u 13 3apyOexHBIX
00pa3IoB U3 BOCBMH CTpaH. [1nomans noj KaskabM COpTOM
(coproobpasuom) coctansiaa or 3 10 10 M2 B TpexkparHoi
MTOBTOPHOCTH.

o crenenu mopa)xeHust COpTa pa3aeisui Ha CIICTyIOIHe
rpynmnsl: 0—-5 % — BeicokoycToituuBble; 6—20 % — yCTOHYIMBEIE;
21-40 % — cnaboBocnpunmMumBsie; 41-65 % — BocpuuMyn-
BbIe; 66—100 % —BbIcOKOBOCTprMMUKBBIE (CannH 1 ap., 2015).
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Septoria blotch epidemic process
on spring wheat varieties

OTOOp ceMsiH JyIsi aHaJIM3a OCYIIECTBIISIIM B XO3SHCTBAX
HoBocubupcxoit, Tomckoit, TromeHckoit o0nmacTet, AnTaicko-
ro u KpacHosipckoro kpaeB. OLIeHKY CeMsTH Ha 3apaKeHHOCTh
P. nodorum npoBoaunu no aBropckoit meroauke (Uynakuna
u np., 2017). 3a Toas! BccaenoBaHNE MPOaHATH3UPOBAHO B
o01meit cioxHoCTH 258 mapTuii ceMeHHoro 3epHa 53 copToB
SIPOBOM IIICHULIBI.

B cesepnoit necoctenn HoBocubupckoii obmacti 2016
6bu1 3acynumBbM (I'TK = 0.81), 2017 u 2018 rr. BiaxxHbI-
mu (I'TK = 1.26 u 1.33 cOOTBETCTBEHHO), YUTO CYIlIECTBEHHO
CKa3aJI0Ch Ha HANPSHKEHHOCTH €CTECTBEHHOTO MH(EKINOH-
Horo (hoHa.

Pesynbtathl 1 06CyKaeHne

MOHHTOPHHT CENTOPHO3a B ATPOLEHO3aX 03UMOI U IPOBOM
mreHuil HoBocubupcekoit, Tomckoit, Kemeporckoit, Kypran-
ckoit, TromeHcKo# obmacteit n Antaiickoro Kpast, IpOBeICH-
Hblli B 20162018 rr,, ycTaHOBUII TOBCEMECTHOE PACHPOCTpa-
HCHHEC CCIITOPUO3a Ha SAPOBLIX COPTaX MIICHUIIBI. Pa3zButue
6ose3Hu BappupoBaiio ot 5 10 35 %, a pacmpoCcTpaHEHHOCTb
nocrurana 90 %. Hecmotpst Ha 3HaunTENEHOE pa3HOOOpa3ne
IIOI'OJJHBIX yCHOBHﬁ, COpPTOB U TEXHOJIOTUI BO3CJIbIBAHUA
SIPOBOI! MIIIEHUIIBI, K (pa3e KOIOIIEHHS B OOIBITHHCTBE arpo-
[ICHO30B BO3HWKaJa KPUTHYECKasl CUTyanus, TpeOyromast
[IPUHATHSL ONIEPATUBHBIX MEP 3aLIUThl SPOBOU MILEHULbI OT
cenTopro3a aucTeeB U konoca (Topomosa u ap., 2019).

[lepBble eAMHUYHBIC OYary CENTOPHO3a Ha HWKHUX JIHC-
TBSIX SIPOBOM MILIEHUIIBI ITPU TIEpeaade Bo30yuTeNs ¢ nHPH-
IIUPOBAHHBIX PACTHTENBHBIX OCTAaTKOB Habmronammcs B 2016
u 2017 rr. Bo Bropoil-TpeTheil nekagax uwons, B 2018 ., B
CBSI3U C TIO3/IHUM ITOCEBOM, B IIEPBOI-BTOPOM AEKaEe MIOJIS.
[Tpu sTOM cHawanma mosBiscs P. nodorum (WIOHb—HAYaIO
UIONISA), 3aTeM S. tritici (KOHEI UIONSI—aBTyCT).

CpaBHeHI/le TIOTOAHBIX yCﬂOBI/Iﬂ B I'O/Jibl, KOHTPAaCTHBIC 110
Pa3BUTHUIO U PACIIPOCTPAHEHHOCTH CENTOPH03a, TOKA3aJI0, 4TO
snuduToTHH 0O0JE3HN YMEPEHHOW M 3HAUUTEIbHOW MHTCH-
CHBHOCTHM HAUMHAJUCh MPHU BbINAJeHUU OT 76 no 111 mm
0CaJIKOB TIpH CpeaHel Temmeparype Bo3ayxa 16.7 °C. brmaro-
MPUSATHBIC ISl CENTOPHO3a TOABI OTIINYAINCH YBEINUCHUEM
KOJIMYECTBA OCAJKOB B KPUTHUYECKHE IS 3apayKeHHs PAaCTEHUN
MIEPHO/IBI B CpeiHEM B 6.7 pa3a U ITOHWKEHHEM TEeMIIEpaTypbl
BO3ayXa B cpeaneM Ha 2.5 °C.

Knumarnyeckuil TpeHJ, XapakTepU3YIOLIUics moTernie-
HUEM U MOBBIIIEHUEM KOHTPACTHOCTH MOTOIHBIX yCIOBUI
BETreTAIlIOHHOTO TIePHO/ia, OKA3aJCs OJIaronpusTHBIM IS
BO30yauTeNICH MH(EKIIUU, TPUBEI K MMOBBIIICHUIO YaCTOTHI
SMHU(UTOTHI CENTOPHO3a SIPOBON MIIIEHHUIIHI B PETHOHAX €TO
pacrpocTpaneHus, Bkitodas 3anagayo Cubups (JleButus,
2015; Topomosa u ap., 2016). Pe3ynsTaTsl HalMX UCCIEN0-
BaHWH COBMANAIOT C JAHHBIMH ITyONMKAIHA 1O POCTy pac-
MIPOCTPAHCHHUS CENTOPHO3a MIICHUIIBI B EBPOIICHCKON YacTH
Poccun (Canun u ap., 2017; T'ynersieBa u ap., 2019).

BunoBoii coctaB Bo30yauTe/ el cenTopuo3a JICTHEB U
KOJIOCa SIPOBOM MIIEHWIBI ObLT IpencTasieH P. nodorum,
S. tritici u P. avenae f. sp. triticae, npu4eM COOTHOIICHHE
BHJIOB M3MEHAJIOCH IO pernoHaM (tabdmn. 1). Ha madumpo-
BaHHBIX JIUCTHSX BO3/IENIbIBaeMbIX B CHOMPH COPTOB SPOBOIT
IMIIEHUIBI TPUCYTCTBOBAIN MUKHUIBI P. nodorum, S. tritici
u P. avenae f. sp. triticae. Ilo ycpeqHEHHBIM TaHHBIM, B
IIECTH TOuKax oTOopa obpasunos B HoBocuOupckoit odmacti
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ANnPUTOTUYECKNIA MPOLIECC CENTOPMO3a
Ha copTax APOBOW NLIEHNLbI

Ta6bnuua 1. Buposoii coctas Bo36yauTenen centoprosa Ha MMCTbAX APOBON NiueHnLbl No pernoHam Cnbrpm, 2016-2018 rr., %

PervioH P.nodorum

AnTanckni Kpan 77.2+£6.6
HoBocmnbupckas obnactb 92.5+89
TiomeHcKas obnactb 68.0+7.1

BBISIBIICHO O€3yCIIOBHOE JIOMUHUpOBaHue P. nodorum. S. tritici
BcTpedancs B 13.8 pasa pexe, mpeAcTaBIeHHOCTD P. avenae
f. sp. triticae B MaTOTeHHOM KOMIUIEKCE CENTOpHo3a Oblia
€IUHUYHOM.

HccnenoBanne BUIOBOTO cOCTaBa BO30YIUTEIIECH CENTOPHO-
3a B TIOMEHCKOH 00JacTH 1MoKa3ajo 3HAYUTEIbHOE Pa3HoO-
obpazue nmo ToukaMm oTbopa npod. Tak, B ABYX TOYKax MpH
JOMHMHHUPOBaHUY P. nodorum BTOPYIO MO3UIMIO 3aHsI P. ave-
nae f. sp. triticae, a He S. tritici, TOT/Ia KaK Ha JTUCTHSX IIIIIC-
HUIIBI U3 TPEThEH TOUKH, Kpome P. nodorum, npyrux Bo30y-
JUTENEeN He BbIABIEHO. Ha JINCThSX MILEHUIbI U3 YETBEPTON
TOYKH 0TOOpa TIOMEHCKOH 00JacTH BBISBICHO JOMUHHPO-
BaHMe S. fritici, IpU4eM B TpeX IyHKTax U3 mATH P. avenae
f. sp. triticae BHOCHII CyIIECTBEHHBIN BKJIA/l B TATOTCHHBII
KOMITJIEKC BO30yANTENEeH CenTopro3a Ha sSpOBOIl IIICHHUIIE,
4ero He orMeuanock B HoBocubupckoii odmactu.

B Anraiickom kpae BO BCEX TOYKaxX ydeTa JOMHHHPOBAT
P. nodorum. S. tritici u P. avenae f. sp. triticae BcTpedannuch
MOBCEMECTHO, HO B 5.6 u 8.6 pa3a pexe OCHOBHOIO BO30Yy-
TuTeNsl OONIe3HN COOTBETCTBEHHO. P. avenae f. sp. triticae
BCTpEUaJICsl Ha JIUCTBSAX SPOBOMH IIIEHHUIBI B arpoleHo03ax
Anras B 11.3 pa3za yarue, uem B HoBocubupckoii obnacty, T. €.
€r0 BKJIA/l B TATOI€HHBIH KOMIIJIEKC CETITOPHO3a OBLII ropasio
OoJee CyIIeCTBEHHBIM.

Taxkum o6pa30M, BBIABJICHBI CYIICCTBEHHBIC pa3INius B BU-
JTOBOM COCTaBE€ BO30YAHUTENEH CENTOPHO3a IPOBOH MIITCHUTIHI
o pernoHam 3amagHoil CuOMpH, 4TO CiIeIyeT TIPHUHUMATD
BO BHUMAaHHUE IIPU CO3IaHUU MOMYJISIIUNA BO30OYIUTEIICH ISt
HCKYCCTBEHHOI'O 3apaKCHUs pACTEHUI B X0O/1€ IPAKTUUECKON
CEJICKIIMM Ha YCTOWYMBOCTH copToB. CpaBHEHHE IIpE/ICTaB-
JICHHBIX BBIIIEC JaHHBIX C PE3YyJibTaTaMU aHaJIOTMYHBIX HC-
cnegoBanmii B 1980-x . (Uynkuna, 1991) cBunerenscTByeT
0 HEKOTOPBIX U3MEHEHHMSAX BUIOBOTO COCTaBa BO30yaUTENICH
CeNnTopro3a, KOTOPbIi cTall bosiee pa3HOOOPa3HBIM 110 PETrHo-
HaM. CriefyeT OTMETHTb MOSIBIICHUE B TATOT€HHOM KOMITIIEKCE
CeNTopHOo3a BO BCEX TOUKax orbopa rpod P. avenae f. sp. tri-
ticae, uero ne HaOmonanock 40 ner Hazan. M3menenue Bu-
JIOBOTO COCTaBa, BO3MOKHO, CBA3aHO KaK C KIIMMAaTHIECKIMHU
BapHalMsIMH, TaK U C U3MECHEHUEM TEXHOJIOTHI BO3/IEIIbIBA-
HUS SIPOBOY MILIEHULBL.

Pasnuums BEIOBOTO cocTaBa BO3OYIOHTENCH CENTOPHO3a
mucTeeB 1o copraMm komneknuu GULL UIul” CO PAH Hoso-
cubupckoro paiioHa HoBocuOupckoit obnacTu moka3aHbl B
Tab1. 2. CorNtacHO MPeICTaBICHHBIM JaHHBIM, Ha COPTaX KOJI-
JeKnuu B a3y MOIHOHN CIEIOCTH SPOBOM MIIEHUIIBI BCTPe-
YaJMCh TPU BO30ynuTeNs centopuosa: P. nodorum, S. tritici,
P. avenae f. sp. triticae. OCHOBHBIM BO3OYIHTEIEM CENTO-
pH03a TUCTHEB U KoJoca ObLT P. nodorum (B cpennem 85.4 %
MaTOTeHHOTO KOMILIEeKca). Bropoe mecTo mo pacnpocTpane-
HUIO Ha JINCTHSIX PUHAUICKUT THKHUAAM S. fritici (11.8 %)
¢ MakcuMaibHbIM mokasatenem 20 % Ha coprax Kaiislp n
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S. tritici P.avenaef. sp. triticae

13.8+1.9 9.0+1.1
6.7+0.9 0.8+0.1
240+3.2 8.0+1.2

KBC AxkBuiion. Camyro orpaHH4eHHYIO pacrpoCTPaHEHHOCTh
umen P. avenae f. sp. triticae, OH BBISIBICH TOJIBKO HA BOCBMH
CopTax, CPEAHsIs PACIPOCTPAHEHHOCTh cocTaBuina 2.8 %. Ilo-
JIYUYCHHBIC JaHHBIC CBUACTCILCTBYIOT O NPEUMYIIECTBECHHO
PETHOHATBHON MPUYPOYEHHOCTH BUAOBOI KOMIO3UIMN (PH-
tonaroreHoB. Copra pa3HOro reorpaIeckoro NpoOUCXoXK/Ie-
HUSI THQUIMPOBAIMCH PUTONATOI€HAMH 10 PErHOHAILHOMY
TUIy, XapakTepHoMy it HoBocuOupckoit obmacTu.

OneHka ycToiYMBOCTH KOJLUICEKIMH U3 23 COPTOB SIpOBO
NIIEHUIBI K CENTOPHO3Y JIMCTHEB M KOJIOCA B CEBEPHOI
necocreny [TprnoObs mokazana OTCyTCTBHE IMMYHHBIX K BO3-
OynuTernsiM centopruo3a GpopM pacteHnit (tadm. 3).

®dopmupoBaHKe 0YaroB CENTOPHO3a EKETOJHO HAYMHAIIOCH
Ha 3JIaKOBBIX TPABaX — MSITIIMKE JIYTOBOM M €€ COOPHOH, T1e
pa3BuTHE OOJIE3HM Ha NEPBYIO ATy ydera (5—7 Mions) yxe
nocturano 60 %. K sTomy BpemMeHH Ha 03UMOM TIIIEHHUIIE
CHUMITTOMBI CENTOPHO3a BBISBISUIUCH HA BTOPOM U TPETHEM
JIUCTE CBEpXy U cocTaBisid B cpeaneM 10 %. Ha sposoit
TIIIEHUIIE B IEPBOI IeKajie UIoJsl MpU3HaKy centopuosa (3 %)
OBUTH OTMEUYEHBI TOJIBKO HA HW)KHUX JIUCTBSIX.

Tonp! nccneoBanmii OBIIH BIQKHBIMU, U TIOTOTHBIE (DaKTO-
PpbI OJIaronpHUsATCTBOBAIM pa3BUTHIO Oonesnu. Ha daze nava-
JIa HaJIMBa BCE COPTA MIMEJTH IPU3HAKH ITOPAKEHHS CETITOPHO-
30M, OJIHAKO HAINpPsDKEHHOCTH AMU(PHUTOTHYECKOTO ITpolecca
CYILIECTBEHHO Pa3JInyaliach KakK 110 COpTaMm, TaK U 110 y4ETHBIM
opranam B 00a roma. Tak, B 2017 1. Ha p1aroBBIX JHCTHSIX COP-
TOB SIPOBO¥ MIIEHUIIBI pa3BUTHE O0Je3HN Konebaock ot 0 10
40 %, a mopaxeHHOCThb Koyioca Bappuposaia ot 0 go 10 %.
B 2018 1. ¢maroBsie TUCTHS MOPaYKAIKCh HA TEX Ke COpTax
6onee paBHOoMepHO — oT 0 10 15 %, a KOJOCHS, HAIIPOTUB,
6oee koHTpacTHO — OT 0 10 30 %. bbla BhIsIBIIEHA TEHACHITUS
T GepeHITMPOBAHHOTO MPOSBICHUS YCTOWIHBOCTH COPTOB
K CENTOPHO3Y JINCTHEB U Kojoca. Koahduunent koppensunu
Pa3BHUTHSI CENITOPUO3a JIUCTHEB U CENTOPHO3a KOJI0Ca I10 COp-
tam cocrasmit: = 0.414+0.280.

Hawnbosee ycTOHYNBBIME K CEITOPHO3Y JINCTHEB, IPH YMe-
PEHHOM MOPaXEHHHU KOJI0Ca, ObLIIM COpPTa HOBOCHOMPCKOH ce-
nexrmu Cubnpcekas 17 m O6ckas 2. B 00a roga nccneqoBanuii
(hIIaroBBIH JIMCT y HUX ITOpaXKasIcsl Ha CIIOPAINIECKOM YPOBHE,
obecrieurBast HAJIMB 3epHa. OTHAKO MOJIyYEHHOE 3€PHO MOTJIO
uH(pUIMpoBarses P. nodorum v PUBOIUTH K BOSHUKHOBEHHUIO
PaHHMX OYaroB CENTOPHO3a ITPH ITOCEBE CEMSIH B CJICTYIOIIEM
Tofy.

YCTOHYMBOCTB K CEMTOPHO3Y KoJIoca Imoka3aimn copra OpeH-
Oyprckast 23 (OpenOyprekast oomacts), Apust (Kypranckas
oOnacth), a Takke 3apyodexnsie copra NIL Thatcher Lrl3
(Kananma), Kaiterp (Kazaxcran), Mayon 1 (Cupust), KBC Ak-
BwioH (I'epmannst), KoTopele nMenn Ha (a3e HaJuBa WU
HEMopa)KeHHbIE, HJIH CIIOPaMYECKH IIOPAKEHHBIE KOJIOChS B
00a roza uccienoBaHni. PIaroBbIe TUCTHS IEPEUNCICHHBIX
COPTOB MOPAXKAIUCh CENTOPHO30M Ha yposHe 10-20 %.
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Ta6nuua 2. Bugosoi cocTtaB BO30yAWTENe CENTOPMO3a Ha COpTax APOBOW NileHWLbl B Gpa3y NonHon cnenoctu, %

MpoucxoxpeHve

Coprt, copToobpasel

P.nodorum S. tritici P.avenaef. sp. triticae

KommiekcHyto ycTOMUMBOCTB K CENTOPUO3Y U JINCTHEB, U
Kostoca Ha (ha3e Havasa HaJIMBa IPOAEMOHCTPUPOBAIIH COPTa
Bsituanka (Kuposckasi oonacts), Tiomenouka (TromeHckast
obmacts), 3aypanouka (Kypranckas obmacts), a Takxke 3a-
pyoexusie copra NIL Thatcher Lr2¢c (Kanana), Long Chun 7
Hao u Ke Zhuang (Kuraii), Jlocteik (Kazaxcran), Quarna
(IBeitmapust). DTa rpymnma cOpToB MOpa)kanach JHUCTOBON
1 KOJIOCOBOM (pOopMamH CEenTopro3a B ci1abol CTENeHH, a
oTeyecTBEHHbIE copra TioMeHouKa u 3aypajioyka UMesd Ha
(ha3e Havasia HaJIMBA ITOJTHOCTHIO 3OPOBEIHA KOJIOC IPH cl1aboM
MOpaXXEHUH (HIIaroBOTO JIMCTA.

VYuersl, IpoBe/ieHHbIe Ha (pa3e MOJIOYHOM CHEJIO0CTH, I10-
KaszaJli, 9TO PaclpOCTPAHEHHOCTh CENTOPHO03a JOCTUTIA
100 % na Bcex 0Oe3 MckmoYeHHs copTax. KomIuiekcHyro
MOHW)KEHHYIO BOCIIPMUMYMBOCTh Ha (ha3ze MOJIOYHOH crie-
JIOCTH TIPOSIBUIIN OTedecTBeHHBIE copTa OpeHOyprekas 23 u
Bsruanka, a Takke Long Chun 7 Hao n3 Kuras. Oun nmenu
yMepeHHY1o, Ha yposHe DI1B (20 %), mopa’keHHOCTh JIUCTHEB
M KOJIOCA B KOHIIE BETETAIHH.

JlucrepcnoHHBIN aHATN3 MMOKA3all, YTO CHJIA BIUSHUS
(hakTOpa «ycioBHs rojia» Ha pa3BUTHE CENTOPHO3a JICTHEB
cocraBuia 17.9-25.4 % u Gbuta nocroBepHa Ha 1 % ypoBHe
3HAYMMOCTH, TOT/Ia KaK CHJIa BIMSHUS (aKTOpa «copT» Obla
B 3.5-10 pa3 HIKe U He BCeraa CTaTUCTUYECKH JOCTOBEPHA.

YuuTeIBasg CHOCOOHOCTH OTHOTO M3 BO3OYyIUTENEH cenTo-
pHo3a, MUKpoMHLeTa P. nodorum, NCTIONB30BaTh CEMEHA B

144

KadecTBe (pakTopa repeady BO BpEMEHH U CO3aBaTh PAHHUE
o4aru 00JIC3HH, MBI OIICHIIN HHTEHCHBHOCTH HHHUIIUPOBa-
HUSI CEMSIH COPTOB SIPOBOII MIIEHHIIBI 110 pernoHam CuoupH
(Tabm. 4).

MaxcumManbHast THQUIPOBAHHOCTH TAPTHIA CEMSTH CENTO-
puo3om BecHoii 2016 . (ro mpousBoacTBa cemsiH 2015) Obuta
orMeueHa B TOMCKoO# oOnacTu, rae oHa gocturaia 36 %, 4to
cocrasisier 6onee 7 DB (Uynkuna u np., 2017). B Kpacho-
SIPCKOM Kpae HHPUITUPOBAHHOCTH ceMsiH nocturana 2.5 DI1B,
B OCTAJIBHBIX perHoHax — okoio 2 DI1B. Mckmouennem ctan
Anraiickuii xpaii, rae B 2015 1. cnoxnnmch OaronpusiTHeIC
JUIS TIOJTyYEHHSI KaUECTBEHHBIX CEMSIH YCJIOBUS 1 MAKCUMAJIb-
Hast ”HQUIIMPOBAHHOCTH cocTaBmia 7 %.

Becnoit 2017 r. uHQUIMPOBAHHOCTH OTACIBHBIX MAPTHH
CEMsIH SIPOBOM MILICHUI[BI BO30Y/INUTEIEM CENITOPHO3a JOCTHU-
rana 4.4 OI1B. IIpu 5TOM cpenHss 3apaKEeHHOCTH CEMSH TOJb-
ko 3 HoBocubupckoit odmactu nocturana JI1B, ocransHbIe
PETHMOHBI MPEAOCTAaBIIIN HAa aHATIN3 CEMEHAa YMEPEHHOTO UH-
(urmmpoBanus, B cpeqHeM Hinke DI1B.

I[To BecennuM uccnenoannsim 2018 . ”HGUIIMPOBaHHOCTH
CEeMSIH SIPOBOH MIIEHUIIBI P. nodorum nocTurana SKoHOMUue-
CKOTO ITOPOTa BPEOHOCHOCTH TOJIBKO B OTJEIIBHBIX MAPTHSIX,
IIPU 3TOM CPEIHsISI 3apaKEHHOCTh CEMSTH M3 BcexX 00cieno-
BaHHBIX pernoHoB He aocturana DIIB. Camas BeicOKast UH-
(hUIIIPOBAaHHOCTH CEMSH ObLTa OTMeueHa B O0Jiee yBIaKHEH-
Hoit Tomckolt oOnacTy, camast OJaronoryqHast CUTYaIus 1Mo
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Ta6bnuua 3. Pa3BuTre cenTopro3a NMNCTbEB 1 KOMOCA Ha COPTax APOBOW MiieHMLbl B pa3y Hayana Hanvea no rogam, %
MpovicxoxaeHne Copr, copToobpasel OnaroBbI NUCT Konoc
2017r. 2018r.  CpegHee 2017r.  2018r.  Cpemwee
.................................................................................................................. p occm
'HoBocubupckan obnacts  Hosocubupckan 15 - 100 10 55 50 300 175
HOBOCMWPCKMN ................... 1 00 ................ : 0550200 ................ : 00 ..............

CV|6V|pCKa;|‘|7 ............................ 1 o ................. 005 .................. 1 0200 ................ : 05 ..............

06CKa;|2 .................................... 1 0 .................. : o .................. 1 0200 ................ : oo ..............

OpEH6prCKaﬂ06naCTbOPEHGyPFCKaﬂB ...................... 1 5050 .................. 1 000 .................... o .................... 0 ...................

KMPOBCKagoﬁnaCTmeanKa50 .................. 1 030 .................. 1 0 ................. 0 .................... 05 ................

TlOMQHCKaﬂomaCTb .................. TmMEHqu350505oo .................... o .................... o ...................

KypraHCKaHO6naCTb .................. ApMﬂZOOSO .................. 1 25 ................ 1 0 ................. o .................... 05 ................

Q)opazooso .................. 1 25 ................ 1 o .................. 1 0055 ................
3aypanqu35050500 .................... o .................... 0 ...................
...................................................................................................... 3apy69)KHb|echaHb|
KaHanaNu_Thatcheans ...................... 1 0 .................. : 5080 .................. 1 o .................. 1 0 .................. : o ................
N||_Thatcher|_r2c505050 .................. 1 0 ................. 0 .................... 05 ................
KMTaMLongChun7H30505050 .................. 1 0 .................. 1 0 .................. : 0 ................
KeZhuang ................................. 05025050 ................. 25 ................
c|_uAU|A|taB|ancazoo5o .................. 1 25 ................ 1 050 ................. 30 ................

U|pett|t ...................................... 1 5050 .................. 1 0050 ................. 0 .................... 25 ................

Ka3aXCTaHKa|‘/‘|b|p ........................................ 1 005075 .................. 1 o ................. o .................... 05 ................

ﬂoab.Ksososo .................. 1 0 ................. o .................... 05 ................

LuBemuameuama ...................................... 0 ..................... 1 005 .................. 1 o .................. 1 o .................. : o ................

CMpMﬂMayon1200 ................ : 0 .................. 1 05 ................ 1 0 ................. 0 .................... 05 ................

repMaHMﬂKBCAKBMHQH ............................ 0 ..................... : 0050 .................. 1 0 .................. 1 0 .................. : 0 ................

Tan)KMKMCTaHK6583520050 .................. 1 25 ................ 1 00 ................ 1 0 ................. 55 ................

K65834 ...................................... 400 ................ 1 00250 ................ 1 005075 ................
PSRN e 9SS 721952 36
Ta6bnuua 4. IHGUUMPOBAHHOCTb CEMSsH APOBO MLeHULUbI P. nodorum no pervoHam Cnbupw 1 rogam Npou3BoACTBa, %

Pervon 2015. 2016T. 2017. 2018r. CpepHee
Tomckanobnacte - 150+264  33:061 40+053 - 143+256  92+165
'Kemeposckas obmacts  60+092 46+060 16£022 53+082 44x068
'HoBocubupckas obnacts 52:085  52+081 17£020 1026221 56+112
KpaCHoﬂpCKVpram ......................... 5 0i082351052 ...................... 1 31022__ .................................
TiomeHckasobnact  42£071 18+023 18+024 1224240  50+095
Ammaiickwiikpait 29+048  27+046  06%013 73£121  34+062
cpeAHeee4i11235¢o7o ...................... 1 9i021 ......................... 9 9i189 ......................................................

Mpumeuarune. Cuna BnuaHma paktopa «pervioH» — 15.1 % (yposeHb 3HauMmocTn 5 %), paktopa «rog» — 52.5 % (ypoBeHb 3HaunmocTu 1 %). NMpouepk — namepe-

HUA HE NPOBOAUITUCD.

CENTOpPHO3Y BBIABICHA B ANTaiiCKOM Kpae, TJIe CO3pEBaHHE
3epHa JIeToM U B ceHTss0pe 2017 T. B OOJIBIIMHCTBE PaiioHOB
MIPOXOAMIIO B CYXYIO TIOTOAy. B menom mHHUIIIPOBaHHOCTH
CEMSH SPOBOH MIICHUIIBI o1 ToceB B 2018 1. Obuta HIKE,
9YeM B TPEIbIIYIIUC TOMIBI.

Ha cemenax spoBoii mmeHuisl nmponssoacTtsa 2018 T
P. nodorum GBI BBISIBIICH B 3HAYUTEIEHBIX KOJTHYECTBAX, BO
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BCEX PETMOHAX Cpe/iHee HHPHUIMPOBAHIE CEMCHHBIX TAPTUI
npesbimano JI1B. Ha cemenax n3 Tomckoit n TromeHckoit 00-
JacTeil pacpoCcTpaHEHHOCTH cenTopro3a gocturana 7 DB,
YTO CJIE/TyeT CUMTaTh CHIIbHOM armduroTrei (Uynkuna, 1991;
Topormoa u 1p., 2002). ITopor BpeJOHOCHOCTH CENTOPHO3a
6611 ipeBbieH Ha 70 % naptuii, npuaeM Ha 38.5 % oH ObIn
IpeBbIIeH Ooniee yeM B 2 pas3a. B GospmmHCTBE PErnOHOB
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Ta6bnuua 5. 3apa)keHHOCTb CENTOPNO30M CEMAH APOBON
MNLeHNLbl KONNeKUMii COPTOB MO perroHam Nnpor3BoaCTBa

Copt 3apaxeHHOCTb cenTopunosom, %
 CeneKuvoHHbI yuactok LI CO PAH, Hosocu6upckan obnacTs
HOBOCM6MpCKaﬂ4790 ....................................................
HOBOCM6|/|pCKa;|'|660 ....................................................
HOBOCM6|/|pCKa;|4'|60 ....................................................
HOBOCM6|/|pCKa;|'|450 ....................................................
HOBOCM6|/|pCKa;|3'|70 ....................................................
HogocmﬁmpCKaﬂ'[S .......................... 1 20 ..................................................
HOBOCM6|/|pCKa;|2960 ....................................................
HOBOCMWpCKaMS .......................... 1 00 ..................................................
O6CKa;|2 ........................................... 1 00 ..................................................
CpenHee79 ....................................................

CenekunoHHbIN yyacTok Kypranckoro HUNCX,
KypraHckasa obnactb

3anmagaoit Cubupu Beretamus 2018 r. ObIIa JOCTATOYHO
YBIIQXXHEHHOM, XapaKTepU30BaJIach SMU(UTOTHHHBIM pacIpo-
CTpaHEHHEM CENTOPHO03a JINCTHEB H KOJIOCA, YTO 00ECIIEIHIIO
P. nodorum GnaronpusTHBIC YCIOBHS IS WHPUIIHUPOBAHUS
cemsH. B nenom Becennuit ananu3 2019 r. BBEISIBIII camMylo
BBICOKYIO 3a ITOCIIEHNE TOIBI HHOUIIUPOBAHHOCTH CEMSH,
YTO CO3JAJ0 MPEANOCHUIKH I PAaHHETO BO3HUKHOBCHUS
SMH(PUTOTHUECKOTO MPOIIECcCa CENTOPHO3a BO BCEX PErHOHAX
Cubupu. CornacHo qUCTIEpCHOHHOMY aHAIH3Y, CHJTa BIUSTHAS
(hakTOpa «PErHOH», OTPAXKAFOIIECTO KIUMAT U TEXHOJOTHU
BO3JICJIbIBAHMS, HA HHPHUIIMPOBAHHOCTH CEMSIH SIPOBOH IIIIe-
HUIEB! P. nodorum B 3.4 paza HIDKe, YeM BIHSHUE ITOTOIHBIX
ycnoBwii roza. B 6omee Bnaxknoit Tomckoit o0macT HHOUITH-
POBaHHOCTH CEMSIH SIPOBOH IIIICHHIIBI BIIATOJFOOUBBIM (PUTO-
maToreHoM P. nodorum Obla B cpeHEM TI0 ToaaM B 2 pasa
BEIIIIC TT0 CPABHEHUIO C HANMCHEE YBIAXKHEHHBIM ANTaiiCKUM
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Kpaem, e MPOM3BOJICTBO 3epHA SPOBOM IIIEHHUIIBI COCpe-
JIOTOYCHO MPEUMYIIIECTBEHHO B 3aCYIUINBBIX TEIUIBIX 30HAX.
KoadduimenTs! Koppemsinuy Mex 1y HHOUIHPOBAHHOCTHIO
ceMstH P. nodorum v CyMMOI 0CaJIKOB B aBI'yCT€ COCTABIISUTH
o rogam u perrioHam (0.746+0.135)...(0.872+0.126) u 6putm
JIOCTOBEepHBI Ha 5 % ypoBHe 3HaunMocTu. [IpencraBinenHble
JIaHHbIE CBU/ICTEIILCTBYIOT 00 aKTyaJIbHOCTH KOHTPOJISI M Orpa-
HUYCHNS BEPTHKAIBHON nepenaunt P. nodorum ¢ ceMeHaMu
COPTOB SIPOBOM MILICHUIIBI.

Amnanus ceMsH HpOBOﬂ MIICHUIBI C CEJICKIITMOHHBIX Yy4acT-
xoB HoBocnbupckoit, Kypranckoit u OMckoit o6nmacteii CBH-
JICTEJILCTBYET O HEKOTOPBIX Pa3INUMsIX B AKTHBHOCTH CEMEH-
Ho iepenauu P. nodorum B OaromnpuUsITHBIC IJIs CENTOPUO-
3a roas! (Tabmd. 5). Bee copra xomrexkuuu UIulm CO PAH
obecrieuriTi epeady naroreHHOro MUKpOMHIIETa Ha YPOB-
He OIIB mnu B 2.4 pasa BblIlIe; yCTONUNBBIX K BEPTHKAIBHON
repesiade COpTOB BBIIBICHO HE ObUTO. Pa3sHMIAa B aKTHBHO-
CTH BEPTHKAJIBbHOW mepenadn P. nodorum Mexmy copTamu
nmocturaia 2.4 paza. B Kyprauckoii obnactu copra mepe-
nmaBanu P. nodorum B 3.8 pa3a ciabee, HI Ha OTHOM U3 COp-
TOB 3apaKEHHOCTh ceMsH He nocturia JIIB. ITo npusnaky
HHQUIUPOBAHHOCTH CEMSH COpTa pa3jiMyainch 10 3 pas.
B Owickoit obmacTu cutyarus Obliia MPOMEKyTOIHOH: TIepe-
Java uTonaToreHa ¢ ceMeHaMHM IPOMCXONIIA B CPETHEM Ha
25 % menee akTHBHO, yeM B HoBocuOupckoii obnactu, u B
2.7 pasa akTuBHee 1o cpaBHEHHIO ¢ KypraHckoii o6macTbio.
B komnexkunn Omckoro I'AY ObutH BBISIBICHBI YETBIPE COPTa
¢ nepenayel BO30yIUTENsI CENTOPHO3a Ha YPOBHE WIIN BBIIIE
moporoBoii 70 1.8 pa3a. MexxcopToBBIE pa3IHyus 10 U3yda-
€MOMY MapameTpy JocTHranu 2.3 pasa.

3aknioyeHune
MHoroseTHHE UCCIIEeI0BaHNUS TOKa3aJd, YTO CENITOPUO3 JINC-
TBEB M KOJIOCA SIPOBOM MIIECHUIIBI INUPOKO PACIIPOCTPAHEH B
peruonax Cubupu (10 35 % 1o mokasaresro pa3BUTHsI 00Ie3-
HH 1 90 % 110 pacrpoCTpaHEHHOCTH ), YTO CBUAETEIBCTBYET 00
AKTyaJIbHOCTH CEJIEKLMH COPTOB HA YCTOWYMBOCTB K OOJIE3HH.
[Tpu pa3paboTke CENEKIIMOHHBIX TPOTPaMM CIIEIYeT IPHHNU-
MaTh BO BHIMaHNE BUI0BOI cOcTaB BO30yaUTEINCH cenTopu-
03a, KOTOpBI npeactasicH P. nodorum, S. tritici u P. avenae
f. sp. triticae n XapakTepu3yeTcs CyIIECTBCHHBIMH pPa3iIH-
yisMU 110 perrnoHam. B HoBocnbupckoit obnactn oTMedeHo
MIOJIHOE IOMUHUpOBanue P. nodorum; S. tritici Bcrpedaics B
13.8 pa3a pexe, a mpeaCTaBICHHOCTH P. avenae f. sp. triticae
OpuTa equHUYHOW. B TroMeHCKo 0o0nacTu Hapsay ¢ 00muM
JIOMUHHPOBaHUEM P. nodorum B HEKOTOPBIX reorpaduueckux
MyHKTax npeobmamamu S. tritici u P. avenae f. sp. triticae.
B AnTaiickoM Kpae BO BCEX TOYKaxX ydeTa JOMHHHPOBAI
P. nodorum; S. tritici u P. avenae f. sp. triticae BcTpedanuch
MTOBCEMECTHO, HO B 5.6 1 8.6 pa3a peke COOTBETCTBEHHO.
CoBpeMeHHbIE cOpTa SIPOBOW IMIIECHHIBI PA3HOTO TPOMC-
XOXKACHUA HE UMCIOT IMOJHOT'O MMMYHHUTETA K CEIITOPHUO3Y,
a XapaKTepU3YIOTCA TOJNBKO YCTOWYMBOCTBHIO MU CIaboi
BOCIIPUUMUYHMBOCTHIO K O0s1e3HU. Bbl10 ycTaHOBIICHO HE3aBH-
CHUMO€ IPOSIBJIICHHE PU3HAKOB YCTOWYHBOCTH K CENITOPUO3Y
JUCTHEB U cenTopno3y Konoca. KoaddurmeHTsr koppensimm
Pa3BUTHSI CENTOPHO3a JINCTHEB M KOJIOCA COCTABMIIN 110 TO-
nam u copram: r = (0.323+£0.241)...(0.414+0.280). Yacts
COPTOB I0Ka3ajia OTHOCHUTEIbHYIO YCTOMYMBOCTH K CEITO-
PHO3Y JINCTHEB P CHIIEHOM MTOPAKEHUH KOJI0Ca, APyTHUe, Ha-
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MPOTHB, OBLIM YCTOWYMBBI K CEIITOPHO3Y KOJIOCA MPU CUJIb-
HOM HOpPa)XEHHHU JIMCTOBOTO anmapara. Ha ocHoBaHMN 3THX
JTAHHBIX MOXKHO CJEeJIaTh OCTOPOXKHOE IMPEIIOIOKECHHUE O
Pa3IM4YHON IN€HETHKE YCTOMYMBOCTU K CENTOPUO3Y KOJIOCa
U MUCTheB. KOMITIEKCHYI0 MOHMKEHHYIO BOCTIPUUMYHBOCTD
nokaszanu copra Openbyprekas 23 (Opendyprekas o0-
nactb), Apusi (Kypranckas o0nacTh) U 3apyOeKHbIC COpPTa
NIL Thatcher Lr13 (Kanazma), Kaiierp (Kazaxcran), Mayon 1
(Cupus), KBC AxBunon (I'epmanns). OHn nopaxaiach
JIUCTOBOH 1 KOJIOCOBOM (hopMaMu cenTopro3a B ciiaboii cre-
TIeHH, a OTedecTBeHHBIE copTa TiomeHouka (TromeHckas 00-
nacth) u 3aypanouka (Kypranckas obiacts) uMmenu Ha aze
HayaJjia HaJlMBa MOJIHOCTBIO 3/I0POBBIA KOJIOC HPHU Cl1aboM
MOpaXeHUH (HIIar0BOTO JINCTA U MOTYT CUUTAThCsl Hanbouee
MEpPCTIEKTUBHBIM HCTOYHHKOM YCTOWYHNBOCTH.

B cenexnuoHHOM Tpoliecce CieayeT Takke KOHTPOJIH-
poBaTh aKTHBHOCTH BEPTUKAIBHON nepenaun P. nodorum c
CeMEeHaMH, ITOCKOJIbKY CeMEHHasI TIepeiada BO30y I Tels Cetl-
TOPHO3a 3HAYUTEIILHO YCHINBAET HH(PEKIIMOHHYIO HArpy3Ky
Ha pacteHus. MHQHUINPOBAaHHOCTE CeMSH (UTOMATOTEHOM
B pernonax Cubupn nocrurana 7 OIIB u B 3HaYUTENBHOMN
CTCIICHU oIlpeaciidiach MOroaAHbIMU yCJIOBUSAMU aBrycra.
N3ydeHne koyieKUN COPTOB SPOBOM MILEHMIBI U3 TPEX
perrnonoB CnOMpH IMTO3BOJTHIIO BBISIBUTH CICAYIONIYIO TEH/ICH-
1[UI0: HanboJjiee akKTUBHO Tiepenada P. nodorum ¢ ceMeHaMu
copros 1u1a B HoBocubupckoit odnactu (7.6 %), HECKOIBKO
cirabee B Omckoit obmactu (5.7 %), nanbosee OnaromnomyHast
(uTocanurapHas curyanus Obuia B Kypranckoit obnacru,
copra nepenasanu P. nodorum B cnaboit crenenn (2.1 %),
Himke OIIB.
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AHHoTayuua. MeTUnoTPOodHbIE APOXKKM UCMOSb3YOTCA B KauecTBe nNnatGopmbl AN1A SKCNPECCUr reTeposiormyHbIx 6en-
KOB € 1980-X rr. OHU VIMEIOT BbICOKMI YPOBEHb NPOAYKLIMM 11 MO3BOAAT MOMYUUTb GENIKU SyKapuroT C Npremnembim
YPOBHeM rnKo3unuposaHus. lNepBaa cnctema AnA SKCNpeccun pekomOnHaHTHOro 6enka Ha ocHoBe Pichia pastoris
6blna paspaboTaHa Ha OCHOBE LUTaMMa, BbIAENEHHOTO 13 COKOTeueHnA aepeBbeB Ha toro-3anage CLUA. Cnctema pac-
npocTpaHAnacb 6ecnnaTHo B HayUHbIX Lenax 1 NpuMeHAeTcAa BO BceM Mupe. B xope knaccndurkaumm metnnotpodHbIx
LPOXKel Mo MONeKynApHO-6MONOrMYEeCKMM MapKepam WTaMMbl, UCMONb3yeMble ASiA NOyYEeHUA PEKOMOUHAHTHOIO
6enka, 6binm peknaccudurumpoBaHbl Kak Komagataella phaffii. OHW HaxofATcA B CBOOOAHOM AOCTYNe COrfiacHo na-
TEHTHOMY 3aKOHOAATENbCTBY, OAAHAKO PaCMPOCTPAHANNCH Ha JOrOBOPHOI OCHOBE. 3TO feNnaeT HeonpeneneHHbIM X
cTaTyc ANA KOMMePYeCKoro 1Cnosb30BaHUA 1, COOTBETCTBEHHO, CTUMYNMPYET NMOWCK afibTePHATVBHbIX WTaMMOB 414
JKCNpeccnm pekoMbrHaHTHOro 6enka. bbinv aganTMpoBaHbl LUTaMMbl APYTUX BUAOB METUAOTPOPHbBIX APOXKEN, Cpean
KOTopbIX NpeobnagatoT npeactasutenn poga Ogataea. HecmoTpa Ha dunoreHeTnUYecKyo yaaneHHOCTb NpefcTaBuTe-
nen poga Ogataea n Komagataella, Bo Bcex cnyyasax oka3anocb BO3MOXKHbIM MCMOMIb30BaThb KlacCUyeckme BeKTopbl 1
NPOMOTOPbI AJ1A SKCMPECcMmn pekoMOMHaHTHOrO 6enka. CyLecTBYyOT CMCTEMbI SKCNPECCHM Ha OCHOBE APYTX WTaMMOB
pona Komagataella, a Takxxe popa Candida. lNoTeHUMan 3Tx MUKPOOPraHU3MOB [J1A FEHHOI UHXEHEPUN JaNleKO He UC-
YyepnaH. lNepcnekTVBHO Kak yCOBEPLUEHCTBOBaHME MMEIOLLNXCA CUCTEM SKCMPECCUM, TaK M CO3AaHME HOBbIX Ha OCHOBE
LUTaMMOB, BbIfi€/IEHHbIX U3 MPUPOAHBIX NCTOYHNKOB. VicTopuyeckn fo 2009 r. B KauecTBe CMCTEM SKCNPECCUN UCMONb-
30BaNNCh WTaMMbl, BbleneHHble Ha toro-3anage CLUA. B HacToALlee BpemaA Hayanu pa3BrBaTbCA CUCTEMbI SKCNPECCUin
Ha OCHOBE LUITaMMOB, MoJslyyYeHHbIX B TannaHae. MocKonbKy 3Ta rpynmna MUKPOOPraHW3MOB WMPOKO NpefcTaBrieHa no
BCEMy MUPY KaK B MPVPOAHOIA, TakK 1 B FOPOACKON Cpefie, MOXHO OXMAaTb MOABMEHNA CMCTEM SKCMPeCccUn pekomou-
HaHTHbIX 6€/IKOB, CO3[JaHHbIX Ha OCHOBE LITaMMOB, BbIA€/IEHHbIX 11 B APYrNX PErMOHaX MiaHeTbl.

KnioueBble cioBa: MeTunoTpodHble Apoxxu; Pichia pastoris; Ogataea; Komagataella; pekomO6rHaHTHble GpepMEHTbI.
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Diversity and occurrence of methylotrophic yeasts
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Abstract. Methylotrophic yeasts have been used as the platform for expression of heterologous proteins since the
1980's. They are highly productive and allow producing eukaryotic proteins with an acceptable glycosylation level. The
first Pichia pastoris-based system for expression of recombinant protein was developed on the basis of the tree-juice-
derived strain obtained in the US southwest. Being distributed free of charge for scientific purposes, this system has
become popular around the world. As methylotrophic yeasts were classified in accordance with biomolecular markers,
strains used for production of recombinant protein were reclassified as Komagataella phaffii. Although patent legisla-
tion suggests free access to these yeasts, they have been distributed on a contract basis. Whereas their status for com-
mercial use is undetermined, the search for alternative stains for expression of recombinant protein continues. Strains
of other species of methylotrophic yeasts have been adapted, among which the genus Ogataea representatives prevail.
Despite the phylogenetic gap between the genus Ogataea and the genus Komagataella representatives, it turned out
possible to use classic vectors and promoters for expression of recombinant protein in all cases. There exist expres-
sion systems based on other strains of the genus Komagataella as well as the genus Candida. The potential of these
microorganisms for genetic engineering is far from exhausted. Both improvement of existing expression systems and
development of new ones on the basis of strains obtained from nature are advantageous. Historically, strains obtained
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on the southwest of the USA were used as expression systems up to 2009. Currently, expression systems based on
strains obtained in Thailand are gaining popularity. Since this group of microorganisms is widely represented around
the world both in nature and in urban environments, it may reasonably be expected that new expression systems for
recombinant proteins based on strains obtained in other regions of the globe will appear.
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BBepeHune

MetninoTpodsl — TpyIna MUKPOOPTaHU3MOB, CIIOCOOHBIX
UCII0JIb30BATh OJHOYTVICPOHBIE IIPOM3BOHBIC METAHA, TAKUE
Kak METaHOJI, METHJIAMHUH U JIp., B KAYECTBE €IMHCTBEHHOTO
WCTOYHHWKA yriepona u sHepruu. [Ipu stom Bee cBsizu C—C
JIOJDKHBI (DePMEHTATHBHO (POPMHUPOBATHCS KIETOUHBIM Me-
TaOOJIM3MOM, UTO SIBIISIETCS TOCTATOYHO TPYJHOM [UIS KIIETKH
3agadeil. Ha 9To crtocoOHBI HEKOTOPBIE IPaMOTPHILIATEIILHBIE
MPOTe00aKTEPUH 1 TPAMITIOIOKUTENbHBIC OakTepun (Antony,
1986), a Taroke apoxoku (Wegner, Harder, 1987), nmeromue
METabOJIMUECKHUE ITyTH OKUCIICHUS] METaHOIIa JIsl TPOM3BOI-
ctBa 3Heprun U popmuposanus C—C-cpazeit. Kak y npoxoke-
BBIX, TaK M 'y OaKTepHaIbHBIX MUKPOOPTaHU3MOB (pOpMHPO-
Banue C—C-cBs3eit unet uepes Gpopmanpaerua (Yurimoto et
al., 2005), TOKCHUYHBIII TPOMEKYTOUHBIH NPOMYKT, KOTOPbIit
3areM u60 auccumunupyer B CO,, 1ub0 accuMUIUpyeTcs
B OMOMaccy.

MertunorpodHble JPOXKIKUA ObLIM OTKPBITHI B KOHIIE
1960-x rr., KOTIa METHIOTPOGHBIE OaKTepHH YK€ OBLIH XO-
PpOIIIO M3BECTHBL. Pacxoxk/1eHne Bo BpeMEHH OTKPBITHS CBsI3a-
HO IIABHBIM 00Pa30M CO CIIOKHOCTBIO BBIICICHHS JIPONOKEHt
1 BBICOKMM OaKTepHaNbHBIM 3arpsi3HeHneM 00pasnoB (Tpo-
nienko, Topronckast, 2011). Cpespl oOUTaHNS METHIIOTPO(DHBIX
JIPOXOKEH — BCE Te, TNIE eCTh Pas3jioKEHHE PACTUTEILHOTO
MarepHaia ¢ 00pa30BaHHEM METOKCHIIBHBIX TPYII (TI04YBA, TI0-
BaJICHHBIE JIEPEBBSI, NCTIOPUCHHBIE (DPYKTHI U T. 1.). B iprpone
METaHOJI 00pa3yeTcsi B X0Jle OKUCIICHUS MeTaHa (Harpumep,
METaHOOKHUCIIAIONIIMHA OaKTepHAMH B pu3ocdepe pacTeHNUI),
a TaKk)Ke IPH pas3lioKeHUN TeKTHHa 1 auranHa (MacDonald,
Fall, 1993; Nakagawa et al., 2000). BosbIIHHCTBO IPUPOIHBIX
W30JIATOB METHIIOTPOMHBIX APOKKEH ObITH OOHAPYKEHBI B CO-
KOTEUEHHH (IKCCy/IaTax) IepeBbEB MIIM THUIONICH IpEeBECHHE
(Kurtzman, Robnett, 1998; Kurtzman, 2005).

BuotexHonornvecknii HHTEpeC K METWIOTPO(HEBIM Opra-
HHU3MaM BO3HHUK B Hadane 1970-x rT., Koria MeTaHos ObL Jie-
IIEBBIM U CHUTAJICA MMPAKTUICCKHN HCOTPAHNUYCHHBIM CBIPHEM
Ha OCHOBE HCKONaeMbIX pecypcoB. Ho mocne HedTsIHOTO
kpusuca 1973 1. ieHsI Ha yTIIIEBOJAOPO/BI yKe HE OITyCKaIuCh
JI0 TIPEe)KHUX 3HaUeHU. BMecTo KopMOBOro Oenka u3 OHO-
KJICTOYHBIX METIIIOTPO(OB pa3padOTINKU COCPEIOTOUMIHCH
Ha MOJyYeHHH OeJKa PacTUTENLHOTO IPOHUCXOXKIACHHS, B
MIEPBYIO OUepe/lb COU.

Haunnas ¢ 80-X I'T. MPOIIIOro Beka METHIIOTPO(MHBIE TPOK-
KM OTISITh HAILIM IIMPOKOE MPUMEHEHHE, HO YKE B JPYTHX
obnactsix. OHM MCIIOJIB3YIOTCSl B Ka4ecTBe MIaT(opMbl st
TEHHON MH)XEHEPHUHU U MOIY4YEHHs PEKOMOMHAHTHBIX OCITKOB
B IPOMBIIIIEHHBIX MacIITa0ax v CIIy’KaT yJOOHBIM O0BEKTOM
JUISL M3y4eHHsT 0COOCHHOCTEH OpraHn3aliy YyKapHOTHUECKON
KIETKH. Pa3pabarpiBaloTCsi BO3SMOKHOCTH HCIOJIBb30BAHUS
METHJIOTPO(HBIX APOKIKEH B IPUKIIAJHBIX LEJISX: KaK Map-
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KEpOB 3arpsI3HEHUsI MOPCKOTO Oepera, sl OYUCTKH CTOKOB
Cynb(aT-1eJUTION03HOTO MPONU3BO/ICTBA 1 JIMKEPO-BOIOYHBIX
3aBOJIOB, OUMCTKH BO3/1yXa, 3aIPsI3HEHHOTO (DOPMaJIbICTHIIOM,
u T. 1. (Kutty, Philip, 2008; Tponenko, Toprouckas, 2012; dos
Reis et al., 2018).

Hawubornee yacto B HayKe ¥ MPOM3BOJICTBE HUCIIONB3YIOT Me-
TunoTpodHbIe APoXOKU BUIA Pichia pastoris (Komagataella
phaffii). Oau cHOCOOHBI yCBaUBAaTh KaK caxap, Tak 1 METaHOI
W TAIOT BBICOKUI BbIxo Oenka. [lepBonayansHo B 1970-X T,
xommnanawueit Phillips Petroleum 0b110 mpemioskeHo NCTomb30-
Barhb P. pastoris B KauecTBE MPOIylLIeHTa Oellka OTHOKIETOU-
HBIX, Oylaroyiapsi UX CIIOCOOHOCTH PACTH JI0 BBICOKOH IUIOT-
HOCTH KaK Ha ITIOKO3€, Tak 1 Ha MeTaHoie (Mishra, Baranwal,
2009). MakcumanbHas IIOTHOCTh KJIETOK, JOCTUTaeMas B
nporecce Gpepmenraiuu, npesbiiraet 100 /71 cyxoi Macchl
(Wegner, 1981). B 1980-x Ha ocHOBe P. pastoris Oblna pas-
paboTaHa cucTemMa SKCIIPECCHHU TeTEPOIOTNIHOTO0 OEIIKa C Mc-
TOJIB30BAHHEM CHJIBHOTO ¥ CTPOT'O PETYIMPYEMOT0 IIPOMOTOpa
AOXI anxoronboxcuaassl (Cregg et al., 1985). B couerannu ¢
yIKe CyIIECTBYIOIINMHI TEXHOJIOTUSIMHU (DepMEHTAINH TSI TTPO-
M3BOJICTBA KOPMOBOTO Oesika rpomotop AOX] obecrieunBa
UCKJIIOUNTENFHO BBICOKHH YPOBEHB IKCIIPECCHU PEKOMOU-
HaHTHBIX OenkoB. BakHas ocobennocts mpomoropa 40X1
[P MPOU3BOACTBE PEKOMOWHAHTHBIX OEJIKOB — BBICOKHIA
YPOBEHB €r0 3KCIPECCHH B MPHUCYTCTBHM METAHONA M Ha-
JISKHOE HHTMONPOBAHKE TIPH €T0 OTCYTCTBUH, YTO O3BOJISIET
peryaupoBarh porecc HapabOTKH LEIEBIX OEJIKOB, BKIIFOUas
ayrotokcuuasle BapuaHThl (Kurtzman, 2009). OnanM u3
MEPBBIX KPYMHOMACIITAOHBIX MPOLECCOB MPOMBIIIJICHHOTO
MIPOU3BOACTBA, CO3MaHHBIM B 1990-X I'T, CTasI0 MPOU3BOACTBO
pacTuTensHON (PepMEHTHOHN THAPOKCHHUTPUILHON JTHA3HI C
BBIX0JI0M Oos1ee 20 T peKOMOMHAHTHOTO OeJIKa Ha JIUTP KYJIb-
typsl (Hasslacher et al., 1997).

Hpyroe npenmyiiectBo P. pastoris, HIOMUMO IPOMOTOpa
AOXI,—»>To HU3KU ypoBeHb IMUKO3UIHpoBaHus. Hanpumep,
S. cerevisae ceiidac BBITECHEHBI U3 IIPOU3BOJICTBA PEKOMOU-
HAHTHBIX OEJIKOB, TaK KaK HEPEIKO T'HIIEPIIUKO3UINPYIOT
Oemku, BILIOTH 110 uX nHakTHBaruu (Darby et al., 2012).

K HacrosiieMy BpeMeHU CUCTEMbI IKCIIPECCUH Ha OCHOBE
P. pastoris mMpoKo HCTIONB3YIOTCS B (pyHIAaMEHTAIbHBIX
uccienoBanusx. P, pastoris Obmi pa3paboTaHbl EPBBIMU
Cpelr METHJIOTPOMHBIX IPOXIKEH W OKAa3aIUCh YIOOHBIMU
JUIsE OMOTEXHOJOTHYECKOTO MOTYYECHUST 9yKAPHUOTHUECKUX
0eJIKOB, HE HKCIIPECCUPYIOMINXCS IOJDKHBIM 00pa3oM B Oak-
TepusiX. AKTUBHOMY UX PaCHPOCTPAHEHHUIO B KaUueCTBE ILIaT-
(hopMBI IITsT HKCTIPECCHH PEKOMOMHAHTHOTO OeTKa 0COOEHHO
CIOCOOCTBOBAJIO JTaTbHOBUIHOE pemieHue komrmanuu Phil-
lips Petroleum caenath cucteMy 3KCHPECCHH JOCTYITHOU
JUISL HAyYHOTO COOOIIECTBA B MCCIIEAOBATEIbCKUX LETSX.
K BocTpeOOBaHHBIM KOMMEPUECKH JOCTYITHBIM HITAMMaM
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orHocsiTes: mrtamM GS115, aykcoTpodHBIH 10 THCTHIVHY;
BOCCTaHOBJICHHBIH MPOTOTPOGHEIH mTamMM X-33; HOKayT-
Hble 10 aox | mrammbl KM71 u KM71H, a Taxke neduiut-
Hbele 1o mpoteaszam mrammel SMD1168 u SMD1168H u
aykcotpodusrii mramm ade2 PichiaPink™. Oxgraxo mpume-
HEHHE 3TUX MITAMMOB B KOMMEPUYECKHUX LIEISX OFPAaHHUYEHO
MOJIMTUKOW pacnpoCTpaHeHus marepuasia. B cBs3u ¢ aTum
BCTaJI BOIPOC O TIONCKE AJILTEPHATUBHBIX BAPHAHTOB, KOTOPBIE
Moy Obl IPUHTH HA 3aMEHY 3alaTeHTOBAHHBIM IITaMMaM
P, pastoris.

DOunoreHeTnYeCcKnin aHann3

C pa3BUTHEM METOJIOB MOJICKYJISIPHOI OMOJIOTHMY M HAKOILIe-
HHEM JaHHBIX O ITOCJIEIOBATEIBHOCTAX T'€HOB UIS PAa3HBIX
BHUJIOB CTAJI0 BO3MOXKHBIM pa3o0paThesi B PUITOTEHUH METHIIO-
TpodHbIX ApoxoKeit. U 3neck ObUT BBISIBICH Pl HEOXKHJAHHBIX
MOMEHTOB.

AHam3 IoCIe0BaTeIbHOCTH I'eHOB ITOKAa3aJl, YTO JAPONOKH,
W3BECTHBIE [10]] OOIIIMM POJOBBIM HAaUMEHOBaHUeM Pichia, He
SBJISTIOTCSI MOHO(MIIETUIHBIMHU, HECMOTPSI Ha ()CHOTUIIHIE-
CKOE€ CXOJICTBO OOJIBIIMHCTBA BUAOB. ABTOPHI IEPBBHIX PadOT
YCTQHOBHJIH, YTO AaCCUMMJIMPYIOIUE METaHO BUAbI P. pasto-
ris, P angusta v Hansenula polymorpha oTnaneHHO CBA3aHBI
JpYT ¢ IpyroM ¥ ¢ P. membranifaciens, TATIOBBIM BUIOM poJia
Pichia. Slmana c xomteramu (Yamada et al., 1994, 1995) npen-
JIOKWJIH TIepeHecTH P, pastoris B HOBBIHN pon Komagataella, a
P angusta xnaccudunmposars xkak Ogataea polymorpha Bo
BHOBB OITMCaHHbIi pon Ogataea. OCHOBaHUEM /IS BbIICIICHUSI
HOBBIX POOB MOCIYXWJI aHaJIN3 JUBEPTEHINH B YaCTHU-
HBIX TrocieioBatenbHocTsaX prudbocomansaoii PHK (pPHK)
Ooubioi siiepHoit cyobenuuuibl (LSU) u manoi saepHoit
cyosenuaump! (SSU). [Tockompky B KaXIplid aHAIN3 OBIIO
BKJIFOYEHO OTHOCHTEIBHO HEMHOTO BHJOB, OCTaBajoOCh He-
SICHBIM, HACKOJIBKO TECHO CBsi3aHbl P. pastoris u P. angusta
(H. polymorpha) ¢ MHOTOYHCICHHBIMHA HEUCCIIEIOBAHHBIMU
BUJIaMH, U NIPEAJIOKCHNE O BKJIIOYCHHU B KJIACCHU(HKAIUIO
HOBBIX poioB He ObuTo mpuHsTo (Kurtzman, 1998). Onnaxo
ananu3 nomeHoB D1/D2 nmocnenoBarensHOCTEH reHoB pPHK
LSU n71s Bcex M3BECTHBIX B HACTOSIIIEE BPEMSI ACKOMHUIIETHBIX
Jpoxokel oaTBepau pasaenenue Ha Komagataella, Ogataea
u Pichia (Kurtzman, Robnett, 1998), a ¢unorenernueckoe
paszeneHue, MpojAeMOHCTPUPOBAHHOE TIPU M3YyYEHHUH TI0-
CJIE/IOBATENILHOCTH OJIHOTO TeHa, ObLIO IIOATBEPIKICHO B XO/IE
aHaJM3a MYyJIBTHUTCHHBIX TocienoBarenbHocTel (Kurtzman
et al., 2008). Takum obpazom, Komagataella, Ogataea n
Pichia punoreneTHuecKu MPEACTABISIFOT COO0I OT/ICIbHBIC
poznel. C TOUKH 3peHHs TAKCOHOMHUH OoJiee PaBHIbHBIM Ha-
3BaHMeM sBisieTcs Komagataella pastoris, HO ICTOPUUECKI
U 10 ceil JieHb Hanboliee pacipoCTpaHeHHBIM OCTAeTCs Ha-
3BaHue P. pastoris.

[To3nHee OBUTO YCTaHOBIEHO, YTO MO BHAOBBIM Ha3Ba-
HUeM P. pastoris 0ObeIMHEHO 0 MEHbIIEH Mepe JBa BHJa
npoxoket — Komagataella phaffii u K. pastoris (Cregg et
al., 1993; Kurtzman, 2009). AHaau3 MocaeI0BaTeIbHOCTH
I€HOB I0Ka3aJl, YTO 3TO HE €AMHCTBEHHBIC MPEICTaBUTEIH
pona Komagataella. K pony Komagataella 65111 OTHECEHBI
P. pseudopastoris na ocuoe ananuza pPHK LSU n SSU
(Dlauchy et al., 2003), a Taxxe Bun K. phaffii Ha 0OCHOBaHUU
ananm3a ¢parmenta D1/D2 rerma pPHK LSU (Kurtzman et
al., 2008).
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DunoreHeTnyeckoe fepeBo, NOCTPOEHHOe Ha OCHOBE MNocsefoBaTesb-
HocTel reHa 18S pPHK BnpoB cemeiictBa Saccharomycetaceae ¢ nomo-
LLblo METOAA MaKCcMMaslbHOro Npasaonofo6us.

Koadpduumertol nogaepxkmn SH-Like aLTR 1 UfBoot (%) o603HaueHbl B y3nax
BeTBel Aepea. CnpaBa OT BUAOBbIX Ha3BaHWI NpriBeeHbl UAEHTUOUKALMOH-
Hble HOMepa COOTBETCTBYIOLMX NOC/efoBaTeNibHOCTelN B 6a3e aaHHbIx NCBI.
3Be304YKON MOMEYEHbl BMAbl, HA KOTOPbIX CO3faHbl CUCTEMbl SKCMpeccum
reteponornyHoro benka.

Pa3zBuTHE METOZOB MacCOBOTO IapajlielIbHOIO CEKBEHH-
POBaHUS MIPUBEIIO K HAKOIUICHNIO HHPOPMALNU O TEHOMHBIX
MOCIIEA0BATENBHOCTSIX OOJIBIIOTO YHCIIa MUKPOOPTaHU3MOB,
B TOM YHCJIE U METHJIOTPOMHBIX IPOXKIKEU, YTO MO3BOJISIET
MIPOBOANTE Oosiee MOAPOOHBIN (MIIOTCHETHIESCKUNA aHAIIN3.
HawubGonee pactipocTpaHeHHBIM M KOHCEPBATHBHBIM MapKe-
pOM sl aHajM3a (QUIOTeHETHYECKUX OTHOLICHUH MEX1y
Pa3ITUYHBIMU MIPEACTABUTENSIMH IPHOOB SIBIISIETCSI TTOCIEN0-
BarenbHOCTE TeHa 18S rRNA. CooTBeTcTBYIOIIHE TeHBI OBLTH
AKCTPArupoBaHbl U3 TEHOMOB METHUIOTPO(HBIX JPOIOKEH,
MpeacTaBIeHHBIX B 0a3e maHHbIX NCBI, n ucmons30BaHbI
JUISl IOCTPOCHUS! (PUITOTEHETHUYECKOTO IepeBa (CM. PHCYHOK).

HyxieoTuaHble OCIe10BaTeIbHOCTH ObUIM BBIPOBHE-
HBI ¢ Tomonieio anroputMa MAFFT B mporpamme MAFFT
v7.312 (Katoh, Standley, 2013). ®unorenernueckoe aepe-
BO TIOCTPOEHO METOJI0M MaKCHMajbHOI'0 HPaBAONOA00US
B nporpamme IQ-TREE (Trifinopoulos et al., 2016). dns
OITPE/ICIICHHS JTyUIIIeH CXeMBbI MOJIEIICH HYKIICOTHTHBIX 3aMEH
UCTIONIb30BaNIKCh napameTpbl —auto U +R (FreeRate hete-
rogenity), OCHOBHBIM TapaMeTPOM CIIyKHJIO HauMEHBIIee
3nauenne kputepust Axauke (AICc). /st craructuueckoit
MO/JICP’)KKA MaKCUMAJILHOTO ITPaBIoNo00ust B porpaMme
IQ-TREE npumensimmce nBa koddunuenta: SH-like aLRT
(1000 pernmmkanmii) U cBepxObicTphiii OyTerpen (UfBoot,
1000 perukaruii).

MetunotpodHble APOXKKH, UCHONb3YEMbIe IS MPOU3-
BOZICTBA PEKOMOMHAHTHOTO O€JIKa, pa3IeiIiNCh Ha TPH Kila-
nel: Pichia, Ogataea n Komagataella (cMm. pucyHOK). MOXKXHO
c/ienath BBIBOA O TOM, 4TO pox Ogataea (pUIOT€HETHUECKH
Gosee reTeporeHHbIi B cpaBHeHUN ¢ Pichia u Komagataella.
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MeTunoTtpodHbie fpoXKu, Ucnosnb3yembie

OnA Nnpou3BoACTBa PeKOMOUHaHTHOro Genka

B KayecTBe aJibTePHATUBHbIX LUTAMMOB,

M X pacnpocTpaHeHne B Npupoge

P. pastoris (K. phaffii u K. kurtzmanii). I'pynna apoxoxeit
P. pastoris, OONBIIMHCTBO TPEACTABUTEICH KOTOPOH MOCIIe
peBu3nH Kiaccudukamuu ObUIO OTHECEHO K poxy Komaga-
taella, nanbosee U3yueHa cpea METUIIOTPOPHBIX APOKIKEH.
Tunuunas cpena oOUTaHMs — COKOTEUCHHE JIEPEBbEB OT yMe-
PEHHOTO 710 TPOIIMYECKOTO PernoHoB. Briepsrie P. pastoris
OBUTH BBIJICNICHBI U3 COKOTEUCHHMs KamTaHa Bo ®paHiyy, B
JlanibHerIeM 00HapY)KeHO X IUPOKOE PacIpPOCTPaHEHHE B
Benrpun u CIIIA (Spencer et al., 1996; Negruta et al., 2010;
Kurtzman, 2011a). Kpome Toro, apoxoxu P. pastoris HaliieHbI
B COKOTEYECHUM MaciMuHO# maibMbl B Hurepuu (Faparusi,
1974), coxe Gemoro ansrappo6o B Aprenture (Spencer et al.,
1995) n kpacHoro ny6a B Kanane (Bowles, Lachance, 2007).
HHTepecHO OTMETUTh 30HAJIBHOCTh UX PACIIPOCTPAHEHUS: B
JIecax THXOOKEAHCKOTO MOOEpexbs CeBEpO-3aaHON YacTH
CIIA 5T0 TOMUHHPYIONIMH BHJ METHIIOTPO(QHBIX APOXKIKEH,
B EBpomne, Appuxe u KOxxHON AMepHKe OHH BCTpEUaroTCs,
HO HE TpeodaanaioT, a B SImoHnn nx BooOIIe He 0OHAPYKEHO
(Lachance et al., 1982).

HecMoTpst Ha pacnpoCcTpaHEeHHOCTh CUCTEMBbI SKCIIPECCHH,
3amareHToBaHHOH Philips Petroleum Ha ocHoBe P. pastoris,
UJET MOMUCK aJIbTEPHATUBHBIX IITAMMOB METHIOTPO(HBIX
JIPOAOKEH C IENBI0 Pa3paboTKH MIaTGOPM ISl TPOU3BOACTBA
PEKOMOMHAHTHOTO O€JKa, He 3AIIMIIEHHBIX MaTeHTaMHU OT
KOMMEPYECKOTO HCTIOIb30BaHMSI.

tamm P. pastoris (K. phaffii) CBS7435 naubonee 6mu-
30K K IPEIJIOKEHHBIM B cBoe Bpems kommaHued Philips
Petroleum. [Tonmy4enHble Ha €ro OCHOBE MITAMMBI TATEHTHO
He 3amuiieHbl (Ahmad et al., 2014). [Ipu aToMm 0OH siBiIsIeTCSI
MPEAIICCTBEHHNKOM 3alaTeHTOBaHHBIX HITAMMOB, Hanobo-
Jiee MCIIOJIb3YeMBbIX B HACTOsIIEe BPeMsI B MPOU3BOJICTBE
pexoMOrHaHTHOTO Oeska. C OHOI CTOPOHBI, ATO 00JIer4aeT
MIpUMEHEeHHE MTPON3BOAHBIX mTamMma CBS7435 BBuy mmpo-
KoM 0a3bl 3HAHMH, MOJYYEHHBIX C MX ITOMOIIBIO, C JIPYTOi
CTOPOHBI, HE BCC MO,Z:[I/I(bI/IKaHI/II/I r¢éHoMa JJ1s1 JAHHOI'O ITaMMa
MOKHO IIaT€HTOBATh M3-3a WX OIMCAHMS B aKaJeMHUYECKOH
JUTEpaType U MaTeHTax.

Ucnonb3oBanue mramma K. kurtzmanii Y-727/KBI1 2878/
Starmer 75-208.2/CBS 12817/NRRL Y-63667 B kauecTBe
penuIHeHTa Uil KOHCTPYMPOBAHNUS TIPOAYIIEHTOB 11€JI€BOTO
6emka 6110 3amaTeHTOBaHO B Poccuiickoit @eneparin. IToT
TaMM BbLAEIEH pod. CTapMepoM U3 COKOTEUEHHS ITHXTHI,
pacrymeit B ropax Apuszonsl, CIIA (Naumov et al., 2013),
n ABJIACTCA OAHUM U3 HaI/I6OHee OU3KUX POACTBEHHUKOB
mramma P. pastoris (K. phaffii) CBS7435.

P. guilliermondii (Meyerozyma guilliermondii). Uc-
TOYHUKH BBIJICICHUS MPEICTABUTENICH CIIOPOOOPa3yrOLIero
Buna P guilliermondii pa3HOOOpa3HBI: paCTCHUS, O3EpHAs
BOJIa, KOPOBHH py0er, 3arpsi3HeHHbIE He(PThIO TOYBHI. Kpome
TOTO, IPOXOKU OBIITM OOHAPYKEHBI B HACEKOMBIX, KHUBYIIIUX
Ha Bsi3aX; B He3arps3HeHHo mouse U Bojae (Negruta et al.,
2010a); B KpeBeTKax M Ipyrux OSCIIO3BOHOUHBIX; B MOPCKOH
BOJIe CO CHIDKeHHOW koHueHTpanmei conu (Kutty, Philip,
2008). Panee mpoxkKu 3TOTO BHIA HMCIIOIH30BAJICH B T'CH-
HOW WHXXCHEPUH, HO KaK MCTOYHHMK I'€HOB, KOTOPbHIE B TOM
quclie ObUIN 3KCTIpeccupoBansl B P. pastoris (Handumrongkul
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et al., 1998; Zhang et al., 2009), a HE B KaueCTBE CHCTEMBI
9KCIIPECCHH.

[TockonbKy GOJBIIMHCTBO METHIJIOTPOQHBIX JIPOAOIKEH
MMEIOT CXOJIHBII METaHOJNI-MHAYIIMPYEMBIH IPOMOTOP B Iy-
Tax yruamsanun Metanona (Hartner, Glieder, 2006), rpymnma
uccruenoBarene n3 Manaii3uy poBepuIIa MpeAIoIoKeHNe
0 BO3MOYKHOCTH HCIIOJIB30BAaHHSI DKCIIPECCHPYIOLIMX KOH-
CTpyKIui, pazpaboranusix Ha K. phaffii, nia sxcnpeccun
PEKOMOWHAHTHOTO Oellka B JPYTMX METHIIOTPO(HBIX JIPOXK-
xax (Oslan et al., 2015). OHu BBIACTHIIIN IIITAMM, Ha3BAHHBIN
Pichia sp. strain SO, 13 NCTIOPYCHHOTO areIbCHHA; MTOCIIe-
nosaresbHOCTH SSU mokasana ero 100 % cxonctso ¢ P. guil-
liermondii. Jlanee aBTopbl YCTAaHOBWIIM, YTO 3COIL[MH MOXKET
OBITh MCIOJIB30BAaH B KAYECTBE CEJEKIIMOHHOTO MapKepa
qutst nrtamMa SO (Oslan et al., 2012), u mpoenu paGoTsI IO
KJIOHMPOBAHHUIO KOHCTPYKIINH, SKCITPECCUPYIOIIEH peKkoMOu-
HaHTHY!IO Ju1azy. MccienoBanue noiyyuio AajabHenlee pas-
BuTHE, 1 B 2017 . ObUIA OITyOJIMKOBAaHA CTAThsI C OMMCAHUEM
ONTUMHU3AIMH IKCIIPECCUH paHee TOJyYSeHHOIO Ha OCHOBE
P guilliermondii nponynenta munassl T1 u3 Geobacillus
zalihae. B paboTe TIpOIEMOHCTPUPOBAHO TPEXKPATHOE yBE-
JMYeHue npoykuuu smnasel (Abu et al., 2017).

P. (Ogataea) methanolica 6pina nipeyIoxKeHa KOMIaAHUEH
Invitrogen (CILIA) B kadecTBe mu1arhOpMbI JUTS TTPOTYKINH
PEKOMOVHAHTHBIX OEJIKOB HECKOJIBKO IM03XkKe, ueM P. pasto-
ris. BriepBele ee BbIIENMIN U3 TPOOBI TTOUBBI B SIMOHUM B
1974 1., mrTaMMBI 3TOTO BUa Tak:ke ObUTH BhieneHsl B CIIIA
(Sibirny, 1996; Kurtzman, 2011b). B 2008 r. aposx:ku 3Toi
TpyTITE (TETEPOTEeHHOH, KaK U P. pastoris) ObUTH BBIIEICHBI
Ha Tepputopun Poccun u3 ramios uBsbl (Glushakova et al.,
2010). P. (O). methanolica He HallLTa ITUPOKOTO IPUMEHECHHUS
Kak TiaTdopmMa Ui MONTydeHUs] PeKOMOMHAHTHOTO Oelka,
XOTS €CTh OT/EJIbHBIC COOOIIEHHUS O €€ MCIONIb30BaHIH, Ha-
TIPUMeED, JUTs SKCIIPECCUH TITy TaMaT/IeKapOOKCHIIa3bl YeloBeKa
(Raymond et al., 1998). Bo3moxHO, HU3KOE pacripoCTpaHEHHe
P. (O). methanolica ¢ nenbo noay4eHuss peKOMOMHAHTHOTO
Oerka 00ycIIoBIICHO HasTMuueM y Invitrogen apyroit miardop-
MBI — Ha ocHOBe P. pastoris (K. phaffii).

Hansenula (0.) polymorpha — 510 mUpOKO pacrpocTpa-
HEHHbIC B MPHUPOJIE TEPMOTOJIEPAHTHBIE METHIOTPO(HBIE
TIPOXOKH, CIIOCOOHBIE pacT mpu Temmeparype mo 50 °C.
OnHOM 13 XapakTepHBIX cpex obutanus H. polymorpha, no-
MHUMO OOBIYHBIX Ul METHJIOTPO(HBIX NPOXIKEH THHIOLIIMX
(DpYKTOB M APYTHX PACTEHHH, SBISIETCS OPraHU3M HACCKOMBIX,
B TOM 4HCJIe 1a00paTopHbIX JIMHNH Drosophila melanogaster
(Spencer J., Spencer D., 1997).

B mayke H. polymorpha ncmions3oBany Kak MOIEIBHBINA
OPTaHM3M JUISI U3yYEHUS] MEXaHH3MOB MEPOKCHCOMAIIEHOTO
OuoreHesa u JIerpaialluy, peryssiiiii MeTadoiM3Ma MeTaHoIa,
ACCIMWJISIIINY HUTPATOB M peakuu Ha ctpecc (van der Klei
et al., 2006). /Ipoxokn okazaauch JOCTATOYHO I(PQeKTHB-
HBI U JUIs IPOLYKIIMU pekoMOMHaHTHBIX OenkoB (Gellissen,
2005). Hanbonee 3HaUNMBIM TEepareBTHYECKUM OEITKOM, I10-
JIy4eHHBIM C UCTIONb30BaHueM H. polymorpha, siBnsiercst pe-
KOMOWHAHTHBII aHTUTeH Bupyca renatuta B (HBsAg), koto-
pBIil OBUT YCHENTHO KOMMEPIMAIN3UPOBAH T10J] TOPTOBBIMHU
mapkamu HepaVax-Gene n AgB (Seo et al., 2008). Ha ocHose
H. polymorpha pa3paboTanbl MpOAYICHTH PEKOMOUHAHT-
HBIX OEJIKOB C BBICOKMM IOTEHIIAJIOM IS (hapMaleBTHye-
CKHX TIeNIeH: TUPYAWH U3 NUsIBKU Hirudinaria manillensis
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(Weydemann et al., 1995) u HekoTOpbIE YeTOBEUCCKUE OCIIKH,
Biurouas ol-antutpuncud (Kang et al., 1998), IFNa-2a
(Degelmann et al., 2002), cerBoporounslii anpOymuH (Kang et
al., 2001), snunepmanbhsbiii pakrop pocra (Heo et al., 2002) u
napatupeouIHbIi ropmoH (Sohn et al., 2012). ITomumo 6enkoB
MEIUIMHCKOTO Ha3HAYCHUs, ObUIN pa3padoTaHbl MPOAYIICH-
THI ITUILEBBIX U MPOMBIINIICHHBIX (DEPMEHTOB: F€KCO300KCH-
na3sl (Cook, Thygesen, 2003), ¢putassr (Mayer et al., 1999),
neBaHCyKpassl 3 Zymomonas mobilis (Park et al., 2004) u
[JTFOKO300KCH 1a3bl U3 Aspergillus niger (Kim et al., 2004).

P. (0.) thermomethanolica. Onaum n3 Hanboee mpopa-
0OOTaHHBIX BAPHAHTOB METHJIOTPO(HBIX JPOXKIKEH JUIs IPo-
JYKLIUH PEKOMOWHAHTHOTO O€JKa, KpOME IMPECTaBICHHBIX
B Invitrogen, B HacTosiIiee BpeMsi MOXKHO CUHUTATh IITaMM
O. thermomethanolica BCC16875. Pacnpoctpanenue O. ther-
momethanolica TPaKTUYECKN HE U3YYEHO, IOCKOJIbKY 3TOT
BUJI IPOJKKEH OTKPBIT coBceM HemaBHO — B 2005 1. B 00Opas-
rax nouBkl B Tammanne (Limtong et al., 2005).

Wudopmanus o mramme BCC16875 Briepssie Obl1a omyo-
JMKOBaHA TPYNIOi nccnenoBareneif n3 Tammanma B 2012
Onu onmcany NpOBEPKY BOZMOXKHOCTH HCIIOIB30BaHUS MO-
JIEKYJISIPHO-OMOJIOTHUECKUX UHCTPYMEHTOB JUIsi HApaOOTKU
pexoMOMHaHTHOTO Oenka B BEIOpaHHOM mTamMe. Kimaccnde-
CKHE NPOMOTOPHI T€HA METAHOJI-UHIYIIUPYEMOH aJIKOTOJIb-
okcunasbl (AOX1) 1 KOHCTUTYTHUBHBIE T'€Ha DIIHLEPaIbie-
rua-3-pocdaraerunporenassl (GAP), NCTOIB3yeMbIe IS
paboTsl ¢ P. pastoris, NPOSBUIIN CBOIO aKTHBHOCTH B HOBOM
mramme. PekomOrHaHTHas (puTa3a M KCHlaHa3a SKCIPECCH-
POBaHCh ¢ 000MX IPOMOTOPOB B BUIE CEKPETHPYEMBIX O€I-
KOB, IPUYEM TIEPBBIA IEMOHCTPHUPOBAI PAa3IMYHbIE MaTTep-
HBbI N-F.HI/IK03I/IJ'II/lpOBaHI/IH B 3aBUCUMOCTH OT IIPOMOTOpa U
KyJbTypasibHOH cpezpl. OCHOBHBIM BHOM OJIUTOCaXapui0B
TIIMKONIPOTENHOB, Npoayuupyemem O. thermomethanolica
BCC16875, sensiercst Man8-12GIlcNAc2, koTopblii aHAI0TH-
YeH TaKOBOMY Y JApYTrux MeTmioTpodos. Kpome Toro, o6Ha-
PYXeHbI Takke Moaudukanum MaHHO3WI Qocdara u o-1,6-
1 0-1,2-MaHHO3bI TETEPOIOTUYHOTO CEKPETUPYEMOTO OeIIKa.
YpoBeHB IKCIpeccur peKOMOWHAHTHOTO OelKa OKazalcs
Ha YPOBHE MPOMBIIIICHHBIX IITAMMOB, YTO JICJIACT MTPEAIIO-
JKEHHYIO I1J1aT(opMy XOpollel ajJbTepHaTHBON IITaMMaM OT
Invitrogen (Tanapongpipat et al., 2012).

B nmocnennue ronsl ObUTM U3YYEHBI TPOMOTOPHI, Xapak-
tepHble Juist wtamma O. thermomethanolica BCC16875
(Harnpicharnchai et al., 2014; Promdonkoy et al., 2014), uc-
CJIC/IOBAITUCH METO/IBbI KYJIFTUBHPOBAHUSI BEICOKOH TTIOTHOCTH
JUIsl DKCIIPECCHU peKoMOMHaHTHBIX OeskoB (Charoenrat et al.,
2016). Kpome Toro, HauaTsl pabOThI IT0 ONTUMHU3AIIH METa-
Oonu3Ma mTaMMma JUIsl yBEJTMUCHNUS BBIXO/1A IIEJIEBBIX MTPOIYK-
ToB. Tak, ¢ 3TOM 11eJbI0 ObLT YBEIIMYCH YPOBCHD IKCIIPECCHU
BCIIOMOTaTEJIbHBIX OEJIKOB 9H/I0TIIIa3MaTHUECKOTO PETHKYITY-
ma (Roongsawang et al., 2016). OcoGeHHO aKTHBHO IITaMM
cran uzyuarhcs nocie 2016 r.; mosBUIOCH 3HAUUTETHLHOE
YHCII0 paboT MO JIOBEACHHIO €TO IO COBPEMEHHOTO YPOBHS B
KadyecTBe SKCTpeccupytolei cucreMsl. B 2018 1. 11 paboTsr
co mrammoM Obita ajantupoBana cucrema CRISPR-Cas9
(Phithakrotchanakoon et al., 2018b), ckoHCTpyHpOoBaHa HOBas
cHcTeMa IKCIPECCHH, OCHOBaHHAs HAa MHIYKIUH Caxapo30i
(Puseenam et al., 2018; Boonchoo et al., 2019), Obu1u 1po1oi1-
JKEHBI HCCIIEJIOBaHNS META00IIM3Ma Ha TPOTEOMHOM U TPaHC-
kpunrromHoM yposae (Phithakrotchanakoon et al., 2018a).
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Candida boidinii — niepBbIii OTUCAHHBINA BU METHIOTPOG-
HBIX JPOACKEH U, TO-BUANMOMY, HanOoIee pacpocTpaHeH-
HBIH B ecTecTBeHHOH cpene (Ogata et al., 1969). B ocHoBHOM
3TO pa3jMyHbIE PACTHTENbHBIE CyOCTpaThl (COK JIePEeBbEB,
WCTIOpUCHHBIE PPYKTHI, HEKOTOPBIE IBETHI). J[p0:Ku 0OMITBEHO
MIPEJICTABIICHBI TAKXKE B OJIMBKAaX HATypaJIbHON (hepMEeHTAINH
(Coton et al., 2006), 0OHapyKEHBI B KAKTYCaX — B UX THUJIBIX
yacTsax Bcrpedaercs kak C. boidinii, Taxk u O. polymorpha,
XOTS ¥ HE TIPe00JIaIaloT CPen BBIACICHHBIX B 3THX MPOOax
napoxokelt. C. boidinii SIBISIOTCS BaKHBIM MapKepOM 3arpsiz-
HEeHUst MOpcKoro Oepera. VX TMHUH TOMHHUPYIOT BO MHOTHX
npobax Bozs! U niecka B bpasumun (Kutty, Philip, 2008).

CortacHo (HUIIOreHeTHYECKOMY JAEPEBY, IOCTPOSHHOMY T10
reny 18S rRNA (cm. pucynok), C. boidinii ckopee MOXHO OT-
HecTH K poxy Ogataea. I'pynna uccnenosareneit u3 SAnonun
10 2009 1. paspadarbiBana C. boidinii kak miarpopmy 1Uist
MPOAYKINH PEKOMOWHAHTHBIX OCJIKOB, allbTEPHATHBHYIO
P pastoris (Yurimoto, Sakai, 2009). Cucrtema skcnpeccuu
pexoMOnHaHTHOTO Oesika Ha ocHoBe C. boidinii umeer He-
KOTOpBIE XapaKTEPUCTUKH, KOTOPBIE MOTYT OBITH OJIE3HBIMH
M0 CPAaBHEHHIO C APYTMMH METHJIOTPODHBIMH JIPOMNOKAMH.
BbI60Op pa3inuyHbIX HCTOUHMKOB YIIEPO/Ia IPUBOIHUT K TPEM
pa3nu9IHBIM ypoBHAM dkcnpeccun B C. boidinii: mpomMoTop
AOD] noka3bIBaeT BEICOKUH YPOBEHB IKCIIPECCUU B KIIETKAX,
BBIPALICHHBIX HA METAHOJIE WJIM METAHOJIE C IIMLIEPUHOM B
KadeCTBE NCTOUHMKA YIIIEPO/a, CPEAHHUI YPOBEHD SKCIIPECCUH
B KJICTKaX, BBIPAIICHHBIX HA IVIMLEPUHE, U OJOKUPOBAHHUE
AKCIIPECCHH ITPU KYJIFTHBUPOBAHUHU Ha IIIFOKO3€ HJIH STaHOJIE
(Sakai et al., 1995; Yurimoto et al., 2000). YpoBeHs 3xcripec-
cun 'y C. boidinii 3naunrensHo Boime, ueM y O. polymorpha.
Kpowme Toro, Beicokuii ypoens axcnpeccun y C. boidinii mo-
JKET OBITh MOJIyUYEH C UCTIONb30BAaHUEM CPEIbI METaHOI +ITIH-
LIEpHH, YTO MO3BOJISIET COKPATUTH BPEMS KyJIHTHBUPOBAHUS
JUIsL JOCTUKEHUS BBICOKOM IIJIOTHOCTH KJIETOK. Y P. pastoris
TIIMLEPHUH MOAABISET IKCIPECCHIO TEHOB, MHIYLUPYEMBIX
METaHOJIOM, TIOATOMY TPeOyeTcst KOHTPOJIb ITOTHOTO BbIE/Ia-
HUSI IMLEPUHA B Cpeie 710 MHIYKLIUH MeTaHooM. Kak u st
P pastoris, nnsa C. boidinii mocTymeH mraMM ¢ HOKayTHPO-
BaHHOW BakyousipHoi mpotenHazoit A (PEP4) u nporeunna-
301t B (PRB1) (Komeda et al., 2002). B xone uccienoBanuii
C UCTIOB30BaHUEM CHUCTEMBI dKcTipeccnuy TeHoB y C. boidinii
ObUTH pa3pabOTaHbI INTAMMBI JUTS IPOU3BOACTBA TOKCHYHBIX
6enkoB — MeMOpaHOCBsI3aHHAs TIEPOKCUCOMA, TIO3BOJISIONIAs
HakarumBaTh TokcnuHble Oenku (Nishikawa et al., 2000;
Yurimoto et al., 2001), u >ddexTrBHAs cucTeMa CeKpennu
JUIsl IPOJYKIMsI aKTUBHOM TpaHcryTamuHasbl (Yurimoto et
al., 2004).

BbigeneHne MeTunoTpodHbIX [POXKKeN

13 NPpNpoaHbIX NCTOYHUKOB

JposxoKu BBIACTSIOT U3 BOIAHBIX, MOPCKUX, aTMOC(EPHBIX
W Ha3eMHBIX MecT oOutanus. OHU OOUTAIOT B THHIOIIMX
OBOIIAX U (PpyKTax, TIIECCEHH, COKE U KOpe JIepeBbEB, B Ha-
CEKOMBIX-KcHo(arax, MHUIIEBAPUTSIIEHOM TPAKTe CBUHEH,
MOJIOKE OOJIBHBIX MACTHTOM KOPOB, B JIECHBIX, CaJIOBBIX U 3a-
00JIOUEHHBIX TTOYBAX, OCOOCHHO OPOIIAEMBIX CTOYHBIMU BO-
nmamu, B Bogopocisix u T. 1. (Negruta et al., 2010; Tporerko,
Toprouckas, 2011). DTu sKoNnOrMUECcKre MPEOYTEHUS CBSI-
3aHBI, IO BCEH BUIUMOCTH, ¢ 00pa30BaHIEM METOKCHIBHBIX
TPYIII IPH pa3JIOKCHUH TUTHIHA U iekTiHa (Nakagawa et al.,
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2005). TToMrM0 COKOB (PPYKTOB U MIOYBEHHBIX 00PA3II0B, ME-
THIIOTPO(HBIE IPOXKIKH OOHAPYKUBAIOT B TIPOTYKTAX TUTAHUS
(Muetal., 2012; Kozhakhmetov et al., 2016; Syromyatnikov
etal., 2018).

MHorue JpoXKH pacpoCTPaHEHBbI IUPOKO, TOTA KaK He-
KOTOpBIC IMEIOT OTPaHWYEHHBIN apean ooutanus. OHU peKo
BCTPEYAIOTCS B [IPUPO/IE B OTCYTCTBHE MHULICILISIPHBIX IPUOOB
n 6akrepuii. CrenoBaTesbHO, TS UX BBIACTCHHS HEOOXOINMBI
CEJICKTHBHBIE METO/IbI, KOTOPBIE MTO3BOJISIOT APOXKIKAM HMETh
MPEMMYIIECTBO B CKopocTH pocta. [Tpu pazpaborke cpen st
CEJIEKTUBHOTO BBIICIICHUS IPOXKKEH OOBITHO HCIOIB3YIOT
HU3KUH pH, TOCKONIBKY B TaKMX YCIOBHSIX JPOXIKH UMEIOT
penMyniecTBo rnepes O0akrepusmu. Cpella MOXKET TaKKe
cofiep KaTh aHTHOMOTHKY [T TTOJABIICHISI OaKTepHii U PyH-
THCTaTHYECKHE areHThI /ISt TojiaBneHus miecenu (Kurtzman
etal., 2011).

Korga npoxcku IpUCYTCTBYIOT B OOJBIIOM KOJHYECTBE,
OHHM MOTYT OBITh BBIACICHBI ITyTEM HENOCPEICTBEHHOTO
HAHECEHMsl Marepuala WM CyCIIeH3Wi Marepuaia Ha IOJ-
KHCJICHHYIO arapu3oBaHHYIO CPEdy, KOTOpas TOXKE MOKET
coziepKarh aHTHOMOTHKN WM MMETh JIPYTHEe CEJICKTHBHBIC
cBoMcTBa. Arap B cpele ¢ HU3kuM pH rupponusyercs npu
aBTOKJIaBUpOBaHMU. [IoaTOMY arap u cpemy CTEpPHIHM3YIOT
OTJEJIBHO, OXJIAXKIAIOT A0 TemnepaTypbl ~45 °C, cMeluBaloT
1 paznuBaroT B yaky [lerpu. bonbiinHCTBO BUIOB ApOXKIKen
MOXHO KyJNbTHBUpOBaTh Ipu pH 3.7, HO HEKOTOpBIE BHUIBI,
TaKue Kak MpeJCTaBuTeNn poaa Schizosaccharomyces, Tpe-
OytoT Gosiee Bricokoro pH, B quanasone ot 4.5 no 5.0. Ecnu
B 00pasIie MPUCYTCTBYET HEOOIIBIIOE KOJTMUECTBO APOKIKEH,
pa3Mmep MONyNISIHHA MOKHO YBEIHYWTh, NPEIBAPUTEIHHO
HMHKYOHUpOBaB o0pa3zelr B xu kot cpene npu pH 1o 3.8 (Kurtz-
man et al., 2011).

Jnist BBIZICJIEHHSI KOHKPETHBIX (PU3MOJIOTHYECKUX TPYTII
JIPOMOKEH HEOOXOIMMO TIOI0MPaTh JJONOJIHUTEIBHBIE CEeK-
TUpYIOLIUE MapaMeTpbl. MeTunoTpodHbIe IPOAKIKH MOTYT
OBITH OTCEJICKTHPOBAHBI IyTEM NPUMEHEHUSI METAHOJIA B
Ka4€CTBC €IUHCTBCHHOI'0 MCTOYHHMKA YITIEpOJa U SHECPrun
B cpene. Tax, Py BBIACTCHUH METHIOTPOGHBIX IPOXKIKEH C
JMCTHEB BUHOTPa/1a B Tannanse /uts MOy YeHUs] HAKOTIUTEb-
HOM KyJIbTypbl OblTa ncrosib3oBaHa cpena YNB ¢ nobasie-
uueM 0.5 % meranona. KynsTuBnpoBaHue MPOBOANIOCH IPH
27 °C B Te€UEHUE YETBIPEX-MATH JHEH, OCIE YEro MPOU3BO-
JAUJICSA pacCE€B HAKONMUTCIIbHBIX KYJILTYP Ha arapu30BaHHYIO
cpeny YNB+0.5 % meranona. B pesynbrare BeIJIeTIEHO 1Ba
HOBBIX BUJIa, OTHECEHHBIX K poxy Ogataea (Limtong et al.,
2013).

3aknioyeHune

MertunorpodHbIe JPOXIKK TPUMEHSIOTCS B Ka4eCTBE IIar-
(hopMBI T MPON3BOJICTBA peKoMOWHAHTHOTO Oernka. [TepBo-
HavYaJbHO OHM OBUIM BOBJEYEHBI B cepy MHTEpecoB OHO-
TEXHOJIOTMYECKUX KOMITaHUH B Ka4eCTBE ITPO/YLICHTOB Oelika
OTHOKJICTOYHBIX, HO B CBS3M C HEPTIHBIM KpHu3ucoMm 1973 1.
CTOMMOCTBH METAHOJIa TTOBBICHIIACH M MOIYYCHUE KOPMOBOTO
Oeska M3 HEro CTallo HeaKTyalbHbIM. B TO e Bpewmsl, 1o
Mepe OTKPBITHS KJIIOYEBBIX Ul MOJICKYJISIPHON OMOIOTHH
0€JIKOB, TAKMX KaK TePMOCTAOMIIbHBIC TIOJIMMEPA3bI, JTUTa3bl
1 pECTPUKTA3bI, CTAJIN Pa3BUBATLCA METO/IbI MO)II/I(l)I/IKaLII/II/I
MHKPOOPT'aHH3MOB, B TOM YHCJIE JJIS MPOAYKIIMH PEKOMOU-
HaAHTHBIX OCJIKOB.
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[Tpou3BoACTBO OEJIKOB C UCTIOIB30BAHUEM MUKPOOPTaHU3-
MOB aKTHBHO Pa3BUBANOCH € 1940-X IT. 7151 pa3MuIHBIX LIENeH,
MIPEX/IC BCETO JUIS MUIIEBOM, KOPMOBOH M TEXHOJIOTUYECKOI
orpacieiil. B nepByro odepep 3To OBUIO CBSI3aHO C HCIOJb-
30BaHUEM IPUPOJIHBIX MPOAYIEHTOB, BO MHOTUX CIyJasx
YAYYIICHHBIX C TIOMOIIBIO HEHAINPABICHHOTO MyTareHesa.
C MOSIBJICHHEM METOJIOB MOJICKYJISIPHOM OHOJIOTHH CTAJIO0 BO3-
MOKHBIM pa3palaThIBaTh MPOLYLEHTHI OSITKOB, HETUITHIHBIX
JUISI KOHKPETHOTO OpraHu3Ma (TeTepOIOTHYHBIX WIIH PEKOMOH-
HAHTHBIX OCJIKOB), B TOM YHCIIE C HCIIOJIb30BAaHUEM JIPOXKIKEH.

Ha stoit Bone kommanwus Phillips Petroleum pazpa6ora-
Jla CBOIO CHUCTEMY IKCIIPECCHH PEKOMOMHAHTHBIX OCIIKOB Ha
ocHoBe P, pastoris (no3aHee nepenMeHoBana B Komagataella
phalffii). Biaromaps CBOUM BBICOKHM TEXHOJIOTHIECKIM Kaue-
cTBaM, a Taoke npunastomy B Phillips Petroleum pemenuro
0 ee CBOOOHOM PacIpOCTPaHEHUH JJIsl HAyYHBIX HUCCIIEN0-
BaHMI, 3Ta CUCTEMA IIUPOKO PUMEHSIETCS B KaUe€CTBE IIIaT-
(hOpMBI JIs TPOYKIMK PEKOMOMHAHTHOTO Oertka.

BaxHbIM [UTs1 AaIbHEHINETO Pa3BUTHsI OSIOK-3KCIIPECCHPY-
IOMNX TIaTGOPM SIBISIETCS] TIOHUMAHHE KJIIOUEBBIX CBOMCTB,
CHOCOOCTBOBABIINX PACIPOCTPAHEHUIO IKCIPECCUPYIOLITUX
cucteM Ha ocHoBe P. pastoris. [lepBoe cBOWCTBO — BBICOKUI
ypoBeHb Tponykiuu Oenka. OH HIKe, 9eM y OakTepuil u
MUIEUBIPHBIX TPHOOB, HO BBIIIE, YEM y JIPYTHX CHCTEM —
KJIETOK MJIEKOIIMTAIOIINX, PACTEHUI U HaceKOMbIX. Bropoe:
JIPOACKH — 3TO 9yKaproThl. OHU NMEIOT BCE KJIETOUHbBIE KOM-
MapTMEHTHI, HeOOXOIMMBbIE JJIsl CHHTE3a M COOPKH dyKapHo-
THYECKHX OCJIKOB, YTO MO3BOJIICT UM CHHTE3UPOBATh OCJIKH,
KOTOpBIE HEJb3sI MOTYyYUTb, HCIONb3Yysl OaKTepHaIbHbIE 3KC-
MIPECCHUPYIOIINE CUCTEMBI. TpeThe — CIIOCOOHOCTH K CHHTE3Y
BHEKJIETOYHOTO OeJIKa, YTO yACUICBIISIET POLIECC TPOU3BOI-
cTBa. YeTBepToe — HU3KUI yPOBEHB IIIMKO3MINPOBAHHS O€I-
KOB B CPABHEHHUH CO MHOTUMH JIPYTUMH JAPOKIKAMH.

TTomumo K. phaffii, B kadecTBe arGOpPMBbI 15 SKCIPECCUH
PEKOMOMHAHTHOTO OeNKa pa3padaThIBAIIICE U IPYTHE METUIIO-
TpodubIe npoxoku. [Ipexae Bcero oTMeTnm, 4To Kak nareHT-
HO-HE3aBUCHMYIO I1aT(hopMy OBbLIO MPEITI0KEHO HCIIOIB30-
BaTh MCXOHBIN A cUCTeMBI Invitrogen mramm P. pastoris
CBS7435. B Poccun 3amarenroBan mramm Komagataella
kurtzmanii amepukanckoro npoucxoxaenusi. B CILA B ka-
YeCTBE AJBTEPHATUBHBIX OBUTH CO3/IaHbI SKCIIPECCUPYIOIINE
aropmbl Ha ocHoBe pona Ogataea: Hansenula (Ogataea)
polymorpha w Pichia (Ogataea) methanolica, nocnennsist
npuHaanekuT Invitrogen. B Slmonnu paspaborana amsrep-
HaTuBHAs atdopma Ha ocHoBe Candida boidinii; cuctema
pa3BuBasack 70 2009 1., HO O3%Ke 3TOT OPraHU3M HE YIIOMHU-
HAJICSl B Ka4eCTBE IIAT(GOPMBI AJISI IIPOU3BOACTBA PEKOMON-
HaHTHOTO Oenka. McenenoBarenn Manai3un aiist MpotyKInu
Oenka npemiokwin mramm P guilliermondii (Meyerozyma
guilliermondii), a Taunauna — P. thermomethanolica.

WHTEepecHO OTMETHTBH, YTO BCE INTAMMBI JPOXIKEH, C
MOMOIIIBIO KOTOPBIX CO3/1aBAJIM TE€TEPOJIOTHUHBIE OCNIKU 10
2009 r., UMEIOT aMepUKaHCKOe MPOUCXOKICHHUE. B CBsI3H ¢
STHM BO3HHMKAET BONPOC, HE SIBIISIOTCS JIM CBOMCTBA, CIO-
COOCTBYIOIIIME MTPOIYKIMH OJIKa B IPOXKIKAX, YHUKATbHBIMH
JUIS aMEPUKAaHCKHX M30IITOB. bornee mo3aHue nccnenoBanus
CBUJICTEJIBCTBYIOT O TOM, YTO ATO HE COBCEM TaK. B Te roapl
OypHOE pa3BUTHE OMOJIOIMYCCKON HAYKH, B TOM YHCJIC OT-
KPBITHE HOBBIX 0a30BBIX METO/IOB MOJICKYIISIPHOM OMOJIOTHH,
npoucxoamio Ha toro-zamage CIIA, a pa3paborka amepu-
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KaHCKHMMHU HUCCJICAOBATCIIIMU NEPBLIX IITAMMOB BEJIaCh B
oxHOM mTare. [1o-BuauMomy, 3TOT (pakT CTall OCHOBHOM MPH-
YUHOW HCHOJIB30BaHMS IITAMMOB UMEHHO JTOTO PETHOHA.
Poccuiickuil ke aTeHT KONUPYET U3BECTHBIE CUCTEMBI, YTO
TpeOyeT UCTIOoNB30BaHNs Haubosee OJIM3KUX BHIOB, KOTOPHIE
B OOJIBIIMHCTBE CITy4acB MMEIOT Onm3kne reorpadudeckue
apeasbl O0UTaHUs.

B 1ienom anpTepHATHBHBIE CHCTEMBI HA OCHOBE METHIIO-
TPOQHBIX IPO}NOKEH MTOKa HE MONTYYMIIN 3HAYUTEIBHOTO pac-
npoctpaneHust. [IpuuuH Ju1st 3T0ro MOXeT ObITh MHOXKECTBO.
Haubonee BepOsATHBIMU HPEACTABISAIOTCS OTCYTCTBUE 3a-
MHTEPECOBAHHOCTH Y OCHOBHBIX UTPOKOB PBIHKA PEKOMOU-
HAaHTHBIX 6em<03 u HeCHOCO6HOCTL HOBBIX YYaCTHHUKOB 3TOT'O
PBIHKA BKIIMHUTBCS B IPOLIECC ¢ HOBOM cucteMoil. Hanpumep,
KHTaNCKUE MPOU3BOIUTENN aKTUBHO HCIIOIb3YIOT IITAMMBIL,
MOJTyYeHHBIE HAa OCHOBE IITaMMOB Invitrogen. Tem He MeHee
HCCIIEZIOBaHUS HOBBIX CHCTEM HKCIIPECCHH Ha OCHOBE METHU-
JOTPOHBIX APONCKEH BETYTCsI, BOSMOXKHBI TAKXKE JOPAOOTKH
IIYTEM I'CHOMHOTI'O pCAAKTUPOBAHUA YIKC UMCIOIINUXCA CUCTEM
C LIEJIBIO MOBBIIIEHUS MPOAYKINY OeIKa U ONTHMHU3AIMU €r0
TITMKO3UJINPOBAHMUS.
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Perspectives of using Illumina MiSeq for identification
of arbuscular mycorrhizal fungi
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Abstract. Arbuscular mycorrhiza fungi (AMF) form one of the most common symbiosis with the majority of land
plants. AMF supply the plant with various mineral elements, primarily phosphorus, and improve the water supply.
The search for the most effective AMF strains for symbiosis and the creation of microbial preparations on that ba-
sis is an important task for modern biology. Owing to the difficulties of cultivation without a host plant and their
high genetic polymorphism, identifying AMF is very difficult. A high number of cryptic species often makes mor-
phological identification unreliable. Recent years have seen a growth in the number of AMF biodiversity studies
performed by modern NGS-based methods, Illumina MiSeq in particular. Currently, there are still many questions
that remain for the identification of AMF. The most important are whether conservative or variable sequences
should be used to select a marker for barcoding and whether universal primers or those specific to AMF should be
used. In our work, we have successfully used universal primers ITS3 and ITS4 for the sequencing in lllumina MiSeq
of the 5.85 rDNA - ITS2 region of the 35S rRNA genes, which contain both a conservative and variable regions. The
molecular genetic approach for AMF identification was quite effective and allowed us to reliably identify eight of
nine isolates to the species level: five isolates of Rhizophagus irregularis, and one isolate of R. invermaius, Paraglo-
mus laccatum, and Claroideoglomus etunicatum, respectively. For all five R. irregularis isolates, high variability in
the ITS region and the absence of ecotopic-related molecular characters in the ITS2 region were demonstrated.
The NCBI data is still insufficient for accurate AMF identification of Acaulospora sp. isolates from the genus to the
species level.

Key words: Glomeromycotina; arbuscular mycorrhiza; Illumina MiSeq; Rhizophagus irregularis; R. invermaius; Para-
glomus laccatum; Claroideoglomus etunicatum; Acaulospora.
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[TepcrieKTUBLI UCIIOAb30BaHMs [llumina MiSeq
11 ugeHTUu@uKanmuy rpuboB apOyCKYISIPHO MIUKOPU3bI
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AHHoTauua. [prnbbl apbyckynapHoi mukopusbl (AMI) ob6pa3syioT oguH 13 Hanbonee PacnpPOCTPAHEHHbIX CUM-
6110308 C 6OIbLUVHCTBOM Ha3eMHbIX pacTeHuini. AMI cHabXKatoT pacTeHne pasiMyHbIMY MUHEPASTbHBIMU S1IeMEH-
Tamu, B nepByto ouepeab, bocdopom, a Takxke ynyullaT BoAocHabkeHve. Mouck Hanbonee cumbroTmyeckn s¢-
deKkTrBHBIX WTammoB AMI 1 co3gaHmne Ha X OCHOBE MUKPOOHbBIX MPenapaToB — Ba)KHas 3aaya COBPEMEHHOM
6uonorun. NoeHtndrkauma AMI oueHb CloXHa. ITO CBA3AHO, MPEXAe BCEro, C BbICOKUM FeHETUYECKUM MOosu-
mopduramom AMTI, a TakxKe C TPYAHOCTAMY MX BblpallyiBaHMs 6e3 pacTeHus-xo3samnHa. Mopdonornyeckas ngeH-
Tdukaumna AMI yacto HeHageKHa 13-3a 6ONbLLIOrO YMCna KPUNTUYECKMX BMAOB. B nocneaHve roabl ysenmumsa-
eTcA uncno paboT Mo n3ydyeHunto BUoNorMyeckoro pasHoobpasus AMI, NPoOBOAVMBIX COBPEMEHHbBIMY MEeTOAAMMN
Ha ocHoBe NGS (Next Generation Sequencing), B yactHocT lllumina MiSeq. B HacTosLee BpeMaA 0CTaeTcss MHOMO
BOMPOCOB Mo naeHTnrKaumm AMT. K Harbonee Ba>KHbIM U3 HUX OTHOCATCA: BbIGOP MapKepa AnsA reHeTnyecko-
ro wrpux-koguposaHua AMIT — KOHCepPBaTMBHbIX WM BaprabenibHbIX MNOCNeAoBaTeNbHOCTEN, @ TakxKe Bblbop
npanmepos — crneundunyHbix ana AMI unm yHuBepcanbHbIX. B HacTosweln paboTe Mbl yCMewHo UCnonb3oBanm
yHUBepcanbHble nparimepsbl ITS3 1 ITS4 ana cekBeHmpoBaHua ¢ lllumina MiSeq pervona 5.8S pAHK - ITS2, co-
LepKallero Kak KOHCEpPBATMBHbIE, TaK 1 BapurabenbHble y4acTKU. ITOT Noaxoa Ans maeHtnoéunkaumm AMI oka-
3aJ1CA AOCTAaTOYHO 3OPEKTUBHBIM 1 MO3BOANA JOCTOBEPHO NAEHTUGMLMPOBATL 8 13 9 N30NATOB [0 YPOBHA BrAA:
5 — Rhizophagus irregularis, 1 - R. invermaius, 1 — Paraglomus laccatum, 1 - Claroideoglomus etunicatum. ina Bcex
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n30naToB R. irregularis nokasaHbl BbICOKas BaprabenbHOCTb B 061acTu ITS 1 OTCyTCTBYE CBA3M C SKOTOMOM Kraf,
o6pasyembix ITS Ha punoreHeTuyecknx gepesbax. Ana nsonarta Acaulospora sp., OnpeaeneHHoro o poaa, AaH-
Hble NCBI Bce elue HejoCcTaTOUHbI Ans TOUHOW naeHTuduKkauum AMI poga Acaulospora po Buga.

Kniouesble cnosa: Glomeromycotina; apbyckynapHaa mukopu3a; lllumina MiSeq; Rhizophagus irregularis;
R. invermaius; Paraglomus laccatum; Claroideoglomus etunicatum; Acaulospora.

Introduction

Arbuscular mycorrhizal fungi (AMF) belonging to the sub-
division Glomeromycotina are a relatively small yet diverse
group. Various estimations report from 240 (Stockinger et al.,
2014) to 348 species (Opik et al., 2014). At the same time,
AMF form mycorrhizal relationships with more than 200,000
species of land plants (Lee et al., 2013). Identification the AMF
strains with the highest symbiosis efficiency is of great value
for agricultural applications. To do it, we isolated, identified
(Kryukov et al., 2017; Kryukov, Yurkov, 2018; Yurkov et al.,
2018b), and evaluated the symbiotic efficiency (Yurkov et
al., 2017a, b; Yurkov et al., 2018a) for a number of strains
from the collection.

AMF are traditionally identified by more than 20 morpho-
logical characters (Schenk, Perez, 1990; Blaszkowski, 2019;
INVAM, 2019; SchiiBller, 2019). However, in some cases
morphological identification fails to discriminate closely re-
lated species. A number of AMF species are morphologically
indistinguishable. Furthermore, interspecific genetic polymor-
phism can sometimes be mistakenly treated as intraspecific
polymorphism (Savary et al., 2017). Everything mentioned
above may result in wrong estimations of AMF species. AMF
usually cannot be cultivated on artificial media, thus making
the identification very hard. As a result many AMF species
are not studied at all, and so have not received the proper
morphological description essential to their identification
(Bruns et al., 2017). The type genus Glomus is a striking
example of the taxonomic problems concerning species and
genera identification. In the last twenty years, Glomus taxon
has been revised a number of times, so that many Glomus
species put under 14 other genera instead: Ambispora, Cla-
roideoglomus, Corymbiglomus, Diversispora, Dominikia,
Entrophospora, Funneliformis, Kamienskia, Pacispora, Para-
glomus, Redeckera, Rhizophagus, Sclerocystis, Septoglomus
(SchiiBller, 2019). In this key, molecular-genetic identification
of Glomeromycotina is very significant as the exponential
increase in the number of AMF DNA sequences deposited in
databases over the last ten years attests (NCBI, 2018).

The forementioned problems make the choice of the best
method to identify Glomeromycotina genera and species very
topical (Kryukov et al., 2017; Kryukov, Yurkov, 2018; Yurkov
et al., 2018a).

The study of Glomeromycotina by molecular genetic me-
thods is associated with a number of difficulties. One of the
main problems is the high degree of genetic polymorphism,
including polymorphism at the intraspecific level in the
SSU-ITS1-5.8SrRNA-ITS2-LSU region commonly used
for molecular-genetic identification (Stockinger et al., 2010;
Yurkov et al., 2018a). The reasons for this variability may be:
1) the ability of AMF to form anastomoses and exchange
genetic material (Daubois et al., 2016); 2) the formation of
a very large number of nuclei — from 576 to 35,000 in one spore
(Hosny et al., 1998). Copies of DNA markers independently
evolve in different nuclei (Lin et al., 2014).

The ITS region is the main marker for AMF barcoding, it is
well represented in different databases, among which are the
UNITE (User-friendly Nordic ITS Ectomycorrhiza) (UNITE,
2017) and MaarjAM (Opik et al., 2010). It should be noted that
the ITS is also often used for the barcoding of vascular plants
and the construction of phylogeny (Rodionov et al., 2016).
But the main advantage of the ITS region is the possibility
of identifying AMF up to the species level. A majority of
papers where less variable markers have been used report on
identification up to the genus level or even to the order level
(Schoch et al., 2012; Tedersoo et al., 2015).

In the case of [llumina MiSeq it is recommended that ITS2
or the full ITS region be used as the fungal barcode (Tedersoo
etal.,2015). ITS2 provides a higher taxonomic resolution than
SSU or LSU genes, which are suitable for identifying genera
and higher-level taxa. ITS1 in fungi is usually shorter that
ITS2, also ITS1 is considered as a hypervariable region and
thus less suitable for barcoding fungi (Tedersoo et al., 2015).
To increase efficiency of molecular-genetic identification,
modifications of the universal primers ITS3 and ITS4 specific
for various fungal divisions were proposed. In comparison
with other primer combinations, the primer pair ITS3tagmix
and ITS4ngs gave a significantly larger number of sequen-
cing reads as well as OTUs (Operational Taxonomic Units)
(Tedersoo et al., 2015). At the same time, the contribution
of AMF in the total OTUs pool was less than 3 %, whereas
Agaricomycetes represented half of all OTUs. For AMF we
proposed using the slightly modified primer ITS3 — CATC
GATGAAGAACGTAG (the modification is in bold) as a
direct primer and the primer ITS4 without changes as reverse.

Various aspects of using specific primers for the AMF
identification were reviewed earlier (Kryukov et al., 2017;
Kryukov, Yurkov, 2018; Yurkov et al., 2018a). Identification
using universal primers allows us to investigate the maxi-
mal broad range of AMF species and genera. But this then
introduces the problem of foreign DNA admixture. Another
problem with molecular genetic identification of AMF is the
generation of chimeric sequences during the sequencing pro-
cess (Senés-Guerrero et al., 2014). Phusion DNA-polymerase,
which generates high accuracy PCR-products, serves to reduce
the chances of introducing chimera (Senés-Guerrero et al.,
2014). At the same time, special software has been developed
for detecting chimeric sequences and excluding them from
analysis, USEARCH for example (Edgar, 2010).

Before 2015, the main method of AMF molecular-genetic
identification was cloning followed by Sanger sequencing. This
method applied to AMF demands careful selection of efficient
and highly specific primers, as well as the use of nested PCR.
In addition, due to the high variability of marker sequences,
only multiple sequence cloning can be used (Kriiger et al.,
2009), which is very time-consuming and labor-intensive.

NGS has turned into a powerful and attractive method
of AM fungi identification since it can overcome the weak
points in the Sanger-based identification. One of the earli-
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est techniques of NGS was 454 pyrosequencing, which has
been employed for AMF identification since 2009. Using the
universal fungal primers NS31 and AM1 179,279 sequences
were obtained, of which 77.5 % belonged to 47 taxa of AMF
isolated from the roots of 10 plant species (Opik et al., 2009).
However, these primers (NS31 and AM1) are not suitable
for the analysis of the SSU region in Archaeosporaceae and
Paraglomeraceae families (Helgason et al., 1998). Nonethe-
less, 454 pyrosequencing revealed in the roots of the Hepatica
nobilis Mill. 1.5 times more fungal taxa than Sanger sequen-
cing (Opik et al., 2009). This clearly showed the advantage
of NGS methods over cloning-Sanger sequencing methods.
454 pyrosequencing following nested PCR was successfully
used for AMF identification with a barcode in the LSU region
(Senés-Guerrero, Schiiller, 2015). An interesting result of this
work is that about 60 % of the studied plants each formed a
symbiosis with at least 10 AMF taxa, and 2 % of plants had
more than 25 AMF species in their root system. The authors
used the LSU-D1fmodified primer (Senés-Guerrero, Schiifller,
2015) together with the LSUmBr primer (Kriiger et al., 2009)
in the second round of nested PCR. This modification allowed
us to obtain 698,297 sequences, of which 0.17 % were the
target AMF sequences, 41 taxa were detected, of which 15
are unknown, not registered in the databases (Senés-Guerrero,
SchiiBBler, 2015). 454 pyrosequencing has its advantages
over cloning-Sanger sequencing, but this technique is more
expensive than the Illumina MiSeq technology that replaced
pyrosequencing.

With the development of Illumina technology, Illumina
MiSeq has been becoming more and more widely used due to
its relative low cost. Illumina MiSeq compared to HiSeq 2000
allows for processing sequences of reads 2.5 times longer,
and each sequencing in this case is cheaper. The advantage
of HiSeq is more deep sequencing, which allows us to obtain
reads at a rate of three orders greater than MiSeq. But this is
less significant for fungi identification than sequence read
length (Razzauti et al., 2015).

A comparative study of the efficiency of 454 pyrosequen-
cing and [llumina MiSeq showed a difference of five times in
the diversity of sequences (in favor of the second method), but
both approaches revealed the same species composition (Vasar
etal., 2017). A comparative study of the [llumina MiSeq and
Ion Torrent Personal Genome Machine (PGM) showed that
the second method generated a 2—5 fold greater rate of error
than Illumina MiSeq (Salipante et al., 2014).

The objectives of this study included the identification of
nine strains of AM fungi from the collection of the All Russian
Research Institute for Agricultural Microbiology using the
[llumina MiSeq approach and universal primers for the ITS2
region, supplemented by the morphological characteristics of
the analyzed AMF spores.

Materials and methods

AMF isolation. AMF were isolated in 2015 from samples,
collected in various habitats in two different regions (author
of the analyzed AMF isolates: A.P. Yurkov). Only isolates
with spores with an unambiguously identifiable morphology
were used for molecular-genetic identification. Four strains
were isolated from samples taken in the Rostov region (1.4 km
NW from Zernograd): 46°52'2" N, 40°16'8"E, a tree belt
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area with oaks, maples and alders: 1) isolate (strain) 01-053
was isolated from Ambrosia artemisiifolia roots, 2) isolate
(strain) 01-056a and, 3) isolate 01-056b both were isolated
from one ordinary chernozem soil sample, but differentiated
via reinoculations of spores with a different morphology,
4)at46°52'7"N, 40°16'8" E, a maize field, the isolate (strain)
02-060 was isolated from a Zea mays 282MB Zelenogradckij
hybrid roots. Five isolates were obtained from samples taken
in the Moscow region (Lobnya town, academic village in
Lugovaya): 1) 56°02'33.80" N, 37°29'13.70" E, natural
meadow, the isolate (strain) 03-097 was isolated from Vicia
sepium roots, 2) 56°02'24.30"N, 37°2920.00"E, a Festuca
rubra field, isolate (strain) 04-067 was isolated from Festuca
rubra roots, 3) isolate (strain) 04-068 was isolated from
Agrostis vulgaris roots, 4) 56°02'31.40"N, 37°29'17.60"E,
Medicago * varia field, isolate (strain) 05-077 was isolated
from Trifolium pratense roots, 5) isolate 05-104 was isolated
from a sod-podsol gleyic soil sample.

AMF cultivation. AMF collection at the All-Russian Re-
search Institute for Agricultural Microbiology is cultivated
in the Plectranthus australis R. Br. (taxonomical synonyms
P, verticillatus (L.f.) Druce, P. nummularius Briq.) line of
Swedish ivy. For AMF-inoculated plants a soil-sand mix was
used, described earlier (Yurkov et al., 2015). The substrate had
alow level of plant-available phosphorus (3.0 mg P,0/100 g).
Plectranthus cuttings 12—15 cm length with two leaves were
sterilized in 0.1 % sodium hypochlorite, then germinated in
water. On the 7 day Plectranthus plants were inoculated by
root fragments, containing AMF vesicles and abruscules. Root
fragments of mycorrhizal Plectranthus were selected by visual
analysis in stereomicroscope MBS-10 (LZOS, Russia). For
further reinoculations (each 6—8 months) sporocarps, or an
arrangement of spores in an out-root area, or 5 mm length root
fragments with large quantities of observable vesicles were
used. Each inoculated plant was cultivated in an individual
container with 350 g of sterile substrate at +24-26 °C, 18 h
light day. Two luminescent lamp LB-40 (Russia) and OSRAM
L36/77 Fluora (Germany) on a 1:1 ratio with output lumen
~4000 were used. Plants were watered every other day by
60 % of soil full water capacity. For the culture purification
AMF spores were reinoculated at least three times.

Morphological identification of AMF. More that 20 fea-
tures were used for morphological identification (Schenck,
Pérez, 1990; Blaszkowski, 2003; INVAM, 2019): color, trans-
parency, size and shape of extraradical (out-root) spores;
shape of the place of attachment of spores to subtending
hypha; number, thickness, density, elasticity or fragility, color
in Melzer’s reagent of layers of spore walls and subtending
hypha; presence/absence/disappearance/appearance of spore
wall layers and subtending hypha during ontogenesis (from
juvenile to mature spore); presence/absence of a septum in
the place of attachment of the spores to subtending hypha;
structural characteristics of AMF and intraradical spores.

In order to assess mycorrhization parameters and the type
of mycorrhiza, the roots were macerated and stained by try-
pan blue according to the method developed by J.M. Phillips
and D.S. Hayman (1970). Mycorrhization parameters were
determined by light microscopy (Trouvelot et al., 1986) using
a special computer program, developed earlier in our research
group (Vorob’ev et al., 2016).
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DNA extraction, PCR and sequencing. DNA extractions
were carried out using the method of J.J. Doyle and J.L. Doyle
(1987), with modifications. Micorrhizated roots of P. australis
were washed twice in distilled water, placed in 2 ml tubes, dried
at +45 °C, and mechanically homogenized with glass beads
2—4 mm in the FastPrep24 (MP Biomedicals, USA), followed
by CTAB-protocol. The target region ITS2 was amplified
with universal primers ITS3 (5'-GCATCGATGAAGAACG
CAGC-3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3")
(White et al., 1990). Ready-mix ScreenMix (Evrogen, Russia)
was used for PCR. Amplicons were sliced from agarose gel
and purified by the silica approach. Illumina library prepara-
tion was made according to MiSeq Reagent Kit Preparation
Guide in the Core Center of “Genomic Technologies, Pro-
teomics and Cell Biology” at the All-Russia Research Insti-
tute for Agricultural Microbiology (St. Petersburg, Russia).
Libraries were sequenced on the Illumina MiSeq platform
with MiSeq® Reagent Kit v3 (600 cycle) according to the
manufacturer’s instruction (Illumina Inc., USA).

Bioinformatics and fungal OTUs analysis. Two pipelines
were used for sequencing data analysis. 1. Illumina reads
processing were done by USEARCH software (Edgar, 2010).
The key steps for USEARCH data treatment are described on
https://www.drive5.com/usearch/. In further paragraphs we
are briefly describing these steps. In the case of paired-end
sequencing, [llumina sequencer makes sequences from both
ends of a fragment and generates two files with forward and
reverse reads. This data is written in FASTQ format, where
each nucleotide corresponds with its quality score. For fur-
ther treatment forward and reverse reads are merging using
fastq_mergepairs command to give consensus sequences. This
step includes resolving any mismatches found in the overlap
alignments and calculation the posterior quality scores for
the consensus sequences (Edgar, Flyvbjerg, 2014). To discard
low-quality reads expected error filtering with fastq filter
command is used.

The next step is a dereplication, which means sorting unique
sequences in order of decreasing abundance in the dataset.
After this, singletons (sequences that are present exactly once)
are discarded, since they are likely to have errors. However
the remaining reads can still have errors. So the goal of the
final step (denoising) is to identify a set of correct biological
sequences. The denoising can be made by UPARSE algorithm
which clusters sequences with 97 % or more (Edgar, 2018)
similarity and then chooses the most abundance sequence in
each cluster. Also chimeric sequences, which occurs by com-
bining parts of two or more biological sequences are detected
and deleted at this step.

Raw forward and reverse reads were merged with minimal
length parameter (“-fastq minmergelen’’) 130 bp and maximal
difference parameter (“-fastq maxdiffs”’) 30 bp. Then low-
quality read ends including primer sequences were trimmed,
reads were filtered based on expected error value (E_max=1).
Singletons were removed from the dataset. Then data were
divided on operational taxonomic units (OTUs) with a 97 %
similarity cut-off by UPARSE algorithm (Edgar, 2013). Chi-
meric sequences were removed. For further analysis the most
represented sequence from each OTU was chosen. Data were
checked for cross-talk errors. Sequences of AMF species were
selected by BLAST+ (Altschul et al., 1990).
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2. The primers we used are universal for a broad range of
species; and after amplification in the ITS2 region the ex-
tracted plant DNA prevail over fungi DNA. A second pipeline
was made for the selection of rare and unique reads with a high
homology of AMF sequences. After quality control (FastQC)
forward and reverse reads were trimmed and merged with
minimal length parameter 230 bp by trimmomatic (Bolger
et al., 2014) and fastq-join software (Aronesty, 2013). Then
sequences were demultiplicated and sorted in the descen-
ding order of their frequency. AMF sequences were selected
via character for AMF motifs, then aligned and checked via
BLAST.

Obtained sequences were submitted to the GenBank data-
base (https://www.ncbi.nlm.nih.gov/). Evolutionary analyses
were conducted by using the Maximum Likelihood method
in MEGA7 software (Kumar et al., 2016) with implementa-
tion of the Tamura-Nei model (Tamura, Nei, 1993) and 1,000
bootstrap analyses.

Results

Sequencing of 9 isolates yielded approximately 381,249 pair
ofreads, from 19,236 to 81,054 joined sequences for each iso-
late. The following OTUs of AMF isolates were identified via
BLAST at the genera or species level and submitted to NCBI:
MK948362-MK948371 (isolate number 01-053), MK948403-
MK948404 (01-056a), MK968150 (01-056b), MK948427-
MK948429 (02-060), MK948492-MK 948496 (03-097),
MK948434-MK948436 (04-067), MK948447 (04-068),
MK948486-MK948491 (05-077), MK948503-MK 948504
(05-104). The length of obtained sequences varied from 340
to 366 bp. Variability in GC content was distinct in different
genera: a narrow range was shown in genera Claroideoglo-
mus (38-39 %), Rhizophagus (36-39 %) and Paraglomus
(42-46 %), whereas GC content in Acaulospora varied from
31 to 46 %. Owing to the significant variability of the ITS
region in AM, alignment of sequences belonging to different
genera and orders is ineffective, and in some cases impossible.
As aresult, four separate phylogenetic trees were constructed
for the four genera mentioned above (Fig. 1-4).

Unusual deletion was determined by ITS2 sequence align-
ment. This deletion of 5-6 bp in alignment positions 97-102
was identified in various species of genus Rhizophagus, and in
all OTUs of genus Paraglomus, and in Racocetra weresubiae
(FR750135) (NCBI, 2019). This fact can serve to indicate
the presence of a deletion-specific site related to secondary
RNA structure. However, it can also indicate a relationship
of sequences in this region, which is of greater interest be-
cause it is well known that AM mycelia contain a significant
number of nuclei (Hosny et al., 1998), some of which carry
this deletion in ITS.

Some samples (01-053, 01-056a, 02-060, 04-068, 05-077,
and 03-097) demonstrated a high similarity with Rhizophagus
(see Fig. 1). OTU isolates 01-053, 01-056a, 02-060, 04-068,
05-077 fell with high accuracy into the clade formed by
Rhizophagus irregularis, while OTUs of 03-097 were placed
in one clade with R. invermaius (bootstrap index = 97). This
genus includes a small number of species, about 20 accor-
ding to A. Schiiler (2019), but in the NCBI only 8 species
are represented by ITS sequences. Thus one may consider
that Rhizophagus is a genus that requires further sequencing
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053-6 MK948367 Rhizophagus irregularis

62 - 053-8 MK948369 Rhizophagus irregularis

- 060-3 MK948429 Rhizophagus irregularis
L—053-5 MK948366 Rhizophagus irregularis
5~ 077-3 MK948488 Rhizophagus irregularis

-|—077—6 MK948491 Rhizophagus irregularis
611077-5 MK948490 Rhizophagus irregularis
4011 FM865610 R org Rhizophagus irregularis DAOM197198 W3182/Att1192-52
053-3 MK948364 Rhizophagus irregularis
H 077-2 MK948487 Rhizophagus irregularis

~|7056a—1 MK948403 Rhizophagus irregularis

FM865608 R org Rhizophagus irregularis DAOM197198 W3182/Att1192-52
‘I_ 053-7 MK948368 Rhizophagus irregularis
11060-2 MK948428 Rhizophagus irregularis
— r—053-1 MK948362 Rhizophagus irregularis
—077-1 MK948486 Rhizophagus irregularis
053-9 MK948370 Rhizophagus irregularis
053-4 MK948365 Rhizophagus irregularis
771 ] 3JE 056a-2 MK948404 Rhizophagus irregularis
FM865591 org Rhizophagus irregularis BEG195 W5272/Att1485-12

053-10 MK948371 Rhizophagus irregularis

60| 060-1 MK948427 Rhizophagus irregularis

76

42 43

—— HG964399 Rhizophagus melanus

Fig. 1. Phylogenetic tree of ITS-sequences from the genus Rhizophagus.

research. At the same time, it is beyond doubt that this study
provides a molecular genetic identification at the species level
of isolates 01-053, 01-056a, 02-060, 04-068, 05-077, 03-097.

Due to the ambiguous position of OTUs of isolate 05-104
on a pre-built phylogenetic tree of the Acaulospora genus, as
well as due to the possibility that OTUs of this isolate could
incorporate other close genera from the Acaulosporaceae
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068-1 MK948447 Rhizophagus irregularis
98 — FR750191 org Rhizophagus irregularis from Blaskowski
FR750187 org Rhizophagus irregularis W4682/Att857-12
T'_E)77—4 MK948489 Rhizophagus irregularis
871FR750078 R org Rhizophagus irregularis MUCL43195
2 GQ205076 Rhizophagus custos
JN847437 Rhizophagus custos
1o i|—_FM992402 R org Rhizophagus proliferus MUCL41827
FN547500 R org Rhizophagus proliferus MUCL41827 W4728/Att1296-0
29 _|_— FM865545 org Rhizophagus intraradices MUCL49410 W5070/Att1102-9
94— FM865606 R org Rhizophagus intraradices FL208 W5166/Att4-38
FM865602 R org Rhizophagus intraradices FL208 W5166/Att4-38
8 FR750073 org Rhizophagus fasciculatus MUCL46100
99! FR750071 org Rhizophagus fasciculatus MUCL46100
FM865546 org Rhizophagus intraradices MUCL49410 W5070/Att1102-9
097-3 MK948494 Rhizophagus invermaius
097-5 MK948496 Rhizophagus invermaius
097-1 MK948492 Rhizophagus invermaius
097-4 MK948495 Rhizophagus invermaius
HG969390 Rhizophagus invermaius
LN624112 Rhizophagus invermaius
097-2 MK948493 Rhizophagus invermaius

|— GQ205083 Rhizophagus clarus
99 'FM865541 org Rhizophagus clarus W3776/Att894-7

AF413089 Funneliformis mosseae

family, species from the Archaeospora, Ambispora, Diversi-
spora, Gigaspora, Racocetra, Redeckera and Scutellospora
genera were added to the tree. We found that both OTUs of
05-104 isolates were included in the Acaulospora clade with
high bootstrap support (see Fig. 2).

However, owing to the significant differences from other
species of Acaulospora, we define the MK948503 sequence
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67 AM076375 org Acaulospora sneverdingii ZS2005
FM876792 R org Acaulospora sneverdingii WUM18 W2941/Att869-3
104-2 MK948504 Acaulospora sp.
AJ891114 org Acaulospora paulinae voucher CW4
AJ239115 org Acaulospora denticulata CL139-3
FM876790 R org Acaulospora cavernata BEG33 W3293/Att209-37
FR692348 org Acaulospora cavernata BEG33
FR846383 Acaulospora punctata
HE60364 Acaulospora nivalis
KP191472 Acaulospora ignota
LN810996 Acaulospora baetica
99| FM876821 org Acaulospora kentinensis TW111A W5346/Att1499-9
FN547523 org Acaulospora kentinensis TW111A W5346/Att1499-9

42 HG422732 Acaulospora spinosissima

67 KMO057070 Acaulospora excavata
> JF439203 org Acaulospora delicata isolate G11 2
JF439090 org Acaulospora mellea isolate G34-6
54 —JF439093 org Acaulospora delicata isolate G67-5

LN881564 Acaulospora rugosa
61 AM905249 Acaulospora morrowiae
FR750151 R org Acaulospora spinosa EX-Type W3574/Attnone
il FR692349 org Acaulospora scrobiculata FO316
FR869691 org Acaulospora minuta
_L_ AJ891104 org Acaulospora alpina environmental ST2700
92'-FN825903 R org Acaulospora brasiliensis W4699/Att1211-0
99 ~AJ239117 org Acaulospora colombiana CIAT C18-3

21 |_— FR750063 org Acaulospora colombiana W5795/Att1476-8
45| AJ891110 R org Acaulospora lacunosa BEG78

?r— LN736025 Acaulospora foveata

FR750168 org Acaulospora entreriana W5469/Att1541-1

FN547502 R org Acaulospora laevis W3247/Att423-4
5 FN547513 org Acaulospora laevis BEG26

FR750173 Acaulospora entreriana

37

[

N

46

65

AF133768 Acaulospora colossica
LS398085 Acaulospora koskei
104-1 MK948503 Acaulospora sp.

91 I:JF4391 40 org Scutellospora calospora isolate B25-5
FR750150 R org Scutellospora spinosissima W3009/Att664-1 pMK024-03+08+06

86 — FN547598 R org Scutellospora gilmorei W5342/Att590-16

90 HM625899 org Scutellospora pellucida isolate scut1
Filcons*17 org Racocetra castanea BEG1 ex-type
FR750136 R org Racocetra fulgida W2993/Att-none
FR750134 R org Racocetra weresubiae W2988/Att-none
FN547547 R org Gigaspora margarita BEG34
FR750184 R org Gigaspora rosea DAOM194757 W2856/Att1509-20
AB048683 R org Scutellospora cerradensis MAFF520056
FM876837 R org Scutellospora heterogama BEG35 W3214/Att334-16 clone MK029-3
98 | FR750013 org Scutellospora dipapillosa W5611/Att1577-4
86— AM268197 R org Ambispora fennica glomoid W3569/Att200-11 multi spore culture

AL—[ JF439210 org Ambispora gerdemanniiisolate n8 9

AB048663 R org Ambispora callosa OK1 MAFF520057 W4769/Att1323-7 single spore isolate
L AB048654 R org Ambispora leptoticha F3b MAFF520055 W4770/Att315-11 single spore isolate

64

96

70

20

FN820282 org Ambispora granatensis JEP-2010
FR750022 org Archaeospora schenckii W5673/Att212-4

98 ,—— AM418545 org Redeckera fulva environmental
AM418551 org Redeckera megalocarpa environmental

—_—
0.050

Fig. 2. Common phy!

AM713403 R org Diversispora celata BEG231 FACE234 W4718-19/Att1278-2

AY842567 R org Diversispora epigaea BEG47

AJ849468 org Diversispora aurantia Holotype. Blaszkowski J. 2444 (DPP)
FN547637 R org Diversispora spurca ex-type W4119/Att246-18

97

71

AY035648 org Claroideoglomus claroideum JJ42 isolate Mr133

logenetic tree of ITS-sequences from Acaulospora, Archaeospora, Ambispora, Diversispora, Gigaspora, Racocetra, Redeckera

and Scutellospora genera.
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AF165919 org Paraglomus brasilianum ITH43

77
39| L FR750046 org Paraglomus brasilianum W5793/Att260-8
94| = AF165922 org Paraglomus brasilianum WV224

AF165920 org Paraglomus brasilianum WV224
911 AF165921 org Paraglomus brasilianum WV224
giLAF005062 org Paraglomus occultum FL703
AF005065 org Paraglomus occultum CL383

58 AF005480 org Paraglomus occultum CL383

95[ AF005481 org Paraglomus occultum CL383

FJ769330 org Paraglomus laccatum environmental
499[[ 056b MK968150 Paraglomus laccatum
871 AM295494 org Paraglomus laccatum
FR750196 org Rhizophagus irregularis from Blaszkowski

—_—
0.050

Fig. 3. Phylogenetic tree of ITS-sequences from Paraglomus genus.

067-2 MK948435 Claroideoglomus etunicatum

067-3 MK948436 Claroideoglomus etunicatum

AY236328.1 Claroideoglomus etunicatum
067-1 MK948434 Claroideoglomus etunicatum

FN547634 org Claroideoglomus etunicatum W5347/Att1505-8 CA-OT-126-3-2
|| FN547630 org Claroideoglomus etunicatum W5347/Att1505-8 CA-OT-126-3-2
AY330597 org Claroideoglomus etunicatum isolate 3-5-4

AY035648 org Claroideoglomus claroideum JJ42 isolate Nr133

FM876812 R org Claroideoglomus luteum SA101-3 W3184/Att676-0
AY035653 org Claroideoglomus luteum JJ47 isolate Nr132

FR750055 org Claroideoglomus claroideum W5794/Att1063-4
LT963496 Claroideoglomus lamellosum

AJ972464 org Claroideoglomus drummondii check paper
AJ972467 org Claroideoglomus walkeri Holotype. Blaszkowski J. 2609 (DPP)

Fig. 4. Phylogenetic tree of ITS-sequences from Claroideoglomus genus.

(05-104 isolate) as a virtual taxon. The MK948504 sequence
(05-104 isolate), though it has a high similarity with the
A. sieverdingii and A. paulinae species, did not show simi-
larities with the indicated species according to morphological
data, therefore it was also identified as a virtual taxon. At the
same time, it can be reliably stated that these two OTUs belong
to different taxa, since they have significant differences in GC
content (31 and 46 %). But differences did not appear in the
case of morphological analysis, highlighting the obstacles of
distinguishing among Acaulospora species.

The OTUs of 01-056b isolate formed a well-supported
subclade in the Paraglomus genus (bootstrap index = 99) (see
Fig. 3). Furthermore, the Paraglomerales order hosts two more
genera (Innospora and Pervetustus) in addition to the Para-
glomus genus, but the ITS sequences for them are unknown.
Thus the outgroup for the phylogenetic tree was taken from
another order. The 01-056b isolate was identified as Para-
glomus laccatum. The sequences of the P. laccatum 01-056b
isolate turned out to be the shortest in comparison with isolates
of other genera and ITS. Only three of eight species of this
genera have ITS sequences in NCBI (Schii8ler, 2019).

The Claroideoglomus genus is the most studied of the above
mentioned genera. The ITS data were reported for six out of
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eight species (Schiifler, 2019). The OTU of isolate 04-067
with high support belongs to the clade formed by the species
Claroideoglomus etunicatum (see Fig. 4).

To verify whether the molecular genetic identification of
AMF was effective, we conducted a morphological identifi-
cation of nine isolates (Supplementary)'. The principal mor-
phological characteristics for comparison were: size, shape,
and color of the spores in air by the CMYK standard; shape,
thickness and color of spore layers in Melzer’s reagent by the
CMYK standard; the shape and thickness of subtending hypha;
the wall thickness of subtending hypha; the presence of a sep-
tum in subtending hypha, type of mycorrhiza in P. australis;
mycorrhization parameter (F — frequency of mycorrhizal
infection in P. australis roots).

On the basis of morphological analysis of spores, it was
concluded that the AM isolates under examination — supported
on P, australis culture in the ARRIAM collection — are of the
following taxa: 1) 01-053 isolate — Rhizophagus irregularis;
2) 01-056a — R. irregularis; 3) 01-056b — Paraglomus lac-
catum; 4) 02-060 — R. irregularis; 5) 03-097 — R. invermaius;
6) 04-067 — Claroideoglomus etunicatum; 7) 04-068 — R. irre-

T Supplementary are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx0.pdf
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gularis; 8) 05-077 — R. irregularis; 9) 05-104 — Acaulospo-
ra sp. defined only at the genus level, since it was not possible
to clearly determine distinguishing morphological features.

Among the morphological features of the spores formed by
various isolates of AMF the following should be highlighted.
The spores of all AMF isolates classified as R. irregularis (iso-
lates 01-053, 01-056a, 02-060, 04-068 and 05-077) have the
cylindrical subtending hypha in oblong spores or slightly flared
(expanded) in spherical spore at a distance of more than 10 pm
from the spores. The size, shape and color of the spores in air
in these isolates were similar. Only spores of isolates 01-053
and 01-056a with a greenish tint, had insignificant differ-
ences: color varied from 19-5-54-0 (pistachio) and 23-4-43-0
(very light yellow-green) to 26-17-66-0 (yellow-green) and
29-25-58-0 (dark khaki). It should be noted that the color of
the L3 layer in spores of R. irregularis isolates had significant
polymorphism: from 10-37-99-10 (corn-yellow), 1-45-91-25
(deep yellow), 10-53-98- 0 (yellow-orange), 13-54-99-1 (deep
orange-yellow) and 26-52-97-2 (deep yellow) to 17-48-99-2
(almost pure orange), 15-62-98-0 (deep orange-yellow),
2-67-82-58 (brown-red), 30-80-99-30, 32-78-99-25 (saturated
red-brown). The spore color of the 01-056b isolate, referred to
the Paraglomus laccatum species, on the contrary varied in a
narrow range: from colorless to 4-4-0-0 (ghostly white). The
second difference in the P. laccatum 01-056b isolate was the
absence of a septum in the subtending hypha in the presence of
narrowing at the site of attachment of the spore as determined
by the greater thickness of the L2 layer. The spores of isolate
04-067, referred to Claroideoglomus etunicatum, were more
yellow: from 5-5-0-0 (ghostly white) to 2-10-62-5 (orange-
yellow Craiol) in air and in Melzer’s reagent L2 had a yellow
color from 2-15-60-2 (orange-yellow Craiol) to 3-35-92-5
(saturated yellow). The darkest spores were observed in the
isolate 03-097, referred to the Rhizophagus invermaius spe-
cies: from 30-52-88-51 (deep yellow-brown) to 59-67-63-72
(brown-olive) in air. The spore morphology of isolate 05-104
was significantly different from the other AMF. The spore
color of isolate 05-104 attributed to the Acaulospora genus,
ranged from colorless (transparent) to 3-15-70-4 (yellow
ivory), spores cycatrix (the scarring is a remnant of the con-
nection between the spore wall and the wall of the spore of the
saccule during spore synthesis is 5.5—7.1 um. Since this isolate
is poorly maintained in P. australis culture, the morphology
of the spores could not be studied in detail. According to mo-
lecular genetic analysis data, it may be approximately the same
probability as 4. paulinae, A. denticulata or A. sieverdingii.

All isolates of the Rhizophagus genus (01-053, 01-056a,
02-060, 03-097, 04-068 and 05-077), collected both in the
forest belt and arable land, had a higher activity in P. austra-
lis roots (F' > 80 %) than isolates of other AMF genera (see
Supplementary). All the AMF isolates under examination
formed mycorrhiza of the Arum-type, but only seven of nine
isolates were able to be isolated into culture: 01-053, 01-056a,
02-060, 03-097, 04-067, 04-068, 05-077 isolates should be
considered as AMF strains.

Because their mycorrhization activity in P. australis is low
(see Supplementary), sustained maintenance of the P. laccatum
01-056b isolate and the Acaulospora sp. 05-104 isolate will
depend on the selection of optimal conditions for their growth
(substrate composition and type of host plant).
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Discussion

The Illumina MiSeq approach allowed us to determine eight
out of nine AMF isolates from the All Russian Research
Institute for Agricultural Microbiology collection. It is very
powerful method, which enables the identification of a large
number of AMF taxa in fungal communities, especially if
the proportion of targeted marker sequences in a sample is
small. There are other effective methods of NGS, but several
comparative studies indicate that MiSeq in some cases is more
efficient as it can provide longer reads and fewer errors in
comparison to HiSeq and IonTorrent techniques, respectively
(Salipante et al., 2014; Razzauti et al., 2015).

These comparisons show the clear advantage of the sequen-
ce-targeted NGS approach as contrasted with the alternative
cloning-sequencing method for AMF species identification.
However, the main disadvantage of the Illumina MiSeq are
relatively short reads (250 bp x2), which do not allow the use
of long markers, such as the entire cloned SSU-ITS1-5.8S-
ITS2-LSU region that was most often used for AMF barcod-
ing from 2009 to 2012 (Kriiger et al., 2009; De Castro et al.,
2018). A prerequisite for the correct AMF identification by the
MiSeq method is the employment of a short marker region for
sequencing (400-500 bp). The most commonly used length-
appropriate marker is ITS2. The advantage of this region is
that it provides sufficient variability for identification at the
species level. Other less variable regions such as D1-D2 of
the LSU allow identification only at the genus level (Kriiger
et al., 2009).

The use of universal primers for ITS2 region is the optimal
choice for the identification of poorly studied taxa, which
in recent years has helped to identify a significant number
of virtual taxa of AMF (Opik et al., 2014). These taxa can
subsequently receive species names in the presence of in-
dividual morphological features and stable maintenance of
isolates/strains in culture. For example, we studied the 05-104
sample in which there are two OTUs that belong to two dif-
ferent virtual Acaulospora sp. taxa. Another advantage of
using the ITS2 region for identification is that a substantially
representative sequence database has been stored in NCBI
in comparison to other marker regions, for example, for the
SSU region (NCBI, 2018).

It is important to note that OTUs related to one R. irregularis
species and collected in different ecotopes (isolates 01-053,
01-056a, 02-060, 04-068 and 05-077) did not cluster separately
on the phylogenetic tree (see Fig. 1). This suggests that all
studied R. irregularis isolates shared one ribotype. Thus, it
was not possible to identify the ecotype-related features of
R. irregularis isolates, perhaps they are objectively missing.

Also, it should be noted that NGS methods produce huge
data arrays. We paid special attention to choose the correct
tools for data treatment. Several pipelines have been developed
to process rDNA sequences that are generated using [llumina’s
MiSeq platform. Among them mothur (Schloss et al., 2016),
QIIME (Caporaso et al., 2010), USEARCH and VSEARCH
(Rognes et al., 2016) are the most popular. Generally, all of
them have similar steps in sequences treatment. We used
USEARCH since it has a large set of tools and detailed docu-
mentation. However, two approaches were used to search for
AMF OTUs among a great pool of sequences. Both approaches
were equally effective since they allowed us to identify the
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same set of taxa. At the same time the use of the USEARCH
software has significantly reduced the time spent on data
processing, which makes it possible to recommend it as the
main tool to identify AMF from NGS data.

Combining the results of molecular genetics and morpho-
logical identification, we assert that the effectiveness of the
[llumina MiSeq method as applied to AMF identification is
not inferior to morphological methods that are significantly
more labor intensive. However, the NCBI database is still in-
sufficient for identification of some AMF species. The reason
for this is that more than half of the known AMF taxa are still
absent in the database. For example, according to A. Schiifller
(2019), there are up to 56 species in the genus Acaulospora.
The NCBI contains 37 species just for Acaulospora sp., and
ITS sequences are presented for only 28 species. Thus, the
obtained OTUs of the 05-104 isolate may belong to one of
Acaulospora species that has yet to be studied.

Conclusion

We have determined that the most effective method for AMF
identification is Illumina MiSeq supplemented by applica-
tion of universal primers for the ITS2 region. Considerable
efforts of morphologists in collaboration with molecular ge-
neticists are required to establish a reliable taxonomy of the
Glomeromycotina subdivision and to improve the efficiency
of the molecular genetic AMF identification as a key method
in the future.

References

Altschul S.F., Gish W., Miller W., Myers E.W., Lipman D.J. Basic lo-
cal alignment search tool. J. Mol. Biol. 1990;215:403-410. DOI
10.1016/S0022-2836(05)80360-2.

Aronesty E. Comparison of sequencing utility programs. TOBioiJ.
2013;7:1-8. DOI 10.2174/1875036201307010001.

Blaszkowski J. Definitions of morphological characters of spores of
arbuscular fungi. 2003. Available at http://www.zor.zut.edu.pl/
Glomeromycota/Definitions%200f%20spore%20characters.htm

Blaszkowski J. Species descriptions and illustrations. 2019. Available
at http://www.zor.zut.edu.pl/

Bolger A.M., Lohse M., Usadel B. Trimmomatic: A flexible trimmer for
Illumina Sequence Data. Bioinformatics. 2014;30(15):2114-2120.
DOI 10.1093/bioinformatics/btul70.

Bruns T.D., Corradi N., Redecker D., Taylor J.W., Opik M. Glomero-
mycotina: what is a species and why should we care? New Phy-
tol. 2017. DOI 10.1111/nph.14913. Available at http://onlinelibrary.
wiley.com/doi/10.1111/nph.14913/full

Caporaso J.G., Kuczynski J., Stombaugh J., Bittinger K., Bush-
man F.D., Costello E.K., Fierer N., Pena A.G., Goodrich J.K.,
Gordon J.I., Huttley G.A., Kelley S.T., Knights D., Koenig J.E.,
Ley R.E., Lozupone C.A., Mcdonald D., Muegge B.D., Pirrung M.,
Reeder J., Sevinsky J.R., Turnbaugh P.J., Walters W.A., Widmann J.,
Yatsunenko T., Zaneveld J., Knight R. QIIME allows analysis of
high-throughput community sequencing data. Nat. Methods. 2010;
7(5):335-336. DOI 10.1038/nmeth.£.303.

Daubois L., Beaudet D., Hijri M., de la Providencia I. Independent mi-
tochondrial and nuclear exchanges arising in Rhizophagus irregula-
ris crossed-isolates support the presence of a mitochondrial segrega-
tion mechanism. BMC Microbiol. 2016;16(1):1-12. DOI 10.1186/
$12866-016-0627-5.

De Castro O., Avino M., Di Maio A., Menale B., Guida M. Sanger and
next generation sequencing in the characterisation of arbuscular my-
corrhizal fungi (AMF) in Pancratium maritimum L. (Amaryllida-
ceae), a representative plant species of Mediterranean sand dunes.
Planta. 2018;248(6):1443-1453. DOI 10.1007/s00425-018-2981-z.

166

Perspectives of using Illumina MiSeq
for identification of arbuscular mycorrhizal fungi

Doyle J.J., Doyle J.L. A rapid DNA isolation procedure for small quan-
tities of fresh leaf tissue. Phytochem. Bull. 1987;19:11-15.

Edgar R.C. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics (Oxford, England). 2010;26(19):2460-
2461. DOI 10.1093/bioinformatics/btq461.

Edgar R.C. UPARSE: Highly accurate OTU sequences from micro-
bial amplicon reads. Nat. Methods. 2013;10:996-998. DOI 10.1038/
nmeth.2604.

Edgar R.C. Updating the 97 % identity threshold for 16S ribosomal
RNA OTUs. Bioinformatics. 2018;34(14):2371-2375. DOI 10.1093/
bioinformatics/bty113.

Edgar R.C., Flyvbjerg H. Error filtering, pair assembly and error cor-
rection for next-generation sequencing reads. Bioinformatics. 2015;
31(21):3476-3482. DOI 10.1093/bioinformatics/btv401.

Helgason T., Daniell T.J., Husband R., Fitter A.H., Young J.P.W.
Ploughing up the wood-wide web? Nature. 1998;394(6692):431-
431. DOI1 10.1038/28764.

Hosny M., Gianinazzi-Pearson V., Dulieu H. Nuclear DNA content of
11 fungal species in Glomales. Genome. 1998;41(3):422-428. DOI
10.1139/g98-038.

INVAM. Species descriptions from reference cultures. 2019. Available
at http://fungi.invam.wvu.edu/the-fungi/species-descriptions.html
Kriiger M., Stockinger H., Kriiger C., Schiiller A. DNA-based species
level detection of Glomeromycota: one PCR primer set for all ar-
buscular mycorrhizal fungi. New Phytol. 2009;183(1):212-223. DOI

10.1111/j.1469-8137.2009.02835 .

Kryukov A.A., Yurkov A.P. Optimization procedures for molecular-
genetic identification of arbuscular mycorrhizal fungi in symbiotic
phase on the example of two closely kindred strains. Mikologiya i
Fitopatologiya = Mycology and Phytopathology. 2018;52(1):38-48.
(in Russian)

Kryukov A.A., Yurkov A.P., Shishova M.F. Features of the molecular
phylogeny of arbuscular mycorrhizal fungi based on the analysis of
the SSU — ITS1-5.8SrRNA — ITS2 — LSU marker region. Estestven-
nye i Tekhnicheskie Nauki = Natural and Technical Sciences. 2017;
2:15-21. (in Russian)

Kumar S., Stecher G., Tamura K. MEGA7: Molecular Evolutionary
Genetics Analysis version 7.0 for bigger datasets. Mol. Biol. Evol.
2016;33:1870-1874. DOI 10.1093/molbev/msw054.

Lee E.H., Eo J.K., Ka K.H., Eom A.H. Diversity of arbuscular my-
corrhizal fungi and their roles in ecosystems. Mycobiology. 2013;
41(3):121-125. DOI 10.5941/MYCO0.2013.41.3.121.

Lin K., Limpens E., Zhang Z., Ivanov S., Saunders D.G.O., Mu D.,
Pang E., Cao H., Cha H., Tao Lin T., Qian Zhou Q., Yi Shang Y.,
Ying Li Y., Trupti Sharma T., van Velzen R., de Ruijter N.,
Aanen D.K., Win J., Sophien Kamoun S., Ton Bisseling T.,
Geurts R., Huang S. Single nucleus genome sequencing reveals high
similarity among nuclei of an endomycorrhizal fungus. PLoS Genet.
2014;10(1):¢1004078. DOI 10.1371/journal.pgen.1004078.

NCBI. National Center for Biotechnology Information. 2018. Available
at https://www.ncbi.nlm.nih.gov

Opik M., Davison J., Moora M., Zobel M. DNA-based detection and
identification of Glomeromycota: the virtual taxonomy of environ-
mental sequences. Botany. 2014;92(2):135-147. DOI 10.1139/cjb-
2013-0110.

Opik M., Metsis M., Daniell T.J., Zobel M., Moora M. Large-scale
parallel 454 sequencing reveals host ecological group specificity of
arbuscular mycorrhizal fungi in a boreonemoral forest. New Phytol.
2009;184(2):424-437. DOI 10.1111/j.1469-8137.2009.02920.x.

Opik M., Vanatoa A., Vanatoa E., Moora M., Davison J., Kalwij .M.,
Reier U., Zobel M. The online database MaarjAM reveals global
and ecosystemic distribution patterns in arbuscular mycorrhizal
fungi (Glomeromycota). New Phytol. 2010;188(1):223-241. DOI
10.1111/.1469-8137.2010.03334.x.

Phillips J.M., Hayman D.S. Improved procedures for clearing roots
and staining parasitic and vesicular-arbuscular mycorrhizal fungi for
rapid assessment of infection. Transact. Brit. Mycol. Soc. 1970;55:
158-161. DOI 10.1016/S0007-1536(70)80110-3.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 2



A.A. Kptokos, A.O. TopbyHoBa, 3.M. Mauc, t0.B. Muxainosa
A.B. PognoHos, .M. Xyp6eHko, A.l. IOpkos

Razzauti M., Galan M., Bernard M., Maman S., Klopp C., Charbon-
nel N., Vayssier-Taussat M., Eloit M., Cosson J.-F. A comparison
between transcriptome sequencing and 16S metagenomics for detec-
tion of bacterial pathogens in wildlife. PLoS Negl. Trop. Dis. 2015;
9(8):¢0003929. DOI 10.1371/journal.pntd.0003929.

Rodionov A.V., Gnutikov A.A., Kotsinyan A.R. ITS1-5.8S rDNA—
ITS2 sequense in the 35S pRNA genes as a marker in the reconstruc-
tion of cereal (Poaceae) phylogeny. Uspekhi Sovremennoy Biolo-
gii = Advances in Current Biology. 2016;136(5):416. (in Russian)

Rognes T., Flouri T., Nichols B., Quince C., Mah¢ F. VSEARCH: a
versatile open source tool for metagenomics. Peer]. 2016;4:¢2584.
DOI 10.7717/peerj.2584.

Salipante S.J., Kawashima T., Rosenthal C., Hoogestraat D.R., Cum-
mings L.A., Sengupta D.J., Harkins T.T., Cookson B.T., Hoff-
man N.G. Performance comparison of Illumina and ion torrent
next-generation sequencing platforms for 16S rRNA-based bacterial
community profiling. Appl. Environ. Microbiol. 2014;80(24):7583-
7591. DOI 10.1128/aem.02206-14.

Savary R., Masclaux F.G., Wyss T., Droh G., Corella J.C., Macha-
do A.P., Morton J.B., Sanders L.R. A population genomics approach
shows widespread geographical distribution of cryptic genomic
forms of the symbiotic fungus Rhizophagus irregularis. ISME J.
2017;12(1):17-30. DOI 10.1038/isme;j.2017.153.

Schenck N.C., Pérez Y. Manual for the Identification of VA Mycor-
rhizal Fungi. 3rd ed. Gainesville, FL: Synergistic Publ., 1990.

Schloss P.D. Application of a database-independent approach to as-
sess the quality of operational taxonomic unit picking methods.
mSystems. 2016;1(2):e00027-16.

Schoch C.L., Seifert K.A., Huhndorf S., Robert V., Spouge J.L.,
Levesque C.A., Chen W., Bolchacova E., Voigt K., Crous P.W., Mil-
ler A.N. Nuclear ribosomal internal transcribed spacer (ITS) region
as a universal DNA barcode marker for fungi. Proc. Natl. Acad. Sci.
USA. 2012;109:6241-6246. DOI 10.1073/pnas.1117018109.

SchiiBler A. Glomeromycota species list. 2019. Available at http://
www.amf-phylogeny.com/amphylo_species.html

Senés-Guerrero C., Schiifller A. A conserved arbuscular mycorrhizal
fungal core-species community colonizes potato roots in the Andes.
Fungal Divers.2015;77(1):317-333.DOI10.1007/s13225-015-0328-7.

Senés-Guerrero C., Torres-Cortés G., Pfeiffer S., Rojas M., Schiifler A.
Potato-associated arbuscular mycorrhizal fungal communities in the
Peruvian Andes. Mycorrhiza. 2014;24(6):405-417. DOI 10.1007/
s00572-013-0549-0.

Stockinger H., Kriiger M., Schiissler A. DNA barcoding of arbuscu-
lar mycorrhizal fungi. New Phytol. 2010;187(2):461-474. DOI
10.1111/j.1469-8137.2010.03262 x.

Stockinger H., Peyret-Guzzon M., Koegel S., Bouffaud M.-L., Re-
decker D. The largest subunit of RNA polymerase I as a new
marker gene to study assemblages of arbuscular mycorrhizal fungi
in the field. PLoS One. 2014;9(10):e107783. DOI 10.1371/journal.
pone.0107783.

Tamura K., Nei M. Estimation of the number of nucleotide substitutions
in the control region of mitochondrial DNA in humans and chim-
panzees. Mol. Biol. Evol. 1993;10:512-526. DOI 10.1093/oxford
journals.molbev.a040023.

ORCID ID

A.A. Kryukov orcid.org/0000-0002-8715-6723
E.M. Machs orcid.org/0000-0001-9347-5379

Y.V. Mikhaylova orcid.org/0000-0001-9278-0937
A.V. Rodionov orcid.org/0000-0003-1146-1622
P.M. Zhurbenko orcid.org/0000-0002-2102-4568
A.P. Yurkov orcid.org/0000-0002-1072-5166

2020
24.2

MepcnekTuebl ncnonb3osaHuA lllumina MiSeq
ana npeHtTndnKaumm rpnboB apbyCcKynapHON MUKOPU3bI

Tedersoo L., Anslan S., Bahram M., Pélme S., Riit T., Liiv 1., Kol-
jalg U., Kisand V., Nilsson H., Hildebrand F., Bork P., Abarenkov K.
Shotgun metagenomes and multiple primer pair-barcode combina-
tions of amplicons reveal biases in metabarcoding analyses of fungi.
MycoKeys. 2015;10:1-43. DOI 10.3897/mycokeys.10.4852.

Trouvelot A., Kough J.L., Gianinazzi-Pearson V. Mesure du taux de
mycorhization VA d’un systéme radiculaire. Recherche de méthodes
ayant une signification fonctionnelle. In: Gianinazzi-Pearson V.,
Gianinazzi S. (Eds.). Physiological and Genetical Aspects of My-
corrhizae. Paris: INRA-Press, 1986. (in French)

UNITE. Unified system for the DNA based fungal species linked to the
classification Ver. 7.2. 2017. Available at https://unite.ut.ce

Vasar M., Andreson R., Davison J., Jairus T., Moora M., Remm M.,
Young J.P.W., Zobel M., Opik M. Increased sequencing depth does
not increase captured diversity of arbuscular mycorrhizal fungi.
Mycorrhiza. 2017;27(8):761-773. DOI 10.1007/s00572-017-0791-y.

Vorob’ev N.I., Yurkov A.P., Provorov N.A. Programma Vychisleniya
Indeksov Mikorizatsii Kornei Rastenii = The Program for Calcula-
tion of Indexes of Plant Root Mycorrhization. Registration certifi-
cate of computer software Svid-vo No. 2016612112 ot 12.02.16 o
gos. reg. programmy EVM. FGBNU VNIISKHM (RF). Zayavl.
21.12.2015. Opubl. 20.03.16 No. 2016612112, 12.02.16. FSBSI
ARRIAM (RU). Appl. December 21, 2015. Publ. March 20, 2016.
(in Russian)

White T.J., Bruns T., Lee S., Taylor J. Amplification and direct sequenc-
ing of fungal ribosomal RNA genes for phylogenetics. Innis M.A.,
Gelfand D.H., Sninsky J.J., White T.J. (Eds.). PCR Protocols: a
Guide to Methods and Applications. San Diego: Academic Press,
1990.

Yurkov A.P., Jacobi L.M., Gapeeva N.E., Stepanova G.V., Shisho-
va M.F. Development of arbuscular mycorrhiza in highly responsive
and mycotrophic host plant — black medick (Medicago lupulina L.).
Russian Journal of Developmental Biology. 2015;46(5):263-275.
DOI 10.1134/S1062360415050082.

Yurkov A.P., Kozhemyakov A.P., Stepanova G.V. The effectiveness of
some microbial bioproducts based on bacteria and fungi arbuscular
mycorrhiza. Multifunctional Adaptive Fodder Production: Collec-
tion of Proceedings (Mnogofunktsional’noe Adaptivnoe Kormo-
proizvodstvo: Sbornik Trudov). 2018a;19:20-28. (in Russian)

Yurkov A.P., Kryukov A.A., Gorbunova A.O., Kozhemyakov A.P.,
Stepanova G.V., Machs E.M., Rodionov A.V., Shishova M.F. Mo-
lecular genetic identification of arbuscular mycorrhiza fungi. Eko-
logicheskaya Genetika = Ecological Genetics. 2018b;16(2)11-23.
DOI 10.17816/ecogen16211-23. (in Russian)

Yurkov A.P., Kryukov A.A., Jacobi L.M., Kozhemyakov A.P., Shisho-
va MLE. The relationship between the activity indicators and the ef-
fectiveness of arbuscular mycorrhiza fungi strains of various origin.
Tavricheskiy Vestnik Agrarnoy Nauki = Tavrichesky Bulletin of
Agrarian Science. 2017a;4(12):31-41. (in Russian)

Yurkov A.P., Laktionov Yu.V., Kozhemyakov A.P., Stepanova G.V.
Analysis of the symbiotic efficiency of bacterial and fungal prepara-
tions on feed crops according to seed yield. Kormoproizvodstvo =
Fodder Production. 2017b;3:16-21. (in Russian)

Acknowledgements. The work was performed using the material and technical base of the Center for Collective Use of Scientific Equipment“Genomic
Technologies, Proteomics and Cell Biology” of the All-Russian Research Institute for Agricultural Microbiology and was supported by Russian Founda-
tion for Basic Research grants (18-016-00220, 19-29-05275, and a portion of 17-00-00340, 17-00-00337; molecular-genetic identification of arbuscular
mycorrhizal fungi). Part of this work was performed in the framework of the state task No. 0664-2019-0026 (morphological identification of arbuscular
mycorrhizal fungi).

Conflict of interest. The authors declare no conflict of interest.

Received June 17,2019. Revised November 15, 2019. Accepted November 17, 2019. Published online December 27, 2019.

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 167



FrEHETUKA MMKPOOPTAHU3MOB BaBrnoBcKuUim XypHan reHeTUKK n cenekuymm. 2020;24(2):168-175

OpuruHanbHoe nccneposaHue / Original article DOI 10.18699/VJ20.610

YK 579.61:616.34

Vi3aMeHeHVe KUIIIeUHOTr'o MI/IKpO6I/IOMa IMalMeHTOB C I3B€HHbBIM
KOJINTOM ITOC/I€ TPAHCIIZIAHTaII N KIUIIIEeYHO MI/IKpOGI/IOTbI

A.IO. TMKyHOBl, B.B. MOpOBOBl, A.H. lllBaros?, A.B. BapAameBal, E.B. H.[pa]?u—[epl, 0.A. Makcumosa3, 11.0. Boaommnna3,

B.B. MoposoBal, B.B. Baacos!, H.B. TMKyHOBal@

1 WHCTUTYT XMnyeckoi 6uonorum n yHaameHTanbHon meamnumHbl Cbupckoro otaeneHms Poccuiickoi akagemmnmn Hayk, HoBocnbumpck, Poccua

2 [ocynapcTBeHHbIN HayUHbIV LEHTP BUpyconorum 1 rotexHonorun «Bektop» PocnotpebHaasopa Poccuiickoin Oepepaunu, p.n. KonbLoso,
HoBocnbupckas obnactb, Poccus

3 000 «LleHTp NepcoHanM3MpPoBaHHON MeaNLMHBI», HoBocnGmpck, Poccus

® e-mail: tikunova@niboch.nsc.ru

AHHOTayuua. MMKpoOMOTa KULWEYHMKa YeIoBEKA — 3TO AVHaMMYecKaa CUCTeMa, HaXOAALWAnACA Mo BO3LENCTBMEM
opraHn3ma xo3avHa 1 BHewwHMX $pakTopoB. Bo3HMKalowye HapyLeHNa KALeYHOW MUKPOBUOTbI MOTyT NPUBECTU K
NaToNOrMYeCcKUM COCTOAHMAM, BK/IOUYas BOCMANMTENbHbIE U OHKONOTMYeCcKne 3ab0neBaHna XenygoUHO-KMLLEeYHO-
ro Tpakta. OAHMM 13 BO3MOXHbIX CMOCOOOB BO3AENCTBUA HA MUKPOOUOTY KULIEYHMKa ABNAETCA GeKoTpaHCmnnaH-
Tauus (OT) — BBeAeHMNE KMLWEYHON MUKPOOUOTbI OT 340POBOro JOHOPA B KMLLEUHbIV TPaKT NauueHTa. B HacToswee
BpemMA B pafe CTpaH 3TOT MeTOA MCMOoJb3yeTcA ANA HOpManu3auuy MMKPOOGUOTbI KMLLEYHUKA, B OCHOBHOM Mpu
XPOHMYECKMX BOCMANUTENbHbIX 3a60neBaHNAX KuweyHrKa. B Poccun (HoBocnbupCK) yxKe HECKONbKO NET BeayTCA
nunoTHble nccnepoBaHuna spdekTnsHocT OT Npm A3BeHHOM KonuTe. Llenb faHHON paboTbl — OLEHUTb U3MEHeHNe
MUKpO6MOMa KuleyHuKa 20 nauyeHToB C A3BEHHbIM KOIMTOM Mocsie ofHOKpaTHOro nposefeHns OT. OCHOBHOM
MeTOA — CPaBHUTENbHbIN aHanu3 6ubnnoTek nocnenosatenbHocTen 16S pubocomanbHon PHK, co3gaHHbIX Ha OCHO-
Be 06pa3LioB, NOMYUYEHHbIX OT MNALMEHTOB C A3BEHHBIM KONUTOM A0 1 nocne OT 1 ceKBeHMPOBaHHbIX Ha nnatdopme
[llumina MiSeq. Pe3ynbtaTbl nccnenoBaHma nokasanu, yto OT npueena K yBennyeHuio cpefHero 6nopasHoobpasma
nocrnefoBaTenibHOCTEN B 06pasLax, nonyyeHHbIx nocne OT, no cpaBHeHMO ¢ obpasuamu, cobpaHHbiMU fo OT, xoTA
pasHuMua He 6bl1a CTaTUCTUYECKM JOCTOBEPHO. [lona nocnepoBaTenbHocTel Firmicutes, ABNAIOWNXCA LOMUHUPYI0-
e KOMMOHEHTON KMLIEeYHOW MUKPOBMOTbI 3[0POBbIX Ntofel, ymeHbLumnach (~32 % vs. >70 %), a fons nocneaosa-
TenbHoCTel Proteobacteria yBenuunnach (>9 % vs. <5 %). B HekoTopbix o6pasuax, cobpaHHbix o ®T, 6binm obHapy-
»KeHbl MocniefoBaTelbHOCTU NaTOreHHbIX NpefacTaButenein Firmicutes n Proteobacteria, Bkniouas Acinetobacter spp.,
Enterococcus spp., Klebsiella pneumoniae, Proteus mirabilis, Staphylococcus aureus, Stenotrophomonas maltophylia,
Streptococcus spp. B 6onblumHcTBe cnyyaes nocne OT fonsa Takux NOCnefoBaTeNbHOCTEN pe3ko cokpaTunach. Mc-
KNtoueHune coctaBunm nocnepoBatenbHoctu Clostridium difficile, conep»aHne KOTopbix B 06pa3Liax noyTu rnosioBuHbI
nauneHToB cocTaBnano meHee 0.5 %; nocne OT gons nocnegosatenbHocTen C. difficile 3HaunMTeNnbHO ymeHbLUMNACH
nuwb y Tpex nauveHToB. Cnepyet oTMeTUTb, YTo nocsie OT NOBLICUNOCH Ha NOPAJOK coaeprkaHue Lactobacillus spp.
1 CyLeCTBEHHO pacLLUMpuca X BUAOBOM cocTaB. [1o pe3ynbratam nccnefoBaHUA MOXKHO cenaTb npefBaputenbHoe
3aKJIloYeHre 0 TOM, UTO Aaxke OfHOKpaTHaA npoueaypa T NpUBOAUT K MOBbILLEHMIO 61Iopa3HO06pasna MUKPOOKOTDI
naumneHToB 1 ONTMMU3aLMM €€ TaKCOHOMUYECKOro COCTaBa.

KntoueBble cioBa: MMKPOOUOM; A3BEHHDBIN KonuT; 165 pPHK npodunrnposBaHmne; TpaHCMIaHTaUMA KUWEYHON MUKPO-
61OTHI.
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Fecal microbiome change in patients with ulcerative colitis
after fecal microbiota transplantation
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Abstract. Intestinal human microbiota is a dynamic system that is under the pressures of its host organism and ex-
ternal factors. Microbiota disruption caused by these factors can lead to severe diseases including inflammatory and
oncological diseases of the gastrointestinal tract. One of the possible approaches in managing the intestinal micro-
biota is fecal microbiota transplantation (FT) - transfer of the microbiota from the stool of a healthy donor to the
intestinal tract of a recipient patient. Currently, this procedure is recognized as an efficacious method to normalize the
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intestinal microbiota mainly in inflammatory diseases of the gastrointestinal tract. In Russia, pilot studies of the effec-
tiveness of FT in patients with ulcerative colitis have been conducted for several years, and these studies were started
in Novosibirsk. The aim of this study was to assess the change of intestinal microbiome in 20 patients with ulcerative
colitis after a single FT procedure. The main method is a comparative analysis of 16S ribosomal RNA sequence libraries
constructed using fecal samples obtained from patients with ulcerative colitis before and after FT and sequenced
on the lllumina MiSeq platform. The obtained results showed that FT led to an increase in average biodiversity in
samples after FT compared to samples before FT; however, the difference was not significant. In the samples stud-
ied, the proportion of Firmicutes sequences, the major gastrointestinal microbiota of healthy people, was decreased
(~32 % vs. >70 %), while the proportion of Proteobacteria sequences was increased (>9 % vs. <5 %). In some samples
collected before FT, sequences of pathogenic Firmicutes and Proteobacteria were detected, including Acinetobacter
spp., Enterococcus spp., Klebsiella pneumoniae, Proteus mirabilis, Staphylococcus aureus, Stenotrophomonas maltophy-
lia, Streptococcus spp. In most cases, the proportion of such sequences after FT substantially decreased in appropri-
ate samples. The exception was the Clostridium difficile sequences, which accounted for <0.5 % of the sequences in
samples from almost half of the patients and after FT, the share of such C. difficile sequences was significantly reduced
only in samples from three patients. It should be noted that the proportion of Lactobacillus spp. increased ten-fold
and their species composition significantly expanded. According to the obtained results, a preliminary conclusion can
be made that even a single FT procedure can lead to an increase in the biodiversity of the gastrointestinal microbiota
in patients and to the optimization of the taxonomic composition of the microbiota.

Key words: microbiome; ulcerative colitis; 16S rRNA profiling; fecal microbiota transplantation.
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BBepeHune

[Mupoxoe npumenenne Texaomoruii NGS (next generation
sequencing) 006ecrevnIo AeTaIbHYIO XapaKTepH3alnuio MUK-
POOHBIX COOOIIECTB, MPEUMYIIECTBEHHO OaKTEpHAIbHBIX,
ACCONIMUPOBAHHBIX C OPraHMU3MOM dYeJoBeKa. B Hacrosimee
BpeMsI MUKpOOMOTa KUIIICUHHUKA YEJIOBEKA PAaCCMaTpUBAETCS
KakK JIMHAMUYECKasi CUCTeMa, HaXOJISIIIAsICs 1101 BO3ACHCTBHEM
opraHusMa Xo3siHa 1 BHemHHX (akropos (Fujimura et al.,
2010; Qin et al., 2010). M3BecTHO, 9TO OCHOBHBIMH KOMITO-
HEHTaMHU HOPMaJIbHOW KUIIIEYHOH MUKPOOHOTHI UeIOBeKa SIB-
nsroTest mpenctasutenn Firmicutes n Bacteroidetes, xoTs ko-
pOBast rpynIia KOHKPETHBIX BUJIOB OAKTEpHid HE COBIIAACT y
pa3HbIX 310poBbIX HHAMBUIYYMOB (Donaldson et al., 2016),
Y pa3IMYHBbIE TI0 COCTABY BAPHAHTBl HOPMAJILHOH MUKPOOHO-
ThI CIOCOOHBI 00ECTICYNTh CTA0MIEHOE ()YHKIIMOHUPOBAHHE
3TOTO CIIOKHOTO MUKpPOOHOTO coobiecta (Lozupone et al.,
2012).

JucOananc KAMIEYHOH MUKPOOHOTHI, BO3HUKAIOIIUH TT0]T
JIeiCTBHEM BHEIIHMX WJIA BHYTPEHHHUX (AKTOPOB, MOKET
MPUBECTH K NTATOJIOTMYECKUM COCTOSTHHSM, BKITFOYAsl HE TOJIb-
KO BOCHAJIUTEJILHBIC U OHKOJIOTMYECKUE 3a00JICBaHUS JKETy-
JIOYHO-KHUIIIEYHOTO TPaKTa, HO M HApYIICHUS UMMYHHOU CH-
CTEeMBI, 1nabeT BTOPOTO THIIA, COCYAUCTHIE 3a00JICBAHUS U
Jlake HapylieHus (yHKIui ronoBHoro Mo3ra (O’Hara, Sha-
nahan, 2006). OxHUM 13 BO3MOXKHBIX CITOCOOOB BO3ICHCTBHUS
Ha MUKPOOHOTY KHIIIEYHHKA, HAapsAy C UCHOJIB30BAHMEM aH-
THOMOTHKOB, IPOOMOTUKOB M IPEONOTHKOB, SIBIISIETCST (PEKO-
TpanciutanTaiys (OT) — BBeeHHE KUIIEYHONH MUKPOOHOTHI
OT 3/I0POBOTO JOHOPA B KUIIEYHBIH TPaKT nanueHTa. Cunra-
eTcs, 4To 10 Hamiel spsl npumenenne OT mpakThkoBain B
KuTae, a B Halie Bpemsi 3Ty NpoLeaypy BIIEpBbIC IIPOBEIH B
1958 1. mipu neyeHnyn marmeHTa ¢ 3HTepokonuToM (Eiseman
et al., 1958). OnHako NUIIB HEABHO METOJ CTAJ YCIELIHO
UCIIONIb30BaThCs ISl HOPMAJIM3AIMA MUKPOOUOTHI KHUIIIEY-
HUKA [TPU PA3ITMYHBIX 3a00JI€BaHIX, BKIIIOUast XPOHUUECKHUE
BOCIIAJTUTEIbHBIC 3a00icBaHus kumieyHuKa (Aas et al., 2003;
Khoruts et al., 2010; Angelberger et al., 2013; Pigneur, Sokol,

2016; Vaughn et al., 2016; Kang et al., 2017; Paramsothy et
al., 2017; Staley et al., 2017).

Haubonpmras pesynsratuBHOCTS TpuMeneHnst OT mokasa-
Ha IPH [ICEBIOMEMOPaHO3HOM KOJIUTE, aCCOLMUPOBAHHOM C
Clostridium (Clostridioides) difficile (Drekonja et al., 2015;
Khoruts, Sadowsky, 2016; Cheng, Fisher, 2017; Staley et al.,
2017; Goldenberg et al., 2018). BeicTpoe ymyumienune co-
CTOSIHMSI TTALIMCHTOB U BbicoKasi 3ddexkruBHocts DT (Gonee
80 %) npu 3TuX MHQEKIUIX OblIa ITOATBEPKIEHA B MHOTO-
LEHTPOBBIX PaHIOMH3UPOBAHHBIX KIIMHUYECKUX HCITBITAHHSX
(van Nood et al., 2013; Cammarota et al., 2015), u celiuac B
CIIIA n B eBpOIEHCKUX CTpaHAX PEKOMEHIYETCS IPUMEHSTh
T yxe mocine Broporo wiu Tpetsero srmm3ona C. difficile-ac-
conuupoBannoro konuta (Debast et al., 2014).

Hmerorces cBuaerensbcTBa Toro, uto T MokeT OBITEH 110-
Je3HO0M 1 rpu sa3BeHHOM Konute (SIK). DddexruBHOCTS MTpH-
meHeHus OT g nedenus narueHtos ¢ K B pasnnyHbIx
WCCIIEIOBAHUAX CYIIECTBEHHO BaphHpoBaia — oT 20 1o 92 %
(Angelberger et al., 2013; Kellermayer et al., 2015). B pan-
JAOMU3UPOBAHHBIX KIMHHUYCCKUX HCHBITAHUAX PEMHCCUA
3aperucTpupoBaHa Ha ypoBHe 25-27 %, 4To, BIPOUIEM, CTaTH-
CTHYECKH 3HAYMMO NpeBbImano sddekt mranedo (Moayyedi
et al., 2015; Rossen et al., 2015; Paramosthy et al., 2017).
ITarorene3 SIK He BIIOJIHE SICEH; MOJIATAIOT, YTO OH MMECT
CIIOKHYIO MPUPOAY U OMOCPEAOBaH HAPYILCHUSIMH KHIICY-
HOW MHUKPOOHOTHI, TCHETUYCCKOHN MPEIPacOI0KEHHOCThIO
u sKkonornyeckumu (axropamu (Shen et al., 2018). Kak u
npu C. difficile-acconnrpoBaHHOM KOIUTE, OMOpa3HOOOpasue
MHUKpPOOHOTHI KulleuHHKa 1pu K CyIiecTBEHHO CHMKEHO,
YMEHBIIIEHO KOJMMYECTBO MpeacTaBuTeneii Bacteroidetes n
Firmicutes. IIpu 3Tom B Mukpobnore namuenTtoB ¢ SIK yse-
JIMYMBACTCS KOJUYECTBO MpencTaBuresneil Proteobacteria u
Actinomycetes, BoisiBisiorcs C. difficile, Helicobacter pylori,
Salmonella spp., Yersinia spp. n sHTeponHBa3uBHbIC Esche-
richia coli (Okhusa et al., 2003; Saebo et al., 2005; Gradel et
al., 2009; Sonnenberg, Genta, 2012; Deshpande et al., 2013;
Reddy, Brandt, 2013; Shen et al., 2018). Jlo cux mop He sicHO,
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sBisercst i SIK pe3ynbraroM HapyHIEHHOTO UMMYHHOTO
OTBETa Ha HOPMAJIbHYI0 MUKPOOHOTY, MJIM 3TO HOPMAJIbHbIH
WMMYHHBIH OTBET Ha qucOanranc B MEKpO(Iope KUIIIEYHNKA
(Cheng, Fisher, 2017).

HecMmotpst Ha kaxyly0cs OUEBUAHOCTh, MEXaHU3MBI 110-
noxutenbHoro aerictust OT npu K He Bnonne sicusl. [1o-
nararot, 9to dQdexTuBHOCT, OT CBs3aHa ¢ YBEIMYCHHEM
pa3HooOpa3usi MUKPOOUOTHI KHIIEYHUKA, YTO MPUBOAMT K
TIOBBIIIICHHUIO OOMITHS CITOJIC3HBIX)» OaKTEPHil U MIPETIATCTBYET
KOJIOHU3AIMH KUIIICYHUKA TTaTOTCHHBIMU OakTepusimu (Bro-
ecker et al., 2016; Chehoud et al., 2016; Khoruts, Sadowsky,
2016). OqHaKo HEM3BECTHO, BOBJICUCHBI JIH B ATOT IPOIIecC
JIPyTUE MEXaHU3MBI, BKIFOYasi BO3MO)KHOE BIIHSIHUE BUPOOHO-
ThI, I[efICTBPIe HMMyHHOﬁ CHUCTCMBI IMTallUCHTA, l'[pI/IBHeCCHI/IC
PETYISTOPHBIX BBICOKO- M HI3KOMOJICKYIISPHBIX COCINHEHIH
npu OT; Takke J0 CUX MOp HE OMPEACICH CIMCOK BUIOB
OakTepuii, 00yCIOBIMBAIOIINX HOPMATIH3ALHIO MUKPOOHUOTHI.
Lenb maHHOTO UCCIIETOBAHUS — OICHUTH H3MEHEHHE MUKPO-
Oomoma kumeynnka naipeHToB ¢ JIK mocne nposenenns OT
Ha ocHOBe mpoduiupoBanus 16S pubdocomansroit PHK B
00pasmax, MOTyYCHHBIX 10 U TIOCTE JICUCHNS.

Matepwuanbi u metogbl
B pabote ucmonszoBanu 06pasis! pekamwii, MoTydeHHbIe OT
20 manmenToB (27-57 ner) ¢ quarnosom K. /luarnos non-
TBEPIK/IaJIM Ha OCHOBAHWHU PE3yJbTAaTOB M3Y4EHHs YPOBHS
(hexamTbHOTO KaJBIIPOTEKTHHA, MTAaHHBIX (HOPOKOIOHOCKO-
UM ¥ TUCTOJIOTMYECKOT0 UCCIIE0BAHMUS OMOITATOB, B3SITHIX
13 Pa3HBIX OT/EJIOB TOJICTOU U TOJB3I0MIHOI KuiIoK. OOpas-
1Bl TAIIUEHTOB, B KOTOPBIX PYTHHHBIMU METOJaMH OBLTH 00-
napyxens! C. difficile, B uccnenoBanue He BOBJICKaIich. Bee
MAIMEHThI MPEeIOCTaBUIN HHPOPMUPOBAHHOE COTIIACHE C
MIPOBOIMMEIM HCCIIEIOBAHNEM M aHOHWMHOI 00paboTKoM
JaHHbIX. OOpasip! codupanu 3a onuH-aBa aHs 10 OT 1 yepes
7—12 nueit nociie OT. JloHopamut ObLIM MOJIOBIC 30POBBIC
nmo0poBobIE (20-39 er) 6e3 XpOHHYEeCKUX 3a00IeBaHMH,
He repeHecnne NHQEKIMK 1 He TO/IBEPraBIINeCs TOCIHUTa-
JIM3alliy 10 KpaliHel Mepe nociegHue 1Ba Mecsua. Bee no-
HOPBI TIPOIITH 00CIIe0OBaHNE, BKITFOUAtomiee B ceOs o0muit
1 OMOXUMHYECKNH aHaJN3bl KPOBH, a Takoke VDA kpoBH Ha
HaJIMuue JIIMONUi, TOKCOKap, OIMCTOPXOB, aCKapH I, TPUXHU-
Hemn. KpoMe Toro, ¢ MCIoNb30BaHUEM CTaHIAPTHBIX TECT-
CHCTEM MOATBEP)KJAN OTCYTCTBHE Y JIOHOPOB BO3OYANTEIS
cudunuca, BUU-1 u BUY-2, Bupycos renarura B u C. Taxoke
PYTHHHBIMH METOJAMHU TIPOBOJIMIIN aHAIH3 (heKaNnii Ha JTUC-
0m03 1 Ha oTCyTCcTBUE atoreHHor mukpoduopsl (C. difficile,
Campilobacter jejuni, Salmonella spp., Shigella spp., sure-
pounBasuBHas Escherichia coli, Cryptosporidium spp., Cy-
clospora spp., Giardia spp., Isospora spp.), pOTaBUPYCOB A,
Hoposupycos [ u Il u anenoBupycos F, a Takxe reabMUHTOB
n ux auil. [IunotHoe uccnenoBanue 66110 0mo0peHo Jlokas-
HBIM 3THYECKHM KOMHUTETOM ABTOHOMHON HEKOMMEPYECKOH
opranuzaiu «l{eHTp HOBBIX MEIUIIMHCKHX TEXHOJIOTHIl B
AKazeMropoake».

ITo 50 mMr kaxxoro oOpasiia OT MAUEHTOB CYCIICHANPOBAIIH
B 300 Mkt 0.9 % NaCl u nienrpudyruposanu npu 2 Thic. 00.
B Teuerne 10 mun. Cymmapnyto JJTHK ounmmamm n3 100 M
OCBETJICHHOM KJIETOYHOI CYCIEH3MH C IOMOIIbI0 Habopa
nts Beienenus JIHK u3 knerok Tkanewt u kposu («buoJlab-
Muxcey, Poccnst) ¢ nobaBneHreM TU30nnuMa IS TIOBBIIICHUS
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s¢pdpexruBHOCTH U3BIeYeHUs JJHK u3 rpammonoxurebHbIX
Gaxrepwmii. C ncronp3oBanueM nomydernoit JJTHK B kagectse
marpuisl, GeiokH-ipaiivepoB (NEB-FF 5-ACACTCTTTC
CCTACACGACGCTCTTCCGATCTCTACGGGAGGCA
GCAG-3', NEB-FR 5-GTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCTGGACTACCGGGGTATCT-3") u BHI-
cokotouHoit nonmmepassl Q5 (New England Biolabs, CILIA)
npoBoawan aMmIuuukanun ¢pparmenta resa 16S pPHK,
cozeprkaiero BapuadenbHbele ydyacTku V3—V4. TIpomyKTer
aMIUTM(UKAIUE OYHIIATN DIIEKTPOGOPSTHUSCKU B Telie U3
nerkorutaBkoit SeaKem GTG-arapossr (Lonza, CIHA). O60o-
ralnieHue MOJTyYCHHBIX aMIUTMKOHOB, BBEJICHHE OapKoI0B U
CITy’)K€OHBIX IMOCIICIOBATEIILHOCTEH ISl MalIbHEHIIEr0 CeK-
BEHUPOBaHNUS Ha TuiaTGopme MiSeq BBITTOIHSIIN, HCIIOIB3YS
nonmmepasy Q5 n Habop onuronykieotnoB Dual index set
(New England Biolabs), coracHo HHCTPYKLUH POU3BO-
quress. [lomydeHnbie OMONMMOTEKH OUYMIAIN HA MATHUTHBIX
yactuax AMPure XP (Beckman Coulter, CILIA); xonnienTpa-
muto JIHK usmepsimu ¢ momorneio Habopa Qubit dSDNA HS
(Life Technologies, CIIIA). ITo pe3symbraTam m3MepeHUi
OMOMMOTEKN OOBETMHSIN B ITyJI TAKUM 00pa3oM, 4ToOBI CO-
orHourenne JIHK Oubnuorex B myne ObLIO MPHOIU3UTEINb-
HO paBHBIM. CEKBEHHPOBAJIN HA BBICOKOIIPOU3BOIUTEIEHOM
cekBeHarope MiSeq ¢ Habopom pearentoB MiSeq reagent
kit v2 2x250-cycles (Illumina, CIIIA).

Pe3ynbraTel CEKBEHUPOBAHNS aHATU3UPOBAIIHN C HCIIOJIB30-
BaHMeM nakeTa rnporpammuoro obecrieuennss UGENE v.1.32
(Unipro UGENE, Poccust). [Tonyuennsie puisl KapTupoBa-
i Ha Oa3y maHHbIX 16S pPHK, pasmernennyro na Harmonasms-
HoM cepepe NSBI (CIIA), ¢ ucnions3zoBannem nakera Clark.
[TpenBapuTeIbHO U3 IOCIIEIOBATENBHOCTEH PUIOB YAAISITH
MOCIIEA0BATENLHOCTH a/1alITEPOB M MIPOBOAMIIN (DHIIBTPALIHIO
PHJIOB IO KauecTBY. PU/IbI aHAIM3UPOBAIN JBYMSI METOJa-
MHU: C IIOMOIIbIO T'€HEepaluy ONEPAMOHHBIX TAKCOHOMHUYeE-
ckux eauaun (OTU) ¢ mocienyonmmM KapTHPOBAHNUEM I10-
cnenoBarensHocTel Ha nonydeHHsle OTU B makete nmporpaMm
Usearch-9.2 u nmytem kiaccuduKanuu pu0B alIrOPUTMOM
Kraken mo 0a3e maHHBIX M3BECTHBIX IMMOCIEN0BATEILHOCTEH
16S pPHK Silva v.132 (full). B nepsom ciryuae OTU rene-
PHPOBAIN AJITOPUTMOM UNOise2 ¢ OTOPAKOBKOH XMMEPHBIX
MOCIIEA0BATENLHOCTEH U yIeTOM OINOOK uTeHus. TaOmuibt
Noy4eHHbIX 9acToT BeTpedaemoct OTU 6butn 06paboTanbl
B cpene R3.3.3. Bo BropoMm cityuae puabl KapTHpOBajiIHu Ha
6a3y manubx 16S pPHK Silva ¢ momompio anroputma seed-
kraken ¢ vcronbp30BaHHEM Pa3peKEHHOTO k-Mepa CO CIIeIH-
QJIBHOW PEIEeTKOMN, MO3BOJISIOLICH YBEINUUTh CHIEU(DHYHOCTD
knaccudukanmu. Manexc llleHHOHa pacCUUTHIBAIN B TAKETE
nporpamm R; 10cTOBEpHOCTD pasmuumii MEXIy WHIICKCAMHU
[llenHoHa omnpexensuiy ¢ nomolbko t-tecra Xaryecona. Bu-
3yalM3annio pe3ynbTaToB aHaln3a OMOIMOTEK TMOCeIoBa-
TEIbHOCTENW METOIOM IMNaBHBIX koopauHat PCoA npoBoauiiu
Ha OCHOBE MaTpHIl AMCTAHLMUI C MCHOJIb30BAaHUEM ITaKeTa
IporpamMM vegan.

PesynbraTbl n 06CyxaeHne

Ha ocnose JIHK, BbImeneHHON u3 00pasnoB Qexanuii oT
20 nanuenToB ¢ SK 1o u nocie T, ObII0 CKOHCTPYHPOBAHO
40 6ubnmotek ¢pparmentos rexa 16S pPHK. dparmenTsl rena
BKJTIOUAJIH BaprabenbHbIe yuacTku V3 u V4, Hcoabs3yemMbie
OOBIYHO JUIS TAKCOHOMHUYECKON Kiaccudukanun OakTepuid
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(Chakravorty et al., 2007; Wang, Qian, 2009). B pe3ysnbrare ceKBEHHPOBAHHUS
6mOmoTeK, KOTOpBIE OBITH CO3JJaHBI HAa OCHOBE 00pa3moB, codpanHsx 10 DT, mo-
aydeHo ot 106411 o 1751663 punos (B cpennem 141010). bubnuorekn us o6-
pasuoB, coopannbix nocie AT, copepxanu ot 107042 o 173855 punos (B cpeanem
142060). ITo pe3ynmpraTtam KiaccupuKauy B OMOIHOTEKaX U3 MEPBOH W BTOPOH
TPYI K ONPEACICHHOMY THUIY HMPOKAapHOT OBUTM TAKCOHOMHYECKH OTHECEHBI B
cpenneM 99.7 u 99.6 % puaoB COOTBETCTBEHHO. JIMIIb HE3HAYUTENbHAS YaCTh
MOCIIEIOBATENIFHOCTEH OocTaIachk HeKJIaccu(UIMpoBaHHONW. Beero BRIABICHBI TO-
cJie1oBaTeNbHOCTH 13 THIIOB GaKkTepHid, 0CHOBHBIMH 13 KOTOPBIX ObUTH Firmicutes,
Bacteroidetes u Proteobacteria. B Tpex 00pasiiax BbIsSBICHBI IOCIEA0BATCIIBHOCTH
apxei, npuHaaIeKamux K poxy Methanobrevibacter (Tun Euryarchaeota), oqaaxo
JIOJISL TAKMX ITOCIIEIOBATEIFHOCTEH B COOTBETCTBYIOMINX OMOIMOTEKaX HE TIPEBbI-
mrana 0.1 %.

AHanu3 NOTy49eHHBIX JaHHBIX MTOKa3all, 4TO OMOpa3HOoOpaszne OaKTepHaTbHBIX
coo01ecTB B oOpasiax ot nanueHToB 110 1 nocie AT paznuuaercs. Tak, HHIEKC
[lenHoHa /1715t BHIOOPKH 00pa31ioB OT MareHToB nocue edeHus (3.43+0.71) 6bu1
BBIIIIE, 9YeM JJIs1 00pa3IoB, B3ATHIX 110 JedeHus (3.05+0.67), XxoTs pa3HUIla CTaTH-
cTHYecKH HepocToBepHa (puc. 1). OqHako MpH MOMAPHOM CPaBHEHWH WHJIEKCOB
[IlenHoHa [u1s1 00pa31oOB, MOJIYYEHHBIX OT OJJHOTO TanuenTa 1o u rnocie OT, pas-
s OBITH BO BCEX CITydasX CTaTUCTHUYECKH noctoBepHBIME (SD, 0.011-0.019);
npu 3ToM y 15 manueHToB OMOpazHOOOpa3ne MUKPOOHBIX COOOIIECTB 3HAYMMO
YBEJINYUIIOCH U JIUIIDB Y 5 NMauEeHTOB — YMCHBIIIUJIOCH.

Bonpmiee 6mopasnoobpasne coodmiecTs B 00pasnax, moaydeHHbx mocie OT, mox-
TBEPAMIOCH IPU aHAJIM3€ JaHHBIX METOJIOM IVIaBHBIX KoopauHar (puc. 2). Buano,
410 60 % 00pa3oB, COOPAHHBIX JO JICUCHUS, HAXOIATCS B 00JIACTH OTPHUIIATEIIb-
HBIX 3HAYCHHUH MEPBOI TIaBHON KOOPAMHATHI, TOTna Kak 65 % 00pa3sioB, B3STHIX
MocJIe JICUCHNUS], HAXOATCS B 0OJIACTH TOJIOKUTEIBHBIX 3HAYCHUH. AHAIOTHYHO
B 00JIACTH TOJIOKUTEIBHBIX 3HAUEHUI BTOPOH IIABHOW KOOPJMHATHI HAXOIUTCS
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KONNTOM nocne TpaHcnnaHTaunm KULIeYyHOon MVIKpO6VIOTbI
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40F
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30r

25F

20r

Lo OT Mocne OT

Puc. 1. ViHpekc LWeHHoHa, oTpaxatowmin 6vo-
pa3Hoobpa3ne BbIGOPKM MOC/eA0BaTENbHO-
cTeln B obpasuax, noslyyeHHbIX OT MaLUeHTOB
no unnocne OT.

yuib 45 % o0pa3IoB, MOTYYCHHBIX 10
neuenust, u 70 % ob6pasios nocie OT.
OtmeTnM, 9TO B 00pa3max ot 15 mamnu-
enroB (75 %) nocne nposenenus OT
3HAYEeHHE YBEJINYHIOCH B 00JacTh U
[IEpPBOM, U BTOPOH ITIaBHBIX KOOPAUHAT;
eIle y YeThIpeX IMAIMEeHTOB 3HAUCHHE
YBEIUYMIOCH B 00J1aCTH XOTsI ObI OTHOM

0.2 T T

0.1

PCo 2[10.6]

S11

-0.1 0
PCo 1[11.5]

0.1 0.2

Puc. 2. Bmsyanmsauwn pe3ynbratoB aHann3a 61bNNOTEK NOCE[OBATENBHOCTEN METOAOM [MaBHbIX koopaunHat PCoA Ha ocHoBe

MaTpuL AUCTaHLWN.

1 — faHHble ana 6ubnnoTek nocnefoBaTenbHOCTEN M3 06pa3LoB, NonyYeHHbIX Ao OT; 2 — faHHble 06pa3LioB, NoNyYeHHbIX nocne OT;
3, 4 — nMHWK, coepuHAIOWMe Napy ob6pa3LOB OT OAHOMO MaLMEHTa, ANA KOTOPOI OTMeYeHo yBenuyeHue (3) unm ymexblueHve (4) 6uo-
pa3sHoobpasua nocne OT. S1-520 cooTBETCTBYIOT HOMepam obpasuos Ao OT. Mo ocam OX n OY NpuBeAeHbl 3HaYEHVA NePBO U BTOPON

rMaBHbIX KOOPAMHaT.
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Puc. 3. TakcoHoMmnyeckas KJ'IaCCVI(I)VIKaLl,VIﬂ onepaunoHHbIX TAKCOHOMUNYECKNX eanHNL (OTU) Ha YpoBHe TUNoB, NnpoBefieHHaA Ha OCHOBe 6a3bl AaHHbIX

Silva v.132 (full).

3pecb 1 Ha puc. 4: o6pasubl 1-20 nonyyeHbl oT naumeHToB fo OT (HymepaLua COOTBETCTBYET NPefCcTaBNeHHON Ha pyc. 2); 0bpasupl 21-40 cobpaHbl nocne OT.
Mapbl 06pa3yoB 11 21,21 22 1 T. 4. NONYYEHbI OT NEPBOTrO, BTOPOTO U T.A. NALNEHTOB COOTBETCTBEHHO. [oKasaHbl TVMbl, NPeCTaBNEHHOCTb KOTOPbIX B CPEAHEM

npesbiwaet 0.1 %.

13 IVIABHBIX KOOP/IMHAT; TOJIBKO VIS IIAPhI 00Pa3I[OB OT OJJHOTO
narmenTa (Ne 18) 6buopasnoobpaszue ymeHbIImIoch nocie T
B 00J1aCTH 3HAUCHHI 00CHX IIaBHBIX KOOPIUHAT (CM. pHC. 2).
TeMm He MeHee NPH YMEHbIIEHUH 3HAYEHUI B 00JIaCTH XOTS
051 omHOM TaBHOW KoopauHatel nocie OT muaexc Ilen-
HOHA JUTs 3TOM ke mapbl 00pa3IOB CTATUCTHYSCKH 3HAYMMO
YMEHBIIAJICS.

[Mosy4eHHbIe JaHHbIE MOATBEPIKAAIOT BO3MOXKHOCTD I10-
BBIIIICHUST OnOpa3HooOpa3usi OaKTepHaIbHOTO cOO0IIeCTBa
kuiieyHuka mnocie nposeneHus OT. Crnenyer moAYEpKHYTh,
YTO B HACTOSIIIEM MCCIICIOBAHNH MbI CPAaBHHBAJIA HCXOIHBIN
MHUKPOOHOM TAIUCHTOB ¥ MHKPOOMOM TIOCJIE MEPBOH TpO-
uenypbl OT. CornacHo ormyOIMKOBaHHBIM CBEACHHSIM 3apy-
OC)KHBIX aBTOPOB, JaXKe TOCIEe HECKONbKHUX mporenyp OT
CTAaTUCTUYECKH 3HAYMMOE IMOBBIIICHHE OHOPa3HOOOpa3usi
MHUKPOOHOTHI PETHCTPUPYETCS HE y BCeX manuenToB (Angel-
berger et al., 2013).

AHanu3 TAKCOHOMHUUYECKOTO COCTABA IMOKAa3all, 4ToO B 00pas3-
max 1o u nocie AT B cpennem 55.7 % (ot 12.7 no 72.8 %)
n 48.3 % (ot 15.9 10 92.3 %) BBIABIEHHBIX TIOCIIEIOBATEIb-
HOCTEH COOTBETCTBEHHO MpUHAUIeKANN K THIy Firmicutes
(puc. 3), 32.3 % (ot 4.4 mo 64.4 %) u 33.7 % (ot 1.7 no
60.7 %) — x Tamry Bacteroidetes, a 9.2 % (ot 0.4 mo 81.3 %) u
6.2 % (01 0.7 10 31.5 %) — x Tuy Proteobacteria. YerBepTbiMu
10 BCTPEeYaeMOCTH ObUTH MocieoBaresbHocTh Fusobacteria,
B cpeaHeM 3.4 % mo BceM OMOIMOTEKaM, OJHAKO WX JOJIS
3HaUUTENbHO yBenmmumiack nocie OT: or <0.1 (0-0.3 %)
10 6.7 % (0.1-9.4 %). ITocne ®T yBenuuuiach Takxe A0JIs
MOCJIeIOBATENLHOCTEN Actinobacteria, XOTsS ¥ HE TaK 3HAYM-
tenpHO — oT 1.9 (0.1-10.7 %) 1o 3.1 % (0.2-19.4 %). [Tocne-
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JIOBaTeJIbHOCTH Verrucomicrobia MpUCYTCTBOBAIM B KaXKJOM
oOpasie B HEOONBITNX KOJTHYECTBAX, & X BCTPEUAEMOCTH
nocne @T ymenpmmmnach B cpenaem ¢ 0.4 10 0.2 %. Ocraib-
HBIE TTOCJIE/IOBATEIEHOCTH BCTPEUAINCH JIUIIb B OTACIBHBIX
o0Opasrax, e pesbimasi 0.1 % oT Bcex mociaenoBaTensHOCTEH
B 9TOM 00pa3Iie.

W3BecTHO, 4TO MUKPOOHOTA 3710POBBIX JIFOICH COCTOUT U3
MOCTOSIHHBIX U TPAH3UTOPHBIX BUIOB, OTHOCSIIUXCS Ooiee
4yeM k 17 tunam, Brumodast Firmicutes (>70 %), Bacteroidetes
(>30 %), mporeodakrepuu (<5 %), akruHobakTepuu (<2 %),
Fusobacteria u Verrucomicrobia (<1 %) (Belizario et al.,
2018). IoyueHHbIe HAMU PE3yBTaThl KOPPEIUPYIOT C AaH-
HBIMHU JIPyTUX MCCIIEOBaTelNei, CBUIETEILCTBYIOUIMMU O
MTOHIKEHHOM OHMOpa3HO00pa3ny MUKPOOMOTHI KUIIEYHUKA
npu SIK (Manichanh et al., 2012; Machiels et al., 2014; Bajer
et al., 2017). Tak, B uccienyeMbix oopasiax OT MalMEHTOB
B Cpe/IHeM MPUCYTCTBOBAJIO CYIIECTBEHHO MEHBIIIE MOCIe-
JoBaresibHOCTEH Firmicutes, 9To XOpOIIO corlacyercst ¢ Ha-
OnrogenusiMu ipyrux asropos (Machiels et al., 2014). B oc-
HoBHOM Firmicutes OBIITH ITPECTAaBICHBI ITOCIEI0BATEIBHO-
ctamu kiaccoB Clostridia (puc. 4), B cpennem 47.4 n 40.6 %
B Onbnuorexkax n3 o0OpasuoB, MONYyYeHHBIX /10 U nocie OT
COOTBETCTBeHHO. VI3 HUX joMuHupoBanu Faecalibacterium
prausnitzii (15.7 u 11.3 % cooTBeTcTBeHHO) U Roseburia
hominis (2.3 1 0.5 %), OTBETCTBEHHBIC 3a PACHICIICHUE ITH-
POKOTO CIIEKTpa YIJIEBOAOB, BKIIIOUAsl KpaxMalsl U WHYIHH, C
obpazoBanuem Oyruparos (Duncan et al., 2007; Machiels et
al., 2014). Takxxe ObUTH ITPEJCTABICHBI TOCIICAOBATEIIBHOCTH
kiaccoB Negativicutes (6.8 u 4.0 %) u Bacilli (1.3 u 2.8 %).
CrietyeT OTMETHTb, YTO, HECMOTPSI HA OTHOCHUTEIEHO HEBbI-
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Puc. 4. TakcoHoMmuueckas knaccmdrkauma OTU Ha ypoBHe KnaccoB, NpoBeAeHHas Ha ocHoBe 6a3bl faHHbIX Silva v.132 (full).

MokasaHbl Knaccbl, npeacTaBNeHHOCTb KOTOPbIX B cpefHeM npesbiwaet 0.1 %.

COKYI0 BcTpedaeMocThb Bacillus spp. u Lactobacillus spp., ux
nomst nocae T nmossicunach B 3.5 1 11 pa3 cOOTBETCTBEHHO.
IIpu 5TOM CyLIECTBEHHO pacIIMPUIICS BUIOBOM COCTaB JIaK-
TOOAIMILT, KOTOpPBIE, KaK M3BECTHO, HE TOJBKO YUacTBYIOT B
pacIIeIUICHUH JaKTO3bI ¥ IPYTUX YIIIEBOJIOB, HO M SIBJISIFOTCS
AQHTarOHUCTAMH 10 OTHOILIEHHIO K IIATOTeHHBIM MUKPOOpTa-
HHU3MaM, BBITECHSISI UX U3 MUKPOOHOTO cOOOIIecTBa KUIley-
HHKa YeJIOBeKa.

Hoiist mocnenoBaresbHOCTEN, NPUHAMIEKAIUX K TUITY
Bacteroidetes, B nccieayeMsx oopasuax ot namueHTos ¢ 1K
He Obl1a cHIKeHa (cM. puc. 3 u 4) U cocTaBuiia OKOJIO TPETH
OT BCEX II0CIIEI0BATEIFHOCTEH, YTO OTIIMYaeTCs OT HalIIko-
JeHuit npyrux uccienosarenei (Machiels et al., 2014). B oc-
HOBHOM 3TOT THIT OBUI IIPE/ICTABIICH MOCIIEA0BATEILHOCTIMH
Bacteroides spp. n Prevotella spp., nmpmaem nocine OT momnst
TOCJIe/IOBATEILHOCTEN OAKTEPOH/I0B YMEHBIIMIIACH B CPEJTHEM
¢ 19.7 10 9.6 %, a mocnen0BaTeNbHOCTEH, IPUHAIIEKAIINX K
pony Prevotella, cymecTBEHHO yBEITHMUIMIACH, € 3.7 110 14.6 %.
W3BecTHO, 4TO OGONBIIMHCTBO OAKTEPOUIOB, OOUTAIOIINX B
KHUIIICYHHKE YEJIOBEeKa, CIOCOOHBI pa3iaraTh pa3HooOpa3HbIe
pacturtensHble monucaxapuasl (Flint et al., 2012), mpugaem B
KHIICYHOH MUKPOOHOTE )KUTEIIeH 3amaiHbIX CTpaH npeodia-
Jarot Bacteroides spp., a B MUKPOOHOTE HACEIICHHS U3 CTPaH
C IPENMYIIIECTBEHHO PaCTUTENBHOI TneToi — Prevotella spp.
(Ley, 2016).

OTMeTHM, YTO IO TMOcaeaoBarenbHoCcTel Proteobacte-
ria (cM. puc. 3) B obpasnax, coopanusix 10 @T (B cpeqaem
9.2 %), npeBbIIIalia TAKOBYIO, OOBIYHO PETUCTPHPYEMYIO Y
3mopoBbIx Jtoneit (<5 %) (Belizario et al., 2018). 910 005b-
SICHAETCA TIOBBIIIEHHBIM cozepkanueM Salmonella spp. B
MHUKpPOOHBIX coobmiecTBax nanueHToB ¢ SIK n Hamuunem B
OTJIETIBHBIX 00pa3lax B OOJIBIIOM KOJINYECTBE MOCIIEI0BATEb-
HOCTel MaToreHHBIX 0aKTepHid, CIIOCOOHBIX BBI3BATH JKEITYII0Y-
HO-KHUIIeYHEIC 3a0oneBanus (0onee 9 % Acinetobacter spp.,

0.5-1 % Klebsiella pneumoniae), 9T0 YCTAaHOBJICHO U B JIPy-
rux uccnenoBanusx (Gradel et al., 2009; Shen et al., 2018).
B enunmuHBIX 00pasnax ObUIH 00HAPYKEHBI Takxke Proteus
mirabilis u Stenotrophomonas maltophilia, 1o KOTOPBIX HE
npesbimana 0.1 %. Hano ckazats, uro nocne nposenenus OT
colepKaHue IIePEUNCIICHHbIX IOCIIEI0BATEIbHOCTEH ITaTOreH-
HBIX Proteobacteria B 00pa3uax cyIiecTBeHHO YMEHBIIHIIOCH,
nopoif 10 0.02 % u meHee.

Kpome mocrenoBarensHOCTEH TaToreHHBIX Proteobacteria,
B HEKOTOPBIX 00pa3Iax, MoJy4eHHBIX OT narueHToB 10 DT,
ObLTH 0OHAPYIKEHBI TTOCIIEIOBATEIbHOCTH MATOTeHHBIX MpeI-
crasureneir Firmicutes. Tak, B neBsitu oOpa3max HaIeHBI
nocienoBarensHocTu C. difficile, nonst KOTOPBIX TPEBbINIAIa
0.5 %. IToBeiniennas Bcrpeyaemocts C. difficile B xuieuHoit
MuKkpobmnore nanueHToB ¢ K ormeuanacs u panee (Desh-
pande et al., 2013; Reddy, Brandt, 2013). [Tomumo mocnenoa-
tenvHoctel C. difficile, B HeKOTOPBIX 00pa3ax 0OHapyKEHbBI
nocnenosarenbHocTu Staphylococcus aureus (0.1-0.9 %),
Streptococcus spp. u Enterococcus spp. (~0.1 %). Kak u B
cilydae ¢ naroreHHbIMH Proteobacteria, ot 9TUX mocieno-
BarenpHOCTEH mociie OT B COOTBETCTBYIOMHMX 00pa3Iax pe3ko
yMeHbIImiIack. Mckimrouenne cocrasuian obpasisl ¢ C. dif-
ficile: monst MX MOCIEOBATEILHOCTEN YMEHBIIUIIACH TTIOCIIE
OT TonpKo B Tpex o0Opasmuax u3 AeBsTH, cocTaBuB <0.2 %.

3aknioyeHune

Taxum 00pa3om, HccIeqoBaHB OMOPa3HOOOpa3ne M TaKCo-
HOMHMYECKHI COCTaB ITOCIIe/IoBaTebHOCTeH (hparMeHTa rena
16S pPHK, acconunpoBaHHbIX ¢ KUIIEYHOH MUKPOOHOTOH y
20 marmmenToB ¢ K mo u mocne OT. Pesynsrarsl mokazamm,
YTO OHOKpaTHoe TposeaeHue mpouenypsl ®T mpuseno k
YBEJIMUCHHUIO CPEHEro OMopasHooOpasusi MOCIea0BaTeb-
HOCTeH B 00pasmax, momydeHHbsIx nocie OT, mo cpaBHEHUIO
¢ obpaszuamu, codpanubMu 10 DT, XoTs pa3HuIa He OblIa
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CTaTUCTUYECKU JIOCTOBEPHOU. [loJs mociien0BaTesIbHOCTEN
Firmicutes, sBIAIOMHUXCS JOMHHHUPYIOMIEH KOMITOHEHTON
KHIICYHOH MHKpPOOHOTHI 37IOPOBBIX JItOfICH, Obllla CHMKEHA
(~32 % vs.>70 %), a nosst moceaoBarenbHOCTEN Proteobac-
teria yBenmuena (>9 % vs. <5 %). B HexoropsIx oOpasuax,
cobpannbix 10 DT, oOHapyKEHBI 3HAYUMEBIC COJCPIKAHUS
M0CJIe0BATENILHOCTEH MaTOreHHBIX MpeacTaBurTeneit Firmi-
cutes u Proteobacteria, Bkimouas Acinetobacter spp., Entero-
coccus spp., K. pneumoniae, P. mirabilis, S. aureus, St. mal-
tophilia, Streptococcus spp. B OOJBIINHCTBE CITydacB MOCIe
onHokpaTHoH npouenypbl @T 101 TakUX NOCIE10BATENBHO-
CTEH pe3Ko COKpaTmiIachk. VICKIFOUCHHE COCTABIUTH MOCIIEIO-
BaresnbHOCTH C. difficile, KOTOpbIE ObLTM OOHAPYKEHBI (OKOJIO
0.5 % wu BBIIIE) B 00pa3max MOYTH ITOJOBUHBI MAIMEHTOB
¢ JK; mocie @T monst mocnenosarenpHocTei C. difficile 3Ha-
YUTEIbHO YMEHBIIMIACH JIUIIb Y TpeX nanueHToB. Cienyer
OTMETHTB, uTo rocsie OT comepsxanue Lactobacillus spp. mo-
BBICHJIOCH Ha MIOPSIOK M CYIIIECTBEHHO PACIIUPHUIICS BUIOBOM
COCTaB JIAKTOOAI[HILI.

PesynbraThl UCCICAOBAHMS TIO3BOJISIIOT C/ENATh Mpe/Ba-
PUTENBHBII BBIBOJI, YTO JlasKe OJHOKparHas mpouenypa OT
MOYKET MPHUBECTH K MOBBIIICHUIO OHOPa3HOOOPa3Hsi MUKPO-
OMOTHI ¥ ONITUMH3AIIAN €€ TAKCOHOMHYECKOTO cocTasa. OqHa-
KO JIJIs TOTO YTOOBI ClIeNaTh 3aKiroucHre 00 3pdekruBHOCTH
TaKOIo JICYCHUs, JJIUTCIIbHOCTU PEMHUCCUN U CTa6l/IJ'l])HOCTl/I
M3MEHEHU MHUKPOOMOTH KHIIEUHUKA y manueHToB ¢ SK,
TpeOyIOTCs MaNbHEHIne HAOMIOICHUS 32 STUMH HallHeHTa-
MU U aHAJIU3 KUIICYHOTO MUKPOOHOMA MOCIC TI0CIIC Y FOLIIX
npouenyp OT.
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CoBpeMeHHOe COCTOsIHIIEe ITPO06IeMbl COXpaHEHUS
reHeTUUYEeCKIX PeCcypCoB CeJIbCKOX03SICTBEHHBIX IITILL in Vitro

FO.A. CuaroxoBa, O./. Cranuuesckas &, H.B. AemeHTbeBa

Bcepoccninckuii HayuHo-uccnefoBaTeNIbCKUN UHCTUTYT FreHETUKIN 1 pa3BefleHNA CelbCKOX03ANCTBEHHBIX XKNBOTHbIX —
dunman GepepanbHOro HayYHOro LIEHTPA XMBOTHOBOACTBA — BUXK nm. akapemuka J1.K. SpHcta, MywkuH, CaHkT-MeTepbypr, Poccus
& e-mail: olgastana@list.ru

AHHoTayua. HacToAwmin 0630p npeacTaBnaeT COBPEMEHHbIE JOCTVMXEHWA U MOAXOAbI MO COXPAHEHUIO PenpPOAayK-
TUBHbIX KJIETOK XXNBOTHbIX iN Vitro, Takne Kak KpMOKOHCepBaLmaA 1 NModunmn3aLma, a Takke snmreHeTuyecKne npea-
NOCbUTKM AN1A NOSYyYEHNA »KN3HECNOCOOHbIX CNepPMaTO30MI0B 1 XKEHCKUX rameT Nocie pekoHcepBaLmn. KprokoH-
cepBauua — 5GPeKTUBHbIN MYyTb COXPAHEHNA PENPOAYKTUBHbIX KNETOK Pa3fiIMYHbIX BUAOB CETbCKOXO3ANCTBEHHbIX
MKVBOTHBbIX, BKNtOYasa Ntuy. MeToa coxpaHeHua reHodoHAa in vitro yepes nofaepkaHrie B KPMOreHHbIX YCIIOBUAX
KNeTOK UM TKaHel B OCHOBHOM HamnpaB/ieH Ha BOCCTaHOBNEHME NCHE3HYBLUMX MOPOA/MONyNALMNA, Ha Noaepa-
HMe reHeTMYecKkoro pasHoobpasua B NOMNynALMAX, MOABEPKEHHbIX reHeTnyeckomy apendy. IMeHHO coyeTaHue
MEeTO0B ex situ in vivo n ex situ in vitro moxeT cdopmrnpoBaTb OCHOBY 3GPEKTNBHONM CTpaTernm CoOXpaHeHus re-
HeTMYeCKoro pasHoobpasna XMBOTHbIX. KpomMe Toro, 1Crosb3oBaHne KPUKOHCEPBUPOBAHHOIO CEMEHN JTyyLLInX
npeacTaBuTenei IMHUA WAV NOPOAbI NO3BONAET YCKOPUTb MPOrpecc cenekymm B NPOMbILLIEHHOM NTULLEBOACTBE.
HecmoTpa Ha MHOrouncneHHble JOCTUXEHMA B 061aCTV KPMOOMONOrM NONOBbIX KNETOK, MPOLOSIXKAaeTCA MOUCK
MeToAoB, obecneuymBatowmx 6onee 3GppeKTBHOE BOCCTAHOBIIEHNE »KN3HECMOCOOHOCTU CNepMreB Nocie Kpuo-
KOHcepBaLunn. MexaHn3mbl, Nexkallme B OCHOBE BAVAHWA Npouefypbl KPMOKOHCEPBaLMN Ha NapameTpbl ceMeHun
CeJSIbCKOX03ANCTBEHHbIX MTUL, MOHOCTbIO HE M13yYeHbl. B 0630pe oTpakeHbl pe3ynbTaTbl COBPEMEHHbBIX NCCNIEAO0-
BaHWU B 0651acTV NpobnemMaTrKn KPUOKOHCEPBaLIMM MEHCKUX N MYXKCKMX MOSTOBbIX KNETOK, SMOPUOHaNbHbIX Kie-
TOK, MOVICKa HOBbIX MyTel pelleHns B 06N1acTyi COXpaHEHUA reHeTNYecKoro pasHoobpasus in vitro (paspaboTka
HOBbIX KPUOMPOTEKTOPHbIX CPef U HOBbIX TEXHONOrM coxpaHeHus). OcBeLueHbl MONeKyNAPHO-reHeTuyeckme
aCneKTbl KPMOKOHCEPBALMN N MEXaHU3Mbl BIMAHUA KPUOKOHCEPBALIMM Ha 3MUreHeTUYeCKoe COCTOAHNE KNEeTOK.
MpepncTaBneHbl AaHHble MO pe3yfibTaTam UCCnefoBaHUA B 061acTy IMOGUIIBHON CYLIKM PENPOAYKTUBHBIX KIETOK
camuoB. MIHTepec K TexHonorum nmopunmsaumm cemeHn Kak BO3MOXKHOCTY 6oree felleBoro cnocoba coxpaHe-
HUA 1 TPAHCNOPTUPOBKM rEHETUYECKOro MaTepuana AUKNX N AOMALLIHNX >KUBOTHbIX, MO CPAaBHEHMIO C KPNOKOHCep-
BaLMen, B MMpe CTPEeMUTENbHO pacTeT; nccnefoBaHna BeayTca B Anonun, Vspaune, Erunte, icnannm, ®paHuun.
PacTeT n nHTepec K Cnonb3oBaHUO NMOGUIN3NPOBAHHOTO CEMEHUN B TEXHONOMMAX FeHHOWN MHXeHepnn. MeToabl
NNOPUIBHON CYLWKIN pa3pabaTbiBalOTCA C yUETOM BUAOBOW MPUHALANEXHOCTU. B 0630pe NpeanoxeHbl Takxe opra-
HM3aLMOHHO-NPaBOBbIe MYTW PeLleHnA NPobemMbl COXPaHEHNA reHETUYECKUX PECYPCOB CeNIbCKOXO3ANCTBEHHbIX
>KMBOTHbIX, BK/OYas NTuL, in vitro.

KnioueBble cnoBa: cems; cnepmaTo3ouf; MapKepHble 6enkiy; KprMoKoHcepBauusa; nuodbunmsaumns; nTuueBonCTBo;
COXPaHEHWE reHeTUYECKUX PECYPCOB; KPMOOaHK; KPUOPE3NCTEHTHOCTD.

Ana yntnposaHusa: Cuntokosa t0.J1., CraHnwesckas O.U., lemeHTbeBa H.B. CoBpemeHHOe cocTosiHMe npobiembl
COXPaHEeHNA reHeTNYECKUX PECYPCOB CeNbCKOXO3ANCTBEHHDBIX MTUL, in Vitro. BaBUNOBCKUIA KypHan reHeTUKN 1 ce-
nekuuun. 2020;24(2):176-184. DOI 10.18699/VJ20.611

The current state of the problem
of in vitro gene pool preservation in poultry

Y.L. Silyukova, O.L Stanishevskaya ®), N.V. Dementieva

Russian Research Institute of Farm Animal Genetics and Breeding — Branch of the L.K. Ernst Federal Science Center for Animal Husbandry,
Pushkin, St. Petersburg, Russia
® e-mail: olgastan@list.ru

Abstract. This review presents the current progress in and approaches to in vitro conservation of reproductive
cells of animals, including birds, such as cryopreservation and freeze-drying, as well as epigenetic conditions for
restoring viable spermatozoa and female gametes after conservation. Cryopreservation is an effective way to pre-
serve reproductive cells of various species of animals and birds. In vitro gene pool conservation is aimed primarily
to the restoration of extinct breeds and populations and to the support of genetic diversity in populations prone
to genetic drift. It is the combination of ex situ in vivo and ex situ in vitro methods that can form the basic principles
of the strategy of animal genetic diversity preservation. Also, use of cryopreserved semen allows faster breeding
in industrial poultry farming. Despite numerous advances in semen cryobiology, new methods that can more ef-
ficiently restore viable semen after cryopreservation are being sought. The mechanisms underlying the effect of
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CoBpeMeHHOe COCTOsIHVE NPOBIEMbI COXPaHEHUSA
reHeTUYEeCKUX PECYPCOB CENbCKOXO3ANCTBEHHBIX MTUL in Vitro

cryopreservation on the semen parameters of cocks are insufficiently understood. The review reflects the results of
recent research in the field of cryopreservation of female and male germ cells, embryonic cells, the search for new
ways in the field of genetic diversity in vitro (the development of new cryoprotective media and new conservation
technologies: freeze-drying). Molecular aspects of cryopreservation and the mechanisms of cryopreservation influ-
ence on the epigenetic state of cells are highlighted. Data on the results of studies in the field of male reproductive
cell lyophilization are presented. The freeze-drying of reproductive cells, as a technology for cheaper access to the
genetic material of wild and domestic animals, compared to cryopreservation, attracts the attention of scientists
in Japan, Israel, Egypt, Spain, and France. There is growing interest in the use of lyophilized semen in genetic engi-
neering technologies. Freeze-drying methods are developed for particular species. Organizational and legal ways
of solving the problems of in vitro conservation of genetic resources of farm animals, including birds, are proposed.
Key words: semen; spermatozoa; marker proteins; cryopreservation; freeze-drying; poultry; gene pool preserva-
tion; cryobank; cryoresistance.
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BBepeHune

[Ipobnema coxpaHEHHSI TEHETHUYECKUX PECYPCOB CEIIbCKO-
X03sTicTBeHHBIX JKUBOTHBIX (I'PXK) siBiisiercst mmoOanbHOU, U
Ha ee pelIeHne HaPaBICHbI YCHIIUSI MUPOBOTO COOOIIIECTBA.
Koopaunupyronryto pons B obnactu coxpanenus: [ PXK BbI-
nonasieT FAO — I1pomoBoNBCTBEHHAS U CEITbCKOXO3SHCTBEH-
Hast opranuzaims npu OOH, u ee npodubHbIE Togpaserne-
Hus (FAO, 2015).

IIporpammsl coxpanenust gyt I'PXK pemaror cienyroiue
3aJa4n: SKOHOMHUECKHE (TTOJ/IepKaHUE CEKTOpa KMBOTHO-
BOJICTBA, CIIOCOOHOCTh pearupoBarh Ha SKOJIOTHUECKUE U3-
MEHEHHSI, MEHSIONIIECs IIOTPEOHOCTH PhIHKA, MEHSIOIINECS
HOpPMaTUBHbIE TPEOOBaHMS, N3MEHEHUSI B JIOCTYITHOCTH MM-
MOPTa—3KCIIOPTA); COIMATIbHbBIC M KYJIBTYPHBIC; COXpAaHCHHE
Omopa3Ho00pasns; MOAIEPIKAHUE PECYPCOB IS UCCIIETOBA-
TEJILCKUX MM 00pa30BaTeIbHBIX LIENICH, TEHETUKH, TEHOMH-
KU M aJanTaliui K KIMMaTHYeCKUM M JIPyTUM U3MEHEHUSIM
OKpYKaroIIen Cpebl.

Merton coxpaneHust reHO(DOHA ex sifu in vitro Yepe3 moj-
JIepKaHNE B KPUOTCHHBIX YCIOBHUAX (KPHOOAHK) KIETOK MIIH
TKaHeH, KOTOpbIE MOTYT OBITh HCIOJIb30BAHBI Il BOCCTAHOB-
JICHUS! TIOPOABI/TIOYJISLUH, TPU3HAH HEOOXOUMBIM JIOTON-
HeHueM k merony in vivo (FAO, 2015). ImenHo coueTanue
METOJIOB ex Sifu in vivo U ex Situ in vitro MOxeT c(hopMHpOBaTh
0CHOBY A(D(heKTHBHOM CTpaTeriy COXpPaHEHHS TEHETHYECKOTO
pazHoOoOpa3ust >KUBOTHBIX.

PazpaboTanHble 1151 CETbCKOXO3IHCTBEHHBIX HTHI] METO-
JIbl TIO 3aMOPaKMBAHUIO PEIPOAYKTHBHBIX KJIETOK CaMIIOB
MOXXHO C YCTIEXOM NPUMEHSATH ISl TUKUX BUJIOB C IIETIBIO CO-
XpaHEHUs] TeHETHYECKOTO Pa3zHO00pasus: HampuMep, Kpac-
Hast JukyHreBast kypuna (Rakhaa et al., 2016), nmyxaps (Ko-
walczyk et al., 2012), dbaszan (Galliformes) (Saint Jalme et al.,
2003). B mpOoMBIITUTEHHBIX TMHHUSX MTHIIEI HAOMIONASTCS 3HA-
YHUTENILHOE CHIDKEHUE TeHETHIECKOro pa3zHooOpasust (Muir et
al., 2008), u rcroap30BaHNE KPHKOHCEPBUPOBAHHOTO CEMEHU
Jy4IIHX TPEJCTABUTENEH JIMHUN WIIN TIOPOJbI B UCKYCCTBEH-
HOM OCEMEHEHUH B YCIOBUSAX IPOMBIIIIEHHOTO NITULIEBOJICTBA
MO3BOJISIET PACIIUPUTH Pa3Max U3MEHUHMBOCTH U YCKOPUTH
MPOTPECC CEJIEKIHH.

Hu3skoTemnepaTypHoe XxpaHeHue ceMeHun

KpuokoHcepBanust penpoJyKTUBHBIX KJIETOK CaMIIOB —
BOXHEHIINN N NMPaKTUYECKN €IMHCTBEHHBIH HA CETOMHS
METOJl COXPaHEHHs FeHO(OHIA CENbCKOX03HCTBEHHBIX ITHUIL

in vitro. ]Il KOHCEPBALUKN CEMEHH CEIbCKOX03SHCTBEHHBIX
NTHIl pa3padoTaHbl Pa3IMYHBIC MTPOTOKOJIBI, PE3YIIBTATHB-
HOCTbh KOTOPBIX 3aBHCHUT OT MHOrux ycioBuil (Llemrotus,
Typ, 2013; Thélie et al., 2019). Jlo cux mop HE pemieHa Ipo-
OneMa CHIDKCHUS (YHKIIMOHAIBHOM CIIOCOOHOCTH CEeMEHH
MocJIe IMKJIa 3aMOPaKUBAHUS—OTTaUBaHHS U HEIOCTATOYHO
BBICOK YPOBEHb OIUIOJOTBOPSIOMIEH CIOCOOHOCTH JEKOH-
CEpBUPOBAHHOTO ceMeHH. [1o MaHHBIM pa3HBIX aBTOPOB, B
3aBHCUMOCTH OT METOJIOB 3aMOPa)KMBaHUsI, WHIANBUyab-
HBIX U MTOPOHBIX OCOOCHHOCTEH Kyp, OIIOIOTBOPSIEMOCTD
sat konebieres ot 2 1o 85 % (Blesbois et al., 2007; Long et
al., 2010; Seigneurin, Blesbois, 2010; Ciftci, Aygiin, 2018),
CpeHHI K€ YPOBEHb II0KA3aTeNs OILUIOAOTBOPEHHOCTH TPH
MCTIOTb30BaHNN KPHOKOHCEPBHUPOBAHHOTO CEMEHHU HU30K, KaK
npaBuio, He npesbimaet 30 % (Fulton, 2006). B HexoTopsix u3
MOCJICTHNX My OJIMKAIMI TOBOPUTCS O CPEHEH (DePTHIIBHOCTH
3aMOPOKEHO-OTTATHHOTO CEMEHH Ha ypoBHe 65 % (Silyukova
et al., 2019). CHmxeHue KU3HECTOCOOHOCTH AMOPHUOHOB,
MOJTYYEHHBIX OT HCIOJIB30BAHUS KPHOKOHCEPBHUPOBAHHOTO
cemen# 3a cuet pparmentaruu JJHK (Watson, 2000; Liptoi,
Hidas, 2006; Morris et al., 2012), cTaBUT 101 COMHEHHE 3KO-
HOMHYECKYIO [1€1€CO00Pa3HOCTh €T0 MPUMEHEHUSI JUIsl PaK-
THYECKOH CEeNIeKIIMOHHON padoTsl. [ToaTomy npomomkarorcest
MCCJIEIOBAHMS 110 COBEPIICHCTBOBAHUIO COCTaBa pa3daBu-
Tesiel AJs1 KPUOKOHCEPBAIUH, MOA00PY KPHOIPOTEKTOPOB
1 crioco0oB 3aMopakuBaHMA (B maiferax, B rpaHyiax), co-
BEPIICHCTBOBAHUIO MPOTOKOJIOB 3aMopo3k (low-fast) u T. 1.
(Thieu Ngoc Lan Phuong et al., 2014; Svoradova et al., 2017).

BonbIMHCTBO HCCIeI0BaHUH 110 KPHOKOHCEPBAIMH CEMe-
HU [ITHI] IPOBOJUTCS C UCIIOIB30BAHUEM CMEIIAHHBIX ISIKY-
JISITOB HECKOJIBKHX CAMIIOB, XOTSI U3BECTHO, YTO TeHETHUECKUI
BKJIa]] KaXK/I0TO caMIla HEOIMHAKOB B CBSI3H ¢ d(p(hexToM u3-
6uparensHOCTH omutofoTBopenHus (Caxaposa, [Tormos, 2001)
Y CaMIIbl UMEIOT PA3IMIHBIE T0KA3aTEIN COXPAHHOCTH CIIep-
MaTo30m10B nocire kpuokoncepanun (Pleshanov etal., 2018,
2019). IToaToMy OcCTalOTCsA OMACEHUs, YTO HCIIOIb30BAHUE
KPHOKOHCEPBUPOBAHHOTO CEMEHH OT CMEIIIAHHBIX SIKYIISITOB
13 KpHOOAHKOB MOXKET TPHBOJIUTH K YBEIHUCHUIO CTETICHU
nHOpuAMHra B nomynsinuu. Bo u3bexxanne nogoOHON mpo-
071eMBI ITPX COXPAHEHNH PEAKHUX M MCUE3AIONINX HOPOJ Kyp
HEoOXO0IMMO 3aKJIa/IbIBaTh B KPHOOAHK CeMsl OT MHIUBHIY-
AJBHBIX DSKYJISTOB.

B Poccun nccnenoBanysi B JaHHOM HaIpaBlIE€HUM BELYT-
cs1 B ®I'BHY «®enepanbHblil HAy4YHbIH LEHTP )KUBOTHOBOI-
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ctBa — BIK um. akanemuka JI.K. DpHcray u ero dunnae,
Bcepoccuiickom Hay4yHO-UCCIIE10BAaTEILCKOM HHCTUTYTE Te-
HETHKH W Pa3BEICHUSI CEILCKOXO3IHCTBEHHBIX KHBOTHBIX
(Uomuues u np., 2018; Mavrodina et al., 2018a, b; Pleshanov,
Stanishevskaya, 2018; Stanishevskaya, Pleshanov, 2018a—c).

Hcnosb3yemble TeXHOJOTHU. Bo MHOTHX Hay9IHBIX ITyOITH-
KalUsX ONUCAHBI Pa3IMYHbIE TIPOTOKOJIBI KPHOKOHCEPBALIUT
CEMCHHU IITULl OAOMAIIIHCHHBIX U TUKUX BUJIOB. Texnosoruu
Pa3IMYaroTCs 10 TUITY KPHOIPOTEKTOPA, TI0 CIIOCO0Y YIMaKoB-
K (maiieThl, TpaHyIIbl U JIp. ), IO CKOPOCTSIM 3aMOPasKUBAHUS
u orrauBanus (fast/slow) u Mo TeMIepaTypHBIM PEKHUMAM.
O} PeKTUBHOCTE TTPOTOKOIOB MOKET OBITH OIIEHEHA C TO-
MOIIBI0 aHaIM3a (PyHKIMOHAIBLHOTO COCTOSIHUS CEMEHH
in vitro (onpesielIeHre KOHIEHTPALUU 1 TIOJBUYKHOCTH CIIep-
MaTo301I0B, MOP(OIOTHH, COOTHOIICHHUS YKUBBIE/MEPTBEIC)
1 OLICHKHU OIUIOZOTBOPSIIOIIEH CLIOCOOHOCTH CIIEPMBI in Vivo
npu uckyccrBeHHoM ocemeHenunu (Varadi et al., 2013; Thieu
Ngoc Lan Phuong et al., 2014). YcranoBneHO, 9TO BEICOKHE
CKOPOCTH 3aMOPaKMBaHUS—OTTaUBAHUs CEMEHH NTHUI] Ooiee
MMPEANTOUYTUTEIbHBI C TOYKH 3PCHUSA IMMOBBIIICHUA €I'0 BBIXKHMBA-
€MOCTH B OTJIMYME OT MPOTOKOJA JUISi CEMEHH MIIEKOIHTA-
romx (Shahverdi et al., 2015; Madeddu et al., 2016). Cy-
IECTBYCT 3HAYUTECIbHAA WHAUBHUAYAJbHAsA, MEKIIOPOAHAA
1 MEXBHJIOBast N3MEHIMBOCTB 10 KPUOYCTOIHUMBOCTH CEMe-
HU IITHI, U3 YETO ClieAyeT He0OX0ANMOCTh pa3paboTku pas-
JIMYHBIX CTpaTeFI/Iﬁ KPHUOKOHCEpBAIU JIsA pa3HbIX BUI0B U
mopox (Blesbois et al., 2007).

MeTonbl OLIEHKH KadecTBa ceMeHU. KprokoHcepBanus
CEMCHHM OYCHb BaXHa JJId YIIPaBJICHUA I'CHCTUYCCKUM pas-
HOOOpa3neM NTHIL ex Sifu, HO TPUMEHEHHUE JAaHHOTO METOA
OTpaHUYCHO BBICOKOW BapHaOeIbHOCTBIO MOKa3aresiei yc-
nexa. J{ist pacuera KojauyecTBa criepmMoso3 mnpu (Gopmupo-
BaHUH KpHOOaHKa HEOOXOAMMO MPOTHO3UPOBAHNE OILIONO-
TBOPSIOLIEH CIIOCOOHOCTH KPHOKOHCEPBUPOBAHHOTO CEMEHH.
K coxanenuto, npu onpeaeneHuu d3PPEeKTUBHOCTH CBOUX
Ppa3pabOTOK MHOTHE HCCIIEIOBATEIH OTPAHWINBAIOTCSI TOIBKO
OLICHKOH IOIBM>KHOCTH CIIEPMAaTO30110B. DTOT TECT HEJOCTa-
TOYHO MH(OPMATHBEH B IJIAHE IIPOTHO3a OIJIO0TBOPSIONIEH
CIIOCOOHOCTH CTIEPMEI.

Bonee adpexTrBHBII TPOTrHO3 IO OTUIOAOTBOPSIIOLIEH CIT0-
COOHOCTH CEMEHH JJAI0T METO/Ibl OLIEHKH MOP(OIOrHYECKUX
HapyIIEHUH C UCTIOIB30BaHNEM (DITyOPECIIEHTHOTO OKpAIIIN-
BaHMSI )KUBBIX ¥ MEPTBBIX KJIETOK, MPOTOYHON IIUTOMETPHH,
OLICHKHN MapaMETpPOB MOABHXKHOCTHU CHEPMBI IIPpHU IMOMOIIH
xommbroTepHOTO aHanmu3a (CASA). Mcnonb30BaHne CHCTEMBI
CASA 1o3BOJISIET OLCHUTH KOJIMYCCTBO KU3HECIIOCOOHBIX U
Mopdoornueckn HopMaibHbIX Kietok (PVN), maccoByro
noaBmkHOCTE (MMOT) 1 pa3nudHbIe TapaMeTphl IBHKESHHS,
BKJIFOYasl TIPOLICHTHOE COJEPIKaHHUE TOJBIKHBIX CIIEpMaro-
3oun0B (PMOT), u 6Grodusnyeckue TecTbl — yCTOWYUBOCTh
K ocMoTHueckoMy cTpeccy (OSM), IpOHHUIIaeMOCTh MEM-
6pan (FLUID) (Blesbois et al., 2008; Svoradova et al., 2018).
Tem He MeHee KOMILIEKC ATUX TECTOB HE OTpaXaeT B MOJIHON
Mepe (PyHKIIMOHATIBHYTO MOITHOLIEHHOCTD CIIEPMBI.

@OyHKIMOHANBHAS CTOCOOHOCTH OTTATHHOTO CEMEHU MO-
JKeT OBbITh JJOCTOBEPHO ONpE/ENICHA in Vitro MyTeM aHajiu3a
B3aUMOJICHCTBHS CIIEPMATO30MA C BHYTPEHHUM CIIOEM BH-
TEJUTMHOBOW MeMOpaHbI JKkeNTKa KypuHbIX sull (Robertson et
al., 1997; Long et al., 2010). Ouenka npoBoauTcs B jga0d0-
PaTOPHBIX YCIOBHSIX 110 KOJIMYECTBY TOUEK THAPONIN3a (IPo-
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HUKHOBEHHI CIIEPMaTO30M/I0B) HA €MHUILY IO BHYT-
penHero nepuBHTEITHHOBOTO cinost (Robertson et al., 1997).
[To cpaBHEHHUIO ¢ TPAaJUIMOHHOW OIEHKOW KadecTBa TOT
Mmetoj; Oostee MH(OPMATHBEH Ul MPOTHO3UPOBAHMS OILIO-
JOTBOPSIIOIIEH CIIOCOOHOCTH CIIePMaTO30H/I0B.

CoxpaHeHue KeHCKHX ramert. B Hacrosiiiee BpeMsi He
pa3paboTaH Crocod COXpPAHEHHUS IMOJIOBBIX KJIETOK CaMOK
ntun. Hannune G0obIIoro KommyecTsa jKeNTKa B IHIeKIIeT-
Kax MTHI He MO3BOJISET MPUMEHSTh CYLISCTBYIOIIUE METO-
Jbl kpuokoncepBauuu (Fulton, 2006). Dto mpencrapusier
Cepbe3HYI0 IPOOIIeMy IIPU COXPAHEHHH IIOPOJIBI/TIOITYIISLHH,
MIOCKOJIBKY OHA HE MOKET OBITh ITOJTHOIIEHHO COXpaHeHa 0e3
TeHETHYECKOro BKJIaJga ocobel 00ouX IOJIOB, IPOUCXOAUT
HOTepsl MATEPUHCKON HACJIEICTBEHHOCTH, BKJIIOYask MUTO-
XOHJIpHAJIbHBIA TeHOM. CyIIEeCTBYIOIIME HA CETOTHSIIHUMA
JICHb METOJIbl COXPAHEHUS! PENpPOJYKTHUBHBIX KJIETOK ITTHUI]
(criepMueB) TO3BOJNAIOT BOCCTAHABIMWBATH MCUE3AIONINE
MIOPOJIBI/TIOMYIISIIIMN TOJIBKO 32 CYET IMTOIIOTHTEIIFHOTO CKpe-
IIMBaHUSI.

OTHOCHTEIFHO HHHOBALOHHAS TEXHOJIOTHS — TPaHCILIaH-
Talusi KPpHOKOHCEPBUPOBAHHBIX KJIETOK FOHA] HCOHATAIBHBIX
LBITUISIT B3POCIIBIM OCOOSIM-PELUITUEHTAM JUIS PETTPOLYKIIUH
JOHOPCKOTO IOTOMCTBA. MeToJ TpaHCIIaHTALUH MOXKET
CIIO0COOCTBOBATh COXPAHEHHUIO MCUE3AIOIINX BHAOB MTHUI]
MOJICPIKAHMIO X reHeTHYeckol m3MeHunBocTH (Benesova,
Trefil, 2016). KpnokoHcepBanus TKaHU SHYHUKA SBISIETCS
(haKkTHUYECKH €IMHCTBEHHBIM 3()(EeKTHBHBIM crIOCOOOM CO-
XPaHEHUS N Vitro »KEHCKOHU 3apObILIEBOH IJIa3Mbl y IITHULL.
[TpennoxxeH MeTol BUTPU(PHUKALNK TKAHSH TOHOPCKUX SHY-
HHKOB B naiiete. @parMeHThl TKaHH SUYHHKA OT CAMOK He-
JIETIbHOTO BO3pacTa IIePEeHOCST Ha METAJUTMYECKUI CTEPIKEHb,
3aTeM BUTPHOUIUPYIOT B SKHIKOM a30Te IIPU HCIIOIb30BAHUH
CICLMANBHBIX cpel. JJaHHBI METO MO3BONSAET XPAHHUTh H
TPAHCIIOPTUPOBATH TKAHU SIMYHKKA NTHILL. B onbITe ObLIa 110-
KazaHa yCIIeIIHas IPIKUBaeMOCTh TpaHciianTara (Liu et al.,
2012). Kpome TOT0, TpaHCIUTAHTAINIO SSTMYHUKA MOYKHO TTPHU-
MEHSITh JJIsl NCCIIEJOBAaHNH B 00J1aCTH TeHETHKH M OMOJIOTUH
passutus (Song, Silversides, 2007; Liptoi et al., 2013). ITo-
CKOJIBKY 3TOT METO/] BKJIFOYAET B CeOsI 3HAYUTEIILHOE XUPYP-
IMYECKOe BMEIIATEIBCTBO U MOPa3yMeBaeT UCIIOIb30BaHUE
MMMYHOJICTIPECCAHTOB, TO B KJKIOAHEBHON pean3alii OH
NPECTABISIETCS 3aTPATHBIM M TEXHOJIOTHYECKH CIIOKHBIM.

Coxpanenue IMOPHOHAIBLHBIX KJIETOK. [IepBuuHbIe 3a-
poxprmieBsie ki1eTkn (PGC) kyp MOTyT OBITH BBIICNCHBI U
KyJIBTHUBUPOBaHBI in vitro. PGC SBISAIOTCS IEHHBIM HCXOJI-
HBIM MaTepUaAJIOM ISl KIIETOYHOM FeHHOI MH)KEHEPHH, MOy~
YEeHHS 3apOBIIICBOH IIa3MBl M TEHETHYECKOTO COXPAHEHUS
BuoB u romyrsiruii (Kino et al., 1997). etictButensro, PGC
ITHL MOTYT Pa3MHOXKAThCsI B KYJIBType U ObITh 3aKOHCEPBHU-
poBaHBI 6€3 HEOOPATUMOTO M3MEHEHHSI X OMOJOTHYECKUX
cBoiicTB (van der Lavoir et al., 2006; Nandi et al., 2016; To-
nus et al., 2016). [ns kpuokoncepsauun PGC nrun npu-
MEHSIOT IBa OCHOBHBIX METOJIa: MEJUICHHOE 3aMOPaKHBAHHUE
(SLF) u ynerpadsicTpoe 3amopaxkuBanue (Vitrif) (Tonus et
al., 2017). OTu kIeTKH MOTYT OBITH HCIIOJIL30BAHBI JUIsl BOC-
CTAHOBJICHUSI TOHA/IHBIX TKaHEH C 3apOIbILIIEBBIMH KIETKAMH
JOHOpPCKOW NTMHUHM. JlaHHas METOIMKAa HepUMEHHMa B Ha-
cTosilee BpeMsi Ul coxpaHeHHs: Bcero amOpuoHa (Fulton,
2006). O6a meTona TpeOyIOT JATFHEHUIIINX UCCISIOBAHUN, HO
MOXKHO YK€ ceiiyac OnpeaeeHHO CKa3aTh, YTO COXpaHEHUE
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KJICTOK in Vitro B Oyayiiem 00ecIieuuT OCHOBY 15 pa3padoT-
KH TIPAKTHYECKOTO OaHKa TEHOB M CHCTEMATH3MPOBAHHOTO
TEeHOMHOT0 OaHKa JIsl TITHII.

leHeTuKa KpmoyCTOﬁqMBOCTM

penpoayKTUBHDIX KNETOK

KproycToituMBoCTh CEMEHHU SIBIISIETCSI FEHETHUECKH 00y CIIOB-
nerHbIM nipu3HakoM (Pleshanov et al., 2019), HO MexaHm3-
MBI BIMSIHUSI KpHOKOHCEPBAIMHU Ha IUTEHETHYECKOE COCTO-
SIHUE KJICTOK ellle He TTOJTHOCThI0 HcclienoBaubl. [Iporecc 3a-
MOpaKUBaHHUSA—OTTaUBaHHs CIIEPMATO30UI0B MOXKET BIHATD
Ha MTOBPEX/ICHHS B TeHAX, HAPUMEp, CBSI3aHHBIX C pOXKIae-
MocTei0 SNORD116/PWSAS u UBE3A (Valcarce et al., 2013).

[Ipu n3yueHnn N3MEHEHNH CIIepMaTO30H 10B KabaHa moce
KPHOKOHCEPBAIMN OBUIN BBISIBIICHBI pa3inyus 1mo 41 Oenky
(Chen et al., 2014). B xauecTBe MapKepHbIX OCIIKOB, BIIHSI-
JOIUX Ha YCTOHYMBOCTh CEMEHU K 3aMOPaKUBAHHIO, OBLIH
npetoxkensl SOD1, TPI1, ODF2 u AKAP3. Y Gallus gallus
domesticus nius SOD1, TPI1 u ODF2 HaiigeHbl reHbl-0HTO-
noru. PaccMotpum ux monpooree. benok, koaupyemslit re-
HOM SODI1 (superoxide dismutase 1), CBSI3bIBa€T HOHBI MEIN
Y IIMHKA U CIIOCOOCTBYET Pa3pyIICHHIO CYNEPOKCHHBIX pa-
JMKAJIOB B MOJICKYJISIPHBIN KHCIIOPOX U IIEPEKUCh BOXOPOIa
(Bogle et al., 2017; Wu, 2019). dpyroii n303um 3T0r0 Oenka
HaXOJIUTCSl B MUTOXOHIIPHUSIX, U (DYHKIIMH €ro MOKa He U3y4e-
uel. @epment TPI1 (triosephosphate isomerase 1), koTopsrit
COCTOMT M3 IBYX WJICHTHYHBIX OCIIKOB, KaTAIN3UPYET H30Me-
puzanuto runepaibaeruios 3-pocdara (G3P) u qurnapok-
cuaneronpocdara (DHAP) B mmkomm3e u IIIOKOHEOTeHEe3e
(Chen et al., 2014).

Oo6HnapysxeHo, uto 6enku HSP90 (heat shock protein 90)
CBSI3aHBI C MOABMKHOCTBIO CIIEPMATO30HI0B, KOJIUYECTBO
MX 3HAYUTEIIFHO YMEHBINACTCS TOCIIE 3aMOPaKHBAHUSI—OT-
tauBanus (Huang et al., 2009).

3HauynTeNbHbIe OSITKOBBIE M3MEHEHHMS B CIIEPMATO30HMIax
YeNoBeKa J0 M 10ciie KPHOKOHCEPBALUH OBIITM BBISBICHBI
Wang ¢ komteramu (Wang et al., 2014). benku MUTOXOHAPH-
anpHOTO MaTpukca ACO2 (aconitase 2) 1 OXCT1 (3-oxoacid
CoA-transferase 1), anreBuansnii 6enoxk TEKT1 (tektin 1),
KOTOPBIN HEOOXOIMM JIJ1s1 00pa30BaHUsI IMJIMAPHBIX U KTy TH-
KOBBIX MHKPOTpyOouek, mukonuTimdeckuii pepment ENO1
(enolase 1), 6es10k TIPOMEKYTOUHBIX (PHIAMEHTOB BUMEHTHH
Y aMMHOKHCIJIOTA THPO3UH CBSI3aHBbI MOABHIKHOCTBIO CIIEpMa-
TO30HMJIOB, JXM3HECHIOCOOHOCTBIO U LIEJIOCTHOCTHIO aKPOCOMBI
(Wang et al., 2014).

B pesynbTare 3aMmopaxuBaHUA—OTTaUBaHUS OBIJIO TIOKa3aHO
CHIDKEHHE KOJIMYeCTBA aHTHOKCHIAHTHBIX OEJIKOB, TAKMX KaK
SODI1, PRDXG6 (peroxiredoxin 6), TXNDC?2 (thioredoxin do-
main containing 2), GSTM3 (glutathione S-transferase mu 3),
MemOparHBIX 6ekoB CYB5SR2 (cytochrome b5 reductase 2),
6enxoB 30ub! nesumonuaa ZPBP1 u ZPBP2 (zona pellucida
binding protein), akpocomanbHbix 0eakoB ACRBP (acrosin
binding protein) u SPACA3 (sperm acrosome associated 3).
B TO ke BpeMs1 yBeITMUMBAIOCH KOJIMYECTBO APYTUX OCIIKOB,
HaKOIUICHHE KOTOPBIX HAOIOAAETCsl IPU CTPECCOBOM COCTOSI-
Hun K1etkn: ANX1, ANX3 n ANX4 (annexin A); KJIacTepuH
(CLU clusterin), mmnoptus-1b (KPNB1) karyopherin subunit
beta 1, HIST1H4A (histone cluster 1 H4 family member a),
TUBAIA (tubulin alpha la) u SPAG17 (sperm associated
antigen 17) (Bogle et al., 2017).
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I/I3yquI/Ie BJIMAHUA KPUOKOHCEPBAILIUN Ha CIIEPMATO30M 1bl
Gallus gallus domesticus Toka3aino yBeJamdeHne Ha 36 OeKoB
W COKpaleHue Ha 19 6eiKoB mocie oTTanBaHus. DTH OCTIKH
ObLIH CBsI3aHbI ¢ MeTaboIM3MOM criepmaro3ouioB (Cheng et
al., 2015). Taxue 6enxu, kak ACRBP, FN1 (fibronectin 1),
HSP90AAT (heat shock protein 90) n VDAC?2 (voltage depen-
dent anion channel 2), ciryxar Gnomapkepamu, pe;cKa3bia-
IOIINMH YCTOMYMBOCTD CIIEPMBI XPSIKOB K KPHUOKOHCEPBALIUH
(Vilagran et al., 2015, 2016).

Bo Bpems 011010 TBOPEHHSI CLIEPMATO30H Il JIOCTABIISIIOT
otroBckyio MPHK B siitiexineTky u, Takum 00pa3om, HTParoT
Ba)KHYIO POJIb B Ha4ajie pa3BUTHs SMOpHoHa. B pornecce 3a-
MOpa)KUBaHMsI TPAHCKPHIITHI U B3anmozelicreie MPHK-0emok
B CIIEPMATO3011aX MOTYT OBITh HOTEPSHBI, YTO MOXKET BIHATH
Ha pa3Butne smOprona (Valcarce et al., 2013). Panee Obun
BbISIBIICHBI Koppesaiuu Mexxay MPHK criepmel u pazsutneM
SMOpHOHA Ha PAaHHUX CTAAMSX Y YEJIOBEKa M HEKOTOPBIX KH-
BoTHBIX (Hezavehei et al., 2018). UccrenoBarus Valcarce et
al. (2013) nmoka3anu yMeHbIICHHE dKcIpeccuu reHoB PRM1,
PRM2, PEGI/MEST n ADD1, cBs3aHHBIX ¢ (hepTHIIEHOCTHIO
CIIepMBI YeJIOBEKa Iociie KpHOKOHCepBaluu. B psine uccie-
JIOBAaHWH HAOJIOAAIM U3MEHEHHE TPAHCKPHUIITOB HEKOTOPBIX
6enxoB 1 MukpoPHK. [IpeampuHMaioTcst TOMBITKA 00BsIC-
HHUTH HEKOTOPBIC SIUT'€HETHIECKNE MOAN(DHUKAIIUH, KOTOPbIE
MOTYT BO3HHKHYTh B CIIEPMAaTO30MJI€ BO BpeMs Ipolecca
3amopaxwuBanus (Hezavehei et al., 2018).

KpuokoncepBamus ceMeHH — O4e€Hb BaXKHBII METO]T BCIIO-
MOTaTeIbHON PENpONYKINH, HO CaM IMPOolecC 3aMOpaXKHBa-
HUS—OTTAaNUBaHUsI BPEJIEH, TIOCKOJIbKY IPHUBOJHUT K CHHKEHHIO
TIO/IBIPKHOCTH M )KN3HECTIOCOOHOCTH CIIEPMAaTO30H/I0B, K ITpe-
JKJIEBPEMEHHOMW KaraluTaluy 1, KaK CJIS/ICTBUE, K CHUKEHUIO
3¢ PEKTUBHOCTH NCKYCCTBEHHOTO OTLTO0TBOpeHMs. [loaToMy
J00aBiIeHNe HEKOTOPBIX OEITKOB HOPMAJIM3YET MPOIecC KOH-
JIEHCUPOBAHMS U YCKOPSIET NPOLIECC OILUIOAOTBOPEHUS i71 VIlro.
Wcnonb3oBanne, Hampumep, TrxA-FNIIx4-His6 ssnsercs
MHOT000CTIAIOMINM OHOTEXHOIOTHYECKUM TOAXO0I0M JUIS
KPHOKOHCEPBAIIMHU CIIEPMATO30110B OapaHa u Mo iepKaHusl
JKu3HecTocoOHoCcTH criepmaro3ouioB (Ledesma et al., 2019).

Kpome coxpaHeHns! FTeHETHIEeCKOro MaTrepraa B CliepMo-
OaHKe, BO3MOYKHO CO3/1aHKe KpHoOaHKa SMOPHOHOB. Y KpyTI-
HOTO POTaToro CKOTa OIEHUBAJIM BIMSHHE PECBEPATpPOIIa Ha
SMOpPHOHBI TIOCIIEe KproKoHCcepBanuy. M3ydeHo ero BiusiHIE
Ha COXPaHHOCTh (PYHKIUI MUTOXOHApHH, 1estocTHOCTh JTHK,
skcpeccuro SIRT1 (sirtuin 1) u cmoco6HOCTH YMOPHOHOB K
pa3BuTHIO. BeDKHBaeMOCTh SMOPHOHOB 3HAUUTENBHO YIyd-
I1aJ1ach, KOT/a 1ociie OTTauBaHUs UX MHKyOHpOBaIu B cpe-
ne, conepxkameii 0.5 MxM pecsepatpona. Kpome Toro, skc-
npeccust SIRT1 u comepxxanne 6ecknerounoit MmT/IHK B
cpezie ObLIH BBIIIIE B CITydac SMOPHOHOB, 00pabOTaHHBIX Pec-
BeparposioM. CliieryeT OTMETHTh, YTO MEATICHHOE 3aMOpPaKH-
BaHME BIMSCT Ha IEJIOCTHOCTh M (PYHKINIO MHTOXOHJPHIM
B Onacromycrax (Hayashi et al., 2019). Baxxno ymy4muTs
ycnoBus co3peBanus in vitro (IVM) 11t He3pensIX 0OIUTOB
rociyie KpHOKOHCEPBANMU, OCOOEHHO €CIIM OTPAaHUYCHHOE
KOJIMYECTBO OOLIUTOB COOPAHO Y KOHKPETHBIX JOHOPOB. CH-
CTEMBI KyJIbTHBALMH CO CBEXHMMH OOLNUTAMH 3HAUYUTEIHHO
YCKOPSIIOT MEHOTHYECKOE Pa3BUTHE BUTPH(DUIIMPOBAHHBIX
OOIIMTOB M CYIIECTBEHHO yBEIMYHMBAIOT CKOPOCTH 00pa3oBa-
HUSI OJTACTOIHCT TOCIIE TTAPTEHOTCHETHUECKOW aKTHBAINU U
nepeHoca siaep comarndeckux kierok (Jia et al., 2019).
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[ToHnmaHue MOJEKYIAPHO-TeHETUYECKUX MEXaHU3MOB,
00yCIIOBIMBAIOIINX MUICHETUYECKUE MPOLIECCHI, KOTOPBIE
MIPOMUCXOMAT B PEHPOAYKTHBHBIX KJIETKAX IPH 3aMOPaKHBa-
HUU—OTTaUBAHMUHU, ITO3BOJIUT MOBBICUTH PE3YNBTAaTUBHOCTH
UCTIONb3YEMBIX TEXHOJIOTHH TI0 COXPaHEHHUIO BUIOB/TIOpOA/
TOMYJISIAN PEIKNX M NCYE3aIONINX KUBOTHBIX U MITHII.

Jinodunusauyns

CoxpaHeHHe CIIEPMBI ITyTeM JIMOQHITH3aLUH SBISIETCSI HHHO-
BallMOHHBIM MeTozioM. [TpenmMyiecTBa TMOMHIM3UPOBAHHBIX
CIIEPMaTO30H/I0B COCTOSIT B TOM, YTO OHHM MOTYT XPaHHUTHCS
npu Temneparype 4 °C B TeueHHE JUIMTEILHOTO BPEMEHH, a
TAKXXE XPAHUTBLCS U TPAHCIOPTUPOBATHCS IPU KOMHATHOU
TemIieparype 0e3 HCIOIb30BaHMS KHIKOTO a30Ta HITH CyXOTO
JbJIa B KQYECTBE OXJIAKIAIOMINX areHTOB.

Osxuaaercst, YT0 UMEHHO JHO(UIM3aNus CIIEpMbI, a He
KPHOKOHCEPBAIHs, MOKET CTAaTh HOBBIM ITPOCTBIM METOJOM
COXpaHEHUsI TCHETHYECKNX PECYPCOB M HCIIOJIB30BATHCS B
TOM YHCJIE JUTs OJIy4eHHs TPaHCTeHHBIX )KUBOTHBIX (Kaneko,
2012). CocTostHEE UCCIIEIOBAaHUN B 00IaCTH CyOIMMaIoH-
HOM CYIIKM CEMEHHU JUKHX M JOMAIIHUX XKMBOTHBIX CBHUJIC-
TEJIbCTBYET O BO3PACTAIOLIEM HMHTEpPECE K ITOMY CIIOCO0Y
COXpaHEHHMsI TEHETHUECKUX pecypcoB. MeTonsl nmuodunnza-
[IUH TTIPIMEHHUTEIIFHO K MUKPOOPTaHM3MaM U PacTHTEIbHBIM
KJIeTKaM pa3paboTaHbl U YCHEUIHO MPUMEeHsIIoTCs. HTepec k
TO(GUIN3ANH PEIPOAYKTUBHBIX KJIETOK KaK BO3MOKHOCTH
Oosee siemIeBOro crocoda COXpaHeHMs! U TPAHCTIOPTHPOBKHU
(B TOM 4HCIIe B KOCMOC) T€HETHUECKOTO MaTepHaa JUKUX 1
JIOMAIITHNX KWBOTHBIX, 110 CPABHEHUIO C KPHOKOHCEPBAIIH-
eil, B MUpEe CTPEeMHUTEIBHO PACTET; MCCIICTOBAHUS BEIYTCS
B SAnonun, U3paune, Erunrte, Mcnanuu, @panuuun. Meroabl
TUOMUIBHON CYyIIKH pa3pabaTHIBAIOTCS C YY€TOM BUIOBOU
MIPUHAUICKHOCTH. JIOCTUTHYTHI MOJIOKUTENBHBIC PE3yIIbTa-
Thl Ha MbIIIAX, KpbICax, XOMAKAX, KPYIIHOM pOTraToOM CKOTC,
OapaHax, KpoJHKax, MHUMIIaH3e, Xupadax, Aryapax u Jp.,
HO TOBOPHTH O PEIICHUH MTPOOIEMBI ITOKa MPEXkICBPEMEHHO,
MOCKOJIbKY (pyHKIIMOHAIIbHBIE XapaKTEPUCTHKHU CIIEPMATO30H-
JIOB coxpansroTcs He B morHoM ooseme (Hopshi et al., 1994;
Foote, 2002; Liu et al., 2004; Kawase et al., 2005; Li et al.,
2009; Gil etal., 2014; Kaneko et al., 2014; Shahba et al., 2016;
Wakayama et al., 2017; Arav et al., 2018). OcHOBHBIE TPYA-
HOCTH CBSI3aHBI C TIOBPEKACHUSIMU JIBUTATEIILHOTO armapara
cnepmaro3ouioB, memOpan u JJHK. Uto kacaercs nrwil, B
TOM YHCJIE CEJIbCKOXO3SHCTBEHHBIX, TO UCCIIEOBaHUS 10
TMOQUIBHON CYIIIKE NX CEMEHH HE TPOBOIMINCH, BO BCIKOM
cilyyae He OIyOJIMKOBaHBI.

Mpo6nembl KproKOHCepBaL UK
KpuokoHcepBaiust 3amycKkaeT He TOIBKO MPOIECChI TOBPEK-
JICHUsI Ha MEXaHHYEeCKOM YPOBHE IOBPEXICHUH MeMOpaH,
HO ¥ XMMHUKO-(PH3UYECKHE POLIECCHI ICHATY AU OCITKOB H
JIMITUI0B OMCII0EB MEMOpPaH, Y4TO MPUBOAUT K CyOJIeTaIbHOMY
3aMep3aHUI0 U 3aIyCKy IPOLECCOB KPHOKAIAUTallH, 00-
pa3oBaHMs aKTUBHBIX (POPM KHUCIOPOAa U H3MCHEHHUS OCITKOB
CIepMaro30u10B, TUIHUI0B U caxapos (Pini et al., 2018).
OO1Ien3BECTHO, YTO YCTOMIMBOCTH K XOJIOJJOBOMY IIIOKY H
KPUOYCTOWYMBOCTH CIIEPMATO30M/I0B Pa3IUYHbIX BUIOB CEITb-
CKOXO3SICTBEHHBIX JKUBOTHBIX, B TOM YHUCJIC CeJIbCKOXO03sIi-
CTBEHHBIX IITHL], CHIILHO pa3HATCA. KpHOKoHCepBHpOBaHHOE
ceMsi IF0OT0 BHIa )KMBOTHBIX UMEET MTOHIKEHHYIO (PepTHITb-
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HOCTb I10 CPaBHEHUIO €O CBEKEH criepMoil. IIpnuunnsl norepu
(hepTUIABHOCTH Pa3INYHBI: BOCIIPUUMUYHBOCTD K XOJIOZI0BOMY
IIOKY, CKOPOCTh OXJIQXKJICHHUS, COCTAaB pa30aBHUTEINsI M OCMO-
THuecKuii ctpecc. CyliecTBYIOT Takke (haKTopbl, BIHSIONINE
Ha (YHKIMOHAJIBHOE COCTOSHUE 3aMOPOKEHO-OTTASHHBIX
CIIEpPMaTO30M/I0B: CTaOMIIBHOCTh MEMOpPaH, OKUCIIUTEIIbHBIC
MOBPEIK/ICHUS], 1IEJIOCTHOCTH MEMOPAHHOTO PELENTOpa, CTPYK-
Typa simpa (Watson, 2000; Momunes u ap., 2018). B mponecce
KPHOKOHCEPBAIMHU U JICKOHCEPBALINH CIIEPMAaTO30H bl MOTYT
MoJTyyarh Kak HeoOpaTHMble MOBPEKICHHUSI, BhIpaXKaroliye-
Csl B OTCYTCTBHH TOJBIMKHOCTH M PA3IHIHBIX MOpP(HOIOTH-
YEeCKHMX HapyLICHUsIX, TAaK K 00paTHUMBbIe, CBI3aHHBIEC B OCHOB-
HOM C BPEMEHHBIM HapylIEHHEM CTPYKTYPbI U IPOHHUIIAEMO-
CTH MeMOpaH.

EcTb MHEHHE, UTO BBICOKOE COIEPKaHNE BHY TPHUKJICTOYHO-
0 IIPOTEHHA BMECTE C OCMOTHYECKON «yCaIKOi» MeMOpaHsbI
CIIEpMaTo30M/1a, BHI3BAHHONW 00pa30BAaHHEM BHEKJIETOUYHOTO
JbJ1a, TIPUBOJIUT K BHYTPHUKIIETOUHONH BUTPU(DUKALUK CTIEep-
MaTo30H/I0B BO BpeMsi OXJIaXKAeHHs. [Ipy BBICOKHX CKOPOCTSIX
OXJIQKICHUS TTOBPEXKCHNE CIIEPMAaTO30H/I0B SBISIETCS pe-
3yJIBTaTOM OCMOTHUYECKOTO aucOanaHca, BOZHUKAIOMIETO BO
BpeMsi OTTaMBaHUs, a HE BHYTPUKJIETOYHOIO 00pa30BaHUS
JB/1a BO BpeMs 3aMopakuBaHUs. OCMOTHYECKUH TrucOaIanc
BO3HHKACET IPH BBICOKMX CKOPOCTSIX OXJIaX/ICHHS U3-3a OTpa-
HUYEHHOU A Py3ur KPUCTALIM3AIMHU JIbJia BO BHEKJIETOU-
HOHM >KHJKOCTH, T.€. KOJMYECTBO JIbJa, 00pa3yIoIIerocs Bo
BpEMsI OXJIQXKACHHSI, MEHBIIIE, YeM 0XKHIATI0Ch OT AUArpaMMBI
(hazooro pasuoBecus (Morris et al., 2012).

B kp1royCTONYHBOCTH CEMEHH NIETYXOB CYIIECTBYET 3HAUU-
TeJIbHAs MEXITOPOAHAS N3MEHYHBOCTD, OLIEHEHHAs IO TTOKa-
3aTeJI0 aKTHBHOCTH JIEKOHCEPBUPOBAHHBIX CIIEPMATO30H/I0B;
ko> punuent sapuanuu (C,) MoxeT gocrurarth 23-25 %
(Pleshanov et al., 2018; Stanishevskaya, Pleshanov, 2018a).
B nccienoBanusax nokasaHa Oosblias MHAMBUyadbHAS U3-
MEHYHMBOCTb aKTUBHOCTH CIIEPMBI TIETYXOB B IIUKJIE 3aMOpa-
kuBaHus—oTTanBanus (I[InemranoB u np., 2017; Pleshanov,
Stanishevskaya, 2018; Stanishevskaya, Pleshanov, 2018a, b).
Kosdppunment Bapuannu (C,) aKkTHBHOCTH HATHBHOM CIIEPMBI
coctasun 6.1 %, a nexkoHcepBUpoBaHHON — 19.5 %, uTO CBU-
JIETEJILCTBYET O LIMPOKO HOpPME PEaKLMK CIIepMaTO30UI0B
Ha BIIMSHUE HU3KHUX TEMIIEpaTyp.

OOmenpuHATEIME TTapaMeTpaMH 0TOOpa ISIKYIATOB IS
1esieil KpHOKOHCEPBAIUY SIBIISIOTCS: 00bEM ISIKYJIsITa, KOH-
LEHTPALHS 1 TOIBIKHOCTH CIIEPMATO30M10B. DTH KPUTEPUHT
HE JIAI0T TTOJTHOTO MPOTHO3a CTENEHH KPHOTOJIEPAHTHOCTH
PENpOIYKTHUBHBIX KIIETOK, KOTOpasi BO MHOTOM 00YCIIOBJIeHa
COCTOSTHHEM MeMOpaH (MIMEHHO MEMOpPaHBI B IEPBYIO OUEpeib
MIOBPEX/IAIOTCS B ITPOLIECCE 3aMOPAKUBAHUSI—OTTANBAHMS).

OnHUM U3 crIOCOOOB OLEHKH CTENEHU KPUOIIOBPEKICHUS
KJIETOUYHBIX MEMOpaH CIIEPMHUEB SIBJISETCS METO/ OKpAIINBa-
HUSI ¢ TOMOIIBIO Kpacurenst Sperm VitalStain (Nidacon Inter-
national AB, I1IBenust), KOTOPBIii MTO3BOJISIET OLIEHUTH KPUO-
MOBPEX/ICHNS 33 CUET N3MEHEHHS OKPACKU MOBPEXKICHHBIX
kinerok (Pleshnov, Stanishevskaya, 2018). 13yuatorcs Takue
JUnUaHbIE Gppakuuy MeMOpaH, Kak IIMKOIUIUAbL, hocdomnu-
IIUJIBI, CTEPHHBI; XONECTEPHH U COOTHOIICHNUE XOJIECTEPUH/
(hochomumuab 1 Ip., BIUSIONIME HA COCTOSHUE KJIETOYHBIX
MeMOpaH, UX IPOHUIIAEMOCTb, MUKPOBSI3KOCTb, TEKY4ECTh
MOJIEKYJISIPHYO IO/IBH>KHOCTB JIMITHJIOB B MEMOpaHe, Ha TIpo-
Iecc KananuTaluy, B3auMoJIeiicTBIe MeMOpaH SHIEKIETKH
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W CIIepMaTo30M/a U Ha pe3yibrar ortonorsopenus (Blesbois
et al., 2005; Ahmed et al., 2014; Eubaid et al., 2015; Partyka
et al., 2016; [Tnemanos u ap., 2017).

B nocnenHux uccienoBaHusx B 001acT KPHOYCTOWYNBO-
CTH CIIEPMAaTO30HJ0B OBLIO YCTAHOBJIEHO BIIMSHUE aMHUHO-
KUCJIOTHOTO MPOMUIIST CEMEHHOW IUIa3Mbl y Pa3HBIX MOPOJ
Kyp Ha ¢parmenranuio JJHK (Santiago-Moreno et al., 2019)
U CBSA3b COCTaBa BHYTPUKIETOYHOTO IMPOTEHHA CIIEPMAaTo-
30M7a C MOKAa3aTe/sIMH OCMOTHYECKOTO JHcOanaHca mocie
pasmopaxuBanus (Morris et al., 2012). Pe3ynbrarsl 3THX
HCCIICIOBAaHUH PAaCKPBIBAIOT HOBBIE aCHIEKTHI KPHOOHOJIOTHH
CIIEPMAaTO30HU/IOB, YTO SBIISETCS MPEANOCHUIKOI K pa3paboTKe
HOBBIX TEXHOJIOTHI COXPaHEHHUs CIIEPMATO30H/I0B, BKIIFOUasI
BUTPUDUKAIIIIO W JTHOPUITH3AIHIO.

IIpo6aemsbl panneii SMOproHaIbHOI cMepTHOCTH. O0-
IIEU3BECTHO, YTO IPHU UCIIOJIb30BAaHUHU 3aMOPOKEHO-OTTasIH-
HBIX CIIEPMATO30HMIOB CHIKAETCS He TOJIBKO IOKa3aTelb UX
(hepTHIIBHOCTH, HO ¥ )KM3HECTIOCOOHOCTH SMOpHOHOB. CMepT-
HOCTb 3M6pI/IOHOB Ha paHHUX CTaAUAX Pa3BUTUSA MOXKET H0-
cturathb 8—17 % (Stanishevskaya, Pleshanov, 2018c¢). /lannas
00J1aCTh HEJOCTATOYHO M3y4YeHa, TAK KaK TEXHUYCCKH TPY/I-
HO MCCJICA0BATh NPUYHHBI 3aMCPIIETO PAa3BUTHUsA, ITIOCKOJIBKY
MIPU3HAKH paHHEH >MOpPHOHATBFHONW CMEPTH HE Ompeaesie-
MBI, BeposiTHO, 0/1HO¥ N3 OCHOBHBIX IPHYHH PaHHEH SMOpHO-
HaJbHON CMEPTHOCTH siBIsieTcst moBpexaenue JIHK, Bbi3BaB-
mee (yHKIMOHAIBHBIC TOBPEXKICHUS SAEPHBIX CTPYKTYP
cnepmarosonna (Watson, 2000; Liptoi, Hidas, 2006). Kpome
TOTO0, HE CJIEAYCT HMCKIIOYATh BJIIUAHHSA HCIOJIB3YEMBIX ITPU
3aMOpPaKUBAaHHUHU CIIEPMATO30UI0B TOKCHYHBIX KPHOIPOTEK-
TOPOB IHJI0/9K30LEIUTIOJISIPHOTO JICHCTBUS M MX KOHLICHTPA-
ILI1H, KOTOPBIE TAK)K€ MOT'YT OBITh IPUYUHOM rMOeIH SMOPHO-
Ha Ha paHHe# ctanuu pa3sutus (Mosca et al., 2019).

Taknm o0pa3om, TeHeTHUECKOe pazHooOpa3ne coxpaHsi-
€MOro Marepuasia CHIU)KAEeTCsl Ha Pa3iIMYHbIX CTAIAMSX ITOCT-
CHUHTaMUH 110 IPUYMHE BBIOBITHS 0COOU C MOHMKCHHOH
KPHUOPE3UCTEHTHOCTBIO PEIPOTYKTHBHBIX KIICTOK.

Kpuonporekropsl. HeoOXoauMbIM yclioBHEM ycHel-
HOIl KPHOKOHCEPBALMU PENPOLYKTUBHBIX KIIETOK SBIISETCS
HCTIOJIb30BaHUE KPHOMPOTEKTOpOB. KpromporekTops! 3H-
JIOLEIUTIOJISIPHOTO JIHCTBUSI IPOHUKAIOT B KJIETKU U TIpeIy-
NPEeKAAI0T 00pa3oBaHNe BHYTPHKIETOYHOIO JbJa, HO NPH
BBICOKHMX KOHIICHTPALUIX MOTYT OKa3bIBAaTh MOBPEXKIAIOIICE
JieiicTBHE. DK301EIUIIOISIPHBIE KPHOTIPOTEKTOPHI AEHCTBYIOT
BHE CIIEPMATO30UI0B BO BHEKJIETOYHOM NPOCTPAHCTBE H
3aMIMIIAIOT KJIETKH, 00€3BOXKMBAsI BHYTPHKIETOYHOE IPO-
CTPAHCTBO M OIPAaHMYMBAs JEHCTBHE OCMOTHYECKOTO ILIOKa
BO BpEeMs OTTanBaHUA.

['nmunepyH, OMH U3 CaMbIX H3BECTHBIX KPUOIIPOTEKTOPOB,
HanOosee 3 (HEeKTUBCH U HANMEHEE TOKCHYCH TSI CIIEPMaTo-
30HMI0B IETyX0B. K coxaneHHIo, OH OKa3bIBaeT KOHTpaLel-
THBHOE JICHCTBHE MMOCIIEe OCEMEHEHUS Kyp U TpeOyeT yaae-
HUSI [Iepej oceMeHenreM. Hanboree mmpoko uenonbyemble
NPOHUKAIOIINE KPUOIPOTEKTOPHI — AUMETHICYIb(OKCHT,
JUMETHIIAICTAMUJT, TUMETHI(GOPMaMH] M TUIICHIIIHKOIb.
O0pa3iibl CEeMEHU MOXHO Pa3MOpPO3UTh 0€3 AabHEHIIeH 00-
paboTKH, U ¢ STUMH BEIECTBAMH OBUTH MOJyYEHBI BEICOKUE
YPOBHH (pePTHIBHOCTH B 3aBUCUMOCTH OT CKOPOCTH OXJIAX-
JICHUSI ¥ THIa yHnakoBku ceMeHu (Santiago-Moreno et al.,
2011). Hemponukaromme KpuompoTeKTOPhI, H3BECTHBIE TaK-
K€ KaK OCMOIIPOTEKTOPHI, MPEICTABIISIIOT COOO0I HIU3KOMOJIE-
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KyJISIpHBIE THIPO(UIIbHBIE HETOKCHYHBIE MOJIEKYJIbI, KOTOpPbIE
MIOMOTaI0T CTA0MIN3UPOBATH BHYTPEHHHE PACTBOPCHHBIE Be-
IIECTBA IPU OCMOTHYECKOM CTPECCE B KIIETKaX. DTH KPUOIIPO-
TCEKTOPbI YaCTO HCIIOJB3YIOT B COYECTAHHUU C IMPOHUKAIOIIHN-
mu (Benesova, Trefil, 2016; Mosca et al., 2016; Svoradova et
al., 2017).

[ocnenuue uccnenoBanus B 00JacTH pa3pabOTOK KpUO-
NPOTEKTOPOB NMPHUHIUIIHAIEHO HHOTO JEHCTBHS OCHOBAaHBI
Ha aHTU(PU3HEIX TukonporenHax (ADITI) n anTudpus-
HbIX npoTenHax (ADIT), oOHapyKEHHBIX B KPOBU U TKaHIX
HNOMKHIIOTEPMUYECKHX OPIaHU3MOB, JKHBYIIUX B MOPO3HBIX
cpenax (HaceKoMble, MOPCKHE pbIObI ). [TonydeHHbIe BelecTBa
l/IHFI/l6l/Ipy}OT POCT JICAAHBIX KPUCTAJIJIOB HEKOJJIMTATUBHBIM
obpazom. Mcnonn3oBanne ADII oTKpBIBaeT MepPCIIEKTUBHOE
HamnpapJIeHHE U5l KPHOKOHCEPBALMH KUBBIX TKaHEH U Kile-
Tok. Coobmaioch 00 3¢ dexTruBHOCTH HEKOTOPBHIX ADIT min
A®I'TI pp16 MPOTHB THIIOTEPMUYECKOTO MOBPEKICHUS MPU
COXPAHEHHH OOLIUTOB CBHHEW M KPYIHOIO POTaToro CKOTa,
L[EJIbHOM TEYEeHU KPBIChI MU MOJEJIbHBIX MeMOpaH. s co-
XpaHEeHUs! CIepMbI ObUTH HPEINPUHSTHI MOIBITKH pa3pabo-
TaTh METONBI KpHOKOHCepBaluu ¢ gobapieHueM ADII prid
Yy pa3HBIX BHIIOB C pa3iuuHON 3dekTuBHOCTRI0. HemaBHO
obnapyxeno, uto ADIT u ADPI'TI Mopckux peIO yIydmaoT
PEe3yJbTaThl KPHOKOHCEPBALMH CIIEPMATO30UI0B OyHBOJIOB
(Qadeer et al., 2016).

[TpoBoasTCs MCCIIETOBAHYS 1O UCIIOIL30BAHUIO PEKOM-
ounanTHEIX ADII Ha ocHOBe ADII mmuunok Dendroides
canadensis (DAFP) nns kpuokonceppanuu. JodaBineHue
DAFP B pa3baButens 3ammmaet cemsi Obika OyitBona (Bu-
balus bubalis) na cragnsix 3aMOpPaKMBAHUS—OTTAUBAHUS U
MOBBILIAET (PEPTUIILHOCTH KPUOKOHCEPBUPOBAHHOTO CEMEHH
(Qadeer et al., 2016).

Kpunob6aHkn n ux Bknag
B COXpaHeHe reHeTU4YeCKnXx pecypcos
Konnexunu renernyecknx 6aHKOB NMEIOT HEOLICHUMOE 3Ha-
YeHHe ISl TIPEJOTBPALCHUS HCUE3HOBEHNS TIOPOJI M3-32 IKC-
TPEMAJIbHOTO TEHETHUYECKOTO COCTOSIHUS, TAKOTO KaK Masiast
YHCJICHHOCTH MOPOABI/TIOMYJISIIIUH, BEICOKAs 4acTOTa BCTpeya-
€MOCTH FeHEeTHYECKUX JIe()eKTOB B pe3yJIbTare HHTEHCUBHOM
CeJIEKIINH ¥ TEHETHIECKOTO apetida. XpaHsmuiics MaTeprai
OT ’KMBOTHBIX, HE HECYIINX HEXKETAaTeIbHbBIX M JICTAIbHBIX
MyTaIlHﬁ, MOXET 6]>ITI) UCIIOJIB30BaH JJIsI CHUKECHUS 4aCTOThI
Je(EeKTOB 10 MPUEMIIEMOTO YPOBHSI.

buobanku cimyxar roTOBBIM MCTOYHHKOM T€HETHYECKH
pazHoobOpa3Hoii u crierpanusupoBanHoi JJHK. Coxpansiembie
MaTepralbl HCIONIB3YIOTCS ISl HCCIIE0BAHUI TEHETHUECKOTO
pa3Ho00pa3us, N3y4eHHsI TCHOMHBIX acCOLMALNH, QYHKINH
I'eHOB U Jip. BaxkHO, 4TO CO BpeMeHeM reHeTH4eckue OaHKH
MOTYT NPEAOCTABIATE 00Pa3Ibl OT Pa3HbIX MOKOJICHHUH, TeM
CaMbIM CIIOCOOCTBYS TIOBBIIICHUIO TOYHOCTH TEHOMHOH ce-
JIeKIMU. DTO MOCIIeIHEE TPEUMYILECTBO OyJIeT Jierdye peasiu-
30BaTh, €CIIM KaTaJIOTH3UPOBATH HH(POPMALINIO C YIETOM (e-
HOTHITA ¥ TEHOTHUIIA ¥ TPOBECTH TEHOMHYIO ITACTIOPTH3AIHIO
3akaapiBaeMbix oopasnos (Wildt, 2000; Comizzoli, 2015).

[IpoGmeMoii coxpaHeHUsI TEHETHYECKOTO pa3HO0Opa3ns
in vitro, B TOM YHCIJIE CEIIbCKOXO3SIMCTBEHHBIX MTHII, 3aHU-
MaroTCs BO MHOI'MX CTpaHax MHpa. OJIHI/IM 13 NpEeUMynieCTB
COXpaHEHHUS TEHETHYECKOTO PAa3HOOOpasns in Vitro B KpHO-
OaHKax SBIETCSI SKOHOMUYecKas coctapistromas (Woelders,
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2006; Santiago-Moreno et al., 2011; Silversides et al., 2013;
FAO, 2015).

B nocnennee Bpemsi pa3zBUBaeTCsl HOBBIM MOAXOMA K B3au-
MOﬂeﬁCTBHIO MCXKIY OpraHusalusaMu, COXpaHAIOIHUMU I'C-
HOMOHT ex situ in vivo W ex situ in vitro. J|eATeNbHOCTD Te-
HETHYCCKOTO OaHKa 3aKIIF0YACTCS HE TOIHKO B ITONyUYCHUH U
COXpaHEHHMHU PE3ePBHOIO OHOJIOIMYECKOr0 Marepuaia, HO
B aKTUBHOM COTPYIHHYECTBE C KOJUIEKIIMSAMH B KUBOM Pa3-
BEJICHUH [UTS PACHIHPEHUS TEHETHIECKOTO pa3HOO0pasHs pu
COXpaHEHUH ex Sifu in vivo.

I'eneTnueckne GaHKM MO COXPAHEHHIO CENTBCKOXO3SANCT-
BEHHBIX IITHI] MOTJIH OBl IPHHSATH BO BHUMaHUE OIBIT EBpo-
HEHCKOro cor3a, EBporeiickoil acconuanuu KUBOTHOBOI-
ctBa (EAAP) m FAO, KOTOpBIMH CO3TaHBI €BPOTIECHCKHAE 1
MEKTyHAPOIHBIC KOHCYITBTaTUBHEIC (POPYMBI IS O0CYKICHHS
U IIPUHATHUA KOHKPETHBIX MEP IO COXPAHCHNUIO TCHETUYCCKUX
pecypcoB Bo BceM mupe. OHAKO IPETBOPEHNE YTOU UICH B
JKU3HB — CIIOXKHBIH IPOIIECC, TPEOYIOMINI MEKAUCITUTLTIHAD-
HOTO COTPYAHUYECTBA U Pa3pabOTKHU YETKO ONpEeNICHHBIX
neneit (Mara et al., 2013).

3akoHonarenbcTBoM Poccuiickoit @enepaunu npeaycMor-
peHa HOpMaTHBHO-TIpaBoBas Oa3a (Ctparerus) Uisi coxpa-
HEHUS PEIKUX W HAXOIAIMIMXCS MO YIpO30H MCUE3HOBE-
HUS BUIOB XHBOTHBIX, pacTeHUI 1 rpuOoB (PacmopspkeHne
[IpaButensctBa PO ot 17.02.2014 Ne 212-p), npeanonararo-
1iasi COXpaHEHUe B TOM 4Mcie in vitro. YTo Kacaercs mpo-
O71eMBI COXpaHEHHSI TEHETHYECKOTO pa3HOOOpa3Msl CEIbCKO-
XO35IUCTBEHHBIX )KMBOTHBIX U NTUL], TO PeepalbHbIi 3aKOH
«O mieMeHHOM XUBOTHOBOACTBE» OT 03.08.1995 No 123-D3
HE MpeIyCMaTPUBACT PETYITHPOBaHKE 3ToH (popmbl. Heobxo-
JIIMBI pa3paboTKa ¥ IPUHSATHE 3aKOHA U TI0/[3aKOHHBIX aKTOB,
OTIPEETISIONINX MTPABOBOM CTaTyC TEHETHIECKUX KPHOOAHKOB
B 00MIeH CHCTEME COXPAHCHHUS TCHETHICCKIX PECypPCOB.
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[ToTHOTeHOMHBIE acCOIIaTUBHbBIE VICCIIeTOBaHMSI
pacrpoCTpaHEeHN ITIOPOKOB Pa3BUTUSA U APYTUX CEJIEKIIMIOHHO
3HAUYMMbIX KaUeCTBEHHBIX ITPM3HAKOB V IIOTOMCTBA XPSIKOB
KPVIIHOII 6€eJ101i ITOPOabl POCCUIICKON CeleKII
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AHHOTauuA. BbiaBneHre obnacTteil reHoMa, NPAMO UM OMOCPEeAOBaHHO CBA3aHHbIX C MPU3HaKaMy NOPOKOB pas-
BUTUS Y JOMALLUHUX CBUHEN, MOXET Croco6CTBOBaTb MAEHTUOUKALMMN FTeHETUYECKMX MULLEHEN, NCMOMb3YEMbIX B Ka-
YyecTBe 6MOMapKepPOB NHAMBUAYaNbHbIX 0COBeHHOCTEN GOPMMPOBaHMA SKCTEPbepa, NX MeTabonnyeckoro cratyca,
a TaKXKe NofiBEP>KEeHHOCTN reHeTMYeCKMM 3aboneBaHuAM. Takme UCCNefoBaHMA HaNpPAMYIO CBA3aHbl C MOBbILLEHVEM
SKOHOMMYECKON 3PEKTUBHOCTI, MOCKONbKY NO3BOJIAIOT BbIABMAATL U UCKMOYaTb U3 CENEKLMOHHOro npoLecca »u-
BOTHbIX-HOCUTESIEN HeXeNaTeNbHbIX reHOB, GeHOTUN KOTOPbIX MOXET He NPOoABNATLCA. B faHHOI paboTe npoBeaeH
NOWCK NOJOOHbIX LieNneBbiX FeHOB U FeHOMHbIX PErMOHOB C MOMOLLbIO MOIHOrEHOMHbIX aCCOLMATUBHbBIX UCCIe[0BaHNA
(GWAS) ¢ ncnonb3osaHunem [JHK-uunos PorcineSNP60K BeadChips (Illumina, San Diego, USA). MpoaHanu3npoBaHo
48 XpAKOB CBUHEN KPymnHOM 6enoii Nopoabl cenekuMoHHO-TMOpUAHOro LeHTpa «3HameHCKnn» OproBckol obnactu
no 21 HegoCTaTKy IKCTepbepa 1 aedekTam pa3suThA y 39 153 nx NOTOMKOB. PacueTbl Npon3BoAMIN NO INHENHOW MO-
[lenn CMeLlaHHOoro Tuna B nporpamMmMHom nakete GEMMA. M3 nsHavanbHoro ceta B 61000 SNP 6binn otobpaHbl 36 704
nonumopdHbix SNP, B KoTopbix HaraeHbl 24 nonumopdusma, Bxogawmx B 11 reHos (P < 0.1), cTaTUCTMYECKN 3HAYNMO
KOppenupyoLwmrx C Npu3Hakamy aHoManuin pa3BUTUA B reHOME CBUHEW, TaKMU Kak aTpe3uns aHajlbHOro oTBepcTuA
(ARMC7, FANCC, RND3, ENSSSCG00000017216), npobnembl ¢ kKoHeyHocTamu (PAWR, NTM, OPCML, ENSSSCG00000040250,
ENSSSCG00000017018) n Tpemop nopocAt (RIC3, ENSSSCG00000032665). Takxe Gbina BbiABNIEHA KOIKCMPECCHA FreHOB
NTM, OPCML n RND3, yyacTBYIOLLMX B PEFyNALMM KNeTOUHOW agre3un. NMpoBeaeHHasa paboTa NoATBEPAMIA aKTyalb-
HOCTb MPUMeHeHMA NoJoOHOro NoaxoAa B MOSIHOFEHOMHO-aCCOLMATUBHbBIX UCCNefoBaHMAX ANA LeTeKTUPOBaHUA
eanHNYHbIX SNP, CBA3aHHBIX C OTAEbHBIMM NMPU3HaKaMu, faxke A He6ONbLUNX BbIGOPOK.

KnioueBble cnoBa: MapKep-3aBUCMMan cenekuns; KonmyecTBeHHble nprsHaky; SNP-unnbl; nonHoreHoMHble accouma-
TUBHbIE NCC/IEA0BaHWA; MOPOKM PasBUTUA CBUHEN.
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Whole-genome association studies of distribution
of developmental abnormalities and other breeding-valuable
qualitative traits in offspring of the Russian large-white boars

A.A. Traspov®, O.V. Kostyunina, A.A. Belous, T.V. Karpushkina, N.A. Svejenceva, N.A. Zinovieva

L.K. Ernst Federal Science Center for Animal Husbandry, Dubrovitzy, Podolsk municipal district, Moscow region, Russia
® e-mail: traspovalex@gmail.com

Abstract. Identifying genome regions that are directly or indirectly associated with developmental defects and mal-
formations in domesticated pigs can help identify genomic traits used as biomarkers of the structural and functional
composition of the body, their metabolic status and genetic diseases as well. Such studies are directly related to the
improvement of the economic efficiency, as they allow identification and exclusion of defect animals, who may carry
target genes not appearing phenotypically, from the breeding process. In the current work, we have searched for these
kind of target genes and genome regions with conducting the genome-wide association studies using PorcineSNP60K
BeadChips (lllumina, San Diego, USA). A total of 48 boars of a large white breed of the nucleus farm“Znamenskoe” were
analyzed for 21 traits of indicated shortcomings of the exterior and defects of development in 39,153 their offspring.
Calculations were made using a mixed type linear model in package GEMMA. In this study, we selected only 36,704
polymorphic SNPs from an initial 61,000-strong SNP set. After GWAS, we obtained 24 alleles in 11 corresponding genes
(P < 0.1) in the genome of pigs, which are significantly correlated with traits of developmental abnormalities such as
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GWAS-analysis of malformations
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anal atresia (ARMC7, FANCC, RND3, ENSSSCG00000017216), limb problems (PAWR, NTM, OPCML, ENSSSCG00000040250,
ENSSSCG00000017018) and tremor of piglets (RIC3, ENSSSCG00000032665). Also, co-expression of the NTM, OPCML and
RND3 genes was revealed. This study confirms the relevance of using the single SNP detection according to the single
trait approach in associative studies, even for small sample numbers.

Key words: marker assign selection; quantitative trait loci; SNP-chips; genome-wide association studies; malfor-

mations.
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BBepeHune
B cBuHOBOICTBE 00JI€3HN TPUBOIAT K OOJBIIUM SKOHOMH-
YECKUM IOTEPSIM HE TOJIBKO U3-3a 3aTpar Ha MEANKAMEHTO3-
HOE JICUeHHUE, HO M BCIICACTBHE CHIDKEHUS IPOTYKTUBHBIX
rokasareiieii OOMBHBIX KUBOTHBIX. Ha JaHHBI MOMEHT y
IOMAIlHUX CBHHEW HacuuThiBaeTca Oosiee 130 GomesHe
KaK HaCJICJCTBEHHOW, TaK M WH(PEKIHOHHOW STUMOIOTUU
(https:// thepigsite.com/disease-guide). Pacmipenue 3Hanui
O IpuYrHax 00J1e3HEH MO3BOIUT HUBCJIUPOBATH UX BIUAHUC
Ha opraHu3M Onaronmaps 0ojiee COBEpIIEHHBIM ITPOTpaMMaM
passenenus (Boddicker et al., 2012). OTknoHeHust or HOp-
MAJIBHOI'O Pa3BUTHUA MOT'YT 3aTparuBarb pa3JIMYHbIC OpTraHbI
1 CHCTEMBI, YXY/IIas PI3HYECKOE COCTOSHUE )KUBOTHOTO HITH
Jlake TPUBO/IS K CMEPTH. AHATOMHYECKHE aHOMAJINU HITU
)Ie(beKTBI, BBI3BAHHBIC TCHCTHYCCKNMHU UJIH YKOJIOTUYCCKUMHU
(hakTOpamu, BCTpedaroTCs 1o Kpaitneit mepe y 1 % HOBOpOX-
JICHHBIX TTOPOCST. B OT/IENIBHBIX CcTa/laX TaKie aHOMaJIMH MO-
I'YT BCTpEYarbcs ¢ JOCTATOYHO BBICOKOW 4aCTOTOM, IPUBOLS
K 3HAYUTEIFHBIM SKOHOMIYeCcKIM rotepsM (See et al., 2006).
OnHa U3 cTpaTeruii CHIKEHUS! DKOHOMUYECKUX IOTEpb,
00YCIIOBJICHHBIX HACIICCTBEHHBIMHU OOJIC3HIMHU, — 3TO BbISIB-
JICHUE W UCKITIOUCHHUE U3 Pa3BEACHHS )KHBOTHBIX, TCHETHUYCCKH
qyBCTBUTEIBHBIX K TaKUM 3a0oseBanusimM. Harpumep, yxe ¢
Hayasia 1990-x IT. celeKIMOHEePHI HCIIOIB3YIOT TEXHOIOTHIO
MapKepHOI CeJEeKINH I BBISABIICHUS HEKEIaTeIbHBIX ajl-
nenelt reHa [{AL, BBI3BIBAIOIIETO CUHJPOM CTpEcca CBUHEH,
u reHa RN, o0yCIOBIMBAIOIMIETO Ee()EKT KHCIOTO Mscay
(Salas, Mingala, 2017). [lonoTHeHHEe HHACKCOB IIIEMEHHON
nennoctn (EBV) undopmanueii, momryuyeHHoil Ha ocHOBa-
HUHM aHaJIM3a HeTIOCPEICTBEHHO TeHOTHUIIA )KUBOTHOTO, JIeJia-
€T BO3MOYKHBIM CO3[aHHe HOBOTO THIa nHaekca — GEBV (ge-
netic evaluation breeding value), xapakrepusyromierocs dosee
BBICOKOH TOYHOCTBIO. Takum 00pa3zom, JOMOTHEHUE TPaIn-
IIUOHHBIX METOJOB OIIEHKH MOJEKYISIPHO-TCHETHICCKUMHU
JTAHHBIMH CTAJIO NIIATOM BIICPE/] B HAIPABICHUU TIOBBIIICHHUS
MHTEHCUBHOCTH UCKycCTBeHHOTO oTOOpa (I[Tnemsimos, 2014).
BrIsiBIeHHE MOJIEKYISPHBIX MapKepOB, OTBETCTBEHHBIX 3a
JKenarenbHbIe peHoTunmaeckue 3G deKTol, o0sieryaet cenek-
IIUOHHBIN MPOIIECC U YCKOPSET MOIydYeHHE MPHOBIIN B TIPO-
n3BojicTBe (Ernst, Steibel, 2013). MccnenoBanus acconuanyi
JIHK-mapkepoB B CBHHOBOJICTBE IIPUBJICKAIOT BHUMAHHE yde-
HBIX Kak B Hamiel crpane ([Jommarosa, CxoBopoaus, 2010),
Tak 1 3a pyoexom (Bruun et al., 2006; Ciobanu et al., 2011).
[ToHnMaHue TeHETHYECKMX MEXaHU3MOB, OTBETCTBEHHBIX 3a
KOHKPETHBIC TCHETUYCCKHNE aHOMAJINU, IIOMOXKET IIPOU3BOAN-
TEJISIM TIEMEHHOH IMPOIYKIINH B pa3pabdoTKe METOA0B 0TOOpA,
MOCKOJIBKY Pa3HbIE THUIBI MapKEPOB B T€HOME OTBEYAIOT 3a
pasHblie heHoTunMueckne npu3Haku. Tax, ¢ momombsio MAS
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(Mapkep-3aBHCUMAasi CEJIEKIINS) MOYKHO IIPOBOJIUTH HE TOJIBKO
BBIOPAKOBKY, HO M I1€JIEBON OTOOP KUBOTHBIX, YCTOWIHUBBIX
K 3a0oneBanusM. K mpumepy, oTO0p MHIMBHIYYMOB C OT-
CYTCTBUEM PELENTOpOB ajare3uu E. coli Ha MOBEPXHOCTH
knmedarka (K88) mo3BoNSeT MOTYIUTh OT HUX TIOTOMCTBO,
ycroiunBoe Kk konmubakrepnosy (Nyachoti et al., 2012). Pac-
KPBITHE MEXaHW3MOB IOSIBJICHUS! TEHETUYECKUX aHOMAJINI
TTOMOYKET TIPOU3BOAUTENSM B pa3paboTke METOAWK OTOOpa
JKMBOTHBIX C (OKEJIaTeJIbHBIMIY TE€HOTHITAMH.

CoBpeMeHHbIE METOJIbI [TOJTHOI€HOMHBIX HCCIIEI0BaHUI
(merexrwst SNP, mOTHOT€HOMHOE CEKBEHHPOBAHHUE ) HAXOMSAT
MIPUMCHEHNE B BBISBICHUN TeHETHYCCKHUX (DAKTOPOB M, KaK
CJIE/ICTBHE, B IOHUMaHHH OMOJIOTHYECKHX IPOLECCOB, Jie-
KaIUX B OCHOBE Pa3BUTHUS IKCTepbepa y cBUHEH. C ydeTom
BO3MOYKHOTO CIETIIICHHOTO HACJIC[OBAHUSI M KOIKCIIPECCUH
COCEIHMX T'€HOB, JETEKIUU OTAEALHBEIX SNP MOXKET OBbITh
HEJO0CTATOYHO JJISl JETAIbHOTO M3YUEHHS] KOMIITIEKCHBIX
MIPU3HAKOB 3a00JICBAHUH MM PE3UCTEHTHOCTH K HUM. Bxutio-
4yeHue B cenekiuoHHble nporpammsl JJHK-mapkepos QTL B
KaueCTBE JJOMOIHUTEIBHOTO KPUTEPHSI O3BOJISIET TOBBICUTD
TOYHOCTB OI[CHKH IUIEMEHHO! [IEHHOCTH XXMBOTHBIX B 4CTICKTE
UX MPOJYKTHBHOCTH, C yYETOM HOTEHIMAJIbHOIO HOCHTEIb-
CTBa FEHETHYECKUX A€(DEKTOB MM HATMYUS PE3UCTEHTHOCTH
K pany 3a0oneBannii (Sermyagin et al., 2016, 2018).

MaTepmanbl n metogbl
HccnenoBannst IpoBOJWIIM HA XpsIKax KpPYIMHOI Oenoi mo-
poABI M UX MOTOMKax, pa3BoAUMBIX B OO0 «3HaMeHCKUH
CENIeKITMOHHO-THOPUIHEIH IeHTP» OpioBckoii oomactu. beio
MIPOM3BEJICHO TOJIHOTEHOMHOE T€HOTHITNPOBAHUE XPSKOB
(n =48) c ucnonbzopanueM JIHK-unmna cpenseit mioTHOCTH
Porcine SNP60BeadChip (Illumina Inc., CIIIA). KorTpons
KauecTBa F€HOMHBIX JTAHHBIX BBINOIHSUIA B ITPOTPAMMHOM
nakere Plink 1.9. Mcnonp3oBanuck mapaMeTphbl KauecTsa re-
Hoturuposanust 90 % mst omroro SNP (geno 0.1), w1 oqHOTO
o0pasma (mind 0.1), a Taxke 1 9aCTOT MUHOPHBIX aJuTeNei
He 6osee 0.5 % (maf 0.05) (Purcell et al., 2007). Beero duiib-
Tpanuto npouua 36704 nomumoppHBIX SNP.

baza eHOTHIIOB TOTOMKOB XpSIKOB Obla TOJIydeHa H3
000 «3HamMeHCKHI celeKIMOHHO-THOPUIHBIN IIeHTp». ba3a
JIAHHBIX cozieprkana 3 | HeskenmaTeIbHBIN MTOKa3aTeNb ISl Kax-
JIOT0 )KMBOTHOTO. Y ITOTOMKOB XpsiKoB (7 =39 153) paccuutsi-
BaJIM YACTOTY BCTPEUAEMOCTH M3y4aeMbIX IIPHU3HAKOB ITyTEM
JIETICHUSI YiciIa HocuTeIel (PeHOTUINIECKOTO ITOKa3aTes Ha
o0111ee YMCII0 ITOTOMKOB. JIJIs TPOBEPKH THUITOTE3BI O HOPMAITb-
HOM paclpe/ieJIeHHH UCIOIb30BAIM KPUTEPUH COTIacHs
[Mupcona (2 m1s yposus 3Haaumoctr 0.05) ¢ mocnexyromiei
HOpMaJIM3annel JaHHbIX B makere bestNormalize s si3pika R
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(Peterson, 2017). B urore mpl nonyunnu 21 HOpMaIU3UpO-
BaHHBIN 10KA3aTeNb, XapaKTePU3YIOIINN TIOPOKU IKCTEPbEpa
U IpyTue HeXemnaTeIbHbIe KaueCTBEHHBIE ITOKA3aTeNN: KPHII-
topxusM (CR), HenonomenHnocts (AF), arpesus anyca (AA),
yepHbIe U cepble TTHA Ha mKype (BD, GD), nenosec mpu
poxnennn (LW), HecootBeTcTBHE Topoae (WB), o6miuii Bec
npu poxacaun (CW), npobsemsr ¢ nuiieBapenuem (DP),
repmadppoautism (HM), Hannaure mymogHO# 1 TaXoBOH TPBIK
(CH, UH), nuskwuii Mmarepunckuii nanexc (LSI), monmxennoe
mubuo y xpsikoB (LL), HecoBepiieHHbIi snuTenuorenes (SL),
HHU3Kas MHTEHCUBHOCTH pocTa (SG), HEeKaueCTBEHHOE CeMs
y xpsikoB-tipousBoanTeneit (LSQ), cuaapom cractuyeckoro
Ttpemopa nopocst (TP), yponcrsa (UP), nuckpunenue koHed-
Hoctert (CL) m anomanuu xomeiT (HA).

[NonroreHOMHEI aHamH3 acconmanuii (GWAS) BBITOTHSITH
B nporpammuoM nakere GEMMA, ucnonb3ys JHUHEHHYIO
MOZIENb CMEIIAHHOTO THIIA ISl YaCTOT BCTPEUaEMOCTH:

y=Woa+xB+u+te;
u~MVN, (0, At 1K), e~MVN, (0, 7' 1),

IJie y — KOBapHaHTHBIN NPU3HAK (HAJTMYUE/OTCYTCTBUE 3200~
JIEBaHWS WJIH IPyTOTo M3y9aeMOro KaueCTBEHHOTO MTPH3HAKA
B BujJe OMHapHEIX 3HadeHud 0 wmm 1); W = (w,...,w ) —
marpuia koBapuasc (pukcupoBanHbie 3GdeKThI), 0 — nepe-
XBaTBIBAIOMINH KO3()(DUIIHEHT, X — MapKEpPHBIC TEHOTHIIHI;
B —addexr mapkepa, u — cinydaitabie 3G HEKThI; € — OMIMOKY;
77! — nUCTIEpCHs OCTATOUHBIX OMIMOOK; A — OTHOIIEHHE MEMKITY
JIBYMsI KOMIOHEHTaMu fucriepcun; K — mMarpuma poscTsa,
COOTHECEHHAs ¢ uAeHTHpUKannonHoi Marpuneii [ ; MVN, —
MHOTOMEpPHOE HOPMaJIbHOE pacIpe/esicHHe.

Marpuiia poAcTBa paccuuTHIBajIach Mo hopMysie (B TaHHOM
ciryyae X — Marpuua n X P reHOTHITOB)

12 - =
G .= ﬁigl(xi_ 1,%) (=1, %)7,

P

G = [ly El % (= 1,%) (= 1,%)",

e X; — KaxAas i-g1 KOJOHKA C F€HOTHIIAMH KaXJIOro i-ro
SNP; X,— cpennee s 00pasia; v,, — BApHaHca I KaxKI0ro
obpasna i-ro SNP; 17 — BexTop 11t Kaxkaoro (7 % 1) mepBoro
oOpa3ma.

B uwactHocTr, SNP ¢ MeHbIel Masiol yacToTon ayienci
MMEIOT TeHJICHITUIO OKa3bIBaTh OONBIIHHA dP(PEKT (KOTOPHIi
00paTHO TPOIOPIIMOHAICH €T0 BapUAIlH B TCHOTHIIC), H B
MOJOOHOM CiTy4ac BBIOMPACTCs MEpBas MOJACIb MaTPHIIBI
(Zhou, Stephens, 2012). IIpoBepka aqbTepHATUBHOM THUITOTE3bI
H;: B#0muHj B =0 o1 kaxgoro SNP, B cBoro oueperns,
MPOBOJMIIACH TI0 TPEM HauOoJIee PAacIpOCTPAHCHHBIM CTa-
tuctuaeckuM tectam (Wald, likelihood ratio test umu score).
B nanHoit padore maketom GEMMA 0blta aBTOMaTHIECKA
MOJIyueHa OIICHKAa MaKCUMAJIbHOTO IMPaBIOMOI00Ms mapa-
MeTpoB A u f (Maximum Likelihood Estimate) mist nanbnen-
IIETO BEIYMCIIEHUS COOTBETCTBYIOIIETO 3HaueHus P (Zhou,
Stephens, 2012). ®unprpaius TUCIIEPCHOHHBIX KOMITOHEHT A
OblIa TIpoBeZieHa ¢ MOPOTOBBIM 3HaueHueM P<le—10. Jlis
MOATBEPIKICHUS JocToBepHOTO BiusiHUS SNP 1 ompenere-
HUS 3HAYUMBIX PETHOHOB B TCHOME KUBOTHBIX OBLITH TIPUME-
HeHbl TecThl boHdepponu (BFR) ¢ moporoBbiM 3HaueHuEM
P<0.1 (P<2.86x 107°) u oxxuaaeMoii nonei JI0XKHBIX OTKIIO-
Henuit B. Efron o xonmuuectBy SNP oTaensHO ai1s Kax 1010
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npusHaka (Benjamini, Hochberg, 1995). Ilpu Bbiuucienuu
CKOPPEKTHPOBAHHBIX MHAEKCOB (Q MCIOJIB30BAJICS CIMCOK
P-3HaueHMi, MOJTYYEHHBIX B PE3yJbTaTe OJHOBPEMEHHOTO
tectupoBanusi MHorux rumnore3 (Wald, likelihood ratio mim
Score) (Benjamini, Hochberg, 1995). Q-3nauenns n3mepsiiu
JIOJIEH JIOKHO-TTO3UTUBHBIX NHJICKCOB P B ciryuae mpoxoxe-
HUs TIoporoBoro uHTepBaia (Storey et al., 2017). B nannom
HCCJICIOBAaHUH OCHOBHBIM KPUTEpHEM ObLI YCTAHOBJIEH I10-
porossiii uHTepBan P <0.1.

Jlyisl moucka TeHOB, acCOIMMPOBAHHBIX C W3y4aeMbIMU
TIpHU3HAaKaMu, HcIoabk3oBain nanasie VEP (variant effect pre-
dictor) (McLaren et al., 2016). [{nst Bu3yanu3annuu 3HaYCHUH
P u renomHoro xoHtposisi A ObUTH nocTpoeHsl Manhatten u
QQ rpaduku B makeTe qqman C TTOMOIIBIO SI3bIKA ITPOTPaM-
muposanus R (Storey et al., 2017; Turner, 2017). Unentudn-
KalMI0 TeHOB U MX ()YHKIIMOHAJIbHYIO aHHOTAIMIO OCYIIECT-
Bisa o 6ase B3amMmocBszet STRING (https://string-db.
org/cgi/input.pl). Marpuusl ramjioTHNIOB OBUIM MOCTPOCHBEI
nocpeAcTBOM nporpammHoro nakera Haploview (Barrett et
al., 2005).

Pesynbtatbl

ITo pe3ynpraram mccrnenoBaHus ObLTH yCTaHOBIEHBI 3HA-
ynMeble (cortacHo kputepusiM BFR, ¢ moporoBsim 3HaueHH-
eM P < 0.1) accornmaruBHble CBs3M i TpexX u3 21 mpoaHa-
JM3UPOBAHHOTO Ka4eCTBEHHOTO IMOKA3aTeNsl XPSIKOB-IIPOU3-
BOJMTENEH: arpe3ust aHyca, AA; CHHAPOM CIIACTHYECKOTO
Tpemopa nopocst, TP; anomanuu xonbsit, HA. [Tats SNP
C BBICOKMMH 3HAUYEHHUSIMH JOCTOBEPHOCTH OOHAPYKEHBI
st mpusHaka AA (P = 1.16e—06...3.68¢—09), natp — s
TP (P = 1.721e-06...1.24e—08) u uetsipHaauars — ans HA
(P=1.766e—06...1.737e-09) (cm. Tabnmiy).

Jnst AAu TP (A~ 1) ypoBeHb HHQIISIIMN CTAaTUCTUKH OBLIT
Ha HOMHHAJIBHOM YPOBHE, a JUIsl BCeX MPHU3HAKOB Kod(du-
IIUEHT T€HOMHOTO KOHTpPOJIs ObUT OJIM30K K E€IMHUIE, KaK
MOKa3aHo Ha Tpadukax KBaHTHIb—KBaHTHIb (QQ-rpaduxk,
puc. 1). Ognako y HA BbIsiBIIEHO HaJIMuue OJIN3KOPACIIONO-
skeHHBIX SNP, BXOJSIINX B OAMHAKOBBIE I'PYIIIBI TEHOB CO
3HAYUTENFHBIMHU IIpeBbItIeHusIMH P mopora (ASGA0104521,
P = 1.737¢—09). 3HaunMbic HYKJICOTHUIHBIC MOTUMOPHU3-
MBI OBLTH JIOKAJIN30BaHbl BHYTPH OTJEIBHBIX TEHOB. B xome
pacuera LD mexay SNP ¢ camMbIMu BBICOKUMH 3HAUCHHS-
mu P Gbutn 0TOGpaHbl MOAUMOPGU3MBL CO 3HAYECHUSIMH T2,
Hanbosee Omm3kuMu K 1 mo orHomenunio k ALGA0053356
(P = 3.115e-07, Pos 9:64845247). B pesynbrare B OJUH
ook ¢ HuM Boumin ALGA0053410, MARC0024097,
MARCO0051180, DRGA0009397, uTo moaTBep>KAaeT OXKH-
JaeMoe (yHKIHOHAJIBHOE poscTBO 0ToOpaHHBIX SNP u re-
HOB, UX BKJIIOYAIOIIUX (pHC. 2).

Amnanu3 SNP, cTarncTHYeCcKH 3HAYMMO CBSI3aHHBIX C I10-
POKaMH Pa3BUTHSI TIOPOCAT KPYITHOH OeI10i ITOpOIbI, BEISIBHI
HECKOJIBKO T€HOB, HMEIOIINX OTHOIIEHHE K Pa3IMYHBIM
O6monormdeckum mporeccaM. Tak, reasl ARMC7, FANCC
yuacTByoT B penapauuu JJHK u knerounom nukne. FANCC
MIPUHUMAET ydacTue B nepejgade anemMuu Pankonu, RND3
BBICTYTIAET KaK PETyIATOP IUTOCKEIETHBIX CTPYKTYP KIIETKH,
MPENSITCTBYONMX aare3ud. UBAP2 ¢pyHKINOHUPYET B IPO-
recce yOMKBUTUHHPOBAHUS U MOXKET ITPOSIBIISITH MOBBILICH-
HYI0 3KCTIPECCHIO B HAATIOUECIHNKAX 1 TNM(DATHUECKUX y3I1ax.
T'en PAWR sBnsieTcss OIMyXOJEBBIM CYIIPECCOPOM, KOTOPBIN
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GWAS-analysis of malformations
in large-white boars of Russian selection

[JlocToBepHble accoumaLn eAUHNYHBIX HYKNeoTuaHbIX nonumopdrsmos (SNP),
COMPSXKEHHbIX C OLLeHMBAEMbIMU MPY3HAKaMK Y MOPOCAT, U X JIOKaNmn3auus B reHome Sus scrofa

MpusHak SNP RS Ch  Pos P

Mpumeuarune. SNP — ogHOHYKneoTaHbIA nonumopdnsm; RS — o6o3HaueHrie SNP B 6a3e NIH dbSNP; Ch — xpomocoma; Pos — no3uyus; P — goctoBepHOCTb;
A - 3ddeKTOpHDBIV annenb; a — pedepeHcHbI annenb; B — 3¢pdekT annens; AF — yactoTta apdpekTopHOro annens; Gene — HAMMEHOBaHWE reHa, BKIlOYaloLlero B cebs

nccnepyembiii SNP. Ipouepk — oTCyTCTBME 3HaUEHMA.

CEJIEKTHBHO MHAYIMPYET alloNTo3 B PAKOBBIX KJIETKAX Yepes3
BHYTPUKJIETOUHBIC U BHEKJIETOUHBIC MeXaHU3Mbl. R/C3 Bin-
SI€T Ha CBEPThIBAHHE M COOPKY PELENTOPHBIX CyObeNHHI] B
9HJIOIUIA3MATHYECKOM PETHKYJIYME M are3uio Ha MOBepX-
HOCTH KJIETKH.

I'enst NTM u OPCML »>kcnpecCHpyIOTCsl COBMECTHO
U HaXOJSTCS Ha COCEJHUX ydyacTKax 9-H XpOMOCOMBI:
58700168-58967505 1 59037716-59271936 1n.H. cooTBeT-
ctBeHHO (Www.ncbi.nlm.nih.gov/gene/100519556, www.ncbi.
nlm.nih.gov/gene/100738337) (puc. 3). NTM cniocoOcTByeT
POCTY U aAre3uH Ha TOBEPXHOCTH HEIPOHOB M TECHO CBS3aH
C POZCTBEHHBIM WICHOM CEMEHCTBA, ONMOWIHBIM CBSI3bIBa-
FOLIMM OEJTKOM-aKTHBATOPOM KiieTouHOM aare3un OPCML.

3aKnloueHne

HonyquHme HaMU JAHHBIC MOFyT 6I>ITI) HUCITIOJIB30BAHBI HpI/I
pa3paboTKe CEeNeKINOHHBIX MPOTPaMM, HAIPaBICHHBIX Ha
DJIMMHUHAIUIO TOPOKOB Pa3dBUTHUA U APYTUX HEKCIATCIbHBIX

188

KOJIMYECTBEHHBIX U KAYECTBEHHBIX IPU3HAKOB CBUHEH, B TOM
YHCIe SBJISIONIMXCS CIIOKHBIMU IPU3HAKAMHU. YBEIHUCHNE
cTeneHy paspemenus ckanuposanus oT 100000 SNP u Beine,
a TaK)Ke yBeJIWYEeHHE pa3mMepa BHIOOPKH OT HECKOJIBKHX CO-
TEH >KMBOTHBIX M 0OJIEe CIeIaeT BO3MOXHBIM BBISBICHUE
3HAYUTENbHO Oombirero xonmuuectsa SNP-kaHanmaToB c
BBICOKMM ypoBHeM goctoBepHocTH (P < 0.01), a Takxke
YMEHBIIICHNE «TeHeTHIecKoro nrymay (false positive compo-
nents). B utore Takoif MeTON IETEKIMH MO3BOJIUT HE TOJIBKO
BBISIBIISITH )KMBOTHBIX-HOCHUTEJIEH FeHOB-KaH/IM/1aTOB HeXeJla-
TEJILHBIX MPU3HAKOB, HO U CO3/IaTh JICIIEBBIC TECT-CUCTEMbI
JUIS UX WJICHTU(QUKAIMH. XPSIKOB-TIPOU3BOUTEINCH, NMEIO-
[[UX [TOA00HEIE F€eHETHYECKUE OCOOEHHOCTH, HEOOXOIUMO
OIICHMBATh C MOMOIIBIO KOMIUIEKCHBIX MOAENEH pacdera
IUIEMEHHOM IIEHHOCTH C YYETOM BBISIBICHHBIX MapKepoOB
(GEBV) u BbIOpakoBbIBaTh B Cily4ac KpallHe HH3KUX IIO-
Kazareseil MpoayKTHBHOCTH, a UX IIOTOMCTBO UCKJIIOUATh W3
BOCITPOHM3BOJICTBA.
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Puc. 1. Tpaduk Manhatten plot, nnntoctpupytownini GWAS (neBas KonoHKa) U COOTBETCTBYIOLME BEPOATHOCTU pacrnpeaeneHns JocToBepHocTen P
(NpaBan KoMOHKa) B UCCIeAOBaHHbIX MOMYNALMUAX CBMHeN MOPOAbl KpynHasa 6enan (3HameHckuin CrL).

a - XMNBOTHbIe C aTpe3uell aHanbHoro oteepcTnaA (AA); 6 — c aHomanuamu KonbiT (HA); 8 — co cnacTnuecknm Tpemopom nopocAt (TP). CnnoLwHas IMHUA — ypoBeHb
BoHdeppoHu (0.05); pombamu oTMeueHbl fOCTOBEPHbIE 3HaueHVs P, A1 KOTOPbIX HyneBas rmnoTtesa NpUHYMaeTcs.
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Puc. 2. LD guarpamma, unmoctpurpytowasn 17 SNP ¢ Hanbonblumiy 3HaueHnaMm cuennerns r2 mexay ALGA0053356 1 ueTbipbMs
nonvmop¢HbiMu BapraHtTamm (ALGA0053410, MARC0024097, MARC0051180, DRGA0009397) c ob6pa3oBaHmeMm rannobnoka pas-

mepom 363 kb B rpynne HA.
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OPCML
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PAWR

Puc. 3. inarpamma STRING (https:/string-db.org), nnnioctpupytowas
CUMNbHOE B3aUMOfENCTBME KO3dKCnpeccmpyembix reHoB OPCML n NTM
yepes 6enkn 1 1x onocpefoBaHHoe BausiHMe Ha RND3.

[Iponenannas paboTa WILTFOCTPUPYET HEOOXOAUMOCTh IPO-
BEJICHUSI JIOTIOJTHUTEIIBHBIX NCCIIEI0BAHNH C NCTIOIb30BaHUEM
MeTo0B GWAS B acnekTe XapaKTepUCTUKU TOMYJISALNHN Cellb-
CKOXO3AHCTBEHHBIX KUBOTHBIX 10 JIHK-Mapkepam u uaeHTu-
(hmKanuy KOMIUIEKCHBIX TEHOTHIIOB, ACCOLIMUPOBAHHBIX C Ce-
JICKIIMOHHO 3HAYNMBIMU IPU3HAKAMH KaK TIOPOKOB PA3BUTHS,
TaK 1 MPOAYyKTUBHBIX KauecTB. J[aHHOE HarpaBieHue KpaiiHe
HEOOXOIMMO B COBPEMEHHBIX YCIIOBHSIX BBICOKOI(PPEKTHB-
HOTO BOCIIPOM3BOJICTBA CEIbCKOXO3IHCTBEHHBIX KHBOTHBIX.
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Koskcnpeccus riryraMaTepruyeckyx reHoB
I T€HOB ayTHUCTMNYECKOTO CIIeKTPa B TUIIIIOKAMIIE
Yy CaMIIOB MbIIIeli ¢ HapylIeHeM COI/aJIbHOTrO IIOBEeIeHIS

VL.A. Kosaaenko @, A.T. Taasamuna, A.A. Cmarun, H.H. Kyapsisiesa

DefiepanbHblii NCCeROBATENbCKUI LeHTP VIHCTUTYT uutonornm n reHeTnkn Cnbrpckoro otaeneHna Poccuinckor akageMmnm Hayk,
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AHHOTOLMA. B HacToALWee BpemA CylecTBYeT NpeAcTaBNeHne O BOBEYEHHOCTY riyTamaTepruyeckon cuctembl (IT)
B MeXaHU3Mbl Pa3BMTUA ayTM3ma. B npeaplaywmx nccnefoBaHmaX Hamm ObIo MOKa3aHo, YTO HeraTVMBHBIN coLuanb-
HbII1 OMbIT, NPMOBPETEHHDBINV B €XKeAHEBHbIX MEXXCAaMLIOBbIX KOHOPOHTALMAX, MPUBOAUT K HapYLLEHVAM B COLMaIbHOM
NoBeJIEHUN: CHUXEHMIO KOMMYHVKaTMBHOCTY, HapyLWeHWo coLManm3anmnm, NoABEHNIO CTepeoTUNHbIX ¢opm nose-
[eHunA, KoTopble MOTyT pacCMaTpUBaTbCA Kak CMMMTOMbI ayTUCTUYECKOTO CreKTpa. B cBA3M € 3TUM Lenblo Haleln pa-
60Tbl 6bIIO 3yYeHMe C MOMOLLbIO TPAHCKPUMTOMHOIO aHasn3a U3MEHEHWI SKCMPeCccur reHoB, KOANPYoLWMX 6enku,
BOBJIeYeHHble B GYHKLIMOHNPOBaHME ryTamaTeprniyeckon CMCTeMbI, U FreHOB, CBA3aHHbIX C natosoruen aytnsma (MA),
B rynnokamne. B skcnepumeHTe 1MCNonb3oBany XMBOTHbIX C HAPYLUEHUAMMN COLMANIbHOTO MOBeAEHNSA, Bbl3BaHHbIMM
MOBTOPHbIM OMbITOM COLiMaNbHbIX MOGEA WNIN MOPAKEHNIN B eXe[HEBHbIX arOHUCTNYECKMX B3aumogencTemax. Ana
$OpPMMPOBaHMA rPYMM XUBOTHbIX C KOHTPACTHBIMW TUNAMU NOBEAEHWA UCMONb30BaN MOAESb CEHCOPHOrO KOHTaKTa
(xpoHunueckoro coumanbHoro ctpecca). MonyyeHHble 06pasLibl Mo3ra 6bUIn cekBeHpoBaHbl B 3A0 «[eHoaHanMTuKa»
(http://genoanalytica.ru/, Poccusa, MockBa). TpaHCKPUNTOMHbIN aHaM3 NOKa3arsl, YTo Y arpecCMBHbIX XKUBOTHbIX CHUKa-
eTcA aKcnpeccus reHoB Shank3, Auts2, Ctnnd2, Nrxn2, Lns KOTOPbIX NMOKa3aHOo yyacTue B Pa3BUTUM ayTWU3Ma, a TakXKe ry-
TamaTeprunyeckoro reHa Grm4. B To e Bpems Y XMBOTHbIX C HEraTUBHbIM COL{MalibHbIM OMNbITOM 3Kcnpeccus A Shank2,
Nlgn2, Ptcdh10, Reln, Arx Bo3pacTaeT. Mpu 31om [T (Grik3, Grm2, Grm4, Slc17a7, Slc1a4, SIc25a22), 3a uckntoyeHnem reHa
Grin2a, NOBbILWAOT CBOIO 3KCNpeccnio. KoppenAaunoHHbIA aHan3 BbIABW CTaTUCTUYECKM 3HAUNMYIO B3aIMOCBA3b 13-
MeHeHHon sKkcnpeccum [T n TA. TlonyyeHHble pe3ynbTaThbl, C OAHOW CTOPOHbI, MOTYT CIYXXWUTb NOATBEPXKAEHNEM yYacTuhA
[T B natodunsmonornm pasenTa CMMMNTOMOB ayTUCTUYECKOrO CMEKTPa, C APYron — CBUAETENbCTBOBATb O KOIKCMPeccum
T n TA B runnokamne, pa3BuBaloLLENCA NOA BAVSHUEM COUManbHON cpepbl. Tak Kak 60MblUMHCTBO A, N3MEHUBLUNX
JKCMPECCUIO B HACTOALLEM NCCIEA0BAHNY, ABAAIOTCA reHaMu, CBA3aHHbIMU C KJIETOYHbIM CKeNIeTOM U BHEKJIETOYHbIM
MaTPUKCOM, B YaCTHOCTW y4acTBYOLUMM B GOPMMPOBaHMMN CHAMNCOB, a [T, U3MeHMBLLME CBOIO IKCMPECCUIO, — FEHaMK,
KOAMPYOLWMMY Cy6beANHNLbI PELIENTOPOB, TO MOXXHO MPefNooXnTb, 4To BoBneyeHue T B natodusnonoruio aytms-
Ma NPOVCXOANT Ha YPOBHe PeLenTopos.

Kntouesble cnosa: RNA-seq; ayTn3am; runnokamn; reHbl ayTu3ma; ryTaMmaTtepruyeckime reHbl; CoLmanbHbI OnbIT.

Ana untnposaHua: KosaneHko WJ1., fanamuna AT, CmaruH [.A., Kyapasuesa H.H. Koakcnpeccua rnytamatepriuyeckmx
reHOB 1 reHOB ayTUCTNYECKOro CneKTpa B rMmnnoKamMmne y caMLoB MblLLel C HapyLUeHMeM COLMaNibHOro NOBeAeHMA.
BaBrnoBcKuMii KypHan reHeTkm u cenekuymn. 2020;24(2):191-199. DOI 10.18699/VJ20.42-0

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice with disturbances
of social behavior

LL. Kovalenko®, A.G. Galyamina, D.A. Smagin, N.N. Kudryavtseva

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
&) e-mail: koir@bionet.nsc.ru

Abstract. There is a hypothesis of the involvement of the glutamatergic system in the development of autism. It has
been shown that the chronic experience in daily intermale confrontations leads to disturbances in social behavior:
a decrease in communicativeness, disturbances of socialization, emergence of stereotypical behaviors that can be con-
sidered as symptoms of the autistic spectrum disorders. So, the aim of this study was to investigate changes in the
expression of glutamatergic (GG) and autism-related (GA) genes in the hippocampus of animals with impaired social
behavior caused by repeated experience of social defeat or aggression in daily agonistic confrontations. To form groups
of animals with contrasting behaviors, a model of sensory contact (chronic social stress) was used. The collected brain
samples were sequenced at JSC Genoanalytica (http://genoanalytica.ru/, Moscow, Russia). Transcriptomic analysis re-
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Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice

vealed a down-regulation of autism-related (Shank3, Auts2, Ctnnd2, Nrxn2) and glutamatergic (Grm4) genes in aggres-
sive mice. At the same time, the expression of GA-related genes (Shank2, Nign2, Ptcdh10, Reln, Arx) and GG genes (Grik3,
Grm2, Grm4, Slc17a7, Slc1a4, Slc25a22) excluding Grin2a was increased in defeated mice. Correlative analysis revealed
a statistically significant association between GG and GA expression. These results can serve as a confirmation of the
participation of the glutamatergic system in the pathophysiology of the autistic spectrum disorder.

Key words: RNA-seq; autism; hippocampus; glutamatergic genes; autism-related genes; social experience.
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BBepeHmne

[Tonaratot, 9TO BBIpaXKEHHBIE HAPYLICHUS B COLUAIBHOM
TIOBE/ICHUN MOTYT CBHUJICTEIbCTBOBATH 00 ayTH3Me, KOTOPBII
MPOSIBIISIETCST B JIGTCKOM BO3PAcTe M IMPEJCTABISIET cO0Oi
HapyIICHUs Pa3BUTHS HEPBHOI cucteMsl (Bauman, Kemper,
2005; Zablotsky et al., 2015). Cormacao DSM-1V (American
Psychiatric Association..., 1993), nuarHocruueckue Kpu-
TEPUN ayTH3Ma BKIIOYAIOT TPHATy OCHOBHBIX IPHU3HAKOB:
YXYIIICHAE COIMAIN3aIIH, O/l KOTOPOH MOXXHO TIOHMMAaTh
CIIOCOOHOCThH WHAWBHJA aICKBATHO BCTPAUBATLCA B COLIUYM
B HOBOW 0OCTaHOBKE, HU3KHH YPOBEHb OOUIUTEIHHOCTH U
MIOBTOPSIIOIIEECSI/CTEPEOTUITHOE TTOBEACHUE. XOTSI H3yUCHHUE
ONM3HEI0B CBUJICTEIBCTBYET O BBICOKOW HACIEIyeMOCTH
aytm3ma (Hallmayer et al., 2011), a1 onuH TeH He ompeneneH
KaK CIMHCTBEHHAs MPUYHMHA PA3BUTHUS 3TOTO 3a00JICBaHUSI.
He}IaBHI/Ie TCHOMHBIC U I'CHCTHUYCCKHEC UCCIICAOBAHUA I10-
Ka3aJIn, YTO COTHHU T'€HETHUECKUX BAPHAHTOB, BKIIIOYAIOIINE
o011Ie U pe/IKue B3aUMOJICHCTBHIS TeHOB, CIIOCOOCTBYIOT BO3-
HUKHOBeHHto ayth3ma (Miles, 2011). CortacHO pa3iuuHbIM
6a3am mansbx (http://omim.org/, http://www.genecards.org/,
http://autism.mindspec.org/autdb/Welcome.dohttp://www.
malacards.org), B 6a3e reHOB ayTH3Ma HaCYMTBIBACTCS OKOJIO
1500 reHoB, KOTOpPBIC B TOW WJIM HMHOH Mepe BOBJICYCHHI B
MEXaHU3MBI ayTH3Ma. MHOTHE TeHbI, CBSI3aHHBIC C Pa3BUTH-
€M T'OJIOBHOI'O MO3Tra, — INOTCHIHAJIbHBIC I'CHbI-KaHAW1AaThl
ayTH3Ma, K HIM OTHOCSITCS TeHBI H CeMeHCTBa TeHOB Shank
(1-3), Nign, Reln, Arx, Pcdh, Mecp2, Auts2 (Kleijer et al.,
2014; Liu et al., 2015).

JluteparypHble JaHHBIE CBHETEIBCTBYIOT 00 y4acTuu
Pa3IMUHBIX HEHPOMEAMATOPHBIX CHCTEM (Hampumep, cepo-
TOHEPIUYECKOH, 10(aMUHEPTUUECKO) B pa3BUTUH ayTH3Ma
(Paval, 2017). B mocenaee BpeMs 00IbIIOe BHUMAaHUE Y/e-
JsleTcs TITyTaMareprudeckoi rumorese ayrusma (Rojas, 2014).
B nosne3y 3T0# TEOpUU TOBOPUT TO, UTO [NIyTamar sIBJISIETCS O11-
HHUM 13 HanOoJiee pacipoCTpaHEeHHBIX HEHPOTPAHCMUTTEPOB
B MO3Te MJICKOITUTAIOINX, €r0 PEIENITOPBI COCPEIOTOUCHBI B
obnactsix Mosra (MO3KEUOK, TUIIOKaMII, MpedpoHTaIbHas
KOpa), B KOTOPBIX 00HAPYKEHBI HEHPOIIaTOIOTHIECKIE H3Me-
HEHUs P ayTu3Me. Bo B3pociiom Mo3re riryramarHble perer-
TOpBI yuacTBYIOT B 00yueHun u namsatu (Riedel et al., 2003;
Simonyi, 2010). ['myTamar-omocpenoBaHHbIE MEKHEHPOHHBIE
B3aUMOJICHCTBHS TAKXKE UTPAIOT POJIb B (HOPMHUPOBAHUH IMO-
1uoHanbpHOTO ToBeaeHus (Morgane et al., 2005; Faure et al.,
2010). ITokazaHo, 4To A7 OOJTBHBIX ayTH3MOM XapaKTepeH
TIOBBILIICHHBII YPOBEHb IITyTamMaTa B IIa3Me KPOBH, KOTOPBIH
MOXKET JIAKe CITY)KUTh OJIHUM U3 OMOMapKepOoB 3TOro 3abose-
BaHUA (Zheng et al., 2016). Y marmeHTOB ¢ ayTH3MOM O00OHa-
PYKHBAIOTCSI M MOJICKYJISIPHO-TEHETHUECKUE TTOBPEKICHUS
mrytamareprudeckoit cucremsl (I'T). Tax, Hampumep, ecTh
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coO0O0IIEeHNsT 0 MyTalMsIX B FeHaX IIyTaMaTHOTO perenTopa
GIuR6 (Jamain et al., 2002), a Tak)ke MUTOXOHIPHATHHOTO
neperocunka mrytamara (AGCI1, ren Slc25a12) (Ramoz et al.,
2004). U3menenns nadmonarorcs Ha yposae M-PHK, 6emnkoB-
TpaHCropTepoB U penenTopos [T B mocMepTHBIX 00pa3iax
Mo3ra 6oipHBIX ayT3MmoM (Purcell et al., 2001). B menom
HEKOTOPbIE HCCIIEIOBATEIIN CBS3BIBAIOT ayTH3M C Ae(DUIIUTOM
nIyTamarepruueckoit cucremsl B mosre (Carlsson, 2015).

Panee HaMu OBIIO MOKAa3aHO, YTO B YCIOBHUSIX XPOHHUE-
CKOTO COLMAIIBHOTO KOH(IMKTA, BHI3BAHHOTO MOBTOPHBIM
OIIBITOM T00€] WIIM NOPAKEHUH B €KEIHEBHBIX MEKCAMIIO-
BbIX KoH(poHTamusax (Kudryavtseva, 1991), y camiioB MbI-
mei GopMHUPYIOTCSl HE TOJIBKO TOBBIIICHHAS TPEBOXKHOCTB,
arpecCHUBHOCTB WJIH JICTIPECCHUBHOI0I00HOE TTIOBEICHUE, HO 1
HapyIIeHNs KOMMYHHUKAaTUBHOTO MTOBE/ICHHS U COIIMAIEHOTO
B3auMosieiicTBys. Takue >KHBOTHBIE JIEMOHCTPHUPOBAIIN CHHU-
JKEHHYIO0 KOMMYHHKaTHBHOCTb, & TAKXKE CTEPEOTHITHBIE (Op-
MBI TIOBEJCHNUS (QyTOTPYMHHI, BCTAaBaHWE HA 3a/IHUE JIAIlbI,
KpY’KeHHE, pa3pblBaHNE U pa30pachIBaHNE MTOJICTUIIKH, TIOBO-
POTBI B TIPBIKKE U JIP. ), YTO TI03BOJISIET PACCMATPUBATh JIAHHYIO
MOZIENb KaK MOJIENb, BOCIIPOM3BO/IAILYI0O HEKOTOPBIE YEPThI
ayructudeckoro nosezeHus (Kosanenxo, Kynpsisiesa, 2010),
(hopMHUpYIOIIUECs O] BIUSHUEM COIUAIbHOU cpeabl. [Ipu
3TOM HAIIH NIPEABIIYIIIE UCCIIEI0BAHNS TI0OKA3aJIH, UTO B 3TOT
nporecc ObUIM BOBJIEUEHBI T€HBI ayTHCTHYECKOTO CIIEKTA,
IKCIIPECCHsI KOTOPBIX U3MEHSUIACH 01 BIUSTHUEM arOHUCTHU-
yeckux B3anmozeiicteuii (Kudryavtseva et al., 2017).

B cBs131 ¢ 3TUM 11eTbI0 HACTOSIIEH paOOThI OBIIIO H3YyYHUTh
Y )KUBOTHBIX C QJIFTEPHATHBHBIM OITBITOM COLIMAJILHOTO ITI0BE-
JICHUSI, TO3UTUBHBIM M HETATHBHBIM, B3aHMOCBSI3b H3MEHEHUS
9KCIPECCHUU TeHOB, KOAMPYIOMINX OEIKH, BOBJICUCHHbBIC B
(ynkuponnpoBanue I'T, v reHOB, CBSI3aHHBIX C MATOJIOTHEH
aytm3ma (I'A) B runmokamme. Be16op 3Toit CTpyKTypHI TOTOB-
HOTO MO3Ta OCHOBaH Ha MHOTOYHCIICHHBIX JTHTEPATYypPHBIX
JIAaHHBIX O TOM, YTO TMITIIOKaMIT HEIIOCPEICTBEHHO Y4acTBYET
B MMaTOTE€HeTHYeCcKuX mporeccax ayrm3ma (DeLong, 1992),
B pa3BUTHHU TpeBOXHBIX pacctpoiicTs (Irle et al., 2010) u
nenpeccu (Savitz, Drevets, 2009). 'unimokami oTBeyaer 3a
SMOIMOHAIBHYIO CaMOPEryJIsINi0, 00y4aeMOCTh U MaMATh.
A, KaK N3BECTHO, HAPYIICHHE UMEHHO 3THX (PYyHKIUH 4acTo
HaOJIIoaeTCsl y JIIONIeH, IEMOHCTPUPYIOILUX CUMIITOMBI ay TH-
CTHYECKOTO CHEKTPA.

MaTtepwuanbl n metogbl

7KuBoTHBIE. DKCTIEPIMEHTHI TPOBOIFIIN Ha CaMITaX MBIIIEH
muaun C57BL/6J B Bo3pacte 2.5 Mec. 1 Maccoii Tenma 2628 1.
JKuBOTHBIE OBLIM IPUBE3EHBI U3 MUTOMHHKA JIAOOPATOPHBIX
XKHUBOTHBIX THCTHTYTa OMOoOpraHudecKoi xuMun Poccuniickoit
akagemun Hayk (ITymmno, MockoBckas obmacts). DKcrie-
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PHMEHT ITPOBOJIMIIN B BUBAPUU KOHBEHIIMOHAIBHBIX JKHBOT-
HbIX MHCTHTYTa nuTONory M reHeTukn Cubupckoro ote-
nerns PAH. Bony u kopm (TpaHyIbl) )KHBOTHEIC TIOTYYaJIH B
JlocTaroyHoM KonrmuectBe. CBetoBoi pexnm Obi1 12C: 12T.
Bce npornerypbl OCyIIECTBISITH B COOTBETCTBUH € MEXKILY-
HapOAHBIMH NIPABMIIAMH ITPOBECHUS SKCIIEPUMEHTOB C K-
BotHbIMH (Directive 2010/63/EU of the European Parliament
and of the Council on the Protection of Animals Used for
Scientific Purposes). [IpuMensieMble METOANKN JUTS N3y IEHHS
MOBE/ICHHs Y Mbleit Obun oo0pens! HayuHol komuccneit
(Ne 9) MnacturyTa muronormn 1 reaetikr CO PAH (ITpotokon
Ne 613 ot 24.03.2010).

IMoBenenyeckue ucciaenoBanus. /s GopmupoBaHus
aJIBTEPHATUBHOTO OMBITA COLIMAIBHOTO MOBEICHNS Y CaMIIOB
MBIIIEH HCIIOJIB30BAINM MOJIENIb CEHCOpHOTO KoHTakTa (Kud-
ryavtseva et al., 2014). )KUBOTHBIX MOMAapPHO MOMEIIATH B
9KCIIEPUMEHTANIBHBIC KJIETKH, Pa3JeJICHHbIE TON0JIaM IIpo-
3payHOM TIEPEropoiKON ¢ OTBEPCTHSIMH, MTO3BOJISIBILCH MbI-
I1aM BHJIETh, CJIBIIIATH, BOCIPUHUMATH 3araxu JIpyT JIpyra
(CeHCOpHBIN KOHTAaKT), HO MpeAO0TBpaIaBmiel husnueckoe
B3anMoJeiicTBue. ExxelHEBHO BO BTOPOH ITOJIOBHUHE JHS
(15:00-17:00) yOupanu meperopojKy, 4To MPUBOIUIO K
AarOHUCTHYECKHUM B3aUMOJCHCTBUSIM. B TedeHne mepBbIx
JIBYX-TpeX JHEH TeCTOB BBISBIISUIN IToOequTeNeH (arpeccopos/
arpecCHBHBIX J)KUBOTHBIX) M 0COOEH, TEPISIINX MOPaKEHUs
(>KepTB) P B3aUMOICHCTBUU C OJTHUM M TEM )K€ TTAPTHEPOM.
B nanpHeiiniem exeHEBHO 1OCIIE TECTA TTOOEKICHHOTO camIia
MepeCcaKUBAIIM B HOBYIO KJIIETKY K HE3HAKOMOMY arpeccuBHO-
My IapTHEPY, CUAALIEMY 3a [Ieperopoakoil. Bsaumoaerictue
CaMIIOB MPEKpaIaliy, €CJIM HHTEHCHBHBIE aTaK! CO CTOPOHBI
Hara aromieil 0coor BO BpeMsl arpeCCHBHBIX CTOJIKHOBEHUH
JUINIHACH 00JIee TPeX MHUHYT, YCTaHABIMBAs MEXKJy HUMHU
neperopoaky. B mccnenoBanue ObUIM B3ATHI arpecCUBHBIC
JKMBOTHBIE C 20-THEBHBIM ONBITOM MOOE] (arpeccopsl) U ¢
20-THEeBHBIM OTIBITOM TMOpa)keHUH (GKepTBHI). B kauecTBe
KOHTPOJISI NCTIONIB30BAJIN CaMIIOB, HE MMEBIINX IT10CIIE/I0Ba-
TEJIFHOTO OIBITA aTOHUCTHYECKUX B3aMMOJICHCTBHN. B Kax-
JIo Tpytme 0110 10 14—16 )KUBOTHBIX.

KonniecTBeHHYIO OLIEHKY PEaKIMH IKCIIEPUMEHTAIBHBIX
JKMBOTHBIX Ha HE3HAKOMOT'O MAapTHEpa Ha HEUTPAIBLHOHN Tep-
PHUTOPHUH IPOBOIIITH TP TIOMOIIIN TECTA «COIHATIHHEIC B3aH-
mopeiictBus» (Kudryavtseva et al., 2017). Kak mapamerpst
COIIMAJILHOTO TIOBEJCHUSI MBI pacCMaTpUBAIN uzbezanue
HE3HAKOMOTO TIApTHEPA HIIH )K€ 3aMHPaHUE TIPH €TO MOAXO0/E
U npubnaudicenue K TapTHEpY: MOAX0/Ibl, OOHIOXUBAHUS, CIIe-
JIOBaHME 32 MapTHEPOM; KaK MapaMeTpbl HHANBUIYaIbHOTO
MIOBE/ICHHNSI BBIJICIISUIN CHIOLKY — BCTABAHHS HA 33 JHUE JIAIIbI,
SBIISIIOIINECS TTOKA3aTelIeM HCCIIE0BaTeIbCKON aKTHBHO-
CTH, aymoepyMuHe, CIly’)Kallui Mmoka3arejaeM CMENIeHHON
AKTHBHOCTH U HEa/IeKBaTHOTO CTEPEOTUITHOTO MOBEACHUS, 1
08UAMENbHYIO AKMUBHOCTb, OLICHUBAIOIITYIO HHTEHCUBHOCTD
MIepeIBIKEHHUH 110 KIIETKE.

CratucTrdeckyo o0pabOTKy MOTYYCHHBIX JAaHHBIX BBI-
MOJHAIM ¢ “cnonb3oBaHueM nakera nporpamm STATISTICA
(ver. 8.0; StatSoft, Inc., 2001). [IpoBepka HOPMAITLHOCTH pac-
IpeieNIeHNs KONMYECTBEHHBIX TPU3HAKOB ObIIa TPOBEICHA C
ucroab3oBanueM kpurepust Lllanmupo-Yuka (Shapiro-Wilk’s
W-test). [TockosibKy BEIOOPKH HCCIICIOBAHHBIX TAPaMETPOB
MOBEACHUS YIOBIETBOPSUIN TUIIOTE3€ O HOPMAJIBLHOM pac-
MIPe/IeICHNH, OBUIM MCIIOJIB30BaHbl METO/BI IapaMeTpuye-
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KoaKcnpeccvm rnytTamateprunyeCcKnx reHoB U reHoB
aAyTUCTNYECKOro CrneKTpa B rmnnokamne y camuoBs Mblwen

CKO CTaTUCTHKHU: OJJHO(PAKTOPHBIN JJUCIIEPCHOHHBIN aHAJIH3
(ANOVA) ¢ dakropom «rpymmay (KOHTPOJIb, arpecCHBHBIC
CaMIIbl, JKepPTBHI); TTOCIIEyIONIee MOMapHOe CPaBHEHHE TO-
KazaTeneil ocymecTBisud ¢ nomoibio LSD-tecta @uiepa.

IIpu noMo1u KOppeNALUOHHOTO aHaiau3a no merony Ilup-
COHa MBI HCClieIoBail B3auMocBs3b skcnpeccun [T u TA.
B sKcrepuMeHTalIbHBIX MOBEIEHUSCKUX TPyIMNax ObUIO IO
10—12 *XMBOTHBIX.

RNA-Seq-ananu3 nposogwiu ¢ nomoubio 3A0 «I'eHo-
ananutuka» (http://genoanalytica.ru, Mocksa). Meroauka
aHaym3a nopobHo onucana panee (lamsvuna u ap., 2017).

MBI IpOBENH MPOBEPKY PE3YIIBTATOB, CPABHUB UX C JIaH-
ueiMu B.M. Kadakkuzha (Kadakkuzha et al., 2015), npex-
CTAaBUBIIUMHU ITOJHBIM TPAHCKPUIITOMHBIN aHAJIH3 TCHOB
B THIIIOKAMIIE MHTAKTHBIX MbIield. OOHapyX eH BBICOKHH
ypoBeHnb koppeisinuu (0.74 mo CriupMeny) Mexay dKCIpec-
cuei reHoB ayTn3Ma U [Ty KOHTPOJBHBIX 0COOEH B HAIIEM
9KCTIEPUMEHTE U Y MHTaKTHBIX )KUBOTHBIX B padote (Kadda-
kuzha et al., 2015), 4T0 MOXET OBITH JOIIOJHUTEIBHBIM J10-
Ka3aTeJIbCTBOM aI€KBaTHOCTH NpUMEHseMoro Metona. Kpo-
M€ TOT0, OCYIIECTBIISUIN KPOCC-BEPH(UKAINIO PE3yIIbTAaTOB
(Babenko et al., 2017) ¢ nanHbiMH, TOTyueHHBIME B CTIH/I-
thopackom yauBepcurete (Zhang et al., 2014), u o6Hapy) MMM
3HAYUTENIFHYIO KOPPEISIHIO MEX/Ty HOIMH. DTO JI0Ka3bIBACT,
YTO METOJ TPAHCKPUIITOMHOTO aHAJIN3a ITO3BOJISIET BBISBUTD
MPOUCXOISIINE B MO3T€ MOJIEKYIISIPHBIE ITPOIIECCHI.

B kauecTBe Bepu(pHKAIMN JaHHBIX HACTOSIIETO SKCIEPH-
MEHTA HCII0JIb30BAJIN PE3YJIbTAThI, TOJY4YEHHbIC HAMU paHee
npu momormu RT-PCR (Smagin et al., 2013), sxcripeccust xo-
TOpBIX, 110 MeToty RNA-Seq, Obuta n3meHeHa. bputo nokazaHo
COBIIJICHHUE HAPaBJICHHOCTH U BBIPAKEHHOCTH U3MEHEHUI
9KCTIPECCUH JJISl TEHOB, KOAUPYIOIIUX OCIKN CEpOTOHEPTH-
YeCKOW CHCTEMBI B SIIpax IIBa CPETHETO MO3Ta, MOITYYCHHBIX
[PY IPUMEHEHUH 3TUX METOJIOB, YTO IT03BOJISIET FOBOPUTH O
BBICOKOH HaJICKHOCTH PE3YJIBTaTOB ITOTO HCCICAOBAHUS U
0 CTaOMIILHOCTH MPUMEHEHHOTO METO/A.

JlexanuTanuio Bcex TpeX IpyHI IKCHEPUMEHTAIbHBIX
JKMBOTHBIX IPOBO/MIIN OJHOBPEMEHHO HA CIEAYIOIHUH IeHb
rocJie mocyeHe KOoHPpOHTanuK. [ UImoKamI U3BIICKaCs
OJIHUM HCCJIEZIOBATENIEeM B COOTBETCTBUH C aHATOMHUYECKUM
atmacom Mmosra (Allen Mouse Brain Atlas; http://mouse.
brainmap.org/static/atlas). Bce oOpasipl momernanu B pac-
tBop RNAlater (LifeTechnologies, CILIA) n xpanunu npu
temneparype —70 °C no cekBeHupoBanud. [IpoBonmnm nBa
THIIA CPABHEHNUS: KOHTPOJIb—ArPecCOPhl U KOHTPOIb—KEPTBBI.

Jist n3ydeHuss U3MEHEHUH NIy TaMaTepruyeCcKOl CUCTEMBbI
B TUIIIOKAMIIE€ JKUBOTHBIX C HAPYIIEHHBIM COI[AIBHBIM TO-
BEJICHNEM OBIJIM NCCIIEI0BAHbI: TEHBI IIEPEHOCYMKOB NIy Tama-
ta: Slcl17a6, Slcl17a7 wu Slcl7a8; rensl, kogupytoiiue 1—4-10
cyOpenmHUIBI HOHOTpomHOTO AMPA-penienitopa: Grial,
Gria2, Gria3, Gria4; TeHsl, Komupyroomue 1-5-r0 cyobean-
HUIIBI HOHOTPOITHOTO KAMHATHOTO IIIyTaMaTHOTO peLenTopa:
Grikl, Grik2, Grik3, Grik4, Grik5; rensl, xogupyromme 1,
2a, 2b, 2¢, 2d, 3a, 3b cyopenuaUIBI HOHOTpOITHOTO NMDA -
peuenropa: Grinl, Grin2a, Grin2b, Grin2c, Grin2d, Grin3a,
Grin3b; reHsl, KOTUPYIOIIHE METaOOTPOITHBIE PEIETTOPHI
1-8-ro mogtumnos: Grml, Grm2, Grm3, Grm4, Grm5, Grm6,
Grm7, Grm8; renbl, koqupytomue 1 u 2-10 CyObeAUHUIIBI [Ty~
TaMaTHOTO HOHOTPOITHOTO penenTopa aensra Gridl u Grid2;
GRID2IP — 6enok, B3aumopeicTBytomuiit ¢ Grid2; TeHBI
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(depMeHTa mIyTaMaTaeKapOOKCHIIa3bl, METAOOIU3UPYIOIICH
rytamat B TAMK: Gadl n Gad2.

ITo renernuecknm 6azam manabelx OMIM (http://omim.
org/), GeneCards (http://www.genecards.org/), MalaCards
(http://www.malacards.org/) u3 1.5 TeIC. aHHOTHPOBaHHBIX
T'€HOB OBLIO BEIOPaHO 0KOJIO 80 OCHOBHBIX T'€HOB-KaHJHIaTOB
ayTn3Ma, KOTOPbIE B JaJIbHEHIIIeM ObLIH IPOCMOTPEHBI B THII-
MIOKaMIIe y KOHTPOJIBHBIX 0COOEH 1 JKMBOTHBIX C HAPYILLIEHHBIM
COLIMANIBHBIM TTOBeieHHEeM. [IpH aHaIM3e CpaBHUBAIIH MO TPH
poOBI OT KaX/JI0M IPYIIIbI )KUBOTHBIX.

Pe3ynbraTbl

Hcecaenopanue HapyumeHHl cONMAJBHOIO NMOBeACHUS
Y CaMIIOB MbIlIIel 10/ BJAUSTHHEM XPOHUYECKOT0 COLHATb-
HOro crpecca. ANOVA BBISIBIIT JOCTOBEPHOE BIUSIHAE (hak-
TOpa «rpymnma» (KOHTPOJIb, arPecCopbl, JKEPTBhI) Ha H30era-
uue maptaepa (F(2.29) = 52.30, p < 0.001), npubmmkenne
(F(2.28)=1097.4, p <0.001), Bpems croek (F(2.29) =661.7,
p<0.001), Bpems nBurarensHoi akTuBHOCTH (F(2.29) =2549,
p<0.001). CpaBrenne rpynn LSD-tecrom @urmrepa (puc. 1)
BBISIBUJIO YBEIIMUCHNE BPEMEHH U30ETaHusl Y )KEpPTB, 110 CPaB-
HEHHUIO C KOHTPOJIEM U arpecCUBHBIMU KUBOTHBIMH (p < 0.001
1t o0enx rpym). [To cpaBHEHHIO ¢ KOHTPOJIEM Y arpeccopoB
1 JKepTB TaKKe OBIJIO MOKa3aHO CHIDKCHUE BPEMEHH CTOEK
(p < 0.001 mst obeux TPyIMI) U BPEMEHH HPUOIMIKCHUS
k maptHepy (p < 0.001 mis obenx rpymm). Kpome Toro, y
JKEPTB BpeMs NPHOIKEHNST K TTApTHEPY ObIIO CHMKEHO U
[0 CPAaBHEHHUIO C arpecCUBHBIMU KUBOTHBIMU (p < 0.006).
BbIsABIEHBI yBETMUEHNE BPEMEHH JIBUTATEIILHOM aKTHBHOCTH
y arpeccopoB (p < 0.001) u cHmKeHHE BPEeMEHH Y JKEPTB
(p <0.042), mo cpaBHEHUIO C KOHTPOJIBHBIMU JKUBOTHBIMHU.
Bpewmst 1BuraresnbHON aKTHBHOCTH OBUIO 3HAYUTEIIBHO HIKE
Y JKepTB, 10 cpaBHeHHIo ¢ arpeccopami (p < 0.001). Kpome
TOTO, Yy YKEPTB OBbUIM YBEJIMUEHBI YUCIIO U BPEMs ayTorpy-
MHHTA, 110 CpaBHEHUIO ¢ KoHTposeM (p < 0.041, p < 0.034
COOTBETCTBCHHO).

Takum 00pa3om, Mbl BUJHMM, YTO B TECTE «COLMAIbHBIE
B3aUMOJICHCTBHS» JKEPTBBI aKTUBHO U30€rain HE3HAKOMOTO
napTHepa (Tectepa) Ha HeWTpaJibHOM TeppuTopru. OHU pesiKo
MEPBBIMU MOAXOUIN U MIPOSIBIISIIM HHTEPEC K HE3HAKOMOMY
MapTHEPY, B OTINYUE OT KOHTPOJIsl. KOHTpOIbHBIE KUBOTHBIE
LIEJICHANPABICHHO CJIEJOBAJIM 32 MAPTHEPOM, OOHIOXUBAIIH
ero. Y KepTB Takke ObIJIO CHUKEHO BPEMsI CTOEK, paccMar-

W3beraHue, c Mpunbnuxexue, ¢ CTonku, ¢

+++

*X¥

150

100 [ 100 100 |

*X¥

*X¥

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice

pHBaeMoOe HaMH Kak I10Ka3aTellb UCCIIeI0BATEIbCKOM aKTHB-
HocTH. Kpome Toro, y HUX OBUIO YBEJIMYEHO BPEMS JEMOH-
CTpalliy ayTOrPYMHHTA, KOTOPBIH MOXKET OLIEHMBATHCS Kak
IMMPU3HAK CTCPCOTUIIHOI'O IMOBEACHUS. le/l 3TOM OTMCYCHO,
YTO Y arpeCcCUBHBIX )KUBOTHBIX OBUIM CHIKEHBI TapaMeTPhl
KOMMYHHUKAaTHBHOCTH, YTO MOXXET CBHJICTEIbCTBOBAThH O Ha-
PYIIEHHUSX COLUAIBHOTO MoBeeHus. bonblryio yacts 10-mu-
HYTHOTO TecTa (OKOJI0 5—6 MHH) arpeccopsl XaOTHYHO TIepe-
MeIIaaich Mo KIeTKe, He oOpalias BHUMaHHs Ha TapTHepa:
06ulee BpeMs JlBI/IF&TCJ'l])HOﬁ AKTHBHOCTHU 6])[]'10 3HA4YUTCIIbHO
GonbIiIe, YeM Yy KEPTB, YTO MOXKET OTpaKaTh pa3BUTHE THIIEP-
AKTHUBHOCTH M, TO-BHIUMOMY, Je(UINT BHUMaHUs. PaHee
HaMH 6])1.]'[0 IMOKa3aHO, YTO B arOHUCTHYCCKUX BSaMMOﬂeﬁ-
CTBHSIX arpeccopbl 4acTO JEMOHCTPUPYIOT OBICTpBIE TTOBO-
POTHI B IPBDKKE WITH YK€ IOBTOPSIIOIINECS TOBOPOTHI BOKPYT
ocu Tela B Tecte «reperopoaka» (Kudryavtseva, 2006), T.e.
CTEPEOTUIINH y arpeCCUBHBIX MBIMIEH 3TOH JIMHUM MOTYT
MIPOSIBIIATBCS B IPYTOM TecTe U Apyroi gopme. Takum 00-
paszoMm, 'y arpeccopoB, U Yy KepTB B pe3yibTare 20-1HEeBHbIX
ArOHUCTHUYECKUX B3aMMOJICHCTBUI Pa3BUBAIOTCS CHMIITOMBI
AyTHCTUYECKOTO CIEKTPA.

Hccaenopanne s3xcnpeccnn I'T u I'A y camuoB Mbleii
¢ KOHTPACTHBIMHU THIIAMH COLHAJILHOTO NOBeAeHus. B pe-
3ynbrare aHanu3a naHHbIX RNA-Seq B runmokamiie oOHa-
PYKCHO U3MCHCHHUE OKCIIPECCUU JCBATU I'CHOB-KAHAMNIAaTOB
aytusma (puc. 2, Tadm. 1). Tak, y )KepTB BBISIBICHO YBEINICHHE
akcnipeccun TeHoB Shank2 (p < 0.040), Nign2 (p < 0.047),
Pcdh10 (p < 0.011), Reln (p < 0.026) u Arx (p < 0.0002),
10 CPAaBHEHHUIO C YPOBHEM 3KCIIPECCUH Y KOHTPOJIBHBIX K-
BOTHBIX. Y arpeCcCHBHBIX MBIIICH B TUIIIIOKAMITE TIO]T BIIUSIHHU-
€M IMOBTOPHOI'O OIIbITa arp€CCrUur B MEKCaAMIIOBbIX KOH(prH-
Tarusax oOHApYKEHO CHIKEHHE KCIIPECCHHU TeHOB Shank3
(p <0.010), Auts2 (p < 0.023), Ctnnd2 (p < 0.020), Nrxn2
(p<0.010).

BbuH mpoaHan3upoBaHbl M3MEHEHHS yPOBHSI SKCTIPECCHU
TEHOB, KOJMPYIOUINX OCJKH, BOBJICUCHHBIC B (PyHKIIMOHHU-
posanue I'T B rummokamme mbimei (cm. tadm. 1, puc. 3).
[TokazaHo, 94TO y MBIIIEH B THIITIOKaMIIe IO/ BIMUSHUEM TO-
BTOPHOTO OIIBITA arPECCHH B MEKCAMIIOBBIX KOH()POHTAIMAX
cHmxkeHa skcnpeccus reHa Grm4 (p < 0.023), konupyromero
MeTabOTPOMHBIN perentop 4-ro moaThmna. Y XKepTB OBLIO
o0OHapy>keHO CHIKeHHe dKeripeccun rena Grinla (p <0.01),
Koziupyouiero cyobeannuily 2a nonorpornsoro NMDA -pe-

AyTOrpyMuHr, €

[BuratenbHan
AKTVMBHOCTb, C

AX%

O KoHTponb
B Arpeccopbl
B KepTBbl

50
3501

280

210

140

70

Puc. 1. MNoBefeHve arpeccopoB 1 KepTB B TeCTe «CoLNaNbHble B3aUMOOENCTBUA».

*p < 0.05; *** p < 0.001 no cpaBHeHuio ¢ koHTponem; t+ p < 0.01; *** p < 0.001 - xepTBbI NO CPaBHEHMIO C arpeccopamu.
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Puc. 2. I3meHeHue skcnpeccun A B rnnokamne y arpeccopoB 1 XepTs.
*p <0.05;** p <0.01; *** p < 0.001 — N0 CPaBHEHUIO C KOHTPOJSIEM.

Koakcnpeccusa rnytamaTeprimyecknx reHoB 1 reHoB 2020
ayTUCTNYECKOro CrneKTpa B rmnrnokamne y camuoB Mbiluen 24.2
O KoHTponb
30 m Arpeccopebl 120 700r
B KepTsbl *% *
25 100} 600
500
20+ 8ok
400 [
E 15F . 60 |
- 300
10F ** 401
*x 200
*
5P % 201 100
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Grm4  Grin2a Grik3 Grm2 Grm4 Slcla4 Slc25a22 Slc17a7

Puc. 3. iameHeHmne skcnpeccum [T B runnokamne y XMBOTHbIX C HapyLue-
HUeM coLmanbHOro NoBeaeH s.

*p <0.05,** p <0.01 - N0 CpaBHEHNIO C KOHTPONEM.

Ta6bnuua 1. uddepeHumanbHo skcnpeccupytowmnecs T v TA B runnokamne arpeccopoB 1 XXepTB

Arpeccopbl

MepTBbl

Mpumeuyanune. CHuxeHue skcnpeccum: V - p < 0.05; V'V - p < 0.01. Ysenuuenue akcnpeccun: A - p < 0.05; AA - p < 0.01; AAA - p < 0.001 no cpaBHeHMIo

C KOHTpoOnem.

LIENTOpa, TIPH STOM IOBBIIIANIACH KCTIpeccust TeHoB Grm?2
(p <0.004) u Grm4 (p < 0.02), KOAUPYIOMIMX METAOOTPOII-
HBIE perenTops! 2 U 4-ro moaTumos, rera Grik3 (p < 0.003),
KOZINPYIOIIETO CYyObEeANHUILY 3 MOHOTPOITHOTO KaWHATHOTO
IIIyTaMaTHOTO PeIeNTopa, FeHOB MEePEeHOCUYNKOB ITyTamara
Slcl7a7 (p<0.051), Slcla4 (p<0.01), Slc25a22 (p <0.028).

Pesynbrarsl KOPpENsIMOHHOTO aHaJIM3a MPOJIEMOHCTPH-
pOBalii BBICOKUM YpOBEHb KOPPEJSIIIUOHHON B3aUMOCBA3U
Mexay akcrpeccuedl I'T u T'A y )KMBOTHBIX HCCIENYEMBIX
rpymm (cM. Taoum. 1 n 2). Koppensius Mex1y ypOBHSIMH 9KC-

npeccun A u I'T moka3piBaeT BOBMOXKHOE y4yacTHE IVTyTa-
MaT3Pru4eCcKOi CUCTEMbI B MEXaHU3MaX 3TOT0 3a00JICBaHMS.
N3 T'A nambomplee 9UCI0 KOPPENIIHA 0OHAPYKEHO IS
reHoB Nign2, Pcdhl0, Arx, Ctnnd2, Nrxn2. B 10 %e BpeMs
YPOBCHB 3KCIIPECCUH T'eHa Reln KOPPEIUpPYeET TOJIBKO C yPOB-
HeM dKcnpeccun rena Slcla4.

3nauenus sxcnpeccun Hekotopelx I'T u A B egunmuax
FPKM, Mexxly KOTOPBIMU YCTAHOBJIEHA CTaTUCTUYECKH 3HA-
YuMasi KOppensTUBHAs B3aUMOCBS3b, TIOKA3aHBI HA pHC. 4.
Bonbias yacTb reHOB IEMOHCTPUPYET MOJOKHUTEIBHYIO KOP-

OU3NONOTMYECKAA TEHETUKA / PHYSIOLOGICAL GENETICS 195



I.L. Kovalenko, A.G. Galyamina
D.A. Smagin, N.N. Kudryavtseva

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice

Ta6bnuua 2. Koakcnpeccua IT n A (3HaueHne KoaddpuumeHTa MnpcoHa)

leH Nign2 Pcdh10 Reln Shank2 Shank3 Arx Auts2 Ctnnd2 Nrxn2
Grm2 0.761 0.581 0.138 0.644 0.657 0.538 0.547 0.692 0.668
Grm4 0.894 0.915 0.537 0.827 0.810 0.862 0.602 0.868 0.823
Grin2a -0.825 -0.870 -0.397 -0.643 -0.521 -0.823 -0.581 -0.733 -0.867
Grik3 0.847 0.946 0.597 0.851 0.708 0.956 0.693 0.854 0.862
Slc1a4 0.677 0.640 0.696 0.515 0.437 0.714 0.178 0.632 0.561
Slc17a7 0.878 0.696 0.231 0.738 0.691 0.727 0.679 0.864 0.875
Slc25a22 0.922 0.918 0.457 0.906 0.792 0.940 0.802 0.933 0.935
a 6 8
10 4100 90 16 -
Nign2
8r Shank3 -80 Slcla4
12
60
s 6f 160 < s
X x X
& & &8
4r 40
30 Reln
2t 120 Grin2a ar ._./.\H/.\.—./.
Arx
0 0
K1 K2 K3 A1 A2 A3 XK1 K2 K3 K1 K2 K3 A1 A2 A3 X1 K2 K3 0 K1 K2 K3 A1 A2 A3 XK1 K2 K3

Puc. 4. Koppenupytowume IT n TA.

K1-3 — KOHTPONbHbIE XMBOTHbIE; A1-3 — arpeccopbl; X1-3 - KepTBbl. a — NpaBas 0Cb OPAVHAT — ANA reHa Shank3, nesas — ansa Arx n Grm4.

pernsituio apyr ¢ aApyrom. Hampumep, sxcripeccust Grm4, enun-
CTBEHHOT'O T'€Ha, KOTOPBIIT N3MEHMII SKCIIPECCHIO U Y KEPTB,
1y arpeccopoB, TOJIOKUTEIBHO KOPPEIUPYET C SKCIPECCH-
et [A: Shank3 (r=0.810,p<0.01) u Arx (r=0.862, p<0.01)
(cm. puc. 4, a). Oxcnpeccus rena Grin2a AEMOHCTPUPYET
OTPHIATENILHYIO KOPPEISIHNIO ¢ 3Kkcnpeccueil I'A, Hanpumep
reHoB Nign2 (r=-0.823,p<0.01) u Arx (r=-0.823,p<0.01)
(cMm. puc. 4, 6). EXTMHCTBEHHBIN T'eH, C KOTOPBIM KOPPETUPYeT
YpOBeHb 3Kcrpeccuu rera Reln, — ato Slclad4 (r = 0.696,
p <0.05) (cm. puc. 4, 6).

O6cyxpeHue

B Hammx npeapiaymumx padorax Obli0 0OHapyKeHO, YTO MoC-
ne 20 nHEl arOHUCTHYECKNX B3aNMOACHCTBHN U IPOKUBAHHS
B YCJIOBUSIX XPOHHYECKOTO COIIMAIBHOTO KOH(IMKTA y 3KC-
MEPUMECHTAJIbHBIX CaMIIOB HApYyIAaOTCA MHOTUEC TapaMETPhI
conmanpHoro moseneHus (Komamenko, Kynapssuesa, 2010),
CXOJKHE [0 CHMITOMATHKE C 3a00JICBAHUSIMHU ay THCTHYECKOTO
criekrpa. Mbl cuuTaeM, 4To B JAHHOM CJIy4ae KOMOPOHIHbIE
AyTHCTHYECKUE CHUMITOMBI Pa3BUBAIOTCA Ha (POHE APYTHX
3a001eBaHUi. DTO MOXKET OBITH TPEBOKHO-ACTIPECCHBHOE
COCTOSIHME, BO3HMKAIOLIEE BCJICICTBHE XPOHMYECKOIO CO-
IHAIBHOTO cTpecca y camioB Meimeir C57Bl/6 (Berton et
al., 2006; Kudryavtseva et al., 2006) wmn karanencuu, pas-
BuBaronieiics y xkuBotHbix CBA/Lac (Kudryavtseva et al.,
2006), wn xe maronorumdeckoit arpeccun (Kudryavtseva,
2006), popmupyromIeiics o/ BIMSHUEM TIOBTOPHOTO OITBITa
arpeccud. B imTeparype CyliecTByIOT JJaHHbIE, CBHJIETEIIb-
CTBYIOIIHE, YTO KOMOPOUIHOCTD ay THCTHYECKUX CHMIITOMOB
1 PacCTPONCTB HACTPOCHUSI MOXKET OBITH CIIEICTBUEM PaOOThI

196

OJIHUX M TE€X YK€ TeHOB, IMPOJYKThl KOTOPHIX BOBJIEKAIOTCS B
MaTo(hU3N0IOTHUECKIE MEXaHU3Mbl Pa3BUTHSI 3TUX 3a0oie-
Banuit (Ragunath et al., 2011).

B cBsi3u ¢ 3TMM OMHUMO T€HOB, [UIsi KOTOPBIX MOKa3aHO
yd4acTHE B Pa3BUTHH CUMIITOMOB ayTH3Ma, MBI HCCIIEIIOBAIN
TaKxke n3MeHeHus skcnpeccun I'T (TpaHncnoprepos, perern-
TOPOB, EPMEHTOB KaTaboJM3Ma), TaK KaK U3BECTHO, YTO 3Ta
HelpoMennaTopHasi CHCTEMa BOBJICUEHA B pa3BUTHE JAHHON
naronoruu (Carlsson, 2015).

MpbI BBISIBUIM B THIIIOKAMIIE U3MEHEHHE IKCIPECCUU
cemu I'T": ren Grin2a xonupyer NR2 , -cyonennnuny NMDA-
peuenropa; Grm2 u Grm4 — MeTabOTPOIHbIC IITyTaMaTHbIC
peuenropsl, mGIluR2 1 mGIuR4 coorBercrBenno; Grik3 —
CyOBeMHUIy KauHaTHOTO perentopa, Slcla4 u Slcl7a7 —
TpaHcnopTepsl nrytamara Vglutl; Slc25a22 — 6enox muro-
XOHJIPHAJILHOTO TIEPEHOCYHKa Tiiyramara. M3amMeHuu cBoro
AKCTIPECCHIO 9 TEHOB, ACCONMMUPOBAHHBIX C 3a00JIEBAaHUAMHU
ayTHCTUYecKoro crekrpa: Shank2, Shank3, Nign2, Reln, Arx,
Nrxn2, Auts2, Ctnnd2, Pcdhl0.

Benxu cemeiictBa SHANK, n3BecTHbIe Takke kak ProSAP,
SBIISIIOTCS CTPOUTEIBHBIMU OCNKaMH Ha BO30YKIAIOMINX
ryTamarepruyeckux cuHarcax. Tak, ren Shank2 xopupyer
0eToK, B3aUMOICHCTBYIOIMINI HA IMOCTCHHAITUIECKON MEM-
O6pane ¢ NMDA-penentopom, y4acTByst B CHHANTHUCCKOM
nryramareprudeckoit nepenade (Carlsson, 2015). Bosieuenue
B IIPOIECC Pa3BUTHS ayTU3Ma Te€HOB Shank ObLTO BIEpBBIE
ormcano it Shank3. Harpumep, OBLTO OTMEYEHO, YTO MBIIIIH,
rerepo3urotHeie o 6enky Shank3 (Shank3+/delta-C), nemon-
CTPHPOBAJIM HU3KUH yPOBEHB COIIMAIBHOTO PACTIO3HABAHNUS U
komMyHuKatneHocTH (Wang et al., 2011). B mureparype Obu1o
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MOKA3aHO, YTO AJISl ayTHCTUUECKUX CHMIITOMOB XapaKTEpPHO
cHkeHne pyHkmu Shank2 (Won et al., 2012). Hapymenus B
COLIMAJILHOM ITOBE/ICHUH XapaKTEPHbI KaK ISl HOHMYKEHHOTO
(Pegaetal., 2011), Tak u st noBeimeHHoro (Moessner et al.,
2007) yposus 6enka SHANK3. B mameit paboTe Takxke 00-
Hapy>KeHbI MOBBILICHHBII YPOBEHb 3KCIpeccuu rena Shank?2
Y CHIDKEHHBIH ypOBeHb reHa Shank3. BeposiTHO, HapyIIEHUS
B COLIMAJILHOM ITOBEAICHHH MOTYT OBITh CBSI3aHBI C JTIOOBIMH
W3MEHEHHSMH B ()YHKIIMOHHPOBAaHHUH 3THX OelkoB. M3BecTHO,
uyt0 ProSAP2/Shank3 Biusiet Ha pabOTy IITyTaMaTepruueCKux
CHHAIICOB, B3aWMOJICHCTBYSI ¢ BHEKJICTOYHBIM C-KOHIIOM
HeiiponuruHoB (Meyer et al., 2004). Myrtanuu B 3TOM reHe
yXyAIalT CHHANTHYECKYIO Tiepenady (Arons et al., 2012).
CrenoBarenbHO, MOKHO IPE/ITIONOKHUTE, YTO BIMSTHHE OSIIKOB
SHANK Ha pa3BuTHe ayTUCTUYECKUX CUMIITOMOB OCYIIIECTB-
JsieTcsl 4yepe3 nu3MeHeHHe (PyHKIMOHMPOBAHUS IIyTaMarep-
THYECKOH CHCTEMBI.

3HauuTeNbHYIO 4acTh I'A, N3MEHUBIIUX CBOM ypOBEHb
AKCIPECCHH B HaIlel paboTe, COCTABISIOT TeHbBI KIETOYHON
aaresun: Nlgn2 — ueiiponurud 2-ro tumna; Pcdhl( — npoto-
kagepus;, Ctnnd2 — d-xarenun; Nrxn3 — Hevipekcun 3. s
BCEX ITHUX OEJIKOB MHOTOKPATHBIMH HCCIIEOBAHUSIMU OBLIO
MOKa3aHO y4acThe B (POPMHUPOBAHIHN COIMAIBHOTO ITOBE/ICHUS
1 PacCTPOUCTB ayTUCTUYECKOTO crieKTpa. M3BecTHO, 4TO U3-
MeHeHue ypoBHs 6ermka NLGN2 MoKeT BIUATh Ha COMAITb-
HOE 1 SMoIMoHaIbHOoe IoBeaeHue (Mackowiak et al., 2014).
VY ayTHCTHUECKUX OOJIHBIX OOHApY)KEHBI MyTallul B T€HAX
Pcdhl10 (Anitha et al., 2013), Ctnnd?2 (Turner et al., 2015),
Nrxn3 (Vaags etal., 2012). Kpome Toro, MpoIyKTHI STUX TCHOB
B3aMMOJICHCTBYIOT C NiIyTaMmaTepruueckon cucremoit. Tak,
HaIrpuMep, HelpOIUTHHBI BBI3BIBAIOT KiIacTepu3anuio Vglut-
MOJIOKUTENBHBIX CHHANTHYeCKUX My3bIppkoB (Graf et al.,
2004), 6e3 yero HEBO3MOXKHO CO3PEBaHUE U (PYHKIIMOHUPOBA-
HHe cuHarca. [IpaBaa, TaM ’e OTMEUEHO, UTO ATO XapaKTEPHO
JUIsl HeHpolIMruHa 1, a HeMpOJUIUH 2 He pacroiaraeTcsl Ha
OJIHOM CHHAIICE C TPaHCIOpTepoM IiryTamara. OOHapykeHO,
YTO B OTCYTCTBHE HEHUPOIUTHHOB CHUXKaeTcs uucio Vglutl-
nmonoxuTenbHbIX TepmuHaner (Chih et al., 2005). MoxHo
MPEIONIOKHTH, YTO HA CAMOM JieJIe HeHPOJIMIHH B3aUMO/ICH-
CTByeT HenocpenacTBeHHo ¢ NMDA -petienitopamu, a mepeHoc-
yrk Vglutl BEICTYIaeT TONBKO B KAYECTBE MapKepa 3THX pe-
nentopoB. Uto kacaetcs mpoaykra rena Pedhi(), To ycTaHOB-
JIEHO, 4TO IPOTOKAAEPUHBI JIOKAIH3YIOTCS HA HeHpOoHax, (op-
MUpyIOIIKX IIyTamarepruyeckue AMPA u kauHaTHbIe perern-
topsl (Puller, Haverkamp, 2011). Kpome Toro, nokaszaso, 4to
y MBIIIEH, HOKAyTHBIX IO T€HaM NIPOTOKAJEPHHOB, CHI)KEHO
YHUCITIO TITyTaMaTHBIX TpaHcnopTepoB Vglut 1-2 (Chen et al.,
2012), 9T0 TaKXe CBUAETEILCTBYET O B3aUMOCBSI3H MEKILY
MPOTOKAJIEPUHAMU U IIyTaMaTepruieckoil CUCTEMOM.

[IpomyxTsl reHOB Arx U Reln (610K PUIMH) UTPAOT BaXK-
HYIO POJIb B MEXaHM3Max IIpe- ¥ MOCTHATAILHOTO HelporeHe-
3a. Y4acTue 9TUX I'eHOB B AaTO(HU3MUOIOTHH ayTH3Ma SBIIAETCS
CTIIOPHBIM: YacTh aBTOPOB ITPUBOAAT JIAHHBIE B ITOJIb3Y 3TOTO
(baxra (Wall et al., 2009), B To Bpemsi Kak JIpyTrye orpoBepraroT
ero (Persico et al., 2001). B To ke Bpemst 0OHapy»)eHa CBS3b
9THX TEHOB C ()YHKIIMOHHUPOBAHHEM IITyTaMaTepruyecKoit
cucreMbl. Tak, U3BECTHO, YTO MyTallUi B TeHE A7x CBSI3aHbI
C U3MEHEHHSMH B NNTyTaMaTepruieckoil cucremMe y OOIbHBIX
smunenicueit (Beguin et al., 2013), a 6emox puitnH criocoOeH
HOBBIIIATh MOOUILHOCTE PELENTOPOB, copepKaimx NR2 -
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CyObeqUHMILY, CHIDKas BpeMs ee MpeOBIBaHUs B CHHAIICE,
TakuM 00pa3oM, U3MEHSS COCTaB PEIENTOPOB B CTOPOHY
npeobnananus NR2 , -cyosenunumsl (Groc et al., 2007).

T'en Auts? xopupyeT DKCIPECCUPYIOMINICS B TOJIOBHOM
Mo3re OeJI0K ¢ HEU3BECTHOH (DYHKIIUCH, XOTS MPEII0NararoT,
YTO OH BOBJICYCH B MEXaHU3MBbI Pa3BUTHS HEPBHOI CHCTEMBI
(Oksenberg et al., 2013). MyTauuu B 5TOM I'eHe 00OHAPYKEHBI
y MAIMEHTOB ¢ ayTHCTHYeCKIUMH paccTpoiicTBamu (Liu et al.,
2015). [TokazaHo, 4To Auts2 SKCIPECCUPYETCs HA TITyTamMmaTep-
rUuecKux Heiiponax runmokamma (Hori et al., 2014).

Tak xak O60mpmHIHCTBO A, N3MEHHUBIINX JKCIPECCHIO B
HallleM HCCJIeIOBaHNHU, — I'CHbI, CBSI3aHHbBIC C KJIETOYHBIM
CKEJIETOM M BHEKJIETOYHBIM MaTPHUKCOM, B YaCTHOCTH yd4a-
CTBYyIOIIHE B (HOPMHUPOBAHUHU CHHATICOB, a [ T" — TeHbI, KOJIH-
pytomiue cyObeIMHUIBI PELENTOPOB, TO MOXKHO I10JIararb,
YTO W3MEHEHHE aKTUBHOCTH IITyTaMaTepruYecKoil CHCTEMBI
MIPOSIBIIACTCS B Ay THCTUIECKUX CHMIITOMAX.

KoppensiunoHHBIH aHaJIM3 HAIIMX SKCIEPUMEHTAIbHBIX
JAHHBIX B LI€JIOM BBIIBUJI BBICOKUN YPOBEHB KOPPENALUN
Mexay skcnpeccuet I'T u TA. Uckitouenne coctaBui reH
Reln, xoppenupyromuii Tobko ¢ reHoM Slcla4. XapakrepHo
TaK)Ke, 4TO Be3/ie 0OHAPYKUBAeTCA MOIOKUTEIbHAS Koppe-
TSIHS. MEXKAY TeHAMU, B TO BpeMs Kak re’ Grinl2a oTpuIa-
TenbHO KoppenupyeT ¢ ['A. OnHaKo CHMXKEHHE HKCIIPECCHU
Grin2a, MPOIYKT KOTOPOTO siBIIsieTCst cyobeauaniieit NMDA -
perenTopa, XOpOIIo COTNIACYETCS C TUTEPaTyPHBIMH JJaHHEI-
MH, CBSI3bIBAIOIIMMHU Pa3BUTHE ay TACTHUECKMX CHMIITOMOB C
nedunmtoM >TUX perentopos (Lee et al., 2015). Dxcnpeccust
rera Nlgn2 xoppenupyeT ¢ 3kcrpeccueit Beex [T, axempec-
cust reHoB Pcdhl0, Arx, Cttnd2, Nrxn2 — ¢ 3kcrupeccuei
MPAKTUYECKN BCEX T€HOB. DTO IMO3BOJISIET MPEINOIOKHUTD,
YTO UMEHHO TIPH TIOMOIIHY JaHHBIX TeHOB [T BoBIeKaeTcs B
MEXaHU3MbI Pa3BUTHsI ayTUCTUYECKOTO TOBEACHUS. MOXKHO
BUJIETH, YTO BCE HanOoJee KOPPENUpPYIOIie TeHbI, KpoMe
Arx, — TeHBI KJIETOYHON aAre3nu. MBI mperonaraeM, 9To
MPOIYKTHI 3TUX T€HOB YYaCTBYIOT B COE/JIMHEHUH CHHAIICOB,
B TOM YHCJIE ITyTaMaTepPTUIeCKUX, C KICTOUHONH MEMOPaHO.
Taxum 00pa3oM, OHU BOBICKAIOTCS B (DYHKIIMOHHPOBAHHE
nIyTaMmareprudeckoit cucremsl. ClieoBaTenbHO, U3MEHEHNE
HKCIIPECCHU ITHX T€HOB M3MEHSAET YpOoBeHb akTUBHOCTHU I T,
YTO, B CBOIO O4YePE/Th, TPUBOAUT K U3MECHEHHSIM B COITHATHHOM
MOBE/ICHHUH, XOTSI HEJb3s UCKIIIOUUTH U OOpaTHBIM BapHaHT
B3aMMOJIEHCTBHS.

3aknioyeHue

[IpoBeneHHOE UCCIEAOBAHNE MOATBEPAUIO TOTYyUESHHBIE
paHee pe3ynabTaThl, CBUIACTEIBCTBYIONINE O TOM, YTO ITOJ
BJIMSIHAEM XPOHUYECKOTO COIMAILHOTO KOH(IIMKTA y CaM-
I[OB MBIIIEH MOTYT Pa3BUBAThCs HAPYIIECHHUS COIHAIBHOTO
MOBEJICHUS, TIPHYEM B 3TOM TPOIIeCcCe yUacTBYIOT KaK T'€HBI,
KOJMPYFOIUE OCIIKU, BOBJICYCHHBIC B ()YHKIIMOHHPOBAHUC
TIyTaMaTepruuecKOi CHCTEMBI, TaK U TEHBI, CBSI3aHHBIC C
maToJoruel ayTm3ma. KodKCrpeccust 3THX TeHOB MO3BOJISCT
TOBOPUTH O BOBJICUCHUHU TIIYyTaMaTePTUUYECKON CHUCTEMBI
TOJIOBHOTO MO3Ta B Pa3BUTHE MATOJOTHH COIMATIBHOTO IIO-
BeacHUA. [lomydeHHBIE pe3yNbTaThl MOTYT CIYKHTH TOKa-
3aTeJILCTBOM TOTO, UTO ayTUCTUUYECKUE CUMIITOMBI MOTYT HE
TOJIBKO OBITH CIIEICTBHEM T'€HETHUYECKUX HApyIIeHWH, HO U
pa3BUBATHCS B TCUCHUE KI3HA HHIUBHUTyYMa IO/ BIUSHIEM
CTPECCOPHBIX BO3/IEHCTBUH.
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Abstract. Hypothalamic melanocortin 4 receptors (MC4R) regulate energy balance. Mutations in the MC4R gene are
the most common cause of monogenic obesity in humans. Fibroblast growth factor 21 (FGF21) is a promising anti-
obesity agent, but its effects on melanocortin obesity are unknown. Sex is an important biological variable that must
be considered when conducting preclinical studies; however, in laboratory animal models, the pharmacological effects
of FGF21 are well documented only for male mice. We aimed at investigating whether FGF21 affects metabolism in
male and female mice with the lethal yellow (AY) mutation, which results in MC4R blockage and obesity development.
Obese C57BI-A” male and female mice were administered subcutaneously for 10 days with vehicle or FGF21 (1 mg per
1 kg). Food intake (Fl), body weight (BW), blood parameters, and gene expression in the liver, muscles, brown adipose
tissue, subcutaneous and visceral white adipose tissues, and hypothalamus were measured. FGF21 action strongly
depended on the sex of the animals. In the males, FGF21 decreased BW and insulin blood levels without affecting Fl. In
the females, FGF21 increased Fl and liver weight, but did not affect BW. In control A”-mice, expression of genes involved
in lipid and glucose metabolism (Ppargc1a, Cpt1, Pck1, G6p, Slc2a2) in the liver and genes involved in lipogenesis (Pparg,
Lpl, Slc2a4) in visceral adipose tissue was higher in females than in males, and FGF21 administration inhibited the ex-
pression of these genes in females. FGF21 administration decreased hypothalamic POMC mRNA only in males. Thus,
the pharmacological effect of FGF21 were significantly different in male and female A”-mice; unlike males, females were
resistant to catabolic effects of FGF21.

Key words: FGF21; A*-mice; melanocortin obesity; sex differences; liver; hypothalamus.
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AHHoOTauumA. [unoTanammyeckre MenaHoKopTUHOBbIE peLienTopbl 4-ro Tuna (MK4P) npuHiMaltoT yyacTtue B nogaepxa-
HUW 6anaHca sHepruun. MyTauuu B reHe, kogupytowem MK4P, — Hanbonee pacnpocTpaHeHHas NprUYMHa MOHOJTIOKYCHOTO
oxupeHus y niopei. Daktop pocta prbpobnactos 21 (FGF21) paccmaTprBatoT B KaUeCTBE NepCreKTYBHOro KaHamaaTa
ONA MeMKaMeHTO3HOrO NIeYeHUA OXKMPEHUA, OJHAKO HEVN3BECTHO, BIUAET NI OH Ha MENaHOKOPTUHOBOE OXMpPEHHUe.
Mon ocobeit HEOOXOAUMO YUnTbIBaTb NPY NPOBEAEHUN AOKINHNYECKUX MCCNef0BaHNUIA, HO Y TabOPaTOPHbIX *KUBOTHbIX
dapmakonornueckne spdektbl FGF21 n3yyanu Tonbko Ha camuax. B HacTosAwen pabote nccnegosaHo BavaHne FGF21
Ha MeTab0n3M y CaMLOB U CaMOK Mbllueii ¢ myTaumeit lethal yellow B nokyce arytn (AY), koTopaa NnpruBoanT K 61okage
MK4P B runotanamyce 1 pa3sutuio oxrpeHus. Camuam 1 camkam mbiein AY niuHnm C57BIl ¢ pa3BrTbIM OXKMPEHEM BBO-
LWNN NMOAKOXKHO B TeueHune 10 gHel dpusmnonorudecknii pactsop unm FGF21 (1 mr/kr). Mamepanu notpebnexrie nuwm
(M), maccy Tena (MT), noka3aTenu KPoOBM 1 SKCMPECCUIO FEHOB B MeYeHu, MblLULax, 6ypor XXMPOBOW TKaHW, MOLKOXHOMN
1 BUCLepanbHON 6enoli X1poBo TKaHu 1 runotanamyce. dddektol FGF21 3aBucenu ot nona XMBOTHbIX. Y CamLOB
FGF21 cHuxan MT n ypoBeHb MHCynHa B KpoBu 1 He BnuAn Ha M. Y camok FGF21 ysennunsan M1 n maccy neyeHn, Ho
He BAnAN Ha MT. Y KOHTPONbHbIX caMoK AY SKCNpeccus reHoB YrneBOLHO-KNPoBOro obmeHa (Ppargcia, Cpt1, Pck1, G6p,
Slc2a2) B neyeHun 1 reHoB nunoreHesa (Pparg, Lpl, Slc2a4) B BucLepanbHO XKMPOBOI TKaHM Obina Bbllle, YeM Y CaMLIOB,
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Y mblwen ¢ myTtaumen lethal yellow (A)
dapmakonornueckme adpdekTol FGF21 3aBucaT ot nona

1 BBegeHue FGF21 cHM»Kano sKkcnpeccmio 3Tx reHoB TOMbKO y caMok. BeepgeHmne FGF21 ymeHbliano yposeHb MPHK
MNMOMK B runotanamyce TonbKo y camLoB. [TonyyeHHble pe3ynbTaTbl AeMOHCTPUPYIOT, UTo GpapmMakonornyeckuin 3bpexTt
FGF21 3HaunTenbHO pa3nuyaeTca y CaMLUOB 1 CaMOK Mbillel ¢ MyTaumen A': B 0TAMYMe OT CaMLIOB, CaMKM NPOABAAIOT

YCTONUMBOCTb K KaTabonnyeckomy geinctauio FGF21.

Kntouesble cnoBa: FGF21; mbiwn AY; MenaHOKOPTUHOBOE OXMPEHME; NOSTOBbIE Pa3finyKA; NeYeHb; rmnotanamyc.

Introduction

Obesity is a serious problem in modern society, this being the
reason why various methods of combating obesity (medicinal,
non-medicinal, preventive, etc.) are under intensive investi-
gation. Hypothalamus plays a critical role in coordination of
energy homeostasis, and mutations in various hypothalamic
genes responsible for controlling appetite and metabolism lead
to obesity (Singh et al., 2017). Melanocortin (MC) obesity,
caused by mutations in the melanocortin system of the brain, is
the most common genetic form of obesity in humans (Farooqi
et al., 2003; Girardet, Butler, 2014). Melanocortin system
regulates energy intake and expenditure. Activation of type 4
melanocortin receptors (MC4R) in the hypothalamic neurons
reduces food consumption and increases energy expenditure,
while their blockade or loss (knockout) is associated with
hyperphagia, gradual development of obesity, and insulin
resistance (Tao, 2010). In humans, the loss of MC4R func-
tions causes severe obesity (Farooqi et al., 2003), but intensive
search for therapeutic options of MC obesity correction has
yet not identified an efficient drug (Fani et al., 2014).

Fibroblast Growth Factor 21 (FGF21) is assumed to be
one of the most promising candidates for obesity treatment,
because administration of FGF21 or its analogs was shown
to reduce body weight in laboratory rodents, monkeys, and
humans (Jackson et al., 2015). In rodents, it is efficient against
both diet-induced and genetic forms of obesity (leptin 0b/ob
or its receptor db/db deficiency) (Kharitonenkov et al., 2005;
Coskun et al., 2008). FGF21 is an atypical member of the
fibroblast growth factor family; it possesses a hormone-like
activity and is involved in maintaining energy homeostasis,
regulation of carbohydrate and lipid metabolism, and adapta-
tion to various stresses, including metabolic, such as nutri-
tional deficiencies and calorie overload (Xie, Leung, 2017).
FGF21 induces weight loss through its effects on the central
nervous system (Lan et al., 2017). It is not known whether
melanocortin system is involved in signal transmission from
FGF21 to the CNS. If melanocortin signaling pathways are
involved in the central action of FGF21, loss of function of the
melanocortin system could reduce or eliminate the beneficial
effect of FGF21 on metabolism and body weight. However,
the pharmacological effects of FGF21 have not been studied
in melanocortin obesity models.

Most animal studies of physiological and pharmacological
effects of FGF21 have been made on males (Kharitonenkov et
al., 2005; Coskun et al., 2008; Xu et al., 2009; Camporez et al.,
2013; Markan et al., 2014). However, sex steroids have such
a significant effect on the regulation of metabolic processes
that National Institutes of Health (NIH) recognized sex as an
important biological variable that must be considered when
conducting preclinical studies (Mauvais-Jarvis et al., 2017;
Clayton, 2018). In a few studies performed on rats and mice of
both sexes, sex differences in the expression of FGF21 in liver
(Lee etal., 2016; Chukijrungroat et al., 2017) and other tissues
(Gasparin et al., 2018) were observed, exhibiting differential

manifestation in obesity and starvation (Bazhan et al., 2019).
These data suggest that the physiological and pharmacological
effects of FGF21 may vary in individuals of different sexes.

The objective of this study was to investigate the phar-
macological effects of FGF21 in male and female mice with
melanocortin obesity. As a model of melanocortin obesity, we
used mice with the lethal yellow mutation at the agouti locus
(4”). In mice, 4” mutation causes ectopic overexpression of the
agouti gene (Bultman et al., 1992). 4¥-mice have yellow coat
color and develop obesity and non-insulin-dependent diabetes
with age (Wolff et al., 1999), due to ectopic expression of
agouti gene in the hypothalamus, which evokes chronic block-
age of MC4Rs by the agouti protein (Michaud et al., 1997).

We found that therapeutic effects of FGF21 in 4”-mice
strongly depended on the sex. In male 4”-mice, the blockage
of MC4Rs did not prevent anti-obesity effect of FGF21, and
its administration resulted in weight loss and decreased blood
insulin levels. In females, FGF21 administration increased
food intake without reducing body weight and glucose and
insulin concentrations in blood, but inhibited the expression
of genes related to glucose and lipid turnover in liver and
increased liver weight. Thus, female 4¥-mice were resistant
to anti-obesity effects of FGF21.

Materials and methods

Ethical approval. All experiments were performed accord-
ing to the Guide for the Care and Use of Laboratory Animals
(1996) and the Russian National Instructions for the Care and
Use of Laboratory Animals. The protocols were approved by
the Independent Ethics Committee of the Institute of Cyto-
logy and Genetics (Siberian Branch of the Russian Academy
of Sciences).

Animals. C57BI and C57BI1-4” mice were bred in the vi-
varium of the Institute of Cytology and Genetics in reciprocal
crosses. The mice were separated from their mothers at the
age of 4 weeks and housed in groups of 56 per cage. At the
age of 30 weeks, each mouse was placed into a separate cage
and housed individually until the beginning of the experiment.
The mice were housed under a 12/12-h light-dark regime (light
from 07:30 to 19:30) at an ambient temperature of 22-24 °C.
The mice were provided ad libitum access to commercial
mouse chow (Assortiment Agro, Turakovo Village, Moscow
region, Russia) and water.

FGF21 (1 mg per 1 kg) or PBS were administered sub-
cutaneously at the end of the light period (17:00-17:30) for
10 days. We have chosen this dose based on literature data.
T. Coskun et al. (2008) showed that daily FGF21administra-
tion at this dose reduced body weight and blood glucose
concentrations in male mice. To reveal the effect of FGF21
on glycaemia, fasted blood glucose was measured before and
during the experiment. The mice were fasted overnight for
two days before the first injection and at the seventh day of
the experiment (after seven injections of FGF21 or PBS), and
blood glucose was measured at the end of fasting. Glucose
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concentrations were measured using a Lifescan One Touch
Basic Plus glucometer. Body weight and food intake were
measured daily for 6 days prior to fasting and within 24 h of
refeeding after fasting.

On the last day, the animals were sacrificed by decapitation
(an hour after the injection), and samples of trunk blood were
collected; liver, brown adipose tissue (BAT), and subcutaneous
and abdominal white adipose tissues (WAT) were weighed,
and the tissues were collected and snap-frozen in liquid nitro-
gen to evaluate gene expression. Seven male and six female
mice received PBS (control); six male and five female mice
received FGF21.

Plasma assays. Concentrations of insulin, leptin, and adi-
ponectin were measured, respectively, using Rat/Mouse In-
sulin ELISA Kit, Mouse Leptin ELISA Kit (EMD Millipore,
St. Charles, Missouri, USA), and Mouse Adiponectin ELISA
Kit (EMD Millipore, Billerica, MA, USA). Concentrations
of glucose, triglycerides and cholesterol were measured co-
lorimetrically using, respectively, Fluitest GLU, Fluitest TG,
and Fluitest CHOL (Analyticon® Biotechnologies AG Am
Miihlenberg 10, 35104 Lichtenfels, Germany). Concentrations
of free fatty acids were measured using NEFA FS DiaSys kits
(Diagnostic Systems GmbH, Holzheim, Germany).

Expression and purification of mouse FGF21. Mouse
FGF21 coding sequence (aa 29 to 210) was optimized for
Escherichia coli expression and synthesized by Genewiz
(South Plainfield, NJ, USA). This DNA sequence was sub-
cloned into the expression vector pE-SUMOpro (LifeSensors
Inc., USA). This construct was used for induction of fusion
6xHis-SUMO-fgf21 protein in E. coli BL21 (DE3) cells.
The purified 6xHis-SUMO-fgf21 was cleaved using SUMO
protease 1 and loaded onto a column with Ni-NTA resin.
The FGF21 protein (aa 29 to 210) was in the flow-through
fractions. Size exclusion chromatography on a Superdex 200
10/300 GL column was used as a final purification step. The
absence of bacterial endotoxins in FGF21 protein sample was
confirmed by LAL-test (< 0.2 U/ug protein).

Relative quantitation real-time PCR. Total RNA was
isolated from tissue samples using ExtractRNA kit (Evrogen,
Moscow, Russia) according to the manufacturer’s instructions.
First-strand cDNA was synthesized using Moloney murine
leukemia virus (MMLV) reverse transcriptase (Evrogen)
and oligo(dT) as a primer. TagMan gene expression assays
(Applied Biosystems) listed in Table 1 were used for relative
quantitation real-time PCR with B-actin as an endogenous
control according to manufacturer’s manual. Sequence am-
plification and fluorescence detection were performed on an
Applied Biosystems ViiA 7 Real-Time PCR System. Relative
quantification was performed by the comparative threshold
cycle (AACT) method.

Statistical analysis. Each result is presented as an arithme-
tic mean+ SE for a sample size (i.e., number of mice) indi-
cated. Three-way ANOVA with factors “sex” (male, female),
“experimental group” (PBS, FGF21 administration), and “day
of experiment” (1-6) was used to analyze FGF21 effects on
food intake and body weight; with factors “sex”, “experimen-
tal group”, and “eating” (daily FI before and after fasting), to
analyze FGF21 effect on FI after fasting. Two-way ANOVA
with factors “sex” and “experimental group” was used to ana-
lyze FGF21 effects on blood parameters and gene expression
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with multiple comparisons using the post hoc Duncan test.
Significance was determined as p < 0.05. The STATISTICA 6
software package (StatSoft) was used for analysis.

Results

Biochemical characteristics of blood and plasma. No dif-
ferences between male and female 4”-mice were observed in
concentrations of blood glucose, either before or during the
experiment. Only the plasma level of adiponectin was higher
in females than in males. FGF21 administration significantly
decreased plasma insulin specifically in male mice. Both
male and female mice tended to respond to FGF21 admini-
stration by decreased plasma levels of free fatty acids (FFA)
(Table 2).

Body weight (BW), weights of fat and liver, and food
intake (FI). FGF21 administration exerted differential effects
on BW in male and female mice (p < 0.001, F, ;,+12.2,
“sex” x “experimental group”, three-way ANOVA, Fig. 1).
In males, FGF21 contributed to weight loss, and significant
differences in BW between male mice treated with PBS and
FGF21 were observed from day 5 of the experiment (see
Fig. 1). In females, FGF21 administration did not affect BW.

The weights of both subcutaneous and abdominal WAT
were higher in female mice, whereas no such differences
could be detected in the case of BAT, FGF21 administration
did not affect fat weights in either males or females (Fig. 2).
Liver weight was lower in females, and FGF21 administra-
tion increased this parameter in females, without affecting it
in males (see Fig. 2).

The effect of FGF21 on Flwas also sex-dependent (p<0.0001,
F, 15£20.7, “sex” x “experimental group”, three-way
ANOVA, Fig. 3, a). FGF21 administration did not affect FI in
males, but significantly increased it in females from the first
day of the experiment (see Fig. 3, a).

We also assessed the effect of FGF21 on FI during the
24-h period of refeeding after overnight fasting. Fasting
taken alone stimulated FI, and FGF21 administration further
increased it during refeeding in both males and females
(p<0.001, F, ;y£14.3, “experimental group”, three-way
ANOVA, see Fig. 3, b).

Gene expression. In mice that received PBS, liver expres-
sion of most of the genes studied was sex-dependent (Fig. 4).

Higher levels of mRNA of genes involved in beta-oxidation
(Ppara, Pgcl, Cptl), glucose metabolism (Insr, Slc2a2), gly-
colysis (Gopc, Pklr), and gluconeogenesis (Gck, Pckl), as well
as lipolysis (Pnpla2) and lipogenesis (Lpl, Acaca, Acacb) were
observed in females, as compared to males. FGF21 administra-
tion inhibited liver expression of the genes, and this inhibition
was more pronounced in females than in males. Thus, FGF21
administration effectively eliminated sex differences in liver
expression of the genes, observed in the control (see Fig. 4).
Liver expression of Fgf21, exhibiting no differences between
males and females, was reduced in response to exogenous
FGF21. Sex differences in gene expression were also observed
in abdominal fat. In mice treated with PBS, mRNA levels of
genes encoding PPARg, LPL, and GLUT4 were higher in
females than in males (Fig. 5). FGF21 administration reduced
the expression of these genes in females to a greater extent than
in males, thereby eliminating the sex-dependent differences
observed in the control (see Fig. 5).
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Protein Gene Gene expression assay
AcetylcoenzymeAcarboxylasealphaAcaca ........................... M m01304285_m1 ................
Acety|coenzymeAcarboxylasebetaAcacb ........................... M m01204683_m1 ................
Agoutlrelatedneuropept|deAgrp ............................. M moo475829_g1 .................
Cammne pa|m|toy|tran5ferase 1a ..................................................................................................... C p”a ........................... M mo 1231 1 337m1 ................
Cammne pa|m|toy|transferase 1b .................................................................................................... c p”b ........................... M mo 04871 91_91 .................
De|od mase |od othyrom n e type” ................................................................................................... D Ioz ............................. M mo 0515664_m1 ................
Fatty ac. d > Synthase ............................................................................................................................ F asn ............................. M mo 066231 9_m1 ................
F |brob| ast growth factor . 2 1 ............................................................................................................... F gf2’ ............................ M mo 08401 65_91 .................
Glucose5 pho Sphatase c a talyt|c .................................................................................................... G 5pc ............................ M mo 0839363_m1 ................
Glumkmase ........................................................................................................................................ G Ck .............................. M m00439129_m1 ................
|nsu||nreceptor .................................................................................................................................. / nsr .............................. M m012”875_m1 ................
K|othobeta ......................................................................................................................................... K /b ............................... M moo4731227m1 ................
Leptmreceptor ................................................................................................................................... L epr ............................. M m00440181_m1 ................
Llpasehormonesensmve ................................................................................................................. L lpe .............................. M m00495359_m1 ................
Llpopmtemhpase .............................................................................................................................. L p/ ............................... M m00434764_m1 ................
Neuropept|deY .................................................................................................................................. N py .............................. M m01410146_m1 ................
*Patatin-like phospholipase domain containing 2 (adipocyte triglyceride lipase (ATGL) ~ Pnpla2 | Mm00503040 m1
Peroxisome proliferative activated receptor, gamma, coactivator 1alpha | Ppargcla | Mm01208835 m1
Peroxisome proliferator activated receptoralpha | Ppara | Mm0040939 m1
Peroxisome proliferator activated receptor gamma | Pparg | Mm00440940 m1
Phosphoenolpyruvate carboxykinase 1, cytosolic | Pkt MmO01247058 m1
P roop|om elanocomn ....................................................................................................................... P omc ........................... M mo 0435874_m1 ................
PwuvatemnasehverandredeOOdce” .......................................................................................... P k/r .............................. M m004430907m1 ................
Solute carrier family 2 (facilitated glucose transporter), member 1 (GLUT1) ~ Skzal | Mm00441480_m1
Solute carrier family 2 (facilitated glucose transporter), member 2 (GLUT2) ~ Slc2a2 | Mm00446220 m1
Solute carrier family 2 (facilitated glucose transporter), member 4 (GLUT4) ~ Sk2a4 | MmO00436615 m1
"Uncoupling protein 1 (mitochondrial, proton carrier) upt Mm01244861 m1
Uncou plmg p rOtem 3 ........................................................................................................................ U Cp3 ............................ M mo 1153394_m1 ................
AN e A MO0607030.51
Table 2. Effects of FGF21 administration on biochemical parameters of blood

Biochemical parameter Males Females p (ANOVA)

p Bs .............................. F G F21 ........................... p 35 .............................. FGF 21 ........................

n=7 n==6 n==6 n=5
Glucose fasted initial, MM~ 8174051  808+075 7904128 830£1.02 | NS
Glucosefasted day 7,mM 773151 668+070 5734101 830£093 | NS
G|ucosemM ........................................ 9 6410718641030 ................... 9 27i050 ................. 10481049 ................. N 5 ..............................
FFAmM ............................................... 0 19i0090051004 ................... 0 27i013 ................... 0 osioos ................. 0 07E ........................
Triglycerides,mM 104£010 099007 0994007 1 0794011 | NS
Cho|e5tero| mM .................................. 3 0 610 12 ................... 3 2 5 i041 ................... 2 7o¢022 ................... 2 g3io 17 ................. N s ..............................
Cnsulin,ng/ml 1206:089 756£120% 8604148 7424145 <005E
Adiponectin, ug/mi 3904037 412+046 5445054 5674067 - <o01,s
Leptin,ng/ml 2175313 2284686 21154585 23084472 | NS

Male and female AY-mice were administered with FGF21 (1 mg per 1 kg) or PBS for 10 days, and blood samples to measure plasma parameters were collected 1 h
after the last injection. Fasted glucose was measured in blood before (initial) and on day 7 of the experiment using a glucometer. *p < 0.05, males, FGF21 vs. PBS,

post hoc Duncan test. NS — non-significant; S - “sex”; E - “experimental group”.
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Fig. 1. Effect of FGF21 administration on BW in male and female A’-mice.

Weight loss was calculated as the difference between the weight on the day of
injection and the initial weight, related to the initial weight (%).
*p < 0.05, post hoc Duncan test.

WAT subcutaneous WAT abdominal

p<0.001,F; 5= 18.4

p<0.001, F; 59="50.7

Pharmacological effects of FGF21 are sex-specific
in mice with the lethal yellow (AY) mutation

For the majority of the genes studied, the inhibitory effects
of FGF21 administration on the expression were more pro-
nounced in females. This was confirmed for genes involved
in lipogenesis (Pparg, Lpl, Acacb), lipolysis (Pnpla?2), and
transcription coactivation (Ppargcla). In a single case of
Acaca gene, the pattern was reversed: FGF21 administration
decreased the level of mRNA in males while increasing it in
females. The expression of /nsr and Lipe was higher in fe-
males, and FGF21 administration did not affect their mRNA
levels (see Fig. 5).

In subcutaneous fat of the controls, there were no sex-
dependent expression differences for any of the genes studied.
FGF21 administration affected only Cptlb, decreasing its
expression both in males and females.

In brown fat of the controls, there were no sex-dependent
expression differences for any of the genes studied, and FGF21
administration did not affect the expression.

In muscle tissue of the controls, there were no sex-de-
pendent expression differences for any of the genes studied.

Liver

p<0.001, F; 5=26.9

1
141 121 6r
# # # # L
12
10 5r "
or L 8 4 :
z sl 1
R 6 3+
6 L
4t 2t
4 L
2+ 2+ 1+
Male Female Male Female Male Female

Fig. 2. FGF21 influence on weights of fat tissues and liver in male and female A’-mice. Organ weights were calculated
as percentages of BW. Sex dependence (two-way ANOVA) is indicated in the graph.

#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.

a Males

Females

—o— PBS -
—e— FGF21

0.07 L— | | | | | | | | | | |

b p<0.001,Fy39=27.1
Males, PBS

M Males, FGF21
B Females, PBS
Females, FGF21

I

Daily Fl (g)
IS

Before fasting  After fasting

Fig. 3. FGF21 influence on Fl ad libitum (a) and after fasting (b) in male and female A’-mice.

a - FI/BW ratio; b — mice were fasted overnight after seven injections of FGF21 or PBS. Fl “before fasting” was calculated as an arithmetic
mean of six daily FIs measured for 6 days prior to fasting. Fl“after fasting” represents the amount of food consumed during 24 h of refeeding.

The effect of fasting on FI (three-way ANOVA) is indicated in the graph.
*p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.
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Fig. 4. FGF21 influence on gene expression in the liver of male and female A’-mice.

Effects of factors“S” (sex) or“E” (experimental group), or interactions thereof (“S*E”) at the level of significance p < 0.05 (two-way ANOVA) are indicated in the graph;
#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females; post hoc Duncan test.
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Fig. 5. FGF21 influence on gene expression in the abdominal WAT of male and female A’-mice.

Effects of factors“S” (sex) or“E” (experimental group), or interactions thereof (“S*E”) at the level of significance p < 0.05 (two-way ANOVA) are indicated in the graph.
#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.

FGF21 did not affect the expression significantly, although
the level of Cpt/b mRNA tended to increase after FGF21
administration (p+0.06, two-way ANOVA).

Mice treated with PBS exhibited no differences between
males and females in the hypothalamic mRNA levels of the
genes studied. After FGF21 administration, the expression of
KIb was decreased in mice of both sexes (p <0.05,F, ,,+6.2),
whereas that of Pomc was decreased in males only (p <0.05,
Student’s ¢-test, 1.0+0.3, n+6, control males vs. 0.29+0.10,
n+6, FGF21 treated males).

Discussion

In the present study, we assessed the pharmacological effects
of FGF21 in male and female mice with 4” mutation, which
evokes MC4R blockage. We found that these effects were
strongly dependent on the sex of the animals.

FGF21 administered to animals with diabetes and obesity
decreases their BW and blood glucose/insulin levels, improves
blood lipid profile, and increases insulin sensitivity (Bon-
Durant, Potthoff, 2018). In our study, responses to FGF21
administration in male 4”-mice were largely consistent with
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its expected impact: their BWs and blood insulin decreased,
blood levels of FFA tended to decrease, and blood glucose
and adiponectin were not affected. Our observation that
FGF21 decreased blood insulin without affecting glucose,
which retained normal levels, suggests that insulin sensitiv-
ity in male 4”-mice was possibly improved. Metabolic effect
of FGF21 administration was not associated with changes in
blood adiponectin, since adiponectin is not required for the
chronic effects of FGF21 to reduce body weight or its effects
on glucose homeostasis (BonDurant et al., 2017).

Although we did not monitor energy expenditure, it was
most likely increased, since weight loss in male mice took
place in the absence of changes in FI. The ability of FGF21
to induce weight loss without affecting FI was reported pre-
viously for male mice with diet-induced and genetic obesity
(db/db, ob/ob) (Kharitonenkov et al., 2005; Xu et al., 2009;
Camporez et al., 2013). This effect was arguably due to
increased energy expenditure caused by intense locomotor
activity (Xu et al., 2009) and elevated metabolic rate (Coskun
et al., 2008; Xu et al., 2009). FGF21-induced growth of
metabolic rates is associated with augmentation of fatty acid
oxidation in liver and adipose tissue (BAT and WAT), caused
in turn by increased expression of genes encoding CPT-1 (in
liver only), PGC-1 (in liver and adipose tissue), and UCP-1
(in liver and adipose tissue) (Camporez et al., 2013). No such
changes in gene expression have been observed in this study;
on the contrary, FGF21 administration to males reduced the
expression of Ppargcla and Cptl in liver and Ppargcla in
abdominal WAT (p < 0.05, two-way ANOVA).

Our results are consistent with those reported by (Coskun
et al., 2008), demonstrating that weight loss and improved
glucose metabolism in FGF21-treated C57Bl males were
accompanied by a decrease in liver expression of Cpt/ (with
no changes of Ppargcla expression). However, T. Coskun et
al. (2008) found increased expression of genes related to (1)
thermogenesis (Ucp!) in WAT and BAT, (2) lipolysis (Lipe,
Pnpla2) in WAT, and (3) lipogenesis (Acaca, Acacb) in WAT,
suggesting that energy expenditure is achieved via thermo-
genesis and induction of a state of increased futile cycling.
We have not observed induction of Ucpl expression either
in BAT or WAT; likewise, there have been no increase in the
expression of lipolysis/lipogenesis genes in liver or adipose
tissue. Thus, our experimental data provide no indication of
futile cycling activation. FGF21-induced activation of energy
expenditure involves, in addition to central mechanisms, the
sympathetic nervous system (Owen et al., 2014; Lan et al.,
2017). Of note, the latter also mediates regulation of energy
expenditure by the melanocortin system (Rossi et al., 2011;
Berglund et al., 2014). Therefore, FGF21 may act, at least in
certain cases, via melanocortin signaling pathways. If so, the
blockade of MC4R in 4”-mice can interfere with the activating
effect of FGF21 on the expression of the genes we studied.
Weight loss in male 4”-mice is indicative of yet other mecha-
nisms whereby energy expenditure may be increased, which
remain to be explored.

In females with 4” mutation, the effect of FGF21 differed
dramatically from that observed in males. In females unlike
males, FGF21 administration did not induce weight loss, but
increased liver weight. 4”-mice are hyperphagic (Wolff et al.,
1999), and FGF21 exacerbated hyperphagia specifically in
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females. It is not known whether this difference is due to 4”
mutation or, rather, we are dealing with a general sex-linked
discrepancy in responses of female and male mice to FGF21
treatment (the pharmacological effects of FGF21 have thus
far not been studied in female mice).

Resistance of female 4”-mice to catabolic effects of FGF21
can be explained by increase of food intake. FGF21 influence
on FI in female rodent was not studied, but in males, FGF21
was shown previously to increase FI in rats (Recinella et al.,
2017), mice with diet-induced obesity (Coskun et al., 2008),
and to increase protein intake while reducing carbohydrate
intake in normal mice, and the later effect was mediated via
CNS (Larson et al., 2019). However, FGF21-dependent sig-
naling pathways that regulate eating behavior have not been
identified. The melanocortin system is involved in the regu-
lation of the response to protein deficiency, and FGF21 may
act as the sensor triggering that response. In our experiment,
male mice demonstrated no increase in FI, although FGF21
administration decreased hypothalamic expression of Pomc.
POMC is a precursor of the anorexigenic neuropeptide MSH,
and a decrease in Pomc expression (limiting MC4R activation
by MSH) is associated with increased FI. 4” mutation leads
to MC4R blockade, which disrupts MSH regulation of FI and
may be the reason why males did not respond to FGF21 by
increased FI.

In females, FGF21 administration caused a considerable
increase in FI without affecting the expression of the mela-
nocortin system genes. In 4’-females, FGF21 influence on
FI may be mediated via estradiol-sensitive mechanism that
is not altered by impaired melanocortin signaling (Morton et
al., 2004). It is possible that the orexigenic effects of FGF21
in males and females involve distinct neuronal signaling
pathways.

According to the data obtained in the control groups, a
different metabolic response to exogenous FGF21 in males
and females was induced at the background of significant
sex differences in the mass of the liver and adipose tissue
and in the expression of the liver and fat genes. Sex differen-
ces in gene expression in adipose tissue differed depending
on localization; in our experiment, we found them only in
abdominal adipose tissue. These data are consistent with the
results obtained when assessing gene expression in adipose
tissue in mice: the number of differentially expressed genes in
males and females was significantly higher in abdominal than
in subcutaneous fat (Grove et al., 2010). Increased weight of
abdominal fat in control 4”-females, compared to males, was
associated with increased expression of genes upregulating
lipogenesis in adipose tissue: Ppar, Lpl, Insr and Slc2a4.
FGF21 administration eliminated differences in the expression
of these genes, however, it did not lead to significant changes
in the mass of adipose tissue. It is possible that more prolonged
FGF21 administration is required to detect changes at the level
of adipose tissue weight.

The most striking sex differences in gene expression in the
control groups were observed in liver. In controls, the expres-
sion of most genes studied (except for Figf2/ and Fasn) was
higher in females than in males. These results are consistent
with transcriptome analysis data demonstrating differential
expression rates for 72 % active liver genes in male and female
mice (Yang et al., 2006). Sex differences in expression of genes
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related to lipid metabolism were found in the liver of mice
and rats on high-calorie diet: compared to males, females had
enhanced mRNA levels of Acc/, Pparg, Cptl and other genes
in mice (Gasparin et al., 2018), and enhanced protein levels
of ACC, PPARs and FAS in rats (Chukijrungroat et al., 2017).
As shown by S. Della Torre et al. (2017), liver is the major
target for estrogens, and estrogen receptor alpha (ERa) has
a direct effect on the regulation of the hepatic genes relevant
for energy metabolism.

Increased expression of genes involved in fatty acid
B-oxidation (Ppara, Ppargcla, Cptl), glycolysis (G6p, Pkir),
gluconeogenesis (Pckl, Gck), glucose transport (Slc2a2), li-
pogenesis and lipolysis (Acaca, Acach, Lpl, Pnpla2) possibly
indicates that the rate of glucose and fat metabolism is higher
in the liver of 4¥-females than 4”-males. FGF21 administra-
tion reduced liver expression of all the genes mentioned,
thereby eliminating entirely any sex-dependent differences,
and this effect was associated with the increase of female
liver weight. Enlarged liver under the action of FGF21 in
female 4”-mice may indicate the development of steatosis.
Simultaneous decrease in catabolic (lipolysis, glycolysis) and
anabolic (lipogenesis, gluconeogenesis) processes can suggest
decreased metabolism in the liver of 4”-females. Decreased
liver metabolism in females could reduce liver energy expen-
diture and contribute, together with increased food intake, to
liver weight gain. Additional morphological and biochemical
studies are needed to find out whether FGF21 initiates (or
promotes) steatosis in 4”-female mice.

Taken together, our findings indicate that therapeutic effects
of FGF21 in mice with disrupted melanocortin signaling are
strongly sex-dependent. In male 4”-mice, the blockage of
MC4Rs does not prevent the anti-obesity effect of FGF21:
its administration results in weight loss and blood insulin
decrease. However, obese A”-females exerted resistance to
catabolic and antidiabetic effects of FGF21. In females, exo-
genous FGF21 stimulates FI without reducing BW and blood
glucose/insulin, inhibits liver expression of genes related to
glucose and lipid turnover, and increases liver weight. The
contribution of estrogens and the melanocortin system to those
effects remains to be elucidated.

Conclusion

The pharmacological effect of FGF21 may depend on the
animal sex and etiology of obesity. Although an immediate
translation to humans of findings obtained in experiments
with mice is not possible, our results suggest that detailed
preclinical studies of the pharmacological effects of FGF21
are required, taking into account the sex of individuals under
study and the genesis of obesity.
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YuacTruie MOOMJIbHBIX 9JIEMEHTOB B HeliporeHese
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AHHoTayuA. B 0630pe npefcTaBneHbl HaKoMMEHHbIe B HAyYHOW NTepaType AaHHble 06 y4acTM MOBUIbHBIX reHe-
TUYECKNX SN1eMEHTOB B perynaummn anddepeHUMpPOBKN HENPOHaIbHbBIX CTBOSIOBbLIX KNETOK U GYHKLVOHUPOBaHNA
3pebix HeMPOHOB rONIOBHOTO MO3ra. HaurHas ¢ nepBoro fieneHuns 3uroTbl, SMOPYIOHaNbHOE pa3BuTME YNpaBiAeTcs
3aKOHOMEPHbIMI aKTUBaLMAMUN TPAHCMO30HOB, HEOOXOAMMbIMU AN NOCeA0BaTENbHOrO U3MEHEHNA SKCNpeccun
cneuudUUecKnX AN KaKAOro TUMa KNeToK reHOB. YacTHbIM OTPaKeHVEM STUX MPOLIECCOB MOXET 6bITb AnddepeH-
LIMPOBKa HENPOHabHbIX CTBONTOBbIX KIIETOK — MPOLECC, B XOLEe KOTOPOro Heobxoarma Harbonee ToHKan HacTpomnKa
JKCMPEeCCH reHOB B HEMPOHAX PasfMyHbIX obnacTtei ronoBHOro mo3ra. JlokasatenbCcTBamu 3TOro NPeAnosioKeHNa
ABNATCA JaHHble O BbICOKOW aKTUBHOCTM TPAaHCMO30HOB B LIeHTpe HelporeHesa, 3ybuyaTol N3BUAMHE FUMNMNoKam-
na. Kpome Toro, MobunbHble 3N1eMeHTbl — UCTOYHVKM BO3HUKHOBEHUA 1 SBOMIOLMMN ANNHHBIX Hekogupytowmx PHK,
KOTOpPble KO3KCMPECCUPYIOTCA C HEOOXOAMMbIMUN A PaboTbl FONOBHOIO Mo3ra 6eoK-Koaupyowmmm reHamu. Hau-
60sbLUas aKTMBHOCTb ANIMHHBIX HeKoanpytowmx PHK, Tak e Kak 1 TpaHCMO30HOB, 06Hapy»KeHa B LieHTpe Helpore-
He3a yenoBeka, YTo NO3BONAET NPEANONOXKNUTL KX yYacTue B yripaBneHny paboTol ronoBHOro mo3ra. B perynauum
anddepeHLNPOBKON HeMPOHaSTbHbBIX CTBOJSTOBbIX KIIETOK UCMOJb3YI0TCA TakKe MUKPOPHK, MHOrme 13 KoTopbix BO3-
HUKAIOT 13 TPAHCKPUMNTOB MOGUIbHBIX 3f1eMeHTOB. TPaHCMO30Hbl NOCPEACTBOM COBCTBEHHbIX NPOLIECCUPOBAHHDBIX
TPaHCKPUMTOB UrPatOT POSib B dNMreHeTnYeckomn perynauuv udpdepeHumnpoBKy HelipoHoB. O6bAcHeHMeM rnobasnb-
HOW perynatopHoi GyHKUUM MOBUbHBIX 3/1IEMEHTOB B FOIOBHOM MO3re YeSIoBEKa MOXET CIYXUTb VX 3HaYeHue B
BO3HVIKHOBEHWW GENOK-KOANPYIOLWYX FeHOB B SBOOLMU MyTEM 3K30HU3aLMK, JynavKaumm 1 JOMecTiKaumum. 3u
reHbl BOB/IEYEHbI B SMUFEHETUYECKYIO PEryNATOPHYIO CETb C yYacTeM TPaHCMO30HOB, TaK Kak cofiepaT HyKneoTua-
Hble NOC/IeAOBATENIbHOCTY, KOMMIeMeHTapHble MUKPOPHK 1 annHHbIM Hekoanpytowmm PHK, o6pa3syembiM U3 TpaHc-
KPUNTOB MOGUIbHBIX 3N1EMEHTOB. B bopMmMpoBaHmmM NamMATY BbifiBlIeHa Posib 06MeHa BUPYConogoOHbIMM YacTMLamm
MPHK npu nomown 6enka Arc sHgoreHHbIx peTposupycoB HERV mexay HelipoHaMun. Bo3MOXKHbIMM cocobamm pea-
Nn3aunn 3TOro MexaHn3ma MoryT 6biTb 06paTHasA TpaHckpunuma MPHK 1 canT-cneundurueckas nHTerpaums B reHom
C PErynATOpPHbIM BO3AENCTBMEM Ha reHbl, y4acTByOLMe B KOHCONMAALMN MHGOPMALUN.

KnioueBble crioBa: rofioBHol Mo3r; anddepeHunposka; Hekogupytowme PHK; peTposanemeHTbl; CTBONOBbIE HEPBHblE
KNeTKW; TPaHCMO30HbI.
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Involvement of transposable elements in neurogenesis
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Abstract. The article is about the role of transposons in the regulation of functioning of neuronal stem cells and ma-
ture neurons of the human brain. Starting from the first division of the zygote, embryonic development is governed
by regular activations of transposable elements, which are necessary for the sequential regulation of the expression
of genes specific for each cell type. These processes include differentiation of neuronal stem cells, which requires
the finest tuning of expression of neuron genes in various regions of the brain. Therefore, in the hippocampus, the
center of human neurogenesis, the highest transposon activity has been identified, which causes somatic mosai-
cism of cells during the formation of specific brain structures. Similar data were obtained in studies on experimental
animals. Mobile genetic elements are the most important sources of long non-coding RNAs that are coexpressed
with important brain protein-coding genes. Significant activity of long non-coding RNA was detected in the hip-
pocampus, which confirms the role of transposons in the regulation of brain function. MicroRNAs, many of which
arise from transposon transcripts, also play an important role in regulating the differentiation of neuronal stem cells.
Therefore, transposons, through their own processed transcripts, take an active part in the epigenetic regulation of
differentiation of neurons. The global regulatory role of transposons in the human brain is due to the emergence of
protein-coding genes in evolution by their exonization, duplication and domestication. These genes are involved in
an epigenetic regulatory network with the participation of transposons, since they contain nucleotide sequences
complementary to miRNA and long non-coding RNA formed from transposons. In the memory formation, the role of
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the exchange of virus-like mRNA with the help of the Arc protein of endogenous retroviruses HERV between neurons
has been revealed. A possible mechanism for the implementation of this mechanism may be reverse transcription
of mRNA and site-specific insertion into the genome with a regulatory effect on the genes involved in the memory.
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BBepeHmne

Moobunsnble smemenTsl (TE — transposable elements) 3aHu-
MaroT 110 69 % rernoma yenoseka (de Koning et al., 2011). ITo-
MHMO 3TOr0, MHOTHE OestoK-Koaupyrotue redbl (Joly-Lopez,
Bureau, 2018), perymsatopabie mocnenoBarensHocTH (Ito et
al., 2017; Schrader, Schmitz, 2018), Tenomepsr (Kopera et
al., 2011) u nearpomepst xpomocom (Cheng, Murata, 2003;
Sharma et al., 2013; Han et al., 2016) npomsormu ot TE.
Hctounukamu Hexopupyromux PHK (exkPHK), Brirrowas
mukpoPHK (Piriyapongsa et al., 2007; Yuan et al., 2010,
2011; Qin et al., 2015) u muaHBIe HKPHK (Johnson, Guigo,
2014) genoBeka, TAKKE SBISTFOTCS MOOMIIBHBIC SJIEMEHTEHI. 3a
MUJUIMOHBI JIET 3BOJIIOIMHU KIETKU BbIpa0OTAIN pa3iinuHbIe
cUcCTeMBI 3alMThI OT UHTEerpaunidi TE B UX reHOMBI, BKJIOYast
metunupoBanue JIHK, oOpazoBanue rerepoxpomatiuHa u
PHK-unrepdepennuto (PHKu). 311 snurenerudeckue me-
XaHW3MBI BHECITH 3HAYUTEIIHHBII BKJIA ] B PETYIISIIAIO CIICITH-
(hudeckoil PKCIpeccHr TeHOB U UG GEPEHIIMPOBKH KICTOK
(Habibi et al., 2015).

MoOuTBHBIE SIIEMEHTHI TIOPA3ICISAIOT HA IBA OCHOBHBIX
KJlacca, B COOTBETCTBHH C MEXaHW3MaMHU MX TPAHCIIO3UIINH.
JIHK-TpaHCIO30HBI MEpEMEIAOTCsl MMyTeM «BBIPE3aHUS U
BCTaBKM». PeTpoanementsl (PD) HHTErpHpyIOT B HOBBIE CATHI
TCHOMA IIPH ITOMOIIU «KOTMPOBAHMS U BCTaBKW». PD MoryT
coziepkarh JUIMHHbIEe KoHIeBble moBTopbl LTR (long terminal
repeat) — LTR-PD (puc. 1) umm He comepxars ux — non-LTR
PO (puc. 2). [Tocnenuue 6pBarot aBToHOMHBIMEU — LINE (long
interspersed nuclear elements) 1 HeaBroHOMHBIMH — SINE
(short interspersed nuclear elements) u SVA (SINE-VNTR-
Alu) (puc. 3) (Klein, O’Neill, 2018).

B renome yenoseka nmeercs 6osee 500000 kormii LINE1
(L1), cocrapnsromux 17 % BceX HYKICOTHIHBIX MOCIENO-
BatenbHOCTEH (HII), M3 HUX aKTHBHBI, C MOTHOW JIUHOU
6000 1. H., muus okono 100 L1. Cpenu HeaBTOHOMHBIX PO
B T€HOME ueJoBeka comepxkutcs Oomee 2700 xomuit SVA
(Hancks, Kazazian, 2012). B sBosironnyu npumaTos 06110 He-
CKOJILKO BOJIH peTpoTpaHcno3uiii L1, a Takke poxaeHue
voBeix TE, takmx xax SINE, Alu u SVA, 4ro cuuraercs
OJTHUM M3 BXXHBIX ()aKTOPOB JIsl pa3BUTHS TOJIOBHOTO MO3Ta
yesnoseka (Linker et al., 2017).

DOHporeHHbIe peTpoBupycH yenoBeka (HERV) otHOCsTCS K
LTR-P3. Onu 3aHuMatoT 0koo 8 % renoma u ciry>kaT HCTou-
HHKaMH OTPOMHOTO0 KoindecTBa (794 972) caliToB cBA3bIBaHUS
€O crieI(pUIeCKUMH TPAHCKPHUIIITHOHHBIMHE (hakTopamu (TD),
AKTUBAIHS KOTOPBIX UTPaeT poiib B aMOpuorenese. Hanprmep,
LTR B3aumogeiictBytoT: B me3ogepme — ¢ SOX17, FOXAI,
GATAA4, B untopuroTeHTHBIX KiteTkax — ¢ SOX2, NANOG,
POUSF1, B remonoatiueckux — ¢ TAL1, GATAL, PU1 (Ito et
al., 2017). B3aumMocBsI3b10 ¢ TKaHeCHeIU(YUICCKOM IKCIIPEC-
cHueil reHoB Xapaktepusyrorces Takke MIR (mammalian-wide
interspersed repeats), npeBHee cemeiictBo SINE, mpousoren-
mee ot TPHK (Jjingo et al., 2014).
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MoOmITBHBIE YTIEMEHTHI XapaKTePU3YIOTCS 3aKOHOMEPHON
AKTHBAIMEH B 3aBUCMOCTH OT TKaHHU U CTa/IuM pa3Butus. Ha
OCHOBAaHUHU BBICOKOTIPOM3BOIUTEIHFHOTO MPOPIINPOBAHUS
CalTOB MHTETPAINU TIPH ITOMOIIN CEKBEHUPOBAHUS HOBOTO
MOKOJIEHHsT OBUIO ITOKa3aHo, uTo Tpancnosuimu TE B cre-
nudugeckne obmacTy reHomMa HecaydaHsl (Sultana et al.,
2017). bnarogapst 3anporpaMMupoBaHHOH akTuBanuu TE B
OT/ICNIbHBIX KJIETKaX IPH HEHporeHe3e MpouCXOAnT U3MeHe-
HHUE DKCIIPECCHUH OIPEICNICHHBIX TeHOB, HEOOXOAMMBIX IS
TUGPEPESHIIMPOBKH B CIICIU(PHUCCKUC TUITHI HEHPOHOB IS
(hopmupoBanust ¥ GyHKIIMOHUPOBAHHS CTPYKTYP T'OJIOBHOTO
mo3sra (Coufal et al., 2009; Bailie et al., 2011; Thomas, Muotti,
2012; Richardson et al., 2014; Evrony et al., 2015; Upton
et al., 2015; Muotri, 2016; Suarez et al., 2018). B cootseT-
CTBUH C OTUM BBISBISIEMBIH coMaTHiecKuii Mo3auiusm (CM)
HepBHBIX KieTok 1o nacepimsaM TE (Richardson et al., 2014;
Upton et al., 2015; Bachiller etal., 2017; Paquola et al., 2017,
Rohrback et al., 2018; Suarez et al., 2018) moxeT oTpakarb
3aIlporpaMMHUPOBAHHEIN PETYIATOPHBIH TATTEPH TCHOMA, He-
o0xoauMBbIit u1st co3peBanus crenuduueckux crpykryp LIHC
(Paquola et al., 2017; Rohrback et al., 2018). CM o3nagaet
HAJIMYHE B OJTHOM OpPTaHM3ME KJICTOK C Pa3HBIMH TCHOMaMHU
B pesynbrare de novo namenenuii JJHK. Dtu crpykrypHbIe
BapHanuyu MOTYT ObITh 0OycioBieHsl CNV (copy number
variations), uaceprmsiMu PO, nenenmsamu nox BiusiaueM TE, a
takke SNV (single nucleotide variants) (Paquola et al., 2017).
To ecTh B pa3HBIX KIETKAaX OIHOTO OpraHM3Ma U3MEHSETCS
HE TOJILKO T€HOTHII, HO ¥ BECh TEHOM. JTO 00yCIIOBIEHO BO3-
HUKHOBEHHEM MYTalLlMi B 9K30HAX OEJIOK-KOAMPYIOLIHUX Te-
HOB, MEXTEHHBIX PETYIATOPHBIX 00NIACTIX M MHTPOHAX, YTO
COIIPOBOXKIIACTCS CLICIU(UICCKUAM JIJIS KaXKIOTO THITA KIICTOK
N3MEHEHHEM IKCIIPECCHH OIPE/ICIIEHHBIX TEHOB.

Ponb TpaHCno3oHOB

B anddepeHUnpoBKe HelPOHOB

TomoBHO# MO3T YenoBeKa Comep KUT okomo 86.1 mipn Heil-
POHOB, KaxJbIii U3 KOTOpBIX 0Opazyer ot 5000 mo 20000
CUHAITHYECKUX CBSI3€H, CO3/1aBasi CIIOKHYIO CETh C Pa3HO00-
pa3HBIMU THIIAMU M MOATHUIAMHU KJIETOK. KommdecTBo moa-
THUITOB HACTOJIBKO BEIIUKO, YTO HE MOIACTCSI COBPEMEHHBIM
MCETOJAM UX OIIMCaHUs. B c¢Bs3u ¢ aTUM JOJIKHBI CyII€CTBO-
BaTh MEXaHU3MEBI, 00ECIIEUNBAIONINE TaKOEe pa3HOOOpasne
HEMPOHOB C UX CIIeM(PUIECKUMU BPEMEHHBIMH H ITPOCTPaH-
CTBEHHBIMH 0coOeHHOCTsIMH (pyHKIMOHMpoBauus (Thomas,
Muotri, 2012). MIcTOYHHKaMH1 STHX MEXaHHU3MOB MOTYT OBITH
TE, xoMOMHAINM MepeMeleHNi KOTOPBIX CIIOCOOHBI CTaTh
MCTOYHUKAMHU OecyuclieHHOro pazHooOpasus. [Ipumepom
CITyKHT MOJIEKYJISIPHBIN CIIOCOO FeHEPUPOBAHUS AHTUTEI M-
MYHHO# crcteMoit miekonurarommx (V(D)J pekomOuHanus),
npousomenmuit ot TE (Lapp, Hunter, 2016). Tpancrno3oHbI
WIpajy poJib B Pa3BUTUU LIEHTPAIbHONW HEPBHOW CUCTEMBI.
B 3Bomtonnu oHM OKa3alUCh UCTOYHUKAMH (DOPMUPOBAHUS
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YuyacTtrie MOOMNIbHbBIX 11eMEeHTOB
B HelporeHese

Cynepcemeiicta ERV u Retrovirus | LTR |GAG AP RT RH INT ENvl LTR | GAG | TeH KancngHoro Genka
leH acnapTaTHOI NPOTeKHa3bl
; leH PHKasbl H
Cynepcemeiictea Gypsy v Bel-Pao |LTR | GAG AP RT RH INT |LTR |
leH 06paTHOV TPaHCKPUMTa3bl
[eH nHTerpasbl
Cynepcemericteo Copia |LTR | GAG AP INT RT RH | LTR| ENV | Ten o6onoueyHoro 6enka
Puc. 1. Cxema cTpoeHus reHoB LTR-coaepaLimnx peTpos31eMeHTOoB.
LINE-1
(non-LTR) —
AATAAA AATAAA
ORF1 ORF2 3
5
—> UTR CC RRM CTD EN Z RT @ UTR | AAA, —>//
FLANK
AAATAA
-

Puc. 2. Cxema cTpoeHus non-LTR peTpoanemeHTos (LINE-1).

UTR - HeTpaHcmpyemas obnactb; ORF — oTKpbITas pamka cuntbiBaHus; CC — cnnpanesngHblii fomeH; RRM — RNA — fomeH pacrno3HaBaHus
PHK; CTD - C-koHueBoln gomeH; EN - sHfoHyKneasa; Z - Z-fomeH; RT — obpaTtHas TpaHcKpunTasa; C — yuctenH-6oraTbiil JOMEH.

—>
AATAAA

—>
I_’ VNTR AATAAA
3
CCCTCT, M-y env LTR [AAA, —> / /
FLANK FLANK
T A A A SINE-R A
DnaHknpoBaHne AHTVCMbICSTIOBOW OnaHKrpoBaHvie
[ynIMLMPOBaHHOIO dparmeHT, Hactp revia OynanLMpoBaHHOTO
. . envelope (env) .
LieNIeBoro canta romonornyHbii Alu LieNeBoro canta
Jlokyc

LnuHHbBIN

C BapbUpyroLWnm 4yncaom “
ponpylow KOHLUEeBOW NMOBTOP

TaHOEMHbIX MOBTOPOB

Puc. 3. Cxema cTpoeHna SVA-31emMeHTOB.

PETYISATOPHBIX CTPYKTYp U T'€HOB, YJaCTBYIOIINX B (hopmu-
pOBaHMHU rosIoBHOro Mo3ra. Tak, HeaBToHoMHBIe TE MER130
COXPAaHUJINCHh B 3BOJIIOLIMU B CBSI3U C MX PACHOJIOKEHHEM
BOJII3M TEHOB HEOKOPTEKCa Kak HEOOXOIMMOE 3BEHO JIJIS X
perymsanun. B skcnepuMeHTax Ha MbIIIax ObUla MOKa3aHa
axktuBanus MER130 y smMO6puonoB Ha 14-i neHp pa3BUTHSA
B KaueCTBE YHXAHCEPOB T€HOB AJISI PA3BUTHS HEOKOPTEKCa
(Notwell et al., 2015). Cpeau 11 crermupuIHBIX IS IJ1a-
LIEHTAPHBIX KUBOTHBIX TCHOB Sushi-ichi, TIPOU30IICANINX OT
peTpoTpaHcno30HOB, TeH SIRH11/ZCCHCI6, komupyIonmii
6enok CCHC ¢ HMHKOBBIMH IMaIbIIAMH, CII0COOCTBOBAJ 3BO-
JIFOITMH TOJIOBHOTO MO3Ta. DTOT OJIOMAIIIHEHHBIN I'€H BOBJICUEH
B Pa3BUTHE KOTHUTHBHBIX (QYHKIWA TutaneHTapHbix (Irie et
al., 2016).

Eme B 2009 r. B HelpoHanbHbIX cTBOJOBBIX KieTkax (CK),
M30JTUPOBAHHBIX M3 TOJIOBHOTO MO3ra 3MOpHOHA, ObUTH 00-
Hapy)XeHbI perpoTpaHcro3uimu L1s, a Takxke yBenndeHue
(B cpaBHEHMHU C MEYEHBIO U CEPIEM TOTO e MHIUBUIA)
KOJIMYECTBA KOMMH 9HAOTCHHBIX L 1S B THIIIOKaMIIE B3pOCIIOTO
yenoeka (Coufal et al., 2009). ITomumo L1 (7743 uncepuuii),

B THUNIIOKaMIIE JIIOICH 3peIoro Bo3pacTa HalIeHo OoibIioe
KOJIMYECTBO coMarndecknx Tpancnozuiui Alu (13692 un-
cepuun) U SVA (1350 uncepiwmii) (Bailie et al., 2011). Dtu
UHTETPALUH de novo MOTYT BO3/I€HCTBOBATh Ha YKCIIPECCHIO
OITpe/IeTICHHBIX TeHOB, CO3/IaBast yHUKAIBHBIC TPAHCKPUIITOMBI
oT/eNnbHbIX HeiipoHoB (Muotri, 2016), uro MoXeT ObITh 00-
YCIIOBJIEHO 3alpOrpaMMHPOBAHHOHN Ha ypOBHE '€HOMa CIIO-
cobnocteio TE K MX 3aKOHOMEpHBIM caifT-crieruduaeckum
uHcepuusm (Sultana et al., 2017). [lelictBurensHo, B pabote
(Coufal etal., 2009) u3 19 perporpancrno3unuii 16 okazanuce
Ha paccTosHun MeHee yeM B 100 kO OT reHOB, SKCIpeccu-
pyromiuxcs B Heiiponax. B padore (Upton et al., 2015) npu
n3ydeann CM runmokamma genoBeka 2 u3 20 BBIABICHHBIX
Tpancniosunuii L1 okazanuce QyHKIMOHAIBHO 3HAYMMBIMHU
MHCEPLUSIMU B HHTPOHBI TeHOB ZFAND3 u USP33, ¢pyHkuuo-
HUpYIOMUX B romoBHOM Mo3re. B 2015 . A.A. Kurnosov ¢
KOJIJIETaMU TIPH UCCIIEA0BaHMHM 00Pa3IioB TOJOBHOTO MO3Tra
yenoBeka rnokasainu, uto u3 3100 tpancnosunumii L1 B Helipo-
Hax 3y09aToi M3BUIMHBI THIITIOKaMIIA B TEHAX PACTIOIOKEHbI
50.26 % wuncepnuii, n3 2984 Alu — 49.1 % (Kurnosov et al.,
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2015). B2016 1. B padote (Erwin et al., 2016) ObL10 BBISIBJICHO,
YTO B TOJIOBHOM MO3T€ 3I0pOBBIX Jrroneit 44—63 % HeltpoHOB
nioziepratorcst CM B 00J1acTH reHOB, NMEIOIINX 3HAUCHHUE JTS
pabOoThI HEPBHOM CUCTEMBI. Tak, BRICOKAs YaCTOTA HHCEPIIHIA
L1-P3 xapakrepHa ans reHa DLG2, BIUSIONIETO HA KOTHH-
TUBHYIO THOKOCTh, BHUMaHue 1 o0ydenne. Myrauuu B DLG2
ACCOLIMUPOBAHbI C PA3BUTHEM LIM30(PEHUU.

XoTs coMaTHIECKUE PETPOTPAHCIIO3ULINH, B OTIIMYHE OT 3a-
POIIBIICBBIX, HE MOTYT IIEPEIABAThCS CIIEYIOIIIM ITOKOJICHH-
SIM, 3aIIPOrPAMMHPOBAHHAS CIIOCOOHOCTH K CIIEHU(PUIECKUM
MHCEPLUSM, 3aBUCALIASI OT cCOCcTaBa U pacronoxenus TE B re-
HOME, MOYKET HacJIeZI0BaThCsl. BO3MOXHBIM 00BSICHEHHEM CITO-
cobnoctu TE k caiiT-cnenupuyeckuM HHCEPLHSIM B 00JIaCTH
TEHOB, SKCIPECCUPYIOLINXCS B TOJIOBHOM MO3T€, MOXKET OBITh
9BOJIIOLMOHHAS B3aHMOCBSI3b OEII0K-KoANpyoImX reHos (Ito
et al., 2017; Joly-Lopez, Bureau, 2018) u ux peryisTOpHbIX
HIT (Gianfrancesco et al., 2017) ¢ MOOMIBHBIMH dJIEMEHTaMHU.
bbumn Halinens! cienuduyeckne Ui 4eoBeKa U IUMITaH3e
MHCEPIUH BOJM3H MPOMOTOPOB FCHOB PELIECNITOPa TaXUKHHA
TACR3, xarnouusix kanaioB TRPVI n TRPV3, okcuToLrHA
OXT. Oty TeHbI CBsI3aHbl ¢ PyHKIIMOHUPOBAHNEM HEeHpoIIen-
THAOB. AmHanu3 reHoMoB Ppa3JIMYHbIX MJICKOIMUTAIOMINX I10-
Kasaj, 94To HelpoHanpHBIH 3HXaHcep NPE2, perymupyrommuit
skcnpeccuto reHa POMC B runoranamMyce, B 3BOJIIOLUU
npowusoiien ot SINE (Gianfrancesco et al., 2017).

Tpancno3unuu u sxcnpeccust TE BapbUPYIOT B 3aBUCUMO-
CTH OT 00JIACTH TOJIOBHOTO MO3T'a M MEHSIOTCSI IPU CPEIOBBIX
BOS}IeﬁCTBHﬂX, TaK KaK MOT'YT BBIIIOJIHATL pAJ adallTUBHBIX
¢dynxunii (Lapp, Hunter, 2016). Hanbonee akTHBHBIMH OKa-
3aiuchk L1, coxpaHuBIme cnocoOHOCTh K TPAHCHO3UIIHSM,
Bb3biBast CM (Suarez et al., 2018). Emie B 2005 . A.R. Muotri
C KOJUIETaMU TIPETIONIOKIIIN, 4To L1 mpu momormm comarnye-
CKHX TPAaHCHO3UINI MOTYT aKTHBHO CO3/1aBaTh MO3aUIIN3M I'e-
HOMOB HeiipoHoB (Muotri et al., 2005). B ronoBaom mo3re CM
UTPAET BAXHYIO POJIb B PETYISAINN MO3HAHNS U TIOBEICHUSI.
[MTocnenctBust CM 0XBaThIBAIOT OOMINPHBIC H3MEHEHUS — OT
BapUaHTa B OJJHOM JIOKYCE JI0 TeHOB B HEWPOHAJIBHBIX CETAX
(Paquola et al., 2017; Rohrback et al., 2018). ITpu 3Tom oco-
6enHocTr CM OTJIIMYAIOTCST MEXTy HEHPOHAMH PA3IMIHBIX
oOuacteid ronoBHoro mosra. Hanpumep, B kope OosbIinx
nomytrapuii Habmogaercs Beero 0.6 macepunit L1-P3, Torna
Kak B runmnokamme — ot 80 1o 800 BcTaBok Ha OIMH HEHPOH
(Lapp, Hunter, 2016). CM BcniencTBUe peTpOTPAHCIO3UIIHIA —
HCTOYHHK (PEHOTHUITIECKOTO pa3HO00pa3us MEX Iy HeHpOoHa-
MU BO BpeMsi pa3BUTHsL. [Ipy 5TOM B TOJIOBHOM MO3Te B3pocC-
JIOTO 4YeJIOBeKa IM0J] AeHCTBUEM Pas3IMYHBIX CPEIOBBIX (ak-
TOpoB 3Kcnpeccus L1 MmoxeT BIuATh Ha PyHKIIMOHNPOBaHNE
HEHpPOHOB NpH (OPMHUPOBAHUH JOJITOBPEMEHHON MaMsTH
(Bachiller et al., 2017).

T'unnokamn — HEHTp HEMporeHesa YyeaoBeKa, e MHOXe-
CTBO MHCEPIMH OKA3bIBAIOT BIMSHHE HA TPAHCKPHUITIIHOHHYTO
9KCIIPECCUIO, CO3/1aBasl YHUKAJIbHBIC TPAHCKPUIITOMBI B HEH-
ponax. Kpome Toro, TpanckpumimonHas aktuBanus L1 cxomHa
¢ TakoBOM AJ1si reHa NeuroD 1. IT0O MOXKET TOBOPUTH O BIMSIHUU
skcnpeccun L1 Ha Heliporenes, Tak Kak ctumyisinisg Wnt3a B
HeiiporanpHEIX CK yBenmmuaunBaet sxcnpeccuro L1 B 10 pa3 o
myTH OeTa-KaTeHNHA, aHAJIOTUYHO aKTUBHUPYS TPAHCKPHUIIIIHIO
reHa NeuroD 1. D1ot reH konupyeT Td, akTUBHPYIOIINIA TeHBI,
ydacTByromue B HeliporeHese. O6macts mpomotopa NeuroD 1
conepxkut cait Sox/LEF, cxomusiii ¢ 5'UTR anemenTa L1,
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a TaTTepHbI IKCIPECCUU BO BpeMeHu reHoB NeuroDI u L1
npu nuddepernnponke HelipoHoB cxoaHs! (Thomas, Muotri,
2012).

T'eneTnueckue Bapualuu MexJly HEMpOHAMU BCJIEICTBUE
perporpancno3unuii L1 MOryT OBITH CBSI3aHBI CO CIICITU(H-
YyecknM olorareHneM sHxaHcepoB HeliponansHbIX CK. beito
MIOKA3aHO, YTO XapaKTepHbIE /I TUIOB HEHPOHOB 3HXaHCEPHI
(ompenenennsie npu momomu FANTOMS) cooTBeTCTBYIOT
KOOpAMHATaM B TeHOME JuTst HHCcepuid L1, KoTopble HaXomsTest
B npenenax 100 m. H. ot sHXaHCcepa. B To ke BpeMs Jiist acTpo-
IIUTOB U TE€MaTOI[TOB MOA0OHBIE 3aKOHOMepHOCTH Ut L1 He
BersiBiteHs! (Upton et al., 2015). ITpu uccienoBanin ocooeH-
HocTel perporpaHcrnosuimii L1 B 6osee yem 30 obmactsix
TOJIOBHOTO MO3ra OOHapy»KeHO MHOKECTBO JIMHHUN KJIETOK,
crenuUIHBIX 1Mo MHCepusIM pasnuunbix L1 (Evrony et al.,
2015). B skcniepuMeHTax Ha MBIIIax Takxke OblIa MOKa3aHa
cnenmdugeckas sxcrpeccus L1, B 3aBUCIMOCTH OT 00JacTi
[THC n Bozpacra xuBotHoro (Cappucci et al., 2018).

ITomumo L1, B perynsuuu HeHporeHe3oM MPUHUMAIOT
yaactue LTR-PD. Tak, y mbImeil o6macTs pacionoKeHHs
nomHopasMepHoro ERVmeh8 na 8- xpomocome okazanach
CPaBHUTEIIFHO MEHEE METHJIMPOBaHA B MO3XKEUKE, YTO CBI-
3aHO C €ro CHenu(uIecKoi IKCIpPEccueil, B 3aBUCUMOCTH
or cragun pazsutus (Lee et al., 2011). B coorBercTBhM C©
MOJYYEHHBIMH JITAHHBIMU, MOKHO IPEIIIOIOKHUTh, YTO Ha-
6momaemele B HeifpoHambHBIX CK 0COOEHHOCTH aKTHBAIIUN
TE MOTYyT 3aKOHOMEPHO M3MEHSTh SKCIIPECCHIO KOHKPETHBIX
I€HOB, HEOOXOUMBIX JUIs T (D (HEePEeHIUPOBKH HEHPOHOB TPH
(hopMHpOBaHUY CHIETN(PUIECKUX CTPYKTYP TOTOBHOTO MO3Ta.
[puunnoit akrusauuu TE B CK runmnokammna u ux 3HauyeHus
B KOHCOJTHJIAIIMY TTaMSITH MOXKET ObITh YyBCTBUTENBHOCT TE
K CTPECCOPHBIM CpeIoBbIM Bo3neiicTBusaM (MycTadun, Xyc-
HyTZHHOBa, 2019). DT MeXaHU3MbI — 9aCTHOE OTOOpaskeHne
00I1IETO MPOLIECCa AUTCHETUIECKOT0 YIIPABICHHUS Pa3BUTHEM
BCEr0 OpraHM3Ma, HauWHasl ¢ MEPBOTO JEJICHHUs 3UTOTHI, B
peryisimun Kotoporo ydactsytot TE (Mycradun, XycHyTam-
HoBa, 2018). lnsa nonumanus ponu TE B 3TuX mporeccax
HEOOXOIMMO PACCMOTPETh UX yJIacTHe B AMOpHOTeHe3e.

Ponb TpaHCNO30HOB B aM6punoreHese
JInist MTHUIMUPOBAHUS Pa3BUTUSL OPraHU3Ma IMOCIE OIIO0N0-
TBOPEHHS FAMEThI PEPOrPaMMHUPYIOTCSI K TOTUIIOTEHTHOCTH.
[Tpu srom Habmronaercs akruBaums TE. Panee cumranocs,
YTO 3TO SBJIEHUE — MOOOYHBIHN AP PEeKT 0OmIPHOTO peMoe-
JMPOBAHMS XPOMAaTHHA B OCHOBE SIHMICHETHYECKOTO IIepe-
nporpamMmupoBanust ramet. OiHaKo ObUT IIPOBEJICH 1EeIeBOit
SMUT€HOMHBIN MOAXO[ JUIsl ONIpEeEeH s, BbI3bIBalOT U TE
IpsSIMOE BO3AEHCTBHE HA OPraHN3aIMI0 XPOMaTHHA U Pa3BHU-
Tue opranusma. Oka3anocsk, yTo caisieHcuHr L1 anemMeHToB
CHMKAET IOCTYITHOCTh XPOMATHHA, a JUINTEIbHAs aKTUBALIUS
L1 npenoTBpamaer ero NoCTENEeHHOE YIIIOTHEHHE, KOTOPOE
MIPOMCXO/IUT €CTECTBEHHBIM 00pa3oM B XOJe Pa3BUTHS, T.e€.
akTuBaiys L1 — HeoTheMiieMas 9acTh IPOrPaMMBbl Pa3BUTHUS
(Jachowicz et al., 2017). B skcniepuMeHTax Ha MBIIIaxX ObLIa
nmokasaHa poib LTR-PD B kayecTBe HEOOXOAMMOro 3BEHA
ynpaBieHus paHHUM 3MOprorere3om (Wang et al., 2016).
Jns yuc-perynatopHoil aktuBHocTH LTR perpoanemen-
toB ERVK, MERVL 1 GLN neobOxoaum xommiekc u3 PHK
n 0enkoB, GopMUpyeMBIi Mpu moMomu JInHHONH HKPHK
LincGET. UckyccrBennoe nopasnenue sxcnpeccun LincGET
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y 3MOpHOHA Ha JBYKJICTOYHOM CTaJUU MPUBOTUT K MOJIHOU
OCTaHOBKE JIAJIbHEHIIIEr0 Pa3BUTHUSI BCICACTBUE HAPYIICHUS
Yuc-peryssiui HeOOXOUMBIX ISl POIu(epanuy TeHOB
O/ BIMSIHUEM yhpasisieMblx nipu nomomu LincGET LTR-
cogepkammx PO (Wang et al., 2016). beuto Takke mokasaHo,
yto HERV akTuBHpYIOTCS BO BCEX TUIAX KIJIETOK YEJIOBEKaA C
XapaKkTepHbIMU 0COOCHHOCTSIMHU JIJIsI OTIPE/ICIICHHBIX TKaHEH
u opranoB (Seifarth et al., 2005). I[Ipu uccrnenoBanmm acco-
muanuu 112 cemericte TE B 24 TKaHSIX YeIOBEKa OTMEUEHO
TKaHecnenupuueckoe 00OraieHIHe aKTHBHBIME O0JIACTSIMU
LTR-PD, uto roBopUT 00 MX YIaCTHUH B PETYISAIIH YKCIIPEC-
CUM TeHOB ISl T (epeHINPOBKH KIETOK, B 3aBUCHMOCTH
OT MX (PyHKIHOHAJIBHOTO ITPE/IHA3HAYCHNUS] B OHTOTeHe3e. DTO
00yCIIOBIIEHO HAJTMUUEM B ITociieioBarenbHoCTAX TE caiftoB
cBs3bIBaHus ¢ TD, perynupyonmx pa3sBUTHE COOTBETCTBYIO-
el TKaHu. XapaKTepHOE JUIs OIpEIeNIEHHBIX KIETOK 000-
rameHre TE B MHTPOHHBIX SHXAHCEPAX KOPPEIUPYET C TKaA-
HecTle(pUIeCKNMH BapHaSIMHU SKCIIPECCHN ONMKaHIIINX
reHoB (Trizzino et al., 2018).

I'eneTnyeckass mporpaMma OHTOTE€HE3a B ABYKICTOUHYIO
CTaJI1I0 SMOpHOTeHe3a Y MBI U YeJI0BeKa KOHTPOJINPYETCSI
B 3HauuTeNbHOU cTenenn T cemelictBa DUX, kitoueBbIMU
MHIyKTOPaMH aKTHBAI[MM T€HOMA 3UTOTHI Y TUIAEHTAPHBIX
mwirekonnraromux (De Laco et al., 2017). Tpanckpuntsr L1
y SMOpPHOHOB HEOOXOIUMBI JIIsl caiieHcuHra Dux, cuHTe3a
pPHK u BeIXOnma m3 aByKJIeTouHO# cragnu. B pabdore (Per-
charde et al., 2018) 6pUI0 HOKA3aHO, YTO LIS MIPEUMILIAHTA-
IIHOHHOTO pa3BUTHUs 00s13aTeibHa 3kcpeccus L1. B ambpuo-
HampHBIX CK TparckpunTs L1 AeHCTBYIOT B KaduecTBe KapKaca
anepuoii PHK, kotopsrii pekpytupyer dakropsr Nucleolin
u Kap1/Trim28 mnst penpeccun Dux. [TapamiensHo ¢ 3TuM
nponykTsl L1 omocpenyrot ces3siBanue Nucleolin u Kapl
¢ pIHK, cnioco6crByst cunresy pPHK n camooOHOBIEHHIO
smbOpuonansHbix CK (Percharde et al., 2018). Pons L1 B
perpeccuy TPaHCKPHUITIIMOHHOM TPOTPaMMBbl ABYKIIETOYHOTO
9MOpHOHA TOBOPUT 00 WX YYacTHH B CIIEHU(PHUUCCKON IS
CTaJInU Pa3BUTHUS PETYIALUH SKCIPECCUN T€HOB, HEOOXOH-
MO a7t Tu(PEepeHIIMPOBKU KIETOK U Pa3BUTHS LIEJIOCTHOTO
opranmnsMa (Jachowicz et al., 2017). Mo)HO peIOIOKHTS,
9T0 aKTUBHOCTH PO B HelipoHaneHbIXx CK cBUaeTEnBCTBYET
00 MX UCIIOIb30BAaHUH B Ka4ECTBE IEPEKIFoUaTeNel TpaHc-
KPHUITIIMOHHBIX TPOTPAaMM TP CHEHUPUIECKON (QyHKIHO-
Halu3aluu HEeWpoHOB, T.€. TE ydacTByIOT B ynpaBieHUU
muhdepeHInpoBKON KaKk SMOPHOHATBHBIX KIETOK, TaK U
noctHatanbHbIX CK. Perynmsnus ocymiecTBisercs myTem
peanuzaiuu HHPOPMALIUK, 3aKOJJUPOBAHHOI B 0COOEHHOCTSIX
cocTraBa U pacnpeneneHus TE B reHoMe, IOCpPEeICTBOM TOCIIe-
JIOBaTeNIbHOW aKTUBALIMU CTPOTOo onpeaenaeHHbIX TE B kakaon
HOBOI1 KJIETKE B 3aBUCHUMOCTH OT TKaHU U CTAUH Pa3BUTHA.
HauGonburyto poss 3Ta Bupocnenuduaeckast «KKOAUPOBKa»
urpaet B [{THC, rne HelipoHsI oTaM4aioTcst Ooee BBICOKOM
AKTUBHOCTBIO PD. DTO oTpaskaeTcs B CTPYyKTYPHO-(DYHKIIAO-
HaJIbHOM CIIOKHOCTH TOJIOBHOTO MO3Ta, IO CPAaBHEHHIO C
JpYyTMMH OpraHaMu. BakHoe 3HaueHHE B 3THX IpOIEccax
umeert ucnonszoBanue TE B kagecTBe ncrounnkoB HKPHK.

B3anmocBAsb TPaHCNO30HOB

c Hekogupytowwmmu PHK B ronosHom mosre
ComracHO NMOCJIEAHUM JaHHBIM, B TIEPBUYHBIE IIPOLECCH-
pytomuecs PHK Tpanckpubupyercs ot 75 no 85 % Bcero
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YuyacTtrie MOOMNIbHbBIX 11eMEeHTOB
B HelporeHese

TeHOMa 4eJIoBeKa, Ipu 3ToM Juib 1.2 % TpaHcaupyeTcs B
6enxu. bonbinast 9acTh TPAaHCKPUIITOB PETHCTPUPYETCS Kak
HKPHK, KoTOpBIC yUacTBYIOT B yIIpaBIeHHN padOTOH reHoMa
(Djebali et al., 2012). ¥V uenoseka BoisiBiero 13000 renos
JumHHEBIX HKPHK, 32 BO3HHKHOBEHHE KOTOPBIX OTBETCTBEHHBI
HERV nyrem nucepuuit npomoropos. Jnunusle HKPHK,
crumynupyembie HERV, criennuuecku rpanckpudupyrorest
B Pa3HBIX THIIAX IUTIOPUIIOTEHTHBIX KIETOK, YTO COTIIACYETCs
¢ n30BITOYHOM FKcnpeccueit 3Tux PO B amOpronanbabx CK
yestoBeka (Johnson, Guigo, 2014). Tpanckpumnius 00JbIIHH-
ctBa ;umHHBIX HKPHK acconmmpoBaHna ¢ sxcnipeccueii 0emok-
KOZIMPYIOIIUX TeHOB B COOTBETCTBHH C THIIOM HEHPOHOB H CO
crienuduyeckoil 001aCThIO roJIOBHOTO Mo3ra. Tak, coriacHo
JMaHHBIM rudpunu3amun in situ Allen Brain Atlas, u3 1328
n3BecTHbIX AMMHHBIX HKPHK Mblieit B ux ronoBHoM mMo3re
IKCIpeCcCUpYIOTCst 849, KOTOpbIE aCCOIMUPOBAHBI C TUTIAMHU
KJIETOK M CyOKJIETOYHBIMU CTPYKTypaMu. BbIIM Moka3aHsl
O6uosornyeckast 3HauMMocTh 3THX HKPHK B QyHKIIMOHU-
pPOBaHMU HEHPOHOB M B3aMMOCBSI3b C OEIOK-KOAUPYOIMMHU
renamu (Mercer et al., 2008).

OKcnpeccupyroyecs B ronoBHOM Mo3sre JunHHble HKPHK,
takue kKak Miat, Rmst, Gm17566, Gm14207, Gm16758,
2610307P16Rik, C230034021Rik, 9930014A18Rik, pa3ze-
JSIFOT ¢ TeHAMM HEHpOTreHe3a CXOIHYI0 MOJIEb 3KCIPECCHU
Y NIEPEKPBIBAIOT OTH I'€HBI, YTO JIOKA3bIBAET UX POJb B HEH-
pOTeHe3e MyTeM yTIpaBlIeHHs padoTON OSIOK-KOTUPYIOIINX
reHoB (Aprea et al., 2013). ITomy4eHHbIe JaHHBIE COMIACYIOTCS
¢ poieto TE B Heiiporenese (Coufal et al., 2009; Kurnosov
et al., 2015; Erwin et al., 2016; Muotri, 2016) u peryasmun
(ynkmonuposanueM romosaoro mosra (Thomas, Muotri,
2012; Upton et al., 2015; Rohrback et al., 2018). 310 cBsi-
3aHO ¢ TeM, 4To TE ciy’kaT OCHOBHBIMHM HCTOYHUKAMH BO3-
HUKHOBEHUS 1 3Boronnu JUMHHBIX HKPHK, dopmupys nx
(DyHKIIMOHAJIBHBIE IOMEHBI H COCTABIISIS Y uelloBeKa donee 2/3
ux 3pensix TpanckpunTos (Kapusta, Feschotte, 2014). PO mo-
TYT HEMOCPEACTBEHHO CIIY)XHTh B Ka4€CTBE TCHOB JUTMHHBIX
HKPHK (Luetal., 2014). L1 obnagaror ¢pyHKIMEH, CXOITHOM C
IncPHK B perymsmmm skcripeccuu TeHOB, HEOOXOIUMBIX TUIS
camooOHoBieHust CK 1 mpenMIIaHTalMOHHOTO Pa3BUTHS
(Honson, Macfarlan, 2018).

JHoxkazana pons MukpoPHK B ynpasnenun auddepenimu-
POBKOI HEHPOHOB, MEPEKIIIOUEHUH MPOPHIICH IKCIIPECCHU
B)KHBIX JUIsl (DYHKIUH KJIETOK F€HOB BO BPEMEHH M IIPO-
ctpanctBe (Stappert et al., 2015). B romoBHOM MO3re genmoBeka
skcnpeccupyrorces okono 40 % Bcex n3BecTHbIX MUKpOPHK.
Crnennduueckas 3KCIpeccrsi MHOTHX M3 HUX OTJIMYACTCS B
Pa3HBIX THUIAX KJIETOK U MMEET 3HaYCHUE B PEryssiiuu Jud-
(hepeHMPOBKOW, HEOOXOAMMOM JUII OTPOMHOTO MHOT000-
pasus penorunos Heriponos B [IHC (Smirnova et al., 2005).
OTMeueHO Takke HaKOIUICHHE ompeaeseHHbIX MUKpoPHK
B PA3IMYHBIX CTPYKTYpax HEHPOHOB (aKCOHAX, JCHJPUTAX,
cuHarcax). Tak, B 9KCIIEpUMEHTaxX Ha MbIIIAX OIpeaeseHa
pors miR-134 B perymsanun cnenuduuecknx MPHK rena
LIMKI nnst pocta NEHAPUTHBIX CIIMHOB, B CHHANTOCOMAax
OoTMeueHO Hakoruienne miR-99a, 124a1-3, 125b1, 125b2, 134,
339 (Lugli etal., 2008). O6pa3oBaHIIO HEHPHUTOB COICHCTBYET
miR-21 (mumens — MPHK rena SPRY2), perenepariin akco-
HOB — miR-431 (Kremen-1), nudhepeHunpoBke HEHPOHOB —
miR-34a (Tap73, synaptotagmin-1, syntaxin-14) m miR-137
(Mibl1, Ezh2). Yeunennas skernipeccus miR-9 criocoOcTByeT
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PHK — nepBuryHble NpoAyKTbl TPAHCKPUNLMN

l MpoueccuHr

MUKpoPHK MpoueccuHr
MpoueccnHr

y [nnHHble Hekogmpytowme PHK
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Involvement of transposable elements
in neurogenesis

l MpoueccnHr

MPHK

3anporpamMmmpoBaHHas, cneyndruHas
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co cneuyndUYHbIMU 41 HEPOHOB
TPaHCKPUMNLUUOHHBIMU haKkTopamm
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SKcnpeccns cneumnpryecknx
NA HePOHOB
6€e/10K-KOANPYIOLLMX FEHOB

¥

LnddepeHumnpoBKa B cneyndmuyecknin Tun HempoHa

Puc. 4. Cxema yyactua TE B HelporeHese.

Pa3BETBICHUIO U YMEHBIICHUIO POCTa AKCOHOB ITyTEM pe-
npeccun Oenka Maplb, cBf3aHHOTO ¢ MUKPOTPYOOUYKaMHU.
Poct akconoB crumysupyror miR-431, a rakxe miR-17-92,
xotopas B3ammoxeiicteyer ¢ PTEN (phosphate tensin ho-
molog) B HeHpoHaX KOPBI TOJIOBHOTO Mo3ra amOpuoHa. J{o-
Ka3aHa peryJsiTopHas poiib auddepeHnanbHON SKCIPECCUn
miR-221 n miR-222 B Heiiporenese (Nampoothiri, Rajani-
kant, 2017).

Eme B 2007 r. 661510 00Hapy»keHo, 4To y uenoBeka TE moryT
651Th McTounnKamMu MUKpoPHK (Piriyapongsa et al., 2007),
4TO OBUIO TOATBEPXKACHO B Ipyrux padorax (Yuan etal., 2010,
2011; Qinetal., 2015). O6pazosanue MukpoPHK u ayinHHBIX
uKPHK 3 tpanckpuntos TE (Johnson, Guigo, 2014; Kapusta,
Feschotte, 2014) cBuieTEILCTBYET O TOM, YTO MAaKCUMAJIbHAS
aktuBHOCTH TE B 1ieHTpe Heliporenesa yenoseka (Kurnosov
et al., 2015) xak 3aKOHOMEpHOE SBJICHHE HEOOXOAMMO IS
SMHUTCHETHYECKOT0 yrpasieHus TuddepeHIpoBKoii Helpo-
HanbHeIX CK. Jlpyrum mexanusmom yuactus TE B peryss-
IIUH SKCIIPECCHU T€HOB, HEOOXOIMMBIX IS CTIeI(huIecKoit
paboTBI HEHPOHOB, CITYKHUT yuc- n mpanc-posnerictesue TE
(Garcia-Perez et al., 2016). DT0 CIy’)XUT MOATBEPKICHUEM
3aKOHOMEpHBbIX akTuBalMi TE kak MCTOUHMKA reTepOreHHbIX
cyomomynsituii Heliponos (puc. 4) (Faulkner, 2011).

Ponb peTpoanemeHTOB

BO B3aMMOZAENCTBUAX MeXAYy HeMpoOHaMu

B pazButuu 1 GyHKIMOHUPOBAHUH TOJIOBHOT'O MO3I'a BAYKHYFO
POJb UTPAIOT MEXKKIIETOUYHBIE B3aUMOJIEHCTBHSA, UCCIIEN0BA-
HUE MEXaHU3MOB PEryIslUHd KOTOPBIMH NEPCIEKTUBHO AJIS
TapreTHoro BozzaencTsus Ha padory LIHC. [{ns aToro BaskHO
OMNpPENENNUTh NEPBOMCTOYHHUK YIPABICHUS DKCIPECCUEN Te-
HOB ¥ MOCTTPAHCKPUIIIMOHHON MUTN€HETHYECKON peryis-
LMY CTPYKTYPHBIX KOMIIOHEHTOB HEpOoHOB. Ha ocHOBaHuu
nmaHHbIX 0 pon TE B ympaBneHun paboToil TeHOMa B HM-
OpunonansaoM pazutuu (Garcia-Perez et al., 2007; Van den

214

Hurk et al., 2007; Macia et al., 2011; Kurnosov et al., 2015;
Percharde et al., 2018) n dusnonornueckoro GyHKIHMOHH-
poBanus ronoBHoro mosra uenoseka (Coufal et al., 2009;
Bailie et al., 2011; Thomas, Muotri, 2012; Richardson et al.,
2014; Evrony et al., 2015; Upton et al., 2015; Muotri, 2016;
Suarez et al., 2018) ObLJIO cIC/IAHO 3aKITFOYCHHUE O TOM, YTO B
STMIUTEHETHYECKON PETYIISAIINH TeHOB B OHTOTCHE3€ YUaCTBYIOT
TE (Mycradun, Xycnyrauaosa, 2017, 2018). Hecmorps Ha
OTCYTCTBUE MUTOTHMYECKOW aKTUBHOCTU 3PEJIbIX HEHPOHOB,
cneruduueckas skcnpeccus TE B HUX MMeeT 3HaYeHUE B
YIpaBJICHUH KaK MCKHCHPOHHBIMA B3aUMOJICHCTBHAMU, TaK
U CTPYKTYPHO-(QYHKIMOHAJIBHBIMUA OCOOCHHOCTSIMU HEHPOHOB
(Bailieetal.,2011; Richardson et al., 2014; Erwin et al., 2016).
JlaHHBIE CBOIICTBAa MOTYT OBITH OOYCIIOBIICHBI ITPOIICCCHHTOM
cneuuduyecknx MukpoPHK (Piriyapongsa et al., 2007; Yuan
et al., 2010, 2011; Qin et al., 2015) u mmuaEEIX HKPHK (Lu
et al., 2014; Honson, Macfarlan, 2018) u3 TpanckpuntoB TE
C BO3MOXKHOCTBIO X BHYTPH- U MEKKJICTOYHOH PETyIISINU.
JleficTBUTENBHO, B 9KCTIEPUMEHTAX Ha Ta00PaTOPHBIX JKUBOT-
HBIX OBIJIO TTOKa3aHO 00OTAICHAE OIIPEACTICHHBIX CTPYKTYP U
obnacreii HeiipoHoB cnienuduyeckumu MukpoPHK. Harpu-
Mep, obHapyx)eHo n3obmmue miR-15b, miR-16, miR-204,
miR-221 B IUCTANBHBIX OTAENIAaX aKCOHOB, IO CPABHECHUIO
¢ tenamu HeripoHoB (Natera-Naranjo et al., 2010), a Taxke
oborammenue cuHancoB creruduueckumu MukpoPHK, grto
UMeEeT 3HAUCHUEC JUIS JOKAJTBbHOW MOCTTPaHCKPUIIIHOHHON
peryJsium SKcripeccuu HeiipoHcnennpuyecknx reHos (Lugli
et al., 2008). IToxazansr poas MUKpOPHK B MeXKIeTOUHBIX
B3aumozeiictusax B IHC, a Takke 3HaueHUE SIIEKTPUIECKOI
AKTMBHOCTH HEHPOHOB B cekpernn miR-124 u miR-9, koro-
pBIE MOTYT MIPOHHUKATH B MUKPOTIINIO M U3MEHATH (DEHOTHIT
ee kierok (Veremeyko et al., 2019).

MoOuIIbHBIE JIEMEHTBl YYacTBYIOT B YIpaBiieHUH pabdo-
toit [IHC, Tak Kak ciayXaT MCTOYHHKAMH TPAHCKPHUIIIIHA
MukpoPHK, KoTOpbIe perymupyoT 3KCIPECCHI0 TCHOB B
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HEeMpOHaX ¥ MEXKJIETOYHBIX B3aUMOJCHCTBHUAX B TOJOBHOM
Mmosre. Kpome Toro, BbisiBieHO 3HaueHue ERV B nepenaue
MHPOPMALINN MEXIY HEHpOHAMH JUIs KOHCOJIMJAINU I1a-
MaTd. B renome uenoBeka HERV-K nonHo# juymmnHbl (0K0JIO
10000 1. H.) COCTOAT U3 IPEBHUX OCTATKOB PETPOBHUPYCOB U
BKJIfouaroT (rankuposanHsle aByMst LTR obmacrtu, BKiTio-
yarorue Tpu perposupycusic ORF: pol-pro (kogupyet dbep-
MeHTHI Tpoteasy, RT u mHTerpasy), env (Komupyer OCNKH,
o0ecrieunBaloIIye TOPU30HTAIBHBIN TIepeHoc) U gag (Koau-
pyer cTpyKTypHble Oenku perpoBupycHoro karncunaa) (Klein,
O’Neill, 2018). B xoxe sBomrorwm ot crieruduyaeckoro ERV
Ty3/gypsy npowusoien reH, KOAUPYOLHi Oenok Arc, o Ouo-
JIOTUYECKUM CBOMCTBAM CXOJHBIH C IIPOLYKTOM 3KCIIPECCUU
perpoBupycHoro rera gag (Pastuzyn et al., 2018).

C MOMEHTa TOMECTHKAIINH U HCIIOJIB30BaHUS JUIsl HYKJT XO-
3s1MHA T'eH A7¢ CTall BRICOKOKOHCEPBATUBHBIM JUISI TIO3BOHOY-
HBIX, UTPast posib B ()yHKIMOHUPOBAHUH MX TOJIOBHOTO MO3Ta.
Oxcnpeccus Are BeicokonrHamuuHa B [IITHC B cooTBeTcTBHI
C KOIMpOoBKOW nH(popMaLuy B HeHpoHaIbHbIX ceTax — MPHK
TPAHCIIOPTUPYETCS K JCHAPUTAM U HAKAIUINBAETCS B MECTAX
JIOKaJbHOM CHHANTHYECKOM aKTHBHOCTH, IJI€ ITPOUCXOIUT
tpancisiius B 6enok (Shepherd, 2018). B Heliponax Oesok
Arc (hopMupyeT IPOCTPAHCTBEHHBIE CTPYKTYPbI, HATOMHHATO-
1€ BUPYCHBIE KarCHJIbl, KOTOpble MHKarcyaupyor MPHK
kieTok. OOpa30BaHHBIC B PE3YJIBTATE 3TOIO BUPYCOIOA0OHBIC
JIEMEHTHI B COCTaBE BHEKJIETOUHBIX BE3UKYII MIEPEIAIOTCS B
COCE/IHUE HEHPOHBI, I7Ie OHU CIOCOOHBI TPAHCIUPOBATHCS.
OTOT MEXaHU3M MCIIONB3yeTCs ISl KOHCOMUAALUU JIOJT0-
cpounoit mamatu (Pastuzyn et al., 2018), B popmupoBarun
KOTOpPOH yJacTByeT LICHTpP HeHporeHes3a, THUIOKaMII, Tae 00-
Hapy)xuBaercsi MakcumManbHas aktuBHocTh TE (Coufal et al.,
2009; Bailie et al., 2011; Thomas, Muotri, 2012; Bachiller
etal., 2017).

Takum 00pa3oM, MOYKHO NIPE/TIOI0KHTh, YTO HaOIIOIaeMoe
SIBJICHUE MEXKIICTOUHON B3aNMOCBSI31 HEHPOHOB IPHY IIOMOIIN
Arc CIOXHUIOCH B HBOJIIOINH KaK OTPAKCHNE aaTHPYIOIIETO
3HAYEHUs NIepeHoca TpaHCKpUNToB TE Mexay NOCTMUTOTH-
YeCKUMH KIeTKaMu. Bo3MoxHO, mpu 0OMeHe Mex1y Helipo-
HaMH BUpycomnonooHsMu yacTuiiaMu MPHK mutst popmmposa-
HUS1 JI0JITOBPEMEHHOM aMsITH Ucnoib3yercst criocooHocts TE
K calT-crierudrueckoit nHTEerpanuu (Sultana et al., 2017)
C M3MEHEHUEM HKCIIPECCHH HEWpOHCIENN(PUUSCKIX TCHOB.
OrTo oTpaxkaercss Ha X (PYHKIMOHMPOBAHUHM M XPaHEHUH
napopmarun B [THC (Bachiller et al., 2017).

Opyrue ¢pyHKLMN MOOGUNBbHBIX 3N1IEMEHTOB

Tpancno3uuuu TE n3MEHsI0T 3KCIIPECCHUIO TEHOB PA3JINYHbBI-
MM ITyTsIMA. VIHCepImy BHYTpH 'eHa MOT'YT BBI3BaTh MyTalluu
CO CIIBUTOM PaMKU CUMTBIBAHMS, MPEXKIEBPEMEHHBIE CTOII-
KOZOHBI WJIH TIPOITYCK dK30HA. B TpaHCKpuOMpyemon yactu
reda TE moxeT can3uts yposuu MPHK nytem 3amennenus
TPAHCKPHUIIIIUU U3-32 BbICOKOTO coxuepkanusi A/T B ORF2
takux TE, kak L1 PO (Thomas, Muotri, 2012). Oxraxo, He-
CMOTpsI Ha TIOTEHIMAILHO MyTareHHoe jeictsue, TE nrpator
POJIb B 3BOJIFOLIMY TE€HOMOB BCEX 3YKapHOT 3a CUET HCIIOJIb30-
BaHU nocienoBareabHocTei TE mist popmupoBaHus anarn-
THUBHBIX criocoOHOcTeH x03sieB (Mycradun, XycHyTIHHOBA,
2019). MoOuiibHBIE 2JIEMEHTHl YYacTBYIOT B yIpaBICHUH
JKcIIpeccuei OeoK-KOAUPYIOLIUX TEeHOB, MHOTHE U3 KOTOPBIX
(Joly-Lopez, Bureau, 2018), 8 Tom gnicine T® (Ito et al., 2017),
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npousouuin or TE. IlomumMo HEnocpeaCTBEHHON JOMECTU-
karuu TE, HOBBIE OETTOK-KOAMPYIOIINE TeHBI 00pa30BaIrch
3a CUeT SK30HM3AIMU U AYIUIMKALMK TeHOB ¢ roMonipio TE
(Thomas, Muotri, 2012; Mycradun, XycuyrauHosa, 2018;
Joly-Lopez, Bureau, 2018).

MexaHu3MBl, Toy4deHHbie oT TE, HCronb3yioTest HMMYH-
HOI CHCTEMOM MJICKOIIMTAIOLINX JJIsi TeHEPUPOBAHMUS aHTUTEI
¢ momotsio cuctemsl V(D)J pexomOnHarmm. MoOuimsHBIE
JIEMEHTHI CIIy’)KaT NCTOYHUKaMU OOJIBIIMHCTBA PELETNTOPOB
K CTepOu/iaM, Y4acTBYsl B NIOOAIBHON peryssiiuy GpyHKIUH
KJIETOK TOpMOHaIbHOH cuctemoit (Lapp, Hunter, 2016). Ot
TE npoucxoasar perynsropusie HII, calinenceps! u uHCyms-
topsl (Jjingo et al., 2014; Ito et al., 2017; Schrader, Schmitz,
2018). Ilpn nHCEpINHU B HEKOAWPYIOIINE 00JIaCTH TEHOMOB
TE ucronb3yroTest B KauecTBE aJbTepHATUBHBIX IIPOMOTOPOB,
HHXAHCEPOB M CUTHAJIOB MOJIMAJCHUIMPOBAHUS I'eHOB. Tak,
L1s obnapyxeHsl B HeKoqupytomux obmactsax 80 % reHos
YeJI0BEeKa, XapaKTep IKCIPECCHH KOTOPBIX 3aBUCHT OT IJIOT-
HocTH pacniosioxenus nanHbix PO (Klein, O’Neill, 2018).

Oxomno 60 % Bcex SVA B reHOMe 4eI0OBEKa JIOKATU30Ba-
HBI B TeHax win (QuaHkupyioT ux B npenenax 10 k0. Janubie
SVA xapakTepusyrorcs kak MoomibHbie CpG OCTPOBKH, CIIO-
COOHBIE MTO3UTHBHO WJIM HETaTHBHO PETYIHPOBATh IKCIIpec-
culo reHoB myTteM pekpytupoBanus Td. Kpome toro, SVA
BCJIE/ICTBHE BbICOKOTO conepkanust GC moryT hopMupoBath
anerepHaruBHBIE cTPYKTYpHl JIHK, Takne kax G-kBagpymiexce
(xapaxtepHsb! 111 ipoMoTopoB 40 % TEHOB yenoBeKa), YTo
Bimsier Ha TpaHckpuniuio (Gianfrancesco et al., 2017). MHo-
rue T® HenocpenCcTBEHHO HANIPaBIIEHbI Ha B3aUMOCBs3b ¢ TE,
¢dhopmupys u nonepxkusas rerepoxpomarut (Lapp, Hunter,
2016). MoOUIbHBIE JIEMEHTHI SIBJISIFOTCS] HICTOUHHKAMHE YUC- U
Mpanc-peryasiTOpHBIX JIEMEHTOB, KOTOPbIE KOOPAMHUPYIOT
JKCTIpeccHuio rpynn reHoB. [TomuMo (yHKIMOHMpOBaHUS B
Ka4yeCcTBE MPOMOTOPOB, YNPABISAIONINX KCIPECCHEN allb-
TEPHATUBHBIX U30()OPM T'€HOB XO35I€B, CAlThI CBI3BIBAHUS C
T® BuyTpu TE MoryT neiicTBOBaTh Kak SJHXAHCEPHI B OIpe-
JISTICHHBIX TKaHSX M Ha cTagusx passutus (Garcia-Perez et
al., 2016).

B sBomtouun TE okazanuch UCTOUHUKAMU 3HAYMTEIBHON
4acTh creuu(puIecKux MocieoBareIbHOCTe reHoMa, a
TaKKE B3aUMOJICHCTBYIOIINX C HUMH TPAHCKPUIITOB U OCIIKOB.
3T0 roBOpUT 0 MI0bansHOH peryisitopaoi poian TE, HeoO-
XOIMMOM KaK JJIi MUTO3a U MeH03a, TaK U IS yIIPaBICHUS
paboroii kieTok B nHTepdaze. Hampumep, ot TE nponzonum
Kak crutaficocomubie nHTpoHEI (Kubiak, Makalowska, 2017),
Tak M KOMITOHEHT cruiaiicocombl Prp8 (Galej et al., 2013).
CrnaiicmHrOBBIE YHXAHCEPHI U caiinencepsl, HKPHK mmm-
HoOW 10 HyKICOTHIOB, B3aUMOICHCTBYOIUX ¢ SR-OenkaMu
n MsPHK, oOpa3syrorcst npu npoueccuHre TpaHCKPHUIITOB
Alu-P3D (Pastor et al., 2009). 3a c4eT cnocOOHOCTH K CaMT-
cnenudraeckum nHcepuusaMm (McGurk, Barbash, 2018), He-
3aKOHHOH PEKOMOMHAIIMH C TIOCHIEAYIONeH aMIuTu(UKaen
myTeMm reaHoi koHBepcun (Han et al., 2016) TE okazanmchk
ncrounnkamu caresuintoB. Ot TE npousornm tesiomepasa u
tenomepsl (Kopera et al., 2011), a rakke nearpomepst (Cheng,
Murata, 2003; Sharma et al., 2013; Han et al., 2016) u B3an-
moneiictBytonmii ¢ Humu 6eiok CENP/CENH3 (Lopez-Flores
et al., 2004; Volff, 2006). Mainsie HKPHK, o0pazyemblie npu
TPAHCKPUIIINH IIEHTPOMEPHBIX PO, y4acTBYIOT B peryinsinuu
atux B3aumopeticteuii (Carone et al., 2013).
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3a kopupoBaHue OeKkoB oTBeuaroT Menee 1.2 % reHoma ue-
JIOBEKa. 3HAYMTENBHYIO POJIb B 00pa30BaHUU HEKOIUPYIO-
1€l YacTH reHOMa UTPAOT MOOMIIbHBIE 31eMeHThI. [Tomyuen-
HbIE JaHHbBIE 00 MX yYacTHH B PETrYJISILIUK IIEPEKIIIOYCHUS Te-
HOB 11pu A PepeHIIUPOBKE KIETOK B SMOPHOreHe3e, HaulHast
¢ mepBoro aeneHus 3urotsl (Seifarth et al., 2005; Van den Hurk
etal.,2007; Wang et al., 2016; Jachowicz et al., 2017; Mycra-
¢un, Xycunyrnunona, 2018; Percharde et al., 2018; Trizzino
et al., 2018), TO3BOJISAIOT MPEATIOIOKUTH, YTO HAOIIOMaeMBIi
B HelipoHax comarmyeckuit mo3aunm3m (Upton et al., 2015;
Bachiller et al., 2017; Paquola et al., 2017; Rohrback et al.,
2018; Suarez et al., 2018) orpaxkaet akTuBHY0 poib TE B Heil-
porenese. OmyOnaukoBaH psiJi paboT, 10Ka3bIBAIOIIMX Y4acTHE
TE B ynpasnenun nquddepenumponkoii Heliponos (Coufal et
al., 2009; Kurnosov et al., 2015; Muotri, 2016). MoOuibHbBIE
SJIEMEHTHI SIBISIOTCS HCTOYHUKAaMU Hekoxupyromux PHK
(Piriyapongsa et al., 2007; Yuan et al., 2010, 2011; Johnson,
Guigo, 2014; Qin et al., 2015), koTopBIe TaKke UMEIOT 3HA-
YEHHUE B NEPEKITIOYEHUH T€HOB B KJIETKaX T'OJOBHOIO MO3ra.
YcranosnenHas poib LTR-conepaxaniux PO B oOMeHe TpaHc-
Kpuntamu Mexxay Heiiponamu (Erwin et al., 2016; Pastuzyn
etal., 2018) mosker orpaxars o0muii npunumn yyactust TE B
PEryISIMY DKCITPECCHH TEHOB JJISl PA3BUTHS U TIOJLICPIKAHUS
(DYHKIIMOHMPOBAHUS TOJIOBHOTO Mo3ra. McnonezoBanue Arc
Juist (hOPMHUPOBAHHUSI BUPYCOIIOJOOHBIX YAaCTHIl B Iepeaayue
nHpopmarmu mexy kierkamu (Shepherd, 2018) cBunerens-
CTBYET 00 ABOIIOIIMOHHBIX criocobax npeodpazosannii TE B
BUPYCHI ISl JOPMUPOBAHUS aJaNTHBHBIX (QYHKIHMHA. ITOT
MEXaHU3M CBsI3aH ¢ ucnojb3oBanueM TE s obecrieueHus
JUHAMUYHOCTH T€HOMOB ITOCTMHUTOTHYECKUX KIIETOK C BO3-
MO>KHOCTBIO MX 31alITHBHBIX U3MEHEHHUH B OTBET Ha CPEJIOBBIE
Bo3/ieiicTBHs. Peanusanus 3Toro eHOMeHa BO3MOXKHA 3a
cueT 0OpaTHOM TPAHCKPUIIIMK TPAHCIOPTUPYEMOH MEXIy
knerkamu MPHK c¢ caiir-cnenuduuecknmu nHcepuusimu,
bopmupoanrem CM 3penbix HEUPOHOB ¥ U3MEHEHUEM DKC-
MIPECCHUU TEHOB U1l KOHCOIHUIALNY HaMsITH.

Tak kak CM He MOXXET HaclieoBaThesl, PyHKINOHAIBHYIO
posb uHcepuuit TE B Heliporenese TpynHo nokasarsk. bosnee
TOTO, 3TH M3MEHEHHUSI MOTYT OBITh OXapaKTepHU30BaHbBI KaKk
Cily4yaliHble COOBITHS, MMEIOIIIE OOJIBIIOE 3HAYESHUE IS pas-
BUTHSI HEBPOJIOTHYECKOH naronoruu. OJJHaKko NPUBECHHbIE
B 0030pe aHHBIEC JOKa3bIBAIOT 3HAUYCHHWE TPAHCIIO3WIUH B
(DYyHKIIMOHAJIBHO 3HAYMMBIE 00JIaCTH FeHOMa, HEOOXOIUMBbIE
st muddepennupoku Heliponanbabix CK (Coufal et al.,
2009; Thomas, Muotri, 2012; Kurnosov et al., 2015; Upton
etal.,2015; Erwinetal., 2016; Muotri, 2016; Rohrback et al.,
2018) u pearupoBanust Ha cpeioBble Bo3zeiicTBust (Cappucci
et al., 2018). OObACHEHIEM 3TOTO 3aKOHOMEPHOTO SBICHUS
ciryxut ciocooHocts TE k caiir-crienuduueckum nepemertie-
HUSIM, 3aIIPOrPaMMUPOBAHHBIM COOCTBEHHBIM MOJIOKEHUEM
B rerome (Irie et al., 2016; Gianfrancesco et al., 2017; Sulta-
na et al., 2017). Otu HecaydaiiHbie COOBITHS OTOMPAIOTCS B
X071€ DBOJIIOIIMK MHOTOKJIETOUHbIX (MycraduH, XyCcHYTIHHO-
Ba, 2018), ciocoOCcTBYs PEryIaTOPHOI HaCTPOHKE IKCIIpec-
cuu reHoB npu guddepenunposke kierok (Trizzino et al.,
2018).

ITonyuenHsle pe3ynbraTsl O 3HaYeHUH TpaHcno3uuuid TE
B HEHpOreHe3e OTPAKAIOT OAWMH M3 ATAIOB PETYISIUU IKC-
MPECCHU TEHOB B MOCIIEIOBATENbHBIX JCICHUSIX KICTOK MPH
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JuddepeHIMpoBKe TKaHEH W OpraHOB BCEro OpraHu3Mma.
CM B neiiponax u CK cBHAETETBCTBYET B MOIB3Y ITOTO
MIPE/IIOIOKEHUS, TaK KaK TOJIOBHOW MO3T XapaKTepH3yeTcst
BBIPKEHHBIM Pa3HO00pa3neM THUIIOB KIIETOK, JJIst crierudu-
YEeCKOI HACTPOIKH IKCIIPECCHH TEHOB KOTOPBIX HEOOXOANMBI
YHUBEpcalbHbIe KOMOMHATOPHBIE €IMHUIIBI, KOTOPEIMU MOTYT
CJIIYXKUTb MO6I/IJ1])HI)IC OJICMCHTBI.
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AHHOTaLusA. He3aBeplUeHHbIN OCTeoreHes (HECOBEPLUEHHDBI OCTEOreHE3 B PYCCKOSA3bIYHON NUTepaType) — Hanbo-
nee pacnpocTpaHeHHasA HacneAcTBeHHaA Gopma JTIOMKOCTM KOCTe, FeHeTUUYECKM 1 KIIMHUYECKN reTeporeHHoe 3a-
6oneBaHMe C LUMPOKNM CNIEKTPOM KIIMHUYECKOW TAXKECTU, OCHOBHOE KIIMHNYECKOE MPOABJIEHMNE KOTOPOIo — MHOXe-
CTBEHHbIE NMepenoMbl HaUMHAA C HaTallbHOTO NePUOoAA »KM3HU, 334aCTyi0 NPVBOAALLME K MHBaNMAM3aLMN C AETCKOro
BO3pacTa. K OCHOBHbIM KNMHWNYECKNM MPU3HaKam He3aBepLUEHHOro OCcTeoreHe3a OTHOCATCA rofybble CKiepbl, noTe-
pA cnyxa, aHOManus JeHTUHA, NMOBbILEHHAA IOMKOCTb KOCTEl, HapyLLEeHe POCTa U OCaHKM C Pa3BUTUEM XapaKTep-
HbIX MHBaNVAV3MPYOLWMX fedopmaLuii KOCTel 1 CONYTCTBYIOLUX NPOGIeM, BKIOUAIOLMX AbIXaTeSbHble, HEBPOJIO-
rmyeckme, cepfeyHble, MoyYeyHble HapyLleHNA. He3aBepLUeHHbI OCTeoreHes BCTPEYAETCA U 'Y My»KUUH, U Y KEHLUVH,
3aboneBaHue HacnleayeTca Kak no ayTOCOMHO-AOMUHAHTHOMY, TakK U @y TOCOMHO-PELIeCCMBHOMY TUMaM, CYLLECTBYIOT
criopagnyeckre cnyvau 3aboneBaHus, 06yCIOBNEHHbIE MyTaLMAMUK de Novo, a Takke 0bHapy»KeHbl X-CLenneHHble
dopmbl. TepMUH «He3aBepLUeHHbI ocTeoreHes» 6bin BBegeH W. Vrolick B 1840-x rr. MNepBan knaccndukaums 3abone-
BaHUA caenaHa B 1979 I. © HEOJHOKPATHO MepecmaTprBanach 13-3a AEHTUGMKaLUM MONEKYNIAPHON NMPUYMHBI 3a-
60neBaHNA 1 OTKPbITUA HOBbIX MEXaHN3MOB Pa3BUTHA HE3aBEPLUEHHOMO OCcTeoreHesa. B Hauane 1980-x rr. myTauuu B
nByx reHax konnareHa Tuna | (COLTAT n COLTA2) BnepBble 6binn acCoOLUMPOBaHbI C 3y TOCOMHO-LOMUHAHTHBIM TUMOM
HacnefoBaHUA He3aBepLIeHHOro octeoreHesa. C Tex nop NAeHTUGUUMPOBaHbI elle 18 reHOB, MPOAYKTbI KOTOPbIX
y4acTBYIOT B npoLeccax GOpMUPOBaHMA U MUHepanM3aLmm KOCTHOM TKaHW. [lo cux nop He onpepeneHa cTeneHb
reHeTUYeCcKol reTeporeHHoOCTV 3aboneBaHus, NCCefoBaTeNn NPOAOMKAOT NAEHTUGMLNPOBATb HOBbIE FeHbl, BO-
B/leYEHHble B €ro NaToreHes, Uncio KoTopbix gocturio 20. B nocneaHee pgecAtnneTne CTano M3BECTHO, YTO ayTo-
COMHO-PeLlecCUBHbIE, ay TOCOMHO-AOMUHAHTHbIE 1 X-CBA3aHHblE MyTaLU B LUMPOKOM CMEKTPE FEHOB, KOAVPYIOLLUX
6enKku, yyacTByloLMe B CYHTE3e KomlareHa tuna |, ero npoueccuHre, ceKpeumm u nocTTpaHCIALMOHHON Mogndu-
Kauuu, a Takxe B 6enkax, perynupyowmx auddepeHUnpoBKyY 1 akTUBHOCTb KOCTEOOPA3yOLMX KNETOK, Bbi3blBalOT
HecoBepLUEHHbIV OcTeoreHes. bonblioe KONMYecTBO MPUYMHHBIX FTEHOB YCIIOXKHMIO KIaCCMYeCcKyto Knaccudurkaumuio
3aboneBaHusA, 1 B CBA3Y C HOBbIMW JOCTVXKEHMAMN B 0611aCTV MONEKYNAPHBIX OCHOB He3aBepPLUEHHOro ocTeoreHe3a
NMOCTOAAHHO COBEPLUEHCTBYETCA U Knaccudumkaums. B sTom o63ope mbl cuctemaTranpoBanv n 0606wmnm nHoopma-
LMito O pe3ynbTaTtax UCCnefoBaHni B 0611aCTN U3yyeHNsa KIMHUKO-TeHETNYECKMX aCMEKTOB He3aBEPLUEHHOIO OCTeo-
reHesa v OTpasuIvn COBpeMeHHOe COCTOAHME KnacCdUKaLMOHHbIX KpUTepUeB ANarHOCTUKM 3aboneBaHus.
KnioueBble cioBa: He3aBepLUEHHDBIN (HECOBEPLUEHHDbI) OCTEOreHes; KonareH; Xpynkoctb KocTteir; bucdocdoHatsl;
MHOKECTBEHHbIE MepesiomMbl.
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Abstract. Osteogenesis imperfecta (imperfect osteogenesis in the Russian literature) is the most common hereditary
form of bone fragility, it is a genetically and clinically heterogeneous disease with a wide range of clinical severity, of-
ten leading to disability from early childhood. It is based on genetic disorders leading to a violation of the structure of
bone tissue, which leads to frequent fractures, impaired growth and posture, with the development of characteristic
disabling bone deformities and associated problems, including respiratory, neurological, cardiac, renal impairment,
hearing loss. Osteogenesis imperfecta occurs in both men and women, the disease is inherited in both autosomal
dominant and autosomal recessive types, there are sporadic cases of the disease due to de novo mutations, as well as
X-linked forms. The term “osteogenesis imperfecta” was coined by W. Vrolick in the 1840s. The first classification of the
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disease was made in 1979 and has been repeatedly reviewed due to the identification of the molecular cause of the
disease and the discovery of new mechanisms for the development of osteogenesis imperfecta. In the early 1980s,
mutations in two genes of collagen type | (COLTAT and COL1A2) were first associated with an autosomal dominant
inheritance type of osteogenesis imperfecta. Since then, 18 more genes have been identified whose products are
involved in the formation and mineralization of bone tissue. The degree of genetic heterogeneity of the disease has
not yet been determined, researchers continue to identify new genes involved in its pathogenesis, the number of
which has reached 20. In the last decade, it has become known that autosomal recessive, autosomal dominant and
X-linked mutations in a wide range of genes, encoding proteins that are involved in the synthesis of type | collagen,
its processing, secretion and post-translational modification, as well as in proteins that regulate the differentiation
and activity of bone-forming cells, cause imperfect osteogenesis. A large number of causative genes complicated the
classical classification of the disease and, due to new advances in the molecular basis of the disease, the classification
of the disease is constantly being improved. In this review, we systematized and summarized information on the re-
sults of studies in the field of clinical and genetic aspects of osteogenesis imperfecta and reflected the current state
of the classification criteria for diagnosing the disease.

Key words: osteogenesis imperfecta; collagen; bone fragility; bisphosphonates; multiple fractures.

For citation: Zaripova A.R., Khusainova R.l. Modern classification and molecular-genetic aspects of osteogenesis
imperfecta. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal of Genetics and Breeding. 2020;24(2):219-227.

DOI 10.18699/VJ20.614

BBepeHune

Hesasepmiennstii ocreorenes (HO) (kox mo MKbB-10-Q78.0),
pacrpocTpaHeHHOE Ha3BaHUE «HECOBEPILIEHHBIH ocTeore-
HE3», — KIMHUYECKH ¥ TeHETHYECKH TeTePOreHHOE HaCIe -
CTBEHHOE 3a00JI€BaHME COCIMHUTEIHHON TKaHU, OCHOBHOM
MPUYUHOIN KOTOPOTO SIBJISIETCSI TEHETHUECKH 00YCIIOBIEHHOE
HapyIlIeHNE Ka9eCTBa KOCTHON TKaHH, IPUBOJISIIEE K YACTHIM
repesioMaM ¢ pa3BUTHEM HHBAIUIU3UPYIOMINX JieopMannii
KOCTEH M KOMIUIEKCa COITYTCTBYIOLIMX MPOOJIEM CO CTOPOHBI
JIbIXaTEeIbHOM, CEpPIEeYHO-COCYAUCTON, HEPBHO-MBILIEUHON
CHCTEM.

He3aBeplueHHBIN 0CTEOreHE3 BCTPEUYAETCS KAK Y MYXK-
YMH, TaK M y JKCHIIWH, YacTOTa BCTPEYAEMOCTH 3a0o0IeBa-
Hus coctasisieT oT 1:10000 go 1:30000 HOBOPOXKIEHHBIX
JIeTel B pa3nu4HbIX cTpaHax mupa. B Poccun HO — camoe
4acToe TeHeTHUYEeCKoe 3a00sieBaHNe KOCTEH: OMUH CITydail Ha
10-20 TtbIc. HOBOpOXAEHHBIX. [lo naHHBIM MuH3IpaBa Ha
2014 r., B Poccun )uByT 556 B3pOCIBIX U IeTel C HE3aBep-
meHHBIM ocTeorere3oM (Kproukosa, Kpyrmos, 2014). 3abome-
BaHME HacJeIyeTcsl Kak 10 ayTOCOMHO-IOMHHAHTHOMY, TaKk
1 ayTOCOMHO-PELIECCUBHOMY THIIaM C peo0diiaJaHueM ayTo-
COMHO-JJOMMHAHTHOT'O THIIa HACIEIOBAHUS C CEMEHHBIM MO-
3aUIM3MOM, OJTHAKO CYIIECTBYIOT U CIIOPAJINYECKUE CIIydan
3a0051eBaHUs1, O0YCIIOBICHHbBIE MYTAUSIMU de 10VO, YaCTOTY
KOTOPBIX €I1Ie MPEJCTONT BBISICHUTB, a TaKkKe OOHapY>KEHbI
X-cuemnennsie Gopmbl (Marini et al., 2017).

Ha cerogusiiramii neHs naeHTuunuposato 20 reHoB, OT-
BETCTBEHHBIX 32 pa3BUTHE pa3HBIX hopm HO, mpomomxaercs
MIONCK HOBBIX TEHOB, YYaCTBYIOIIHMX B IIaTOreHe3e 3a0oieBa-
HUsL. 3a TIOCIICIHUE IISITh JIET ObLIO HACHTH(DUITUPOBAHO IIECTh
HOBBIX T€HOB, BOBJICUCHHBIX B IATOTCHE3 HE3aBEPIICHHOTO
ocreorenesa. [locnenuuit ren unentuduuposan B 2018 .,
1 BCE €I1Ie HE BBISICHEHO, HACKOJIBKO 3TO 3a00JIeBAHUE KITMHHU-
YEeCKH ¥ TeHETHUYECKH reTeporeHHo. I enernueckue neexTs
P HE3aBEPIICHHOM OCTEOTeHe3e TPaHCHOPMHUPYIOTCS B
Je(eKThl CHHTE3a KOJuIareHa, CTPYKTYpPBI €ro Ierneii, moct-
TPaHCIILMOHHOM MOIM(UKALIMN KOJUTareHa, €ro MPaBUIbHOTO
CBOpa4MBaHMs B TPOHHYIO cripaib U ciuuBanus (Hagpipimna
u ap., 2012). Habmronarotes Takxke 1eGeKThl MUHEpaTH3aliu
KOCTHOW TKaHU U TU(PPepeHIUPOBKH 0CTe001acTOB. B B3N
¢ 0OHapyXKEHNEM HOBBIX MOJICKYJISIPHBIX IPHYHH 3a00JICBaHNUS
MIPOBOSITCS MMOCTOSTHHOE COBEPILICHCTBOBAHHE KPUTEPUEB
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JIMarHOCTHKH U TIEPECMOTP KIIacCU(PHKAIIMN HE3aBEPILICHHO-
IO OCTEOreHesa.

Lenp HacTosAMIEH PpabOTH — 0030p COBPEMEHHOTO COCTOSI-
HUSI KIIMHUKO-TE@HETHYECKUX aclleKTOB HEe3aBEePIIEHHOTO OC-
TeoreHe3a u 0000IIeHNEe pe3yIFTaTOB MOJIEKYIISIPHOTO MaTo-
reHes3a 3a0oneBaHusl.

3BOJ1IOLI,VIF| KﬂaCCVI(I)I/IKaLWIOHHbIX Kputepunes
He3aBepLUeHHOro octeoreHesa

O cymiecTBOBaHMY 3a00JIeBaHMs, KIMHUYECKUE MPU3HAKH
KOTOPOTO COOTBETCTBYIOT HE3aBEPIIEHHOMY OCTEOTECHE3Y,
M3BECTHO C JaBHUX BpeMeH. CaMblii paHHUH U3 cIydacB
3360J'IeBaHI/lﬂ BBISABJICH TP UCCIICAOBAHUU YaCTUYHO MYMU-
(bUIMPOBAaHHOTO CKeJeTa MiaJeHna u3 apeBHero Erwumra,
nparupyemoro 1000 set 10 H.3., B HACTOALIEE BpeMs pas3-
MerieHHoro B bpurtanckom my3see B Jlonmone (Lowenstein,
2009; Ramachandran, Jones, 2018). CymecTByeT nctopus 00
HBape beckocTHOM, KOTOPBIH PyKOBOAMI CKAHIMHABCKUM
BTOp)KEHHEM B AHIVIMIO B JIeBATOM Beke. COIllacHO JIereH e,
y HETO BMECTO KOCTeH OBbIIM XPAIIM, U, TAK KaK OH HE MOT
XOJIMTh Ha CBOMX HOT'aX, €T BEIHECIIH Ha [10JIe ONTBHI HA IIIUTE
(Mahoney, 2017). Temarndyeckue nyoiukanuu o0 uccieno-
BaHMAX XPYIKUX KOCTEH U IOTEPH CITyXa HAdali TOSIBISITHCS
B MeunuHCKoH mureparype ¢ 1600 1. J.F. Lobstein u W. Vro-
lik cTasm oHUMH U3 TIEPBBIX, KTO MPABUIIBHO ITOHST ATHOJIO-
ruro 3Toro 3aboneBanns. B 1825 1. J.F. Lobstein mpuBen cBere-
HUSI O TPEX OOJBHBIX JICTAX Pa3HOTO BO3PacTa, y KOTOPBIX 0e3
BUAWMBIX IPUYHH BO3HHUKAJIN IEPEITIOMbI pr6an1>1x KOCTEH.
OH pe IO AT Ha3bIBATh 3TO 3a00JIEBAHNE OCTEOIICATHPO30M
1 B CBOEM TPaKTaTe MO MaTOIOTHUECKOH aHaTOMHHN MOCBSATHII
eMy LeIyI0 [IIaBy.

B 1849 . W. Vrolik omucan mox Ha3BaHHEM «HECOBEp-
IIEHHOE 0CTEOOpa30BaHUE» CHHIPOM XPYIKOCTH KOCTEH
CO MHOXXECTBCHHBIMU TI€PEIOMaMi, KOTOPLIC IMTPOUCXOANTIN
BO BHYTPHYTPOOHOM ITIEPHOJIEC WIIH Cpa3y MOCIE POXKICHUSI.
[Tpn m3ydeHuu IUTEpaTyphl 10 JaHHOMY BOIIPOCY MOXKHO
MPOCIIEUTH, KaK IOCTETIEHHO BPOXK/CHHAs IOMKOCTh KOCTEH
BBIJICISIIACH U3 TIOHATHA PaXUTH3Ma, a HaunHas yxe ¢ 1900 1.
MHOTHE aBTOPBI CTAJIN yKa3bIBaTh Ha TEHETHUCCKHIA XapakTep
9TOr0 3a00J1eBaHMSI.

[To3nnee, B 1906 r., E. Looser cocTrosiHue He3aBepIICHHO-
TO OCTEOTeHe3a Pa3IeInI Ha «PaHHEe», MITH «BPOXKICHHOEY,
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PW. XycanHoBa reHeTnYyecKre acrnekTbl He3aBepLIEeHHOro ocTeoreHesa 242
Ta6bnuua 1. Knaccmdumkauma He3aBepLueHHOro ocTeoreHesa, no F.H. Glorieux
Tun HO TaxecTb 3aboneBaHua [eHTuHoreHes TUNUYHbIE CUMMATOMbI [eHeTnyecKnin BapraHT MyTauymn
| Jlerkoe TeueHwe, HopmanbHbi HopmanbHas anvHa pebeHka, AyTOCOMHO-AOMMHAHTHbIN COL1AT,
6e3 nedopmauni ronybble cknepbl COL1A2
Il MepuHatanbHasa cmepTb  He n3yueH MHo>ecTBeHHble nepenombl AyTOCOMHO-AOMVHAHTHbIN, COL1AT,
1 gedopmMaLmy Npu poxaeHn CMOHTaHHble MyTauuu, COL1A2
cemelHbI MO3anLn3m
N Taxkenoe HecoBeplueHHbIi  3afepxKa prsmyeckoro pa3BuTra AyTOCOMHO-AOMUHaHTHbIN, oueHb COLTAT,
pebeHKa, TpeyronbHoe nuuo, pefKko ayTocomHo-peueccuBHbin,  COLTA2
rony6ble cKnepbl ceMelHbI MO3anLn3m
I\ CpepHeTtaxenoe, Taxenoe HecoBeplueHHbIN 3afepkka ¢pr3nyeckoro passutua AyTOCOMHO-AOMUHAHTHbI COL1AT,
pebeHka, ronybble unu 6enble COL1A2
cKnepbl
Vv CpepHeTaxenoe, TAxenoe HopManbHbIN lMnepnnacTuyeckasa KocTHas » He n3yueH
MO307b, 6enble cknepbl
Vi CpepHeTaxenoe, TAxenoe HopmManbHbIn Benble cknepbl AyTOCOMHO-peLleCCMBHbIN He n3yueH
Vil CpenHeTaxenoe, Taxenoe, HopManbHbIi » » CRTAP
nepviHaTanbHaa cMepTb
Vil Taxenoe, nepuHatanbHaa HopmanbHbIn » » LEPRE1
cmepTb

u «mo3aHee». B 1896 r. J. Spurway oOparui BHUMaHUE Ha
TOT (haKT, UTO y HEKOTOPBIX MALUEHTOB C XPYTIKUMH KOCTIMHU
ObLTH TaKoKe U ronyosie ckiepsl. E. Bronson B 1917 . ormeTnin
HaJIMYUE CEMEUHOM NIyXOThI Y JIFOAEH C XPYIIKUMU KOCTSMU U
roryOsiMu ckitepamu. B 1918 1. J. Hoeve 1 A. Kleyn onmcanu
HaJIMYUe XPYMKHUX KOCTEH B COUETaHHUH C TOIy0O0H CKIepoi 1
PaHHEH IIyXOTOM KaK OTAE/IbHbII HACIEICTBEHHbII CUHIPOM.
B 1926 1. J.A. Key no6aBui k cuMritoMam 3a00JI€BaHUS eI1Ie
THIIEPTOHYC CBSI30K U TUIIEPMOOMILHOCTD CYCTaBOB, Ha YeM
OMHCaHKE KITMHUYECKOM KapTUHBI HE3aBEPIICHHOTO OCTEO0Te-
He3a MPaKTHYECKH 3aKOHYHIIOCH.

B 1970-x rr. D. Sillence u1 ero xomana uccienoBareiei
n3 ABCTpasiny pa3padoTaiy cucteMy Kiaccudukanmu 3a00-
JIEBaHMS C UCTIOIb30BAHUEM THIIOB, KOTOPAsl IPUMEHSACTCS U
B HacTosiee Bpems. Ero opurnnansasie yersipe tuna (1, 11,
1T u IV) 00beAUHSIOT KIMHHYECKUE CUMIITOMBI C TCHETHYC-
CKUMH KOMIIOHEHTaMH. THITBI BAPBUPYIOT OT CaMbIX JIETKUX
JTO CaMBIX TSDKENBIX. DTa cucTeMa Kiaccudukanuu ¢ 1979 .
OO0ILENPHUHSATA BO BCEM MHPE U ITPOJIOJDKAET Pa3BUBATHCS 110
Mepe MoTy4eHUs] HOBOM MH(OPMAIN 0 MOJIEKYIISIPHOM ITaTo-
reHese 3aborneBanus (SIxsesa u ap., 20156). B nanpHelimem
ara kiaccudukaius Obua gomosHeHa M. Ramachandran
(ITuraposa u ap., 2017), B He#l TakkKe YIUTHIBAJIOCH Hapy-
IIeHUE IeHTHHOTeHe3a, Ho Turt [V HO Obu1 moapasaencH Ha
noarun B, conpoBoxaatoiuiics nedexraMu 1eHTHHOTeHe3a,
U TIOATHUIN A, HE UMCIOIINI STHX HAPYIICHUH.

B 2000 . F.H. Glorieux npeacTaBui KiacCH(pHUKAIIIO He3a-
BEPIIIEHHOTO OCTEOreHe3a, B KOTOPOil TOMUMO YK€ U3BECTHBIX
TUTIOB OBIIO BBIJENeHo emie deteipe Tuma HO: V, VI, VII,
VIII, He cBsi3aHHBIX C MaToJIoruelt Kojutarena tumna I. B atoi
KJIaCCU(PHUKALUKN YUNTHIBAIUCH COBPEMEHHbBIE JIOCTHIKECHHS
B 00JIaCTH MOJEKYJISIPHO-TEHETHUECKUX HCCIIEOBAaHUN 3a-
Gonesanus (Tadm. 1).

VY menee 5 % mnanuenToB ¢ quarHo3om HO BcTpeuaetcs
TUI V, KOTOPBIM HACIeAyeTCsl IO ayTOCOMHO-JOMHUHAHTHO-
My turny. Kimmangeckuit penornn HO tuna V otingaercst ot

apyrux TunoB HO u xapakrepusyeTcst Kanbuudukanuen
MEXKOCTHOW MeMOpaHBI Mpeariedbs U (GopMHpoOBaHUEM
THIEPIIaCTHYECKOTo Kayumoca. He3aBepIeHHbIi ocTeoreHes
Tuna V uMeeT IHUPOKUii CrieKTp TsbkecTn 3adoneBanust (Glo-
rieux et al., 2000).

Tun VI knmuanuecku nogooen tumam II u IV, Ho otanuaet-
Csl XapaKTEePHOM MMCTOJIOrMYCCKOI KapTHHOM — (hopMupoBa-
HHEM OOIIMPHBIX TIOJIEH OCTeOH 1a 3a CUeT HapyIICHHUs MU-
Hepanuzannu (Glorieux et al., 2002).

Tun VII nposieisiercst nehopManusaMu JUIMHHBIX KOCTEH,
YKOPOYEHHEM MPOKCHMAJIBHBIX OT/IEIOB KOHEUHOCTEH, coxa
vara (BapycHble nedopManny melku Oepa), COMpoBOXKIA-
eTCsl HOPMaJIbHBIM JCHTUHOI'€HE30M M OOBIYHBIM I[BETOM
CKJIEp, XapaKTepH3yeTCs ayTOCOMHO-PEIIECCUBHBIM THIIOM
HacnenoBanus. Tun VII HO oOycioBiieH myTanueil reHa B
xpoMocome 3p22-24.1, KOTOpbIN KOAUPYET OCIIOK, ACCOIUH-
poBauHbIi ¢ xpsamoMm (CRTAP). CRTAP ssnsiercst KOpaKTo-
POM ISl OCTTPAHCIIAIMOHHOW MOIU(HUKAINY KOJIareHa
tuna . TsokecTh 3a00JIeBaHUs 3aBUCHT OT CTCIICHU Ie(DUITHTA
CRTAP. Ilpu nomaoMm otcytcTBun Oenka CRTAP nactymaer
NpeHaTalbHas CMEPTh WIN PEOCHOK POXKJIACTCS C TKEIOH
dhopmoii HO (Ward et al., 2002).

Tun VIII — TsoKeabIi TN TeYEHUs, KIMHUYECKH ITOJ00eH
tuny II HO, xapakTtepusyercs ayTOCOMHO-PELECCHUBHBIM
TUTIOM HACJI€JIOBAaHUs, CBsI3aH ¢ MyTalusimMu B rene LEPRE].
JmarHocTupyeTcs B IEpUHATAIbHOM BO3PACTE; EMY IIPHUCYIIN
TSDKEIbIe 1e(hOopMaIiii KOCTEH, Oelible CKIIEPhI; COMPOBOX-
JlaeTcsi HopMallbHbIM ieHTHHOreHe3oM (Fratzl-Zelman et al.,
2016).

Tumnel [-V uMeroT npeuMynecTBEHHO ayTOCOMHO-I0MH-
HaHTHBIN Tun HacienoBanus, VI-XVIII — ayrocomHo-pe-
reccuBHEIA. [Ipn 0OHapyXeHHH HOBBIX T€HOB KiIaccHupm-
Kaiys pacmmpsiiack, ¥ k 2015 1. gucno gpopm 3aboneBaHus
Jocturio 18.

He3zaBepuienHnslil ocreorene3 tuna I xapakrepusyercs
HammyreM jaedekra B reae COLIAI, 9T0 IPUBOTUT K CHH-
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Ta6bnuua 2. COBPEMGHHaﬂ KJ'IaCCI/Id)VIKaU,VIﬂ He3aBePLUEHHOIo OCTeoreHes3a

Tun  HasBaHwue Tvna leH

11l MporpeccrBHO gedpopmupyioLmnia,
YMEPEHHO TAXesbil

\% BapwuabenbHbii HO ¢ rony6bbimn cknepamu,
cpefHeTAXKenbli

Vv CpegHetsixenblii HO ¢ occndurkaymen
MEXXKOCTHOI MemMbpaHbl Mpeanieybs

Tun HacnegoBaHMA

COL1A1,COL1A2, CRTAP, P3H1, CREB3L1, PPIB, BMP1 AL, AP
COL1A1,COL1A2,BMP1, CRTAP, FKBP10, P3H1,PLOD2,PPIB, AL, AP
SERPINF1, SERPINH1, TMEM38B, WNT1, CREB3L1, FAM46A

COL1A1,COL1A2, WNT1, CRTAP, PPIB, SP7, PLS3, TMEM38B, AL, AP,
FKBP10, SPARC X-cuenneHHbIn
IFITM5 AL

MpumeuaHune. Tun HacnepoBaHuA: ALl — ayTOCOMHO-JOMUHAHTHbIN; AP — ayTOCOMHO-peLleCCUBHbIN.

KEHHUIO KOJIMYECTBAa BBIPAOATBIBAEMOro KoJulareHa Tuma I;
npu tunax [I-IV — k ero kauecTBEHHbIM U3MEHEHHUSM HM3-32
mytaiuii B renax COLIAI u COLIA2; tun V 00ycioBJcH
MyTalusMu B rene [FITMS5 v HapyleHUsAMH PEryIIsUU MU-
HepaJn3alny KocTel; TiI VI BO3HUKAeT BCIIeICTBUE My TAlln!
B rere SERPINF I, npuBojsileii K [eekTy MUHepaau3anum
kocTHOM TKaHu; TrIbl VII (rea CRTAP), VIII (rern LEPREI,
M3BECTHBIN Tarke kak P3H1), u IX (ren PPIB) — pe3syinb-
tar nedexTa npouecca 3-ruipOKCHIMPOBAHUS KOJLIareHa.
[IpuunHON He3aBepLIEHHOrO ocTeoreHesa TUnoB X u XI
CIy’)KUT HapylIeHHe 0OpabOTKH M CHIMBAaHHs KOJUIareHa B
pesynbrare mytauuid B renax SERPINHI n FKBPI(0 coot-
BeTCTBeHHO. MyTtanuu B reHax PLOD2 u BMPI nipuBonsT
K HEe3aBepIIEHHOMY ocTeoreHesy tuna XII. OTtu rens! yua-
CTBYIOT B IIOCTTPaHCISIIMOHHON Moudukaimu, o0padboTke,
(hanpLIOBKE, CEKpelnH, a TAaKKe CIIMBAHUY TIPOKOJUIAreHa
tuna I. Tuner XIII-XVIII He3aBepIIeHHOTO OCTEOreHe3a OT-
JIMYAIOTCs HapylieHneM JuddepeHInpoBKH 0CTE00IaCTOB:
MyTaIuy B TeHe SP7 MpUBOAAT K mpossienuio tuma XIII, B
rene TMEM38B —tunia X1V, B WNT1 —tuna XV, B CREB3L1
—tuna XVI, B SPARC — tuna XVII, B MBTPS2 — tuna X VIII
(Marini et al., 2017).

Knaccudukanms 3a001eBaHs ¢ YI€TOM MOJICKYJISPHOTO
raroreHe3a 3a00JIeBaHUsI OCIOKHHIIA PAOOTy KIMHHYECKHX
Bpaueif, u B 2016 r. MextyHapOaHBIH KOMUTET HOMEHKIIATyPBI
KOHCTHTYIIMOHAJIBHBIX HapymleHui ckeinera (International
committee of nomenclature of constitutional disorders of the
skeleton, INCDS) cokparun knaccupukauio 10 5 hopwm,
COXpaHuB 4 TUINA, KOTOPbIEC MEPBOHAYATIBHO OBIIIH OMHCAHbI
D. Sillence, u 106aBuB 5-ii Tui. Bcero ObLI0 BEIAEIEHO HAThH
TpymI 3a00JI€BaHAS C HCIIOIB30BaHUEM apadckoi npoBoi
CHCTEMBI, KOTOpast yKa3bIBaeT Ha 00bEANHSIONIE (DeHOTUITN-
YECKHUE XapaKTePUCTUKH, & MHNBHyaJIbHbIC (CBOHCTBEHHbIE
OTIPEAEIIEHHOMY THITY ) U3MEHEHUSI TTO-TIPEKHEMY COXPAHUIIN
CBOE OpUTHHAIIBHOE pUMCKoe 0003Havenue (taom. 2) (Mrua-
TOBUY U 1p., 2018). Dra kiaccudukaims ocTaBisieT MECTO
JUIsl BKJTFOUEHUSI HOBBIX T€HOB, OOHApyKEHHBIX B KaueCTBE
MIPUYMHBI HE3aBEPIIEHHOTO OCTEOTeHe3a, MOKa He Oy/ieT HJIeH-
TU(GHULUPOBaHA CTETICHb TeTEPOreHHOCTH 3a00JIeBaHMUsI.

Taxum 00pa3om, kiaccu(uKarys He3aBEPIICHHOTO OCTE0-
TeHe3a MpeTepresna psii MPUHIUITHAIBHBIX I3MEHEHUH, CBSI-
3aHHBIX C JOCTIIKCHUSIMU B OOJIACTH M3yUYECHUS] MOJICKYIISIP-
HOTO TIaToTeHe3a 3aboneBanHus. Jlo cux mop He ompeseneHa
CTETICHb TeTEPOTCHHOCTH 3a00JIeBaHNus, HE OLIEHEHA YacTo-
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Ta BOBHUKHOBEHUS CIIy4YacB de novo, B CBA3U C Y€M, BEPOAT-
HO, 6y,Z[GT MMPOAOIZKEHO COBCPIICHCTBOBAHUC Knaccn(bm(a—
HUOHHBIX KPUTCPUCB NUAT'HOCTUKHU HE3aBECPIICHHOI'O OCTECO-
TeHe3a.

CoBpemeHHble NpeacTaBieHna 06 aTnonornm

1N naToreHese He3aBepLWeHHOro ocreoreHesa
HezaBepiieHHBIN OCTEOTeHE3 XapaKTepU3yeTCsl IIMPOKOI
KJIMHUYECKOM M T'€HETUYECKON reTeporeHHoCThI0. Panee 3a-
GosieBaHME OTHOCHIIM K KOJJIAT€HONATUSIM, TaK KaKk B OOJIb-
IIMHCTBE CIy4aeB HApYyIIAlOTCS CTPYKTypa W (yHKIHUS OC-
HOBHOTO Oellka KOCTHOM TKaHW — KoJUlareHa Tuma I, a Takke
ero crabmibHOCTh. [lo3ke y ManMeHTOB ¢ He3aBEPIICHHBIM
0CTEOTreHe30M ObUTH BBISIBJICHBI MyTAIlMH B I'eHaX, HE y4JacT-
BYIOIINX B ()OPMHUPOBAHUHU CTPYKTYPBI M (POJIAMHTE KoJLIare-
Ha (Tournis, Dede, 2018).

B nacrosimee Bpemst naeHTndunnposaHo 20 reHoB, OTBET-
cTBEHHBIX 32 pazsutre HO. AyTOCOMHO-JOMHHAHTHBII THIT
HacsenoBaHust HO B GONBIIMHCTBE CIydacB BBI3BIBACTCS
nedexramu B reHax COLIA 1 wim COLIA2 nieneii koiarcHa
tuna I, xomupyromux ol (I) u o2 (I) nentuaHsle nenu koi-
nmareHa tuna | coorBerctBenHo (MruaroBmu u ap., 2018).
AyTOCOMHO-IOMUHAHTHBIC BapUAHTBl HACICAOBAHUS 3a-
OosieBaHuUs OBUIM OITMCAHBI TAKIKE Y HECKOJIBKUX OOJIbHBIX B
cinydae myTanuii B reHax [FITM5 (MIM: 614757) u P4HB
(MIM: 176790). P4HB xonupyert 6eTa-cyObeMHHILY TPOITHII-
4-ruapoKkcmiassl, KOTopasi y4acTBYET B MPOIMITHAPOKCH-
mupoBaHnU U ¢onauHTe mpokomarena (Li et al., 2019), a
IFITMS5 — ren, cietiuUIHBIHA [T 0CTE00TaCcTOB, CBI3aHHBII
¢ muHepaiuzauueir Marpukca (Glorieux et al., 2000). I'en
IFITM5 noxanm3oBaH Ha xpomocome 11 (p15.5) B kimactepe
poncTBeHHBIX TeHoB ([FITMI, 2, 3, 10) u mpuHAUISKUT K
CEeMEHCTBY I'€HOB, KOJUPYIOIIMUX OENKH, cofeprKaliue JBa
TpaHCMEMOPAHHBIX JOMEHA, KOTOPBIE OCYIIECTBIISIIOT Pa3IH-
HBIC 3HAYMMBbIE KiIeTouHble GyHKImHU (SIxsteBa u np., 2015a).

He3saBepiieHHBII ocTeoreHes3 nepeaeTcst Takxke Mo ayTo-
COMHO-PELIECCHBHOMY THUITy HACJIEIOBAaHMs, KOTOPBINA 00yc-
JIOBJICH MYTaIUsIMU B cleayromux reax: BMP1 (MIM:
112264) (Asharani et al., 2012), CRTAP (MIM: 605497)
(Morello et al., 2006), FKBP10 (MIM: 607063) (Barnes et al.,
2012), P3HI (MIM: 610339) (Cabral et al., 2007), PLOD?2
(MIM: 601865) (Puig-Hervas et al., 2012), PPIB (MIM:
123841) (VanDijk et al., 2009), SEC24D (MIM: 607186)
(Zhang et al., 2017), SERPINH1 (MIM: 600943) (Christiansen
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et al., 2010) u TMEM38B (MIM: 611236) (Rubinato et al.,
2014), y49acTBYIOIIMX B MOCTTPAHCISIIIMOHHBIX MOIM(HKA-
IIUSIX, 00paboTKe, CBEPTHIBAHUH, CEKPEIMH U CIITMBAHNH ITPO-
kostareHa tumna I. OnHako ecTs u Apyras rpymnna jokycos HO
C TUIIOM ayTOCOMHO-PEIIECCUBHOTO HACIIEIOBAHHSI, KOTOPBIE
HE PACIO3HAIOTCs KaK HETIOCPECTBEHHO BOBJICUEHHBIE B OHO-
CUHTE3 KoJIJIareHa TuIa I, Ho urparor posib B MUHEpaIu3aluu
WITH pa3BUTHH 0cTeobmacToB. K 310 rpyTie reHOB OTHOCSTCS
CREB3LI (MIM: 616215) (Symoens etal., 2013), SERPINF 1
(MIM: 172860) (Becker et al., 2011), SP7 (MIM: 606633)
(Lapunzina et al., 2010), SPARC (MIM: 182120) (Mendoza-
Londono et al., 2015) u WNTI (MIM: 164820) (Laine et al.,
2013; Pyott et al., 2013). Haxonen, myranuu B renax PLS3
(MIM: 300131) (Costantini et al., 2018) u MBTPS2 (MIM:
300294) O6buH cBsS3aHBI C ABYMS Pa3iIMYHBIMU (hOpMaMHU
X-clUemneHHbIX (POpM HE3aBEpIICHHOTO 0CTEOreHe3a.

W3BecTHO, 4TO €CTh /1Ba F'eHa, KOAUPYIOMINX OEIKH, KOTO-
pbI€ SIBISIFOTCS] YAaCTHIO META0O0IMUECKON 1IeTH, PEeTYIINpPYIo-
myX BHyTpuMeMOpaHHsbiid mporeonus (RIP) B ocreobiacrax,
MPHUBOIAINX K (popMupoBaHUIo PEHOTHIIA HE3aBEPIIICHHOTO
ocreoreHesza. Bo Bpemsi BHyTpUMEMOpPaHHOTO MTPOTEOIIH3a
sunonentunassl S1P (konupyemsie renom MBTPSI) u S2P
(xommpyembie reroMm MBTPS2) B memOpane ['ombmku moce-
JIOBaTEJIHO PaCHICIUISIOT PEryISTOPHBIE OEIIKH, TPaHCIOp-
TUPYEMBbIEC U3 MEMOpaHbI YHI0IIA3MaTHUECKON CETH BO Bpe-
M3l CTpecca SHI0IUIa3MAaTHIECKOTO PETHKYITyMa WK Ae(hUIH-
Ta MerabonuTa crepoia. Y MalyueHTOB ¢ MyTalUsIMH B TeHE
MBTPS?2 cunxeno ruapokcunupoBanue nuzuHa ol(I)- u
02(I)-menn, M3MeHEHO CIIMBaHWE KOJUTaTeHa M HapyIlleHa
MPOYHOCTH KOCTHOM TKaHW. OJMH U3 (akTOPOB TPAHCKPHII-
11, aktuBupyembix RIP, — cienuduyeckn nHAyIMpoBaHHOE
actporuramu BemecTBo (OASIS, xomupyercss CREB3LI).
O nedurmre 3TOrO BelecTBa COOONIANOCH B CBSI3H C CEMbEH
¢ TsDKeJol opMoii HezaBepiieHHOTo ocTeorene3a. OASIS —
CTpecc-peo0pa3oBaTENb 3HA0IUIA3MaTHIECKOTO PETHKYITYMa,
KOTOPBIH pEeTyIHpyeT TPAaHCKPUTIIINIO TCHOB, yYaCTBYOIIHX B
mporieccax pa3BUTHs, TUPPEPCHIIMPOBKH U CO3PEBAHUS OC-
Teo0IacToB. Y MBIIIeH ¢ HOKayTHpOBaHHBIM TeHoM CREB3L 1
HaOJfo1aIach TsKeJast OCTEOIICHUS CO CIIOHTAHHBIMU TIepe-
JIOMaMH1 U CHUKCHUECM BI)Ipa6OTKI/I KoJuiareHa tura I B koctu
(Lindert et al., 2016).

B 2018 1. ObIT OTKPHIT emie ouH reH — FAM46, KoTopsIit
TaKOKe MPUBOJINT K HE3aBEPLICHHOMY OCTEOTCHE3Y C ayTOCOM-
HO-PEIeCCUBHBIM TUTIOM HaclienoBaHusa. FAM46A otHocuTcs
K CyIepCeMeHCTBY HyKJICOTHIMITPAHC(HEpasHbIX CKIIA4aThIX
0eKOB, HO €ro TouHasi PyHKIHsI Heu3BecTHA. TeM He MeHee
€CTb PsJ I0KA3aTeIbCTB, YKA3hIBAIOIINX HA COOTBETCTBYIO-
uyto poib FAM46A B pazsutuu kocreid. C nomomipto RT-
PCR-ananu3a Obuta oOHapyxeHa crenuduueckas 3KCrpec-
cust FAM46A4 B octeobnacTtax 4eloBeKa M, YTO HHTEPECHO,
HeJIaBHO MJICHTHU(PHUIIMPOBAHA HOHCCHC-MyTaust B FAM46A4
Y MBIILIH, 3TO U3MEHEHHUE XapaKTEepU3yeTCsl YMEHbIIEHHON
JUTMHOH Tenta, KOHEYHOCTeH, Aedopmanmeir pedep, Taza u
yeperna U YMEHBIIEHHBIM KOPTUKAIBHBIM CIOEM TPyOUaThIxX
kocreit (Doyard et al., 2018) (ta6u. 3).

pubmuzutensHo 90 % n3 3000 wenoBek w3 6a3bl TaHHBIX
mo He3aBepineHHOMY octeoreHesy (http://www.le.ac.uk/ge/
collagen/) obnanaror usmeHenusmu B reie COLIAI 6o
COLIA2, a 'y ocraBuxcst 10 % oOHapyKHUBarOTCs TOMO-
WJIN TETEPO3UTOTHBIE MyTallMM B APYTUX I'eHax, BOBJICUCH-
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HbiX B maroreHe3 HO. Tem He MeHee OCHOBHBIE IEHTPHI
CEKBEHUPOBAHMS, TIPEIAraroIie MaHeIb IPUIYNHHBIX MyTa-
1M, CBA3aHHBIX C HE3aBEPUICHHBIM OCTEOT€HE30M, U/ICHTH-
(unmpyror 6ojiee HU3KYIO YacTOTY CTPYKTYpPHBIX MyTalluid
B reHax COLIAI n COLIA2 y manMeHTOB C KINHUIECKOU
KapTHHOM 3a00J1eBaHMs OT CpEAHEH /0 TSKEIOH CTereHH.
Hampumep, y 77 % u3 598 nauuentoB ¢ HO u3 kiIuHUKH
[patinepc (Moupeans, Kanama) BEISBICHBI TeTEPO3UTOTHBIC
myTanuu B reHax COLIAI wim COLIA2, 9 % umenu onHy
MyTauuto B rede [FITM)5, a ocTanbHble — TOMO3UTOTHBIE UITH
TeTEePO3UTOTHBIE MyTalluU B JPYTHX T'€HaX, BBI3BIBAIOIINX
HE3aBEpILICHHBIH ocTeoreHes. JleraibpHple MyTalllu B TEHE
KoJuj1arcHa Morjiim 6I)IT]:. YTEPAHBI B 5TOM UCCIICIOBAHUU. B no-
MYJSIUAAX C BBICOKMM YPOBHEM KPOBHOTO POJICTBA YacTOTa
HE3aBEepIICHHOTO OCTEOreHe3a BhIIIe, HallpuMep cpeau ad-
poamepukaniieB B Coenunennsix IlItatax Amepuku yactora
MYTaHTHOTO BapHaHTa B TeHe P3H/ (paHee Ha3bIBaBIIETOCS
LEPRE1, xomupytorero mposiw 3-rupokcuinasy 1) cocras-
nsiet okouto 1 Ha 240 yenoBek. [ OMO3UTOTHOCTS IO 3TOMY TaK
Ha3bIBAEMOMY 3araJHOA()PUKAHCKOMY aJUIENI0 COCTAaBIISET
25 % Bcex ciydaeB HE3aBEPIICHHOTO JIETAIEHOTO OCTeore-
He3a B ATOM IOIYJISILIUK, KOTOPBII MOXKET ObITh KIMHUUYECKH
ommubouHo KnaccuduuupoBad kak HO Ttuma II. Cpenn 3a-
naHbIX adpukanies ['ansl 1 Hurepum gacrora Bcrpedaemo-
CTH JJaHHOTO aJuienst cocTaBisieT 1.5 %, 4To MoXkeT npuBecTu
K 4acTOTe JIETAJIbHOTO PELECCHBHOTO HE3aBEPIIEHHOTO OC-
TeoreHesa, PaBHOM 4acToTe MyTauuii de novo B KOJJIarcHe
tuna [.

Hecmotps Ha 007BII0€ KOMUYECTBO MYyTAITHHA, 3aPETHCTPHU-
POBaHHBIX B 0a3€ JAHHBIX 110 HE3aBEPIICHHOMY OCTEOTCHE3Y
(https://oi.gene.le.ac.uk), ayst Ka) 101 MOMYIISAIMA XapaKTePSH
CBOW CHEKTP, COCTOSIINI M3 HEOONBIIIOT0 YMCIIa MYTAIlHi,
TP 3TOM KayK/IbIi MCCIIE0BATEIbh HAXOAUT paHee HeoTUCaH-
HBIE B JINTEpAType MyTaluu.

Kax m B ciydae Ipyrux perecCHBHBIX 3a00I€BaHUM, B
HEKOTOPBIX IMOIMYJISIUSIX UMEIOTCSI €IUHUYHbIC MYTaIlH B
PEAKUX T'€HaX, KOTOPbIC HE BCTPEUAIOTCA B IPYTUX NOMYJIAN-
SX: enernus Sk30Ha B reHe TMEM38B obHapyXeHa B CeMbe
n3 CaynoBcKoil ApaBuM; CMENICHHE PAMKH CUMTHIBAHHS B
rene FKBPI0 wHaitneHo y 0oibHBIX U3 Typluu; MUCCEHC-
MyTanuu B reHe WNTI — B 3THHUECKOW TpyIie XMOHT U3
Brernama u Kuras (Marini et al., 2017). Cpean nHaceneHus
Cesepnoro OnTapuo (Kanana) HHTpOHHBIN BapuaHT IPUBO-
mut k necrabmwmsannu MPHK rera CRTAP, xoqupyromniero
0eJI0K, aCCOIMMPOBAHHBIH € XPSIIIOM, X Pa3BUTHIO (DEHOTHTIA
He3aBepluIeHHOro ocreoreHe3a tuna VIIL.

Knunamueckas kapruaa HO u crenenn TsokecTn 3aboeBa-
HUSI MHOTOOOpa3Ha, BO3MOKHBI JICTAJIbHBIC BAPHAHTHI C SIB-
HbIMU aHOMAJIUSIMU CKEJIETA Y Z[eTeﬁ HJIN MOXKET 6bIT]) JICTKasA
MaHupecTaIs y Toaei 3pesoro Bo3pacTa. TsokecTs 3a0o71e-
BaHMs 00YCIIOBIMBACTCS YaCTOTON IEPEIOMOB, IPOTPECCH-
pyroleii aepopmanuend, XpoOHHUESCKOH O0JIbI0 B KOCTIX U
NOoTepel MOABMKHOCTH. M3-3a KIIMHNYECKON I€TEPOreHHOCTH
3a00JIeBaHUs CYILIECTBYIOT TPYIHOCTH B ANAarHOCTHKE U Be-
pudukanuu quarHosa. Y nereit ¢ HO BBISBISIOT 3aepKKy
(hM3MIeCKOTO Pa3BUTHS, CKOIHO3, TIPOTPECCUPYIOIIHNE Te(op-
Maluy JUIMHHBIX KOCTEH, TyTOyX0CTbh, ATOJIOTHIO MPOPE3bI-
BaHus1 3y00B. [103TOMY TONBKO HAEHTH(DUKALMS MOJIEKYJISP-
HOH TMPUYHMHBI 3200JI€BaHUS TTO3BOJIIET YCTAHOBUTD TOUHBIH
JIMArHo3.
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Ta6nuua 3. XapakTeprcTuka reHoB 1 1x 6eNKOBbIX NMPOAYKTOB, OTBETCTBEHHbIX 3a pa3suTue HO

leHbl 1 nx 6enKoBble NPOAYKTbI JNlokann-  Tun HO  Tun Hacne- OyHKUmA Yncno  Ymcno
3auma foBaHuA 3K30HOB MyTaLmi

COLTAT - konnareH, Tvn 1, 17921.33 I IL NI, IV AytocomHo- Bxoput B coctas konnareHa tuna | 52 1035

anbda-1 uenb AOMUHAHTHbI

COLTA2 - konnareH, Tun 1, 279213 LILNLIV » BxoauT B cocTtaB KonnareHa tmna | 52 604

anbda-2 yenb

CRTAP - accoummpoBaHHbIN C XpAwWomMm  3p22.3 I, v AyTOCOMHO- YyacTByeT B MOCTTPaHCNALMOHHON 7 32
6enoK peLeccuBHbIN  MoAMPUKaLMK KonnareHa tuna |
FKBP10 — nentnann-nponun 17921.2 Il IV » Cny>unT B KauecTBe KomlareHoBbIX 11 39
Lmc/TpaHc n3omepasa LIanepoHoB
IFITM5 — nHTepdpepoH-nHAYLMpOBaH- 11p155 V AyTOCOMHO- JKcnpeccnpyeTcs B CKeeTHbIX 2 2
HbI TPaHCMEMOpPaHHbI 6eNoK 5 OOMUHAHTHbIA  TKaHAX 1 yyacTByeT B 06pa3oBaHunm

KOCTMN
P3HT1 - nponun 3-rugpokcmnasa 1 1p34.2 1l AyTOCOMHO- YyacTByeT B NOCTTPAHCNAALNOHHOMN 16 69

peLeccmBHbIi - MoandMKaLMK KonnareHa tuna |

SP7 — TPaHCKPUMUMOHHbBIV hakTop 12913.13 I » YuacTtByeT B perynauuu guddepeH- 5 2
LIMPOBKM KOCTHbIX KJTETOK

TMEM38B — TpaHcMeMbpaHHbIi 6enok  9931.2 \% » YyacTByeT B nepeHoce [ByXBaJIeHT- 6 6
Horo Ca

WNTT - curHanbHbIi 6enok, 129q13.12 IV » YuyacTByeT B pYyHKLMOHNPOBAHUN 4 36

UneH ceMencTBa CalToB UHTErpaLun 0cTeo6nacToB 1 Pa3BUTUN KOCTK

BMP1 — mopdoreHeTnueckuin 6enok 8p21.3 LV » YyactyeT B C-TepMMHaNbHOM Mpo- 20 11

KocTn 1 LleccmHre o6emx NpoKoniareHoBbIX

Lenen 6enka

PPIB — nentugmunnponun nsomepasa B 15922.31 Il » YyacTByeT B MOCTTPaHCAALMOHHON 5 17
(unknodunuH B) moandurKaumm KonnareHa tuna |

SERPINF1 — Hrmbutop cepnuH 17p13.3 Il IV » YyacTByeT B npouecce MnuHepanmsa- 9 38
nentuaasbl F (anbda-2 aHTMNNasmMmH) Lnn KoCTu

SERPINHT — nHrMbuTop cepnuiH 11913.5 I, IV » fBnaeTcA WanepoHOM KonsareHa 7 9

nentugasol H

PLS3 (plastin 3) - nnactuH 3 Xq23 X-cuenneHHbli  MonekynapHasa GyHKUMA nnacTuHa-3 21 11
™n [10 KOHL|A He BbIAACHEHA, MOXET UrpaTb
ponb B AnpPpepeHLMPOBKE KOCTHBIX
KNeTok
CREB3L1 - uAM®-cBsi3biBatOWNiA 11p11.2 1l AyTOCOMHO- Perynupyet obpasoBaHue | Tuna 13 4
6enok 3 peLleccMBHbBIA  NpoOKoMareHa B npouecce bopmu-

POBaHUA KOCTHOW TKaHU

P4HB — nponun 4-rugpoKc1nasa, 179253 Il AyTOCOMHO- KaTtanusumpyet rugpokcmnnposaHme 11 2
6eTa-cy6beanHuLa [OMVIHAHTHbI  OCTaTKOB MPOJIMHA B MOBTOPax

X-Pro-Gly B cnupanbHom gomeHe

npokonnareHa
PLOD?2 - npokonnareH-n13uH, 3924 I, v AyTOCOMHO- YyacTByeT B rtnapoKCUMANPOBaHN 23 10
2-okcornyTapar 5 — guokcureHasa 2 pPeLiecCMBHbBIN  JIN3MHOBbLIX OCTAaTKOB B KOJTareHOBbIX

BOJIOKHaXx
SEC24D - SEC 24, uneH cemenctea D 4926 I, v » OyHKLMA He [0 KOHLa U3yyeHa 25 7
SPARC — OCTEOHEKTUH 5qg33.1 \% » Perynupyet nponudepauuto 10 2

n B3aI/IMO,U,eI7ICTBI/Ie KJIETOK N MaTPUKCa
nyTem CBA3blBaHMA MOHOB KanbuuAa
CrnapoKkcnanaTtMTom

FAM46A — cemencTBO CXOOHbIX 6q14.1 I} » OyHKLUMA He fO KOHLa U3yyeHa 3 3
nocnepoBaTenbHocTen 46A
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TakuM 00pa3oM, JOCTUTHYTHI 3HAYUTEIBHBIC YCIEXH B
U3y4YEHUH MOJIEKYJISIPHOTO MATOreHe3a HE3aBEPILIEHHOTO
0CTEOTeHEe3a, OJTHAKO BCE EIIIE MTPEACTOUT BHISICHUTD CTETICHD
rereporeHHocTy 3aboneBanus. C pa3BUTHEM TEXHOJIOTHI
TeHOTUIIMPOBAHUS U IIUPOKOTO BHEIPEHUS METOJIOB ITy0o-
KOTO PECEKBEHHPOBAHHS U ITIOJTHOIK30MHOTO CEKBEHUPOBAHUS
CTaJI0O BO3MOXHBIM HE TOJBKO MACHTH()HUINPOBATH HOBHIC
MYTallUi B U3BECTHBIX T'€HAaX, HO U HAXOJUTh HOBbIE T'€HBI,
BOBJICUEHHBIEC B Pa3BUTHE 3a00I€BaHNS.

MepcnekTuBbl NeyeHns

He3aBepLUIeHHOro ocreoreHesa

[TpoBoxsATCS aKTHBHBIE MCCIEAOBaHUS BO3ZMOXKHOCTEH Tap-
IeTHOM Teparuy MareHToB ¢ HacJeICTBEHHBIMHU 3a00J1eBa-
HUSIMH C y4ETOM MOJIeKyIsipHOTO edexTa. [Tomyuenst ooHa-
JISKUBAIOIINE PE3YJIBTaThl IPH TTaTOTCHETHYECKON Teparnu
MYKOBHCLH03a.

Buchocponarsr (bD) — oCHOBHBIE JTEKapCTBEHHBIE CPEI-
CTBa JUISI JICUCHMS KaK JICTCH, TaK U B3POCIBIX MAI[HEHTOB C
He3aBepIIeHHbIM ocTeoreHe3oM. Cunuraercs, uto b® moryr
O0pITh MeHee d(D(EeKTHBHBIMU WM Ja’ke MPUBOJUTH K HE-
OJaronpHUATHBIM MOCIEICTBUSAM B CIIydasiX HEJJOCTaTOYHOTO
noTpeOneHus Kanbiust u/wim nedunnta Butamuna D (Wea-
ver et al., 2016).

EcTp Takxke MOKIMHWYECKHE W HEOOJBIIOE KOJTHMYECTBO
KJIMHUYECKUX MCCIEOBAaHUH y B3pocibIX manueHToB ¢ HO
B OTHOIIEHHWH JIeHOCyMa0a — MOHOKJIOHAJIBHOTO aHTHTENA,
HaneneHHoro Ha RANKL (penentop akTuBaropa siiepHOTO
nuranj akropa karma-B). Uto kacaercst anHaboayeckoi Te-
paruiu, To TepUNapaTua — CAMHCTBEHHBIN HA JaHHBIH MOMEHT
JIOCTYIHBIA aHA0OJINYECKHUIT areHT — ToKa3ajl MHOTooOea-
IOLIHE pe3yabTaThl y B3pocisix nanuenToB ¢ HO tuma I. J{o-
KJIMHUYECKUE UCCIIEIOBAHNUS BBISIBUIIN, YTO MHTMONPOBAHHUE
nepenaun curaanioB TGF-6era, a Taxke HHrHOMpOBaHKE CKIIe-
POCTHHA MOTYT UTPaTh POJb B JIEYEHUH XPYIKOCTH KOCTEil.
ITomuMo apMakoIOTHUECKUX BMEIIATEIbCTB IIEPBOCTEIICH-
HOE 3HauCHHE ISl 0OeCIIeueHNsT HamTydIie MEeAUIIMHCKON
MOMOITY UMEET MEXIUCIUIUIMHAPHBIN MOIX0J, KOTOPBIN
00€eCTIeunBatOT ONBITHBIE XUPYPTU-OPTOTIEAbI, CTICIIATNCTHI
M0 CTOMATOJIOTHYECKOHW MOMOIIHN, (U3HOTEPANIeBTHl U CIIe-
LIHAJIUCTHI 110 KHHE30TEeparuu.

B macrosimee Bpems mis sedenus aereit ¢ HO mmpoko
ucrons3ytorest oucocdonarst. [Tokazano, 4To Kak mmepopab-
HOeE (aJIeHIpOHAT, pU3EAPOHAT), TaK U BHyTPUBEHHOE BBEJIE-
uHue b® (mamuapoHar, 301eApOHAT, HEPHIPOHAT) YITydIIaeT
YpOBEHb MUHEPAIIbHOI MIIOTHOCTH KocTHOW TKauu (MIIKT),
0COOEHHO B TI03BOHOYHHUKE. TeM He MeHee JJaHHbIe paH[o-
MH3HPOBAHHBIX IJI1a1[€00-KOHTPOJINPYEMBIX HCCIIEOBaHNUH,
Kacarormuxcs 2 (HheKTUBHOCTH MPOTUBOJCHCTBHS ITEpesioMam,
obsieryeHust 00JIH M yJTyullIeHHs JIBUTATEIbHON aKTHBHOCTH,
BCE €Il OTCYTCTBYIOT. HelaBHME McCe0BaHusI HE BBISIBHIIH
MIOCJIE0BATEIHLHOTO CHIDKEHHUS YaCTOTHI IIEPEIOMOB U yITyd-
LICHMSI KJIMHUYECKOIO CTaTyca NalUueHTOB Ipy jJeueHuu bd
(Dwan et al., 2014).

OtnocutensHo BausiHus b® y B3pocasix ¢ HO umerorces
OTpaHUYEHHBIE JAHHBIE, B KOTOPBIX NMPOBEPSUIOCH BIUSHHE
paznuusbix b® Ha yposens MIIKT. Iloutn Bo Bcex uccie-
JIOBAaHMSAX COOOIIATOCH O ONAroNpHUsATHOM BO3JICHCTBHM Ha
ypoBerb MITKT HuxHeEro oT/iena no3BOHOUHUKA (YBETHUEHHUE
10 13.9 %) ¢ meHee BbIpakeHHBIMHU 3 eKTaMu Ha 00Nt
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ypoBerb MIIKT Genpa (yBenuuenue no 4.3 %) (Lindahl
et al., 2014). 3a mocnenHee BpeMs OMyOIUKOBAaHO HECKOJb-
KO COOOIIEHHH 00 aTHMUYHBIX IepenoMax Oeapa y B3poc-
npix manueHToB ¢ HO, monyuaronumx sieuenue oucdocdo-
HaTaMH.

B psne nccnenoBannii onenuBaics 3¢dexr aenocymada
y nanuentoB ¢ HO, Bei3BanHbIM MyTanuein B SERPINFI,
KOTOPBIH XapakTepu3yeTcs ciadbbiM oTBeToM Ha bD, a Taroke
y manuerToB ¢ HO I/IV (n = 8) uw HO III (n = 2) tunamu
(Hoyer-Kuhn et al., 2016). Mcnone3yemas 103a cocrapisiiia
1 MI/KT OOKOXKHO KaxKaele 3 Mec. Bo Bcex mccienoBanmsax
coobmanock o 3HaunTensHOM yBenmuennn MIIKT u orcyT-
CTBHMH 3HAYUTEJBHBIX OOOUHBIX 3(P(EKTOB JICUCHHs B TEUe-
HHE JBYXJIETHETO TIEpHOJa.

WurnbnpoBanne CKIEpPOCTHHA MOXET OBITH €IIe OJHUM
BapUAHTOM JICYEHHS JIOMKOCTH KOCTEH MU He3aBEPLUICHHOM
ocreoreHese. HegaBHO omyOIMKOBaHHBIE HCCIIEIOBAHUS TI0-
KazajH, YTO BBEACHHE POMOCO3yMada (MOHOKIIOHAIHHOTO
AHTHUTENA, CBSA3BIBAIOIIEIO CKJIEPOCTHH) B TEYEHUE OJHOTO
ro/la CHHXKAET 4acTOTy IEePEIOMOB MO3BOHOYHHKA U OCTEO-
1Opo3a y KeHIINH B IOCTMEHOTIAy3€ ¢ 0cTeonopo3oM (Sinder
et al., 2015; Grafe et al., 2016).

B wmprmmmHON Momenn ¢ HO 6puto 06HapYkeHO, 9TO TIOo-
BBIIIICHHAs repenada curaanoB TGF-f ywactByer B (eno-
tune HO, B T0 Bpemst kak uaruouposanue TGF-f yiayumiaer
KOCTHYI0 Maccy U cuiy. ®Pa3a 1 uccienoBanust mposepseT
6e3omacHoCTb (hpe3onumymada, BeicokoadGuHHOTO HEWTpa-
JIM3YIONIET0 aHTHUTENA, KOTOPOE HAIIEJICHO Ha BCe TPH U30(op-
™Mbl TGF-f, y B3pOCIIBIX ¢ yMEPEHHO BBIPaKEHHOH KIMHUKON
He3aBepIICHHOTO ocTeorene3a. KoMOnHupoBaHHas Tepamnust
C aHTUPE30pOTUBHBIMU M aHAOOJIMYECKHMH areHTaMH — elle
OIIVH MTOTEHIINAIBHBINA BAPUAHT JICYEHUS IOMKOCTH KOCTEH y
MAlMeHTOB C HE3aBEPIICHHBIM OcTeoreHe3oM. Jlpyrue cro-
COOBI JICYCHUS], TAKUE KaK TPAHCIUIAHTALMsI KOCTHOIO MO3ra
Y TeHHas Teparus, HaXoIATCs Ha CTaJuH OLEHKH (P (EeKTHB-
HOCTH JuTs JedeHust Tsokessix popm HO (Marini et al., 2017).

Takum 00pa3oM, HECMOTPsI Ha JTOCTHTHYTBIN MPOrPECC B
noHnMaHnu matodusuonorun HO, Bce eme HEOOXOTMMBI
JIOTIOJTHUTEIILHBIC MCCIICIOBAHMSI, YTOOBI ONPENEIUTh JTy4-
IUH TepaneBTUYECKUi MoAX0/ K 3TOMY IeTepOreHHOMY 3a-
GoneBaHuIo.

3akno4veHne

O00011asT BBIIIEU3IIOKEHHOE, MOKHO CH€eNaTh BBIBOJ, YTO
MIPOU3OIIEI IPOPHIB B HICHTH(YHUKAIIUN MOJICKYJISIPHOTO TIa-
TOTCHE3a HE3aBEPIICHHOIO OCTEOreHe3a, YTO O00YCIIOBICHO
BHEJPEHNEM COBPEMEHHBIX TEXHOJOTHH CEKBEHHUPOBAHUS
cieaytomiero nokosieHus (NGS). Tem He MeHee Bce erie Ja-
JIEKd OT 3aBEPIIEHUS] BOMPOCHI O PaCIpPOCTPAHEHHOCTH 3a-
OomeBaHMs B IIEJOM M €r0 OTIACNBHBIX KIMHHYECKUX (hopm
B Pa3JIMYHBIX NONYyISUUsAX Mupa. CTeneHb MOJIEKYISPHOI
rereporeHHocTH HO ocTaeTcs HEU3BECTHOM, MPoaOIKaAeTCs
BBISIBIICHHE HOBBIX ITaTOTEHETHYECKUX MEXaHM3MOB (HhOpMH-
poBaHus peHoTHIa 3200ICBaHUS Ha OCHOBE HIICHTA(DUKAIIHN
HOBBIX T€HOB, BOBJICUCHHBIX B MMATOreHE3 HE3aBEPIIICHHOTO
ocTeoreHesa. B Hacrosmiee BpeMs MPEANPUHIMAIOTCS T10-
MIBITKA Pa3pabOTKH TapTeTHOM Tepamuu 3a00JICBaHUS C yUe-
TOM HOBBIX 3HAHUM O KIIMHUKO-TeHeTH4YecKkux acrnekrax HO,
OJTHAKO €II1e MHOTO ITPOTHBOPEUYHBEIX PE3YIETATOB U PEIICHIE
po0IeMBI JICUCHUS 3a00JICBaHISI TTOKA HE HalCHO.
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