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Cnbupckoe otaeneHne Poccniickon akagemmm Hayk

MepepanbHoe rocyfapcTBEHHOe B10AKETHOE HayUHoe yupexaeHve «DefepanbHblii NCCNIeA0BATENbCKUI LLEHTP
WHCTWTYT umTonoruv n reHeTmkn CMbupckoro otaeneHns POCCMNCKON akageMum HayK»

MexxpernoHasnbHas obLecTBeHHasa opraHn3aLysa BaBunosckoe o6LLecTBO reHETUKOB 1 CeNleKLMOHEPOB

naBHbIN pepgakTop

A.B. Kovemos - akapemuik PAH, a-p 6vion. Hayk (Poccus)

3amecTuTenu rnaBHoro peaakTopa

H.A. KonyaHoe - akagemunk PAH, o-p 6uon. Hayk, npodeccop (Poccus)

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

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

OTBETCTBEHHDbIN CEKpeTapb
IB. Opnioga — KaHg. 6uon. Hayk (Poccun)

PepakuynoHHasa Konnerusa

E.E. AHOpoHO8 — KaHf. 6uon. Hayk (Poccus)

10.C. Aynbuerko — o-p 6uon. Hayk (Poccus)

O.C. AppaHaceHko — akapemuk PAH, a-p 6uon. Hayk (Poccus)
[.A. ApoHHUKOB — KaHf. 6uon. HayK, foueHT (Poccus)

JL.U. ApmaHac - akagemuk PAH, a-p mep. Hayk (PoccuA)

J1.A. becnanosa - akagemuk PAH, o-p c.-x. Hayk (Poccus)

A. bépHep — p-p Hayk (TepmaHus)

H.I1. boHOape — KaHA. 6uon. Hayk (Poccus)

C.A. bopuHckasa — p-p 6ron. Hayk (Poccusn)

.M. bopoouH - p-p 6ron. Hayk, npoo. (PoccusA)
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U. [pocce - p-p HaykK, npod. (fepmaHms)

H.E. [pyHmeHkKo — f-p 6uon. Hayk (Poccus)

C.A. Jlemakos — f-p 6uon. Hayk (Poccus)

W.K. 3axapoe - p-p 6uon. Hayk, npood. (Poccua)

W.A. 3axapos-lesexyc — un.-kop. PAH, g-p 6uon. Hayk (Poccus)
C.I. Inze-Beumomos — akagemuk PAH, o-p 6uon. Hayk (Poccus)
A.B. Kunbyesckuti — un.-kop. HAHB, o-p 6uon. Hayk (Benapycb)
C.B. Kocmpos — un.-kop. PAH, o-p xum. Hayk (Poccusn)
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b. JlmemeHb6epe — p-p Hayk, npod. (Hnaepnanabi)

B.fO. Makees - un.-kop. PAH, a-p ¢u3.-maT. Hayk (Poccms)
B.M. MonoouH — akapemuk PAH, g-p ucT. Hayk (Poccusn)
M.I1. MowkuH — g-p 6uon. Hayk, npoo. (Poccus)

C.P. Mypcanumos — KaHg. 6uon. Hayk (Poccus)

J1.10. Hosukosa — p-p c.-x. Hayk (Poccus)

E.K. [TomokuHa - A-p 6uon. Hayk (Poccua)

B.I1. My3bipes — akagemuk PAH, o-p mep. Hayk (Poccus)
A.B. MeiwHs1l - un.-kop. PAH, a-p xum. Hayk (Poccus)

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

A.O. PysuHckuli — p-p 6uon. Hayk, npood. (ABcTpanus)

E.fO. Peikoga — p-p 6uon. Hayk (Poccus)

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

B.A. CmenaHos - akagemuk PAH, a-p 6von. Hayk (Poccus)
W.A. TuxoHosuY — akafiemuk PAH, g-p 6uon. Hayk (Poccus)
E.K. XnecmkuHa — g-p 6uon. Hayk, npod. PAH (Poccus)
3.K. XycHymouHoga - a-p 6von. Hayk, npod. (Poccus)

M. YeH — p-p 6mon. Hayk (KuTaiickas HapopHasa Pecny6nuka)
I0.H. lLlaspykoe — f-p 6uon. Hayk (ABCTpanms)

PU. Wediko - un.-kop. HAHB, a-p c.-x. Hayk (benapycb)
C.B. lllecmakos — akagemuk PAH, o-p 6uon. Hayk (Poccus)
H.K. AHkosckuli — akagemuk PAH, o-p 6uon. Hayk (Poccus)
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CENEKUWA PACTEHU HA UMMYHUTET U KAYECTBO BaBMNOBCKUI XXypHan reHeTUKN 1 cenekumm
Vavilov Journal of Genetics and Breeding. 2024;28(3):263-275

DOI 10.18699/vjgb-24-31

O1lleHKa reHeT4eCKOro pasHooo6pasus

IJIMAAVHKOAVIPYIOIINX JIOKYCOB Y 00pasIioB SIPOBO ITIIIE€HUIIbI
(Triticum aestivum L.), CO3JaHHBIX B PAa3JINNUYHbIX
ce/IeKIIMOHHBIX ITeHTpaX KasaxcraHa 1 Poccun

M.Y. Yrebaes (D! @, C.M. Aamkesuu ()1, 0.0. Kpaaeukas (91, VI.B. YUuaumosa ()1, H.A. Bome (2)

1 HayuHo-npor3BOACTBEHHbIN LIeHTP 3epHOBOrO Xo3aicTBa M. A.W. bapaesa, noc. LlopTaHapbl-1, AKMonVHCKasa obnacTb, KasaxctaH
2 TioMeHCKIi rocyapCTBEHHbIN yHuBepcuTeT, TioMeHb, Poccusa

@ phytochem@yandex.ru

AHHOTauuA. M3yyeHne reHeTMYeCKUX PecypcoB C MCMOMb30BaHEM nonnMopduraMa NposamMrMHOB COPTOOOPa3LOB
NWeHNULbI U3 CTPaH C PasNNYHbIMU KNMMATUYeCKUMIU YCSTIOBMAMM NO3BONAET BbIABUTL U MPOCNefnTb NpeanoyuTuTenb-
HOCTb O0T6Opa annenei rMuaanHKOANPYOLLMX TOKYCOB, XapaKTePHbIX [N KOHKPETHbIX ycoBuit. Lienb nccneposanms —
onpeaennTb «rMUAANHOBDIN NPOGUIb» KOMNEKLMN APOBON MArKol nweHuubl (Triticum aestivum L.) 3 cenekumoHHbIX
LeHTpoB Poccnmn 1 KasaxcTaHa Ha OCHOBE M3y4YeHUs reHEeTUYECKOro pasHoobpasna ansiesibHbiX BapUaHTOB MaanH-
KOAMPYIOLLMX NIOKYCOB. MpoBefeH pacueT BHYTPUNONYNAUMOHHOTO (U+S,) 1 reHeTndeckoro (H) pasHoobpasus, jonm
peaknx annenei (h+S,), Kputepra MAEHTUYHOCTU (/) N FEeHETNYECKOro CXOACTBA (r) APOBOM MATKOW MLIEeHWLbl U3
BOCbMM CENEKLMOHHbIX LLeHTPOB Poccrm 1 KasaxcTaHa. YCTaHOBMIEHO, YTO HaMGOMbLIMM BHYTPUMONYIALNOHHBIM pas-
HoOOpa3uem annenel rmmagnHa oTAMYancb o6pasubl APOBOI MATKON NIWEHULbI, CO3aHHble B KocTaHalckom (Kapa-
6anbikckasa CXOC, KazaxctaH) n Yensburckon (HenabuHckuin HUNCX, Poccna) obnactax. Jons peakux annenen (h) no
nokycam Gli-B1 v Gli-D1 oka3anacb MakcumasnbHOW y copToB niieHunubl cenekumm HANCX tOro-Boctoka (CapatoBckas
ob6nactb, Poccus), uto 06bACHAETCA BbICOKON YacTOTON BCTpeyaemocTy annenein Gli-Ble (86 %) v Gli-D1a (89.9 %). Cta-
TUCTUYECKM fOKa3aHO, YTO M3yUeHHble 06pa3Libl APOBOI MATKOW MLLEHULbI M3 pa3Hbix obnacTeli KasaxctaHa u Poccun
OT/INYAIOTCA APYr OT Apyra no FMVAagNHKOLMPYIOLWMM JIOKYCaM Ha OCHOBE KpuTepus ngeHTmyHocTu (/). Hambonblee
3HaueHuve | = 619.0 ycTaHOBNIEHO MPU CpaBHeHMM 06Pa3sLioB MLEHULbI, Nponcxoaawmx 13 KoctaHackon n Capatos-
CKoI obnacTten, a MrHUManbHoe | = 114.4 oTMeUYeHo ANs COPTOB MUEeHULbI 13 TioMeHCKol 1 YenabuHckon obnacTei.
BblfiBNEHbI annenu rmmaguHa, Kotopble 6bi1 NgeHTUGMLMPOBAHbLI TONIbKO 06pasLax, CO3AaHHbIX B ONPEAENEHHbIX pe-
rmoHax. CouetaHue annenen Gli-A1f, Gli-Ble, Gli-Da naeHTndnLmMpoBaHo y 6onblIMHCTBa 06pa3LoB MiueHnLbl Kasax-
cTtaHa n Poccun. Annenn Gli-A1f, Gli-Ali, Gli-AT1m, Gli-Alo, Gli-Ble, Gli-D1a, Gli-D1f, Gli-A2q, Gli-B20 v Gli-D2a oka3anucb
XapaKTePHbIMU 1 C Pa3NINYHO YaCTOTOW BCTPEYanuCh B COPTax NieHuLbl BOCbMU obnacTeit Poccun n KasaxctaHa. Ham-
6onblunii BHyTprcopToBo nonumopdusm (51.1 %) Habnopanca y copToB nweHuubl cenekumm CM6HUUCX (Omckana
obnactb, Poccus), a HaumeHbLwnin (16.6 %) — y obpasuos Masnogapckoit CXOC (MaBnogapckas obnactb, KaszaxctaH).
Ha ocHOBe YacTOT BCTpeYaemMoCTV anfieneil CoCcTaBneH «rMYAANHOBDIN NPOoGUNb» MWEHULbI U3 Pa3HbIX obnacTein n
ceneKUMOHHbIX yupexxaeHuin Poccun n KasaxctaHa, KOTOPbI MOXeT ObITb MCNONb30BaH AnA nofdopa PoanTENbCKUX
nap B CEIEKLMOHHOM NpoLiecce, KOHTPOE COPTOB NPV PENPOAYKLMM, @ TaKXKe ANA YCTaHOBNEHNA COPTOBON YNCTOTbI.
KnioueBble cnoBa: MMyagvHKOAUPYIOLWME NIOKYCbl; FTEHETMYECKOE Pa3sHOOOpasne; reHeTYeckoe CXOACTBO; Msrkas
nweHnLa; anekTpodopes.

[na untupoBaHus: Ytebaes M.Y,, Hawkesny C.M., Kpageukasn 0.0., Yunumosa U.B., Bome H.A. OueHKa reHeTryecKoro
pa3Ho06pa3znA FMagUHKOAMPYOLNX NOKYCOB Y 06pa3LoB ApoBoi nweHuubl (Triticum aestivum L.), co3aaHHbIX B pas-
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DOuHaHcpoBaHue. PaboTa BbiNONHEHa Npy NOAAEPKKe BIOAKETHON NporpamMmmMbl MUHUCTEPCTBA CENbCKOMO XO3AM-
cTtBa Pecny6nuku KasaxctaH: BR10764908 «Pa3paboTtaTb cuctemy 3emnefenus BO3feblBaHUA CEIbCKOX03ANCTBEHHbIX
KyJIbTYP (3€PHOBBIX, 38PHOG060BbIX, MACTTUYHBIX U TEXHUUYECKUX KYJIBTYP) C MPYMEHEHVEM NTEMEHTOB TEXHONOT M BO3-
fenbiBaHus, anddepeHLMpPOBaHHOrO NUTaHNA, CPEACTB 3aMTbl PACTEHWI 1 TEXHWKUN AN PeHTabebHOro Npon3Boa-
CTBa Ha OCHOBE CPaBHUTENIbHOTO UCCNEA0BAHMS PA3INYHbIX TEXHONIOMMI BO3AeNbiBaHWA ANs permoHoB KaszaxcTtaHay.
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Genetic diversity of the alleles of gliadin-coding loci
in wheat varieties from Kazakhstan’s and Russia’s collections

Abstract. The study of genetic resources using prolamin polymorphism in wheat cultivars from countries with different cli-
matic conditions makes it possible to identify and trace the preference for the selection of the alleles of gliadine-coding loci
characteristic of specific conditions. The aim of the study was to determine the “gliadin profile” of the collection of common
wheat (Triticum aestivum L.) from breeding centers in Russia and Kazakhstan by studying the genetic diversity of allelic va-
riants of gliadin-coding loci. Intrapopulation (u + S,) and genetic (H) diversity, the proportion of rare alleles (h £ S), identity
criterion (/) and genetic similarity (r) of common wheat from eight breeding centers in Russia and Kazakhstan have been
calculated. It has been ascertained that the samples of common wheat bred in Kostanay region (Karabalyk Agricultural
Experimental Station, Kazakhstan) and Chelyabinsk region (Chelyabinsk Research Institute of Agriculture, Russia) had the
highest intrapopulation diversity of gliadin alleles. The proportion of rare alleles (h) at Gli-B1 and Gli-D1 loci was the highest
in the wheat cultivars bred by the Federal Center of Agriculture Research of the South-East Region (Saratov region, Russia),
which is explained by a high frequency of occurrence of Gli-B1e (86 %) and Gli-D1a (89.9 %) alleles. Based on identity crite-
rion (/), the studied samples of common wheat from different regions of Kazakhstan and Russia have differences in gliadin-
coding loci. The highest value of /= 619.0 was found when comparing wheat samples originated from Kostanay and Saratov
regions, and the lowest | = 114.4, for wheat cultivars from Tyumen and Chelyabinsk regions. Some region-specific gliadin
alleles in wheat samples have been identified. A combination of Gli-AT1f, Gli-B1e and Gli-Da alleles has been identified in the
majority of wheat samples from Kazakhstan and Russia. Alleles (Gli-A1f, Gli-Ali, Gli-ATm, Gli-Alo, Gli-B1e, Gli-D1a, Gli-D1f,
Gli-A2q, Gli-B20, and Gli-D2a) turned out to be characteristic and were found with varying frequency in wheat cultivars in
eight regions of Russia and Kazakhstan. The highest intravarietal polymorphism (51.1 %) was observed in wheat cultivars
bred in Omsk region (Russia) and the lowest (16.6 %), in Pavlodar region (Kazakhstan). On the basis of the allele frequencies,
a“gliadin profile” of wheat from various regions and breeding institutions of Russia and Kazakhstan was compiled, which
can be used for the selection of parent pairs in the breeding process, the control of cultivars during reproduction, as well
as for assessing varietal purity.
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BsepeHune

Ha npoTsbkeHny e THIIeTHH TPyJaMy yYEHBIX YCTaHOBJICHO,
YTO IPUMEHEHHUE JIeKTpodopesa 3anacHoro Oenka NileHu-
116l — ITIMAJIMHA, SBISIETCS OTHUM W3 METOJ0B, TIO3BOJISFOLINX
paznuuare copra Mexay coboi (Autran et al., 1979; Watry
et al., 2020). Paznuuuns 1o criekTpam IIHajuHa CBS3aHbBI C
aJJIeIbHBIM Pa3HOOOpa3ueM Te€HOB, JIOKAJIM30BaHHBIX B OC-
HOBHEIX JoOKycax: Gli-A1, Gli-Bl, Gli-D1, Gli-A2, Gli-B2,
Gli-D2. Annenu 10Kyca KOHTPOJUPYIOT CHHTE3 HECKOJIBKHUX
KOMITOHEHTOB IJIMaMHA, KOTOPbIE CIIETUIEHHO HACIIEIyIOTCS
n obpasytor Onok. Ilpy 3TOM OJIOKM TIHMAJMHOB MOTYT OT-
JIMYaThCs MEXJy COOOH MO KOJIUYECTBY, MHTEHCUBHOCTH,
ANEKTPOPOPETUICCKOH TTONBUKHOCTH H MOJIEKYJISIPHON Mac-
ce komroHeHToB (Sozinov, Poperelya, 1980).

Ha ocHoBe n3yueHns MUPOBON KOJUICKIIUH IIICHHIIbI aJl-
JenbHBIE ONOKM THanuHa WACHTHPUIIMPOBAHBI H COOPAHBI
B Karasoru Jursi msarkoi (Metakovsky et al., 2018) u TBepnoit
nmrenutbl (Melnikova et al., 2012). YcraHoBiieHo, 4TO COpTa,
CO3/IaHHBIE B PA3HBIX CENEKIHOHHBIX IIEHTPaX, MOTYT OBITH
CXOJTHBI MEXy COOOHM MO HEKOTOPBIM AJIICIISIM TITHA JHHKO-
nmupyrorux JokycoB (Novoselskaya-Dragovich et al., 2011;
Melnikova et al., 2012), HeCMOTps Ha TO YTO CIIEIHATEHOTO
orbopa Mo aJUIessiM He NPOBOAMIOCH. [IpuunHa sToro co-
CTOHT, BEpPOSITHO, B CLCIUICHUHU JIAHHBIX aJUlelied ¢ TeHaMu
WUTH TPYTITIAMK T'€HOB, BIMSIOIINX HA CETIEKIIHOHHO 3HAYNMBbIE
npu3Haky nreHuis! (Xynias et al., 2006), a Takke B puBIie-
YEHUH B CEJICKLIMOHHBIH MPOIECC OTHOTO U TOTO YKE TeHOTH-
ma («COpT-IIeAEBP» ), IEHHOTO 110 MHOTHM OHOJIOTHYECKUM
U XO3sIMCTBEHHBIM IpHU3HaKaM, Hanpumep CapartoBckas 29,
bezocras 1, Muponosckast 808 u T. 1. [ToaTomy uacTto BcTpe-
yarolrecs ajieNy MIHaJuHa B 00paslax, CO3MaHHbIX IS
KOHKPETHBIX KIIMMAaTHYECKUX YCIIOBUH, MO’KHO HCIIOJIb30BATh
B MJCHTHU(UKAIIMA COPTOB U B KAYE€CTBE MAPKEPOB LIEHHBIX

MIPU3HAKOB B CEJIEKIIMOHHOM IPOIIecCce, TAKMX KaK KauecTBO
3epHa, YCTOIUMBOCTE K abnorudecknM pakropam (Co3nHOB,
1985).

JlanHble, 1oy4eHHbIE Ha OCHOBE TOJMMOp(dU3Ma 3amac-
HBIX OEITKOB, MOTYT He ycTynath o nHpopmarusaocTr JTHK-
MapkepaM. J[oTmoTHUTETbHBIM TPENMYIIECTBOM TaKUX Map-
KEpOB JIJIsl CEJIEKIIMHU PACTEHHI SIBJISIFOTCSI HEIOPOToe 000py-
JIOBaHHUE U IIPOCTOTA BHINOJTHEHNS aHAITM30B. AHAIN3 COCTaBa
MIPOJIAMUHOB JIO CETO/IHSIITHETO JTHS HCTIIOJIb3YEeTCsl P H/ICH-
TU(QUKALMU COPTOB CEIbCKOXO3SHICTBEHHBIX KYJIBTYP, HAIIPH-
mep mroniepHsl (Kakaei, Ahmadian, 2021), mpoca (Ma et al.,
2022) u puca (Kaur et al., 2023), B H3y4eHUN TeHETUICCKO-
r'o KOHTPOJIsl CHHTE3a 3amacHbix 0enkoB oca (Lyubimova et
al., 2020). Metoz snexTpodopesa 3amacHBIX OEIKOB PEeKo-
MEHJIOBaH JUIsl IPUMEHEHHS ITPU WACHTH(UKAIUN COPTOBO-
ro Marepuaia B npasuwiiax UPOV s stumens (Barley, UPOV
Code(s)..., 2018) u mmenuns (Wheat, UPOV Code(s)...,
2022). 115t iACHTU(PUKAINT U PETHCTPAIH 00pa3IIOB IIIie-
HHUIIBI, cO31aHHbIX B Poccuiickoit Depepariuu, omyOInKkoBaHO
METOANIECKOE PYKOBOZACTBO 10 IIPOBENICHNUIO 31eKTpodopesa
3anacHbIX OenkoB (Jlabopartopuslit ananms..., 2013). [pn-
MEHEHHEe MeTo/ia AeKTpodopesa Uil UACHTU(UKALIUN COp-
TOB IIIEHUIB MPOMKUCAHO B TOCYAAPCTBEHHOM CTaHAApTE
Pecmryonuku Kaszaxcran (CT PK, 2018) u Pecrry6oinmnkn Manu
(MN-01-03, 2001).

Pesynbrars! HecneoBaHM 6ETKOBOTO MOMMMOP(hH3MA ITIIe-
HUIIBI MOTYT CTaTh OCHOBOM CTPaTernu 0TOOpa TEHOTHUIIOB C
OIpe/IeICHHBIM coYeTaHueM ajuiesieil mmaanHa. OHoBpe-
MEHHO C 3THM H3y4YeHUE TEHETHUECKHX PECYPCOB C YIETOM
nonmMopdr3Ma MPOIAMHUHOB MIIEHHIIBI U3 CTPAH C Pa3IMIHBI-
MU KJIIMMaTH4€CKUMH YCIOBUSIMHU [I03BOJISIET BBISIBUTH U ITPO-
CJIEINTH MPEINOYTHTEILHOCTh 0TOOpA U YCTAHOBUTD «IVIHA-
JIMHOBBIA TIPO(UIIBY COPTA, XapAKTEPHBIH JJIsI KOHKPETHBIX
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ycioBuit. B ipeapiaymx padorax ObUTH HACHTH()UIIMPOBAHBI
Tipeo0IIaTatoIye, WIH «THINPYIOINE, aJJIelTH TPOTaMUHOB
nuIeHu1bl, xapakrepasie ais CeBepHoro Kazaxcrana u Poc-
cuu (Utebayev etal., 2016,2019a,2022; YTebaes u np., 2021).
OpnHaKo BaXKHBIM SBIISAETCS OTIPE/IeNICHIE TITNAJITHOBOTO CTICK-
Tpa IPOBOIl MATKOM MILIEHUI[bI, CBOMCTBEHHOTO KOHKPETHOMY
ceJIeKIIMOHHOMY yupexaeHuto Kazaxcrana u Poccun. Takas
WHPOPMAITUS OTpaKaeT HANPaBIICHUE CEIEKIINY, MHTEHCHB-
HOCTB BOBJICUCHHS B CKPCIIMBAHUS TCHOTHITOB IIICHAIIBI U3
JIPYTHX CEJEKIIMOHHBIX YUPEXKICHUN U BEPOSITHOCTD MPOSIB-
JICHUS «TEHETUIECKOU DPO3HM».

B 57001 cBSI3U Lenb HAIIEro UCCIeI0BaHUs — ONPEACITUTh
XapaKTepHbIH «IJIMaJMHOBBIH MPOQHILY 00pa3LOB SPOBOI
MSATKOH TieHuts! (7riticum aestivum L.), CO3MaHHBIX B pa3-
JUYHBIX CENICKIIMOHHBIX IeHTpax Poccum n Kaszaxcrana, Ha
OCHOBE U3yUYCHHUS U CTATUCTHYECKOTO pacuyeTa FreHeTHYEeCKOro
pa3Ho00pa3ust ATIETHHBIX BAPHAHTOB TITHA THHKOTUPYFOTITIX
JIOKYCOB.

MaTtepwuanbl n metoapl

O6bexTom nsyuenus ciayxunmu 347 (177 poccuiickux u
170 xa3axCTaHCKKX) COPTOB U CETEKIIMOHHBIX IMHUH SPOBOI
msirkoit mmenuipt (punokenne 1)!, mMa MHOBbIE CIIEKTPBI
KOTOPBIX OITUCAHBI M OIyOnmKkoBaHkl panee (Dobrotvorskaya
et al., 2009; Novoselskaya-Dragovich et al., 2013; Utebayev
et al., 2016, 2019a, 2022).

K coxanenuto, mpoBecTH BPEMEHHYIO EPHOIM3ALIUIO TI0
roJ[aM CO3/1aHHs JUIsl BCEX COPTOB U CEJICKIIMOHHBIX JINHUN HE
NPEACTABISIIOCH BOSMOXKHBIM, II09TOMY B pacyeTax NCXOIIH
W3 MPUHINIIA TPUHAIISKHOCTH TOTO WJIM MHOTO 00pasna K
CEJICKIIUOHHOMY YUpEeXKIeHHIO (00JacTH ). AHATU3UPOBAJIHCH
reHetryeckne (GOpMyJsl IIHaIHA 00pa3oB MATKOW IIiie-
HUIIBI, CO3JJaHHBIX B JICCSTH CENICKIIMOHHBIX YUPEXKIACHHUIX
Poccun u Kazaxcrana (cm. [Ipunoxenue 1). JlononHUTENbHO
BBITIOJTHEH 2JIeKTpodopes mnaaiHa HoBoro copra LlennaHas
HHBa (AKMOJIMHCKas 001acTh), (hopMysa KOTOPOTO BOLLIA B
o01ee KOJMUYECTBO MPOAHATU3UPOBAHHBIX 00pPa3IOB IIIlIe-
HHILBL. [TIMagnHOBBIE CHEKTPBI NIICHHUIB! NOIYYeHbI 110 Me-
tomuke, npemnoxkernHoit E.B. MerakoBckum (Metakovsky,
Novoselskaya, 1991), unenrudukanms riuagiHOB IpPOBeE-
JIeHa TI0 KaTaJory ajulelied IIHaJANHKOAUPYIOIIHNX JOKYCOB
(Metakovsky, 1991).

O0o03HaueHne JIOKYCOB TIMaMHA BBINOJHEHO B COOTBET-
CTBUH C KaTaJioroM reHoB mmueHusl: Gli-A1, Gli-B1, Gli-D1,
Gli-A2, Gli-B2 u Gli-D2 (Mclntosh et al., 2003). Amnenu
JIOKyCOB 0003Ha4yai OyKBaMH JIATHHCKOTO andaBuTa B cie-
IyIOIIell IociieloBaTeIbHOCTH: HallpuMep, TeHeTHYeCcKast
(opmyrna rmuanuna copra Chinese Spring — Gli-Ala, Gli-Bla,
Gli-Dla, Gli-A2a, Gli-B2a, Gli-D2a — uMeeT COKpaICHHY IO
3aIHKCh 4, 4, 4, d, 4, d, TOT1a KaK TeHeTHYecKas (popmyita cop-
ta Muponosckas 808 — Gli-A1lf, Gli-B1b, Gli-D1g, Gli-A2n,
Gli-B2m, Gli-D2e — B cokpalieHHoil (opMe BBIISAUT KakK
f;baéﬁ n,m,e.

Crarucruyeckuii anam3. BHyTpunonynsinuoHHoe pas-
HOOOpasue (W), IEMOHCTPHPYIOLIEE YaCTOTY PA3JIMUHbIX F€HO-
THUTIOB, paccynThiBay cormacHo JI.A. JKusotoBckomy (1991):

W= (Fr N

1 Mpunoxexuna 1-4 cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2024-28/appx11.pdf
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leHeTUYecKoe pasHoobpasvie annenei MuaarHa y obpasuos
MLUeHNLbl U3 CeNEeKLMOHHbIX LiIeHTpoB KasaxcTaHa v Poccun

T7Ie p —JacToTa ajiesel, paccuutannas o gpopmyie p = n/N,
B KOTOpOi N — 00beM BBIOOPKH, 7 — KOIMYECTBO aJulelieit
OJTHOTO JIOKyCa B COpPTE (CeNeKIOHHOH TiHNN). [Ipr paBHBIX
yacToTax BCEX ajuleliel JIoKyca | = n, IPU HEepaBHOMEP-
HOM pacIipeie]ieHHH 4acToT | < n, a pu MoHOMOpdu3me
p = 1. CraamaprHas ommoOKa [L pacCUUTHIBAIACH IO (hopMy-
e Su = u(n — w)/N, TIE n — KOJINYECTBO ajuIeell OIHOTrO
JIoKyca.
Homro penkux amneneit (4) onpenensum o popmyie

hy =1~ (Wn).
Jlist pacuera CTaHAaPTHOM OMIMOKH IOTH PEKUX ajiiesei
MPUMEHSUTH POPMYITY

S, = \h(1 - h)/N.

[Tpu momapHOM CpaBHEHUH IPYIIIBI 00PA3IIOB MIICHUI[BI
Pa3IMYHOTO MMPOUCXOKIACHUS UCIIOIB30BAJICS TAKOW IMapa-
MeTp, Kak Mmokasarenb cxonactsa () (KusoroBckuid, 1979):

AT

I7Ie p — 4acToTa aJuIeisl B MEPBO TOMYIAINH; ¢ — 9acTOTa
ajyiesist BO BTopou momysisituu. CTaTucTHYeCcKast OIuoKa mo-
KazaTelst 7 BeIpakaiach popMyIioi

2 2
qdo— 1 +p0—r

5= 0.5\ %0 A

B ciyuae, Korja B CpaBHHBAEMBIX TPYIIAX BCE HICHTH-
(urrpoBaHHbIe ayuiean ooire, omrdKa PacCUUTHIBAIACH
o hopmyiie

N, +N,

17
N, 0

S.=0.5
Ha ocHoBe moka3zarest cCXoncTBa (7)) BEIYUCIISIIN KPUTESPHA
unentuaHocty (/):

_8NN,

1
N, +N,

(1-r).

Ilpu I, npespimaromem Tabauaroe 3Hauenue x> ¢ 95 %
YPOBHEM 3HAYMMOCTH, CYUTAIIN, YTO COPTOIOMYIISIIINN HUMEIOT
JIOCTOBEPHYIO pa3HHILY.

CreneHb reHeTHYecKoro pasHoobpasus (H) paccunrana 1o
M. Nei (Nei, 1973):

H=1-3¥p’.

Pe3yn bTaTbl N 06cy>Kp,e|-| ne

Copra U ceNeKUMOHHbIE TMHUHU, B3SThIE U1 U3YUESHHUS, [IPE]I-
crasiensl B [Ipunokenun 1. Mi3BecTHO, YTO HE BCE CENEKIIN-
OHHBIE JIMHUU JTOXOIAT A0 COPTa, & COPT — A0 PAOHUPOBAHUS,
TEM HE MEHEE B HACTOSIIEM HCCIEAOBAHUM IIPENCTABIIECHBI
00pa3Ib MIICHUIBI (COPTA U CEIEKITHOHHBIC JTMHHUH ), KOTOPBIC
10 TEM WJIM MHBIM NPU3HAKAM MUMEJIU WIA UMEIOT LIEHHOCTh
JUTSL CEJIEKIIMM, HE3aBUCUMO OT IOfla CO3JaHMs WM paloOHU-
poBanus. C y4eToM 3TOTro HaMH MPEANPHHATA ONBITKA TOKa-
3aTh aJIeNFHOE Pa3sHOOOpa3He IITHaJMHKOHPYIONINX JTOKY-
COB, BCTPEYAIOIIEECS B TOM MJIM HHOM CEJIEKIIMOHHOM LIEHTpE
Poccun u Kazaxcrana.

Jlokycbi Gli-1

Kazaxcran. Jlns nokyca A/ B nmenune u3 I[laBnomapckoit
n Kaparannnackoli obmactelt ObUTO HICHTHQHUIIMPOBAHO
mo 9 amreneit, 3 AxmoanHckold u Kocranaiickoir — 12 u
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Puc. 1. Yactota BcTpeuaemocTy anneneii 1okycoB Gli-1 ApoBoii MATKOW NweHnLbl No obnactam KasaxcraHa u Poccun.

14 anneneit coorBeTcTBeHHO (puc. 1, Tadm. 1). [To nokycy B1
B IIIEHNIE KaparaHIMHCKOTO MPOUCXOXKACHHUS UACHTH(DHU-
IIUPOBAHO 2 ajulelis, MaBIOAAPCKOro — 4, KOCTAaHAWCKOTO U
AKMOJIMHCKOTO — 5 U 6 ajiesiel COOTBETCTBEHHO.

ITo nokycy DI nanbomnbiee pasHOOOpasne 3apuKCHPOBa-
HO y mreHuIs! 13 Kocranatickoit obimactu — 9 amieneit, Mu-
HUManbHOe, 2 ajiens — y mimeHuns! u3 KaparananHckon
obmactu. B o6pasnax n3 AxkmonuHckoii u [TaBmomapckoif 00-
nactei MACHTH(GUIIMPOBAHO 6 U 4 ajesnsi COOTBETCTBEHHO.
Amnanuz hopMyI imaHa oKasall, yTo ajuiesd, OOHapYKeH-
HBIE B ITIIEHUIIE OJHOI 00J1acTH, OTCYTCTBYIOT B APyToil. Tak,
Gli-Ald n Gli-Aly unenTuduyupoBaHbl TOJIBKO B IMIICHHUIE
AxmoinuHckoit, a Gli-AIn — B obpasue u3 KaparanauHckoit
obmactu.

[Tpn 5TOM B 0Opa3uax mureHunsl 13 AKMOIHHCKOH, Koc-
taHalickoii, [TaBnonapckoii u KaparananHckoii obnacreid o
nokycy Gli-A1 pactipoctpanenue nmomyunnu aienu Gli-AIf,
Gli-Alin Gli-A1o. O6umM Bo Bcex 00J1acTsIX 0Ka3aJICs AJIeITb
Gli-Alf, BCTpeuaeMOCTh KOTOPOTO B AKMOJIMHCKOM 001acTH
cocraBmia 38.5 %, B Kocranaiickoit — 32.9 %, B [TaBnomap-
ckoit —46.7 %, a B Kaparananuckoii — 46.51 % (cm. puc. 1).
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BTopsIM 10 pacnipocTpaHEHHOCTH B MIIEHUIIE KOCTaHANCKON
ceneknuu 0611 asuens Gli-A1o (15.3 %), a B maBmogapcKoit —
Gli-A1i (16.67 %). OrmetnM, uto amtenu Gli-Alo u Gli-Ali
BCTPEYAIOTCS B IIIECHUIIE N3 AKMOJIMHCKOW 00JIaCTH C 4acTo-
Toit 12.50 n 13.54 % cooTBeTCTBEHHO.

Crout no6aButh, uto amienb Gli-A1h, naeHTuUIIpO-
BaHHBIN B 00pa3iax mueHuIs u3 KaparanguHckoil odnactu
¢ gacrotoit 19.8 %, He MMen MHUPOKOTo PacIpOCTPAHEHUS
B Ipyrux obmnactiax Kasaxcrana. C apyroii cTOpoHBI, OJIOKH
KOMITOHEHTOB [JIHa/IMHA, KOHTpOIUupyemble auiesiMu Gli-A1h
u Gli-Ali, [0OCTaTOYHO CXOKH MO KOJTMYECTBY M AMEKTPOoho-
PETHYECKOI MOABMKHOCTH KOMIIOHEHTOB, OTJIMYAsICh JIUIIb
MO/IBYKHOCTBIO OJTHOTO KOMITOHEHTa B y-30He (Metakovsky,
1991).

[TockonbKy KakIbli JIOKYC IVIHMaJuHa XapaKTepu3yeTcs
MHOXCCTBCHHBIM aJUJICJIM3MOM, TO HEPEAKUM ABJIACTCA IO-
muMopdu3M copra, THHUHN. To ecTh moTMMOp(hHBIE 00pa3IIBI
MPEICTABISIOT COOOH cMech 3€pPHOBOK, Pa3IMYaIONINXCS
AJIENISIMM OJTHOTO WJIM HECKOJIBKUX TIMaJUHKOJUPYIOINX
nokycoB. [Tommmopdusm o mokycam Gli-1 cocTaBmIL: IS
obpasnoB u3 Kaparamnuuckoit obmactu — 27.9 % (12 u3
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Ta6bnuua 1. Yucno annenein n nonumopdusm noKycos Gli B copTax APOBOI MATKON MLIEHWL b,
CO3[aHHbIX B Pa3fNyHbIX CeneKkLMOHHbIX LeHTpax Poccnn n KasaxcraHa
CeneKUMOHHBIN LeHTp (0bnacTb) Gli-A1 Gli-B1 Gli-D1 Gli-A2 Gli-B2 Gli-D2 Obuyee kon-Bo, ef.
Konnyectso annenen, en. (nonnmopdusm, %) annenen  copto-
obpasuos
Poccuiickme cenekumoHHble LeHTpbl (N = 177)
HWWNCX tOro-BocTtoka (CapaTtoBcKas 06nacTb) 6(23.2) 5(29) 5(5.8) 10(14.5) 13(21.7) 9(145) 48 69
Cn6HUNNCX n OMIAY (Omckas obnactb) 8(22.2) 8(133) 5(6.7) 9(13.3) 12(15.5) 9(8.9) 51 45
YenabuHckmin HUACX (YenabuHckan obnactb) 11(26.6) 7(30.0) 7(13.3) 12(33.3) 15(30.0) 17(33.3) 69 30
HUNCX CeepHoro 3aypanba 11(12.1) 6(9.1) 7 (6.1) 11(30.3) 14(18.2) 12(18.2) 61 33
n FAY CeBepHoro 3aypanbs (TlomeHcKasa 0651acTb)
Ka3axcTaHcKkue cenekumoHHble LeHTpbl (N = 170)
HIMLU 3X nm. A.W. BapaeBa (AKMonvHcKasa obnacTb) 12(104) 6(6.2) 6(8.3) 10(8.3) 14(2.1) 13(4.2) 61 48
Kapabanbikckas CXOC (KocTaHaiickas 06nacTb) 14(6.1) 5(10.2) 9(8.2) 15(6.1) 15(4.1) 15(4.1) 73 49
Masnogapckas CXOC (MaBnopapckasn ob6nacTtb) 9(-) 4 (6.6) 4 (6.6) 9(6.6) 13(6.6) 9(10.0) 48 30
KaparanguHckaa CXOC um. A.O. XpucteHko 9(18.6) 2(6.9) 2(9.3) 10(11.6) 12(9.3) 8(4.6) 43 43

(KaparaHavHckas obnacTb)

43 obpasnos), Kocranatickoit obmactu — 20.4 % (10 u3
49 00pa31oB), /IS MIICHUIBI U3 AKMorHCKON 1 [TaBiomap-
ckoit obmacteit — 18.7 % (9 uz 48 obpasuos) u 13.3 % (4 u3
30 o6pasnoB) coorBeTcTBeHHO. HE00X0AMMO OTMETHTB, YTO
3HAYEHUsI, IPUBE/ICHHBIE B TA0J. 1, XapakTepHu3yIoT MOIUMOp-
(hM3M OTAENTBFHO B3ATOTO JIOKyca. B 3T0# CBsI3M HanOOIBIINM
MOIUMOP(HHU3MOM T10 JIOKycaM A / 11 D1 BBIAEIAIOTCS 00pa3Iibl
n3 Kaparananuckoit odnacti — 18.6 1 9.3 % cooTBETCTBEHHO.
3aMeTuM, 9To TOIUMOPGHU3M 10 JIOKYCy B/ Hare npeacTas-
JIeH KoMOMHanuen e+b, Torna Kax 1o JIokycy A/ — ayenem f
B pa3iIMuHbIX coyeTaHusix. HauMenblee anienbHoe pa3Ho-
oOpaswue nokyca Gli-B1 oTMedeHO y 00pa3IoB MIIIEHUIIH U3
Kaparannuuckoit u [TaBnomapckoii obmacreit — 2 u 4 ane-
JIsl COOTBETCTBEHHO. Bo Bcex o6iacTsix HanbobIasi 4acTo-
Ta BCTpeuaeMocTH 3adukcupoBana ais amienst Gli-Ble (cm.
puc. 1).

Wnrepec npencrasiser Gli-B1l, oOHapyXeHHBI TOJIBKO
B obpasnax Jlrorecrierc 71 n Jluaus 19YC (Kapabamsikckas
CXOC, Kocranatickast 00J1aCTh), TOCKOIBKY JaHHBIN aJIeib
SIBJIIETCS. MAPKEPOM IILIEHUYHO-PKaHOU TpaHcnoKauuu. ['eHsl,
BXOJISIINE B COCTAB 3TOH TPaHCIOKANH, KOHTPOIUPYIOT yC-
TOWYMBOCTB PACTECHUS K sy TPHOHBIX 3a001eBaHNH, TAKUX
KaK pa3JInuHbIe BU/IbI prKaBYMHBI (Oypasi, creOiieBasi, xenrast),
myunucTas poca (Kozyd u ap., 2012). Onnako mpucyTcTBHE
TPAHCIIOKAINH, KaK OKa3aJI0Ch, CHW)KACT TEXHOJIOTHIECKHE
XapaKTepUCTUKH 3epHA, YTO B KOHEUHOM CUETE OTPaXKaeTCsI
Ha xyebonexkapHoM KadecTBe mmeHHUIsl (Co3nHoB, 1985).
B 10 5xe Bpemst OTpHUIaTeIbHOE BIMSIHUE MIIEHUYHO-PXKAHOH
TpaHCJIOKallu MOXKET 6I)ITI> HeﬁTpaJ'lld:iOBaHO HaJIMYUEM «XO-
pommx» cyObeaMHUI] TMIOTEHIHA, TaKuX Kak /Dx5+1Dyl10,
1Bx7+1By9 u 1Bx7+1By8 (Sharma et al., 2018). Otmerum,
4TO B COCTABE€ BLICOKOMOJICKYJIAPHBIX Cy6’be[lI/IHl/II_l TJIIOTCHHWHA
copra Jltorecuierc 71 conepxarcst KOMIOHEHTHI [ Dx5+1Dyl10
u IBx7+1By9 (Utebayev et al., 2019b).

Amnens Gli-B1b mMpoko pactpoCTpaHeH CPear H3ydyeH-
HBIX 00pa3110B, 32 UCKIFOUEHUEM MIIEHUIIBI U3 AKMOJIMHCKON
obnmactu. Huskas gacToTra BCTpeyaeMOCTH JIaHHOTO aJuIens,
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BEPOSITHO, CBsI3aHa C TeM, 4To OosbIrHCTBO copToB HITLL 3X
um. A.W. bapaesa co3nano Ha ocHoBe copToB HUNCX FOro-
Bocroka (CaparoBckasi 001acTh), 1T KOTOPBIX XapaKTepPeH
amnens Gli-Ble (Novoselskaya-Dragovich et al., 2003).

Hawubonpmmit nonumopusm 1o sokycy Gli-D1 ormeueH
qutst eHusl u3 Kaparanauackoit odmactu (9.3 %), 9to
BBIpaXkasioch Kombunanueit Gli-Dig+a.

Amnenu Gli-Dla, Gli-DIf n Gli-D1g pactipocTpaHeHbI B
TMIIICHHUIIE BCEeX YeThIpex obmacrteit Kazaxcrana (cm. puc. 1).
IIpu atom Gli-D1a nmen MakCUMaJIbHYIO YacTOTY BCTpedae-
moctu. Crenyer orMeTuts, uto amenu Gli-Dla, Gli-DIf
KOHTPOJIMPYIOT OJIOKU IIMaJANHOB, KOTOPBIE BEChMa OJM3KH
10 KOJIMYECTBY U ANMEKTPO(opeTnIecKoi TOIBHKHOCTH KOM-
MIOHEHTOB, 32 UCKJIIOYEHHEM HauboJsee MOIBMKHOTO KOMIIO-
HEHTa, PacIoiokeHHOro B y-30He. CormacHo (YeboTaps u
Ip., 2012), uem MeHBbIIIe pa3THIAOTCS OJIOKH IIHATUHOB IO
KOMIIOHEHTHOMY COCTaBY, TEM OHHU OJIMKE JIPYT K JIPYyTy IO
HYKJICOTHIHOMY COCTaBy. TOr1a MOYKHO ITPEATIONO0KHUTD, YTO
Y BIIMSTHAE TAKUX OJIOKOB Ha KaYECTBECHHBIC XapAKTEPHUCTHKH
MOXKET OBITh CXOXKHM.

Poccusi. B mmennie n3 Yensounckoit n TroMeHCKOH 00-
nmactei unentuduposano no 11 amreneit nokyca 417, u3
CaparoBckoii 1 Omckoii — 6 u 8 ansenei COOTBETCTBEHHO.
Haubonpiee konmyecTBo anmeneil 1okyca B/ oTMedeHo y
nreHUI Bl U3 OMCKoit obmactu — 8, HamMeHbInee (5 amie-
nei) — y caparoBckoi mueHuns! (cM. puc. 1). ITo nokycy D1
y mmeHuts! 13 Yensouackoit u TroMeHCKoH 061acTeil BBISB-
JIeHO 1o 7 anenei, Toraa kak B nmiieHuue u3 CapaTtoBckoil u
Omckoii obnacteit — 1o 5 aniesnen.

Amnanu3 Gopmyn mMaanHa MOKa3all, U4To 10 KaX0MY JIo-
KyCy MMEJINCh aJIJIEH, XapaKTepHbIe Il 00pa3oB TOJIBKO
onHoi# obmactu. Hanpumep, amnenu Gli-Blh, Gli-BInew
u Gli-DI1k BcTpedanuch TOIBKO B IIICHHIIE CapaTOBCKON
cenexkmu (Dobrotvorskaya et al., 2009), Gli-Bli, Gli-Blk
Gli-Blg — B omckux obpasuax (Novoselskaya-Dragovich et
al., 2013), Gli-A1l w Gli-D1! — B TromeHckux, a Gli-Bld —
B 00pasuax YensOnHckoii obnactu (cM. puc. 1).
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Haubonbimuit nonumopdusm nokycoB Gli-/ ormeueH y
IMIIEHAIB! YensIOnHCKoro mpoucxoxaeHust — 33.3 % (10 u3
30 obpa3sioB), 3areM y omckoid — 31.1 % (14 u3 45), caparos-
ckoif — 26.1 % (18 u3 69), a HauMeHbIINA — y TIOMEHCKOH,
18.2 % (6 u3 33). Taxue oOpa3ipl, kak Kykymxka 12-6, Muib-
Typym 12013, Poccusiaka, Yensionnckas 17, CennBaHOBCKUi
pycak u OmMckas 9, okazanuch NOIMMOP(QHBI 10 BCEM TpeM
nokycam Gli- 1, ipu 3TOM HanOOJIbIIIee KOTMYESCTBO ajlIeen
Ha OJIMH JIOKYC BBIsBIIEHO y copta YemsOunckas 17 (cm.
[Tpunoxenue 1).

ITo mokycy A1 3aduKcupoBaHa BEICOKAs 9aCTOTa BCTpEdae-
moctu ayuens Gli-Alf: B muennne u3 TroMeHcKoi obmacTn —
47.8 %, B muennne n3 Yensounckoii —48.5 %, CaparoBckoii —
44.3 %, Omckoit — 40.0 % (cMm. puc. 1). OT™MeTHM, 9TO ITOT
aJJIeNTb PAcCIpPOCTPAaHEH CPEy MIICHHUIBI aBCTPATHMHCKOM
(Metakovsky et al., 1990), upanckoii (Salavati et al., 2008),
ykpaunHckoit (Kozub et al., 2009) cenexrmu, a TakKe B cOpTax
n3 3anagHoi n Bocrounoit Cubupu (Nikolaev et al., 2009)
1, BOBMO>KHO, CBsA3aH C HCKOTOPbIMU XO3SIMCTBEHHO LCHHbIMHU
MPU3HAKAMH ITICHHIIBI.

«O0mumuy aBisiuch takxke amtenu Gli-Ali, Gli-Alm
u Gli-Alo (cwm. puc. 1). Kak okazanocs, amienu Gli-AIlm u
Gli-A 10 cOCTaBISIOT (I TMHOBBIN TPO(HIHY TIICHHUIIBI U3
Kananel, Mekcuku, ctpan Cxkanaunasuu, Mcnanun u Kuras
(Metakovsky et al., 2018).

ITo nokycy B/ B IIIeHATIE YETHIPEX 00TaCTEN «ITHIPOBAID)
¢ pa3HOU BcTpeuaeMocThio amnenb Gli-Ble (em. puc. 1). Jlo-
6aBuM, uyto Gli-Ble uMeeT MIUPOKUl apea pacupoCTpaHe-
HUSI CPEAM COPTOB MILEHUIbI Ka3aXCTAHCKON U pOCCUICKON
ceneximu (Novoselskaya-Dragovich et al., 2003; Nikolaev et
al., 2009; Utebayev et al., 2019a). Taxxe o jjokycy B uieH-
TU(HUITUPOBAHO HAMOOJNbIIEe KOJIWYECTBO aJuIeeH, BCTpe-
YAIOMIUXCS B OnpenenieHHoi oonactu: Gli-B1ld — B YensOun-
ckoit, Gli-B1h, Gli-BInew — B Caparosckoit, Gli-Bli, Gli-Blk,
Gli-Blq — B Omckoit obmactu. [Ipn ananmm3e pogoCIOBHBIX
ycTaHoBIeHO, uTo mreHuia u3 HUMCX Oro-Bocroka (Ca-
paroBckast 0051acTh), st Kotopoii anmnens Gli-Ble siBnsiercs
XapaKTEePHBIM, aKTHBHO BOBJICKAJIACh B CKPEIIUBAHUSA HPHU
CO3/IaHUU COPTOB IIICHHIIBI TIOMEHCKON M 4eNssOMHCKOMH
cenexkuuu (GRIS, 2017). B cBoro ovepenp OOJBIIMHCTBO
coproB HUMCX FOro-BocToka (CapaTroBckast 001acTh) Tak
WJIN MHA4Ye BEAYT CBOE MPOUCXOXKIECHHE OT JIByX COPTOB-TIO-
mymsiiuid: [Tonraeka (reHetuueckas hopmyna Gli-Alo+f+c+j,
Gli-Ble+m, Gli-Dla, Gli-A2q, Gli-B20o+s, Gli-D2e+a) n
CenuBanoBckuil pycax (Gli-Alf+i+j**, Gli-Ble+new, Gli-
Dla+i, Gli-A2j+q+s, Gli-B20+q, Gli-D2e+s) (Novoselskaya-
Dragovich et al., 2003). HcTopuueckn CI0OXKHIOCH, YTO B
OCHOBE OOJIBIITMHCTBA Ka3aXCTAaHCKUX COPTOB JISKAT COpTa 3
CaparoBckoii 1 OMCKoii 007acTei, MO3TOMY BIIOJTHE 0XKHUIae-
MO HEKOTOPOE CXOJICTBO TIIHAJMHOBOTO MPOQUIS MIICHUIIBI
nByXx crpaH. Tem He MeHee metonamu JJHK-nuarnoctuku
JIOKa3aHO (PHIIOTCHETHUECKOE OTIINYNE Ka3aXCTAHCKHX COPTOB
ot poccutickux (Shavrukov et al., 2014). Hepenxo BcTpeuancs
aitens Gli-B1b: ¢ yacroroii 32.0 % B mmenunie u3 YensOun-
ckoit obnactu, 28.8 % — u3 Tromenckoi, 30.0 % — 3 OMCKOH.
[Mockomeky Gli-B1b pactipocTpaneH oT cTpaH CKaHIHHABUN
o Aectpamuu (Metakovsky et al., 2018), To, BeposiTHO, OH
LIEHEH ISl CEJICKIINH.

ITo nokycy Gli-D1 nanbonpiast BCTPE4aeMOCTh YCTaHOB-
nena must awtens Gli-Dl1a (cm. puc. 1). [Tomumo atoro, 06-
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IIMMU JUISL YeTBIPEX paccMmarpHuBaeMbIXx obOiacreit Poccun
spistorcest amnenu Gli-D1b, Gli-DI1f w Gli-D1i. Crnenyer
oOparuTh BHMMaHue Ha amens Gli-D1b, XapakTepHbIH a1
nweHunsl Ppannuu, Mekcuku, Ilopryranuu, boarapuu,
Cepbun (Metakovsky et al., 2018), Mpana (Salavati et al.,
2008) u Aurmmu (YepnakoB, MerakoBckuid, 1994). K Tomy
)K€ Ha OCHOBE M3yUYEHHSI IPOTEOJIN3a NPOJAMUHOB MILIECHUI[BI
npeanaraeTcs ucnoib3osars Gli-D1b Bmecte ¢ Gli-D1a B xa-
YeCTBE MapKEPOB aJallTHBHOCTH Y SIPOBOH MSATKON MIIICHUIIBI
(Upelniek et al., 2003).

Jlokycbi Gli-2

Kazaxcran. [Ipu ananuse renernueckux (Gopmys1 IinaanHa
o nokycy Gli-A2 nnentudurmposano mo 10 aeneii B mie-
HUIIEe U3 AKMOIIHCKOH 1 Kaparanmuackoit oonacteit. B me-
HHUIIE KOCTaHANCKOW 1 NIaBJIOJAPCKON CEJIEKIIUU OIPEACIIEHO
15 n 9 anneneit coorBeTcTBeHHO. JIokyc B2 mpenacTaBiieH
12 annensiMu B MILEHULE KaparaHAWHCKOW cenexuuu, 13 —
B MaBJIOAAPCKOH, 14 — B akMOIMHCKOH, 15 annensmu — B Koc-
TaHaiickoii. 1o mokxycy D2 BEISBICHO 8 ayiesniei B MIIIEHHIIe
n3 Kaparanaunckoit, 9 — u3 IlaBnonapckoi, 13 — u3 Akmo-
nuHCKOHU, 15 amneneit — u3 Kocranaiickoit obmacteit (cm.
Tabm. 1, puc. 2).

[TmenunIa KaparaHAMHCKON CENCKIIUN BHOBB «JTHIAPYCT)
0 MOJIMMOP(U3MY OTIEIBHO B3SITOrO JIOKYCa, TaK KaK 3Ha-
uerns A2 u B2 apnsrorcs HauBbicmMA — 11.6 1 9.3 % coot-
BETCTBEHHO (cM. Tabu1. 1). C pa3uuHOM 4acTOTON B YETHIPEX
obnactax Kazaxcrana orMedeHsl «obuive» amnenu: Gli-A2b,
Gli-A21l, Gli-A2q, Gli-B2a, Gli-B2f, Gli-B2I, Gli-B2m, Gli-B2t,
Gli-D2a wn Gli-D2q.

[Monumopusm nieHuns! no Jokycam Gli-2 coctaBuil:
s Kaparanauackoit obmactu — 11.6 % (5 u3 43 o6pasnos),
AxmommHckoit — 10.4 % (5 u3 48 o6pasmos), [TaBromapckoii
n Kocranaiickoii — 10.0 % (3 u3 30 o6pasios) u 8.2 % (4 u3
49 o6pa3noB) cooTBeTcTBeHHO. Takme oOpasisl, kak Kapa-
oameikckas 9 (Kocranatickas obmacts), Jlrorectienc 65, Jlro-
tecuenc 261 (ITaBmomapckas obnacts), Jlrotecuenc 1220,
Jlrotecuienc 1242 (KaparananHckast 00:1aCTh ), OKa3aJIiCh I0-
JTUMOPQHBIMH 110 TpeM Jokycam Gli-2.

AHaim3 reHeTHYecKux (OopMys INIMaJiHa MOKa3aj, YTo
amenu Gli-A2v (2.3 %), Gli-B2k (2.3 %), Gli-B2new (2.3 %),
Gli-B2p (4.6 %), Gli-D20 (2.3 %), Gli-D2r (10.5 %) BcTpeua-
JICh TOJILKO B COPTOOOpA3Lax MIIEHHUIbI KaparaHAWHCKOM, a
Gli-A2h (5.0 %) — B obpasmax maBrogapckoii cenexiun. [1o
6 anneneit uneHTHGUIMPOBaHO B 00pasiax u3 Kocranaiickoit
(Gli-A2a, Gli-A2w, Gli-B2i, Gli-B2j, Gli-D2f, Gli-B2j) n Ax-
MonHHCKOU obnacreit (Gli-B2h, Gli-B2q, Gli-B2s, Gli-D2d,
Gli-B2g). Ilpu stom amnens Gli-B2s ¢ wactotoit 16.67 %
SIBJISIETCSI BTOPBIM TI0 pactipoctpaneHHoctu nocie Gli-B2d
CPEeIH MIICHUITB AKMOIWHCKOH CETeKITHH.

OtmetnMm, uto amnenb Gli-A21, BCTpedaromuiics cpean
Ka3axCTaHCKUX 00pa3IloB MICHUIIBI, B 0coOeHHOCTH 13 Ka-
paraIuHCKON 00J1acTH, OKa3aJICs paCTIPOCTPAHEHHBIM CPeIn
anmmiickux (YepuakoB, MerakoBckuil, 1994) n upanckux
(Salavati et al., 2008) oOpa3iioB mieHubl. Aiens Gli-A2f,
3aHAMAIOIINH BTOPOE MECTO MO PaCTIPOCTPAHEHHOCTH CPEAN
MIICHUIIBI KoCcTaHalickoro mpoucxoxaeHust (15.31 %), gacto
BcTpeuasncst B Mekcuke u [lopryramun (Metakovsky et al.,
2018). UnTepec npencrasmsetr amtens Gli-A2q, nmeromuit
BBICOKYFO 4acTOTY BCTPEYaeMOCTH B AKMOIMHCKOH u [laB-
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Puc. 2. YacToTa BCTpeyaeMocTy anneneii NokycoB Gli-2 ApoBoii MATKOM MLeHNLbl Mo obnactam KasaxctaHa n Poccun.

noxapckoit oonactsax — 18.7 u 30.0 % coorBercTBeHHO. OKa-
3aJI0Ch, YTO C HUM CBSI3aHbI KAY€CTBEHHbBIE XaPAKTEPUCTUKHI
3epHa, CBONCTBEHHBIC CHJIBHBIM copTaM mieHuIbl (Dobro-
tvorskaya et al., 2009). C apyroii cTopoHbI, YCTAaHOBIICHO, YTO
TEHOTHITHI MIICHUIB ¢ ayuteneM Gli-A2g UMEIOT IITMHHBINA
cTeberb U HU3KYI0 IPOAYKTHBHOCTH (XpyHOB 1 ap., 2011).

Amnens Gli-B2s ¢ yacroroit 16.7 %, unentudunupoan-
HBIA TOJBKO CPEIHN COPTOB AKMOIHWHCKON 00JIACTH, COCTaB-
JSeT «IpOoMITb) MIICHUIIBI capaToBCKol cenekimu (Novo-
selskaya-Dragovich et al., 2003).

Amnens Gli-D2a, BBIABICHHBINA B 00pa3Iax MIICHUIB U3
yeThIpex obmacteit KasaxcraHa, IIMPOKO pacpoCTpaHEH B
coprax MsArkod mmeHuisl Anrun (UepHakos, MeTakos-
ckuit, 1994), Utamuu (Metakovsky et al., 1994), ®pannun
(Metakovsky, Branlard, 1998), Mcianuu (Metakovsky et al.,
2000). BeposiTHO, 3TO 00YCIIOBJIEHO €r0 CBS3bIO C aJIalTHB-
HBIMH [TPU3HAKAMH, TOCKOJIBKY KIHMMAT €BPONEHCKUX CTpaH
B cpaBHEHHHU ¢ Ka3zaxcTaHOM OTIIMYAETCS MO KOJUYCCTBY
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0CaJIKOB, COJTHEYHOI aKTMBHOCTH, a TaKXke I10 XapakTepy
mouBeHHOTO mMokposa (Kunanbayev et al., 2022). Annens
Gli-D2gq, BcTpeuaronuiics B meHuie u3 [lasnonapckoii 06-
JIaCTH, HIMPOKO pacmpocTpaHeH B ABcrpanuu (Metakovsky
et al., 1990), 4T0, BO3MOXKHO, TOKE CBSI3aHO C XO3SIMCTBEHHO
[ICHHBIMH MTPU3HAKaMHU.

Poccus. Ilo nokycy Gli-42 unentuduuuposano 12 an-
neneit B nmmenunne n3 YemsOunckoi, 11 — u3 TroMeHCKOM,
10 u 9 anmneneit — n3 CaparoBckoil 1 OMckoi obnacrteit co-
orBeTcTBeHHO. [0 sokycy B2 reHernyeckoe pazHooOpasue
npezacTaBieHo 12 amurensvu B mmeHure n3 OMckoit o0macTw,
13 — Caparosckoii, 14 — Tromenckoit u 15 amnensimu — Ye-
nsiounckoi. [To nokycy D2 B minenune u3 YeasiOuHCKO#M 1
TromeHcKkoi# obnactert mneHTuduImponano 17 u 12 anneneit
COOTBETCTBEHHO, TOT/IA KaK B MIIICHHIIE CAPATOBCKOIM 1 OMCKOH
ceneKkimu — 1o 9 aneneit (cm. Tabn. 1, puc. 2).

Annenu Gli-A2b, Gli-A2k, Gli-A2q, Gli-A2s, Gli-B2c,
Gli-B2d, Gli-B2o, Gli-D2a, Gli-D2m w Gli-D20 oxa3aiuch
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«OOIIMMI» € Pa3IMYHOIN YaCcTOTOW BCTpEYaeMoCTH Jyisi 00-
Pas3II0B MIICHUITH U3 aHATM3UPYEMBIX obmacteii. [Tomumop-
¢u3m o Bcem nokycam Gli-2 3aUKCUPOBAH VIS IICHUIIBI
4eJSIONHCKOTO MTPOUCXOXKACHUsSI Ha ypoBHE 36.6 % (11 u3
30 obpa3nos), caparoBckoro — 34.8 % (24 u3 69 o0Opasios),
omckoro —31.1 % (14 u3 45 o6pasmos), Tromenckoro — 30.3 %
(10 u3 33 00pasioB).

Beicokunii monmuMophu3M OTAENEHO B3STHIX JOKYCOB OT-
MeYEeH JUTS MIICHATBI YeNIIONHCKOTO0 IponcxokaeHus: Gli-A2
(33.3 %), Gli-B2 (30.0 %) u Gli-D2 (33.3 %). Haumens-
AN TOMUMOPQU3M y TIIEHHUIIB OMCKON cenexrmu: Gli-A2
(13.3 %), Gli-B2 (15.5 %) n Gli-D2 (8.9 %) (cM. Tabm. 1).

Takue obpasupl, kak Kykymika 12-6, Munstypym 12013,
Poccusaka, Ypanbckas Kykymika, Yemnsioa 2, Yensonackas 17,
Oputpocnepmym 24841 (YensOunckas o6macTts), TroMeH-
ckas 30, Cypenta 4, CypenTa 6, Peuka, Jltorecuenc 70, Tro-
MeHcKas roomneitHas (TiomeHckas o6macTs), Jlrotectienc 55-
11, Caparosckas 50, CennBanoBckuii pycak (CaparoBckast
obnacth), [Tamsatu Asuera (OMcKkast 0071aCTh), SIBJISIFOTCS 10-
TUMOP(HBIME TIO TpeM JIokycam Gli-2.

Wcxons m3 ¢opMyn mHMaguHa YCTaHOBICHBI ajlIeliv, HE
BCTpPEYAIOIIMECs B IPyrux obnactsax. Hampumep, Toibko B
mmrenure Yemsomackoro HUMCX obnapykeHo 8 ameneii:
Gli-A2p, Gli-A2u, Gli-B2f, Gli-B2g, Gli-B2j, Gli-D2d, Gli-
D2g, Gli-D2h; u3 Tromenckoii obnactu — 4 amnens: Gli-A2a,
Gli-A2g, Gli-B2a, Gli-B2l. B nmennne n3 CapaToBCKOH
obnmactu uneHTuduIMpoBano 11 «ecrnennuaHbIX» I JaH-
Horo peruona ayieneit: Gli-A2o, Gli-A2t, Gli-B2s, Gli-B2w,
Gli-B2x n HECKOIBKO HOBBIX ajUieledl Ha KaXIBIH JTOKYC
(Dobrotvorskaya et al., 2009). B nmeHuiie oMckoi celneKun
BbIsiBIICHO 4 ayutenst: Gli-A2u v 110 0JJHOMY HOBOMY aJLICITIO
nokycoB A2, B2 u D2 (Novoselskaya-Dragovich et al., 2013)
(cm. ITpunoxkenue 1).

Bericokast yactoTa Berpedaemoctu aywiesst Gli-A2q (62.5 %)
ormeuena jurst mmennitsl HUMCX FOro-Boctoka (Caparos-
cKast 00sacTh), Torna Kak B mmenuie OMckoit o0acTu Hau-
Oospiast yacrtora ayuiesst ormeueHa it Gli-A2k (34.4 %), a
s Yensounackort u Tromenckont — Gli-A21 (23.5 %) u Gli-
A2m (27.3 %) cCOOTBETCTBEHHO. YCTAHOBJIEHO, YTO aJlIENb
Gli-A2[ pactipocTpaHeH Cpeu MieHuIbl AHDTHHN (UepHaKoB,
Mertakosckuii, 1994) u Upana (Salavati et al., 2008), a anmens
Gli-A2m — B Kanane nu ®panmun (Metakovsky et al., 2018).

Amnenb Gli-B20 okazaicst «o0mumM» s 4eThipex odac-
telt Poccun. J{aHHBIM aniienb BCTpedyaeTcs TAKXKE B MIIEHULIE
upanckoro (Salavati et al., 2008) u uransstackoro (Metakov-
sky et al., 1994) npoucxoxieHusi, B HEKOTOPBIX COpTax capa-
ToBcKkoii cenexrmu (Dobrotvorskaya et al., 2009) 1 B 03UMBIX
¢dopmax mmennnsl (Novoselskaya-Dragovich et al., 2015).
B nenom crout 100aBUTh, YTO 110 JIOKYyCY B2 y IIIEHULIBI
CapaTOBCKOH CeJIeKINH HauOOJbLIee YHCIIO HEH3BECTHBIX
amneneit (Dobrotvorskaya et al., 2009).

B TIOMEHCKMX cOpTax BBICOKAs 4acTOTa BCTPEYAEMOCTH
3aduxcupoBana g amieneid Gli-D2q (31.8 %), Gli-D2a
(16.6 %). B nmenune Yensounckoro HUMCX npeobnanator
amenu Gli-D2a (18.3 %) u Gli-D21 (13.7 %) (cm. puc. 2).
BepostHo, annens Gli-D2a cBS3aH ¢ IEHHBIME TPU3HAKaAMH,
TaK Kak [MIMPOKO PAaCTIPOCTPAHEH CPEIN UTAITBSIHCKUX COPTOB
nurenuipl (Metakovsky et al., 2018), a cpeau oMckux cop-
TOB ero BcTpeyaemocTh jpocruraer 31.1 % (Novoselskaya-
Dragovich et al., 2013).
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Puc. 3. Nonnumopdusm o6pasLoB SPOBOI MAFKON MILEHWLbI 13 Pa3nny-
HbIx obnacTen KasaxctaHa v Poccuu.

1 - AkmonuHckasa obnactb (HMLU 3X mm. AW. bapaeBa); 2 — KocTaHaiickas
(Kapabanbikckaa CXOC); 3 - MaBnogapckas (Masnopapckaa CXOC); 4 — Kapa-
raHgmHckan (KaparaHguHckas CXOC um. A.®. XpucteHko); 5 — YenabuHckan
(YenabuHckmin HUACX); 6 - TiomeHckan (HUMCX C3 n TAY C3); 7 - CapaToBcKasn
(HWNCX KOro-BocToka); 8 — Omckana obnactb (CM6HUUCX n OMIAY).

Takum 00pazom, o BocbMu obnactsim Poccun n Kazaxcra-
Ha IOy YrIIH pactipoctpanenue ammenn Gli-A1f, Gli-A1i, Gli-
Alm, Gli-Alo, Gli-Ble, Gli-Dla, Gli-D1f, Gli-A2q, Gli-B2o
u Gli-D2a (ITpunoxenue 2). [Ipu aHamu3e 00IIEro moJIuMop-
(hm3Ma reTeporeHHBIMH 10 BCEM IIECTH IIHAINHKOIUPYFOIIAM
JIOKyCaM OKa3aJIMCh YeThIpe 00pa3ia nueHusl YensOnHeko-
ro HUMCX (Kykymka 12-6, Munstypym 12013, Poccusiaka,
Yensounckas 17) u omua copt n3 HUMCX FOro-Bocroka
(CenuBanosckuii pycak). [Tommmopdusm o nstu gokycam
ruanuaa A1, Bl, A2, B2 w D2 ormeueH st oopasios: Ka-
pabamsrkckas 9 (Kapabamsikckas CXOC), Jlrorecriere 1242
(Kaparangunckas CXOC um. A.®. Xpucrenko), Cypenra 4
(HUUCX C3uTAY C3), Uensiba 2 (Yensounckuit HUNCX).
I'ereporennocTs noKycoB Bl, DI, A2, B2 n D2 3adukcu-
poBaHa Juis coptoB TromeHckast 30 u TroMeHCKast 00MIICH-
Hasgs (HUMCX C3 u I'AY C3); obpazen Jlrorecuenc 55-11
(HMUMCX FOro-Bocroka) momumopden no noxycam A7, D1,
A2, B2wn D2, a Omckas 9 (Cubupckuit HUIMCX u OMI'AY) —
mo A1, Bl, DI, A2 w B2 (cm. Ipunoxenue 1). O6muit mo-
muMopdu3M 00pas3IoB MIIEHUIIH B 3aBHCUMOCTH OT TTPOHC-
XOJK/ICHHSI TIPEICTABIICH Ha pHC. 3.

Kak BumHO, HanOONBIIHIA MOIUMOPGU3M HAOIIOAAICS Y
IIIIEHUIIBI OMCKOTO TPOHCXOXAeHusl. CunTaeTcs, 9To Ha-
J4Yre OMOTHITOB BHYTPH COPTa SBJISIETCS JONOJIHUTEIEHBIM
CPE/ICTBOM JUIsl MOJYYEHUsI CTAaOMIBHOTO YpPOXKasi M TOBbI-
IIEHHsI €r0 yCTOWYMBOCTH K Pa3lIMuHBIM cTpecc-(hakTropam
okpyxatoreit cpensl (Metakovsky et al., 2020).

O0600111ast TOMTyYEHHBIEC PE3YJILTATHI 110 YACTOTaM ajuielnei
TIMAANHA, MBI COCTaBHIIN «ITHAAWHOBBIN POMIIIE MIICHH-
bl POCCUMCKOHM M Ka3axCTaHCKOH cenexkuuu (Tadm. 2). s
BOCHMH 00JIaCTE! MOITy4EHO OMHAKOBOE COUCTAHNUE aylieIen
nokycoB Gli-1 (Gli-Alf, Gli-Ble n Gli-Dla), Toraa kak 1o
nokycam Gli-2 umerorest ommnunst. Hanbonbinast Bctpeyae-
moctb komOuHatuu Gli-A1f, Gli-Ble u Gli-D1a ormeueHa B
oOpasmax capatoBckoii (33 n3 69 06pa3IoB) U KaparaHIuH-
ckoii (16 u3 43) menunst — 47.8 1 37.2 % COOTBETCTBEHHO,
HauMeHbIIIast — B KocTaHaickoi mmenune — 6.1 % (3 u3 49).
MaxcumansHOe coueranue amuteneit Gli-A1f, Gli-Ble 'y me-
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Ta6nuua 2. O6WNin «<rMnagnHOBbIN NPOPUIIb» APOBON MATKON MLLEHNLbI,
CO3[aHHON B Pa3fINYHbIX CeNeKUMOHHbIX yupexkaeHuax Poccmum n KasaxctaHa
O6nacTb (CenekUMOHHbBIN LeHTP) Jlokycbl
Gli-A1 Gli-B1 Gli-D1 Gli-A2 Gli-B2 Gli-D2
AkmonuHckas (HIML 3X um. A.N. bapaesa) f e a p d a+e
KocTaHaickan (Kapabanbikckasa CXOC) f e a+b f r a+q
MaBnopapckasn (Masnogapckaa CXOC) f e a q a+b q
KaparananHckan (KaparaHanHckaa CXOC um. A.Q. XpurcTeHKo) f e a / r a
TiomeHckas (HUACX C3 n TAY C3) f e a m+f o+r q
YenabuHckas (Yenaburckmin HUINCX) f e a / b a
Caparosckas (HUACX lOro-Boctoka) f e a s e
Omckas (CM6HUNCX n OMIAY) f e a k b a

HUIbl AxMonmHCckor (9 u3 48 obOpasnos) u Kocranaiickoit
(9 u3 49) obmnacreit — 18.8 u 18.4 % COOTBETCTBEHHO, MH-
HUMaJbHOE — y 00pasnos n3 Caparosckoit obmacta — 1.4 %
(1 3 69), a u3 TrOMEHCKOI — OTCYTCTBYET.

Accounanust Gli-Ble u Gli-Dla vame BcTpeyanach B
mmrenurie CapatoBckoit (27 u3 69 00pas3moB) U AKMOIIH-
ckoit (13 u3 48) obmacreit — 39.1 u 27.1 % COOTBETCTBEHHO,
a B mmeHutie TromeHckon obmactu — Beero 9.1 % (3 u3 33).
CaeneHus 0 CBA3AX ajUleneil INMaJnHa ¢ TOKa3aTessiMU Ka-
YyecTBa 3epHa HECKOJILKO MPOTHBOpeunBEL. Harrpumep, Hamm-
e amiens Gli-Alm, Kak 0Ka3aloCh, BBI3BIBAET CHIKEHUE
YPOBHS CEANMEHTAIMU MyKH. [1031Hee BBISICHHIIOCH, YTO OH
B OOJNBIIMHCTBE CitydyaeB cBsizaH ¢ Glu-A3e — caMbIM «I1J10-
xum» ajsienem. C apyroit croponst, Gli-AIm npucyTcTByeT
BO MHOTHX BBICOKOKAUeCTBEHHBIX COPTaX KaHaJCKOH CelleK-
in (Metakovsky et al., 2019).

Annenu Gli-A2b v Gli-B2¢ cTaTUCTUYECKHU CBSI3aHbI C SHEP-
rueit nepopmannu tecta (W), ompenensieMoii Ha aabBeorpa-
e (Metakovsky et al., 1997). Xots mpeamnonaraioce, 9To
aJyieNiv, Koaupyemble JiokycamMu Gli-2, HeTaTUBHO BIIUSIOT
Ha KagecTBO 3epHa (Masci et al., 2002), TeM He MeHee TIpea-
noxxeHo ucnons3osarb Gli-A2s w Gli-B20 B kauecTBe Map-
KEPOB MOBBINICHHOTO COACPKaHUA IMPOTCUHA, KJIEHKOBHHBI
1 HaTypsI 3epHa (XpyHOB u 11p., 2011). [To3nHee Ha ocHOBE
MOJICKY/ISIPHO-TEHETHUECKHUX METOJIOB TTOJTyYCHBI PE3YJIbTaTHI,
CBUACTCIILCTBYIOMINE O HAJIMYUHN T'CHOB, JIOKAJIM30BAHHLIX B
nokycax Gli-2, moIoXUTETHHO BIISIONIIX Ha PEOJIOTHYECKIE
cBoiictBa Tecta (Noma et al., 2019).

Annens Gli-Ble cocTaBnsieT «IHaAMHOBBIN MPO(UIB»
MHOTHX KQ4eCTBEHHBIX COPTOB MIICHUIIBI POCCUICKON U Ka-
3axcranckoi cenekiyn (Novoselskaya-Dragovich etal., 2013;
Utebayev et al., 2019a, 2022). BeposiTHO, 3TO 00BsCHSCTCS
TEM, YTO OH KOAUPYET CHHTE3 TaK Ha3bIBAEMOT'0 (-IJIMaIMHA
d4, koTopBIii CBsI3aH ¢ MOBBIIICHHBIM KadecTBOM 3epHa (Bran-
lard et al., 2003).

CriertyeT OTMETHUTB, YTO HE BCE aJlIeit INIMaAuHa, KOTOpBIE
«TTO3UINOHUPYIOTCS» KaK MapKephl KaueCTBEHHOTO 3€pHa,
TMOBBIIIAIOT KAYECTBECHHBIC XapaKTCPUCTUKH. 3Ha‘lHTeﬂbHy}O
KOPPEKTHUPYIOIIYIO POJIb P (POPMHUPOBAHHUH 3€pHA UTPAIOT
MOTOJIHO-KJIMMaTHYEeCKHE yCIIoBHs. [1oaToMy 10 HacTosIIEro
BPEMEHHU HET MH(POPMAIIUK 00 «YHHUBEPCAIBHBIX)» AJICIIAX,
HaJIM4Me KOTOPBIX BIUSIIO ObI HA MONyYEeHHE KaueCTBEHHO-
TO 3epHa IMIeHNIB!. Takue MPOTUBOPEUHS, KaCArOIHecs CBsI-
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3el aJuieNel narHa C XapaKTePHCTHKAMH 3epHa, TPEOYIOT
yIIyOJIEHHOT0 M3y4YeHHUs JaHHOTO sBJIeHHs. TeM He MeHee
WCTIOB30BaHUE TOIMMOp(hH3Ma TIIHaguHA TSI UICHTH(H-
Kalliy U YCTAHOBJIEHHUSI COPTOBOM YHUCTOTHI HE TEPSIET CBOEH
AKTyaJIbHOCTH 32 CYET MPOCTOTHI UCTIOIHEHHUS U IIOCTOSHCTBA
IMaJAUHOBOIO CIIEKTpa.

CraTucTnyeckum aHanms

Ha ocHOBe cTaTHCTHYECKHUX PAcYeTOB BHYTPHITOMYIISAIIHOH-
Hoe (1) ¥ TeHeTHIecKoe pasHooOpasue (H') no soxycam A/,
D1 u A2 oka3zanuch MAaKCUMAJIbHBIMH JJ1s1 00PA31IOB MIICHHIIBI
n3 Kocranaiickoit o6mactu; mo nokycam B2 u D2 — mys 00-
pasnos u3 Yensounckoro HUMCX, a mo B/ — mis copToB U3
TromeHckoit obnacTi. MUHMMalbHbIE 3HaUeHUs [L 1 H oTMe-
YeHbI JUTS MIIEHNIL 13 AKMOIHHCKOM oOnactu o Gli-B1 —
2.78 + 0.43 u 0.24 coorerctBenno (I[Ipunoxkenue 3).

Okxkasanocs, 4To okasaresb /1 He Bcerna y/I0BIeTBOPUTEIb-
HO MOYKET OTIHCAaTh TEHETHIECKOE pa3HO0Opa3me MOMyIISIHH,
TaK KaK «HEJOYyUUTHIBACT» PEAKHE AN (QJIIETH ¢ HU3KOH
94acTOTON BCTPEYaEMOCTH B MOMYJISIMHU, copTe). TouHee o1ie-
HUTH CTETEHb Pa3sHOOOpa3us MO3BOJSIET JOMOTHUTESIBHBIN
mapamMeTp |1 3a CUYET y4eTa KOJHICSCTBA PEAKIX auIened H X
yacToThl. Harpumep, B Habope COPTOB TIOMEHCKOTO MTPOMC-
xokaeHus 1o nokycam Gli-A1 n Gli-A2 naeHTHUIIPOBaHO
no 11 anneneit. IIpu 3TOM BHYTPHITOTYIISIIHOHHOE Pa3HOO00-
pasue pokyca Gli-A1 cocraBuio 8.00+0.85, Toraa kak st
Gli-A2 — 9.12+0.72. lanHoe pa3nmuue OOBACHSICTCS TEM,
uyt0 110 Gli-A1 «TMAUPOBa» OJVH aJUIeih ¢ 4acToToi 0.47,
a 1o sokycy Gli-A2 npeoOnajanu qBa ajeis ¢ 4acTOTaMu
0.24 u 0.27. IlpuMeHseMbIil TOKa3aTeNb HHPOPMHUPYET O
TOM, HACKOJIbKO M3MEHUYMBA MOIYISAIHS B 3aBUCHMOCTH OT
4acTOTB! aJLIEIICH.

Kputepnii monst penkux amieneit (h) xapakTepusyeT pac-
MpeJiesIeHHe YacToT, KOTOPOE P HEPAaBHOMEPHOCTH BCeT/Ia
6ospire Hysst (4 >0), 10 CPaBHEHUIO C L, OI[CHUBAIOIIUM CTE-
TICHb Pa3HO00Pa3Ns MOMYISAIHH. VICX0/Is U3 3TOTO I10 JIOKycaM
Gli-B1 v Gli-D1 reneTn4eckoe 1 BHY TPUIONY/ISALIMOHHOE pa3-
HOOOpa3ue 0Ka3al0Ch HAMMEHBILUM JJIsl 00pPa31OB MILIEHUIIBI
n3 CapatoBckoit oomactu (cm. [Tpunoxkenne 3). Ctons HU3K0E
3Ha4YeHUEe 00BsICHsIeTCs TpeoOnanannem amienst Gli-Ble nan
npyrumu anensmu (92.8 % Berpedaemoctr). COOTBETCTBEH-
HO, TTIOKa3areib 4 OyneT MakcuMainbHBIM — 0.56+0.06. Takas
K€ CHTyalnsl HaOJIIoIaeTes IPH aHAJIM3€ YacToT ajuiesiel o
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Ta6bnuua 3. CpegHuve 3HaueHUA fonn peaknx annenen (h+S,),
reHeTyeckoro (H) v BHyTpunonynaumoHHoro (u+S,)
pa3Hoobpasus no nokycam Gli-1 v Gli-2

O6nacTb H HES, hxS,
(ceneKkuMOHHbBIN LeHTP)

AKMONNHCKas 0.72 7.78+0.55 0.22+0.05
(HNU 3X nm. A.N. bapaesa)

KocTaHaickan 0.80 10.15+£0.62 0.19+£0.05
(Kapabanbikckas CXOC)

MNaBnopapckas 0.73 6.82+0.54 0.18+0.06
(MaBnogapckana CXOC)

KaparaHanHckasn 0.68 5.97+0.48 0.21+0.06
(KaparaHguHckaa CXOC

nm. A.®. XpucteHko)

TiomeHcKan 0.78 8.34+0.70 0.20+0.06
(HANCX C3 nTAY C3)

YenabuHckasn 0.77 9.40+0.76 0.22+0.07
(YenabuHcknin HUMCX)

CapatoBckas 0.46 461+047 0.44+0.06
(HUNCX tOro-BocToka)

Omckas 0.74 6.83+0.49  0.20£0.06
(CneHNINCX n OmMIAY)

nokycy Gli-D1. Tlpu Bbicokoi Betpeuaemoctu amutenst Gli-
Dla (89.9 %) magaer 3HadueHue mapameTpoB W (2.46+0.30)
n H (0.19) u, cooTBeTCTBEHHO, pacTeT 3HadeHue /. B cpen-
HEM HauOOJBIINM BHYTPHITONYJISIIUOHHBIM pa3Ho00paznem
ajurenedl BBRIACNUINCH 00pasnbl, co3ganable B Kocranaii-
ckoit (10.15+ 0.62) n Yensounckoit (9.40+0.76) obmactax
(tabi. 3). Hajgo oTMEeTHTh, YTO BHYTPHUIIOMYJISIHOHHOE Pa3-
HOOOpa3ue W JOJsl pelKHuX aiviesiel B oOpasiax MIIeHUITBI
n3 YensOnHCKOI 00MacTH 3aMETHO BO3POCIH TI0 CpaBHE-
HUIO C pe3ylibTaTaMy, KOTOpble ObLIN OMYyOJIMKOBaHbI paHee:
p=06.15+£0.33 u h = 0.12+£0.05 (YepnakoB, MeTakoBCKHI,
1994). O6paTiM BHEMaHKE HA TO, YTO 3HAUCHUs H TIICHU-
16l TIOMEHCKOM cenekiuu Boie (0.78), yem uennssOuHCKOU
(0.77), HO TIpM ATOM TIOKa3aTENb BHY TPHITOMY/ISIIIMOHHOTO Pa3-
HOOOpa3us (1) y MeHUIsl YenssOnHCKoM 001acT OOJbIIIe.

Ecnu yunThIBaTh HOTPEIIHOCTH L 00enX 00IacTei, To pas-
HHIIA NX 3HAYEHUH JICKUT B [IPEJIeNiax CTaTHCTHYECKOH OIInO0-
K{, ¥ BHYTPUIIOMYIISIIMOHHOE Pa3HO00pa3ne MPUMEPHO Ha
oHOM ypoBHE. OIHAKO CPEHUE 3HAYCHUS OBUTH TIOTYYCHBI
Ha OCHOBE PacuyeToB Pa3HOOOpa3Hsl KaXK10T0 JOKyCa, T03TOMY
HEOOXOJMMO YYHTBIBATh AJJICIbHOE pa3HOOOpa3ue COpPTOB
(nmomynAnuMil) BHYyTpH JI0OKyca. BIACHIIOCH, UTO TIpH OIMHA-
KOBOM KOJIMYECTBE (CEeMb) WACHTU(HUIIMPOBAHHBIX aJUTeiei
nokyca D1 B mmennne Yensoumackoro HUMCX npeobiaman
amnens Gli-D1a ¢ yacroroii 71 %, a ocTaabHbIE UMENIH YaCTO-
TbI He Oortee 10 %. B TFOMEHCKHX COPTax TOXKE «IHANPOBATDY
amnens Gli-Dla, HOo yxe ¢ MeHbeil yacroroid — 51.5 %);
BMecTe ¢ HUM BeTpevanuck amnenu Gli-D1b v Gli-D1f'c yac-
toramu 18.2 n 12.1 % coorBercTBeHHO. [[pyriuMu cioBamy,
pa3HoO0Opa3ue TIOMEHCKHUX COPTOB ITHICHHIIBI 1O JIOKyCy D/
BBIIIC, YEM ‘-IeJ'lH6I/IHCKI/IX, YTO B KOHCYHOM HUTOT'C OTPa3njIoCh
Ha CPeTHNX 3HaYEHNSIX TeHETHUECKOTO U BHY TPUIIOIYIISAIINOH-
HOTO Pa3HO00pa3Hsl.
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KocTtaHarckas
obnactb

MaBnopapckan
obnactb A

AKMONMHCKasn
obnacTtb

KaparaHguHckas
obnactb

YensbrHcKas
obnacTtb

TiomeHcKasn
obnactb

Omckas
obnactb

CapaToBcKas C
obnactb

Puc. 4. Knactepu3sauua no yactote BcTpeyaemoct (%) annenem ToKycos
Gli-1 v Gli-2 ApOBOIN MATKOW MLWEHULbI B 3aBUCUMOCTI OT 061acTn Npo-
NCXOXKAEHUS.

CpaBHUTeNbHbIV aHaNN3 reHeTUYecKoro pasHoobpasus
rMaguHKOANPYIOLLNX TOKYCOB APOBOIA MATKOIA MILEHULIbI
cenekuMoHHbIX LleHTpoB KasaxctaHa n Poccumn

Jis onipeneneHust CXOKECTH U Pa3idIiii MeXIy oOpa3rnaMu
IMIICHUIBI U3 Pa3HbIX CENICKIMOHHBIX IIEHTPOB (0oOmacTeil)
Poccun n Kazaxcrana rmo ajiensM InaJguHa IPOBECH Kia-
CTEpHBIN aHAJN3, B PE3yJIbTaTe KOTOPOTO 00Pa30BAIINCh TPH
rpymmsl — A, B u C (puc. 4). I'pynmy A coctaBuim o0pasibl
U3 CeBEPOKa3axCTAaHCKUX 00JacTeil, Mpu 3TOM IIIEHHUIIA KO-
CTaHaANCKOM 1 aBJIOAAPCKOM CEIEKIUHU OKa3anach 10CTaTou-
HO OJr3Ka. DTO 0OBSCHSIETCS TEM UTO C PA3IMYHOM 4acTOTOM
U TI0 KaXJIOMY JIOKYCY UMEIHUCh «OOIIne» ajliesin; HarpH-
Mep, u3 14 amrenelt, MACHTHPHUINPOBAHHBIX 110 JIOKYCY A/,
9 ayuterneii okazanrch «OOLIIMMI», @ B CyMME I10 ILIECTH JIOKY-
cam u3 77 amteneii oommMu 06l 45 annenei, 1.e. 58.4 %.
B mmrenunie n3 AKMOJIMHCKOM 00acTH OOIIMMHE JUTSL KOCTa-
HAWCKOW W MaBIIOJApCKOM OBUIH TONBKO 35.6 % ajuenei,
YTO M OTPaA3UIIOCh Ha JAeHAaporpamme. Cxokas CUTyalus
Habromanace ¢ obpasmamu kimactepa B. O6ocobmeHHOCTD
CapaTroBCKUX 00pa3IoB MIIEHHIIBI CBS3aHa C TEM, YTO TOJIBKO
10.1 % anneneii muaanHa SIBISUTUCH OOIIMMHU JIJIS ITIISHULII
n3 Apyrux obnacreit Kasaxcrana u Poccum.

JUis nanpHEHIIEro yCTaHOBJIEHUS! JOCTOBEPHON CTENEHU
pazauuMii MEeXIy IpyIIaMu SpOBOM MSTKOM MILEHULBI 110
YacTOTE BCTPEYAEMOCTH ajuieNiel InaInHKOANPYIOIIHNX JIO-
KyCOB MCHOJIBb30BaH Kputepuit naentnynoctu (/). CyTb ero
3aKJII0YAETCS] B TOM, YTO €CJIM MOJTYyYCHHAs BeTUYMHA TIpe-
BBIIIAET TAONUYHOE 3HAYEHHE Y NIPU 3aIAHHOM yPOBHE 3Ha-
YUMOCTHU, TO MEXAY IpyNIaMH CYIIECTBYET JOCTOBEPHOE
pasnmuune (PKuBotoBckwii, 1979).

B Ipunoxennu 4 mpuBEICHBI 3HAUYCHHUS TEHETHIECCKOTO
CXOJICTBa () — KpUTEPHsI TTOMAPHOTO CXOJCTBA UCCIIEA0BAH-
HBIX TPYTII, U KPUTEPUS UIASHTUIHOCTH (/) TSI KaXKI0TO JI0-
Kyca OTAEJIbHO. [ eHeTnuecKkoe CXOACTBO 7 HE MPEBBIIIAET 1,
HO MOXXET OBITH PaBHO | JIMIIB B TOM Cilydae, €CJIi CpPaBHHU-
Ba€MbIC I'PYIINbI HACHTUYHBI 110 KOJUYCCTBY M 4aCTOTC aJl-
neneid. [Ipn ycpeqHeHNN TONyYeHHBIC 3HAYEHHUS KPUTEPHUS
UJEHTHIHOCTH | MPEBBINIANN TAONUYHOE 3HAUCHUE > s
BCE€X IOIMAapHBIX CpaBHeHHﬁ. COOTBCTCTBeHHO, HN3Y4YCHHBIC
TPYHITBI COPTOOOPA3IIOB IPOBOI MSATKOH IIIIEHHIIB! U3 Pa3HBIX
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[eHeTnyeckoe pa3Hoobpasue annenei rmmagrHa y obpasLos 2024
NweHnLbl N3 CeNneKUMOHHbIX LieHTpoB KaszaxcTtaHa n Poccun 28.3

Ta6nuua 4. CpefHuve 3HaUEHUA NoKasaTenen FreHeTUYECKOro CXOACTBA (1) U KpUTepurs AEHTUYHOCTY (/)
06pa3LoB APOBON MArKOW MLLeHULbl No foKycam Gli-1 1 Gli-2 no obnacTam NPonCXoXaeHus

O6nactb AkmonuHckana KocTaHaiickas [aBnopapckas KaparaHgvHckaa TiomeHckas — YenabuHckaa CapatoBckas Omckas
AKMONMHCKasnA 0.72+0.06 0.67+0.05 0.65+0.06 0.72+0.06 0.69+0.06  0.71+0.06
248.2 (92.8) 355.7 (95.1) 328.5(104.1) 243.6(104.1) 414.4(103.0) 325.1(99.6)
KocTaHawnckas 0.85+0.04 0.75+0.04 0.86+0.04 0.86+0.05 0.55+0.05 0.74+0.05
135.5(97.4) 271.2(104.1) 135.7(104.1) 128.0(107.5) 619.0(116.5) 296.4(110.9)
MaBnopapckasn 0 0.69+0.06 0.80+0.06 0.79+0.06 0.55+0.06  0.72+0.05
260.1 (84.8) 152.2(92.8) 147.6(96.2) 455.0(96.2) 244.9(88.3)
KaparaHgnHckas 0 0.79+£0.05 0.77+0.06 0.55+0.05 0.71£0.05
191.2(88.3) 195.1(98.5) 568.0(95.1) 304.3(87.1)
TiomeHcKas 0 0.85+0.05 0.53+0.05 0.71+0.05
114.4(97.4) 507.2(104.1) 265.0(98.5)
YenabuHckana 0 0.57+0.06 0.78+0.05
430.0(110.9) 187.2(103.0)
CapatoBckas 0 0.69+0.05
407.5(90.5)
Omckan 0

MprMeyaHmne. BepxHas CTPOKa B iYelKe — MOKa3aTeslb reHeTUYECKOro CXOACTBA (1), HUXKHASA — KpUTepui naeHTuuyHocTu (/). B ckobkax ykasaHo 2 ans 5 % ypos-

HA 3HauumocTw. Ecnm | > X2, paznuuns [ocToBepHbI.

oOmacTeil 1 celeKInOHHBIX 1eHTpoB Kazaxcrana m Poccun
JIOCTOBEPHO OTIMYAIOTCS JIPYT OT ApYTa 110 NIHaJUHKOUPYIO-
[IMM JIOKycaM (Tabi. 4).

Ho npu ananuse 3HaueHui / 0 OTAEIBHBIM JIOKYCaM BbI-
SICHWJIOCH, YTO Ja)Ke MPHU HATHMYUHU aJUICTICH, XapaKTepHBIX
JUIsl OIIpeJIeNIEHHOM 00J1acTH, He BCera J0CTHIalach JJ0CTO-
BepHas pa3HuIa Mex 1y rpynmamu (cm. [Iprmoxenne 4). Ha-
TIpUMeED, TIPU CPABHEHUH TIICHHUIIEI TIOMEHCKOTO H OMCKOTO
MPOUCXOKIEHHS 110 JIOKycy D/ pa3Huia Obuia HeCyIIeCTBEH-
HoOM: [ = 7.6 (12.6), Tak KaK MATh U3 CEMU HICHTUDUITPO-
BaHHBIX aJUICTICH BCTPEUAIHCh B 00CHX TPyIIaX, IMPUIEM C
JTIOBOJIBHO BBICOKO# 4acTOTONH. OTMETHM, YTO B OOJIBIIIMHCTBE
CITyJaeB HECYIISCTBEHHAS pa3HHUIIa OTMEYaIach MO JIOKycaM
Gli-1, Torna kax 1o jokycam Gli-2 pa3nnansi CTaTHCTHYECKH
JIOCTOBEPHBI.

BeposTHO, 3TO 00BACHSACTCS TEM, UTO CETSKITHS MIIICHHUIIBI
TPaIUIIMOHHO HATIPABIICHA HA TIOBBIIIICHUE YPOXKAHHOCTH, Ka-
YecTBa 3epHA M YCTOHYMBOCTH K Pa3IM4YHbIM cTpecc-(akro-
pawm, a amutenn JiokycoB Gli-A1, Gli-B1 n Gli-D1 conpsikeHbI
¢ xnebonekapHpM kKadecTBoM (Nieto-Taladriz et al., 1994;
Li et al., 2009; Demichelis et al., 2019) 1 ycTOWYHBOCTHIO K
JUCTOBOH, cTebneBoil pxkaBumHe (Czarnecki, Lukow, 1992;
Cox et al., 1994) u myunncroii poce (Hsam et al., 2015).

3aknioyeHune

B pesynbrare u3yueHus, ONMCAHHUS U CTATUCTHYECKOTO pac-
YyeTa TeHETHYECKOro pasHooOpasusl ajulelIbHbIX BapHaHTOB
TIMAJUHKOAUPYIOMINX JIOKYCOB SIPOBOW MSTKOW INMIIEHHUIIBI
YCTAHOBJICHO JIOCTOBEPHOE PA3IN4Ne TeHOTUIIOB U3 PA3HBIX
obnacreii Kazaxcrana u Poccun. BrisiBiieHHas reHeTHUeCKast
g epeHInaIs Ha OCHOBE OSIKOBOTO MOTUMOopdr3Ma, Be-
POSITHO, HOCUT aJIaTUBHBIN Xapakrep. MneHTudunnpoBans
aJJIeNId TIINaJInHA, KOTOPbIE XapaKTepHBI JUIsi KOHKPETHOM
obmactu. OmpeneneH «IIHaTAHOBEIA MPO(UITHY) MIICHUITBI
Ka3aXCTAHCKOTO M POCCHICKOTO TPOUCXOXKICHHS, KOTOPBII

[IOKa3bIBAET NPEANOYTUTEIBLHOCTh T€HOTUIIOB MIIEHUIIBI 110
aJUTeIIsIM TIIHAJUHA B PE3yNbTaTe CEIIEKIIHOHHOTO 0TOOopa.
Jannast uH(opManys MOXKET OBbITh MCIIOIb30BaHa ISl MO~
60opa POTUTETHCKUX Tap B CENEKIIMOHHOM IPOIecce, KOHT-
pOJIs COPTOB IPU PENPOAYKINH, & TAKKE 11 MOHUTOPHUHIA
COPTOBOM YHCTOTHI.
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Abstract. Beneficial endophytic bacteria can suppress the development of insect pests through direct antagonism,
with the help of metabolites, or indirectly by the induction of systemic resistance through the regulation of hormonal
signaling pathways. Lipopeptides are bacterial metabolites that exhibit direct antagonistic activity against many or-
ganisms, including insects. Also, lipopeptides are able to trigger induced systemic resistance (ISR) in plants against
harmful organisms, but the physiological mechanisms of their action are just beginning to be studied. In this work,
we studied ten strains of bacteria isolated from the tissues of wheat and potatoes. Sequencing of the 16S rRNA gene
showed that all isolates belong to the genus Bacillus and to two species, B. subtilis and B. velezensis. The genes for
lipopeptide synthetase — surfactin synthetase (Bs_srf), iturin synthetase (Bs_ituA, Bs_ituB) and fengycin synthetase
(Bs_fenD) — were identified in all bacterial isolates using PCR. All strains had high aphicidal activity against the Green-
bug aphid (Schizaphis graminum Rond.) due to the synthesis of lipopeptides, which was proven using lipopeptide-
rich fractions (LRFs) isolated from the strains. Endophytic lipopeptide-synthesizing strains of Bacillus spp. indirectly
affected the viability of aphids, the endurance of plants against aphids and triggered ISR in plants, which manifested
itself in the regulation of oxidative metabolism and the accumulation of transcripts of the Pr1, Pr2, Pr3, Pr6 and Pr9
genes due to the synthesis of lipopeptides, which was proven using LRF isolated from three strains: B. subtilis 26D,
B. subtilis 11VM, and B. thuringiensis B-6066. We have for the first time demonstrated the aphicidal effect of fengycin
and the ability of the fengycin-synthesizing strains and isolates, B. subtilis Ttl2, Bacillus sp. StI7 and B. thuringiensis
B-6066, to regulate components of the pro-/antioxidant system of aphid-infested plants. In addition, this work is the
first to demonstrate an elicitor role of fengycin in triggering a systemic resistance to S. graminum in wheat plants. We
have discovered new promising strains and isolates of endophytes of the genus Bacillus, which may be included in the
composition of new biocontrol agents against aphids. One of the criteria for searching for new bacteria active against
phloem-feeding insects can be the presence of lipopeptide synthetase genes in the bacterial genome.
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SHAOPUTHbIE NunonenTua-cuHTe3upytowme Bacillus ssp.
ONA 3alWnTbl MWeHnLbl oT Schizaphis graminum

AHHoTauuA. MNMonesHble SHAOGUTHbIE BaKTePX MOTYT NMOJABNATL PAa3BUTNE BPEAUTENEN 3a CYET MPSAMOro aHTaro-
HM3Ma, C MOMOLLbIO MeTaboNMTOB NN ONOCPEOBAHHO NHAYLIMPOBATb CUCTEMHYIO YCTOMYMBOCTb Yepes perynaumio
rOPMOHabHbIX CUTHANbHbIX NyTel. Jinnonentuabl — 6akTepuanbHble MeTabonnTbl, MPOABAAIOLME NPAMYIO aHTaro-
HUCTNYECKYIO aKTUBHOCTb KO MHOTVIM OpraHu3mMam, B TOM Yncsie K HaceKoMbIM. Takxke mnonentuabl CnocobHbl 3a-
nycKkaTb CUCTEMHYIO UHAYLIMPOBaHHYI0 YCTOMUYMBOCTb Y pacTeHWI NPOTUB BPeAHbIX OpraHn3MoB. B HacToAwlee Bpems
MeXaHU3M [ecTBMA GaKkTepuabHbIX MeTaboNMTOB IMMONENTUAOB Ha 3aLUUTHYIO CUCTEMY PAcTEHMIA TOIbKO Hauu-
HaloT nccnepoBatb. B gaHHoOM paboTe M3yyeHo AecATb LWUTaMMOB U M30M1ATOB 6aKTepuii, BbifeNeHHbIX U3 BHYTPEHHUX
TKaHel KynbTypHOW 1 AUKON nweHnLbl 1 Kaptodens. CekBeHMpoBaHue reHa 16S pPHK nokasano npuHagnexxHocTb
BCeX M30nATOB K poay Bacillus v peym Bugam — B. subtilis n B. velezensis. Y Bcex 6akTepuanbHbIX N301ATOB METOLOM
MUP 6b1nn naeHTMPULMPOBaHbI FeHbl NMMONENTUA CMHTa3 — CypdaKTUH CUHTa3bl (Bs_srf), NTypuH cuHTas (Bs_ituA,
Bs_ituB) n deHrmumH crnHTasbl (Bs_fenD). Bce wrammbl o6naganv apuLMLHOM aKTVUBHOCTBIO B OTHOLLEHUV OObIKHOBEH-
HoOW 311aKoBOW TU (Schizaphis graminum Rond.) 3a cHeT cCMHTe3a NMNonNenTMaOoB, YTO 6bINIO AOKA3aHO C MOMOLLbIO -
nonentug-6oratbix ¢ppakunit (JIbO), BbiAeNeHHbIX U3 WTaMMOB. SHAOGUTHbIE TMNONENTUA-CUHTE3MPYIOLWME WTaMMbl
Bacillus spp. onocpeaoBaHHO BAMUANN Ha XU3HECNOCOOHOCTb TN, BBIHOC/IMBOCTb PACTEHMI MO OTHOLUEHMIO K Te 1
3anycKaan CUCTEMHYIO MHAYLMPOBAHHYIO YCTOMYMBOCTb Y PAaCTEHWI, YTO MPOABAANOCH B PEryALMN OKUCTUTENbHO-
ro metabonunsma 1 HakomnIeHNM TPAHCKPUNTOB reHoB Pri, Pr2, Pr3, Pr6 n Pr9, 3a cueT CMHTe3a NMMONenTMAOB, YTO NoA-
TBepxAeHo ¢ nomoLbto JIB®, BbigeneHHbIX U3 Tpex WwTammoB — B. subtilis 26D, B. subtilis 11VM n B. thuringiensis B-6066.
B Hawen paboTe BnepBble NoKasaHo apuumaHoe fencrame GeHrnumHa 1 CnocobHOCTb LWITaMMOB 1 M30N1ATOB B. subti-
lis Tt|2, Bacillus sp. StI7 v B. thuringiensis B-6066, cuHTe3upytowmx GeHrmumH, perynmpoBaTb KOMMOHEHTbI NPO-/aHTu-
OKCVAAHTHON CUCTEMbl PacTeHUI, 3apakeHHbIX Tnel. Kpome Toro, BnepBble MPOAEMOHCTPUPOBaHA NMCUTOPHAA
ponb peHrnymHa B 3anycke CMCTEMHON YCTONYMBOCTY PAaCTEHUIA NWeHNLbI K S. graminum. O6Hapy»eHbl HOBble nep-
CMEeKTVBHbIE WTaMMbl 1 M30N1ATbl SHROOUTHBIX 6akTepunin popa Bacillus, KoTopble MOryT CTaTb OCHOBOW GyAyLUX 61O-
npenapaTos NPOTVB Tneil. O4HUM 13 KpuTepUeB NOMCKa HOBbIX GaKTepuiA, aKTVBHbIX MPOTUB HACEKOMBbIX, MUTAIOLLNX-
¢ GNIO3IMHBIM COKOM, MOXKeT ObITb Hasmumne B 6akTepranbHOM reHOMe reHOB IMMOoNenTuA CUHTas3.

KnioueBbie cnoBa: Bacillus spp.; Schizaphis graminum; snpo¢uTHble 6akTepuu; MLUP; MLP B peansHom BpeMeHu; pac-
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TVITeJ'IbHO-MVIKpO6HbIe B3aVIMOAENCTBMA; NIUNONeNTUAbI; 6V|onpenapaTb|.

Introduction

Insects of the order Hemiptera, aphids, whiteflies, planthop-
pers, including the Greenbug aphid Schizaphis graminum,
which are sap-sucking insects, can cause severe yield losses
of up to 60-80 % due to their influence on photosynthesis
processes and biomass growth rate (Koch et al., 2016; Rad-
chenko et al., 2022). Currently, chemical insecticides remain
the main agents of controlling phloem-feeding pests, leading
to the emergence of new pesticide-resistant forms of pests.
Therefore, it is necessary to find environmentally friendly
biological control agents to defend plants from pests. Such
effective biological control agents can be endophytic growth-
promoting bacteria that can live inside plants without causing
diseases in them (Rani et al., 2022).

Currently, many researchers suppose that endophytes
protect plants from stress through the mechanisms of direct
or indirect protective effects on harmful organisms due to
the synthesis and secretion of diverse metabolites (Oukala et
al., 2021; Xia et al., 2022). The direct action of endophytes
is carried out due to the biocidal activity of some metabolites
(bacteriocins, biosurfactants, lipopeptides). Indirect action
is expressed in the ability of endophytes to stimulate growth
processes in plants, improve the immune system of plants,
and build a durable defense of the host against harmful or-
ganisms, which is known as priming (Rashid, Chung, 2017;
Xia et al., 2022). Bacteria-induced priming provides faster
and longer-lasting plant protection throughout the growing
season with low physiological costs, making endophyte-based
biocontrol agents very promising (Oukala et al., 2021; Rani
etal., 2022; Xia et al., 2022). Activation of the plant immune
system and priming by endophytes is realized by triggering
induced systemic resistance (ISR) against harmful organisms,
which has been shown by many researchers and summarized
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inrecent reviews (Oukala et al., 2021; Rani et al., 2022; Xia et
al., 2022). Endophyte-activated ISR is regulated by bacterial-
produced hormone-like substances with growth-regulating
activity such as abscisic (ABA), salicylic (SA), jasmonic
acids (JA), and ethylene (ET) (Pieterse et al., 2014; Rashid,
Chung, 2017). The characteristic features of ISR are jumps in
the generation of reactive oxygen species (ROS) and changes
in the gene expression with a focus on defense-related genes
of pathogenesis-related proteins (PR proteins) (Oukala et al.,
2021; Xia et al., 2022).

Bacteria of Bacillus spp. are famous for their ability to syn-
thesize a wide range of diverse metabolites (Miljakovi¢ et al.,
2020). Bacterial metabolites are the active ingredient of any
biocontrol agent. Lipopeptides are one of the major classes of
bacterial metabolites intensively researched in recent years.
Lipopeptides are small peptides that have biocidal properties
against mycoplasmas, bacteria, yeasts, fungi, oomycetes, ne-
matodes, and pests due to their capability to connect to the
lipid bilayer of the plasmalemma and change its permeability
(Andri¢ et al., 2021). Bacteria of the genus Bacillus produce
lipopeptides of three families: surfactins, fengycins and iturins
(Andri¢ et al., 2021). Recently, the insecticidal activity of li-
popeptides against the orders Diptera, Coleoptera, Hemiptera,
and Lepidoptera have been shown in some studies (Rodriguez
et al., 2018; Denoirjean et al., 2022). Currently, the eliciting
role of lipopeptides in triggering systemic resistance in plants
is being actively studied (Rashid et al., 2018; Tunsagool et al.,
2019; Miljakovi¢ et al., 2020). The elicitor role of lipopeptides
against a wide range of pathogens of plants has been shown
in many studies (Tunsagool et al., 2019; Jiang et al., 2021).
However, information on the elicitor role of lipopeptides in
triggering ISR in plants against sucking insects is limited
(Rashid et al., 2018; Rumyantsev et al., 2023).
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Thus, the search for highly effective endophytic strains for
plant protection against sap-sucking insects using the prim-
ing mechanism, the study of the metabolic composition and
mechanisms of action of endophytes is an urgent task. In
this regard, the aim of our work was to study the elicitor role
of lipopeptides and the ability of endophytic bacteria that
synthesize lipopeptides to protect plants through the priming
mechanism. To do this, in our work we searched for strains
and isolates of the genus Bacillus capable of synthesizing
lipopeptides, studied the insecticidal activity of bacteria in
relation to Greenbug aphid, and also studied the indirect effect
of endophytes and lipopeptide-rich fractions (LRFs) of three
strains — B. subtilis 26D, B. subtilis 11VM and B. thuringien-
sis B-6066 — on the redox status, indicators of resistance
(antibiosis and endurance) to the pest, and changes in the
expression of defense-related genes of PR proteins of wheat
plants populated by S. graminum.

Materials and methods

Bacteria, plants and insects. In this work, gram-positive
aerobic endophytic bacteria from the collection of the Labo-
ratory of Biochemistry of Plant Immunity of the Institute of
Biochemistry and Genetics of the Ufa Federal Research Centre
of the Russian Academy of Sciences (UFRC RAS) were used.
Three strains of Bacillus subtilis, 26D (Russian Collection
of Agricultural Microorganisms (RCAM), No. 128), IIVM
(RCAM No. 519), TtI2 (isolated from the leaves of Triticum
timopheevii Zhuk., Republic of Bashkortostan), one strain of
B. thuringiensis, B-6066 (All-Russian collection of industrial
microorganisms (ARCIM), No. 6066), and six isolates of Ba-
cillus spp. isolated from leaves of wheat and potatoes growing
on the territory of the Republic of Bashkortostan were used.
Bacteria were grown on liquid lysogenic broth (LB) medium
(1 % tryptone, 0.5 % yeast extract and 0.5 % NaCl) in 50 ml
flasks at 28 °C using laboratory shakers (120 rpm) within 72 h
until complete sporulation.

In this work, we studied the population of Greenbug aphid
(Schizaphis graminum Rond.), 2020, which was maintained
under laboratory-controlled conditions on plants of common
spring wheat (7riticum aestivum L.) cv. Salavat Yulaev (SY)
as described previously (Rumyantsev et al., 2023). Seeds of
cv. SY were obtained from the Bashkir Research Institute of
Agriculture — Subdivision of the UFRC RAS.

Isolation of DNA from bacteria. Genomic DNA from
bacteria was isolated with a lysis buffer containing 1 % Che-

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

lex 100 resin (BioRad Laboratories, USA), as described earlier
(Veselova et al., 2022).

16S rRNA gene sequencing. The gene of 16S rRNA was
amplified using the universal primers 27F (5'-CAGAGTTT
GATCCTGGCT-3’) and 1492R (5'-AGGAGGTGATCCAG
CCGCA-3"). Amplified fragments of the 16S RNA gene of
Bacillus spp. isolates were visualized on a 1 % agarose gel
stained with ethidium bromide. Then, PCR fragments of the
16S RNA gene were excised from the agarose gel and puri-
fied using a diaGene agarose gel DNA elution kit (DiaM,
Russia). Sanger sequencing of PCR fragments was performed
on a 3500xL genetic analyzer from Applied Biosystems
(Evrogen, Russia). BLAST software was used for alignment
and comparison of the obtained sequences of Bacillus spp.
isolates with sequences deposited in GenBank. These results
were used for identifying what matched the searched sequence
and what species the isolates under consideration belonged
to. Data on sequences and species of bacteria were submitted
in GenBank (see Table 3).

Detection of genes of lipopeptide synthetase in the Bacil-
lus spp. strains and isolates by PCR. The genes of lipopep-
tide synthetase — surfactin synthetase (srf’), iturin synthetases
(itud, ituB) and fengycin synthetase ( fenD) — were identified
in bacterial strains and isolates using PCR with gene-specific
primers. Primers to the bac gene encoding 16S RNA of Bacil-
lus spp. were used as an inner control. The sequences of all
primers are presented in Table 1.

Isolation of the lipopeptide-rich fraction (LRF) from the
Bacillus spp. strains. LRFs from the acidified liquid bacterial
culture medium of three Bacillus spp. strains B. subtilis 11VM,
B. subtilis 26D and B. thuringiensis B-6066 and two isolates
Bacillus sp. Tas2.1 and Bacillus sp. Tas8.2 were obtained by
ethanol extraction followed by purification on an Amicon
Ultracel-3K filter (Merck KGaA, Darmstadt, Germany) as
described previously (Maksimov et al., 2020). The purified
lipopeptide fraction was weighed and dissolved in 80 %
ethanol, the growth-promoting concentrations selected earlier
were used (Maksimov et al., 2020).

Aphicidal activity of the Bacillus spp. strains and iso-
lates. Aphicidal activity of bacterial strains and LRF was
studied on first cut leaves of wheat seedlings cv. SY, placed in
test tubes with 5 ml of the bacterial suspension at the concen-
tration of 107 cells/ml (control tubes contained 5 ml of sterile
water) or those with 5 ml of LRF at various concentrations
from 2.5 to 200 pg/ml according to a method modified for

Table 1. Nucleotide sequences of primers, bacterial genes encoding lipopeptide synthases

Amplicon size, bp

Genes GenBank Accession number Sequence (5'-3")

Bs_srf EU882341 F — ATGAAGATTTACGGAATTTATATG 675
R - TTATAAAAGCTCTTCGTACGAG

Bs_ituA D21876.1 F — ATGAAAATTTACGGAGTATATATG 674
R - TTATAACAGCTCTTCATACGTT

Bs_ituB KR149331 F — AAGAAGGCGTTTTTCAAGCA 508
R — CGACATACAGTTCTCCCGGT

Bs_fenD AJ011849 F - TTTGGCAGCAGGAGAAGTTT 964
R - GCTGTCCGTTCTGCTTTTTC

Bs_Bac NR102783 F — ACCAGAAAGCCACGGCTAACTAC 356
R — GGCGGAAACCCCCTAACACT
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wheat and described earlier (Veselova et al., 2019). Aphicidal
activity was expressed as mortality rate (%) among the total
number of aphids (Veselova et al., 2019).

Experimental conditions. Before planting, some wheat
seeds were treated with a liquid culture of bacteria in a semi-
dry manner at growth-stimulating concentrations selected
carlier (Alekseev et al., 2021; Rumyantsev et al., 2023). The
cell titer in the suspension was counted at 600 nm using
a SmartSpectm Plus spectrophotometer (Bio-Rad, USA) cer-
tified for this task. The cell titer of the studied cultures was
(1.8-2)10 cells/ml; by adding distilled water, the suspensions
were diluted to a final titer of (2—4)-10° cells/ml and the result-
ing suspensions were used for seed treatment. The final titer
of B. subtilis 26D, Bacillus sp. Tas2.1 and B. thuringiensis
B-6066 was 4-10° cells/ml. The final titer of Bacillus sp.
Tas8.2, B. subtilis 11VM, B. subtilis Tt12 and Bacillus sp.
St17 was 2-10° cells/ml.

Wheat seedlings were grown in 1-liter vessels on an aquatic
culture (10 % Hoagland—Arnon solution) under aphid breeding
conditions. Solutions of LRFs at growth-stimulating concen-
trations selected earlier (Alekseev et al., 2021) were added
to the plant nutrient medium 24 h before aphid colonization.
After 24 h, the medium was replaced with Hoagland—Arnon
solution without LRFs. Growth-promoting concentrations of
LRF of Bacillus spp. strains B. subtilis 11VM, B. subtilis 26D
and B. thuringiensis B-6066 and isolates Bacillus sp. Tas2.1
and Bacillus sp. Tas8.2 were 1.5, 2.5, 1.5, 2.5 and 2.0 pg/ml,
respectively (Alekseev etal., 2021). Plant treatment with LRFs
was carried out to establish the elicitor role of lipopeptides in
the induction of defensive signaling pathways in plants and
did not pursue the goal of studying these metabolites as in-
dependent biocontrol agents. The colonization of 4-day-old
wheat seedlings by aphids was carried out as described earlier
(Rumyantsev et al., 2023).

Antibiosis test and endurance test. The antibiosis test
was carried out as described earlier (Veselova et al., 2019).
Mortality and fecundity of aphids were expressed as % of
the total number of aphids. The propagation coefficient was
calculated as described earlier (Veselova et al., 2019). Plant
endurance was assessed by measuring the length of the first
and second leaves of seedlings as described previously and
expressed as % leaf growth compared to uninfected control
(Veselova et al., 2019).

The content of hydrogen peroxide (H,0,) and the ac-
tivity of enzymes — peroxidase (POD) and catalase (CAT)
were analyzed according to standard methods (Rumyantsev
et al., 2023). To measure the content of hydrogen peroxide
(H,0,) and enzyme activity, plant material was homogenized
24 and 72 hours after colonization by S. graminum in 0.05 M
Na-phosphate buffer (PB), pH 6.2, in aratio of 1:5 (wt/vol) and
incubated at 4 °C for 30 min. The supernatant was separated
by centrifugation at 15,000 g for 15 min (5415K Eppendorf,
Germany). The concentration of H,0O, in the supernatant was
determined according to the method of (Bindschedler et al.,
2001; Maksimov et al., 2011), using orange xylenol in the pre-
sence of Fe2*ions. After coloring, the mixture was centrifuged
for 5 min at 10,000 g and the optical density was measured
at a wavelength of 560 nm on an LS 55 Luminescence Spec-
trometer (Perkin Elmer, USA). H,O, content was calculated
using a calibration curve and expressed in pmol H,O,/g fresh
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weight (FW). POD activity was determined by a micromethod
in 96-well plates (Corning-Costar, USA) by the oxidation of
(o-)phenylenediamine in the presence of H,O, at 490 nm on
a Benchmark Microplate Reader spectrophotometer (Bio-Rad
Laboratories, USA) (Veselova et al., 2014). The enzyme ac-
tivity was expressed in optical density/mg protein per minute,
which corresponded to the amount of oxidized substrate caus-
ing an increase in optical density in 1 min. CAT activity was
determined by a micromethod based on the ability of H,O, to
form a stable colored complex with molybdate salts (Veselova
et al., 2014). Optical density was measured at 405 nm on
a Benchmark Microplate Reader spectrophotometer. CAT
activity was calculated using a calibration curve and expressed
in pmol H,0,/(mg protein per min). Protein content was de-
termined by the Bradford method.

Performing qPCR. Isolation of RNA from wheat leaves
(five plants per repeat) fixed in liquid nitrogen 1, 3, and 6 days
after aphid infestation was performed using Lira® (Biolabmix,
Russia) according to the manufacturer’s instructions. cDNA
synthesis was performed as described previously (Veselova
et al., 2022). Expression of genes encoding PR proteins was
analyzed by quantitative real-time PCR using a CFX Con-
nect real-time PCR Detection System device (BioRad Labo-
ratories, USA) and a set of predefined reagents EvaGreen |
(Sintol, Russia). In the work, primers for the genes encoding
PR1 protein, PR2 protein — glucanase, PR3 protein — chi-
tinase, PR6 protein — proteinase inhibitors and PR9 protein
peroxidase were used. To standardize the data, the wheat gene
TaRli (RNaseLinhibitor-like) was used as an inner reference
for the real-time qPCR analysis. Primers for qRT-PCR were
designed using a web-based primer designing tool from IDT
(http://eu.idtdna.com/Scitools/Applications/Primerquest)
(USA). Primer sequences were validated by the presence of
only a single peak on the thermal dissociation (Tm) curve
generated by the thermal denaturing protocol. The sequences
of all primers are presented in Table 2.

To quantify relative gene expression, the delta-delta Ct
method was applied using the CFX Connect real-time PCR
Detection System (BioRad Laboratories, USA) as described

Table 2. Nucleotide sequences of primers
for wheat genes encoding PR-proteins

Genes  GenBank Sequence (5'-3')
Accession number

TaPr1 AF384143 F — ATAACCTCGGCGTCTTCATC

R - GCTTATTACGGCATTCCTTTT
TaPr2 DQ090946 F - CTGACCTACACATCCCTGTTC

R - CTCGGAAATCACCACCTTCA
TaPr3 AB029936 F - CCATCCAGATCTCACACAACTAC

R — ACCACAACGCCGTCTTAAA
TaPr6 EU293132.1 F - GGGCCCTGCAAGAAGTACTG

R - ACACGCATAGGCACGATGAC
TaPr9 AK333699 F - CAACTGCAGGGTTCCCAATA

R — CCTAGCTACCCGTTCATCTTTC
TaRli AY059462 F - GCTGTGTATTGGTTGTGGTATTT

R - GCGATGGGTAGTATCTTTCTCC
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Table 3. Characterization of bacteria isolated from the inner tissues of plants

Isolate number Source of origin

Species designation

Accession number in GenBank

Tt Triticum timopheevii Bacillus velezensis OR775749
Tas2 Triticum aestivum Bacillus subtilis OR775745
Tas2.1 Triticum aestivum Bacillus subtilis OR775746
Tas8.2 Triticum aestivum Bacillus subtilis OR775748
TV2 Triticum aestivum Bacillus velezensis OR775756
Ttl2 Triticum timopheevii Bacillus subtilis OK427265
Stl7 Solanum tuberosum Bacillus sp. MT613864

previously (Veselova et al., 2022). Three independent biologi-
cal and three technical replications were performed for each
experiment.

Statistical analysis. The experiments were carried out in
triplicate with a different number of biological repetitions,
from 3 to 10, depending on the type of analysis. The exact
number of replicates for each analysis is indicated in the table
note or figure legend. Experimental data were expressed as
means + SE, which were calculated in all treatments using
MS Excel. The significance of differences was assessed
by ANOVA followed by Duncan’s test (p < 0.05) with
STATISTICA 10.0 software.

Results

Characterization of bacteria isolated

from the inner tissues of plants

Two strains, B. subtilis 26D and B. subtilis 11 VM, were used in
the work as reference endophytic strains with known proper-
ties and protective action against Greenbug aphid (Rumyan-
tsev et al., 2023). Previously, it was shown that the B. subti-
lis 26D strain synthesizes surfactin, and the B. subtilis 11VM
strain synthesizes iturin (Rumyantsev et al., 2023). B. thurin-
giensis B-6066 also induced resistance against aphids, but was
not tested for the ability to synthesize lipopeptides (Veselova
etal., 2019).

Two isolates from the UFRC RAS collection of microorga-
nisms were previously sequenced using 16S RNA gene frag-
ments: Bacillus sp. Stl7 (GenBank: MT613864) (isolated from
the inner tissues of leaves of Solanum tuberosum L., Republic
of Bashkortostan) and B. subtilis Ttl2 (GenBank: OK427265)
(Sorokan et al., 2020; Veselova et al., 2022) (Table 3). For the
remaining five isolates, presented in Table 3, fragments of the
16S RNA gene were sequenced in this work. Isolate of Bacil-
lus sp. Ttll was isolated from the inner tissues of the leaves
of T. timopheevii, the remaining isolates of Bacillus sp. Tas2,
Tas8.2, TV2 and Tas2.1 were isolated from the inner tissues
of common spring wheat leaves (7. aestivum) (Table 3). Iso-
lates of Bacillus sp. Ttl1 and TV2 were designated as Bacillus
velezensis. Isolates of Bacillus sp. Tas2, Tas2.1, Tas8.2 were
designated as B. subtilis (Table 3).

Detection of genes of lipopeptide synthetases

in the Bacillus spp. strains and isolates

Ten strains and isolates of the Bacillus spp. were tested for the
presence of lipopeptide synthetases genes (Fig. 1).
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Fig. 1. PCR analysis of bacteria Bacillus spp. for the presence of lipopep-
tide synthetase genes: srf — surfactin synthetase, ituA and ituB - iturin
synthetase, and fenD - fengycin synthetase, bac - reference gene. The
samples are indicated as follows: 1 — B. subtilis 26D; 2 — B. subtilis Tas2;
3 — B. subtilis Tas8.2; 4 — B. subtilis Tas2.1; 5 — B. subtilis11VM; 6 — B. vele-
zensis TV2; 7 — B. velezensis Ttl1; 8 — B. subtilis Ttl2; 9 — Bacillus sp. Stl7;
10 - B. thuringiensis B-6066.

Asin B. subtilis 26D, in the strains of B. subtilis Tas2, Tas8.2
and Tas2.1, gene encoding surfactin synthetase srf was found
(Fig. 1). As inthe B. subtilis | VM strain, in the B. subtilis Tt12
strain and the Bacillus sp. Stl7 isolate, genes encoding iturin
synthetase ituA and ituB and fengycin synthetase fenD were
found, and in the strains of B. velezensis, TV2 and Ttl1, only
genes encoding inturin synthetase were detected. The genes
encoding surfactin and fengycin synthetase were identified in
the B. thuringiensis B-6066 strain (Fig. 1).

Direct aphicidal effect of endophytic strains and isolates

of bacteria Bacillus spp. and LRF on the S. graminum
Analysis of the aphicidal activity of ten strains and isolates of
the genus Bacillus showed that all bacteria had high insecti-
cidal activity against Greenbug aphid (Table 4).

Aphid mortality increased from 8 to 50-77 % during
feeding on bacterial suspension (Table 4). Accordingly, the
fecundity of aphids decreased. In addition, bacteria reduced
the propagation coefficient of aphids by 2—5 times (Table 4).
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Table 4. Aphicidal (insecticidal) effect of endophytic strains and isolates of the genus Bacillus against S. graminum

Isolate/Strain Mortality, %

Control 8.0+1.1°
B. subtilis 26D 66.7 + 5.3°
B. subtilis Tas2 61.2 +5.3¢
B. subtilis Tas8.2 76.7 +6.79
B. subtilis Tas2.1 733 +5.74
B. subtilis 11VM 72.3+8.1d
B. velezensis TV2 49.8 +2.3¢
B. velezensis Ttl1 583 +4.1¢
B. subtilis Ttl2 69.5 + 5.5P
Bacillus sp. Stl7 68.2 +6.4P
B. thuringiensis B-6066 76.8 +8.74

Fecundity, % Propagation coefficient

80.1 +4.52 247 +£0.152
333+1.8° 0.78 +0.07°
38.8+2.9¢ 1.07 £ 0.12¢
233+ 1.3 0.71 +£0.04°
26.7 + 1.59 0.80 +0.10°
27.7 +1.69 0.50 +0.02¢
50.2 +4.2¢ 0.92 + 0.05¢
417 +2.2f 1.03 +0.08¢
305+ 1.7° 1.10 £ 0.05¢
31.8+1.9° 0.80 +0.03°
232+ 1.49 0.10 £ 0.001¢

Note.The same Latin letters in one column indicate that the values aren’t statistically different according to Duncan’s test (n = 30, p < 0.05).

The greatest aphicidal activity was shown by the B. subtilis
26D, B. subtilis 11VM, B. subtilis Tt12, B. subtilis Tas2.1,
B. subtilis Tas8.2 and B. thuringiensis B-6066 strains and the
Bacillus sp. Stl7 isolate (Table 4).

All studied strains synthesized lipopeptides (Fig. 1). To
confirm the hypothesis about the role of lipopeptides in the
aphicidal activity of Bacillus spp. LRFs were isolated from
five strains. First of all, the aphicidal activity of LRFs was
tested. The aphicidal activity of LRFs of the strains B. subti-
lis 26D (LRFBs26D) and B. subtilis 11VM (LRFBs11VM)
was studied previously (Rumyantsev et al., 2023). And it
was shown that the concentration of 25 pg/ml of LRFBs26D
or LRFBs11VM caused the death of 50 % of aphids, and
100 % death of aphids was caused by 150 pg/ml already on
the 5th day of feeding (Rumyantsev et al., 2023). LRFs of
the strains B. subtilis Tas8.2, B. subtilis Tas2.1 and B. thurin-
giensis B-6066 (LRFBsTas8.2, LRFBsTas2.1 and LRFBt
B-6066) as well as the strains themselves had a negative effect
on the viability of S. graminum at direct influence (Fig. 2).
The concentration of 25 pg/ml of LRFBsTas8.2 and LRFBt
B-6066 caused death in more than 50 % of aphids, but not
LRFBsTas2.1. However, 100 % of aphids died on the 5th day
of feeding with solutions of LRFBsTas8.2, LRFBsTas2.1 and
LRFBt B-6066 at a concentration of 50 pg/ml (Fig. 2).

The plant-mediated effect of endophytes of Bacillus spp.
and LRF on various types of resistance (antibiosis,
endurance) of wheat plants against S. graminum

In further study of the indirect effect of bacteria on the pest,
seven strains and isolates were taken that showed the high-
est aphicidal activity, which are presented in Table 5. All
seven bacterial strains and isolates had an indirect effect on
aphid mortality and propagation coefficient. Aphid mortal-
ity increased from 10.9 to 36.3 % during aphid feeding on
bacteria-treated plants (Table 5). Some bacteria reduced the
propagation coefficient of aphids by 1.5-2 times (Table 5).
The B. subtilis 26D and B. thuringiensis B-6066 strains and
the Bacillus sp. Stl7 isolate had the greatest effect on aphid
mortality, and the propagation coefficient was most strongly
influenced by the B. subtilis 26D, B. subtilis Tt12, B. subtilis
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Fig. 2. Aphicidal activity of LRFs of the strains B. subtilis Tas8.2 (a), B. sub-
tilis Tas2.1 (b) and B. thuringiensis B-6066 (c) against Greenbug aphid
S. graminum.

Concentrations used for LRFs were 2.5, 5, 10, 25, 50, 100, 150 and 200 pg/ml.
Figures present means + SE (n = 15). Columns of each histogram marked with
the same Latin letters indicate that the values aren't statistically different
according to Duncan’s test (p < 0.05).

Tas2.1 and B. subtilis Tas8.2 strains (Table 5). Moderate sus-
ceptible cv. SY showed low tolerance (endurance) to S. gra-
minum, which manifested itself in inhibition of the growth
of the first and second leaves in seedlings by 20 and 30 %,
respectively (Table 5). Treatment of plants with bacterial
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Table 5. The effect of endophytes of Bacillus spp. on the vitality of aphids and endurance of S. graminum-infested wheat plants

Isolate/Strain Aphid indices of vitality (antibiosis)

Mortality, Propagation

% coefficient
Control (Water) 109 +1.52 2.47 +0.152
B. subtilis 26D 31.5+22b 132+0.10P
B. subtilis Tas2.1 226+ 1.1¢ 1.54+0.12¢
B. subtilis Tas8.2 28.7+1.4b 1.25 +0.09P
B. subtilis 11VM 243 +34¢ 2.10+0.139
B. subtilis Ttl2 224 +25°¢ 1.60 +0.11¢
Bacillus sp. StI7 35.5 +3.84 1.95 +0.124
B. thuringiensis B-6066 36.3 +3.59 2.08 +0.159

Plant endurance

Growth rate of the 1st leaf, Growth rate of the 2nd leaf,
% of control % of control

79.2+6.12 69.9 + 5.1
1147 +7.3bP 142.0 +12.9°
110.0 + 6.6 111.0+4.7¢
1132+8.1P 116.0 +5.8¢
103.2 + 5.6 115.0 +9.2¢
107.8 +5.8¢ 122.5+12.39

97.8+4.64 117.6 +9.5¢
103.6 + 2.5¢ 121.0+7.19

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial strains and non-infested with aphids is 100 %. The same Latin letters in one column
indicate that the values aren't statistically different according to Duncan’s test (n = 30, p < 0.05).

Table 6. Effect of lipopeptide-rich fractions (LRFs) of three Bacillus spp. strains
on the vitality of aphids and endurance of S. graminum-infested wheat plants

LRF from strain

Aphid indices of vitality (antibiosis)

Plant endurance

Mortality, Propagation Growth rate of the 1st leaf, Growth rate of the 2nd leaf,
% coefficient % of control % of control

Control 109+1.52 2.47 +0.15° 79.2+6.12 69.9+5.12

LRF of B. subtilis 26D (surfactin) 249 +23b 1.3+0.09P 107.0+5.7° 102.1+5.00

LRF of B. subtilis 11VM (iturin) 209 +2.6¢ 1.2 +0.08P 98.1+6.2¢ 102.3 +8.0P

LRF of B. thuringiensis B-6066 21.5+3.9¢ 0.9 £0.03¢ 113.0+£8.2b 953 +3.0¢

(fengycin + surfactin)

LRF of B. subtilis Tas8.2 (surfactin) 18.6 £4.9¢ 2.2 +0.309 99.5 + 3.6 93.6 + 5.4¢

LRF of B. subtilis Tas2.1 (surfactin) 141 +5.19 1.5+0.20P 113.0 + 4.0° 100.0 +2.8°

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial suspensions and non-populated with aphids is 100 %. The same Latin letters in one
column indicate that the values aren't statistically different according to Duncan’s test (n = 30, p < 0.05).

strains and isolates increased plant resistance to Greenbug
aphid by accelerating leaf growth by 10-20 % compared to
the control and by 30-50 % compared to plants infested with
aphids (Table 5).

Since the effect of bacteria on plants and pests depends on
the synthesis of various metabolites, we tested the indirect
effect of LRF from five bacterial strains presented in Table 6
on the aphid indices of vitality and endurance of wheat plants.

Major lipopeptides in the LRFBs26D and LRFBs11VM
were surfactin and iturin, respectively, which was confirmed
by HPLC (Rumyantsev et al., 2023). LRFBt B-6066 pre-
sumably contained a mixture of fengycin and surfactin and
LRFBsTas8.2, LRFBsTas2.1 contained surfactin (Fig. 1).
Growth-promoting concentrations of LRFBs26D, LRFBs
11VM, LRFBt B-6066, LRFBsTas8.2, and LRFBsTas2.1
increased plant tolerance to the pest and increased aphid mor-
tality, but to a lesser extent than bacterial strains (Table 6).

However, the propagation coefficient of aphids decreased
much more during feeding on LRF-treated plants than on
plants treated with the B. subtilis 11VM and B. thuringiensis
B-6066 strains. LRFBt B-6066 had the greatest influence on
the propagation coefficient of aphids, which indicates the role

282

of fengycin in the indirect effect on aphid indices of vitality
(Table 6). Thus, the results of this work show that lipopeptides,
besides the direct insecticidal effect (Rumyantsev et al., 2023),
manifest an indirect effect on the pest.

The plant-mediated effect of endophytes of Bacillus spp.
and LRFs on changes in the redox status
of S. graminum-infested wheat plants
The plant-mediated effect of endophytes of Bacillus spp.
and their LRFs on plant endurance and indices of vitality of
aphids may be connected with the start of induced systemic
resistance (ISR) in plants (Rashid, Chung, 2017; Veselova et
al., 2019). During the development of ISR, bacteria can af-
fect the accumulation of ROS, both locally and systemically
(Rashid, Chung, 2017).

The infestation of non-bacterial control plants by aphids led
to a decrease in the content of hydrogen peroxide (Fig. 3a, b),
the absence of an increase in peroxidase activity (Fig. 3¢, d)
and an increase in catalase activity (Fig. 3e, /) 24 and 72 hours
post aphid infestation and was accompanied by low aphid
mortality and low plant endurance (Table 5). In wheat plants
treated with strains and isolates of Bacillus spp. and infested
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Fig. 3. The effect of endophytes of Bacillus spp. on the content of hydrogen peroxide (H,0,) (a, b), activity of peroxidase (c, d), and activity of catalase (e, f)

of S. graminum-infested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbacterized plants; Bs 26D, Bs Tas8.2, Bs Tas2.1, Bs 11VM, Bs Ttl2, B StI7 and Bt B-6066 —
plants treated by the appropriate strain or isolate. Figures present means + SE (n = 9). Columns of each histogram marked with the same Latin letters indicate that

the values aren't statistically different according to Duncan’s test (p < 0.05).

with S. graminum, a sharp accumulation of H,0,, an increase
in POD activity, no change in CAT activity compared to the
control ones were found (Fig. 3).

The accumulation of H,O, that was observed in bacterized
plants of colonized aphids was associated with high pest mor-
tality (Table 5, Fig. 3a, b). Treatment with strains B. subtilis
26D, B. subtilis 11VM, and B. thuringiensis B-6066 had the
greatest effect on H,O, accumulation 24 hours after aphid
infestation. All strains and isolates equally increased the con-
tent of H,O, after 72 hours post aphid infestation (Fig. 3a, b).

Treatment with strains B. thuringiensis B-6066, B. subtilis
11VM, B. subtilis Tas8.2 and Bacillus sp. Stl7 isolate increased
POD activity earlier than treatment with strains of B. subtilis
26D, B. subtilis Tt12 and B. subtilis Tas2.1 (Fig. 3¢, d). The
first bacteria mentioned acted 24 hours after plant infesta-
tion by aphids, and the second bacteria mentioned activated
POD 72 hours after plant infestation by aphids (Fig. 3¢, d).
LRFs affected components of the pro-/antioxidant system of
plants in the same way as bacterial strains (Fig. 4). However,
LRFBs26D, LRFBt B-6066, and LRFBs11VM significantly
induced the accumulation of H,O, only 72 hours after plant
colonization with the pest (Fig. 4a), unlike bacteria that in-
duced H,0, accumulation after 24 hours of feeding (Fig. 3).

LRFBs11VM and LRFBs26D increased POD activity in
plants infested with aphids, as well as in plants treated with
bacterial strains B. subtilis 11 VM and B. subtilis 26D (Fig. 4D,
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Fig. 3). LRFBt B-6066 increased POD activity later than
treatment with the bacterial strain, only 72 hours after aphid
infestation (Fig. 4b). Treatment of wheat plants with LRFs
did not lead to an increase in CAT activity during aphid feed-
ing (Fig. 4¢). Such results may indicate the possible role of
lipopeptides in the induction of systemic resistance against
Greenbug aphid in wheat.

The plant-mediated effect of endophytes

of Bacillus spp. and LRFs on changes in the expression

of defense-related genes of PR proteins of wheat plants
populated by S. graminum

Another indicator of the formation of systemic resistance in
plants is considered to be an increase in the expression of
defense-related genes of pathogenesis-related (PR) proteins,
which is regulated by intermediate products of cell signaling
systems (for example, H,0O,) and phytohormones (Picterse et
al., 2014). The expression of defense-related Pr genes, sali-
cylate (SA)-regulated and ethylene/jasmonate (JA)-regulated
markers have been studied to test the bacteria-mediated acti-
vation of systemic resistance in S. graminum-infested plants.
Proteins PR 1, PR2 (glucanases) are markers of the SA signal-
ing pathway. PR3 proteins (chitinases) are considered ethylene
(ET)-regulated markers, and PR6 proteins (proteinase inhi-
bitors) are considered JA-regulated markers. Proteins of PR9
(peroxidases) are both SA-responsive and JA-responsive
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Fig. 4. Effect of lipopeptide-rich fractions (LRFs) of the B. subtilis 26D
(LRFBs26D), B. subtilis 11VM (LRFBs11VM) and B. thuringiensis B-6066
(LRFBt B-6066) strains on the content of hydrogen peroxide (H,0,) (a),
activity of peroxidase (b), and activity of catalase (c) of S. graminum-in-
fested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbac-
terized plants; LRFBs26D, LRFBs11VM and LRFBt B-6066 — plants treated by the
appropriate LRFs 24 h before aphid infestation. Figures present means + SE
(n = 9). Columns of each histogram marked with the same Latin letters in-
dicate that the values aren't statistically different according to Duncan’s test
(p <0.05).

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

pathogenesis-related proteins (Pieterse et al., 2014). In this
work, in the moderately susceptible cv. SY, a slight increase
of transcripts level of the Pr3 and Pr6 genes, markers of the
ET- and JA-signaling pathways, respectively, and an increase
of the expression levels of the Pr9 gene 72 hours after aphid
colonization were found (Table 7).

The effect of bacterial treatment on the expression of
Pr genes had a different pattern. All seven bacterial strains
and isolates increased the transcripts level of the Pr9 gene in
aphid-infested plants compared to the control (Table 7). Six
strains and isolates, excluding the B. subtilis Tas2.1 strain,
increased the expression levels of the Pr3 gene, an ET-re-
gulated marker, in S. graminum-infested plants. However,
only two strains, B. thuringiensis B-6066 and B. subtilis Tt12,
influenced the expression levels of the Pr3 gene more strongly
than others (Table 7).

Only four strains of B. subtilis 26D, 11VM, Tas8.2 and
Tas2.1 significantly increased the expression levels of SA-re-
gulated markers genes Pr/ and Pr2 in S. graminum-infested
plants compared to the control. Only one strain of B. thurin-
giensis B-6066 increased the expression levels of the Pr6 gene,
amarker of the JA-signaling pathway, in S. graminum-infested
plants (Table 7).

LRFs affected the expression of defense-related Pr genes
of plants in the same way as bacterial strains, however, the
degree of influence of LP was much higher (Fig. 5). Treat-
ment with LRFBs26D, in which the major lipopeptide was
surfactin, affected the accumulation of mRNA levels of the
Prl and Pr2 genes in S. graminum-infested plants more than
treatment with the B. subtilis 26D strain (Fig. 5a). Treatment
with LRFBs11VM, in which the major lipopeptide was iturin
and which also contained fengycin, increased the expression
levels of the Pri and Pr3 genes in S. graminum-infested plants
twice as much as treatment with the B. subtilis 11VM strain
(Fig. 5a, b). The effect of LRFBt B-6066 on the expression of
Pr genes resembled the effect of the B. thuringiensis B-6066
strain (Fig. 5, Table 7).

Table 7. The effect of endophytes of the Bacillus spp. on changes in the expression of Pr genes

of wheat plants infested by S. graminum

Isolate/Strain Genes
TaPri TaPr2

Control 100 + 5° 100 + 42
Aphid 66 + 32 126 + 52
Bs 26D + Aphid 382 +23¢ 223+ 15P
Bs Tas2.1 + Aphid 80+ 42 200 + 18P
Bs Tas8.2 + Aphid 250 + 17 300 + 24¢
Bs 11VM + Aphid 170 + 158 120 + 52
Bs TtI2 + Aphid 80+ 22 85 + 42
B Stl7 + Aphid 110+ 32 100 + 62
Bt B-6066 + Aphid 70 +32b 140 + 54

TaPr3 TaPr6 TaPr9

100 + 622 100 + 32 100 + 72
143 =+ 52¢ 270+ 18P 200 + 16°
240+ 12° 180 + 6¢ 375+ 22¢
130 + 43¢ 140 + 44 180 + 15°
160 + 13¢ 123 +52 260 + 64
200 + 18P 70+ 102 405 + 29¢
300 + 194 83+32 402 +32¢
250+ 17° 90 + 42 452 +37¢
350 + 19d 380 + 9¢ 180+ 17

Note.The same Latin letters in one column indicate that the values aren't statistically different according to Duncan’s test (n =9, p < 0.05).
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Fig. 5. Effect of lipopeptide-rich fractions (LRFs) of the B. subtilis 26D (LRFBs26D), B. subtilis 11VM (LRFBs11VM) and B. thuringiensis B-6066 (LRFBt B-6066)
strains on the relative expression of the Pr1 and Pr2 genes (a), Pr3 and Pr6 genes (b) and Pr9 gene (c) in S. graminum-infested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbacterized plants. Figures present means + SE (n = 9). Columns of each histogram
marked with the same Latin letters indicate that the values aren't statistically different according to Duncan’s test (p < 0.05).

However, it is worth noting that LRFBt B-6066 contained
two lipopeptides — surfactin and fengycin. Treatment with
LRFBt B-6066 increased the transcripts level of the Pr3 gene
as LRFBs11VM, increased the mRNA content of the Pr9 gene
as LRFBs26D and, in addition, only LRFBt B-6066 affected
the expression of the Pr6 gene in S. graminum-infested plants
(Fig. 5). Importantly, the expression of some Pr genes induced
by LRFs was activated later than during the treatment with the
corresponding bacterial strains, 6 days after plant colonization
by aphids (Fig. 5, Table 7). Thus, the results of this work show
that lipopeptides have elicitor activity and induce the expres-
sion of defense-related Pr genes in aphid-infested plants.

Discussion

In this research, ten endophyte isolates of the genus Bacillus
from the collection of the Laboratory of Biochemistry of Plant
Immunity of the Institute of Biochemistry and Genetics UFRC
RAS were studied. Although the bacteria have been isolated
from the inner tissues of various plants, many of them have
been tested for their ability to colonize the inner tissues of
other host plants (Veselova et al., 2019, 2022; Sorokan et al.,
2020; Rumyantsev et al., 2023). All studied strains and isolates
were found to have lipopeptide synthetase genes (Fig. 1) and
all strains and isolates showed aphicidal activity (Table 4),
which was due to the synthesis of lipopeptides as the results
showed (Fig. 2).

In this work, using LRF isolated from Bacillus spp. strains,
it was proven that the aphidicidal activity of bacterial strains
against Greenbug aphid was due to lipopeptides — surfactin,
iturin and fengycin (Fig. 2). This coincides with the results of
other authors. Nowadays, the insecticidal activity of surfactin,
plipastatin (fengycin family), bacillopeptin and iturin against
some species of phloem-feeding insects has been shown
(Rashid et al., 2018; Rodriguez et al., 2018; Denoirjean et
al., 2022). Our studies have recently shown that surfactin
and iturin exhibit aphicidal activity against Greenbug aphid
(Rumyantsev et al., 2023). In addition, the results of our recent
work showed that commercial surfactin (Sigma, USA) ex-
hibited the same aphicidal activity as LRF from the B. subtilis
26D strain (Maksimov et al., 2020). In this work, the aphicidal
effect of fengycin was demonstrated for the first time (Fig. 2).

This work also shows that bacterial strains, isolates, and
LRFs of three Bacillus spp. strains had an indirect effect on
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the indices of vitality of aphids and endurance of S. graminum-
populated wheat plants (Tables 5, 6). The weaker effect of
bacteria on the mortality of aphids under the indirect effect
compared to the direct effect was possibly due to the dif-
ferent degree of plant tissue colonization of the strains and
isolates, which we showed in another work using the B. sub-
tilis 11VM strain as an example (Rumyantsev et al., 2023).
Thus, when testing for endophyticity, the B. subtilis 26D strain
showed the greatest ability to reproduce in the plant tissues,
the other strains and isolates studied in this work reproduced
in the tissues of plants by an order of magnitude less, and the
Bacillus sp. Stl7 isolate reduced the number of cells by two
orders of quantity compared to the B. subtilis 26D strain (Ve-
selova et al., 2019, 2022; Sorokan et al., 2020; Rumyantsev
et al., 2023).

LRFs increased plant tolerance, but to a weaker extent than
bacterial strains and isolates (Tables 3, 4). The influence of
bacteria on plant growth may be associated with the synthesis
of hormone-like compounds by bacteria and the effect on the
availability of nutrients for plants (Eid et al., 2021). Also, the
effect on plant growth may be indirect through the synthesis
of metabolites with biocidal activity, which reduce the infec-
tion load on plants, and may trigger systemic resistance in
plants (Eid et al., 2021). Presumably, the effect of LRFs on
plant growth was indirect and was related to the stimulation
of systemic resistance in plants.

Verification of the indirect action of bacterial strains and
isolates and LRFs showed that both bacteria and LRFs are
able to change the redox status of plants inhabited by aphids
(Fig. 3, 4) and cause an oxidative burst, which subsequently
induces the expression of defense-related Pr genes (Rashid et
al., 2018; Tunsagool et al., 2019; Oukala et al., 2021). Thus,
the generation of ROS during attack by phloem-feeding in-
sects is discussed as a resistance response against pests (Koch
et al., 2016; Veselova et al., 2019). The jump in the ROS
generation, including H,O,, can lead both to direct damage
to aphids and their death, and to the circumstantial effect of
H,O, through signaling regulation of resistance and gene
expression (Rashid, Chung, 2017; Rashid et al., 2018). In
addition, bacterial strains and isolates, and LRFs affected the
activity of redox enzymes — POD and CAT in aphid-infested
plants (Fig. 3, 4). Low catalase activity was found in aphid
resistant crop phenotypes (Zhu-Salzman et al., 2004). An
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increase in POD activity under the influence of bacteria led
to an improvement in the strategy of plant resistance against
insects (Rashid et al., 2018; Veselova et al., 2019; Ling et
al., 2022). To date, the role of lipopeptides in the regulation
of ROS generation and the work of redox enzymes has been
studied only during infection of plants with pathogenic fungi
(Farzand et al., 2019; Tunsagool et al., 2019). These works
showed the positive effect of fengycin, surfactin and iturin on
the activity of peroxidases in plants during the attack of fungal
pathogens (Farzand et al., 2019; Tunsagool et al., 2019). This
work demonstrates for the first time the ability of strains and
isolates B. subtilis Tt12, Bacillus sp. Stl7 and B. thuringien-
sis B-6066, which synthesize fengycin, regulate components
of the pro-/antioxidant system of aphid-infested plants.

Bacterial strains and isolates and LRFs induced the ex-
pression of defense-related Pr genes, markers of hormonal
signaling pathways such as JA, SA and ethylene (Table 7,
Fig. 5). All three hormonal signaling pathways are known to
play a role in plant defense against phloem-feeding insects
and other pests (Morkunas et al., 2011; Pangesti et al., 2016).
B. subtilis induced resistance against the whitefly Bemisia
tabaci on tomato plants by activating SA- and JA-responsive
genes. Rhizobacteria Pseudomonas simiae WCS417r induced
Arabidopsis defense reaction against Mamestra brassicae by
activating the synthesis of camalexin and aliphatic glucosino-
lates, which is regulated by the ORAS59-branch of the JA/ethy-
lene signaling pathway (Pangesti et al., 2016). A series of
studies have shown that the ethylene signaling pathway is
required for the polymerization of phloem proteins, which
block phloem pores and therefore prevent aphids feeding (Fu
etal., 2014; Lu et al., 2023).

Unfortunately, there are very few works on the activation of
resistance against insects by lipopeptides. Thus, it was shown
that the bacillopeptin of the B. velezensis YC7010 strain,
which induces the deposition of lignin and callose in plants,
increased the resistance of rice against Nilaparvata lugens
(brown planthopper) (Rashid et al., 2018). Nowadays, the role
of lipopeptides in the activation of plant resistance against
various pathogens through the induction of JA/ethylene-,
ABA-, SA- and auxin-dependent response is well studied
(Tunsagool etal., 2019; Jiang et al., 2021). Our results showed
that lipopeptides surfactin, fengycin and iturin activated the
expression of defense-related Pr genes of the SA-, JA- and
ethylene-regulated markers in wheat against the S. graminum.
Our results suggest a role of fengycin in inducing the expres-
sion of ethylene-dependent genes (Fig. 5), which is consistent
with results obtained during studies of resistance to pathogen
(Waewthongrak et al., 2014). This work demonstrates for the
first time the elicitor role of fengycin in triggering the systemic
resistance of wheat plants against S. graminum.

Conclusion

In the ten studied strains and isolates of endophytes of the
genus Bacillus, lipopeptide synthetase genes were found,
and all bacteria had aphicidal activity. This study shows that
lipopeptides play a role in the defense of plants from phloem-
feeding insects through a direct and an indirect mechanism of
action. We have discovered new promising strains and isolates
of endophytes of the genus Bacillus, which can become the
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basis for future biocontrol agents against aphids. The search
for new bacteria active against phloem-feeding insects can be
conducted by the presence of lipopeptide synthetase genes in
the bacterial genome.
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Influence of leptin administration to pregnant mice
on fetal gene expression and adaptation to sweet and fatty food
in adult offspring of different sexes

E.L Denisova (%), E.N. Makarova @

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
@ enmakarova@gmail.com

Abstract. Elevated leptin in pregnant mice improves metabolism in offspring fed high-calorie diet and its influence
may be sex-specific. Molecular mechanisms mediating leptin programming action are unknown. We aimed to in-
vestigate programming actions of maternal leptin on the signaling function of the placenta and fetal liver and on
adaptation to high-calorie diet in male and female offspring. Female C57BL/6J mice received leptin injections in
mid-pregnancy. Gene expression was assessed in placentas and in the fetal brain and liver at the end of pregnancy.
Metabolic parameters and gene expression in the liver, brown fat and hypothalamus were assessed in adult male
and female offspring that had consumed sweet and fatty diet (SFD: chow, lard, sweet biscuits) for 2 weeks. Females
had lower blood levels of leptin, glucose, triglycerides and cholesterol than males. Consuming SFD, females had
increased Ucp1 expression in brown fat, while males had accumulated fat, decreased blood triglycerides and liver
Fasn expression. Leptin administration to mothers increased Igf1 and Dnmt3b expression in fetal liver, decreased
post-weaning growth rate, and increased hypothalamic Crh expression in response to SFD in both sexes. Only in
male offspring this administration decreased expression of Fasn and Gck in the mature liver, increased fat mass, blood
levels of glucose, triglycerides and cholesterol and Dmnt3a expression in the fetal liver. The results suggest that the
influence of maternal leptin on the expression of genes encoding growth factors and DNA methyltransferases in the
fetal liver may mediate its programming effect on offspring metabolic phenotypes.
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BBeZieHIe JIelITHA 6epeMeHHbIM MbIIIaM
BJIMISIET Ha SKCITPECCHIO I'eHOB V IIJIOZOB U aJallTalliio
K CJIaZIKO¥i U >KUPHOIA ITIIIEe V B3POC/IbIX IIOTOMKOB Pa3HOro I10j1a

E.N. Aenucosa(l®), E.H. Makaposa @

MepepanbHbI CCefoBaTENbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickon akagemun Hayk, HoBocnbupck, Poccus
@ enmakarova@gmail.com

AHHoTaLuA. [OBbIWEHHbIA YPOBEHb NENTUHA B Neprof 6epeMeHHOCTM Y CaMOK MbILWEl OKa3blBaeT bnaronpuaT-
Hoe fencTBre Ha MeTabonnyeckme nokasaTenu 1ux 3penoro NOTOMCTBa Npw NOTPEONEHNN NOC/IEAHNUM BbICOKOKAsO-
PVAHOM NULLX, 1 3TO BNAHNE MOXET 3aBUCETb OT Nnosa. MoneKkynapHble MexaH/3Mbl, ONoCpeayioLe NPorpammm-
pyrollee fecTBUe NENTMHA, HeM3BeCTHbl. Llenbio npenctaBneHHoN paboTbl O6biN0 M3yyeHre NPOrpaMmMUpyoLLero
LEeCTBMA MaTEPUHCKOTO NIeNTVHa Ha CUrHanbHYyo GYHKLMIO NIALEHT 1 NeYeHn NIOAOB, a TakkKe Ha ajantauuio K
BbICOKOKaNIOPUIHON AneTe y NOTOMCTBA B 3aBUCMOCTM OT nona. Camkam mbiwen nuHumn C57BL/6J BBognnn nentunH
B cepeauHe 6epemeHHOCTU. B kKoHLe 6epemMeHHOCTM B MiaLeHTax, Mo3re 1 neyeHu NaofgoB OUeHVBaNu 3Kcnpec-
C1I0 reHOoB. Y B3pOC/I0ro NoToMCTBa 060€ro rnosa oueHrBaav MeTabonmyeckrie nokasaTenm 1 SKCNpeccuio reHoB B
neyeHu, Gypom Kupe 1 runoTanamyce nocse AByXHEAENbHOIO NOTPeONEHNA CTaHLAPTHOW NGO CAAKO-KUPHOM
avetbl (CKI: rpaHynbl CTaHAAPTHOMO KOPMA, Cano, Clajikoe neyeHbe). Y caMok Habntoganca 6onee HU3KMIN YpoBeHb
NenTUHa, MIOKO3bl, TPUMMLEPULOB 1 XONecTeprnHa B KPOBY, YeM y camuoB. [NoTpebnenne CK yBennunBano sKc-
npeccuto reHa Ucp1 B Bypom xrpe y caMok, Toraa Kak y CaMLOB HaKamnansasaca }np, CHAXKanuCb ypoBeHb TPUru-

© Denisova E.l, Makarova E.N., 2024

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0001-8696-8781
https://orcid.org/0000-0002-6417-9893
https://orcid.org/0000-0001-8696-8781
https://orcid.org/0000-0002-6417-9893

E.W. eHncoBa
E.H. MakapoBa

2024
283

Bnuaxwne MaTEPUHCKOro nenTrHa
Ha niofbl 1 B3pocC/ioe NOTOMCTBO

LiepvA0B B KPOBU 1 SKCMPECcUs reHa Fasn B neveHn. BBeaeHne nentrHa matepsm yBeIMUMBaNo SKCNPeccuio reHoB
Igf1 v Dnmt3b B NneyeHn NNOAOB, CHXKANO CKOPOCTb POCTa Nocsie OTbema OT MaTepu 1 NoBbIWwano skcnpeccuto Crh
B runotanamyce B otBeT Ha CK/1 y B3pocsibix NOTOMKOB 0601xX NonoB. TONbKO y CaMLOB BBefleH/e NenTHa MaTepsam
CHVKaNo 3KCNpeccuto reHoB Fasn n Gek B neyeHu, yBenmumBaso X1MpoByio Maccy, yPOBHY FHOKO3bl, TOUMMLEPULOB
1 XOMNecTepriHa B KPOBMU, a TaKXe dKCpeccuio reHa Dmnt3a B neyeHn nnoaos. MonyyeHHble pesynbTaTbl NO3BOAT
NPEeANONOKUTb, UTO BIUAHNE MAaTEPVHCKOTO NIENTHA Ha SKCMPECCUio reHoB, Koaupyowwmx dakTopbl pocta 1 JHK-
MeTUnTpaHchepasbl B MEYEHN NIOAOB, MOXET ONOCPeOoBaTb ero NporpamMmmMmupytoLwmin 3gpdeKT Ha MeTabonnyecknii

¢eHOTVII'I NMOTOMCTBa.

KnioueBble cnoBa: agantayma K BblCOKOKEiJ'IOpVIIhHOVI nuule; NnporpaMmmmnpoBaHne pasBUTUA; NENTUH; MblLlLW; 6epe—

MEHHOCTb.

Introduction

Obesity and related metabolic diseases are one of the major
problems in modern medicine. The potentiating effect of ma-
ternal obesity on the development of obesity in the offspring is
considered as one of the reasons for the widespread prevalence
of obesity (Shrestha et al., 2020; Schoonejans et al., 2021).
In this regard, the study of the possible mechanisms respon-
sible for mediating the effects of early-life environment on
susceptibility to obesity later in life is of particular relevance.

The adipocyte hormone leptin can have a programming
effect on the development of offspring. It was shown in la-
boratory models that elevated blood levels of leptin in pregnant
females, whether caused by genetic disorders or leptin admini-
stration, may have a beneficial effect on glucose metabolism
and obesity in offspring fed a high-calorie diet (Stocker, Caw-
thorne, 2008; Pollock et al., 2015; Talton et al., 2016; Denisova
etal.,2021). It was also shown that the programming effects of
maternal leptin can be different in offspring of different sexes
(Nilsson et al., 2003; Makarova et al., 2013). The study of the
molecular and physiological mechanisms that mediate the
programming effect of leptin may contribute to the elaboration
of methods for correcting individual development to reduce
the risk of metabolic disease.

In most cases, the development of obesity is promoted by
the consumption of high-calorie sweet and fatty food. Adap-
tation to the consumption of this type of food is expressed in
a decrease in the amount of food consumed, storage of excess
energy in adipose tissue, and an increase in energy expenditure
(Duca et al., 2014). These adaptive responses are associated
with changes in the expression of orexigenic and anorexigenic
neuropeptides in the hypothalamus (Cone, 2005), activation
of thermogenesis in brown adipose tissue (Even, 2011), and
changes in the activity of enzymes related to glucose and lipid
metabolism in the liver and other organs (Akieda-Asai et al.,
2013). Ability to adapt to the consumption of high-calorie
foods may affect the rate and degree of obesity development.
However, the effect of maternal leptin on adaptation to sweet
and fatty foods has not yet been investigated.

The programming effect of maternal leptin on the develop-
ment of offspring can be mediated via epigenetic modifica-
tions, including methylation of regulatory regions of genes and
changes in the expression of signaling factors that affect the
growth and maturation of organs and tissues in fetuses (Rey-
nolds et al., 2017). Insulin-like growth factors 1 and 2 (IGF1,
IGF2) play a significant role in the somatic development of
the fetus (Petry et al., 2010; Xiagedeer et al., 2020; Hattori et
al.,2021). These factors are synthesized and secreted into the
blood of the fetus by both placenta and fetal liver (Nawathe
et al., 2016). The effect of maternal leptin on the signal-

ing function of the placenta and fetal liver has not yet been
studied.

The aim of this study is to investigate the effect of increased
leptin levels in pregnant females on the signaling function
of the placenta and fetal liver and on the adaptation to the
consumption of high-calorie sweet and fatty foods in mature
offspring of different sexes in mice.

Materials and methods

Animals and experimental design. The study was conducted
according to the guidelines of the Declaration of Helsinki and
approved by the Independent Ethics Committee of the Institute
of Cytology and Genetics, Siberian Branch, Russian Academy
of Sciences (protocol number 76, 07.04.2021).

Experiments were conducted with C57BL/6J mice housed
at the vivarium of the Institute of Cytology and Genetics, No-
vosibirsk, Russia. The animals were kept at a 12-h daylight
cycle with free access to water and standard chow for the
conventional maintenance and breeding of rodents (BioPro
Company, Novosibirsk, Russia). Mature females were mated
to males of the same strain. Mating was confirmed by the
presence of a copulation plug. The appearance of the plug
signified day 0 of pregnancy. The females were administered
0.2 mg/kg of recombinant murine leptin (Peprotech, United
Kingdom) or the same volume of normal saline on days 11, 12,
and 13 of pregnancy. The injections were done subcutaneously
in the shoulder area. It has been shown that during this period,
sexual differentiation begins in fetuses (Hacker et al., 1995)
and there is a peak in the formation of hypothalamic neurons
that regulate energy intake and expenditure (Ishii, Bouret,
2012). As we showed earlier, the food intake of females re-
duces in response to leptin administration, and the offspring
demonstrate sensitivity to its programming effect during this
period of pregnancy (Denisova et al., 2021).

To study the effect of leptin administration on the fetal
growth and expression of genes in fetuses and placentas,
6 leptin-treated and 6 control females were sacrificed at the
pregnancy day (PD) 18 by displacement of the cervical ver-
tebrae, fetuses and placentas were removed and weighed.
Samples of placentas and fetal liver and brain were placed
in liquid nitrogen. To measure gene expression, two tissue
samples of the placentas and fetuses of each sex were selected
from each litter and combined in equal representation, taking
into account the RNA concentration after RNA isolation.

In another group, the mated females were monitored to
record parturition and the number of pups, and the day of
delivery was designated as postpartum day (PPD) 0. Females
with a litter of less than 6 pups did not participate in the further
experiment. If there were more than 7 pups in the litter, it was
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Table 1. TagMan Gene Expression Assays used for relative quantitative real-time PCR

Protein

Agouti-related neuropeptide
Beta-actin

Carnitine palmitoyltransferase 1a

Carnitine palmitoyltransferase 1b

Corticotropin-releasing hormone

DNA methyltransferase 3 alpha

DNA methyltransferase 3 beta

Fatty acid synthase

Fibroblast growth factor 21

Glucokinase

Glucose-6-phosphatase, catalytic

Insulin receptor

Insulin-like growth factor 1

Insulin-like growth factor 2

Insulin-like growth factor 2 receptor

Klotho beta

Leptin receptor

Peroxisome proliferator-activated receptor alpha
Phosphoenolpyruvate carboxykinase 1, cytosolic
Pro-opiomelanocortin

Peptidylprolyl isomerase A

Pyruvate kinase liver and red blood cell

Solute carrier family 2 (facilitated glucose
transporter), member 4 (GLUT4)

Sodium-coupled neutral amino acid transporter 1
Sodium-coupled neutral amino acid transporter 2
Sodium-coupled neutral amino acid transporter 4

Uncoupling protein 1 (mitochondrial, proton carrier) Thermogenesis

Function Gene Gene expression assay ID
Orexigenic neuropeptide Agrp Mm00475829_g1
Actb MmO00607939_s1
Beta-oxidation of long-chain fatty acids (liver) Cptia MmO01231183_m1
Beta-oxidation of long-chain fatty acids Cpt1b MmO00487191_g1
(muscles, BAT)
Hypothalamic signaling Crh Mm01293920_s1
De-novo DNA methylation Dnmt3a MmO00432881_m1
De-novo DNA methylation Dnmt3b MmO01240113_m1
Fatty acid synthesis Fasn Mm00662319_m1
Influence on carbohydrate and lipid metabolism Fgf21 Mm00840165_g1
Glucose phosphorylation Gek MmO00439129_m1
Glucose-6-phosphate dephosphorylating G6pc Mm00839363_m1
Insulin signaling Insr MmO01211875_m1
Fetal growth and development Igf1 Mm00439560_m1
Fetal growth and development Igf2 MmO00439564_m1
Attenuation of IGF2 signaling Igf2r MmO00439576_m1
Enables FGF21 binding activity KIb MmO00473122_m1
Leptin signaling Lepr MmO00440181_m1
Regulation of lipid metabolism Ppara Mm0040939_m1
Regulation of gluconeogenesis Pck1 MmO01247058_m1
Anorexigenic signaling Pomc MmO00435874_m1
Ppia Mm02342430_g1
Regulation of glycolysis Pkir Mm00443090_m1
Glucose transporter activated by insulin Slc2a4 MmO00436615_m1
Amino acid transport Slc38al Mm00506391_m1
Amino acid transport Slc38a2 Mm00628416_m1
Amino acid transport Slc38a4  Mm00459056_m1
Ucept MmO01244861_m1
Ucp3 MmO01163394_m1

Uncoupling protein 3 (mitochondrial, proton carrier) Mitochondrial anion carrier protein

adjusted to 7 on PPD 0. There were 9 leptin-treated litters
and 8 control litters. The females and pups were weighed on
PPDs 0, 7, 14, 21, and 28. The offspring were weaned from
their mothers at PPD 28.

To assess the effect of maternal leptin on the metabolic pa-
rameters of mature offspring, two males and two females from
each litter were housed individually after weaning. At the age
of 10 weeks, some of the offspring begun to receive a sweet
and fatty diet (SFD): sweet butter cookies and lard were added
to standard chow, and the other part of the animals remained
on standard diet (SD). There were 8 experimental groups with
6—7 animals in each group: males and females consuming
SFD and males and females consuming SD born to control
mothers and males and females consuming SFD and males
and females consuming SD born to leptin-treated mothers. The
weight of standard chow, fat and cookies eaten per week was
measured, and energy intake was calculated (lard — 8 kcal/g,
cookies — 4.58 kcal/g, and standard chow — 3 kcal/g). The
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total amount of energy consumed was calculated and related
to body weight.

After 2 weeks of SFD eating, the animals were decapitated,
the weight of the liver, interscapular brown fat, and subcutane-
ous and intraperitoneal fat were measured. To assess the effect
of leptin on blood biochemical parameters and gene expres-
sion, blood samples were collected, liver, muscle, brown fat
and hypothalamus samples were placed in liquid nitrogen and
then stored at —80 °C.

Plasma assays. Concentrations of leptin and FGF21 were
measured using Mouse Leptin ELISA Kit (EMD Millipore,
St. Charles, MO, USA) and Quantikine® ELISA Mouse/
Rat FGF-21 Immunoassay (R&D Systems, Minneapolis,
USA).

Concentrations of glucose, triglycerides, and cholesterol
were measured colorimetrically using Fluitest GLU, Fluitest
TG, and Fluitest CHOL (Analyticon® Biotechnologies AG Am
Miihlenberg 10, 35,104 Lichtenfels, Germany), respectively.
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Relative quantitative real-time PCR. Gene expression
was measured using relative quantitative real-time PCR. Total
RNA was isolated from tissue samples using the ExtractRNA
kit (Evrogen, Moscow, Russia) according to the manufac-
turer’s instructions. First-strand cDNA was synthesized using
Moloney murine leukemia virus (MMLV) reverse transcrip-
tase (Evrogen, Moscow, Russia) and oligo(dT) as a primer.
TagMan gene expression assays (Thermo Fisher Scientific,
Waltham, MA USA) indicated in Table 1 were used for relative
quantitative real-time PCR with B-actin (4ctb) and cyclophilin
(Ppia) as an endogenous control.

Sequence amplification and fluorescence detection were
performed on a QuantStudio™ system. Relative quantifica-
tion was performed by the comparative threshold cycle (CT)
method.

Statistical analyses. Data were analyzed with the
STATISTICA 10.0 program. Descriptive statistic was used
to determine means and standard error (SE) of the mean.
Data on body weight and food intake were analyzed using
Repeated Measures ANOVA with factors “maternal treatment”
(administration of leptin or saline), “sex”, and “age” (from
4 to 10 weeks) for offspring when kept on a standard diet.
When kept on a sweet and fatty diet, data on energy intake
were analyzed using Repeated Measures ANOVA with factors
“diet” (SD and SFD), “maternal treatment” and “age” (from
10 to 12 weeks) and data on weight gain were analyzed using
two-way ANOVA with factors “diet” and “maternal treatment”
separately for male and female offspring. Morphometric, me-
tabolic and hormonal parameters and gene expression were
analyzed initially by three-way ANOVA with factors “maternal
treatment,” “diet,” and “sex” and then separately by two-way
ANOVA in offspring consuming SD or SFD with factors “sex”
and “maternal treatment,” or in males and females with factors
“maternal treatment” and “diet”. To identify the effect of leptin
administration on the weight of fetuses and placentas and
gene expression in fetuses and placentas, two-way ANOVA

a p <0.001, sex, maternal treatment x age, b
repeated measures ANOVA
24
22+
o 20+
-
=y
S 18
2 Weight gain, %
-c>,‘ 16 F p <0.001, sex, maternal treatment
o 2-way ANOVA
o0 60 -
14 40 I = Males, saline
Males, leptin
12 F 20 ® Females, saline
m Females, leptin
0
10 .

Age, weeks
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was used with factors “sex” and “maternal treatment”. To
assess intergroup differences, post hoc Newman—Keuls test
was used. The comparisons between single parameters were
performed with a two-tailed Student’s #-test. The results on
the graphs are presented as mean+SE. Significance was de-
termined as p < 0.05.

Results

The effect of leptin administration to pregnant mice

on body weight and energy intake in offspring

of different sexes when kept on SD

The administration of leptin to pregnant females had no effect
on body weight (BW) of the offspring at birth and during the
period of maternal care (PPDs 1-28); no sex differences in
BW were observed during this period either.

After weaning, males as compared to females had a higher
growth rate and were significantly heavier (Fig. 1a). The
administration of leptin to mothers affected the dynamics of
weight gain in both males and females; it reduced the growth
rate of the offspring in the first two weeks after weaning
(Fig. 1a). Females consumed more energy per unit of body
weight than males (Fig. 15), leptin administration to mothers
had no effect on offspring energy intake.

The effect of leptin administration to pregnant mice

on energy intake and body weight in offspring

of different sexes when kept on SFD

Energy consumed with SFD changed dramatically in the
course of the experiment: it increased sharply in comparison
with the control in the first week, and returned to normal in
the second week in mice of both sexes (Fig. 2a). The leptin
administration to mothers had no effect on the dynamics of
energy intake with SFD in the offspring. At the same time,
there were sex differences in BW changes resulting from SFD
consumption (p <0.05, “sex” x “diet”, 3-way ANOVA): SFD

38 p <0.001, sex, repeated measures ANOVA

—o— Males, saline
361k —o— Males, leptin
' —v— Females, saline
—v— Females, leptin
D 34}
©
2
g 32}
2
£
3 30t
[
=
w
281
261
5 6 7 8 9 10
Age, weeks

Fig. 1. The effect of leptin administration to female mice at 11-13 days of pregnancy on weight gain during the first two weeks after weaning (a)
and body weight (a) and weekly energy intake related to body weight (b) at the age of 4-10 weeks in offspring of different sexes when consuming a

standard diet.

Data are means + SE from 12-14 animals in every group. Weight gain was calculated as the difference in weight in the first two weeks after weaning divided by

weight at the weaning and expressed as a percentage.
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a
p < 0.0001 age, age x diet, p < 0.05 diet, p < 0.0001 age, age x diet,
repeated measures ANOVA repeated measures ANOVA
x 130+
£ 120t —e— Saline, SD
= 110k -® - Saline, SFD
_‘{ —A— Leptin, SD
% 100 -4 - Leptin, SFD
£ 9o}
)
T 80f
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w70 L L L L L L
0 1 2 weeks 0 1 2 weeks
Males Females
b .
= p <0.01 diet, 2-way ANOVA
2
¢ = Saline, SD
5 m Saline, SFD
< = Leptin, SD
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£ -
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=
o
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Fig. 2. Influence of leptin administration to pregnant mice on energy intake (a) and weight gain (b) in male and female offspring

consuming standard or sweet and fatty diet.

Data are means + SE from 6-7 animals in every group. * p < 0.05, SFD vs. SD, post hoc Newman-Keuls test.

did not affect weight gain in females, and increased weight
gain in males, especially in the offspring of leptin-treated
mothers (Fig. 2b).

Influence of leptin administration to pregnant mice

on the metabolic characteristics in offspring

of different sexes when kept on SD or SFD

When offspring consumed SD, sex differences were observed
in many morphometric and biochemical parameters. Two-way
ANOVA with factors “sex” and “maternal treatment” showed
that females compared with males had decreased absolute and
relative weights of brown adipose tissue (BAT) (p <0.001, ab-
solute, p <0.05, relative, “sex”) and intraperitoneal white adi-
pose tissue (WAT) (p <0.01, absolute, p <0.05, relative, “sex”
(Table 2), and lowered levels of glucose (p < 0.05, “sex”), cho-
lesterol (p <0.01, “sex”), triglycerides (p <0.001, “sex”) and
leptin (p <0.05, “sex”) in the blood (Table 3). Leptin adminis-
tration to pregnant mothers was associated with an increase
in blood triglyceride levels (p < 0.05, “maternal treatment”),
and this increase reached statistically significant values in
male offspring (p < 0.05, post hoc Newman—Keuls test).

A two-week intake of SFD reduced the absolute and rela-
tive weight of the liver, increased the absolute and relative
weight of BAT, as well as visceral and subcutaneous WAT, and
increased the blood levels of glucose, cholesterol and leptin
in both males and females (Tables 2, 3). Only the change in
blood triglyceride levels in response to the consumption of
SFD depended on sex: triglyceride levels decreased in males
and did not change in females (Table 3). At the same time,
in females, the mass of visceral WAT and the concentration
of glucose, cholesterol, and leptin in the blood were lower
than in males, regardless of the diet consumed (Tables 2, 3).
Leptin administration to mothers had a sex-specific effect on
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the mass of subcutaneous WAT and blood glucose, cholesterol,
and triglyceride levels. When the effect of maternal leptin was
analyzed separately in males and females (two-way ANOVA
with factors “diet” and “maternal treatment”), it was observed
only in males. Regardless of the diet, male offspring of leptin-
treated mothers had more subcutaneous fat mass (p < 0.05,
“maternal treatment”) and elevated blood levels of glucose
(p<0.05, “maternal treatment”), triglycerides (p < 0.05, “ma-
ternal treatment”) and cholesterol (at the trend level, p <0.07,
“maternal treatment”) than males born to control mothers.

Influence of leptin administration to pregnant mice

on gene expression in the liver, BAT and muscles

in male and female offspring consuming SFD or SD

When mice were kept on a standard diet, sex differences were
observed in the expression of some of the studied genes in the
liver and brown fat. In the liver, the mRNA level of glucose-
6-phosphatase (G6pc) in females was lower than in males
(p < 0.05, “sex”, two-way ANOVA, SD, Fig. 3e). In BAT,
the FGF21 mRNA level in females was lower than in males,
and the level of insulin receptor mRNA was higher (p <0.05,
“sex”, for both cases, two-way ANOVA, SD, Fig. 4a, ¢).
Leptin administration to mothers reduced the expression of
Fasn (p<0.05, “maternal treatment”, two-way ANOVA, SD,
Fig. 3¢) and Gck (p < 0.05, “maternal treatment”, two-way
ANOVA, SD, Fig. 3g) in the liver on a standard diet, and this
decrease was more pronounced in males, reaching statistically
significant values in them (Fig. 3¢, g).

In the liver, SFD consumption resulted in activation of
Fgf21 gene expression and inhibition of Pckl gene expres-
sion in both males and females (Fig. 3a, /), and inhibition of
Fasn gene expression only in males (p < 0.01, “diet”, two-
way ANOVA, males, Fig. 3¢). At the same time, in males,
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Table 2. Influence of leptin administration to pregnant mice on the absolute and relative weight
of the liver, BAT, and visceral and subcutaneous WAT in male and female offspring consuming SD or SFD
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Parameter Males Females p, ANOVA
SD SFD SD SFD
Saline Leptin Saline Leptin Saline Leptin Saline Leptin
Weight, g
Liver 1.21£0.03 1.22+0.07 1.05+0.06 1.06+0.03 1.06£0.04 0.89+0.01 0.92+0.05 0.91+£0.06 <0.01 sex,
<0.01 diet
BAT 0.10£0.01 0.09£0.01 0.14+0.02 0.14+0.02 0.07+0.01 0.06+0.00 0.11+£0.02 0.08+0.01 <0.001 sex,
<0.001 diet
WAT visceral 0.41+0.08 047+0.04 0.86+0.13 1.21+0.22# 0.29+0.10 0.15+0.01 0.61+0.13 0.59+0.14* <0.01 sex,
<0.01 diet
WAT sub- 0.63+0.06 0.89+0.13 1.18+0.12 1.65+0.22 0.58+0.09 0.49+0.03 1.14+£0.17 0.97+0.22 <0.01 sex, diet
cutaneous <0.05 sexxmat. tr.
Index, %
Liver 487+0.08 4.85%+0.22 4.18+0.18 4.01+0.09 5.09+0.13 4.66+0.07 4.45+0.15 4.45+0.17 <0.001 diet
BAT 0.40+0.02 0.36+0.03 0.55+0.06 0.53+0.04 0.32+0.04 0.30+0.02 0.51+0.07 0.41+0.03 <0.001 diet,
<0.05 sex
WAT visceral 1.64+0.31 1.87%0.15 3.37+£039 4.41+£0.67 1.39+046 0.77+0.05 292+0.60 2.75+0.54 <0.01 sex,
<0.01 diet
WAT sub- 251+0.20 3.52+047 4.68+035 6.08+0.62 2.78+0.39 255+0.15 548+0.82 4.58+0.86 <0.001 diet
cutaneous <0.05 sexx mat. tr.

Note. Data are means+SE from 6-7 animals in every group. Data were analyzed using three-way ANOVA with factors “sex’, “diet’, and “maternal treatment”
(mat. tr.). ¥ p < 0.05 females vs. males, # p < 0.05 SFD vs. SD, post hoc Newman—Keuls test.

Table 3. Influence of leptin administration to pregnant mice on hormonal and metabolic characteristics

in male and female offspring consuming SD or FSD

Parameter Males

SD SFD

Saline Leptin Saline Leptin
Glucose, mM 158+1.7 174+£0.5 16.2+09 18906
Cholesterol, mM 1.4+0.1 1.5+0.1 23+0.1 2.7+0.2
Triglycerides, MM 1.5+1.1 1.9+0.1 1.0+0.1 1.2+0.1#
Leptin, ng/ml 28+1.1 3.5+0.6 9.1+£2.4% 13.8+23%
FGF21, ng/ml 50+1.6 49+1.4

Females p, ANOVA
SD SFD
Saline Leptin Saline Leptin
134+0.7 140+05 152+06 152+06% <0.001 sex,
<0.05 diet
1.2+0.1 1.24£0.03 2604 2.0+0.1% <0.001, diet,
<0.05 sexxmat. tr.
09+0.1% 1.1£0.1 1.3+0.3 1.1£0.1  <0.01 sex,
<0.001 sexxdiet
1.6+0.7 13+0.2 49+16  7.1+1.6% <0.01 sex,
<0.001 diet
82+1.6 3716

Note. Data are means + SE from 6-7 animals in every group. Data were analyzed by three-way ANOVA with factors “sex’, “diet” and “maternal treatment” (mat. tr.).
* p < 0.05 females vs. males, # p < 0.05 SFD vs. SD; +p < 0.05 males, leptin vs. saline, post hoc Newman—-Keuls test.

leptin administration to mothers changed the response of the
Fasn gene to SFD consumption: in the offspring of control
mothers, Fasn gene expression significantly decreased, while
in the offspring of leptin-treated mothers, it did not change
(Fig. 3¢). Leptin administration to mothers also had a sex-
specific effect on the expression of the glucokinase gene in
the liver — it decreased in males regardless of the diet and did
not significantly change in females (Fig. 3g).

In BAT, SFD consumption increased Fgf21 and Cptl gene
expression (Fig. 4a, c), decreased Slc2a4 gene expression

(Fig. 4f), had a down-regulating effect on K/b expression
(Fig. 4b) in mice of both sexes, and increased Ucpl gene
expression only in females (Fig. 4d). Leptin administration
to mothers had no effect on the expression of the studied
genes in BAT.

In the muscles, the expression of genes related to insulin
sensitivity (Slc2a4, Insr) and B-oxidation (Cptlb, Ucp3) were
studied. The expression of these genes did not depend on sex
and diet, and leptin administration to mothers had no effect
on the expression of these genes.
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Fig. 3. Influence of leptin administration to pregnant mice on liver gene expression in male and female offspring consuming SFD or SD.
* p < 0.05 SD, males, leptin vs. saline; # p < 0.05 SFD vs. SD, post hoc Newman-Keuls test. Data are means + SE from 6-7 animals in every group.
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Fig. 4. Influence of leptin administration to pregnant mice on gene expression in BAT in male and female offspring consuming SFD or SD.
Data are means + SE from 6-7 animals in every group.

294 BaBunosckuii XXypHan reHeTukm n cenekunm / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 3



E.W. eHncoBa
E.H. MakapoBa

a Agrp b Pomc
p < 0.05 mat. treatment,
3-way ANOVA
< p <0.01 mat. treatment,
2 15T 5. way ANOVA 16
[
g 1.0 12
3 0.8
2 0.5 .
g 0.4
o
= 0
Males Females Males Females
c Crh d
p <0.01 mat. treatment,
p < 0.05 diet,
p < 0.05 mat. treatment x diet, Lepr
30 3-way ANOVA 20
g2s 15
220 ’
o
315 1.0
20 0s
=05 ’
)
Males Females Males Females
® Saline, SD ™ Leptin,SD  m Saline, SFD  ® Leptin, SFD

Fig. 5. Influence of leptin administration to pregnant mice on gene ex-
pression in hypothalamus in male and female offspring consuming SFD
or SD.

Data are means + SE from 6-7 animals in every group.

Influence of leptin administration to pregnant mice

on hypothalamic gene expression

in male and female offspring consuming SFD or SD

When kept on SD, males and females did not differ in the ex-
pression of the studied genes in the hypothalamus. Leptin ad-
ministration to mothers had a down-regulating effect on Pomc
gene expression regardless of animal sex and diet (Fig. 5b),
reduced Agrp gene expression only in males (Fig. 5a) on
both SD and SFD, and altered the response of the Crh gene
to SFD intake. In mice of both sexes born to leptin-treated
mothers, the expression of the Cri gene increased when SFD
was consumed, while in the offspring of control females it did
not change (Fig. 5¢). Expression of Agrp, Pomc, and Lepr did
not change in response to SFD consumption.

The results presented suggest that maternal leptin has a pro-
gramming effect on the metabolic phenotype of the offspring,
including influence on the central mechanisms supporting
energy homeostasis, and gene expression in the liver and
brown fat, and males are more sensitive to the programming
action of maternal leptin.

Influence of leptin administration to pregnant mice

on the weight of placentas and fetuses

in offspring of different sexes

Leptin administration to mothers at mid-pregnancy did not
affect fetus viability: control and leptin-treated mothers did
not differ in litter size (8.7+0.2, n = 6, control mothers, and
9.0+0.2, n = 6, leptin-treated mothers). At the end of the
embryonic period, male and female fetuses did not differ in
weight, and leptin administration to mothers did not have a de-
layed effect on fetal weight (Fig. 6b). Male placentas weighed
more than female placentas (Fig. 6a). Leptin administration to
mothers had no effect on placental or fetal weight.
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Fig. 6. The effect of leptin administration to female mice at 11-13 days of
pregnancy on the weight of placentas (a) and fetuses (b) of different sex
at the end of pregnancy (PD 18).

Data are means + SE from 32 male and 20 female offspring of control mothers
and 29 male and 24 female offspring of leptin-treated mothers.

Influence of leptin administration to pregnant mice

on gene expression in placentas, and in the brain and liver
of fetuses of different sexes

In the control, female fetus placentas differed from male fetus
placentas by increased expression of the Igf1 gene (p <0.05,
Student’s #-test). Administration of leptin to pregnant mice
affected the placental expression of this gene differently in
male and female fetuses (p < 0.05, “sex” % “maternal treat-
ment”, two-way ANOVA): it increased Igf] expression in
male placentas and decreased in female placentas (Fig. 7a).
As aresult, the sex differences in Igf7 expression observed in
the control group disappeared when leptin was administered
to mothers.

The expression of the Igf2r gene and, at the level of a trend,
the Slc38a2 (SNAT2) gene (p = 0.054, two-way ANOVA)
in placentas (Fig. 7a) depended on the sex of the fetuses: it
was higher in females than in males, and leptin administra-
tion to pregnant females had no effect on the expression of
these genes.

Sex differences in the expression of the genes studied in
the fetal brain and the effect of leptin administration to preg-
nant females on the expression of these genes were not found
(Fig. 7b).

Sex differences in the expression of the genes studied in
the liver were not found. Leptin administration to pregnant
females had an up-regulating effect on the liver expression
of the Igf1 and Dnmt3b genes in the fetuses of both sexes
and a multidirectional effect (up-regulating in males and
down-regulating in females) on the liver expression of the
Dnmt3a gene (Fig. 7¢). As a result, Dnmt3a gene expression
in male fetuses was higher than in female fetuses after leptin
administration to mothers.

Thus, administration of leptin to females during pregnancy
has a delayed effect on the expression of genes encoding
growth factors and DNA methyltransferases in the fetal liver.

Discussion

In the present work, we assessed the effect of maternal leptin
on adaptation to high-calorie food in adult offspring, as well
as on the signaling function of placentas and fetal liver
depending on offspring sex. Sex has a significant effect on
obesity-induced metabolic alterations (Hwang et al., 2010),
and, in addition, there is sexual dimorphism in the response
of offspring to maternal influences not only in the postnatal
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Fig. 7. Influence of leptin administration to female mice at the days 11-13 of pregnancy on gene expression in placentas (a), fetal
brain (b) and fetal liver (c) in male and female fetuses at the end of pregnancy (PD 18).

Data are means + SE from 6 samples in every group. * p < 0.05, male fetuses, leptin vs. saline; # p < 0.05, leptin, females vs. males, post hoc

Newman-Keuls test.

period of life, but also in fetuses and placentas (Dearden et
al., 2018; Yu et al., 2021). It suggests that the programming
effect of maternal leptin may be sex-specific.

Male and female offspring differed in metabolic characteris-
tics consuming SD and in response to SFD intake. Compared
to males, females had reduced fat mass and reduced blood
glucose, cholesterol, and leptin concentrations regardless
of the diet consumed, which is consistent with the results of
other authors (Freire-Regatillo et al., 2020). SFD consumption
was accompanied by an increase in the intake of energy in
the offspring of both sexes, but the utilization of this excess
energy depended on the sex. In males, when switching to
SFD, the mass of white fat increased, the expression of the
Fasn gene encoding the enzyme for the synthesis of fatty
acids decreased in the liver, and the level of triglycerides in
the blood decreased. These results are consistent with data
obtained in other studies on male mice (Voigt et al., 2013;
Casimiro et al., 2021; Kakall et al., 2021) and suggest that
in males, excessive consumption of fat at the initial stages of
fatty food eating inhibits lipogenesis in the liver and enhances
lipid uptake by tissues and lipid storage in adipose tissue. In
females, the mass of adipose tissue, liver expression of Fasn,
and blood triglyceride level did not change in response to SFD
but the expression of the Ucp! gene in BAT increased, which
indicates an increase in thermogenesis and energy dissipation
in the form of heat. Thus, males and females demonstrate dif-
ferent adaptive strategies in relation to excess energy intake
with SFD.

296

In other respects, the hormonal and metabolic changes in-
duced by the intake of SFD were similar in males and females
and were aimed at reducing food intake, lowering blood glu-
cose levels, and activating fat utilization. In offspring of both
sexes, energy intake declined to normal levels in the second
week of SFD intake, which may be due to an increase in leptin
levels, because leptin reduces food intake (Morton, 2007). In
both males and females, the mass of BAT increased and BAT
expression of the Cpt1 gene increased and that of the Sic2a4
gene (GLUT4) decreased, which points to intensification of
lipid utilization. In addition, liver mass decreased and liver
Pckl gene expression decreased, which indicates the suppres-
sion of gluconeogenesis. The expression of the Fgf2/ gene
increased in the liver and brown fat. This hormone increases
insulin sensitivity, activates fat oxidation, and influences food
choice, increasing the propensity to consume a balanced diet
(Flippo, Potthoff, 2021). These results are consistent with data
obtained by other authors. It has been shown in mice and rats
that the initial stages of adaptation to the consumption of a
high-calorie diet are characterized by an increase in energy
expenditure, an increase in the level of leptin in the blood, an
increase in the mass of brown fat, UCP1 protein expression
and fatty acid oxidation in brown fat, an increase in fat utiliza-
tion, a decrease in liver weight, a decrease in the expression
of the Sic2a4 gene (GLUT 4) in adipocytes (So et al., 2011;
Andrich et al., 2018; Kakall et al., 2021).

Leptin administration to pregnant females had a delayed
effect on both the metabolic phenotype of the offspring in the

BaBunosckuii xypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 3



E.W. eHncoBa
E.H. MakapoBa

postnatal period, and on fetuses and placentas. Leptin admi-
nistration to mothers reduced offspring growth rate in the first
weeks after weaning. These results are consistent with the re-
sults obtained previously, demonstrating that hyperleptinemia
during pregnancy reduces the weight of the offspring during
their growth after weaning (Makarova et al., 2013; Pollock et
al., 2015). In this work, we have shown for the first time that
leptin administration to pregnant females has an up-regulating
effect on the level of IGFI mRNA in the liver of fetuses at
the end of pregnancy. IGF1 has multisystem effects on fetal
development (Hellstrom et al., 2016), and it is possible that the
programming effect of maternal leptin on postnatal metabolic
traits and offspring growth is partly mediated by its influence
on Igf] expression in fetuses.

The programming effect of maternal leptin was more pro-
nounced in male offspring: only in males, administration of
leptin to mothers increased fat mass, plasma concentrations
of glucose, cholesterol, and triglycerides and decreased the
expression of the Agrp gene in the hypothalamus and the
genes for glucokinase and fatty acid synthase in the liver. Sex
differences in the response to elevated maternal leptin were
also observed at the prenatal stage of development: only in
male fetuses, administration of leptin to mothers increased the
expression of the Dnmt3a gene in the liver. DNMT3a mediates
de novo methylation (Jurkowska et al., 2011) and maternal
influence on fetal liver expression of this enzyme may have
delayed effects on mature liver gene expression. In turn,
changes in the expression of genes encoding enzymes in the
liver can affect the metabolic parameters of the blood. Thus, a
decrease in the expression of the glucokinase gene may be the
cause of an increased blood level of glucose in males born to
leptin-treated mothers, since glucokinase is a major contributor
to glucose homeostasis (Massa et al., 2011), and a decrease in
the expression of the Gck gene is accompanied by an increase
in the level of glucose in the blood (Magnuson et al., 2003).

Despite the pronounced sex differences in metabolic cha-
racteristics and the sex-specific effect of maternal leptin on
the metabolic phenotype of the offspring, the programming
effect of maternal leptin on adaptation to SFD consumption
did not depend on the offspring sex. Leptin administration to
mothers did not pronouncedly affect the metabolic response
and transcriptional changes in the liver and brown fat caused
by SFD consumption, but affected the central mechanisms
regulating energy intake and expenditure. In both sexes, ad-
ministration of leptin to mothers doubled the expression of
the Crh gene in the hypothalamus when SFD was consumed.
Hypothalamic corticotrophin-releasing hormone (CRH) co-
ordinates energy intake and expenditure with metabolic and
behavioral response to stress (Richard et al., 2000). CRH in the
hypothalamus has an anorexigenic effect and increases energy
expenditure (Radahmadi et al., 2021). Decreased sensitivity of
CRH neurons increases susceptibility to obesity in mice (Zhu
et al., 2020). Since the increase in Crh gene expression was
not accompanied by changes in food intake and body weight,
it can be assumed that maternal leptin affected the response
of hypothalamic—pituitary—adrenal axis to metabolic stress
caused by SFD consumption. The nature of these influences
requires additional research.

In addition, leptin administration to mothers affected the
hypothalamic expression of orexigenic (4grp) neuropeptide
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in males and anorexigenic (Pomc) neuropeptide in males
and females. It is assumed that prenatal programming of the
metabolic phenotype is mediated via epigenetic modifica-
tions of the central systems that regulate energy intake and
expenditure (Dearden, Ozanne, 2015). Thus, it has been shown
in laboratory models and humans that the metabolic state of
mothers during pregnancy (malnutrition, overeating) affects
methylation of the gene encoding proopiomelanocortin and,
accordingly, its expression in the hypothalamus in the off-
spring (Candler et al., 2019). In rats, maternal consumption
of high-calorie diet significantly increased basal CRH mRNA
expression in the paraventricular nucleus of hypothalamus
(Niu et al., 2019). Our results indicate that leptin may be the
factor mediating maternal influences on the central regulation
of energy homeostasis.

Although we found no sex-dependent programming effects
of maternal leptin on adaptation to SFD eating, its sex-specific
influence on liver gene expression and metabolic characteris-
tics may promote formation of sex differences in the develop-
ment of diet-induced obesity in offspring.

Conclusion

Males differ from females in metabolic features associated
with glucose and lipid metabolism, as well as adaptation to ex-
cess energy intake with a high-calorie diet. Leptin administra-
tion to pregnant female mice sex-specifically affects liver gene
expression and metabolic characteristics in adult offspring.
This sex-specific programming effect may be associated with
sex-specific influence of maternal leptin on expression of the
Dnmt3a gene in fetal liver. Regardless of sex, maternal leptin
had a programming effect on the activity of the hypothalamic
CRH system during adaptation to SFD consumption.
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AHHoTaumA. MHoroobpasue naToreHeTUYeCKX MEXaHN3MOB, NIeXaLUVX B OCHOBE apTepuanbHON rMnepToHMK, MPUBO-
[AUT K HeOBXOAMMOCTY pa3paboTKM NePCOHANM3NPOBAaHHOIO NOAXOAA K AUArHOCTUKe 1 Tepanun 3abonesaHmna. OgHUM
13 NePCNEKTUBHBIX METOLOB ANA NePCOHANN3MPOBaHHOW MEAULIMHBI ABNAETCA METAabONOMMKA, KOTOPas NMO3BOMAET NO-
Ny4nTb KOMMMIEKCHOE NpefcTaBieHmne o G13MoNornyecknx npoLeccax, NpPoucxoaaLlrx B opraHusme. Metabonom — 31o
COBOKYMHOCTb HU3KOMOJIEKYNIAPHBIX BELLECTB, ONpeaenseMbiX B 06pasLe v ABAAIOWUXCA NPOMEXKYTOUHBIMU 11 KOHEY-
HbIMM NpoAyKTamy meTabonm3ma KneTok. Mi3meHeHUA B copepKaHUM U COOTHOLLIEHUN MeTaboNIMTOB B NCC/iefyemMom
o6pa3sLie MapKMpyoT COOTBETCTBYIOLLME NAaTOFeHETNYECKME MEXaHN3Mbl, BbIAENAA 1X, YTO 0COOEHHO BaXKHO AJ1A TaKoro
MynbTUdaKTOpPHOro 3aboneBaHuA, Kak apTepuranbHas rMnepToHua. Ana nageHtnounkKaumm MeTabonoMHbIX MapKepos M-
NepTeH3UBHbIX COCTOAHUIA Pa3HOro reHesa Obiny nccnefoBaHbl TPU pasHble GOPMbl apTepuranbHON runeptToHun (Al):
Kpbicbl ¢ HacnegcTBeHHom Al (nuHna kpbic HUCAT/ISIAH); Kpbicbl ¢ AT, nHayumpoBaHHon BBegeHnem L-NAME (mogenb
SHAoTenvanbHom ancoyHKUMM ¢ HapyweHrem npogyKkummn NO); Kpbicbl ¢ Al, BbI3BaHHOW BBeieHUEM [e30KCUKOPTUKO-
CTepoHa B COYETaHUN C CONEBOW Harpyskow (ropmoH-3aBncuman dopma — DOCA-coneBas Arl). B kauecTBe HOPMOTEH-
3UBHOIO KOHTPOA 6blIN NCNOb30BaHbl KpblChl AMHUN WAG. Y BCeX XKMBOTHbIX CObpanu 06pasLibl CyTOYHON MOYM, MeTa-
60/TOMHbBI MPOdUSIb KOTOPOI NPOAHANN3NPOBANN METOAOM KonmyecTBeHHON AMP-cneKTpockonuu. 3aTem C MOMOLLbIO
METO0B MHOFOMEPHOW CTaTUCTVKMN BbIABUAM NOTEHUMasNbHble METAaBONOMHbIE MapKepbl ncciieayembix Gopm runep-
TEH3VBHbIX COCTOAHMI. AHaN13 NOoNyYeHHbIX JaHHbIX MOKa3as, YTo ANA HacNeACTBEHHOW CTPecC-MHAYLMPOBaHHON ap-
TepuanbHoN rmnepToHun y KpblC TnHUM HUCAT XxapakTepHO CHUXXEHWE COpepKaHna ClieflyoLmx MeTabosiToB B MoYe:
HUKOTMHaMmAa 1 1-MeTUIHMKOTMHaMmAaa (MapKepbl BOCNanuTenbHbIx npoueccos), N-auetunrnytamata (UMK okcraa
asoTa), n3obyTmpata U mMeTunaueToauleTata (MUKpobroTa KuweyHnka). DapMakonornyeckm MHAyLMpoBaHHble $op-
mbl AT (rpynnbl L-NAME n DOCA+NaCl) He umetoT o6Lwmx ¢ HacnencTBeHHon Al MeTaboioMHbIX MapKkepoB. Vx otnmyatot
oaviH obwwint mapkep, N,N-gumeTunranumH, n asa cneuynduryeckmx — xonuH (ansa rpynnsl L-NAME) 1 1-MeTUNHUKOTWH-
amug (ana rpynnbl Kpbic ¢ DOCA-coneBoi apTepuanbHON runepToHnen).

KnioueBble cnoBa: apTepuranbHas runeptoHus; Kpbicbl HACAT (ISIAH); L-NAME; DOCA-coneBas runepToHus; MeTabo-
NOMHbIe MapKepbl MOYN.
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Abstract. The diversity of pathogenetic mechanisms underlying arterial hypertension leads to the necessity to devise a
personalized approach to the diagnosis and treatment of the disease. Metabolomics is one of the promising methods
for personalized medicine, as it provides a comprehensive understanding of the physiological processes occurring in
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Urine metabolic profile in rats
with arterial hypertension of different genesis

the body. The metabolome is a set of low-molecular substances available for detection in a sample and representing
intermediate and final products of cell metabolism. Changes in the content and ratio of metabolites in the sample mark
the corresponding pathogenetic mechanisms by highlighting them, which is especially important for such a multifac-
torial disease as arterial hypertension. To identify metabolomic markers for hypertensive conditions of different origins,
three forms of arterial hypertension (AH) were studied: rats with hereditary AH (ISIAH rat strain); rats with AH induced
by L-NAME administration (a model of endothelial dysfunction with impaired NO production); rats with AH caused
by the administration of deoxycorticosterone in combination with salt loading (hormone-dependent form — DOCA-
salt AH). WAG rats were used as normotensive controls. 24-hour urine samples were collected from all animals and ana-
lyzed by quantitative NMR spectroscopy for metabolic profiling. Then, potential metabolomic markers for the studied
forms of hypertensive conditions were identified using multivariate statistics. Analysis of the data obtained showed
that hereditary stress-induced arterial hypertension in ISIAH rats was characterized by a decrease in the following urine
metabolites: nicotinamide and 1-methylnicotinamide (markers of inflammatory processes), N-acetylglutamate (nitric
oxide cycle), isobutyrate and methyl acetoacetate (gut microbiota). Pharmacologically induced forms of hypertension
(the L-NAME and DOCA+NaCl groups) do not share metabolomic markers with hereditary AH. They are differentiated
by N,N-dimethylglycine (both groups), choline (the L-NAME group) and 1-methylnicotinamide (the group of rats with
DOCA-salt hypertension).

Key words: arterial hypertension; ISIAH rats; L-NAME; DOCA-salt hypertension; urine metabolomic markers.
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BsepeHune

Aprepuanbnas runepronus (Al) — aTo cloXHOE MYIBTH-
(baxropHOe 3a0o0neBaHme, B TATOTEHE3 KOTOPOTO BOBJICUCHBI
MHOTHE CHCTEMbI Opranu3Ma. PasHooOpasne MexaHu3MOB pas-
BUTHS DTOTO 3a00JIEBaHUS M UX B3aMMOJCHCTBHUS MEX]Ty CO-
00i1 00yCIIOBIHMBAIOT HEOOXOIMMOCTh YYUTHIBATH MHOXKECTBO
(hakTOpOB TIpH pa3padOTKEe METOAOB MPOPIIIAKTHKH H JIeUe-
Hust. K HacTosimeMy BpeMeHH pa3padoTaHbl M IIPUMEHSIIOTCS
MHOT'OCTYIIEHYAThIE IIPOTOKOJIbI JieueHust AT, yuuThiBaromme
00pa3 KU3HU, CTAANI0 3a00IEeBaHS, COITYyTCTBYIOMIHE MATO-
noruu u T. 1. (Carey et al., 2022). OnHako Bce elie aKTyaib-
HbI 3212491 IEPCOHAIM3UPOBAHHON ME/IUIIMHBI: HCIIOJIb30BaTh
KOMIUTEKCHBIE ITO/IXO/IbI K ANArHOCTHKE C LIEITBIO OTIPEISIICHNUS
XapaKTepHOTO JIsl KOHKPETHOTO TTallMeHTa «Habopay 3aJiei-
CTBOBaHHBIX B pa3BUTHU Al MEXaHU3MOB M, COOTBETCTBEHHO,
Ha3Ha4YNTh MHANBHUIYaJIbHOE JIeueHne. J{yis 3ToH 1em XoporIo
MOIXO/ISIT TaK Ha3bIBa€MbIe OMHMKCHBIE TEXHOJIOTUH, aHaJIN-
3HPYIOIINE CBOETO POJIa «CPEe3» ACATEIBHOCTH OpTaHU3Ma U
(DYHKIIMOHMPOBAHUS €r0 CHCTEM (Ha ypOBHE reéHOMa, TPaHC-
KPHUIITOMA, IPOTEOMa, METa00IOMa U T. II.).

Juist u3ydeHuss MeTaboJIMuecKuX MyTel, BOBICUCHHBIX B
[IaTOT€HE3 Pa3INYHbIX TUIIEPTEH3UBHBIX COCTOSHUMN, MBI HC-
TIOJTB30BAJIM TPU JKCHepuMeHTaibHble Moaenn Al [lepas
mozens: nunust kpeic HUCAT/ISIAH (nacnencrBeHnHast MH-
IyIIIpOBaHHAsI CTPECCOM apTepuaiibHas runepronust/ Inherited
Stress-Induced Arterial Hypertension), koTopast Obiia mosy-
YeHa U3 ayTOpeAHOU momyJsiiuK Kpbic Wistar myTemM MHOTO-
JIETHEH CeNeKIMH Ha NOBbIEeHHe Al B yCIIOBHAX IICHX03MO-
muoHakHOTO cTpecca (Markel, 1992). Dta monens HanboIee
OIM3KO BOCIPOU3BOIUT MEPBUYHYIO (3CCEHIMATBHYIO) TH-
[EPTOHMIO yesoBeka. Bropas moxens: Al, BbI3BaHHAs 1uc-
(hyHKIMEH SHIIOTEIHSI COCYI0B, HHIyIIMPOBaHHOH (hapMako-
nornyecku — BBeneHreM L-NAME (unruduropa cunresa NO)
(Biancardi et al., 2007). DrnorenuanbHas TUCHYHKITUS, CBSI-
3aHHas C HAPYILICHNEM CHHTE3a OKCH/Ia a30Ta, — OJIUH U3 pac-
MIPOCTPAHEHHBIX MeXaHU3MOB ToBbIeHuss AJl. Tperbst Mo-
nenb: Al Takke HHIyIMpOBaHHAs (HapMaKOIOTHIECKH BBE-
JICHHEM CHHTETHYEeCKOro MuHepanokoptukouna — DOCA
(1€30KCHKOPTHKOCTEPOHA aleTar) Ha POHE TOTIOTHUTEIIbHON

cosieBoit Harpysku (Basting, Lazartigues, 2017). Coueranue
MOBBIIICHHOTO YPOBHSI MHUHEPAJIOKOPTUKOUIOB U COJEBOI
HATPY3KH — CIIIe OTHA U3 BO3MOXKHBIX MPUYWH pa3Butus Al
y mozeit (Gupta, 2011).

[Ipu pa3zpaboTke METOTOB ONCKAa ONOXIMHUYIECKIX MapKe-
poB pa3ubx Gopm Al crnemyer oOpamiate BHUMAaHUE Ha J10-
CTYITHOCTb U HCMHBA3MBHOCTL IpEAjiaracMbIX TEXHOJIOTHH.
OpuH u3 Haubosee TOCTYIMHBIX METOIOB — aHAIHM3 00pa3IoB
Mouu. MeTaboIOMHBIC UCCIIEOBaHUS MOYM B HACTOSIIEE
BpEeMsI ITPE/ICTABIISIIOT HHTEPEC [UIsl KCCIIeIoBaTelIel; aKkTHBHO
00CYKAaI0TCsI CIIOCOOBI aHANIM3a M MHTEPIIPETAINU TAHHBIX
(Zhang et al., 2012; Bouatra et al., 2013).

Lenp Hameld paboTHI — OLIEHUTH METa00JIOMHbII IPODUITH
CYTOYHOH MOYH KpPbIC, MOJICIUPYIOLIUX TPH Pa3HbIX M0 Me-
XaHU3MaM pa3BUTHsI (POPMBI THIICPTCH3UBHBIX COCTOSHUI, B
CpaBHCHHH C HOPMOTCH3UBHBIM KOHTPOJIEM.

MeTopbl uccnegoBaHus

JKcHepUMEHTAJbHbIE )KUBOTHBIE. VccienoBanue BbI-
MOJTHEeHO Ha 3—4-MmecsuHBIX camiax Kpeic quann HUCAT
(ISIAH) ¢ nacnencreennoii ¢opmoii Al, a Taxke Ha ABYX
rpymnnax Kpbic ¢ (apMakoJOrHuecKd MHIYLIHPOBAHHBIMHU
dopmamu Al': rpymma KpeIc, MOTydYaBIINX OJOKATOP CHH-
te3a NO — L-NAME, u rpynna kpbic ¢ TOpMOH-3aBHCUMOM
DOCA-coneBoii AI'. B kauecTBe HOPMOTEH3UBHOTO KOHTPOJIS
MCTIONB30BaHbI KpbICH! TUHIA WAG.

Jus mopemmpoBarus NO-nedurnmtHOH Al ¢ sHI0TETHATE-
HOHU mucdyHkuuen kpeicam auHun WAG mepopalibHO BBO-
UM PacTBOp MHTHOMTOpa 3HAOTennanbHO NO-cHHTa3bI
(L-NAME, No-nitro-1-arginine methyl ester — N-omera-auTpo-
L-aprunun metuioBslii adup; Sigma Aldrich, CIIIA) B no3e
30 Mr/kr Macchl Tena B TeueHue aByx Henens (Flirstenau et
al., 2008). s mozenupoBanust ropMoH-3aBucuMoit DOCA -
coneBoi runeproHuu KpeicaM WAG TOJKOKHO BBOIUIU
DOCA (deoxycorticosterone acetate — Je30KCHKOPTHKOCTE-
poHa arerat; Sigma Aldrich, CIIIA) B mo3e 25 Mr/Kr Macch
Tena pa3 B 4 IHS IpU NOCTOSTHHON coneBor Harpyske (1 %
pactBop NaCl B momikax) B TedeHune Tpex Henenb (Chan et
al., 2006). B pesynbrare OblH c(hOPMUPOBAHBI YETHIPE IKC-
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MePUMEHTAIIbHBIC TPYIIIBI )KUBOTHBIX: TpH ¢ Al 1 o/1Ha HOP-
MOTEH3HUBHasI, 10 10 caMI[OB B Ka)KIOM.

Bce KMBOTHBIE COIEP)KAINCH B CTAaHAAPTHBIX YCIOBHUIX
BuBapus Muctutyta ruronoruu u reuetuku CO PAH (Tem-
nepaTypa Bo3ayxa 22—-24 °C, cBeToBoi pesxum a1 12:12 1),
TOTyYast TOJTHOPAMOHHBIHN KopM («Yapay, Poccnst) u nutbe-
BYIO BOJy B CBOOOZHOM JocTyre. Bee mpoueaypsl ¢ dKcre-
PUMEHTAIbHBIMH KUBOTHBIMHA COOTBETCTBOBAIIM ATUUECKUM
CTaHAapTaM, yTBEPKICHHBIM IPaBOBBIMH akTamMu PD, mpun-
uunam basenbckoil aekiapauuu U pexoMeHaauusam Mex-
WHCTHUTYTCKOH KOMHCCHH TIO OMOJIOTHYECKOH 3THKe mpn 1H-
crutyte nuronoruu u reneruku CO PAH (mpotoxon Ne 127
ot 08.09.2022).

Mounntopunr AJl npoBoauiM 1Ba pas3a B HEAEIIO B TEUe-
HHE BCEro 3KCHEPHMEHTa C MCIOJIb30BAaHUEM NPHOOpA s
HenHBazuBHoro m3Mmepenus AJl (BIOPAC, CIIIA) metonom
tail-cuff c mpenBapuTensHOIT amanTaIel JKUBOTHBIX K TAHHOW
MPOLIE/Type B TEUCHNE TPeX-yeThIpex JHel. OHOBPEMEHHO C
n3mepenueM AJl KpbIC peryasipHO B3BEILIUBAIIH.

Coop o0pa3uoB cyTouHOIT MoUH. JKIBOTHBIX TOMETIIAIN
10 OZTHOMY B WH/IUBHTyaJIbHBIE META00INUECKUE KIIETKH JIIST
rpoizyHoB (Techniplast, Utanust), rae oHM anantupoBaInch
K HOBBIM YCJIOBHSIM B T€UEHHE Tpex AHEH. B mocnenyromue
TPH JTHSI B OJTHO U TO K€ BPEMsI CYTOK OCYIIECTBISUTH cOOp
00pa3oB MOYH U yueT o0beMa BBIUTOMH BoJbl. COOpaHHYO
Mouy xpanw npu —70 °C. JlanpHelimmas padora ¢ moimy-
4yeHHBIMH 00pa3uamu nposoauiack B LIKIT «Mace-criekTpo-
METPHUYECKHE HCCIeOBAaHUD» MEXayHapoIHOrO TOMOrpa-
¢ugeckoro rieaTpa CO PAH, B mabopaTtopuu MpOTEOMHUKH 1
MeTaOOIOMUKH.

JreTpakuus MeTadoJUTOB U3 00pa3uoB Movu. Jis
MOJTyYEeHUs HEOSITKOBOTO SKCTPAKTa META0OIUTOB MOYH KPBIC
MCTIOB30BAJIN CJICYIOIINH ITPOTOKOJ POOOIIOTOTOBKH: OTI-
TUMAaJIbHBIM COOTHOIIICHHEM 00BEMOB MOYH M IKCTPArupyro-
IIIETO PaCTBOPA ABJSETCS COOTHOIICHNE MOYa/MeTaHoI = 1/4.
K 100 mxi1 moun go6asisiin 400 MKII XOJIOZHOIO METaHOJIA
(-20 °C). O6pa31p IepeMenInBaii Ha BUXPEBOH LieHTpudyre
1 Tomernany B meiikep Ha 15 mun npu 1300 06/MuH, 3aTeM
nentpudyruposany npu 12000 06/mun npu 4 °C B TeueHue
30 MuH, TOCJIC Yero OTOMpad HAI0CATOYHYIO KHUIKOCTD.
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CynepHaTaHT BBICYIIMBAJIM Ha BaKyyMHOM MCIapUTeNe U
xpauwy mpu —70 °C. JInodpunnsupoBaHHBIE IKCTPAKTHI Pa3-
Boauin B 600 MK nefitepuposanHoro ¢ocdarnoro Oydepa
(50 MM, pH 7.4) ¢ no6aBeHremM BHyTpeHHETO cTanaapta DSS
(3-(TpumeTmnCcHIIT)IpOoTIaH- | -cynbonat HaTpust, 20 MKM).

Cnexrpsl AMP perucrpuposanu Ha AMP-cnekrpomeTpe
AVANCE III HD 700 MHz (Bruker BioSpin, I'epmanus),
obopynoBaHHOM KproMarauToM Ascend ¢ monem 16.44 Tnu
3ou70M TXI 1H-13C/15N/D ZGR 5 mm. [TapameTpsr chem-
KU COOTBETCTBOBAJIM ONKMCAHHBIM paHee (Zelentsova et al.,
2020). s 06pabOTKH CHIEKTPOB M HHTET PUPOBAHIS CUTHATIOB
npumensuiach nporpamMa MestReNova v12.0. Metabonutsr
UIeHTH(UIIMPOBAIIY C KCIIOJIb30BaHKeM 0a3bl JaHHbIX Human
Metabolome Database (https://hmdb.ca/) u coGCTBEHHBIX 1aH-
HBIX O META0OJIOMHOM COCTaBEe OMOJIOTHUECKUX KUAKOCTEH
yenoBeka u xuBOTHBIX (Tsentalovich et al., 2020; Fomenko
etal., 2022).

Crarncruyeckas 00padoTKa JaHHBIX IPOBOIUIIACH B ITa-
keTe nporpamm Statistica 12 (StatSoft, Inc., 2014) u Ha BeG-
mratpopme MetaboAnalyst 5.0 (https://www.metaboanalyst.
ca/) ¢ MpUMEHEHNEM MHOTOMEPHOTO aHan3a (METOJI TIIaBHBIX
KOMIIOHEHT) U HemapameTrpuuyeckux MetonoB (U-kpurepuit
Manna—YutHu ¢ nionpaBkoi bonpepponn Ha MHOXKECTBEH-
HBIC CPAaBHEHUS).

PesynbTatbl

CpaBHUTENBHBIN aHAIN3 (PU3NOTOTHYECKUX TapaMeTPOB HC-
CJIE/TyeMbIX XKMBOTHBIX [TOKA3aJI, YTO IPYIIIbI KPIC HE HMEITH
JIOCTOBEPHBIX pa3iiynii mo macce Tena: WAG—326.1+12.87T
(AA=1359+1.21mmpr.cr.), HUCAT (ISIAH)—325.9+6.44r
(Al = 205.94£2.12 mm pT. cT.), L-NAME - 326.9+4.71 r
(AL = 192.0+£2.96 mm prt. cT.), DOCA — 328.2+6.18 1
(AL =184.2+1.19 mm pr. ct.). OqHAaKO Takue MOKa3aTely,
KaK CyTOYHOE MOTPeOICHNE KUJIKOCTH, CYTOYHBINH ANype3 1
CKOPOCTH KITyOOYKOBOH (PHIIBTpAINH, OBIIH JOCTOBEPHO IT0-
BBIIIEHBI Y KpbIC Tpynnbsl DOCA 110 OTHOIIEHUIO K KOHTPOITIO
(puc. 1). IToBblIeHHBIE AUYpe3 U MOTPEOICHNE KUAKOCTH
Habmromamucs Takke y kpeic HUCATD (ISIAH). Ucxons u3
9THX MEXTPYIIOBBIX pa3jIMuuii, Ui METaO0JIOMHOTO aHa-
JIM3a COCTaBa CyTOYHOM MOYU I0JIydyeHHble MeTonoM SIMP-

MoTpebneHune Boabl Lunypes CKO
20 T T T 8 1.6
*%¥
*%% 14+ *%

18 .| |

16 * o 127
« 6t 18
E) 14 5 10}
5 * I
S 12 5 S o8t
2 =
S 10 4 S 06t
g 3
S 8 S 04f
s 3 18

6 2 02+t

2t ] - MepwnaHa
4 O 1025-75%
5 1 02 I MwuH-makc
WAG ISIAH L-NAME  DOCA WAG ISIAH L-NAME  DOCA ’ WAG ISIAH  L-NAME DOCA

Puc. 1. Mexrpynnosble pa3nnuusa B CyTOUHOM NOTPe6NeHUN XUAKOCTU, CYTOUHOM YPOBHE fMype3a 1 CKOpOCTU KinyboukoBon ¢unbtpaunm (CKO)
y kpbic HUCAT (ISIAH), L-NAME, DOCA no oTHOLEHMIO K KOHTPOMbHbIM Kpbicam WAG.

Kputepuin MaHHa-YuTHK, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Puc. 2. Pacnpefenenue rpynn HopmoTeH3mnBHbIX (WAG) 1 runepteH3mBHbIx (ISIAH, L-NAME, DOCA) KpbiC B KOOpAnHaTax ocel

rnaBHbIX KomnoHeHT (PC1, PC2, PC3).

CHEKTPOCKOIIMH KOHLEHTPAIMK METa0O0IUTOB (HMOJIB/MIT)
OBUIN IIEpeCYUTAHbI B CyTOUHBIE TI0KA3aTeIH BbIICICHHS Me-
TabONHUTOB C MOYOH (HMOJB/CYT) C yI4ETOM YPOBHS ANype3a
Ka)KJIOH KPBICHI B JICHb cOOpa aHAIN3UPYEMBIX TPOO.

MHOTOMEpHBI aHaJIU3 METa00JIOMHBIX JaHHBIX METOIOM
TJIABHBIX KOMITOHEHT BBISIBIJI TP OCHOBHBIX ocH (PC1, PC2,
PC3), orBewaronmx cooTBeTcTBeHHO 3a 45.2, 16.5 1 10.0 %
o011l BapUaIlMU COACPIKAHKS UCCICIYEMbIX METa00JIMTOB
B o0Opa3max CyTO4HOH Mouu. Pacmpenenenme sKCrepuMeH-
TaJBHBIX TPYNI B KOOPJIMHATAX TJIABHBIX KOMIIOHEHT IPH-
Be/IEHO Ha puc. 2. MOXHO HaOIIOAATh YETKOE paslesicHue
TPYII UCCIEAYEMBIX KPBIC 110 IEPBOH ITTABHOM KOMIIOHEHTE,
oTBevaronien 3a 45.2 % Bapualuu IPU3HAKOB: B OAHY IPYTI-
Iy MOMajaX HOPMOTeH3UBHbIE KpbIcbl WAG U KpBICHI ¢ Ha-
cnencteenHoi runeproruer muaun HUCAT. Kpsics! ¢ dap-
makosorngeckumu popmamu AI' — L-NAME u DOCA —
oOpazoBasiu apyryto rpymiy. OTciona MOXHO 3aKJIIOUUTh,
YTO «ECTECTBEHHAas» reHeTnueckas Al' pe3ko oTnudaeTcs ot
JBYX (hapMaKOJIOTHYECKH MHIAYHIHUpYyeMbIX Gopm Al u uTo
MeTabO0JIOMHBIE MapKEPhl MOYH COOTBETCTBYIOT HE CTOJIBKO
MOBBIIIEHHOMY YPOBHIO A, CKOJTBKO MEXaHU3MaM Pa3BUTHUS
pa3HbIX (GopM apTepHaIbHON TUIIEPTOHUH.

OTHOCUTENBHO HEOOMbIIAs 1011 u3MeHInBOCTH (16.5 %)
MeTa0OJIOMHBIX MTOKa3aTeNell OMMUCHIBACTCS BTOPOI TIIaBHOMH
KOMITOHeHTOMH. [Tpoeknns uceaeayeMsIx Ty KpbIC Ha BTO-
PYIO KOMIIOHEHTY HE IO3BOJIAET Pa3Je/uTh CPAaBHHUBAEMBIC
TPYMITBI IT0 HA00py MeTabOIOMHBIX MapKepoB. B To ke Bpemst
y4eT OCTAaTOYHOW M3MEHYMBOCTH roka3zareneid (10 %) mo
TPEThEH INIABHOM KOMIIOHEHTE I10Ka3aJ1 BO3MOKHOCTb YETKOIO
paszeneHus Kpbic HopMoTeH3uBHO rpymmsl (WAG) 1 kpeic
C HaclIe/ICTBEHHOH aprepuanbHoil rnnepronueil (HUCAT).
To ecth MeTabOJIOMHBIE MapKepbl, KOPPEIUPYOLIHE C Tpe-
TheW INIaBHOM KOMIIOHEHTOM, MOTYT CIIY>KHTb TUarHOCTUYE-
CKMMHM TIOKAa3aTeJIIMH HACJIEICTBEHHBIX CTPECC-3aBUCHMBIX
(hopM apTepranbHON TUIICPTOHHU.

Ha puc. 3 mpuBeneHs! Harpy3Ku METa0O0IUTOB Ha OCH TIep-
BOM M TPEThE NIAaBHBIX KOMIIOHEHT. BOJIBIIMHCTBO MapkepoB
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T10 IEPBO#1 ITTABHOM KOMIOHEHTE KOPPEIUPYIOT C 00bEANHEH-
HOM TPpyNIoi — HopMoTeH3UBHbIE KpbIckl WAG + rumnepres-
3uBHBIE KpbIckl HVCAT, B TO Bpems Kak ¢ (hapMaKoJIOTHIeCKH
WHAYIHPOBaHHBIMU (popMamMu Al KOppennpyroT XOJuH,
N,N-gumeTunruuyd, NO-aleTUIIN3UH, 1-METUIHUKOTHH-
amun 1 popmuar. Takum 06pazom, MeTaboITOMHBIN TPODIITH
HaciencTBeHHOU Al (1o kpaiiHel Mepe Ha paHHHX JTarax ee
pas3BuTHs) OJIMKE K HOpME, YeM K (hapMaKoJIOTH4eCKU HHITY-
LUpoBaHHBIM MoaesAM Al Mapkepsl, OTJIMYaroIIue CTpecc-
3aBucuMyto Al kpeic HUCATI 0T HOpMOTEH3UBHOIO KOHTPOJIS
(xpbic WAG), MOXHO yCIIOBHO Pa3Je/IUTh Ha OJIOKUTEIBHO
U OTPHLATENIEHO KOPPENUpPYIOIINe ¢ HACIEACTBEHHOHN (op-
Moit AT, MCX0/1st M3 PacHoNOKEHHSI NX Harpy30K OTHOCHTEIb-
HO OCH TpEThe ITaBHOW KOMIOHEHTHI. K monoxurensHo kop-
PENHMPYIOIUM OTHOCSTCS alleTaT, IUTO3WH, [IUIUH, JIAKTAT;
K OTPHLATEIEHO KOPPETUPYIOMNM — IUTHANH, N300y THPAT,
|-MeTUITHUKOTHUHAMU, 2'-N€30KCUYPHUINH, ypaIlil, HUKO-
TUHAMUJI, HUTPAT, METUIIALIETOAIeTaT, N-alleTHIINTy TaMaT.

[ToMHMO OLIEHKH HAarpy30K METabOINTOB HA OCH TIIABHBIX
KOMIIOHEHT, IPOBEJICH aHAIN3 MEXKTPYMIOBBIX Pa3IuIUi MO
COZIEPKAHUIO METAa0OJIUTOB B CyTOUYHOM MOYE UCCIEAYEMBIX
JKMBOTHBIX (CM. Tabnmity). B pesysnbrare Obu1 chopMupoBaH
CHHCOK U3 12 MeTaboIUTOB MOYH, YPOBHHU KOTOPBIX OTJINYa-
JIMCh y KUBOTHBIX C pa3HbIMH (hopmamur A" oT KOHTpoIst 1
KOTOpBIC BHOCHJIM HAHMOOJIBIINIT BKIIJ] B pa3/ielieHne dKCIIe-
PUMEHTABHBIX IPYMI B IPOCTPAHCTBE OCEH IIaBHBIX KOM-
TIOHEHT.

J11s1 BBISIBTICHUS] BO3MOYKHBIX B3aHMMOCBSI3€H MEXKIY MeTa-
OonuTamMu, KOTOPBIC JaBajk HAaUOOJBIINN BKJIAI B HAOIFO-
JTaeMbI€ PA3INIMsl MKy TPyIHaMu, ObUT IPOBEJCH KOppe-
JSIIMOHHBIN aHamu3 MeTooM [TupcoHa ¢ yacTHYHOH Kitac-
tepusarnuei (puc. 4). HaunGonee BbICOKHE KOA(PPHUIIMESHTHI
koppersiiuu (> 0.7) Habmomanuch Mexxy XoauHoM, N,N-
JIMETIIIIIUIMHOM 1 N6-alle THIUTH3HHOM (KOppersiiyst Oblia
MOJIOKUTENIBHOM). DTH K€ TPU COETUHEHUS OTPHUIATENIBHO
KoppenupoBaiy ¢ MeTmnareroaneraroM (» <—0.5). Lurpar u
| -MEeTHITHUKOTHHAMH /T TIOJIOKUTEIILHO KOPPEINPOBAIH MEK-
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PC1,45.2% PC3,10 %
| AnnaHTovH | -0.96 UTUAVH | -0.72
[ AnanuH | -0.95 [ M306yTupat | -0.68
| a-KeTonzoBanepar | -0.95 1-MeTunHukotTnHamug, | -0.67
[ Auetamna | -0.94 [ 2-[le3okecnypuant | -0.60
[ TpumeTunamun N-okeng | -0.94 [ VYpauun | -0.58
[ 2-Tuppokcu-3-veTunsanepart | -0.93 [ HukotuHamug | -0.53
[ ®ymapar | -0.93 [ Owrpar | -0.48
[ Mmuuepodochoxonnt | -0.92 MeTunaetoateTar | -0.48
[ TpuronenvH | -0.91 N-aletunrnytamar | -0.40
| 4-TnppokcnderunaueTar | -0.90 -0.31
[ 2-Okcouzokanpoart | -0.89 Ackop6ar | -0.27
[ MeTunmanoHart | -0.89 B{AnannH | -0.24
[ Kaprutuh | -0.88 KapHutuh | -0.23
[ LutosuH | -0.88 MeTunmasoHnar | -0.16
[ Ackop6ar | -0.88 unc-AKoHU 0.15
| LinHHamar | —-0.88 a-Ketousosanepar | -0.10
[ McespoypuavH | -0.86 N,N-gumetunrnuuid | -0.09
[ N-auyeTunrnytamart | -0.85 niokoBa | -0.09
| KapHo3uH | -0.85 Tpumetunamuu N-okevg | -0.07
[ TaypuH | -0.84 Auetamnp | -0.06
[ KpeatnH | -0.82 2-TuapokcnnsobyTupal | —-0.06
| CykuumHar | -0.81 Annantoud | -0.05
[ MarHo3a | -0.80 KapHosuH | -0.05
[ Jleiumn | -0.79 TaypuH.| -0.04
[ funnypat | -0.78 ﬂmmeTmnaMMHﬂ -0.02
-AnaHuH | -0.73 CykumHaT | 0.00
| KcaHTosuH | -0.72 Twnnypart || 0.02
nvetunamumH | -0.70 TpuroHennunH [l 0.03
2'Hllesokcnypuput | -0.47 ®opmuat | | 0.06
[ Mzo6yTupar | -0.40 2-Tuppokcu-3-metuneanepat || 0.08
MetWnaueroaueTar | -0.39 N6-auetunnmsuH || 0.09
uc-AkonuTar | -0.38 MaHHosza || 0.10
2-TugpokdumzobyTupar | -0.37 Kpeatnn [ ] 0.12
[Wzoneinunn | -0.34 KcanTosun | | 0.14
HyikotuHamug | -0.33 Nevumn [ 1 0.16
-0.32 Oymapat [ ] 017
[ Thiokosa | -0.29 W3oneitumn | ] 017
-0.24 UnnHamat | ] 0.19
Naktar | -0.17 AnaHuH 0.19
BanuH | -0.14 Xonuu | ] 0.20
Munlue | -0.12 lMcesnoypuamH 0.20
Auertart | -0.09 MnuepodochoxonmH 0.20
LuTpat | ] 0.05 2-Okcomsokanpoat | | 0.21
Untuaun |1 0.20 Betamn | ] 0.22
N,N-gumetunramumd |1 0.35 4-Tuppokcndennnauetar | | 0.22
Xonuu [ 1036 Naktat [ ] 024
1-MetunHukoTnHammng | 1042 Tvunn | 0.27
Qopmuar [ ] 043 Umtosmn | ] 033
N6-ayetvnamaud | 043 Auetat | 1036
-10 -08 -06 -04 -0.2 0 0.2 0.4 0.6 -10 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1.0
Puc. 3. Harpy3ku ypoBHeii MeTabonIMTOB MOUM Ha OCM MMaBHbIX KOMNOHeHT (PC1, PC3).
ﬂ,OCTOBeprIe OTNINYNA OT KOHTPOJIA B COAEPKaHUN OTAENbHbIX meTabonmTos
B MOYe rnnepTeH3nBHbIX Kpbic Tpex rpynn (ISIAH, L-NAME, DOCA)
MetabonuTbi lpynnbl Kpbic ¢ AT MeTabonutbl Ipynnbl Kpbic ¢ AT
ISIAH L-NAME DOCA ISIAH L-NAME DOCA
XonuH wE 2'-[le3oKkcnypuamnH *%
N,N-gumeTnnrnnumH * * Ypauun _
N6-aueTunnn3nH HxE * HukoTnHamna *%x
1-MeTnnHMKoTHaMmA e Uutpar _
UnTtnamH MeTtunaueToauerar *x
MN306yTHpaT N-auetunrnytamat **

MpumeyaHue. LiBeTom nokasaHo nosbilleHne (OpaHeBbll LiBET) UV NMOHMXEHMEe (CUHWUIA) YPOBHEN MeTaboNNTOB MO OTHOLIEHMIO K KOHTPOJIbHbIM Kpbicam
WAG. Kputepuin MaHHa-YutHu, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Puc. 4. KoaddprumeHTbl Koppenaumin MupcoHa mexxay uccnefyembimMmn napametpamu (ypoBH/ MeTabonMToB B MoYe).

Iy coboit 1 ¢ N,N-1uMeTHIruHOM, NO6-aleTHUTH3HHOM
u nutuauaoM (r > 0.5). HukotuHamu, 2'-1e30KCHyYpUIUH,
n300yTupat, N-alleTHArTyTaMaT | ypaIil TakKe ITOJIOKH-
TEJBHO KOPPEIUPOBAIN MEX Ty co00it (> 0.5). Kpome Toro,
2'-1e30KCUYPHUINH MOJIOKUTEIHHO KOPPEITUPOBAII C ITUTHIU-
HOM ¢ k03¢ durtmertom xKoppermsiun » = 0.64.

Takum 00pa3oM, OTMEUCHO HATMYHE OTIPENICIICHHBIX acCO-
[UAIMHA MEKAY METa0OoJIUTaMH MOYH, KOTOPBIC MOTYT CITy-
JKUTHh MapKepaMHu TPeX Pa3INIHbIX IT0 CBOEMY T€HE3Y T'HITep-
TEH3UBHBIX COCTOSHHU.

O6cyxpeHue

MeTa6onn3m xonmHa y roMOLMCTENHA

XonMWH MPUHAMAET YY9acTHEe B METa0OJIM3ME JUMHIOB, 00-
pa3oBaHMM KJICTOYHBIX MEMOpaH, CHHTE3€ HeiipomeauaTopa
anerunxonuHa (Zeisel, 2000). ITox neiictBuem ¢epMeHTOB
XOJIMHOKCHAa3bl U OeTanH-albAeruANCTHAPOTeHA3bl XOIUH
okHcIseTcs 1o OeranHa. beranH, B cBoro ouepenp, SIBISETCS
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JIOHOPOM METHJILHOM TPyMITBl U1 (pepMeHTa OeTanH-roMo-
LUCTEeHMH-METHITPaHC(epa3bl — y4acTBYeT B PEMETHIIMPOBa-
HUH TOMOIIMCTEWHA IO METHOHUHA ¢ 0Opa3zoBanneM N,N-1u-
METWITMIUHA (QJIBTEPHATUBHBIN IIyTh YTHIM3ALUK TOMO-
ycrerHa B (oJaTHOM LUKIE). B HOpMe romonucTenH He
JIOJDKEH HAaKaIUIUBAaThCS B OPTaHNU3MeE, ITPU MOBBIIICHUH €T0
COZIEpKaHusl B KPOBH BO3PACTAET PHCK HEHpPOJereHepaTnuB-
HBIX U CepJeuHO-COCYIUCThIX 3aboneBanuii (Wald et al.,
2002). YBenmueHHe KOHIICHTPALIMH TOMOITICTENHA B KPOBH
CHI0COOCTBOBAIIO TOBPEKICHHIO FHJIOTEIIHS CTCHOK COCY/IOB,
aKTHBAIMU arperanyy TPOMOOIHUTOB, 0OPAa30BaHUIO aTEPO-
ckaeporudeckux Omsamek (Paré et al., 2009; Ganguly, Alam,
2015). ITosbrmennsiit ypoenb N,N-TUMETHIIIHIIMHA B KPO-
BU KOPPEJIMPYET C MOBBILIEHHHIM F'OMOLIMCTEHHOM Yy Mallu-
€HTOB C XpOHUUECKOH MoYeqHON HeocTaroaHoCcThIo (McGre-
gor etal., 2001). [Tockonbky BBennernne L-NAME unrndupyer
CUHTE3 OKCHJAa a30Ta M MPUBOAUT K DHIOTEIUAIBHON JHC-
(DyHKIMM, OMHOBPEMEHHOE IMOBBIIICHNE YPOBHEH XONMHA U
N,N-IuMeTHIrMIMHA B MOYe KPbIC TAaHHOW TPYIIBI MTPEea-
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CTaBJIIET UHTEPEC IS JajJbHEHIIMX UcciaeaoBaHuil. B nu-
TepaType oTMedaeTcs, 9To 3((HeKTs BBEICHUS IK30TCHHOTO
romorucrenHa 1 L-NAME MoryT ObITh pa3HOHANpaBiIeH-
HBIMHU: TOMOIICTEUH YCHIINBAeT 3kcipeccuio NO-CHHTAa3Bl,
torga kak L-NAME uaru6upyer stot nporiecc (Celotto et al.,
2010). B To xe Bpems BBenenne L-NAME nHopmanuzoaio
YPOBHHU TOMOLMCTEHHA M €r0 MEeTa0O0IUTOB B IIa3Me KPOBU
KpBIC C XOJI€CTAa30M, HHIYLIMPOBAHHBIM NIEPEBA3KOH KEITTHOTO
nporoka (Ebrahimkhani et al., 2005).

N6-aneTHsTH3HH HOBBIIIEH B Moue y kpbIc Tpymi L-NAME
n DOCA. Ha nauHBIIT MOMEHT OHONIOTHYECKAasi POIb 3TOTO
COC/IMHEHUS HE M3yUCHA, OJTHAKO €CTh CBEJCHUS O €ro acco-
[[HAIIMHU C Pa3BUTHEM OCJIOKHEHHH TuadeTa 1-ro u 2-Tro THma
(Niewczas etal.,2017; Xu et al., 2023). Tem HE MeHee OTCYT-
CTBHUE ONMCAHMS KaKMX-TNO0 MAaTOreHETHIECKIX MEXaHU3MOB
HE TO3BOJISIET paccMaTpuBaTh NO-alleTHJUIM3UH B KadeCTBE
MOTEeHIaIbHOTO OnomMapkepa Al N6-areTHIUTH3HH UMe BbI-
cokure K0P UIIEeHTHI Koppemsinuy ¢ XonuHoM 1 N,N-mimMe-
THJIDIMIMHOM, JUIS KOTOPBIX BBIIIE OblIa OIMCaHa CBSI3b C
roMOIKCTEeNHOM U perymsinuelt NO-cuaTa3. BosmoxHO, B
JlajbHEHIIeM poiib 3TUX COeAUHEHUH B pazButuu Al, BbI-
3BAHHOW YHIOTEINATIBHON TUCPYHKIMEH, OyIeT yTOYHCHA.

MeTa60on13m HUKOTMHaMMAa

Huxorunamun npespamaercst B 1-METHITHUKOTHHAMHM]L 11O
JIEWCTBHEM MEYEHOYHOTO0 (pepMeHTa HUKOTHHAMH-N-MEeTHII-
Tpancgepassl. Hukornnamua-N-metrnTpancdepasa Taxke
CIOCOOCTBYET PEMETHIIMPOBAHHIO TOMOLIMCTEHHA B S-a/1€HO-
3UIMETHOHMH (OIMH M3 MyTeH yTUIN3aI[uy TOMOIMCTENHA)
(Hong et al., 2018), monoXuTensHO KOPPETUPYET C OKUpe-
HUEM M MHCynuHOpe3ucreHTHOCThIO (Kannt et al., 2015),
TIPEATIOIOKHUTEITBHO PETYINPYET IKCIPECCHIo GpyKTo30-1,6-
6ucgocdaraspl, ydacTByromiel B mporecce IIIOKOHEoreHe3a
(Visinoni et al., 2008). bputo moka3aHo, 4TO HUKOTHHAMH/T
MPEIOTBPAINAET BEICBOOOKAEHNE IUTOXpoMa C 1 MHIYKITHIO
Kacmas, TaKUM 00pa3oM IOJJIepKHUBast IOTEHINAT MHUTO-
XOHJIPHAJIbHOM MeMOpaHbl M OKa3blBasi LIUTOIPOTEKTOPHOE
JIeficTBHE HA SHIOTEINI MEKUX MO3TOBBIX cocynoB (Chong
etal., 2002).

Takke UMEIOTCSI CBUAETENHCTBA TOTO, YTO HUKOTHHAMHU/
MOJKET IPOSIBIIATH IPOTHBOBOCHAIMTENBHYIO aKTHBHOCTb, HH-
ruoupys sKcnpeccuto TpomborutactuHa 1 CD11b anTurena
(Ungerstedt et al., 2003). BuyTpuBeHHOE BBeieHUE |-MeTHII-
HUKOTHHAMHJIA OKA3bIBAJIO aHTUTPOMOOTHUECKHN 3(D(DEKT,
AKTHBHUPYSI IPOCTAUKINHOBBINA 1 ITUKJIOOKCUTCHA3HbIH ITyTH
paszsurust Bocnanenus (Chlopicki et al., 2007). YpoBHu HH-
KOTHHAMHJA U |-METHJIIHUKOTHHAMHKJA ObUIN CHU)KEHBI B
Mmoue kpeic HUCAT, Torna kak B Mmoue kpeic ¢ DOCA-cone-
BOY I'MITEPTOHHEH HAOJI0aI0Ch MOBBIIEHHOE CO/IEPIKAHUE
| -MEeTHITHUKOTHHAMU/IA, YTO MOJKET YKa3bIBaTh HA POJIb BOC-
MaJICHNs] B Pa3BUTHH KaK HACJIE/ICTBEHHOM, TaK U (hapMako-
JIOTMYECKU MHAYIIMPOBAHHON apTepualibHOM TMIIEPTOHNH.

MpuMnANHOBbLIN MeTaboNnnsm

Cepbe3Hble HapyIICHUS TUPUMHIHHOBOTO METa00JIM3Ma, KaK
TIPaBUJIO, CBSI3aHBI C AUC(HYHKINEH (EepMEHTOB — YaIle BCETO
JITHJIPOTIM PUMHUTUH-IET UAPOT€HAa3bl WIIN TUTHPOTTUPUMH-
JIMHA3bI, TIPOSIBIISIIOTCS. B PAHHEM JIETCKOM BO3pacTe, UMEIOT
CHUCTEMHBIM XapakTep, BbIPAXKaIOTCsl B YMCTBEHHOW OTCTa-
noctu u cynoporax (Nyhan, 2005). V kpeic HUCAT Takne
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MeTabon0oMHbIn Npodurb MoUN KpbIC
C apTepuanbHOM rmnepToHMeER pa3HOro reHesa

CUMIITOMBI OTCYTCTBYIOT, OJJHAKO HAOJIOAAETCSl CHUKEHUE
cofiep)KaHUS B MOYe LUTHINHA, 2'-e30KCHypUINHA U ypa-
IHJ1a 110 CPAaBHEHHIO C HOPMOTEH3UBHBIM KOHTposieM. MHTep-
NpeTanus ATUX JIAaHHBIX 3aTPyJHEHA B CUIIy HAJIMYMs JIUIIb
OTJIETIbHBIX PAa3pO3HEHHBIX HecienoBanuil. Tak, y manueHToB
C XPOHMYECKOH MMOYEYHONW HEJ0CTaTOYHOCTHIO OBbLIM OOHa-
PY’KEHbI MOHVKEHHBIE YPOBHHU MOYEYHOW SKCKpeuuu 1-me-
THIIAICHO3MHA, |-MeTrnTryaHo3nHa, N2,N2-1uMeTniryaHo3u-
Ha U N4-anermmmuruauaa (Niwa et al., 1998). Kpome Toro,
€CTh JIOKa3aTeIbCTBA, YTO U3 LUTHIMHA M XOJIMHA MOXKET
CHHTE3HMPOBAThCS TaK HA3bIBACMBIH IIUTHKOJIUH (LIUTHINH-
5'-nuochoxonarH), KOTOPHIH 3aTeM CHOCOOEH OKa3bIBaTh
XOJMHOIOAOOHBIN 3P PeKkT Ha MeMOpaHHBIH MeTabO0IM3M U
XOIIMHepru4ecKyto nepenady curnana (Yilmaz et al., 2008).
OnHaKo THX pe3ylIbTaToB HEIOCTATOYHO VIS TOTO, YTOOBI
OIpENeNIUTh NPOAYKTHI MUPUMUIMHOBOIO MeTaboIM3Ma B
Mou€e KaK MapKepbl TUIIEPTEH3UBHOTO COCTOSHHSI.

Linkn moyeBMHbI 1 OKCKpa a3oTa

N-aneTunnTyTamar sBISIETCSI OHUM U3 BaXKHBIX YIaCTHUKOB
IIUKJIAa MOYEBUHBI, OH CHHTE3HPYETCS B MUTOXOHJIPUSAX W3
anetmiiKoA u mryramara ¢ nomouipio pepmenra N-areru-
rryTaMarcuHTassl. Hemocrarok camoro N-arnetminryTamara
i N-aleTWINTyTaMaTCHHTa3bl BBI3BIBACT HApYIICHHS IU-
KJIa MOYEBHHBI U THIIEPAMMOHUEMHIO — HAKOTICHHE CBOOOI-
HBIX HOHOB aMMOHHS B KpoBH (Tuchman et al., 2008). ¥V kpsic
HUCAT panee HaOmIOMaI0CH MOBHIMICHAE KOHIICHTPAIIAN OP-
HUTHHA B CbIBOpOTKe KpoBHU (CepsinuHa u ap., 2023), uto B
COYETAHUH C MOHIKEHHBIM COZlepKaHHeM N-alleTHInTyTa-
Mara B MOUY€ MO3BOJISIET MTPEATIOIOKUTE 3HAYNTEIBHYIO POJIb
HapylIeHUH B CHHTE3€ OKCHJa a3oTa B ()OPMUPOBAHHH TH-
nepTeH3uBHOTO craryca kpsic HUCAT.

Linkn Tpukap60oHOBbIX KAC/IOT

Hutpat ygacTByeT B mukie TpukapOoHoBsIx kucioT (L[TK).
CHMXCEHHE ero KOHIEHTPAaIlMH B MOYE KOPPEIHPOBAIIO C
pa3BUTHEM I'MIIEPTOHHUH B UCCIIEAOBAHUY C y4aCTHEM JI0OPO-
BombIleB (Chachaj et al., 2020), mpaBaa, TOMHMO ITUTpATa,
M3MCEHEHbI OBIIM YPOBHHU APYTUX METaOOINTOB-y4YaCTHHKOB
nukia Kpebca: moHMKEHO cojepikaHue (ymapara, TpaHC-
AKOHUTATA, MTOBBIIIEHO — METHIMAaJIoOHaTa. B naHHOi pabote
y kpsic HUCAT cHmXeHO conep:kaHUE JIMIIb OAHOTO IIH-
Tpara, Mo3TOMY IPEACTABISIETCS] HEKOPPEKTHBIM TOBOPHUTH O
cepbezHoM Hapywmenuu LITK. Llutpar uzBecteH Takxe TeMm,
YTO MPEJOTBPANIACT KPUCTAIUIN3AIMIO COJICH KalbIUst U 00-
pa3oBaHKe MOYEBbIX KaMHel. COOTBETCTBEHHO, NC(DUITHT IH-
TpaTa B MOYE MOJKET OBITh CBSI3aH C HAPYIICHUEM ITOYETHOTO
MeXaHN3Ma BBIBEACHHS KaJIbLHsl. Kpome Toro, aBTOpBI HEKOTO-
PBIX padOT CBSI3BIBAIOT HU3KHUH YPOBEHb IKCKPELIMHU LIUTpaTa
C TIOBBIIIICHHOW MHCYIMHOpe3ncTeHTHocThio (Cupisti et al.,
2007). OHako B paMKax HAIIETO HCCIICI0BAHMS TPYIHO OTIpe-
JACIINTb MEXaHU3M CHUKCHUA COACPKaHUA IUTpara, mo3TOMY
MpeJyIaraTh €ro B KauecTBE MapKepa HacIeACTBEHHOMH cTpecc-
3aBHCHMOH I'MIIEPTOHNH MPEJICTABIISCTCS HELENIeCO0OPa3HbIM.

MeTa60113M KOPOTKOLIEMOYEUHBIX >KUPHbIX KNCNOT

W300yTHpar 1 METHIIALETOAEeTaT — IPON3BOJAHBIC TaK Ha-
3BIBAEMBIX KOPOTKOIETIOUEUHBIX JKUPHBIX KHUCIOT, KOTOphIE
B OCHOBHOM NPOIYLUPYIOTCSI MUKPOOHOTON KHIICYHHKA.
CHIKeHNE UX NPOAYKIMU MPUBOANT K BOCIAIICHHIO U JIHC-
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(DYHKIMU KUIICYHUKA, TIOUYCUYHOU HEIOCTATOYHOCTH, YTO, B
CBOIO OuYepe/ib, CIIOCOOCTBYET TMOBBIIICHHIO apTEPUATEHOTO
nasnenus (Kim et al., 2018; Felizardo et al., 2019). Tlo-
Ka3aHO, YTO KOPOTKOIICTIOYCUHBIC KUPHBIE KHCIOTHI MOTYT
CBSI3BIBATHCS C PA3IMIHBIME PEIEIITOPAMHU, CONPSKCHHBIMU
¢ G-6emxamu. DTH perenTOPhI PACTIONOKEHBI BO MHOTHX TKa-
HSX U TI0-Pa3HOMY B3aHMOJICHCTBYIOT CO CBOUMH JIUTaHIaMHU
(Chen et al., 2020). Cpeau 3pPeKTOB KOPOTKOLICITOYECTHBIX
YKMPHBIX KHCJIOT — MOYJISAIHSI CHHTE3a IATOKUHOB, PETYIISIINS
TudepeHIIai 1 aKTUBAINK Makpodaros, HelTpoduIoB
u T-nmumporuToB, cHmwkenue nponykuun TNF-a u 1L-12
(Corréa-Oliveira et al., 2016). B moue kpsic HUCAT nab:ro-
JaeTCs CHIDKCHHOE CoflepyKaHue M300yTHUpaTa U METHIIAIle-
Toarerara. [1o Bceil BUIUMOCTH, UX TUTICPTEH3UBHBIN CTAaTyC
OJM30K 110 CBOWCTBAM MHMKPOOMOTHI KHILIEYHHKA K KPbICAM
muand SHR co cioHTanHO# runepTeH3nei, y KOTOPBIX OBLIO
00Hapy>KeHO MOHIKEHHOE KOJIMYEeCTBO OaKTepuil, POy -
pytromiux anerar u Oytupar (Yang et al., 2015).

3aknioyeHue
Takum o6paszom, y kpeic HUCAI ¢ HacnencTBeHHoit crpecc-
3aBucuMON AT, MCXONIS U3 pE3yNNBTaTOB aHAJI3a METa00IOM-
HOTO TIPO(MIIST MOYH, MOXKHO TMPEIIOJI0KUTh HAPYILICHHUS B
IIUKJIe OKCH/IA a30Ta (CHIKEHHE ypOBHS N-alleTHIITTyTaMaTa),
W3MEHEeHHs B (YHKIUH MHUKPOOHMOTH KHIICYHUKA (CHUXKE-
HHE COAeprKaHus 1300yTHpara U MeTHIaleToaneTara), ydac-
THE BOCHAIUTEIbHBIX MPOIECCOB B (JOPMHUPOBAHUHU THIIEP-
TEH3UBHOTO cTaryca (TOHMXEHHbIC HUKOTHHAMUJ U 1-Me-
TWIIHUKOTHHAMUN). [1osrydeHHbIe TaHHBIE TOTIOMHSIOT HaIlle
npenpiaymiee uccnenosanue (CepsimuHa u ap., 2023): npu
CPaBHEHUH METa0OJOMHBIX NMPOQHIIEH CHIBOPOTKH KPOBH
kpbic HUCAT u WAG Takske ObUTH OTMEYEHBI H3MEHEHUS B
IIUKJIE OKCHJA a30Ta (TOBBIIICHHOE COACpP)KaHHE OPHUTHHA
B kpoBH Kpsic HUCAT), conepkaHny KOPOTKOLIEIIOYETHBIX
JKUPHBIX KACJIOT (TIOBBIIIEHHBIH YPOBEHb N300y THpaTa 1 Io-
HIDKEHHBIN — 2-THJIPOKCUU300yTHpaTa), HaOII01aI0Ch CHHU-
JKeHHE KOHIICHTpanuii OeTanHa u TpuntodaHa, 00Iagaromnmx
MPOTUBOBOCTIAIUTENBHBIMY CBOMcTBaMu. Clie0oBaTeNbHO,
CHIDKEHHE COZiep KaHus B Moue N-alleTiirIyTamara, n300y-
THpaTa, METHUJIAIIETOALeTaTa, HUKOTHHAMM/IA U | -METHITHUKO-
TUHAMHJIa B COYETAHUU C BBIIICONMCAHHBIMI N3MEHEHHSIMHU
B METa0OJIOMHOM COCTaBE CHIBOPOTKH KPOBU MOXKHO paccMa-
TPHBATh KaK HAOOP MOTEHIMAIbHBIX MAPKEPOB HACIIEJCTBEH-
HOM cTpecc-3aBUCcUMOM runepronuu kpsic 1uHuu HUCAT.
DapmMaKoIOrHUeCKN HHAYIIUpOBaHHbIEe hopMbl Al (TpyT-
el L-NAME u DOCA + NaCl) naeHTuguuupyoTcs IpyTrH-
MU METa00JIOMHBIMH MapKepaMH (IIOBBIIIIEHHOE COIepIKaHUE
B Moue xosnHa, N,N-TUMeTUIruInHa, |-MeTHIHUKOTHH-
amMH[a) ¥ B KOOPJMHATAX JBYX MEPBbIX IJIABHBIX KOMIIOHEHT
3aHMMAIOT MTO3UIINIO, KOTOpast (JaKTHUECKU HE TIEPEKPHIBACTCS
C TpyInamMu KOHTPOJbHbIX Kpbic U Kpeic HUCAI ¢ Hacnen-
cTBeHHOHN ATl DTO MPOUCXOIUT HECMOTPS Ha TO, YTO MEKIY
kpeicamu HUCAT u rpynmoit kpsic, nonydasmux L-NAME,
IperoIaraeTcst ooIee MeTadoIMYecKoe 3BeHO, CBA3AHHOE C
HapyIIEHUEM YHI0TEeIHAIbHON (PyHKIINH 1, BO3MOYKHO, CHH-
te3a NO. [TomyueHHbIe pe3ysibTaThl CBUICTEIBLCTBYIOT O O0stee
DTyOOKHX METa0O0JIOMHBIX PA3THUUAX MEXKY «ECTECTBCHHO
Ppa3BHBalOIIEiicsS HACTIEACTBEHHO 00y CIIOBIEHHOH (hopmoit AT
W JByMs IPYTMMH, BBI3BAHHBIMH BHEHIHUMHU (DapMaKosIoru-
YEeCKUMHU BO3/ACHCTBUSAMH, YTO, COOCTBEHHO, W TTO3BOJIUIIO
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BbISIBUTHh KOMIIJIICKC CHGLIH(i)H‘I@CKI/IX MeTa6OJ'IOMHI)IX Map—
KEpOB HACJIEACTBEHHON Al, KOTOpBIE JAalOT BO3MOXHOCTh
UG GepeHIPOBATh €€ OT (PAKTHYCCKU «BTOPUIHBIX), WITH
CUMIITOMaTH4YeCKUX, POPM HIIEPTOHUYECKON OOJIe3HH.
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Abstract. We report the results of taxonomic studies on members of the family Micrococcaceae that, according to the
16S rRNA, internal transcribed spacer 1 (ITS1), average nucleotide identity (ANI), and average amino acid identity (AAI)
tests, are related to Kocuria rosea strain RCAM04488, a plant-growth-promoting rhizobacterium (PGPR) isolated from
the rhizosphere of potato (Solanum tuberosum L.). In these studies, we used whole-genome phylogenetic tests and
pangenomic analysis. According to the ANI > 95 % criterion, several known members of K. salina, K. polaris, and K. rosea
(including K. rosea type strain ATCC 186") that are related most closely to isolate RCAM04488 in the ITST test should be
assigned to the same species with appropriate strain verification. However, these strains were isolated from strongly
contrasting ecological and geographical habitats, which could not but affect their genotypes and phenotypes and
which should be taken into account in evaluation of their systematic position. This contradiction was resolved by a
pangenomic analysis, which showed that the strains differed strongly in the number of accessory and strain-specific
genes determining their individuality and possibly their potential for adaptation to different ecological niches. Similar
results were obtained in a full-scale AAI test against the UniProt database (about 250 million records), by using the
AAl-profiler program and the proteome of K. rosea strain ATCC 186" as a query. According to the AAl > 65 % criterion,
members of the genus Arthrobacter and several other genera belonging to the class Actinomycetes, with a very wide
geographical and ecological range of sources of isolation, should be placed into the same genus as Kocuria. Within the
paradigm with vertically inherited phylogenetic markers, this could be regarded as a signal for their following taxo-
nomic reclassification. An important factor in this case may be the detailing of the gene composition of the strains
and the taxonomic ratios resulting from analysis of the pangenomes of the corresponding clades.
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AHHOTauua. ViccnegoBaHbl NpeactaBuTenn cemenctea Micrococcaceae, poacTBeHHble, cornacHo Tectam 16S pPHK,
ITST (TpaHCKPVOVPYeMblii MeXTEHHbIN crieiicep), CpefjHeil HyKneoTuaHo naeHTnYHocT (ANI) 1 cpeaHeln aMUHOKNC-
notHon ngeHtuyHoctn (AAl), wrammy RCAM04488 Kocuria rosea — CTUMYMpPYIOLLEN POCT pacTeHnin pusobaktepum
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QunoreHeTNYECKNIA N MAHFEHOMHBbIN aHaNn3
npegcTaBuTenein cemeictBa Micrococcaceae

(PGPR), nsonuposaHHomy 13 pusochepbl kapTodens (Solanum tuberosum L.) ¢ ncnonb3oBaHMEM MOAHOrEHOMHbIX
durnoreHeTUYECKMX TECTOB U NaHreHOMHOro aHanm3a. CornacHo kKputepuio ANI > 95 %, psig U3BECTHbIX NpeacTaBuTe-
nen suaos K. salina, K. polaris v K. rosea (skniouas Tvinosoii wramm K. rosea ATCC 186"), Hanbonee 61M3KOpoACTBEH-
HbIX U301ATY B TecTe ITST, 4OMKHbI ObITb MPUMNKCaHbI K OAHOMY 1 TOMY e BUAY C COOTBETCTBYOLLEN BepudrKaLmen
wrammoB. OHAKO YKa3aHHble WTaMMbl OblIN BblAeSIEHbl U3 BECbMa KOHTPACTHbIX MO 3KOA0rMmn u reorpadumn mect
06U1TaHMA, YUTO He MOTTIO He CKa3aTbCsA Ha VX reHoTUMNe 1 GeHOTHMNe 1 JOMMKHO ObiTb TaK UIIM MHAUe YYTEHO B OLIeHKax
NX CUCTEMATNYECKOro NonoXeHus. [laHHoe NpoTMBOpeUne NPOACHAIOT pe3ynbTaTbl MAHFEHOMHOTO aHanu3a, Npoge-
MOHCTPUPOBaBLUYE CYLLeCTBEHHbIE Pa3NyMA B 3TVX LUTaMMaX KONMYeCTBa akLLeCCOPHbIX 1 WTaMM-CneLnduyHbIX re-
HOB, onpefenALWnNX NX UHANBMAYANIbHOCTb U, BO3MOXHO, MOTEHUMan Ana agantaunm K pasnnyHbiM SKONOrMYeckum
HMLLIAM C COOTBETCTBYOLWUMI GEHOTUNUYECKMUN NPU3HaKaMU. AHaNOMMUHbIe pe3ysnbTaTbl nosyyeHbl B Tecte AAl B
nosIHoMacLUTabHOM BapuaHTe ero NpumeHeHVs NpoTus 6a3bl AaHHbIX UniProt (okono 250 MiH 3anucei) ¢ NCnonb3o-
BaHMeM nporpammbl AAl-profiler u npoteoma wramma K. rosea ATCC 186" B KauecTse 3anpoca. COrnacHo Kputepuio
AAl > 65 %, B oauH 1 TOT e pop ¢ Kocuria ponmkHbl O6biTb 06beanHeHbl NpefcTaBuTeny poaa Arthrobacter n Heko-
TOPbIX APYrMX POAOB, OTHOCALLMXCA K KNAcCy akTMHOMMLIETOB, C BECbMA WMPOKMUM reorpaduryeckum v SKosornye-
CKUM CNeKTPOM NCTOYHUKOB KX BblaeneHuns. B pamkax napaanrMbl 0 BepTrKanbHO HacneayeMbix GrnoreHeTnyeckmnx
MapKepax 3TO MOXXHO TPAKTOBaTb Kak CMrHas Ana Ux nocneaytoLert TakcoHoMmnyeckowm nepeksanndurkaumm. BaxHbim
baKkTOpOM NpM 3TOM MOXKET ObITb feTanu3auma reHHOro CoCcTaBa WTaMMOB Y TAKCOHOMUYECKNX COOTHOLLEHWIA, Nony-
YaemblX B pe3yfibTaTe aHann3a NnaHreHOMOB COOTBETCTBYIOLMX KNaga.

KntoueBble cnoBa: Arthrobacter; Kocuria; Micrococcaceae; naHreHom; PGPR; dunoreHeTnyeckuin aHanms; sBepudrka-
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uua wrammoB; Solanum tuberosum L.

Introduction

The paper (Potanina et al., 2017) presented the results of phy-
logenetic studies on the plant-growth-promoting (Kargapolo-
va et al., 2017) bacterial strain Kocuria rosea RCAM04488,
isolated from surface-sterilized roots of potato (Solanum tu-
berosum L. ‘Kondor’). For the genotypic taxonomic identifica-
tion of this isolate, sequences of the 16S rRNA gene (GenBank
MF754147.1) and of the ITSI transcribed intergenic spacer
(GenBank MF765458.1) were obtained. By using 16S rRNA
(Potanina et al., 2017), the evolutionary proximity of this
isolate to the genera Rothia, Arthrobacter, and Zhihengliuella,
as well as to members of the species K. rosea and K. polaris,
was ascertained.

Kocuria is a genus of gram-positive bacteria of the family
Micrococcaceae, phylum Actinobacteria, which are either
aerobic or facultatively anaerobic. To date, 32 Kocuria species
have been identified.

Kocuria bacteria have been found on human and animal
skin and mucous membranes. They are generally considered
nonpathogenic but can be detected in some urinary tract in-
fections and in hepatobiliary, cardiovascular, nervous system,
and gastrointestinal infections (Kandi et al., 2016). Although
Kocuria can infect immunocompromised patients, they are
weakly pathogenic and are highly sensitive to antibiotics
(Odeberg et al., 2023).

Many Kocuria members, including the type species K. ro-
sea, live in soil (Stackebrandt, Schumann, 2015) and are en-
dophytes; i.e., they have been isolated from the rhizosphere
and tissues of many plants. Endophytic Kocuria are inhibitory
to several pathogenic fungi and bacteria (Cho et al., 2007;
Rao et al., 2015; Andreolli et al., 2016; Candra et al., 2022;
Tavarideh et al., 2022; Tedsree et al., 2022). In addition,
some of them have properties of plant-growth-promoting rhi-
zobacteria (PGPR), because they produce indole-3-acetic acid
and other phytohormones and because they increase plant
resistance to stress (Passari et al., 2017; Li et al., 2020).

Bacteriocins from nonlactic acid bacteria, in particular
variacin from K. varians, can be used for the biopreservation

of food (cheese and meat) products (Galvez et al., 2010). The
K. rosea exopolysaccharide, kocuran, is used in the production
of antimicrobial coatings (Kumar, Sujitha, 2014).

A number of soil Kocuria can degrade some xenobiotics,
in particular phthalate esters, pesticides, and salts of arsenic,
copper, and other heavy metals (Kaur et al., 2015; Roman-
Ponce etal., 2016; Hansda et al., 2017; Mukherjee et al., 2018;
Vital et al., 2019; Yastrebova, Plotnikova, 2020; Gonzalez-
Benitez et al., 2021; Mawang et al., 2021). Various Kocuria
have been recovered from soils; marine sediments; meat,
dairy and seafood products; beer; seawater; rocks; livestock
bedding; manure; surface spring water; and other sources
(Church et al., 2020).

The aim of this research was to obtain phylogenetic and
genetic information on Micrococcaceae members related to
K. rosea isolate RCAMO04488 according to the following
tests: 16S rRNA (Potanina et al., 2017), internal transcribed
spacer (ITS1), average nucleotide identity (ANI), and average
amino acid identity (AAI). Whole-genome phylogenetic tests
and pangenomic analysis were applied to the known results of
whole-genome DNA sequencing of these strains.

Materials and methods

In our phylogenetic and pangenomic studies, we used the
published genomes of the bacterial strains under study, brought
into consideration as a result of the use of the bioinformatic
resources mentioned below. The characteristics of the genomes
are summarized in Results and Discussion and in Supplemen-
tary Materials.

The blastn program! was used in taxonomic analysis with
the genetic sequence of the ITS1 intergenic spacer of K. rosea
RCAMO04488 (GenBank MF765458.1). Strain RCAM04488 is
part of the Russian Collection of Agricultural Microorganisms
(https://arriam.ru/kollekciya-kul-turl, accessed 09/06/2023;
RCAMO04488) and of the Collection of Rhizosphere Microor-

T Standard Nucleotide BLAST. https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome.
Accessed 09/06/2023.
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ganisms, Institute of Biochemistry and Physiology of Plants
and Microorganisms, Russian Academy of Sciences (IBPPM
RAS) (http://collection.ibppm.ru, accessed 09/06/2023;
IBPPM604).

The average nucleotide identity (ANI) test? (Goris et al.,
2007; Rodriguez-R, Konstantinidis, 2014; Jain et al., 2018), in
its OAT modification® (Lee et al., 2016), was used for quantita-
tive species/genus demarcation on the basis of whole-genome
sequencing of the strains’ DNA. Note that the 16S rRNA,
ITS1, ANI, and AAI tests were developed within the para-
digm of vertically inherited prokaryotic genotypic traits by
using markers from the core component of the pangenome
(Tettelin, Medini, 2020) without any account of the effects
of horizontal gene transfer (HGT) in its accessory (optional)
and strain-specific parts. The HGT effects largely control the
variety of phenotypic traits that determine, in particular, the
ability of bacteria and archaea to adapt and function in diverse,
frequently changing ecological niches (Koonin, 2012). These
traits are taken into account in the analysis of the systematic
position of entries that is based on the polyphasic approach,
which is very common in the traditional systematics of the
prokaryotes (Oren, Garrity, 2014). Hence follows the obvious
conventionality of phylogenetic analysis within any scheme
using only vertically inherited phylogenetic markers, as do
possible contradictions of its results to the traditional classi-
fication and nomenclature of the prokaryotes (Shchyogolev,
2021). This probably explains, in particular, the need for their
verification with appropriate classification changes, which
turned out to be relevant for about 60 % of the Genome
Taxonomy Database* (GTDB) entries analyzed in Parks et
al. (2018).

We used the PGAP program?® (Chen et al., 2018) to obtain
information on pangenome composition for selected phylo-
genetic groups of bacteria (clades).

We used the AAl-profiler program® (Medlar et al., 2018)
to evaluate the whole-genome systematic position of Kocu-
ria members relative to the entries from the UniProt protein
property database’ (250 million records) for Kocuria members
found by the 16S rRNA and ITSI tests to be closely related
to K. rosea RCAMO04488. In particular, the program detects
and visualizes possible contradictions in the classification of
pro- and eukaryotes and microbial contamination (Medlar et
al., 2018). To visualize and analyze phylogenetic trees, we
used the MEGA11 programs®.

Results and discussion

Strains closely related to Kocuria rosea isolate RCAM04488
in the ITS1 test

Use of blastn with the sequence of the ITS1 intergenic spacer
of K. rosea RCAMO04488 (GenBank MF765458.1) against
the RefSeq Genome Database (refseq_genomes) with the Ko-

2 ANI/AAI-Matrix. http://enve-omics.ce.gatech.edu/g-matrix. Accessed
09/06/2023.

3 OAT. https://www.ezbiocloud.net/tools/orthoani. Accessed 09/06/2023.

4 Genome Taxonomy Database. https:/gtdb.ecogenomic.org. Accessed
09/06/2023.

5> PGAweb. http://pgaweb.vicc.cn/analyze. Accessed 09/06/2023.

6 AAl-profiler. http://ekhidna2.biocenter.helsinki.fi/AAl. Accessed 09/06/2023.
7 Find your protein. https://www.uniprot.org. Accessed 09/06/2023.

8 MEGA. https://www.megasoftware.net. Accessed 09/06/2023.
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curia option (taxid:57493) yielded a set of 12 hits. These in-
cluded ITS1 sequences from Kocuria members and references
to the results of whole-genome DNA sequencing of all (mostly
type) strains in the set (Supplementary Material 1)°. Of note,
in the BacDive database (Reimer et al., 2022), on the web
page!?, information is given on 29 entries representing the
type strain of K. rosea, including K. rosea DSM 204477,
which, according to the 16S rRNA test, is evolutionarily close
to the isolate we are studying (Potanina et al., 2017). Among
the results of similar studies conducted by us with the use of
the resource!! (data not shown), K. rosea strain ATCC 1867
(characteristics summarized in Supplementary Material 1) is
indicated as the type strain. It is also found on the K. rosea
DSM 20447T BacDive web page, presented as the type strain
in Trachtenberg et al. (2018), and used for comparison in
pangenomic analysis and in AAl-profiler studies.

The BLAST distance tree for ITS1 of K. rosea RCAM04488
(GenBank MF765458.1) with the indicated 12 hits (Fig. 1)
shows clustering of K. rosea RCAMO04488 with members
of K. rosea, K. polaris, and K. salina, in agreement with the
main results of the 16S rRNA test (Potanina et al., 2017).
The value of the ITS1 sequence identity /= 99.1 % among
those marked in Figure 1 and the general structure of the
cluster, the node of which is marked by a red dot in Figure 1,
indicates that K. rosea RCAMO04488 is most closely related
taxonomically to K. rosea strain AF099C18 in this test. Strain
AF099C18 belongs to the type species of the genus Kocuria,
the members of which are found in very diverse ecological
niches (Stackebrandt, Schumann, 2015) (see Introduction
and Supplementary Material 1), and was isolated in Eugene
(Oregon, USA) from a dust sample during the study of the
effect of the finishing of indoor surfaces on bacterial viability
(Hu et al., 2019).

The other members of this cluster include K. rosea strain
DSM 204477, a member of the Actinobacteria; K. polaris
type strain CMS 760rT, isolated from cyanobacterial mats in
McMurdo Dry Valley, Antarctica (Gundlapally et al., 2015);
and K. salina strain CV6 29, isolated in the vicinity of Lake
Schott el Djerid (Tunisia) from the roots of Cistanche violacea,
a desert plant of the Orobanchaceae family that lives on the
roots of host plants (tamarix, black saxaul). The adaptation
of these strains to such a contrasting diversity of habitats and
conditions can be attributed to the phenotypic traits encoded
by the genes in the accessory and strain-specific parts of the
Kocuria pangenome, to which a large contribution is prob-
ably made by HGT (Treangen, Rocha, 2011; Koonin, 2012).

At the whole-genome level with housekeeping genes, how-
ever (ANI test, orthologous genes), all four strains in the
monophyletic group with sequence MF765458.1 (Fig. 1)
obey the ANI > 95 % condition and, therefore, should be
considered as belonging to the same species (Jain et al., 2018).
This is illustrated by the ANI dendrogram (UPGMA variant)
obtained by the OAT method described in Lee et al. (2016)
(Supplementary Material 2). In addition to the four strains
listed above, the ANI > 95 % condition, which groups the

9 Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx12.pdf

10 kocuria rosea DSM 20447 is an aerobe, mesophilic bacterium of the family
Micrococcaceae. https://bacdive.dsmz.de/strain/7641. Accessed 09/06/2023.
1 Search EzBioCloud Database. https://www.ezbiocloud.net. Accessed
09/06/2023.
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— Kocuria sediminis JCM 17929{94.6}

Kocuria dechangensis CGMCC 1.12187{96.3}
Kocuria salina CV6 29{97.9}
Kocuria rosea DSM 20447{97.6}
Kocuria polaris CMS 760r{98.1}
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Kocuria rosea AF099C18{99.1}
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I: Kocuria subflava YIM 13062{96.8}
Kocuria coralli SCSIO 13007{95.2}

Fig. 1. Distance tree for BLAST hits with the ITS1 query sequence (GenBank MF765458.1) of K. rosea RCAM04488
against the RefSeq Genome Database (refseq_genomes) with the Kocuria option (taxid:57493).

The identity values (/, %) between sequence MF765458.1 and hit sequences are indicated in curly brackets.
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Fig. 2. Pangenomic analysis of the Kocuria strains included in Figure 1 and Supplementary Material 2. A, size of the pangenome (7) and core genome (2)
versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-specific genes. C, pie
chart of the pangenome contents corresponding to the monophyletic group highlighted in Figure 1 (red dot), with core, accessory, and strain-specific

genes. D, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Fig. C.

strains into the same species (Jain et al., 2018), is also obeyed
by the K. sediminis JCM 17929T-K. turfanensis HO-9042T
pair. Unlike 16S rRNA and ANI, the ITS1 test (Fig. 1) does
not have quantitative criteria for grouping/demarcating taxa.
In our case, this turned out to be possible only by combining
the OrthoANI dendrogram with the heat map in Supplemen-
tary Material 2.

To elucidate those whole-genome details that determine the
strains’ individuality and possibly also differences in adapta-
tion behavior in contrasting ecological niches, we performed
a pangenomic analysis (Chen et al., 2018; Tettelin, Medini,
2020) of the strains included in Figure 1 and Supplementary
Material 2 by using the PGAweb program. To the 12 genomes
of these strains, we added the genome of K. rosea strain
ATCC 1867 (see above).

Figure 24 shows the dependences of pangenome size
(curve 1) and core genome size (curve 2) on the number of ge-
nomes being considered for the set corresponding to Figure 1.
Different colors and numbers in the pie chart of Figure 28

denote the content of the core, accessory, and strain-specific
genes in their total pool for a clade of 13 strains. The general
appearance of curves / and 2 indicates that this pangenome is
of the open type, which means that it allows DNA exchange
with the global prokaryote gene pool through a variety of
mechanisms (Chen et al., 2018; Tettelin, Medini, 2020), in-
cluding HGT (Treangen, Rocha, 2011; Koonin, 2012).

To elucidate subtle differences among these five genomes,
which possibly contribute substantially to their distribution
across different ecological niches and other individual phe-
notypic traits but are not evident in the ANI test (see Supple-
mentary Material 2), we conducted a separate pangenomic
analysis for 5 strains corresponding to the monophyletic group
highlighted in Figure 1 (red dot) (Fig. 2C, D). For this clade of
closely related species, the analysis showed a relatively high
content of core genes (70 %), a lower content of accessory
genes (24 %), and a low percentage of unique (strain-specific)
genes (6 %), with very marked interstrain differences in their
number (Fig. 2D).
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The largest number of unique genes is present in the en-
dophytic strain K. salina CV6 (480), which is followed by
K. rosea AF099C18 (287) and K. polaris CMS 760rT (235).
The letter R in K. rosea strain AF099C18 in Figure 2, D shows
its status as a representative of K. rosea isolate RCAM04488
at the whole-genome level, which is the most closely related
to it in the 16S rRNA (Potanina et al., 2017) and ITS1 tests

(Fig. 1).

Strains related to Kocuria rosea RCAM04488

in the AAl-profiler test

Using AAl-profiler, we made an extended whole-genome
evaluation of the systematic position of the Kocuria members
related to K. rosea RCAMO04488 according to the 16S rRNA
(Potanina et al., 2017) and ITSI tests (see above). This was
done at the level of the UniProt database, which has about
250 million records as of autumn 2023. With allowance for
the close kinship between K. rosea strains, which is shown
in Supplementary Material 2, we chose K. rosea type strain
ATCC 1867 as the initial one for use in AAI-profiler.

The query was the proteome of K. rosea ATCC 1867 (ge-
nome assembly GCF_006094695.1), used by AAl-profiler to
determine AAI between the query proteome and the proteomes
of the species members in UniProt and to construct an AAI
distribution diagram (Fig. 3). AAI values are plotted on the
horizontal axis, and the values of the MF (matched fraction,
the proportion of query proteins that have matches in the spe-
cies analyzed by the program) are plotted on the vertical axis.
The diagram icons correspond to the species that received the
highest scores, with account taken of AAI and coverage, i.e.,
the sum of the sequence identity values for all query proteins
with established matches.

Related species, grouped and colored on the basis of genus,
form a characteristic “cloud” in the diagram, with AAI values
reflecting the evolutionary closeness of the UniProt strains and
the query strain. The horizontal axis has icons for the species
for which only individual proteins have been sequenced.
The icons are colored according to genus (bacteria) or order
(eukaryotes). Eukaryotic species are marked with rhombuses;
bacteria, with circles; archaea, with crosses; and everything
else (viruses, metagenomes, and unclassified samples), with
squares. The vertical dashed lines in Figure 3 correspond to the
AAI cutoff values for strain demarcation on the basis of genus
(AAI > 0.65) and species (AAI > 0.9) under the conditions
presented in the ANI/AAI-Matrix resource, on the website!?,
and in Rodriguez-R and Konstantinidis (2014).

The results (Fig. 3) show that the query proteome corre-
sponds to a set of 11 K. rosea strains with average coverage
and AAl values of 0.989 and 99.8 %, respectively. The closest
to this set among the classified ones is that of two K. polaris
strains (including the type strain CMS 760r), the icon of which
is located in the area of the diagram with AAI values > 90 %
(to the right of the vertical dashed line with an abscissa of 0.9).
In the AAI test, this means that all these 13 strains and some
other Kocuria members (not shown here) belong to the same
species (Luo et al., 2014).

As an example, the Figure 3 diagram includes K. turfanensis
strain NBRC 1076277, the icon of which is located within the

12 Understanding Results. https://help.microbial-genomes.org/
understanding-results#distance. Accessed 09/06/2023.
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Fig. 3. AAl distribution diagram for K. rosea ATCC 1867, as found in the
AAl-profiler output data.

Explanations are in the text.

range of 0.65 < ANI < 0.9, where most species belonging to
the same genus in the AAI test (Luo et al., 2014) are concen-
trated. These include Kocuria of the following species: coralli,
flava, indica, marina, palustris, rhizophila, sediminis, soli,
subflava, turfanensis, tytonicola, tytonis, and varians. How-
ever, the same area in the diagram with coverage in the range
0.12-0.74 also includes members of the genus Arthrobacter
(the most widely represented genus in the Fig. 3 diagram)
and of the genera Pseudarthrobacter, Micrococcus, Micro-
bacterium, and some other actinomycetes. The placement of
these entries (and other bacterial species/strains marked with
pink, green, and light green dots) into the main cluster of the
genus Kocuria, which groups species related to the query
strain K. rosea ATCC 1867 (to the right of the dashed line
with abscissa AAI = 0.65), could be interpreted as a signal for
their probable taxonomic reclassification (Medlar et al., 2018)
within the paradigm with vertically inherited phylogenetic
markers (Koonin, 2012). However, a decision on this should
be made after additional genotypic and phenotypic features
are considered within a polyphasic approach (Oren, Garrity,
2014). These strains are listed together with their detailed
characteristics in the AAI-profiler output.

Six icons corresponding to eukaryotes are located on the ab-
scissa axis at the intraspecies level with AAI values >0.9. The
relatively small (symbolically zero) coverage values mean that
only individual proteins have been sequenced for them (Med-
lar et al., 2018). The protein system from the fruit fly Droso-
phila mauritiana proved closest to that of K. rosea ATCC 1867
on the basis of AAI = 100 %. Next in descending order of
AAI values in the intraspecies interval 90 % < AAI < 100 %
(Luo et al., 2014) are Penicillium polonicum (imperfect fun-
gus), Poeciliopsis prolifica (small freshwater fish), Droso-
phila sechellia (another fruit fly species), Nothoprocta or-
nata (flightless bird), and Hirsutella minnesotensis (asexual
propagating fungus). For clarity, some of these are marked
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Fig. 4. Results of pangenomic analysis of Kocuria strains with the reference genomes, listed in Supplementary Material 3. A, size of the pangenome (1)
and core genome (2) versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-
specific genes. C, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Figs. A and B. D, phylogram for the

set of strains from the pangenome in Figs. A-C.

The phylogram was obtained by the NJ method on the basis of the gene acquisition/loss matrix. Red dots and Roman numerals indicate nodes of monophyletic

groups.

with arrows in Figure 3. In the same ANI > 90 % interval, the
icons for members of the prokaryotes and the genera Kocuria,
Arthrobacter, Micrococcus (all actinomycetes), and Nitro-
somonas (B-proteobacteria) are shown on the abscissa axis.
For prokaryotes, this is explained by HGT (Treangen, Ro-
cha, 2011; Medlar et al., 2018). For eukaryotes, which in our
case include members of the animal and fungal kingdoms, the
high homology between their protein systems and those of the
genus Kocuria (class Actinomycetia) may be associated with
symbiogenesis as a very probable mechanism of the origin
of eukaryotes with the participation of prokaryotes (Dey et
al.,2016; Provorov et al., 2018). Bioinformatic studies of this
phenomenon have been reported, for example, in Markov and
Kulikov (2005) and in Nikitin (2016). They provide data to
show that although archaea [from which a considerable part
of the eukaryotic genome originates (Stairs, Ettema, 2020)],
a-proteobacteria (precursors to mitochondria), and cyanobac-
teria (precursors to plastids) play fundamental parts in sym-
biogenesis, substantial contributions to these processes are
made by various bacteria, not limited to the above two taxa.
In the context of the above-mentioned A Al-profiler results,
of interest is the information on the general genomic structure
of Kocuria and Arthrobacter members. This information was
obtained by pangenomic analysis with the PGAweb software

package described in Chen et al. (2018). In the database of
the results of whole-genome DNA sequencing of prokaryotic
strains!3, as of autumn 2023, we found a fairly representative
set of genomes for 20 mostly type strains of Kocuria spe-
cies, having the status of reference genomes (Supplementary
Material 3) and used by us for pangenomic analysis (Fig. 4).

The Figure 4 results show the overall conservatism of the
genomes being considered (26 % of the core genes) and the
pronounced openness of the pangenome (Fig. 44, B, curves
I and 2). The changes in the accessory (62 % of the total
number of genes) and strain-specific (Fig. 4C) components
of the pangenome, which reflect the species diversity of Ko-
curia, can also be attributed to the great diversity of habitats
of these strains — from animal and plant organs and tissues to
food, soil, air, and marine environments, including Antarctic
cyanobacterial mats.

Figure 4D shows the phylogram presented in the final
PGAweb results. It was obtained by the neighbor-joining (NJ)
method on the basis of the gene acquisition/loss matrix for the
pangenome as a whole (Chen et al., 2018). This tree shows
a clear distribution of strains over three monophyletic groups
(Fig. 4D, red dots). There is no sufficiently pronounced de-

13 Genome. https://www.ncbi.nlm.nih.gov/datasets/genome. Accessed
09/06/2023.
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Fig. 5. Results of pangenomic analysis of Arthrobacter strains with reference genomes, listed in Supplementary Material 4. A, size of the pangenome (1)
and core genome (2) versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-
specific genomes. C, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Figs. A and B.

pendence on geographical or environmental factors. It can
only be noted that strains of animal origin are concentrated
in Figure 4D in group iii.

For comparison and with account taken of the wide repre-
sentation of Arthrobacter species in the AAl-profiler output
(Fig. 3), we also performed a pangenomic analysis for the
species of this genus corresponding to these members. The
obtained set of predominantly type strains and genomes in
the “Reference genomes” category, which we found in the
Genome database, is presented in Supplementary Material 4.

Figure 54, B shows the pangenome characteristics for the
group of Arthrobacter species listed in Supplementary Ma-
terial 4. Note that the relative number of core genes for the
Arthrobacter group is much smaller than that for the Kocuria
group (Supplementary Material 3, Fig. 4). The greater num-
ber of accessory and strain-specific genes in Arthrobacter
(94 %), as compared with Kocuria (74 %), indicates higher
overall genomic heterogeneity of the Arthrobacter group
under consideration and greater openness of its pangenome.
The number of strain-specific genes in each of the strains
forming part of the Arthrobacter pangenome group varies in
a wide range, from 130 (4. crystallopoietes) to 1,517 (A. ter-
ricola) (Fig. 5C).

Conclusions

We have shown that, according to the ANI test, the strains
K. salina CV6 and K. polaris CMS 76or", together with
K. rosea DSM 20447, K. rosea AF099C18, and K. rosea
ATCC 1867, formally within a phylogeny with vertically
inherited markers, should be assigned to the same species
(ANI > 95 %) with appropriate species verification of the
strains. Because all five strains have been isolated from
strongly contrasting ecological and geographical habitats,
this fact could not but affect their genotypes and phenotypes
and should be taken into account in the analysis of their sys-
tematic position.

We have clarified this contradiction by pangenomic ana-
lysis of a clade of 13 Kocuria strains closely related in the
16S rRNA and ITS1 tests to the K. rosea strain of interest,
RCAMO04488, isolated from surface-sterilized potato roots.
The clade includes the above-mentioned Kocuria strains. The
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analysis has shown the pangenome to be of the open type and
has revealed large differences between the above strains in
the content of accessory and strain-specific genes, which de-
termine their individuality and possibly potential for adapta-
tion to different ecological niches with the corresponding
phenotypic traits. The largest number of unique genes, which
are listed in the output of the PGAP program, was observed
in the endophytic strain K. salina CV6 (480). This strain is
followed by K. rosea AF099C18 (287), which is most closely
related to K. rosea RCAMO04488 in the 16S rRNA and ITS1
tests. These observations seem important for evaluating the
possible gene content of K. rosea RCAMO04488 in terms of
its abilities as a PGPR. This will be the subject of our further
work, which will use the results of whole-genome DNA se-
quencing of this strain.

Using AAl-profiler, we obtained similar results in a full-
scale AAI test against the UniProt database (approximately
250 million records). In particular, these results confirm the
need to assign K. rosea and K. polaris members and several
other members of the genus Kocuria to the same species
(AAI > 90 %). In the phylogenetic aspect, our most substantial
finding is the established association of Kocuria, Arthrobacter
(the genus most widely represented in these results), Pseud-
arthrobacter, Micrococcus, Microbacterium, and several
other genera as members of the same genus according to
the AAI > 65 % criterion. Within a paradigm with vertically
inherited phylogenetic markers, this could be regarded as a
signal for the following taxonomic reclassification of these
entries. In this respect, it may help to comparatively evaluate
their gene content and taxonomic relationships on the basis
of pangenomic studies. However, to make this responsible
decision, one should consider additional genotypic and phe-
notypic characteristics of the strains under study within a
polyphasic approach.
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AHHoTauuA. JHgeMUYHble amébunopbl (Crustacea: Amphipoda) o3epa baiikan — 3170 ofWH U3 Hanbonee APKNX NpU-
MEepPOB BO3HUKHOBEHUA BOJbLLOrO KONMYECTBa BMAOB (Tak Ha3biBaeMblX OYKETOB BUAOB), 3aHUMAOLLMX Pa3HOO6-
pasHble 3KOMOrMYeCKre HULLK, OT HEGOJBLLIOIO YMC/Ia MCXOAHbBIX BUAOB, KOTOPOE NMPOUCXOANIO Ha OrpaHNUYeHHO
TEepPPUTOPUN 1 NOTOMY JOCTYMHO AJ1A BCECTOPOHHErO NcceaoBaHus. NogobHble Npumepbl MPeAoCTaBAAOT YHU-
KasibHble€ BO3MOXHOCTUN U3YUYEHNA MOBEAEHUYECKNX, aHATOMUYECKUX U GU3NONOTMUECKUX afanTaLMil BO MHOXECTBE
KOMOUHaLNIA yCNOBWIA Cpeabl U MOTOMY NPUBIEKAIOT 60Mblioe BHUMaHMe. CyllecTByioLMe BapraHTbl TaKCOHOMU-
YecKol KnaccuduKaLmm 3Tol rpynnbl HacunTbiBatloT 6omnee 350 Mopdonormyecknx BUAOB 1 NOABULOB, KOTOPbIE,
COTMIAaCHO MONEKYNAPHO-GUIIOreHETUYECKM UNCCIeOBAaHUAM MApPKEPHbIX FEHOB, MOJSIHbIX TPAaHCKPUMTOMOB U
MUTOXOHAPWANbHbIX FEHOMOB, NMPOW3OLLNN B Pe3ynbTaTe He MeHee [BYX BCENIeHMI B 03epo. ViccnefoBaHua nso-
bEepPMEHTOB 1 MapKePHbIX FeHOB BbIABUIN CYLLECTBEHHOE KPUNTUYECKOe pa3Hoobpasue barkanbckux améounog, a
TaK>Ke CYLLEeCTBEHHBI Pa3bpoc MO YPOBHIO FEHETUYECKOIO Pa3HOO6pa3smns BHYTPY HEKOTOPbIX MOPGOOrnYecKX
BMAOB. JKCMEPUMEHTaNbHas NpoBepKa, MPOBEAEHHAA Ha AaHHbI MOMEHT TONbKO AJNA ABYX MOPGOAOrnyeckmx
BW[OB, MOKa3bIBaeT BO3MOXHYIO NMPUMEHUMOCTb MUTOXOHAPMANIbHOIO MapKepa, reHa nepeoi CybbeguHuLbl Ly-
TOXPOM C-OKCMAa3sbl, ANA NpeAckasaHusa penpodyKTUBHOWN usonauun. MNprbnmnsntenbHo y 4ecaToln YacTy BUGOB
6alKanbCKnx ameunog 6bi1 U3yyeH pasMep AAEPHOrO0 reHoMa 1 XPOMOCOMHbIE YMCNA, YTO MO3BOMNIO BbIABUTH
NnoyTU LEeCATUKPaTHYO BaprmabenbHOCTb pasmepa reHomMa npw CTabunbHbIX (2n = 52 ns 60MbWMHCTBA U3YYEHHbIX
BMAOB) KapuoTunax. Mpr 3ToM aHanu3 pasHoobpasms NOBTOPOB B AAePHbIX FreHOMax MNoKa3as CyLLeCTBEHHbIE MEX-
BMAOBbIE pa3nnuna. Kpome Toro, BbisiBfieHbl HEOObIYHbIE OCOOEHHOCTI HEKOTOPLIX MUTOXOHAPVANbHBIX FEHOMOB,
TaKue Kak BaprabenbHOCTb MO ANUHE 1 NO NOPALKY reHOB, a TakkKe Aynnukauum reHoB TPHK, yacTb 13 KoTopbix
noaBepriacb PEMONAUHTY (M3MEHEHNIO CneUdUYHOCTM aHTUKOLOHA 3a CUYET ToUYeYHbIX MyTauuin). Cnegyowmmm
BaXXHbIMU LLaramv JOMKHbI CTaTb COOpKa MOJHbIX FEHOMOB [J1A Pa3HbIX BULOB OaiKanbCKux amounog, Yyemy Ha
LaHHOM 3Tane NPenATCTBYET CAIOXKHasA CTPYKTYpa 3TUX reHOMOB € 60/bLIVM COfepKaHNeM NOBTOPOB, U O6HOBIE-
HIe TaKCOHOMMYECKOW KnaccudrKaLmm BULOB C yYETOM KOMIMIEKCA NMOMYYEHHbIX AaHHbIX.

KnioueBbie cnoBa: o3epo balikan; 6okonnasbl; 6yKeTbl BUAOB; BUA0O6Pa3oBaHme; reHeTKa NonynaLmMii; reHOMIKa.
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Lake Baikal amphipods and their genomes, great and small
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Abstract. Endemic amphipods (Crustacea: Amphipoda) of Lake Baikal represent an outstanding example of large
species flocks occupying a wide range of ecological niches and originating from a handful of ancestor species.
Their development took place at a restricted territory and is thus open for comprehensive research. Such examples
provide unique opportunities for studying behavioral, anatomic, or physiological adaptations in multiple combina-
tions of environmental conditions and thus attract considerable attention. The existing taxonomies of this group
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Lake Baikal amphipods
and their genomes, great and small

list over 350 species and subspecies, which, according to the molecular phylogenetic studies of marker genes, full
transcriptomes and mitochondrial genomes, originated from at least two introductions into the lake. The studies of
allozymes and marker genes have revealed a significant cryptic diversity in Baikal amphipods, as well as a large va-
riance in genetic diversity within some morphological species. Crossing experiments conducted so far for two mor-
phological species suggest that the differences in the mitochondrial marker (cytochrome c oxidase subunit | gene)
can potentially be applied for making predictions about reproductive isolation. For about one-tenth of the Baikal
amphipod species, nuclear genome sizes and chromosome numbers are known. While genome sizes vary within
one order of magnitude, the karyotypes are relatively stable (2n = 52 for most species studied). Moreover, analy-
sis of the diversity of repeated sequences in nuclear genomes showed significant between-species differences.
Studies of mitochondrial genomes revealed some unusual features, such as variation in length and gene order, as
well as duplications of tRNA genes, some of which also underwent remolding (change in anticodon specificity due
to point mutations). The next important steps should be (i) the assembly of whole genomes for different species of
Baikal amphipods, which is at the moment hampered by complicated genome structures with high repeat content,
and (ii) updating species taxonomy taking into account all the data.

Key words: Lake Baikal; amphipods; species flocks; speciation; population genetics; genomics.
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BeepeHmne

Jlyist IpeBHUX 03€p XapaKTePHO B3PhIBHOE BU000Pa30BaHKE
1 OombIas 10Jisl SHASMHKOB, HO Jlaxe cpean Hux baiikar,
BO3PACT KOTOPOTO COCTABISIET MO PA3IMYHBIM OIIEHKAM OT
25-30 no 70 MuIH JIET, BBIAEISIETCS OCOOBIM BHIOBBIM Oorar-
ctBoM (Cristescu et al., 2010; Mats et al., 2011). Ogroit u3
HanboJIee Pa3HOOOPa3HBIX IPYII OIM3KOPOICTBEHHBIX BUIIOB
B Baiikane sBistoTCs mpejpcraButenu orpsaa Amphipoda
(Crustacea).

Yactuano pazHooOpasue amduros B baitkane MoxHO 00b-
SICHUTH OOJIBIIINM YUCIIOM SKOJOTWYCCKUX HUII: BUIBI 3TOU
TPYIIIBI pa3IHYaroTCs 1Mo rryonHe odoutanus (0—1642 m), cro-
co0y nuranus, nepuony pasmHokenus (Taxrees, 2000; Takh-
teev, 2000). Tem He MEHEE MHOTHE BH/IbI OOMTAIOT COBMECTHO,
o0Jajast pu 3TOM CXOAHBIMU pa3sMepaMu, CIICKTPAMH ITUTa-
Hus U nepuogom pasmuoxenus (Taxrtees, 2000; Takhteev,
2000), 9To BBI3BIBAET BOMPOC O ABIDKYIINX CHJIaX, oOecre-
YHUBIIHX X BHI000pa3oBanue. [ 100abHbBIC BEIBOIBI O TIPOUC-
XOXKICHAN 0alKaIbCKUX dHICMUYHBIX )KUBOTHBIX Ha OCHOBE
MOJICKYJISIPHBIX JIAHHBIX YK€ ObUIN CHEJIaHbl B PE3yJIbTaTe
MHOTOYHCICHHBIX MPEIBIAYIINX UCCIACIOBAHHIA U PE3FOMUPO-
BaHBI B 0030pax (Sherbakov, 1999; Sherbakov et al., 2017),
HO CBE)XHE JIaHHBIE, ITOyYCHHBIE B TOM YHUCIIE TIPH ITOMOIIN
BBICOKOTIPOU3BOIUTEIBHOTO CEKBEHUPOBAHUS, PACKPBLIH HO-
BBIC JICTAIN BHI000pa30BaHMs OaifKaIbCKIX aM(HITO] ¥ 3BO-
JIFOIIUH UX TCHOMOB.

Ckonbko BugoB amounog obutaet B bankane?

Mopd¢onornyeckas knaccudpukaums

OcHOBO# pa3paOOTaHHBIX CUCTEM, (HOPMATEHO OTPEIEIISIO-
IIUX BUABI OaiiKaThCKUX aM(UIION, HAa TAaHHBIA MOMCHT SIB-
nsiercst MOp(OIOTHUECKU KPUTEPH, T. €. HAJIHYHE Y BCEX
HCCIICIOBAHHBIX 0CO0CH BHa Habopa YHUKAIBHBIX MOP(hO-
Jorndeckux npusHakoB. B Bailikane HacuuThiBaeTcs Oonee
350 mopdosornyeckux BUIOB U moaBuaoB ampumon (Tax-
tees, 2000; Kamanteiros, 2001; Takhteev et al., 2015). TTox-
BUIBI OaifKaIhCKUX aM(pUITO]] B OOTBITHHCTBE CITydacB IIPOH3-
BEJICHBI OT MOP(OJIOTHYECKUX PA3HOBUAHOCTEH, B MEHBIIICH
CTEIICHN OTJIMYAIONIMXCs APYT OT Apyra, uem Bujbl (basu-

kanoBa, 1945; Taxrees, 2000). Bce 3TH BHIBI OTHOCITCS K
tuny Arthropoda, montumy Crustacea, kiraccy Malacostraca,
orpsiay Amphipoda, Hagcemerictey Gammaroidea (Sket et
al., 2019). KonruecTBO MOIBUIOB, BUIOB, POJIOB U CEMCHCTB
pasnuaercs, 1o MHeHHIo pa3Hbix aBropoB (Takhteev, 2019),
OJIHAKO OCHOBHBIC Pa3JIMUUsI CBSI3aHbI C N3BMEHEHHEM YPOBHSI
TaKCOHOB (TIOIBUIBI/BUIBI, BUABI OJHOTO PO/Ia/pa3HbIe POJIBI
U T.0.).

CymiecTBOBaHNE pa3HbIX KIaCCH(UKANI yCIOKHSIET UC-
cieioBanue Oaiikanbeckux amoumnos. C mpakTHIecKoi TOUKH
3peHust Hanboliee PUHIUITUAIBHBIMU PA3IUUUsIMU ISl C-
ciieioBaresieit aMpuIo I sIBJISIOTCS pa3HbIe POIOBbIC HA3BAHUSI
JUISL OTHUX M TeX ke BU0B. COOTHOIIEHNE HAa3BaHWUH, ITPea-
JIO)KCHHBIX Pa3HbIMU aBTOPAMH, MOXXHO YTOUHNTH 110 World
Amphipoda Database (WAD,; https://www.marinespecies.org/
amphipoda/) (Horton et al., 2023). Cnexyer oTMETHTD, YTO
st punsaToit B WAD cucremaruku (Kamanteinos, 2001,
2009) HeT KITrova-onpeAeTUTENS, U 110 ATON MPUYUHE YacTO B
CTaThsIX UCHOJIb3YIOTCSI UMEHHO Ha3BaHUSI BUIOB, YKa3aHHbIE
B M3BECTHBIX omnpenenuTernsx. Hanbosee momHbsIM ompere-
nuTesieM OaiKaabCKUX BUIOB Ha JTAHHBIH MOMEHT OCTaeTCst
(bazukanosa, 1945). Hexkotopbie rpymibl MOIpoOHee OMHCAHbI
B OoJsiee mo3nuux ucrounukax (basukanosa, 1962; Taxrees,
2000). EnuHCcTBeHHBIN aHTIIOS3BIYHBIHN ONIPEICINTENb POJOB
Gaiikamsckux amdumon — padora (Sket et al., 2019); xkoHT-
POJBHBINA CITUCOK BHJOB, COIIACHO 3TOW KilacCH(MKAINH,
IpuBeJeH B aHnIos3baHOM padote (Takhteev et al., 2015).
Hwu onnH 13 onpeenuTeneil He BKIIOYAET BUJIBI, OITUCAHHBIE
nociie 2000 r.: Eulimnogammarus messerschmidtii Bedulina
et Takhteev, 2014 (Bedulina et al., 2014), Eulimnogamma-
rus etingovae n Eulimnogammarus tchernykhi Moskalenko,
Neretina & Yampolsky, 2020 (Moskalenko et al., 2020).

MoneKkynapHo-reHeTn4ecKre noAxoabl

K Knaccnpukaumm

MonekymsipHO-(pHUIOTeHETUIECKIE NCCIIeTOBaHNs OalKab-
CKUX aM(UIIO/ MMO3BOIMIM CIENIaTh TPU BaXKHBIX BBIBOJIA.
Bo-rmepBbix, Bce OHM HA (PUITOT€HETHIECKOM JIEPEBE KIIACTEePH-
3yIOTCSI BHYTPH ITPEACTaBUTEICH IIPECHOBOIHOI BETBH MOP-
domoruueckoro pogaa Gammarus Fabricius, 1775, aro cBue-
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TEJILCTBYET 00 UX NPOUCXOXKACHUU OT Gammarus-nojoOHbIX
npecHoBoAHBIX npesikoB (Macdonald 111 et al., 2005; Hou et
al., 2014). Bo-BTOpBIX, UCCIEOBAHUS C HCIIOIb30BaHUEM
(hrITOreHeTHIe CKUX MapKEePHBIX TEHOB ITOKA3aIH PasIeIICHIEe
Ha j1Be Tpymsl (Sherbakov, 1999; Macdonald 1 et al., 2005),
YTO FOBOPUT O BCEJICHUH MPEKOB OaiKaIbCKUX aM(HIIOL B
03€p0 HE MEHEE YeM JIBXK/bl. DTOT BBIBOJ MO/ITBEPIKIACTCS
u (umoreHnel, MOCTPOCHHON Ha OCHOBE OJHOKONHMHWHBIX
OPTOJIOTHYHBIX SIEPHBIX TEHOB B COOPKAaX TPAHCKPUIITOMOB
(Naumenko et al., 2017), a Taxke TONHBIX MATOXOH/IPHAITH-
HBIX TeHOMOB (Romanova et al., 2016a). K motomkam nepo-
TO BCEJICHHSI OTHOCHUTCS CYIIECTBEHHO MEHbIIEE YUCIIO BH-
JIOB, YeM K OTOMKaM BToporo Beesnenus (basukanosa, 1945;
Naumenko et al., 2017). B-TpeTbux, y HECKOJIBKUX BHIOB
0aifKaIbCKUX aM(UITON BBISABICHO KPUITHYECKOE Pa3HO00-
pasue, T.e. CyIIeCTBOBaHHE MOP(OIOTHUSCKH HE pa3IHdH-
MBIX WJIHA CJIOXKHO Pa3JIMYMMBIX TCHETUYCCKUX TPYMI (CM.
HIKE).

HccnenoBanus CieKTpoB M30()epPMEHTOB MMOKa3aIn 3HAYH-
TENbHYIO (4aCTO BUIOBOTO YPOBHS) BapnabeTbHOCTh BHYTPU
MOP(OJIOTHUECKUX BUIOB U MPUBEIH K TPEATI0KESHUSIM MO~
HATH CTaTyC HEKOTOPBIX TTOABUIOB 10 BUa0BOrO (Yampolsky
et al.,, 1994; Viinold, Kamaltynov, 1999) wmu, Hanpotus,
ceectu B cuHoHuMEBI (Daneliya et al., 2009). Paznnuus B
4acToTax M30(h)epMEHTOB MOXKHO TPAaKTOBATh KaK yKa3aHUE
Ha CyIIECTBOBAaHHE M30JMPOBAHHBIX MOIMYISIMHA, HO YacTo
CIIOXKHO HATIPSIMYTO TIEPEBECTH B KOHKPETHBIC BUIOBBIC TPAHH-
1161, Te jke TpoOIIeMBl, XOTS M B MEHBIIICH CTETICHH, KacatoTCs
PE3yIIbTaTOB (PUITOTEHETHYECKOTO aHAIN3a HA OCHOBE Pa3HBIX
TeHETHYECKUX MapKepoB. B aToM ciryuae 1u1st pa3rpaHiyeHus
BUJIOB (species delimitation) HCIIONB3YIOT BEIYMCIICHHBIE KPH-
THUYECKUE 3HAUCHUsI IUCTAHIINN Ha (YUITOTEHETHIECKOM JIepeBe
(Lefébure et al., 20006), a Takxke ApyTHE METOIBI, OCHOBAHHBIC
HAa TEHETHYCCKUX TUCTAHINIX, TOMOJIOTUN (DHIIOTCHETHYC-
ckoro aepeBa mn oommx amnensx (Fiser et al., 2018). Tem
HE MEHee, TOCKOJIBKY C YBEPEHHOCTBIO OTOXKIECTBIISATh IOy~
YEeHHBIE KJIaCTEPhI 00pa31loB ¥ OMOIOTHYECKUE BU/IbI HENb3S,
HX MPUHSTO Ha3bIBATH MOJICKYJIIPHBIMHU OIICPAIIMOHHBIMHU TaK-
COHOMHYECKUMH eqrHnIIaMu (molecular operational taxono-
mic units, MOTU) (Blaxter, 2004).

Hauboree M3BECTHOH 1 4acTO HCITOIB3yeMON MapKEPHOM
MOCJIEA0BATEIBLHOCTHIO JIst aM(UIIO 1 MHOTHX JIpyTHX Oec-
MO3BOHOYHBIX SIBJSIETCS TaK Ha3bIBACMBIH (pOIIMEPOBCKUIA
Y4acTOK MHUTOXOHJPHAJIBHOTO T'eHa MEePBOi CyObeaMHHUIIBI
uToxpoM c-okcuaassl (COI unm cox!) (Folmer et al., 1994;
Hebert et al., 2003). CnemyeT OTMETHTB, 9TO U3BECTHO MHOTO
CIIy4acB HECOOTBETCTBHS MHUTOXOHIPHAIBHON U SICPHON
¢wmorennit (mito-nuclear discordance) (Toews, Brelsford,
2012). Jlast Toro uToObI caenaTh 0osiee HaICKHBIC BBIBOBI
0 paslelieHNH TeHETHUECKUX JIMHHUM, JKeJIaTelIbHO MpHUBIIe-
KaTh TaKKe sIepHbIC MapKepbl. B kKadecTBe TaKOBBIX YacTO
mpuUMeHSIOT KinacTepsl reHoB pPHK u mocTtenenHo BBOmAT
«TIOJTHOTEHOMHEBIC» MapKephl, TaKHE KaK yABTPAKOHCEPBa-
TuBHBbIe eMeHTHl (ultraconserved elements, UCE), THK-
MapKepbl, aCCOLMUPOBaHHBIE C CaiiTaMM PECTPUKINH (Testric-
tion site-associated DNA (RAD) markers), 1 oHOKOTHIfHBIE
optouoru (single-copy orthologs, SCO) (Eberle et al., 2020).
Jist GaiikarbCKUX aM(HITO U3 3TOTO CITUCKA TIPOOOBAIIH HC-
monb3oBaTh SCO (Naumenko et al., 2017; Drozdova et al.,
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2021); s nebaiikanbckux — takke RAD (Jordan et al., 2020;
Weston et al., 2022; Eme et al., 2023).

MonynAunoHHO-reHeTUYECKoe pasHoobpasue
BryTtpuBnmoBoe pasHooOpas3ne pasHBIMU METOAAMH U C Pa3-
HOI CTeTIeHbI0 reorpaduuecKoro MOKPHITUS paCCMaTpUBAJIH y
6onee uem 20 Mmopdonoruueckux dalikanbckux Buaos (I[1pu-
noxenue 1)1 114 psiaa u3 HUX GbUIO MOKA3AHO CYIECTBEHHOE
BHYTPUBHJIOBOE T'€HETHUYECKoe pa3sHooOpasme (Gomanenko
et al., 2005; Daneliya et al., 2011; Gurkov et al., 2019). Oxa-
3a10Ch, YTO JIa)K€ CPAaBHHMBIE IO PaclpOCTPaHEHHOCTH U
9KOJIOT'MYECKUM XapaKTEPUCTHKAM BH/Ibl MOTYT 3HAYUTEIIHHO
pas3nuyarhCsi MO0 YPOBHIO BHYTPUBHUIOBOTO PazHOOOpas3us
(puc. 1). Hamprmep, pactipocTpaHeHHBINA TUTOPATIEHBINR MOP-
tdomoruaeckuit Bun Eulimnogammarus verrucosus (Gerst-
feldt, 1858) paznensercs He MeHee YeM Ha TPH FeHETHIECKHUE
muann (W, S, E), npuypoueHHble K 3amajHoil (10 ucToka
p. AHrapsl), 10’KHOH U BOCTOUHOI YacTsiM obepexbst baiikana
COOTBETCTBEHHO. [lomapHbie BHYTPUBHIOBBIC Pa3Inyusl 110
COI pocturatot 13 %, 4TO IPUMEPHO COOTBETCTBYET JIUC-
TaHIIAM MeX Ty Mopdororndecknmu Buaamu (Gurkov et al.,
2019), a mocneqHuil OOMIMI MPEAOK STHX I'PYII, COINIACHO
OLIEHKE METOJIOM MOJIEKYJISIPHBIX YacOB, CYIIIECTBOBAJ OKOJIO
4.5 v ner Hazaj (Drozdova et al., 2022). Mcnionb3oBanue
saepHoro Mapkepa, ¢pparmenra rena 18S pPHK, nonnoctsio
moaTeepauio 3to pasaenenue (Gurkov et al., 2019).

Jpyroii 9acTo BCTpEUaIOMMUics BU B IPUOPEKHOM 30HE,
Gmelinoides fasciatus (Stebbing, 1899), Taxske paszneneH Ha
TeHETHYeCKUe JIMHUH, TPUYPOUCHHBIE K reorpaduu, OHAKO
pasyuuusl MEHbIIe U JoCTUratoT npuonusurensHo 8 % (Go-
manenko et al., 2005), a mociaenHui 00K MPEIOK CyIIe-
CTBOBAJI OKOJT0 2 MuTH JieT Hazaj (Bukin et al., 2018). PazHoo0-
pasmue 1o sAepHOMY MapKepy, HHTPOHY TeHa 3-CyObeJMHUIIBI
AT®-cunTa3b1, OBIIIO HIXKE, HO TOXKE MOITBEPIKAAII0 BHY TPH-
BuioBy10 auddepenimanuio (Kosaixenkosa, 2018). Hampo-
TUB, TIPEJIBAPUTEIILHBIE IAHHBIE O BHY TPUBHI0OBOM Pa3HO00-
pa3uy y eIMHCTBEHHOTO MeJIarnueCcKOro MIaHKTOHHOTO BH/Ia
Gaiikansckux ampumon, Macrohectopus branickii (Dybow-
sky, 1874), mo ¢parmMeHTaM MHTOXOHAPHANEHBIX TeHOB COl
u maton cyopenumannbl NADH-geruaporenassr (NDS wnn
nad5) (Ileryauna u np., 2023; Zaidykov et al., 2023) He
MIO3BOJIMIIM OOHAPYKUTH reorpaduuecku paszeieHHbIe Te-
HETUYECKUE JIMHUH.

Haxkoner, mmpoko pactpocTpaHeHHbIH Bun Eulimnogam-
marus cyaneus (Dybowsky, 1874), Hacensromuii cymect-
BEHHYIO 4acTh uTopainu baiikana, o0nasaer o4eHb ciaadbIM
reHetudeckuM pasnencuueM mo COI (Gurkov et al., 2019),
OJIHAKO CYIIECTBEHHBIM 0 aHanu3y usogpepmentos (Mashiko
etal., 2000). Taxxe HHTEPECHO, YTO TPAHHIIBI MEK/TY FCHETH-
YeCKUMHU Irpynnamu E. verrucosus, Takie Kak ICTOK AHTapsl,
He monTBepxkaatotTcs st Gm. fasciatus (em. puc. 1, A, b); B
ciryuae Gm. fasciatus reorpadudeckue Oapbepbl HEOUCBH/I-
HBI. McTok AHrapsl, (hopMHpOBaHHE KOTOPOTO HA4YajoCh He
panbie 120 Toic. et Hazax (Arzhannikov et al., 2018), Ha-
MHOTO MOJIOXKE, YeM MTOCIIEIHUHN 00U Tpeok E. verrucosus,
0OUTArOIMKX 110 Pa3HBIE CTOPOHBI OT McToKa (3.81 MiTH 11eT)
(Drozdova et al., 2022). BeposiTHO, HBIHEIITHEE KPUIITHIESCKOE

1 MNpunoxexuna 1-5 cm. no agpecy:
https://vavilovj-icg.ru/download/pict-2024-28/appx13.xIsx
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Puc. 1. CpaBHeHMe ypoBHel NonynaLYOHHO-TeHEeTUYECKOro pasHoobpasusa dparmerta COl BHYTPU Hanbosee XOpoLUO M3yYeHHbBIX IMTOPabHbIX MOpP-

donornuecknx Bupos E. verrucosus (A), Gm. fasciatus (b) v E. cyaneus (B).

MoKasaHbl TUMMYHbIA BHELLHWIA BUA XUBOTHbIX B €JMHOM MacluTabe (pa3mep KBaapaTta CeTk/ 5 Mm), unoreHeTnyeckmne CnianT-cetn B eJUHOM Maclutabe (OCHOB-
Hble MacLTabHble MHENKN COOTBETCTBYIOT 1 % 3aMeH, T.e. 5.1 3aMeHbl B BblpaBHMBaHWN AMHON 510 MN.H.) 1 COOTBETCTBYOLLME TOUKM OTOOPa Npob. [laHHble o
nocnefoBaTenbHOCTAX nonyyeHbl 13 6a3bl BOLD (Ratnasingham, Hebert, 2007); koopanHaTtbl oT60pa Npo6 AOMOSIHEHbI AW UCNpaBieHbl MO MCXOAHbBIM Ny6mn-
Kauuam (Fazalova et al., 2010; MeTyHuHa, 2015; Romanova et al., 2016a; Gurkov et al., 2019). Pa3HbiMy LiBeTaMU Ha CETAX 1 KapTax 0603HauYeHbl pa3Hble HoMepa
NHAEKCOB WTpUX-KofoB (barcode index number, BIN), aBTomatnyeckmn onpegensembie B BOLD (Ratnasingham, Hebert, 2013). Mogpo6Hasa nHpopmauysa o meTo-
fonorum JocTynHa Ha ctpanuue https://github.com/drozdovapb/Baikal-amphipods-review-post-chr2023.

pasHooOpa3ue BHYTpHU BUAOB E. verrucosus u Gm. fasciatus
oTpakaeT Gapbepbl pacIpOCTPaHEHHs, CyIIeCTBOBABILIHE pa-
Hee, KaK, HalpuMep, pedsIBaHue B pe(hyrimyMax B MEPHUOIBI
HEeOTaronpusATHRIX KiuMatndeckux ycmosuid (Bukin et al.,
2018).

PenpoayKTueHbie 6apbepbl 1 KpUNTUYECKNE BUAbI

Jlyiss GMOJNOTMYECKN PENICBAaHTHOTO pa3rpaHUUYCHHs BUIOB
KpaliHe Ba)KHbI CBEJICHUS O PEIPOAYKTUBHOM U30JIALUH, O11-
HaKo [T 6alKaIbCKUX aM(UIION ATOT BOIIPOC IO HETaBHETO
BpeMeHH Ipopaboran He Obu1. Ha 1aHHbI MOMEHT SKCTIepH-
MEHTaJIbHasl POBEPKa HAJIMYUS PEIPOAYKTUBHON H30JIs-
IIY IPOBEJICHA TOJIBKO AJISI IBYX PacIpOCTPaHEHHbBIX MOPQO-
JIOTHYECKUX JIMTOPAIBHBIX BUIOB — E. verrucosus u E. cya-
neus. JInst SKCIIEPUMEHTA 110 CKPEIIMBAHUIO ObIIIH BHIOPAHBI
MOMYJISIIUK N3Y9aeMbIX BUIOB B 1toc. JInctesiaka (W) n opTy
baiixan (S), rae apeains! pa3HbIX TeHETUYECKUX JIMHUI cOMN-
JKAIOTCsl HanboJiee CHIIbHO, a TaKKe B ciydae E. verrucosus
B ioc. Ycrb-baprysun (E). [{ns E. verrucosus 6b1mu oOHapy-
JKEHBI KaK MPE3UTOTHYECKHUH, TaK M TOCT3UTOTHYECKUH pe-
MPOIYKTUBHBIC Oaphephl. XOTs 00a Oapbepa He aOCOIOTHBI,
UX COYETaHHE CTIOCOOHO 00ECIIeIUTh PEMPOTYKTUBHYIO H30-
JISIIMIO TIPY BCTpeUe MpeCTaBUTENEH Pa3HbIX IMHUH. B ciry-
yae E. cyaneus Tpu aHallv3e MpeAcTaBUTEICH MOMYJISUNN,
pa3leNeHHBIX NCTOKOM AHTapbl, HU MPE3UTOTHYECKOT0, HU
MOCT3UTOTHYCCKOTO Oaphepa He OBUIO 0OHAPYKEHO: BEIOOD
MIPOUCXO/IMII CITy4aliHO, a TIPH CKPEIIMBAHMH THOPHIBI ITEPBO-
TO TIOKOJICHUS TIOJTHOCTBEO MTPOXOIUIIN SMOPHOHAIBHOE Pa3-
ButHe (Drozdova et al., 2022; Jlpo3nosa u ap., 2023). Takum
oOpasom, Ha BUaax E. verrucosus u E. cyaneus paznudue 1o
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COI neiiCTBUTEIBLHO OTPaXKaeT PEIPOMYKTHBHBIA Oapbep.
B To0 ke Bpems OyaeT mpexIeBpeMeHHBIM 0e3 aHaTOTHIHBIX
CpaBHEHUII ITIs APYTHX POIOB OAMKaIHCKUX aM()UTION BBIBO-
JTUTB U3 3TOM 3aKOHOMEPHOCTH 0011Iee paBuiio. JlanpHeliiee
U3ydeHHEe PETPOIyKTHBHBIX 0aphepoB, a TAKKe TEHOMOB U
IKCIIPECCHUU TCHOB TIOMOJKET YCTaHOBUTh, KAKUE IMEHHO (paK-
TOPBI 00€CNEYNBAIOT PEITPOYKTHBHYIO HECOBMECTUMOCTbD, a
CJIEIOBATEIILHO, SIBJISIIOTCSI TEHETUYECKOM OCHOBOM BHI000-
pa3oBaHUsl.

Takum o6pazom, B 0003puMoM Oy/Ty1ieM HeOOXOANMO BbI-
MOJTHUTH OOHOBJICHHE TAKCOHOMHUH OalKaTbCKUX aMQHITON
U TIEPEONHUCaHNe BUIOB HA OCHOBE KOMILIEKCA TIPU3HAKOB C
LIEJTBIO YUECTh CYIIECTBYIONIY0 OUOIOTHYCSCKYIO PEaIbHOCTh
1 BO3MOYKHYIO SKOJIOTHYECKYIO0 KOHKYPEHITHIO MEXKTy KPHII-
THYEeCKUMHU BUIaMu. JlaHHAsT HEOOXOAUMOCTD HE YHHUKAJIbHA
s baiikana, HOCKOIbKY HaTM4YHUE KOMIUJIEKCOB KPUTHYECKUX
BUIOB 0e3 POPMaTHHOTO OMTUCAHUS XapaKTEPHO /TSI MHOTHX
IPYTUX aMQUIIOA, B TOM YHCIIE IMIUPOKO HUCIOIH3YEMBIX B
9KOTOKCHUKOJIOTHYECKHUX HCCIeA0BaHusAX Gammarus fossa-
rum w1 Hyalella azteca (Jourdan et al., 2023). Tem He MeHee
CJIIOKHMBIIASICSL CUTYAITHsI IOAYCPKUBACT KPUTUICCKYIO HE-
00XOMMOCTb YKa3bIBaTh TOYHOE MECTO cOOpa OallKaIbCKUX
aM(UIO BO BceX MyONMKyEeMbIX MaTepratax u Mo BO3MOXK-
HOCTH OIPEJICIIATh TCHETHICCKYIO JIHHHIO.

YTto n3BecTHO 0 reHoMax 6aiikanbckux ameunon?

CreneHb TeHeTHYCCKOI H3YUCHHOCTH OaiiKaTbCKAX aM(HUITON
MOKa OTHOCHTCJIBHO HEBEJIHMKA, U OOJIbIIIC BCETO BHUIOB HUC-
CJIE/IOBAHO HA YPOBHE EIMHUYHBIX (DUIIOTCHETHYECKUX Map-
KepoB (cM. Beimie). st 36 MOpPQOIOTHIECKIX BHIOB ObLIa
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Baikalogammarus pullus
OnvnHa Tena oo 8 mm,
rny6vHa obutaHua 0.5-25 m
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Brachyuropus grewingkii
Onvna Tena go 130 mm,
rny6rHa obutaHua 140-1300 m
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Puc. 2. PazHoo6pa3ue pa3mepoB afepHbIX reHoMOB no faHHbiM FIAD (Jeffery et al., 2017) n xpomocomHbIx HabopoB Halikanbckux amounog (Salemaa,

Kamaltynov, 1994; KamanTtbiHoB, 2001; Natyaganova, Sitnikova, 2012).

MonHbIi Habop AaHHbIX NpefcTaBneH B MpunoxeHun 2. HanmeHoBaHus BUAOB NpreeaeHbl no (Jeffery et al., 2017). MNokasaHbl NpriMepbl BHeLwHero Buaa baii-
Kanbckux amounopg Baikalogammarus pullus (Dybowsky, 1874) c cambim ManeHbKMM reHomom (061afaaeT MasibiM pa3mepom Tena 1 o6uTaeT Ha Topan u cyonu-
Topanu), a Takxe rny6oKOBOAHOIO N OAHOIO M3 CaMblX KPYMHbIX BAOB Brachyuropus grewingkii (Dybowsky, 1874). laHHble 06 5KONOrMYecKrX XxapakTeprucTnkax
3TUX BUAOB YKa3aHbl cornacHo (KamantbiHoB, 2001). ®oTorpadus B. grewingkii niobesHo npepoctasnera E.M. LLanosoii.

MpPOBENICHA OIICHKA pa3Mepa SICPHOTO TeHOMA C ITOMOIIBI0
IUTOTCHETUYCCKUX METOIOB, TAKHX KaK ICHCUTOMETPHS SIEP,
okpameHHsx o @énsreny (Feulgen image analysis densito-
metry, FIAD), u nporounas muromerpust (flow cytometry,
FCM) (Jeffery etal., 2017; Drozdova et al., 2022), a ist 35 Bu-
JIoB u3y4eH kapuotun (Salemaa, Kamaltynov, 1994; Kamai-
ThIHOB, 2001; Natyaganova, Sitnikova, 2012; Barabanova et
al., 2019) (ITpunoxenwue 2). lst 6onee yem 60 mopdosormye-
CKHUX BUJIOB €CTh JIaHHbIC CEKBEHUPOBAHUS TPAHCKPUIITOMOB
(Naumenko et al., 2017; Drozdova et al., 2022), mo3BoJisirorye
U3BJICYb MH(OPMAILIHIO O TIOCIIE0BATECIBHOCTSIX OOJIBIIIMHCT-
Ba OEJIOK-KOANPYOIIUX T€HOB, & TAKIKE YaCTUYHBIE HITH T10JI-
HBIC TI0CJICI0BATEIIFHOCTH MUTOXOH JPHAITBHBIX TeHOMOB. J[0-
CTyITHbIE COOPKH TPAHCKPUIITOMOB UPE3BBIYAMHO IICHHBI, B
YaCTHOCTH, JJIsl IPOTEOMHBIX nccinenoBanmii (Bedulina et al.,
2021; Zolotovskaya et al., 2021). [l ceMu BUIOB TOIy4e-
HBI JaHHbIC CeKBeHUpOBaHus reHomuoi JIHK, mo3Bonusiime
BOCCTaHOBHUTH MOCJIEA0BATEILHOCTH MUTOXOHIPHAIBHBIX
TCHOMOB, a TAK)KE TaKXKe OICHUTH Pa3HO00pa3re MOBTOPSIO-
IIUXCs TOCIISI0BATEIBbHOCTEH B siiepHbIX reHomax (Rivarola-
Duarte et al., 2014; Romanova et al., 2016a, 2021; Rivarola-
Duarte, 2021; Yuxiang et al., 2023) (ITpunoxenue 3).

Bapuauusa pasmepa reHOMOB 11 €e BO3MOXKHble MPUYHbI
Pa3zmep reHOMOB U3y4eHHBIX OaiKaabCKUX am(UIIOn Bapbh-
pyet oT 2 1o 17 nr (1 nr npubIU3UTEIHLHO COOTBETCTBYET
1 mipx . 1.) (Jeffery et al., 2017) (puc. 2), 4To HaXOOUTCA B
npeJiesiax M3BECTHOTO pa3dpoca 3HaYCHNH pa3MepOB ITeHOMOB
amumox (Hultgren et al., 2018). AkTyasibHbIC CBEICHHS MOX-
HO YTOYHHTH B 0a3e JaHHBIX Pa3MEpOB T€HOMOB JKHBOTHBIX
(http://www.genomesize.com/) (Gregory et al., 2007).

IIpu cpaBHEHUHU PE3yNbTATOB, IOJYUYEHHBIX PA3HBIMU Me-
TOaMH, CJIeIyeT YYUThIBAaTh, YTO OLEHKH pa3Mepa reHOMa
paxoobpa3sbix ¢ nomoisio FIAD 00b14HO HEMHOTO HIKE,
yem ¢ omoibio FCM (Wyngaard et al., 2022). MuarepecHo,
YTO OTJIMYHS B pa3Mepax TeHOMOB HAKaIlJIMBAIOTCS JIOCTATO-
YHO OBICTPO, MOCKOJIBbKY ISl JINHUN E. verrucosus 3TOT 1a-
pametp pasnugaercs: 6.1 nr — g nuaun E, 6.9 nr — mis W,
8.0 i — g S (Drozdova et al., 2022). [1pu ananmse pasmepoB
TCeHOMOB Pa3HbIX BUOB HaiifieHa ciabasi MOJOKUTENIbHAas
KOppeJsilys Kak ¢ MaKCMMaJIbHOM JUTMHO# Tesia ocobeil, Tak
¥ C TIyOMHOM 00MTaHMs BU/IA, YTO COOTBETCTBYET N3BECTHBIM
skonorndyeckum tpenaam (Jeffery etal., 2017). B To sxe Bpemst
YHUCIIO XPOMOCOM B KapUOTHUIAaX UASHTHYHO (21 = 52) nyis 33
m3 35 m3ydeHHsIx BU0B (Salemaa, Kamaltynov, 1994; Ka-
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manTbIHOB, 2001; Natyaganova, Sitnikova, 2012) (cm. puc. 2)
Y COOTBETCTBYET HanOo0JIee 9aCTOMY U1l TaMMapOH/IHBIX aM-
¢unon (Coleman, 1994). OrcyTcTBHE KOPpPENSALUHA XPOMO-
COMHBIX YHCEI M Pa3MEepOB FTeHOMOB YKa3bIBaeT Ha OMpesie-
JSFOLIMI BKJIAJ TIOBTOPSIFOLIMXCS TTOCIIEJOBATEILHOCTEH B
JAHHYEO H3MEHYHBOCTb. [IpH 3TOM aHaM3 pa3zHOOOpasus mo-
BTOPOB MMOKA3aJI, 4TO UX HAOOPHI CYIIECTBEHHO OTINYAKOTCS Y
pa3HBIX BHI0B Oaiikansckux am¢unon (Yuxiang et al., 2023),
a JIOJsl YTCHUH, BXOASAIIMX B KJIACTEPhl MOBTOPOB, Y BCEX
n3y4eHHbIX BUoB npesbicuia 50 % (Rivarola-Duarte et al.,
2014; Yuxiang et al., 2023).

MuToxoHApuanbHbie reHoMbl

Hawnbosnee n3yueHbl MUTOXOHPHATBHbBIE TEHOMBI aM(HUIIO.
I'eHOM MUTOXOHIPHH — 3TO HEOOIbIIIAsT BEICOKOKOIIMIHAS MO-
nexyna JIHK, nocienoBarebHOCTb KOTOPO OOBIYHO MOYKHO
JIeTKO coOpaTh N3 TaHHBIX CEKBEHNpOBaHMs ToTaibHOM JJHK
KJIETKH B HEBBICOKOM MOKPBITHH (Smith, 2016). Mutoxonapu-
aJIbHBIE TEHOMBI )KUBOTHBIX, KaK ITPaBHJIO, KOJIBIEBbIE, UMEIOT
pa3mep okoio 16 Teic. . H. ¥ comepkar 13 OeloK-Koaupyro-
mux reHos, 2 rena pPHK u 22 rena TPHK, X014 BeTpewarorcs
U CyILIECTBEHHBIE PA3JIMYHs B QPXUTEKTYpE, JJIMHE TCHOMOB
u coctase reHos (Lavrov, Pett, 2016).

K Hacrosmemy BpeMmeHHn sl OalKalbCKUX aM(UITON
OIyOJIMKOBaHO BOCEMb IOJIHBIX U MIECTh YaCTUYHBIX MHUTO-
XOHIpHaIBHBIX TeHoMOB (Rivarola-Duarte et al., 2014; Ro-
manova et al., 2016a—c, 2021; Mamos et al., 2021) (ITpuio-
skenue 4). Pazmep O0JbIIMHCTBA U3 HUX HAXOJUTCS B IpeJe-
max 15-18 TeIC. T.H., OAHAKO IJIMHA MHTOXOHAPHAIBEHOTO
reaoma M. branickii mpeBbrmaet 42 THIC. 1. H., X 3TO OIUH U3
CaMbIX KPYIHBIX M3BECTHBIX MHTOXOHAPHAJIBHBIX TEHOMOB
*uBOTHBIX (Romanova et al., 2021). Kpome Toro, B MuTO-
XOHJPUAIIBHBIX TeHOMaX OalKaJIbCKUX aM(UITO €CTh N3Me-
HEHUsI ITOpsIJIKa TeHOB, CIIy4au TYTUIMKALMH U TAKOe HHTEepec-
Ho€ siBlIeHUE, Kak peMosiauHr reHoB TPHK, T.e. namMenenue
tuna TPHK BenencTBre MyTanuu B ocie0BaTeIbHOCTH aH-
TUKOOHA. PEMOJIIMHT HE UCKIIIOUUTENIEH I 0ailKaIbCKUX
[IpeICTaBUTENEH 3TOM IpyNIIbl, HO PACIPOCTPAHEH B HEH Ha-
MHOTO Harie, ueM y Apyrux amguron (Romanova et al., 2020).

nepCHEKTI/IBbI I/ICCHEAOBaHVIﬁ MOJIHbIX rEeHOMOB
CJ1ey oImmM BayKHBIM [IIaTOM B Pa3BUTHH T€HOMHBIX HCCIIE0-
BaHMH OaiiKaIbCKUX aM(UIION JOJDKHA CTaTh COOpKA MOJTHBIX
MOCIIEA0BATENBHOCTEH SIIEPHBIX TEHOMOB Psiia OalfKalbCKUX
BU10B. BooOrie st MupoBoii ayns! amdunon B ureparype
YHOMSHYTBI COOpKH reHOMOB ceMu BuaoB (IIpunoxenue 5).
Yetsipe u3 HUX (H. azteca, Trinorchestia longiramus, Plator-
chestia hallaensis, Parhyale hawaensis) oTHOCsATCS K UH(-
paotpsny Talitrida (Kao et al., 2016; Poynton et al., 2018;
Patra et al., 2020, 2021), Tpu — k uappaorpsxy Gammari-
da (Gammarus lacustris, G. roeselii, E. verrucosus), B TOM
quCIIe OAMH OaiikanbCKuil IpecTaBuTeNb, . verrucosus (Jin
et al., 2019; Cormier et al., 2021; Rivarola-Duarte, 2021).
B 3Tom crincke reHOMbI TaMMapu I 00J1a1af0T HaHOOTBIINMHU
pa3Mepami, oITOMY KaueCTBEHHast COOpPKa TaKUX T€HOMOB
3aTpyaHEHA M HaXOJUTCS Ha «4epHOBoi» ctaann (N50 Bcex
cO0poK <5 THIC. II. H.); U3 HAa3BaHHBIX ITyOJIMYHO JOCTYTICH
ToJIbKO TeHoM G. roeselii.

Pa3BuTHE TEXHOIOTNH CEKBEHUPOBAHMSI TPETHETO MIOKOJIE-
HUSI TIO3BOJISICT HAJESTHCS, YTO TEXHUYECKUE TPYIHOCTH CO
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COOPKOH CIIOKHBIX TEHOMOB TaMMapH/l YAACTCS Pa3pellnTh,
KaK, HallpuMep, UX YAaI0Ch IPEOIO0IIETh IPH COOpKe reHoMa
aHTapKTHYECKOTO Kpuiist Euphausia superba (48 mnpn 1. H.),
KOTOprﬁ Ha [laHHbIﬁ MOMEHT SIBJISIETCS CAMBIM OOJIBIIIUM CO-
OpaHHBIM T€HOMOM KHBOTHBIX (Shao et al., 2023). [Toryuerne
Ka4eCTBEHHBIX COOPOK TeHOMOB ITO3BOJIUT CYILIECTBEHHO ITPO-
JABUHYTBHCA B UBYUCHUN MEXAaHU3MOB aJlallTalliy SHACMHUYHbBIX
amMQuITo] K pa3Ho00pa3HBIM yCIOBHUIM Cpebl B o3epe baiikan
1 TIPOCJICIUTH X 3BOJIIOIMOHHYIO HCTOPHIO, TOCKOIBKY 3TO
OTKPOET HOBBIE BO3MOYKHOCTH JUISI aHAJTH3a [TOJHBIX HA0OPOB
T€HOB U MX PETYISTOPHBIX JIEMEHTOB, HEIOCTYIHBIE TIPH
UCTIONIb30BAaHNU MMEIOIINXCSI TPAHCKPUIITOMHBIX JaHHBIX, a
TaK)Ke MPEIOCTABUT HOBYIO MH(POPMAIIUIO 00 MCTOPHH I10-
mymsaauit (Bourgeois, Warren, 2021) u 6omee BBICOKOE pa3-
penienue s pUITOreHeTHYECKOro aHaIn3a.
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Abstract. Frank-Ter Haar syndrome (FTHS) is a rare genetic hereditary autosomal recessive disorder characterized
by defective malformation of cardiovascular, craniofacial, and skeletal system. Mutations in the SH3PXD2B gene are
a common cause in the development of FTHS. We recruited a family with two affected individuals (3-year-old female
and 2-month-old male infant) having bilateral clubfoot. Family pedigree shows an autosomal recessive mode of in-
heritance. DNA was extracted from the blood samples of six members of the family. Whole exome sequencing was
done for the two affected individuals and the variant was validated in the whole family by using Sanger sequencing
approach. Whole exome sequencing (WES) data analysis identified a rare homozygous variant (c.280C>G; p.R94G) in
the SH3PXD2B gene, and Sanger sequencing showed that the same variant perfectly segregates with the phenotype
in the pedigree. Moreover, the variant is predicted to be damaging and deleterious by several computation tools. Re-
visiting the family members for detailed clinical analysis, we diagnosed the patients as having the typical phenotype
of FTHS. This study enabled us to correctly diagnose the cases of FTHS in a family initially recruited for having bilateral
clubfoot by using WES. Moreover, this study identified a novel homozygous missense variant (c.280C>G; p.R94G) in
(NM_001308175.2) the SH3PXD2B gene as a causative variant for autosomal recessive FTHS. This finding supports the
evidence that homozygous mutations in the SH3PXD2B gene are the main cause in the development of FTHS.
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ITo/IHOEe CeKBEHIIPOBaHIe 3K30Ma IMO3BOJINJIO 0e30I1IO60UYHO
OarHOCTMPOBaTh CMHAPOM dpaHKa—Tep Xaapa
B OJTHOII 113 cayJoapaBUICKNX ceMeil

SH. XaHl, M. imap, A.M. MaXMYAl, H. Ormanl, X.M. PaHAsyaﬂl, C. Bacur? 3

! Kadepnpa dyHaameHTanbHbIX MEAULIMHCKIX HAYK, MEAULMHCKMI GpaKynbTeT, MexayHapoAHbI NCnamcKuii yHrusepcuTteT Manainsumn
2 Kadepnpa 6roxvmnmn n monekynapHon MeanLMHbI, MEANLMHCKNI Konnemx, YHnBepcuteT Tanba, MeavHa, CaypoBckan ApaBuis
3 LieHTp reHeTVKM 1 HacleACTBEHHbIX 3aboneBaHuii, YHuBepcutet Tanba, MeanHa, CayaoBckas ApaBus
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AHHoTauuA. CuHpgpom OpaHka-Tep Xaapa (Frank-Ter Haar syndrome, FTHS) — peakoe reHeTnyeckoe 3aboneBaHue
C ayTOCOMHO-PeLLecCMBHbBIM TUMOM Hac/leJoBaHNA, XapakTepu3yloLleecs aHOManuAaMN Pa3BUTUA CepaeyHO-COCYAn-
CTOW CUCTeMbl, KOCTel NMLEBOro Yyepena 1 ckeneta. Hanbonee pacnpocTpaHeHHON NPUYMHON Pa3BUTUA AAaHHOTO
CMHAPOMA ABNAIOTCA MyTauuu B reHe SH3PXD2B. ina nccnepoBaHma 6bina BblbpaHa cembaA, B KOTOPOW [iBoe AeTen
(TpexneTHAA AeBOYKa U ABYXMECAYHbIN ManbyvK) CTpafanu BYCTOPOHHEN KOConanocTbio. B cemeliHon pogocnios-
HOW YKa3blBasiCs ayTOCOMHO-PELIECCHBHDBIN TN HacnefoBaHUA. V3 KpOBY LIECTV YIEHOB CeMbl Mbl BbIAenuam o6-
pasubl AHK. Ana ynomaHyTbIx ABOVX AeTel 6blf10 NPOBEAEHO NOMHOE CEKBEHMPOBAHME 3K30Ma, a CEKBEHMPOBAHMEM
no CaHrepy NoATBep»KAeHO HannyMe MyTaHTHOTrO BapuaHTa y BCEX UNleHOB ceMbl. 10 pe3ynbTaTtam aHanm3a faHHbIX
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lNonHoe cekBeHVPOBaHMe 3K30Ma NMO3BOIO ANArHOCTMPOBATb
cuHapom OpaHka-Tep Xaapa B cayfoapaBuiickomn cembe

NMOSIHO3K30MHOTO cekBeHrpoBaHua (WES) Gbina BbifBNeHa pefkas roMo3uroTHas MyTauusa (c.280C>G; p.R94G) B
reHe SH3PXD2B. CekBeHunpoBaHue no CaHrepy nokasasno, YTo 3Ta MyTauma ugeanbHO cerpernpyer C yKasaHHbIM de-
HOTUMOM B POAOCNIOBHON. bonee Toro, Npu MCNonb3oBaHNM PAAa UHCTPYMEHTaJIbHbIX CPefCTB NOnyYeHbl JaHHble,
npeAckasbiBatoLe BpeAHOCTb M OMACHOCTb 3TON MyTauuu. [1pyn NOBTOPHOM MOCELLEHNN YNIEHOB CeMbM C LieNblo
NpoBefEeHNA Pa3BEPHYTOrO KIMHNYECKOTO aHanun3a 6bis10 YyCTaHOBNEHO, YTO GEHOTUM ABOVIX AeTel, CTpafaBLUnX ABY-
CTOPOHHEN KOCOManocTblo, XapakTepeH A 605bHbIX ¢ cuHApoMom FTHS. Takum o6pasom, nccnefosaHme nossonu-
no 6e30wnboyHO AnarHocTposaTb cMHAPOM FTHS B ceMbe, nepBoHayYanbHO BbIGPAHHOW B CBA3W C ABYCTOPOHHEN
KOCONanocTbio y ee uneHos, ¢ nomouybto WES. bonee Toro, Hale nccnegoBaHme nokasasno, YTo NPUYMHON Pa3BUTUA
cmHapoma FTHS ¢ ayTocoOMHO-peLieccBHBIM TMOM Hacle4oBaHNA Obifia BHOBb BblABEHHAA FOMO3UIOTHaA MUCCEHC-
myTaumsa (c.280C>G; p.R94G) B reHe (NM_001308175.2) SH3PXD2B. 3TO Cly»KUT [ONONHUTENbHBIM NOATBEPXKAEHNEM
CYLLECTBYIOLMX AAHHBIX O TOM, YTO FOMO3MIOTHblEe MyTauuun B reHe SH3PXD2B ABNATCA OCHOBHOW MPUYMHON pas-

BUTUA cuHppoma FTHS.

KnioueBble cnoBa: cekBeHMpPOBaHMe 3K30Ma; MyTauus; reH SH3PXD2B; cuippom OpaHka-Tep Xaapa.

Introduction

Frank—Ter Haar syndrome (FTHS) is a rare genetic heredi-
tary autosomal recessive disorder characterized by cranial
deformities like wide fontanelle and enlarged forehead, fa-
cial deformities such as small chin and full cheeks, ocular
anomalies, namely exophthalmos, enlarged cornea with or
without glaucoma and hypertelorism, protruded ear auricles,
cardiovascular and skeletal deformities including a long
coccyx bone with an overlying skin fold (Mass et al., 2004).
Clinical features and genetic relations of the syndrome were
first described by Frank et al. in a Dutch family in 1973 (Frank
et al., 1973). Nine years later, Ter Haar et al. confirmed that
the phenotype is inherited in an autosomal recessive manner
(ter Har et al., 1982). Hence the name of the phenotype —
Frank—Ter Haar syndrome.

Genetic studies suggested that mutation in the SH3PXD2B
gene is a common cause in the development of FTHS. A study
on 13 homozygously affected families mapped out and re-
vealed gour different intronic mutations with two complete
deletions in the SH3PXD2B gene (Igbal etal., 2010; Massadeh
et al., 2022). A knock out study showed that a deficient pro-
tein TKS4 encoded by the SH3PXD2B gene presents similar
morphological features such as craniofacial, musculoskeletal,
cardiovascular, and ocular anomalies (Igbal et al., 2010).
A literature review by Durand B. et al. in 2020 showed that
40 patients manifesting clinical features similar to FTHS have
been reported worldwide, half of them were carrying muta-
tions in SH3PXD2B (Durand et al., 2020).

Whole exome sequencing (WES) has revolutionized the
modern era of clinical diagnosis, especially the diseases with
variable phenotypic presentations and of multiorgan involve-
ment. Whole exome sequencing allows the diagnosis of mo-
nogenic diseases and is recommended by the American College
of Medical Genetics and Genomics (ACMG) as a first-line
testing option to detect mutations causing genetic disorders
presenting one or more congenital abnormalities and develop-
ment delays, also ascertaining potential risks in individuals
prior to disease manifestation, thereby avoiding unnecessary
diagnostic tests (Manickam et al., 2021). One study accurately
established the clinical diagnosis of Cohen syndrome when
genomic analysis on DNA samples of affected and unaffected
individuals was performed; otherwise, the diagnosis would
have been impossible to make because of the different clini-
cal presentations of the same disease in the affected family
members (Hashmi et al., 2020). Garcia-Aznar et al. reported
a female patient having features suggestive of Soto syndrome

and initial genetic analysis did not reveal a mutation in the
pathogenic gene but whole exome sequencing of all the genes
showed a frameshift variant in the AMERI gene causing the
phenotype of osteopathia striata with cranial sclerosis, which
was later confirmed upon doing retrospective clinical and in-
strumental examination (Garcia-Aznar et al., 2021). Hence, the
role of the whole exome sequencing is crucially important in
diseases with non-specific clinical presentations. Furthermore,
exome sequencing carries a positive impact on management of
the affected individuals and genetic counseling of their family
members. A case report of a patient with severe transfusion-
dependent anemia that was clinically diagnosed as Diamond-—
Blackfan anemia (DBA), but WES analysis finally revealed
the condition as a variant of hereditary hemolytic anemia.
Thus, the child was successfully managed with splenectomy,
which ultimately reduced his blood transfusion dependency
(Khurana et al., 2018).

Here we report a family of 6 members, where two children
having bilateral clubfoot were studied to identify the genetic
defects underlying the clubfoot phenotype. WES identified
a pathogenic variant in the SH3PXD2B gene. Clinical re-
examination revealed additional morphological features in
the patients, establishing the diagnosis as FTHS.

Methods

A single four-generation family with 2 affected individuals
was phenotypically and genetically analyzed. The family
pedigree shown in the Figure was drawn to assess the pattern
of inheritance of this disorder. Ethical review committee date
20-09-2020 Study ID: 036-1441 of the Taibah University,
Medina, Kingdom of Saudi Arabia approved the research
study. Parents of the affected individuals signed the written
informed consent after understanding the aims of the study,
which were explained in their local (Arabic) language.

Genomic study (DNA extraction). Blood samples were
collected from the parents (III:1 and III:2), two unaffected
healthy sibs (IV:1 and IV:2) and two affected individuals (IV:3
and IV:4) (see the Figure). Genomic DNA was extracted by
using the QIAmp DNA micro kit (Hilden, Germany). DNA
quantity and quality was assessed by using a Nano Drop TM
spectrophotometer.

Next Generation Sequencing (NGS) methods. After con-
firming the standard DNA quality and quantity, whole exome
sequencing was performed on the affected individuals (IV:3
and 1V:4) using the Illumina HiSeq 2500 platform (Illumina,
San Diego, CA, USA). The SureSelect Target Enrichment
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Family pedigree shows consanguinity, carriers, and affected individuals.
The pedigree depicts an autosomal recessive mode of inheritance for this
variant mutation. The female and male individuals are represented with
circle and square symbols respectively. Filled symbols signify homozy-
gous individuals for the missense variant (c.280C>G) in SH3PXD2B.

Kit v6 was used to prepare the libraries as elaborated in earlier
studies (Rafiullah et al., 2022; Ullah et al., 2022). Sequencing
data coverage was 30x and sequencing data depth was 100x.
Standard filtration steps were followed to analyze VCF (va-
riant calling files) of the two affected individuals, which were
uploaded by using the online Illumina Base Space analysis
tool (https://basespace.illumina.com). As shown in the fami-
ly pedigree (see the Figure), due to an autosomal recessive
pattern of inheritance with consanguineous marriage in the
family, only two affected individuals having homozygous and
heterozygous variants were filtered for the analysis.

Sanger sequencing for validation and segregation analy-
sis. Variant-specific primers were designed for the prioritized
variant after exome filtration. Ensembl genome browser
(https://m.ensembl.org) was used to download the exonic se-
quence for the specific gene. Primer 3 software (http://primer3.
ut.ee) was used to design the specific primers for identified
variants with 30x sequencing data coverage and 100x se-
quencing data depth. Purification of PCR-amplified DNA was
achieved using the Marligen Biosciences kits (Ijamsville, MD,
USA). Sanger sequencing was performed using the BigDye
sequencing kit (Applied Biosystems, USA) as described ear-
lier (Allugmani, Basit, 2022; [jaz et al., 2022). Alignment of
the Sanger sequencing reads with reference sequences were
obtained using BIOEDIT to confirm variant identity.

In silico tools were used to calculate pathogenicity
scores. Various in silico tools were used to calculate the
pathogenicity scores including meta scores as well as indi-
vidual scores of the variant by using BayesDel addAF (https://
fengbj-laboratory.org/BayesDel/BayesDel.html), MetaLR
(https://www.ensembl.org/info/genome/variation/prediction/
protein_function.html), MetaSVM (http://cancergenome.nih.
gov), and REVEL (https://blog.goldenhelix.com/annotate-
your-varseq-projects-with-revel/engines). Moreover CADD,
(https://asia.ensembl.org/info/genome/variation/prediction/
protein_function.html#CADD), DANN, FATHMM, LRT,
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Mutation assessor (http://fathmm.biocompute.org.uk/),
MutationTaster (https://www.mutationtaster.org/), MutPred
(http://mutpred.mutdb.org/), PolyPhen2 (http://genetics.bwh.
Haarvard.edu/pph2/), PROVEAN (https://www.jcvi.org/
research/provean), and SIFT (https://www.merriam-webster.
com/dictionary/sift) engines were also used to calculate indi-
vidual pathogenicity scores.

Results

Both affected individuals were referred to specialists in mul-
tiple disciplines such as pediatrician, cardiologist, ophthal-
mologist, orthopedic surgeon, pediatric neurologist and finally
referred to a specialist in clinical genetics at the Maternity
and Children Hospital, Al Madinah Al Munawara for further
evaluation and care. Details of the clinical presentation of
both cases (IV:3, IV:4) as documented by the specialists of
different clinical departments at the Maternity and Children
Hospital Al Madina Al Munawara are mentioned in Table 1.

Potentially pathogenic missense mutation in SH3PXD2B

in both patients

Sequencing reads were aligned to the reference genome and
variants were annotated and prioritized based on the phenotype
of the patients (IV:3 and IV:4). WES data failed to identify any
pathogenic variant in the genes associated with clubfoot. All
variants in the WES data were annotated, filtered, and priori-
tized for rare (minor allele frequency less than 0.001), homo-
zygous or heterozygous, shared (common to both affected in-
dividuals) and potentially pathogenic variants (based on SIFT
and PolyPhen2 scores). Variants in OBSL! (NM_015311.3;
¢.4989+5G>A), SH3PXD2B (NM_001308175.2; ¢.280C>G;
p.-R94G), and MAN2BI (NM_000528.4; ¢.2402dupG;
p-S802fs*129) were initially prioritized.

Sanger sequencing validated

and confirmed the autosomal recessive inheritance

of the SH3PXD2B variant in the family

Primers were designed for all three variants that were am-
plified by polymerase chain reaction (PCR) in all available
members II1:1, II1:2, IV:1, IV:2, IV:3, IV:4 of the family. Va-
riants in OBSLI (c.4989+5G>A) and MAN2B1 (¢.2402dupG)
were found not to segregate in the family, therefore, they were
not considered for further analysis. A variant in SH3PXD2B
(c.280C>Q) perfectly segregates with the phenotype in the
pedigree. Both parents and unaffected individuals are found to
be heterozygous for the variant and both affected individuals
are homozygous for it. Therefore, a rare (0 % gnomAD fre-
quency) homozygous missense variant (c.280C>G; p.R94G)
inthe SH3PXD2B (NM_001308175.2) gene was considered as
the most plausible candidate variant for the disease phenotype
in this family. The variant is present in the exome data of both
affected individuals (IV:3 and IV:4).

In silico analysis predicted the variant (c.280C>G)

in SH3PXD2B to be potentially pathogenic

Most of the in silico engines including CADD, DANN,
FATHMM, LRT, Mutation assessor, MutationTaster, MutPred,
PolyPhen2, PROVEAN, and SIFT predicted the variant to be
disease causing, damaging or pathogenic. Table 2 shows the
score and prediction obtained after analyzing the variant with
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Table 1. Comparison of the clinical manifestations of Frank-Ter Haar syndrome
in family studies by Igbal et al., 2010, and by Durand et al., 2020
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Clinical manifestations of confirmed cases

of Frank-Ter Haar syndrome having SH3PXD2B mutations

Family

Gender
Consanguinity

Vision, adaptation, learning
Hearing, communication, learning difficulty
Motor developmental abnormality

Large open anterior fontanelle
Protruding forehead

Increased intracranial pressure
Bilateral coronal craniosynostosis
Bilateral sagittal craniosynostosis
Orbital hypertelorism

Unturned nostrils

Puffy cheeks

Long philtrum

Thin upper lip

Macro stomia

Microgenia

Gingival hyperplasia
Micrognathia

Otapostasis

Broad alveolar ridges

Eyes protrusion

Macro cornea

Bilateral buphthalmias

Congenital raised intraocular pressure/Glaucoma

Cardiomegaly

Arterial septal defect

Patent ductus arteriosus

Ventricular septal defect

Aortic regurgitation/prolapse

Double right outlet (Pulmonary trunk)
Mitral valves prolapse/regurgitation
Tricuspid valves prolapse/regurgitation

Talipes Equiano Varus (clubfoot)

Feet size discrepancy

Congenital hand deformities
I) contractures flexion/extension deformity
1) brachydactyl, shorthand, digits deformity

Bowing of the long bones

Kyphosis

Prominent coccyx

Pectus excavatum

Subcutaneous nodules

Igbal et al., 2010

13 families

3F10M
12/13
Cognitive disabilities
NA
NA
NA
Craniofacial
12/13
13/13
12/13
NA
12/13
12/12
6/9
13/13
NA
NA
13/13
10/13
NA
10/13
8/10
6/11
Ophthalmic
NA
9/12
NA
NA
Cardiology
NA
NA
2/3
5/10
3/9
NA
6/9
1/9
Musculo-skeletal
7/11
11/13
13/13
4/13
13/13
7/10
6/11
9/13
NA
12/13

Durand et al.,, 2020

21 families

8F, 13M
05/14

4/8
4/8
9/18

17/18
21/21
NA
8/18
NA
21/21
14/20
21/21
13/17
8/15
18/18
16/19
11/11
16/19
13/15
7/9

18/18
14/18
8/14
6/18

NA
1/18
NA
8/18
2/17
NA
7/17
2/18

11/19
NA
20/20
14/21
14/21
11/15
13/18
14/18
5/18

NA

Present study, 2023

1 family
Case IV:3
F

Yes

Yes
Yes
Yes

Yes
Yes
Yes
NA
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA
Yes
Yes
Yes

Yes
Yes
NA
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Case IV:4
M
Yes

Yes
Yes
Yes

Yes
Yes
Yes
NA
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA
Yes
Yes
Yes

Yes
Yes
NA
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Note. /-, Number of families positive for mentioned clinical features/total number of families studied. “Yes” is for patients having the mentioned clinical
features and “NA” indicates the not available or absence of the clinical features.
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Table 2. In silico analytical prediction
of the potential pathogenicity
of the missense variant (c.280C>G) in SH3PXD2B

Tools Prediction Score
REVEL Damaging 0.877
MetalR Pathogenic 0.8334
SIFT Damaging 0.00
CADD Deleterious

PolyPhen2 Probably damaging 0.010
Conservation GERP Highly conserved 5.480
GenoCanyon Deleterious 1.000
fitCons Deleterious 0.730
Aggregated Deleterious 0.870
Mutation assessor Pathogenic 3.700
PhastCons100way Highly conserved 1.000
PhyloP100way Conserved 6.369
MutPred Pathogenic 0.786
MutationTaster Disease-causing 0.9999
PROVEAN Damaging -5.820

various in silico software. A very low frequency in gnomAD
(PM2) and support from multiple lines of computational evi-
dence (PolyPhen2, SIFT, CADD) (PP3), as well as segregation
of the variant with the disease phenotype in the family support
the hypothesis that this variant is an underlying cause of the
phenotype in our case.

Discussion

Congenital inherited disorders such as FTHS have broad over-
lapping clinical presentations that often make them difficult
and unlikely to be diagnosed. Biochemical laboratory tests
do not even show any evidential clues for these disorders and
the genes are only investigated for research purposes. Next-
generation technologies such as whole exome sequencing are
considerably affordable, and a preferable testing platform in
situations where two or more than two affected individuals
are found in a consanguineous marriage family (Allugmani,
Basit, 2022).

In this study, a consanguineous marriage family from Saudi
Arabia having two affected individuals was investigated both
clinically and genetically. The family was referred to the
Center for Genetics and Inherited Diseases, Taibah University
for the genetic diagnosis of clubfoot. Family members were
registered, and WES was performed. Initially, genes associated
with clubfoot (PITX1, TBX4, HOXA9, HOXD10, HOXD]2,
HOXD13, HOXA9, TPM1, TPM2, COL9A41, FLNB, CASPS,
CASPI10, UTX, CHDI, RIPPLY2, CAND2, WNT7) were
screened for potential variants. However, WES data analysis
failed to detect any potential pathogenic variant in clubfoot-
associated genes. Therefore, an unbiased and hypothesis-free
approach was used to analyze WES data to filter and prioritize
variants of interest. A potentially pathogenic variant in the
SH3PXD2B gene was identified. Patients were recalled by the
physician, and they were thoroughly re-examined. Clinical re-
view of the affected individuals showed additional features of
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musculoskeletal deformity, cardiac, ophthalmic, craniofacial
disorders, and cognitive disabilities. These clinical features
helped us to classify our cases as FTHS (Igbal et al., 2010). In
this family, the affected individuals were also found to have
cardiomegaly and a double pulmonary trunk, which were not
reported previously. While gingival hyperplasia, buphthalmia,
and subcutaneous nodules are the features commonly reported
in such cases in the literature, these are not seen in our cases
(Durand et al., 2020).

FTHS is primarily caused by mutation in the SH3PXD2B
gene. This gene, located on 5q35.1 chromosome, encodes
a 911-amino-acid protein, which has a phox homology (PX)
domain, known as Tks4 (tyrosine kinase substrate with four
SH3 domains) (Igbal et al., 2010). This protein is involved
in the formation of actin-rich membrane protrusions called
podosomes, which coordinate pericellular proteolysis with cell
migration and regulate proliferation, growth, and differentia-
tion in the cells with extracellular matrix remodeling (Gimona
et al., 2008). The gene mutation leads to the absence of Tks4
and thus embryonic fibroblasts decrease the formation of
mature and functional podosomes; hence, they fail to degrade
the extracellular matrix (Saeed et al., 2011). Filamin A protein
is present in the podosome belt, and it needs to be cleaved by
calpain for maintaining osteoclast motility during bone deve-
lopment (Marzia et al., 2006). Filamin A is also required for
podosome rosette formation, proteolysis of the extracellular
matrix mediated by podosomes in macrophages, and three-
dimensional mesenchymal cells build up, so mutation in the
genes encoding for actin-rich membrane structures causes
serious congenital anomalies of the heart, skeleton, and cra-
niofacial region (Cejudo-Martin, Courtneidge, 2011). Newly
published knockout studies proved that TKS4, once lost, can
adversely affect the differentiation of different cell lineages
and maturation processes, thus leading to the development of
FTHS (Léaszlo et al., 2022).

Hence, the ambiguous clinical presentation of FTHS is
commonly seen due to overlapping features as the defect
occurs during the differentiation of primordial germ layer
development, which influences multiple organs and systems
of the organism. Therefore, clinical use of genetic testing like
WES is essential when a clinician encounters a case show-
ing unclear clinical and/or laboratory presentation (Sharma,
Nalepa, 2016).

Whole exome sequencing has played an important role in
diagnosis of other diseases as well. A consanguineous Saudi
family having five individuals with steroid resistant Nephrotic
syndrome were examined by WES which identified a homo-
zygous novel insertion mutation (c.6272 6273insT) in the
PLCE] gene (Hashmi et al., 2018). WES is also considered a
useful time-saving practical diagnostic tool in the evaluation
of patients with rare and complex hereditary disorders like
episodic ataxia type 1. This diagnostic approach can hasten
early therapeutic intervention strategies and directly affect
patient care (Tacik et al., 2015).

Conclusion

This study provides us with further evidence for the impor-
tance of validation of genetic variants involved in the deve-
lopment of the FTHS with the use of WES. Here we reported
that the homozygous missense variant (c.280C>G; p.R94G)
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in the SH3PXD2B (NM_001308175.2) gene can be con-
sidered as the candidate variant resulting in autosomal reces-
sive FTHS. This study covers the SH3PXD2B gene mutation
spectrum, which might further reflect on the importance of
properly correlating genotypes with phenotypes and provides
support to the importance of genetic testing and analysis of
the SH3PXD2B gene in the Kingdom of Saudi Arabia and
probably certain other locations. This will also be beneficial
in marriage counseling and planning of future pregnancies
among FTHS carrier families.
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KoMIIbIOTEpHOE MOJeIpOBaHe OCOOEHHOCTEI
B3aumMomericTeuii IL-1 ¢ ero pelentopaMu mpu mmn3o@peHnn

H.IO. YacoBckux @, A.A. Bobpsruesa, E.E. Ymwkuk

CnBMPCKIIA TOCYAaPCTBEHHbIN MEAVNLIMHCKNI YHUBEpCUTET MUHUCTEPCTBA 3ApaBooxpaHeHns Poccuiickon Gepepaumu, Tomek, Poccna
@ nch03@mail.ru

AHHoTauuA. OQHON N3 OCHOBHbIX TEOPUIA Pa3BUTUA LWN30GPEHUN ABNAETCA FreHeTNYeCKas, CBUAETENbCTBYOLWanN
0 BOBJ/IEYEHUN HACeACTBEHHbIX paKTOPOB B pa3fiMyHble NPOLECCH], B TOM Yncsie BocnaneHue. NokasaHo, uto Boc-
nanuTenbHble peakumu, MpoTeKaloLue B MUKPOIIUY, MOTYT BANATL Ha pa3BUTUe 3aboneBaHms. Take ycTaHOBIE-
HO, UTO reHeTUYecKy 0OyCNIOB/IEHHbIE N3MEHEHNA IL-1 MOryT cnoco6cTBOBaThL LW30PEHUN, MOATBEPXKAAsA POJib
KnacTepa reHoB IL-1 B BOCMpunmunBocTu K 6one3HaAM. Lienbio paboTbl 6bi1a KOMMbOTEPHAA OLEHKa CTPYKTYPHbIX
B3ammogencTeuin 6enkos IL-1 ¢ nx peuentopamu npu wmnsoppeHnmn. cnonb3osanacb 6a3a aaHHbIx DisGeNET,
Nno3BosiAOLLAA OLEHUTb JOCTOBEPHOCTb BblAABMEHHbIX NonuMopdr3mos IL-1. MpoBeaeH nonck NoaMmopdrn3mos c
nomouybto NCBI PubMed. Cepsrc NCBI Protein ncnosnb3oBanca s noucka 1 aHanv3a NosioXKeHra Ha XpoMocome
HalfeHHbIX nonrmopdusmMos. /13 6a3bl gaHHbIX Protein Data Bank 6b11u1 n3BneyeHbl CTPYKTYpbl A4S NpoBeAeH s
MogzennpoBaHusa. MogenmpoBaHvie 6eNKOB BbINOMHANOCh C MOMOLLbto cepepa SWISS-MODEL, a mogennpoBaHue
6eKOBbIX B3aVMOZENCTBUI — ¢ nomolLbto PRISM. B HacTosiLem ncciefoBaHnm Briepeble NPOBeLeHO NMPOrHO3N-
poBaHue B3anmogencTauin 6enkos IL-1a, IL-13 n IL-1RA ¢ yyeToM Hannuma B NOCNeA0BaTENbHOCTY COOTBETCTBYIO-
LUX FeHOB OJHOHYKNEOTUAHBIX NONUMOPPM3MOB, aCCOLMMPOBAHHbIX C Wn3odpeHmnen. MokasaHo, YTo Hannume
aACCoOUMMPOBAHHOTO C Win3odppeHunen nonmmopdrsma rs315952 reHa 6enka IL-1RA MOXeT NPUBECTU K OCNabneHuio
cBA3u IL-1RA ¢ peuentopamu 1, NpeanonoXnTeNbHO, K 3aMycKy CUrHanbHOro nyTu IL-1 nyTem paspbiBa nnbo ocnab-
nenvsa ceasu IL-1RA ¢ peuentopamu v cBasbiBaHMeM IL-1 ¢ HUMK, YTO, BO3MOXHO, BbI30BET 3MEHeHNe MMYHHOIo
oTBeTa. [TonyyeHHble AaHHble BHOCAT TEOPEeTUYECKNIN BKNAA B Pa3BUTUe NpeacTaBleHnn O MONeKyNAPHbIX Mexa-
HM3MaXx BIVAHUA HacneACTBEHHbIX GpaKTOPOB WN30PPEHMIN Ha B3aMopencTeua 6enkos cemericTea IL-1, nrpato-
LMX BaXKHYIO POJIb B MpoLeccax UMMYHHOW CUCTEMbI.

Kniouesble cnosa: IL-1; wnsodpeHns; mogenmposaHme; SNP; ofHOHYKneoThaHble nonmmopdusmsl; PRISM.
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Abstract. One of the primary theories regarding the development of schizophrenia revolves around genetics, in-
dicating the involvement of hereditary factors in various processes, including inflammation. Research has demon-
strated that inflammatory reactions occurring in microglia can impact the progression of the disease. It has also
been established that genetically determined changes in IL-1 can contribute to schizophrenia, thereby confirming
the role of the IL-1 gene cluster in disease susceptibility. The aim of this study is a computer-based assessment of
the structural interactions of IL-1 proteins with their receptors in schizophrenia. The study utilized the DisGeNET
database, enabling the assessment of the reliability of identified IL-1 polymorphisms. Polymorphisms were also
sought using NCBI PubMed. The NCBI Protein service was employed to search for and analyze the position of the
identified polymorphisms on the chromosome. Structures for modeling were extracted from the Protein Data Bank
database. Protein modeling was conducted using the SWISS-MODEL server, and protein interaction modeling was
performed using PRISM. Notably, this study represents the first prediction of the interactions of IL-1q, IL-1(, and
IL-1RA proteins, taking into account the presence of single-nucleotide polymorphisms associated with schizophre-
nia in the sequence of the corresponding genes. The results indicate that the presence of SNP rs315952 in the
IL-1RA protein gene, associated with schizophrenia, may lead to a weakening of the IL-1RA binding to receptors,
potentially triggering the initiation of the IL-1 signaling pathway by disrupting or weakening the IL-1RA binding
to receptors and facilitating the binding of IL-1 to them. Such alterations could potentially lead to a change in the
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BeepeHue JUts jaHHOTO 3aboseBanus (Miyaoka et al., 2017). Xotst o

AKTyaJIbHOM IPOOIIEMOi COBPEMEHHON METMKO-OHOIOTHYe-
CKOIl HayKH SIBJISICTCS UCCJICJIOBAHNE IPUYMH MYJIbTH(AKTO-
pHATBHBIX 3a00JI€BaHMH, KOTOPhIE MMEIOT CIOXKHBIA XapaK-
TEp HAcJEJOBaHUS M CBSA3aHBI C JEHCTBHEM MHOTHX T'€HOB
(anrn. factor — ren) (boukos, 2011). IIpu u3yueHun Takux
3a0oneBaHUil 0c000€ BHUMaHHUE YAEISIIOT MX BO3MOXKHBIM
acCOLMAIMSIM C OAHOHYKJICOTHAHBIMH ITOJIMMOP(PU3MAMU
(single nucleotide polymorphism, SNP), a takxe y4acturo
COOTBETCTBYIOIINX TCHOB B PEAN3aIlII MOJICKYIISIPHBIX Me-
XaHU3MOB I1aTOJIOTHH.

B Hacrosiiiee BpeMsi OOJbILYI0 aKTyalIbHOCTh NPHOOpe-
TaeT WCCIEIOBAaHNE MEXaHM3MOB PA3BUTHS TAKOTO PACIIpO-
CTpaHeHHOTO 3a0oJeBaHus, Kak mu3odppeHus. JlanHoe 3a-
OoJsieBaHNE MMEET HECKOJIBKO KOHIEMIMI 3THONATOreHe3a,
OJIHA U3 OCHOBHBIX TEOpHH — reHeruyeckas. B yactHocry,
OHAa CBUJICTEIILCTBYET O BOBJICUCHHN TCHETHIECKUX (haKTOPOB
MM30(ppPEHNH B Pa3IMYHbIC MPOIECChl (QYHKIIMOHUPOBAHUS
OopraHm3Ma, B TOM YHCIIC B BOCHAIHUTEIbHBIC. AKTHBAIUS
CHCTEMBI BOCTIAJINTEIILHOTO OTBETA, CBSI3aHHAsI C TAaTO(U3HO-
jorueil muzoppeHnu, Oblla OKa3aHa BO MHOTHX paboTax
(Xu, He, 2010; Sommer et al., 2015; Kapelski et al., 2016;
Miyaoka et al., 2017; Miiller, 2019). MccnemoBanust Mmonenu
I_HI/IBO(i)peHI/II/I Ha MBIIIAax U IpuMarax CBUACTCIBCTBYIOT O
TOM, YTO BOCTIAIUTEIFHBIC PEAKIIHH, BOSHUKAIOIINE BO BPEMs
OepeMEHHOCTH, MOTYT BJIMSTh HAa Pa3BUTHE MO3Ta U BHOCUTD
BKJIQJ B 3THOJIOTHIO AaHHOrO 3abosnesanus (Frodl, Amico,
2014). ITokazaHo, 9TO KIETKHA MUKPOTINH aKTHBHPYIOTCS MIPU
MM30(PEHNN U UTPAIOT BAKHYIO POJIb B BOCHAIUTEIBHBIX
npoueccax (Miiller, 2019). Takxe oOHapyKeHO, YTO He-
CTepOUIHOE MTPOTHBOBOCIIATUTENbHOE CpeacTBO «Lemekok-
cr0» OKa3bIBaCT TEPAIIEBTHYECCKOE JICHCTBHIE Ha MAIlMEHTOB
¢ mm3odpenueit. C yueToM BBILICIPUBEICHHBIX (AKTOB B
HACTOSAIIEE BPeMsI HMMYHOMOIYIIAIINS IIHPOKO 00CYKIaeTCs
Kak ITOTEHIMAIBHBII MOXO0/ K JISYCHHIO JaHHOTO 3a001eBa-
nus (Miiller, 2019).

Onucanue KIMHUYCCKUX CIIy9dacB MAlMEHTOB C TPaHC-
TUTAHTaIMel KOCTHOTO MO3ra JIEMOHCTPHPYET BOCIAIMTEIb-
Hyto npupony mmszodppenun. Tak, T. Miyaoka ¢ komuteramu
(Miyaoka et al., 2017) mpexcraBwin cirydaii 24-JIeTHEro
MY>KYMHBI C YCTOWYHBOH K JICYEHHIO N30 pEHNEH, TIepeHec-
IIETr0 TPAHCIIAHTAIMIO KOCTHOTO MO3Ta JUIsl JICYEHHSI OCTPOTO
MUEJIOUIHOrO Jieiiko3a. Ilocne onepanuu OH MOKa3al 3Ha-
YHUTEJIIFHOE YMEHBIIICHHE CHMIITOMOB Mn30(peHun 6e3 npu-
MEHEHHUsI HelposentukoB. B padore (Sommer et al., 2015)
OIMCAaH OOpPaTHBIN Cydaii, Koria IPHIHHON 3a00ICBaHIS CTa-
Ja iepesaya mu3oppeHnn ot cuoauHra. Ha taHHbIii MOMEHT
MEXaHU3M I/I3M€HCHHf/’I, KOTOPBIE€ BHOCUT TPaHCIIJIaHTAIUA
KOCTHOTO MO3Ta OT 3I0pPOBOTO YEJIOBEKAa B Pa3BUTHE ITU30(]-
PEHUH, HE U3yUeH, HO IT0KA3aHO, YTO IIPH ’TOM HOPMAaJIN3YIOT-
CA UBMCHCHUA MUKPOITIUH, KOTOPBIC ABJIAIOTCA 3HAYUMBIMHU

PacCMOTPEHUIO €AMHUYHBIX CIIy4aeB HEb3s OJHO3HAYHO
MO/ITBEP/INTh UIMMYHHBIH ITaToreHe3 Mu30(ppeHnt, ydaacTue
MMMYHHOW CHCTEMbI MOJKET OBITh OJTHMM M3 KIIIOUEBBIX (DaKTo-
POB B pa3BUTHH JaHHOTO 3a0oeBanus (Sommer et al., 2015).

I'enerryecky 00ycIOBICHHBIC H3MEHEHHS PETYIISIIIAA METa-
6om3ma IL-1, oaHOTO U3 BayKHEHIIINX 2IEMEHTOB UMMYHHOTO
OTBETA, MOTYT CIIOCOOCTBOBATH N30 PEHIH, TIOATBEPIKAAS
poutb kinactepa reHoB [L-1 B BOCHpHUIMYHBOCTH K OOJIE3HIM
(Zanardini et al., 2003). IIpoBocnanuTeabHbIC TUTOKHUHBI
MOTYT MOAN(HUIIIPOBATH META0OTH3M HEHPOTPAHCMHUTTEPOB,
BIMSATH Ha pa3BUTHE HEPBHOU cucTembl. [L-1 yyacTByeT kak
B OCTPOH, TaK U B XPOHMUYECKOW HeMpoaereHepauuu, 1o-
3TOMY IIUTOKWHBI, HHAYIIPOBAHHBIE 3aITyCKOM CUTHAJIBHOTO
myTH IL-1, MOTYT HMeTh NepBOCTEIEHHOE 3HaYEHUE KaK IIPH
0CTpOM 3a00JIEBAaHNH, TAK U HA TEX CTA/INSIX PA3BUTHSI MO3Ta,
KOTOpBIE BIUSIIOT HA 9yBCTBUTEJILHOCTB YENIOBEKA K (hakTOpam
mm3odpennn B 6onee nozauem Bozpacte (Katila et al., 1999).

HaxkoruieHHbIE K HACTOSILEMY BPEMEHH JIaHHBIE MPEo-
CTaBISIIOT BO3MOXKHOCTB ISl O0Jiee AETaJbHOTO M3Y4EHUS
BIIMSTHUS OT/ICIIBHBIX T€HOB IINTOKMHOB, U B yacTHOCTH IL-1,
Ha MeXaHU3M pa3BUTHs mu30ppernu. buonndopmaronHbie
METO/IbI O3BOJISIIOT UCCIIEI0BaTh N3MEHEHNS ITOCIIEI0BATEIb-
HOCTH T€HOB, aCCOLIMMPOBAHHBIX C JaHHBIM 3a00JICBaHHEM,
Y OLCHUTh CBOWCTBA COOTBETCTBYIOIIMX MOJIEKYJI OelKa, UX
ydacTHe B MHTEPIEHKHH-PEIENTOPHBIX B3aMMOJCHCTBHSIX,
BIIMSIIOIIMX HA PEaM3alfio IPOBOCIIAIUTEIBHOTO d(dekTa
IL-1. TTocnentHee criocoOCTBYET pacIIMPEHUIO TCOPETHUSCKIX
3HAHUH 1 BBISIBIICHUIO TIOJIXO/I0B JUIS TAJTbHEHIIINX UCCIIEI0BA-
HUH BO3MOXKHBIX MEXaHU3MOB Y4acTHsl IMMYHHOM CHCTEMBbI
B Pa3BUTHU IH30(PPEHUH.

Lenbto paboTHI sIBIISETCA KOMITBIOTEPHAsI OLIEHKA B3aHMO-
neiicteuii 6enxoB IL-1 ¢ nx penenropaMu npu mMU30(QPEHAUH.

MaTtepwuanbl n metoapl

OrieHKa reHeTHYeCKUX (aKTOPOB MIN30(PPEHIH TPOBO/IHIACH
¢ nomorusto riardopmel DisGeNET, conepixkarueit ogny u3
KpyMHEHIINX 00IIeJOCTYMHBIX KOJUICKIMH TeHOB U BapHaH-
TOB, CBSI3aHHBIX ¢ 3a0oJyieBaHUsAMU venoBeka (Pifiero et al.,
2020). ITorck SNP u 6enkoB, oTHOCSIIMXCS K cemeiicTBy 1L-1,
ocymecTBisuics ¢ momorpio cepBruca NCBI (National Center
for Biotechnology Information) PubMed u 6a3bl manHBIX
Protein (Sayers et al., 2021).

Jnst aHanm3a JT0Ka3aTeNbHOCTH IOMYYEHHBIX JAHHBIX Ha
cepuce DisGeNET 0bi1a ncnonb30BaHa OIICHKA HAWICHHBIX
nonumopdusmoB Evidence Index (MHaeKkc 10Ka3aTebHOCTH).
EI= 1 yka3biBaeT Ha TO, 4TO BCE ITyOIMKALUH HOJICPKUBAIOT
GDA (Gene-Disease Associations) wim VDA (Variant-Di-
sease Associations). 3nauenue EI < 1 roBoput 00 orcyTcTBIM
CBSI3M MEXKITy TeHOM/BapuaHTaMu 1 3a0oieBanueM (Pifiero et
al., 2020).
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ITocie orbopa moauMoOp(HU3MOB I€HOB OEIIKOB, OTHOCS-
mmxcs K ceMeicTBy 1L-1, aHaTM3MUpOBaIOCh UX MOJIOKEHNE
Ha XpoMmocoMme npu nomoinu QyHkiuoHana pecypca NCBI
(Sherry et al., 2001). Ins momenupoBaHus OeiKa, COOTBET-
CTBYIOIIIETO TeHY C MOIUMOP(HU3MOM, 0053aTeITFHBIM YCIIO-
BHEM OBIIO HAXOXKJICHHE €T0 B KOIUPYIOIIeH obnacTy.

[TocnenoBarebHOCTh AMHUHOKHCIIOT JJIsl MOJICITUPOBAHUS
6emkoB ObLTa B3siTa ¢ pecypca NCBI u3 6a3b1 manHbIX Protein
(Sayers et al., 2021). 3arem Bpy4HYIO IPON3BOAMIACH 3aMe-
Ha aMHUHOKHUCJIOTHI B ITIOCJICA0BATCIIbHOCTH B COOTBCTCTBHUU
C TOJNIOKEHHEM monuMopdu3Ma. MoaenupoBaHue OEIIKOB
TI0 TTOJTyYEHHBIM MOCIIEA0BATEIBHOCTSIM ITPOBECHO C TOMO-
11O CEpBEpPa MOJCIUPOBAHUS OETIKOBOM cTpYKTYypbl SWISS-
MODEL (Waterhouse et al., 2018).

W3 6a3s1 nannsix PDB (Protein Data Bank), kotopas co-
JIEP)KUT B ce0e M3BECTHBIE MPOCTPAHCTBEHHBIE CTPYKTYPbI
6emkoB, 6bLT U3BIEeYeH KomIieke IL-1R1+IL-1RAP+IL-1p.
B nocnenyromem IL-1B 3 aToii cTpyKTyphl OBUT yaalieH,
TaK KaK aHaJM3MPOBAJICSI KOMIUIEKC PELENTOPOB 0e3 HHTep-
JEHKHMHA.

[TonydeHHbIe KOMIUIEKCHI PEIIENTOPOB UMITOPTHPOBAIIMCH
B PRISM (Protein Interactions by Structural Matching) (Bas-
pinar et al., 2014), e ©X MOBEPXHOCTH CTPYKTYPHO CPAaBHH-
BAJINCH C MHTepdelicaMn M1aboHa, T. €. C YK€ U3BECTHBIMHU
obnactsiMu cBsi3bIBanus. MHTEepdeiicom (00macThbio cBs3bIBa-
HHI) HA3bIBAETCS [TAPa MHOXKECTB @aMUHOKHCIIOTHBIX OCTAaTKOB
{A, ...,A)), (B, ..., B}, ecnu s mo60ro aMUHOKKC-
JIOTHOTO OcTaTKa A, u3 Genka A HaiiieTcs o Kpaiineil mepe
OJIMH aMUHOKHUCJIOTHBIN ocTarok B, u3 Oenka B, Takoi, 4ro
paccTosiHHE MEXAy JaHHBIMH OCTAaTKaMH HE MPEBOCXOIUT
HEKOTOPOro mopora (Kak IpaBuiio, BEJIWYMHA [TOpOra Ba-
pwupyert ot 6 10 12 A) (Xamaposuu u zip., 2020). B o6nactu
CBSI3BIBAHUS PACIIOJIATAIOTCS TOPSIYNE TOUYKU — aMHUHOKHC-
JIOTHBIC OCTaTKH, BHOCAIIIUC HaI/I6OJ'l])1Hl/II‘/II BKJIaJl B QHCPI'UIO
cesa3piBanns (Tuncbag et al., 2012).

PRISM mnpencrasnsier coboil anropuT™ MporHO3UpoOBa-
HUSA U MOACTIUPOBaHUSA 66HKOB])IX B3aHMO[leI7[CTBMI>i myTeM
CTPYKTYPHOTO COINOCTABIECHUS! M BKIIOUAET B ceOsl UeThIpe
OCHOBHBIX 3Talla: M3BJICUCHHE MOBEPXHOCTH Oeika-MHIle-
HMU; OLIEHKY CTPYKTYPHOT'O CXOJICTBA IIOBEPXHOCTH OEJIKa-MH-
IIIEHU ¢ TapTHepamu uHTep(erfica mabioHa; HaK/IaIbIBAaHHIE
YYacTKOB TTOBEPXHOCTH OelKa, aHaJOTMYHBIX MHTepdeiicy
11abJI0Ha, Ha 3TOT MIA0JIOH; THOKOE YTOUHEHHUE MOTYUYSHHBIX
KOMIUTEKCOB | pacueT sHepruu (Aytuna et al., 2005; Tuncbag
etal., 2011).

B pesynbrare MoziennpoBaHus B3aUMOICHCTBUS MOJIEKYJT
cepsuc PRISM mnpenocrasisier naTepeiic, HCIoab3yeMbIit
JUISl TIPOTHO3a, CTPYKTYpPY KOMILIEKCA, a TakXKe MOoKa3arellb
sHepruu. IlocienHuil orpaxkaeT 3HEPIUI0 CBA3EU, KOTOpast
paBHa MUHUMAaJIEHON paboTe, HEOOXOAMMOM TSl pa3aeTIeHHS
CHCTEMbI Ha COCTaBISIONIME ee JacTuipl. OHa XapakTepu-
3y€eT CTa6l/IJ'l])HOCTI) CUCTEMBI U BCCTIa UMECT OTPULATECIILHOC
3HayeHue. CTaOuIIbHEE CUNTACTCS Ta CUCTEMA, KOTOPasi IMEET
HaMMEHBIINH TTOKa3aTeb YHeprun cBsi3u (Acuner Ozbaba-
can et al., 2014).

Jas ompeneneHus SHEPreTUUECKU OJIATONPHUATHBIX
MPOTHO30B HMCIOJIB30BAJIIOCH 3HAYCHUE MOPOTa SHEPTUHU
—10 x/Ix/moib. KoH(hopMaimoHHO BBITOHBIMH 10 3KCIIEPH-
MEHTAJIbHBIM JITaHHBIM U [S-omleHKe (OIlEHKa CXOKECTH HH-
Tep(eiicoB) CUNTAINCH B3aUMOACHCTBHS C SHEPTUEH BBIX0/Ia
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Puc. 1. Monekynbl IL-1 n nx B3anmopgenctaume ¢ peLentopamm Knetku,
no aaHHbiM (Acuner Ozbabacan et al., 2014; Dinarello, 2018).

menee —10 xJx/monb (Gao, Skolnick, 2011; Kuzu et al.,
2013). IS-omeHKa CIy»KUT METPHUKOH JJIST OIICHKH IPOTHO30B
0eTOK-0CTKOBOTO B3aWMOJICHCTBHS M YUUTHIBACT HE TOIBKO
reOMETPUYECKIE PACCTOSIHUS, HO U COXpaHEeHUE MeK(a3HbIX
koHTakTOB. {7151 anroputma PRISM IS > 0.12; nanHOe 3Ha4e-
HUE CBUJICTCIHCTBYET, YTO IIPOTHOZUPYEMAasi MOJICITh SIBIISICTCS
npuemiaemoii (Gao, Skolnick, 2011).

st BU3yanusanuu JJ0Kaau3aluu aMMHOKHCIOTHON 3aMe-
HBI U B3aumozeicteuii IL-1 ¢ penentopamu B MOIyYEHHBIX
0EJIKOBBIX KOMITJIEKCAX UCTIONIB30BajIach nporpamma YASARA
(Krieger, Vriend, 2014).

Pe3ynbratbl

BbiAaBneHune monekyn,

VNHULMNPYIOLMX CUTHaNbHbIN NyTb IL-1

Hccnenosanucsd cTpykrypsl 6enkos IL-1a, IL-1p u IL-1RA,
HEMOCPEACTBEHHO OTHOCSIUEecs K MHUnManuu mytu IL-1
(Dinarello, 1994). U3BecTHO, 4TO JaHHBIE OCITKH B3aMMO-
JIeWCTBYIOT co crienuduuecknmu perentopamu — [IL-1R1 u
IL-1RAP (Acuner Ozbabacan et al., 2014). Ha ciegyromux
3Tamnax OIEHWBAIOCH HAJINYHE MOTMMOP(PHU3MOB B T€HAX
oemkoB IL-1a, IL-1B, IL-1RA, IL-1R1, IL-1RAP u mpoBo-
JIUJI0Ch MOJEIUPOBAHUE B3aUMOACHCTBUH 110 CIEAYIOLIEH
cxeme (puc. 1).

MoncK ogHOHYKNEOTUAHBIX NOAMMOP¢U3MOB reHos IL-1,
accoLMMPOBaHHbIX € lWM3odppeHmner
[Mowuck B xaranore DisGeNET BbISBHI YeThIpE OMHOHYKIICO-
TUAHBIX TOMUMOP(GU3MA TCHOB, HHUIIMUPYIOMIUX myTh [L-1,
KOTOPBIE aCCONMHPOBAHEI C IMIH30(PEHUECH.

st 6enka IL-10 6010 Hatineno qBa SNP: rs113129609 u
rs1800587. ¥V meporo SNP nHaexc noka3zaTeiabHOCTH paB-
HsUICA 1, OMHAKO aHalN3 TEKCTa COOTBETCTBYIOIMIEH CTaThh
HE TIOATBEPIIII HAMYHS JaHHOTO moimuMmopdmma. Y SNP
rs1800587 unnexc EI obi1 Menee 0.001, uro roBoput 06 o1-
cyTcTBUHM AokaszarenpHoCcTH. s Genka IL-1f obnapyxen
nonmmopdusm rs16944, nanexke goKa3aTenbHOCTH KOTOPOTO
paBeH 1. Csi3b 3Toro SNP ¢ mu3odpeHueii moaTBepxaacTces
HEeCKOJIbKMMH HccienoBanusamu (Shirts et al., 2006; Xu, He,
2010; Fatjo-Vilas et al., 2012), n nomumopdu3m ObLT BKIIOUEH
B cicok SNP st nanpHelero ucciaenosanus. Jis 6enka
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Ta6bnuua 1. AHann3 nokanusaumy 1 3ameHbl 3MEHEHNA aMUHOKMCNOTbI B MOCNE[0BATENIbHOCTA

Monnmopdusm HaumeHoBaHue JluTepaTypHbIii

Tvin 3amMeHbl aMUHOKMNCIIOTbI

OTcyTcTBYeT MHbOPMaLMsA O 3aMeHe aMUHO-

HeT nndopmayun

OTcyTcTBYeT MHbOPMaLMaA O 3aMeHe aMUHO-

HeT nndopmayun
CepViH 3aMeHAETCA Ha aprUHWH

CYHOHUMWYHBIN BapuaHT, 3aMeHa TUMWHa

Jlokanuzaymsa nonumopodusma

Monvmopdusm HaxoamTcs
BHe KofupyoLLel 30Hbl 6enka

NHTpoH
NHTpoH

Monvmopdusm HaxoanTcs
BHe KofupytoLLeln 30Hbl 6enka

HeT undopmarumm

Monvmopdusm HaxoanTcs
BHe KofMpyHoLLel 30Hbl 6enka

HeT nundopmaymm
NHTpoH

HeT nndopmaymm
MonoxeHne 130

MNonoxeHwne 57

Ha umTo3uH (T>C), He NPNBOANT K U3MEHEHNIO
AMUHOKNCNOTbI aflaHNHA

reHa NCTOYHVK
rs16944 IL-1B Papiol et al., 2007;

Xu, He, 2010 KUCOTbI
rs1794068 IL-1RA Ben Nejma et al., 2013
rs1143627 IL-1B Hudson, Miller, 2018
rs1143623 IL-1B Kapelski et al., 2015
rs4848306 IL-1B Yoshida et al,, 2012;

Kapelski et al., 2015
rs4251961 IL-TRA Kapelski et al., 2015

KUCNOTbI

rs9005 IL-TRA Kapelski et al., 2016
rs1143633 IL-1B Sasayama et al., 2011
rs11677416 IL-TA McClay et al.,, 2011
rs315952 IL-1RA Kapelski et al., 2016
rs419598 IL-1RA Kapelski et al., 2016
rs1143634 IL-1B Xu, He, 2010

N3meHeHwne He npuBoanT K 3aMeHe aMNHO-

MonoxeHwne 27

KNCNOoTbl Cl)eHVI}'IaﬂaHVIHa

IL-1RA ycranosnen nommopdusm rs1794068, y xoroporo
EI 6611 Menbiie 0.001. M3-3a OTCYTCTBHS 10Ka3aTeIbHOCTH
nmanbie ¢ 3tuM SNP paboTa He Benach.

[Mouck no craresim PubMed no3Bosnmi npoaHani3upoBaTh
39 ny6nukarmii. M3 naHHBIX cTaTel ObLIM B3SThI MTOJIUMOP-
(hu3MBIL, IpeicTaBIeHHBIE B Ta0M. 1.

AHanns nokanusaumnn OfHOHYKNEOTUAHbIX
nonMmMop¢$un3mMoB reHOB, MHULMNPYIOLNX

CUrHanbHbIN NyTH IL-1

Ha sTom aTane asist Kakaoro noiammopgu3mMa npoBOANIICS aHa-
T3 JIOKaNHU3auy 1 HHQOpPMAIK 0 3aMEHE AMUHOKHCIIOTHI
B [TOCJIEJJOBATEIILHOCTH € MCIONb30BaHKeM pecypca dbSNP
(Sherry et al., 2001) (cm. Ta6i. 1). CortaCHO BBIMOJIHCHHOMY
aHaM3y, AU TaIbHEHIIEro MOACINPOBAHUS TOAXOJUT TO-
mumopdusMm IL-1RA rs315952, mockonbKy IpH ero HATHINT
MIPOMCXOJIUT 3aMEHa CepHHA Ha apTUHMH.

MopgennpoBaHue 6enkos,

VHULMVPYIOLLMX CUTHaNbHbIN NyTh IL-1

Momamopdusm rs315952 HaxoauTCs B aMHHOKHCIOTHOM
MocIenoBaTeNnbHOCTH [L-1RA, IOATOMY HaHHBIA OEIOK OBLT
MCIIONB30BAH JUIsl MOZIeTMpOBaHust. FlcxoqHas nocenoBaresb-
HOCTh ObIJTa M3BJICUEHA M3 0a3bl JAaHHBIX MTOCIIEOBATEIHHO-
creit amuHOKucaoT Protein NCBI: >NP 776214.1 interleu-
kin-1 receptor antagonist protein isoform 1 precursor [Homo
sapiens].

Ha cepsruce SWISS-MODEL 6b1111 cMOzIeTMpOBaHbI TpEX-
MepHbIe cTpYKTYpbl Oenka IL-1RA kak ¢ momumopduzmMom,
Tak 1 6e3 Hero. [TomydeHHbIe MOJIETTH MOJIEKYJT IPECTABIISITN
coboii aitnel ¢ pacmmpennem .pdb.

Iockonbky IL-1RA B3aumopeiictyer ¢ IL-1R1, IL-IRAP
u ¢ komriekcom IL-1R1+1L-1RAP (cwm. puc. 1), nist moaenu-
POBaHUS U aHAJIM3a 3TUX B3aNMOJEHCTBUI HEOOXOANMBI TPEX-
MEepHbIe CTPYKTYpPbI COOTBETCTBYIOIINX OenkoB. Ha cepuce
PDB 0Oblia B3siTa CTpyKTypa CUrHaJIbHOTO Komruiekca IL-1p, B
KOTOPYIO BXOAAT CIEAYIOIINE MOIEKybl i nenu: 1L-1f (e
A, D), IL-1R1 (emu B, E), IL-1RAP (et C, F). C momorisio
nporpammbl PyMol nonyuensr komruieke IL-1R1+1L-1RAP,
monexynsl IL-1RAP u IL-1R1.

MopenupoBaHue B3aumogeincTenii 6enkos,
VHULMUPYIOLMX CUTHANbHbIN NyTh IL-1

MopenupoBanue B3auMOACHCTBUS OTOOPAHHBIX CTPYKTYP
MIPOBOJIMIIOCH 110 CXeMe, IpeAcTaBleHHoN Huxe (puc. 2). [To-
09€peIHO MOJIEITMPOBAIINCH B3aNMOJIEHCTBHS 3TAJIOHHOTO (HE
cozepxariero B cede momumopdusm) IL-1RA ¢ penentopa-
mu IL-1R1, IL-1RAP u xommnexcom peuentopoB IL-1R1+
IL-1RAP. [lanee aHaTOTWIHO MOAEIHPOBAIIFICH B3aMMOICH-
ctBus IL-1RA rs315952.

MoodenupoeaHue e3aumoodeticmeudi IL-1RA cIL-1R1
MopnenaupoBanue B3auMoaeiicTBus 3TajoHHoro IL-1RA
¢ IL-1R1. B nony4eHHBIX MOAESIX MUHUMAJIbHBIE MTOKa3a-
TEJIN SHEPTUU OBUIN MTPOJEMOHCTPHUPOBAHBI IPU B3aUMOJICH-
CTBHH, NpoTeKatomem 1o madnony litbAB. Ono xapaxre-
pu3yeT Haubosee BEpOsSTHOE B3aUMOJICHCTBHE, IIPH KOTOPOM
CTPYKTypa MaKCUMaJIbHO cTaOmibHa (Tabm. 2).

[Mockonbky npu Hanmmunu nonumopgusma rs3 15952 npo-
HCXO/IUT 3aMEHa CepuHa Ha apruHUH B nosnoxkeHun 130 (cMm.
Tabi. 1), HEOOXOAMMO OIICHUTH B3aMMOJICHCTBHE B JaHHOU
TOYKE B HOPME U NpH Hammuuu nommmopdusma. CormacHo
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IL-TRA+IL-1R1 H IL-TRA+IL-1RAP H IL-TRA+IL-TR1+IL-1RAP

Y Y

DTaNOHHbIN
IL-TRA+IL-TRAP

DTaNoOHHbIN

IL-TRA+IL-TR1

IL-TRA+SNP+
IL-1R1

Puc. 2. Cxema 3TanoB MogennpoBaHua B3aMOoAeCTBUI 6ENKOB.

IL-TRA+SNP+

IL-TRAP IL-1RAP IL-TR1+IL-TRAP

DTaNIOHHbIN
IL-1RA+SNP+- j IL-TRAHIL-TR1+

Ta6bnuua 2. iHTepdeincbl (06nacTy CBS3bIBaHWA) U SHEPTM B3aUMOAENCTBUI 3TanoHHoro IL-1RA ¢ IL-1R1

O6nacTb cBA3bIBaHUS

PaCLlJVI(prBKa HaUMeHOBaHUs 06MacTy CBA3bIBaHUS

SHeprusa, KIx/monb

1itbAB B3aumopeiicteue uenen A (IL-13) n B (peuenTop IL-13 1-ro Tuna) -29.35
CcTpyKTYypbl 1itb 13 6a3bl gaHHbLIX PDB

3kxyGH B3avmopencTteme uenein G (6enok C cuHTesa sk3odpepmeHTa S) n H -13.68
(6enok C cnHTe3a s3K30dpepmeHTa S) cTpYKTypbl 3kxy 13 6a3bl AaHHbIX PDB

TiraXY B3aumogerncteue uenent X (@HToroHncT pevuentopa IL-1) 'Y (peuenTop IL-1) -5.03
CTPYKTYpbl Tira u3 6a3bl gaHHbIX PDB

1itbAB B3aumopeiicteue uenei A (IL-13) n B (peuenTop IL-13 1-ro Tuna) -4.62

CTPyKTYpbl 1itb 13 6a3bl AaHHbIX PDB

Ta6bnuua 3. IHTepdeiicbl (0bnacTn cBA3bIBaHWA) U SHeprun B3anmogenctauin IL-1RA ¢ nonumopduramom rs315952 c IL-1R1

O6nacTb cBA3bIBaHUSA

PaclwmdpoBka HaumeHoBaHUsA 0651aCTV CBA3bIBAHMA

SHeprua, Kk/monb

TiraXY B3anmopencture uenein X (@HToroHuct peuentopa IL-1) n Y (peuentop IL-1) -30.08
CTPYKTYpbI Tira n3 6a3bl gaHHbIX PDB

1itbAB Bsammopencteue ueneii A (IL-1B) n B (peuenTop IL-1f 1-ro Tvna) -28.18
CTpyKTYpbl 1itb 13 6a3bl gaHHbIX PDB

TiraXY B3anmopenctsume uenein X (@HToroHuct peuentopa IL-1) n Y (peuentop IL-1) -18.28
CTPYKTYpbI Tira n3 6a3bl gaHHbIX PDB

3kxyGH B3ammopeiicteue ueneii G (6enok C cuHTesa sk3opepmeHTa S) n H -6.62
(6enok C cnHTe3a 3K30¢pepmeHTa S) cTPYKTypbl 3kxy 13 6a3bl faHHbIX PDB

1itbAB B3aumopeiicteue ueneid A (IL-1B) n B (peuenTop IL-1f 1-ro Tvna) -6.38

cTpyKTypbl Titb 13 6a3bl faHHbIX PDB

CIHCKY KOHTaKTOB MIA0JIOHHBIX OCTATKOB, CEPHH B TTOJIOXKE-
Huun 130 monexynsl IL-1RA cBs3bIBaeTCs ¢ IEULUHOM B MO-
noxenuu 237 IL-1R1 (cm. Tadm. 4).

MoaeaupoBanue B3anmoaeiicteus IL-1RA ¢ monumop-
¢uzmom rs315952 ¢ IL-1R1. [l MoaenupoBaHUsl UCIIOJb-
30BaIMCh CTPYKTYphl Moiekynn IL-1RA ¢ momumopduzmom
rs315952 u IL-1R1.

B pesynsrate MopenupoBaHus JaHHOTO MHTEp(detica Mu-
HUMaJIbHbIC TI0KA3aTeIH SHEPriur OOHAPYKCHBI Y I1a0JIoHA
liraXY (ta6n. 3). Ho, moCKONBKY TPH MOJEITUPOBAHUHU
B3aMMOJICHCTBUS 0e3 HATMIUs MOTUMOp(HU3Ma B CTPYKTYpe
IL-1RA (IL-1RA+IL-1R1) MuHNManbHOM 3HEpruen B3auMo-
neiicTBrs obnanano B3amMoseiicTeue no mabnony litbAB,
TO CpaBHEHUE YHEPTHH HEOOXOIMMO IIPOU3BOIUTH 110 STOMY
JKe 11a0JIOHY.

[Ipu cpaBHeHMH TabMUIT 2 1 3 MOKHO CAETATH BBIBO, YTO
HanboJee YHEPTEeTHUCCKU BBITOMHO B3anumoaericTeue [IL-1RA
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¢ momumopuzmoM 15315952 ¢ IL-1R1 (—30.08 k/Ix/Moms),
OITHAKO TIPU CPaBHCHUU IO OJHOMY M TOMY K€ IIAOIOHY
1itbAB nanHOe B3aMO/ICHiCTBHE CTAHOBUTCSI MEHEE SHEPIe-
THYECKH BBITOAHBIM (—29.35 n —28.18 xJ[)k/M0Onb COOTBET-
CTBEHHO). IHTepIIpeTHPYSI 3TO H3MEHEHUE, MOJKHO MPE/IIONO0-
JKUTB, 4TO MU HANW4KK nosimmopusma rs315952 s IL-1RA
(manmume 3aMeHBI cepuHa B monokeHnn 130 Ha aprWHUH
(Tabim. 4)) MpoUCXOmUT OCIabJICHNE KOMIUIEKCA B3aHMMOICH-
CTBUSI HHTEPJICHKUHA C PEIICITOPOM — OH CTAHOBUTCSI MCHEE
YCTOHYMBBIM U 00JIee TOABEP KEHHBIM pacIay.

Takum o6pa3zom, o BzaumopericTBusM [L-1RA u IL-1RA
¢ nosmmophuzmom rs315952 ¢ IL-1R 1 HeBO3MOXKHO c/iesaTh
JTOCTOBEPHBII BBIBOJI O BIMSHHUN MOTMMOpP(dH3Ma Ha €ro BO-
BJICYCHHOCTh B MHHIIMATU3AIUI0 CUTHAIBHOTO myTH [L-1.
B 10 ke BpeMs MO0 CMOAEIMPOBAHHBIM B3aUMOJIEUCTBUSIM
YCTaHOBIIEHO, YTO TTOMUMOP(HU3M IIPHHUMAET yJacThe B 00-
pa30BaHUM OCITOK-OCITKOBOTO KOMILIEKCA.
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KomnbloTepHOe moaenupoBaHme ocobeHHoCTel
B3aumopenctamii IL-1 ¢ ero peyentopamu npu WnsodpeHnn

Ta6nuua 4. KoHtakTbl ocTaTkoB UHTepdencos 1itbAB IL-1RA n IL-1R1 n 1itbAB IL-1RA ¢ SNP rs315952 n IL-1R1

1itbAB IL-TRA n IL-1R1

IL-1RA IL-1R1
SER_97 ASN_30
VAL_95 PRO_31
GLU_100 PRO_28
PRO_132 SER_263
LYS_121 ARG_163
LYS_121 ASP_162
TRP_144 ILE_13
GLY_131 LEU_237
GLN_119 ARG_163
ASP_99 LEU_15
PRO_142 VAL_124
TRP_144 TYR_127
LYS_96 GLU_129
ASP_120 ARG_163
SER_97 CYS_27
CYS_141 LEU_115
ASP_120 VAL_124
SER_97 PRO_28
SER_97 LEU_29
GLY_98 CYS_27
GLY_98 PRO_26
GLU_100 ILE_13
GLY_98 LEU_29
GLY_98 PRO_28
PRO_142 GLN_113
SER_130 LEU_237
ASP_99 PRO_28
ASN_160 ILE_13
ASP_99 PRO_26

MooenuposaHue 83aumoodeticmeuli IL-1RA c IL-1RAP

Jis MmoenrpoBaHus OBLTO IPOBENICHO TAKIKE 1BA FICCIIEIOBA-
Husi: cBs3biBaHue 3TanmoHHOTO IL-1RA ¢ IL-1RAP u IL-1RA
¢ mommmopduzmom rs315952 ¢ IL-1RAP. B obounx ciaygasx
AJITOPUTM HE CO3/1aJl MOJIEIb B3aUMOJICHCTBHUS OCITKOB.

MooenupoeaHue e3aumoodeticmsudi IL-1RA
c komnaekcom IL-1R1+IL-1RAP
MonenupoBanue B3auMojeiicTBus 3TajsonHoro IL-1RA
¢ komiiekcom IL-1R1+IL-1RAP. Bzanmoneiicteue [L-1RA
C KOMIDIEKCOM PEerenTopoB 1o madinony liraXY mokasasno Ha-
JIMYUE YCTOWIMBOTO COCIMHCHNUS (MUHIMATbHBIN TIOKA3aTeIlh
sHepruu paBeH —34.27 k/x/Monp) (Tabr. 5). OgHako B ciydae
mra6iiona 1itbAB MbI HaOMrODAIM OYEHD cl1a00€e B3auMOIE -
crBue (—2.67 xJx/Moib).

CornacHO CHHCKY KOHTaKTOB MIA0JIOHHBIX OCTaTKOB, CE-
puH B monoxeHnd 130 Taxke SBISETCS TOPSICH TOUKOH (CM.
Tabm. 7).

1itbAB IL-1RA ¢ SNP rs315952 n IL-1R1

IL-TRA c SNP IL-1R1
ARG_51 GLU_M
ASN_64 GLN_108
GLN_154 PRO_31
GLN_61 TYR_127
ARG_117 ASP_251
ARG_117 GLU_252
ARG_117 ASP_253
ARG_130 THR_300
GLU_77 ILE_250
ARG_51 ILE_13
GLN_45 LEU_123
GLN_45 VAL_124
LYS_34 LEU_237
LEU_60 TYR_127
LYS_34 SER_263
GLU_77 VAL_249
GLU_77 ILE_240
TYR_59 GLN_113
PRO_78 ILE_240
GLY_131 THR_300
GLN_61 LEU_15
GLN_61 ILE_13
PRO_63 ILE_13
GLY_62 ILE_13
PRO_63 ILE_14
GLN_45 GLN_113

Pesynbrarhl, npuBeeHHbBIEC B TA0NI. 5, CBUIIETEIBCTBYIOT O
TOM, 4TO 11a0sI0oH 1itbAB moaxoauT mIst B3aMMOIENCTBUS C
nmobasieHHBIM OenkoM IL-1RAP, HO ero ycTOHYHBOCTD MH-
HUMaJIbHA (T. €. OJYYECHHBIN KOMILJIEKC OBICTPO pacIagaeTcs).
[TosTomy amst mapHEHIIIero aHam3a MbI OyZieM HCTIONTb30BaTh
mra6moH liraXY.

MoneaupoBanue B3aumoseiicrpusi IL-1RA ¢ mosiumop-
¢uzmom rs315952 ¢ kommaexkcom IL-1R1+IL-1RAP. Ilo
CITUCKY KOHTAKTOB IIA0JIOHHBIX OCTAaTKOB apTHHHUH TaKKe
SIBIIIETCS Topsideit Toukoil. CormacHo pe3ynbraTramM MOJIENH-
POBaHWSL, TPEACTABICHHBIM B Ta0JI. 6, MUHUMATbHASI SHEPTHS
komrmiekca (—25.27 x/x/mons) HabrOmaeTcs y mabimoHa
liraXY.

[Ipu cpaBHeHnn o mabmony liraXY B3amMoneicTBUS C
KOMILTEKCOM 0e3 IToIMMOop(I3Ma 0Ka3ai0Ch, 9TO MUHAMAITb-
Hast 9Heprust cocrasisieT —34.27 kJx/Moib, Toraa Kak ¢ 1o-
mumopdmmom ——25.27 kIx/mMomns. Takum 00pa3om, MOKHO
cenaTh MPEAOIOKEHUE, YTO UCCICTyEMBIH TOTHMOP(hU3M
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Tabnuua 5. iHTepdeiicbl (06nacTn cBA3bIBAHWA) U SHEPTM B3aMOAENCTBUN 3TanoHHoro IL-1RA

c Komnnekcom 6enkos IL-TR1+IL-1RAP

O6nacTb CBA3bIBAHUA

PaCIJJVId)pOBKa HavMeHOBaHWA 06NacTN CBA3bIBAHUA

SHeprua, kOx/monb

TiraXY B3anmopencTtsue uenen X (@HToroHnct peuentopa IL-1) n Y (peuentop IL-1) -34.27
CTPYKTYypbI Tira 13 6a3bl AaHHbIX PDB

3fmpCD B3aumopeiicteue ueneir C (6enok komnnekca agepHbix nop Nup214) n D -15.92
(AT®-3aBucumas PHK-renvkasa DDX19B) ctpykTtypbl 3fmp 13 6a3bl aaHHbIx PDB

1itbAB B3aumopeiicTteue ueneii A (IL-1B) n B (peuenTop IL-1B 1-ro Tuna) -2.67

cTpyKTypbi Titb 13 6a3bl faHHbIX PDB

Ta6bnuua 6. ViHTepdeiicbl (06nacTy cBA3bIBaHWA) U SHeprn B3anmoaencTeuii IL-1RA ¢ nonumopduramom rs315952

c Komnnekcom 6enkos IL-TR1+IL-1RAP

O6nacTb cBA3bIBaHUSA

PacwmdpoBKa HaMeHoBaHVs 06/1acT CBA3bIBaHUA

SHeprua, Kk/Monb

TiraXY B3anmopencTtame uenei X (@HToroHncT peuentopa IL-1) nY (peuentop IL-1) -25.27
CTPYKTYypbI Tira n3 6a3bl gaHHbIX PDB

TiraXY B3anmopgencTtame Lenei X (@HToroHncT perentopa IL-1) nY (peuentop IL-1) -19.03
CTPYKTYypbl Tira n3 6a3bl gaHHbIX PDB

liraXY B3anmopencTtaue Uenei X (@HToroHncT peuentopa IL-1) nY (peuentop IL-1) -15.47
CTPYKTYpbI Tira n3 6a3bl gaHHbIX PDB

1itbAB B3aumopericteue uenen A (IL-13) n B (peuenTop IL-13 1-ro Tuna) -12.36

CcTpyKTYpbI 1itb 13 6a3bl gaHHbIX PDB

OKa3bIBACT BIMSHUE Ha oOpazoBanue cBs3n IL-1RA c¢ peren-
TopHbIM KomIiekcoM IL-1R1+IL-1RAP, a umenHo coznaercs
MEHe€ YCTOMUYUBBIN K pacnany KOMIUIEKC.

Pe3zynbraThl MccienoBaHus O3BOJISIOT CAENATh JIOIyIIe-
HHE 0 ToM, 4To MyTanus p.Serl30Arg B rene Oenka IL-1RA,
BEPOSITHO, MPHUBOIUT K 0OPa30BaHMIO OCIIA0JIEHHOTO KOM-
iekca Mexry O6enxoM IL-1RA u cBI3aHHBIMHU penienTopaMu
IL-1R1+IL-1RAP, uyTo MOXXeT BIUATh HA MEXaHU3MBI IIU30-

(hpenun.

O6cyxpeHue
W3BecTHO, 4To (yHKIMHU MOeKyl cemelicTsa [L-1 B iepByro
OYepeib CBSI3aHbI C BPOXKJICHHBIM HMMYHHUTETOM. BpoxkieH-
HBII IMMYHHTET ITPOSIBISIETCS BOCTIAJIEHHUEM, KOTOPOE B HOP-
Me (YHKIMOHHUPYET B Ka4eCTBE 3aIMTHOTO MEXaHW3Ma, HO
MOKET HAHOCHTB yIIepO OpraHu3My, KOT1a CTAHOBUTCS] HEKOH-
tposmupyembiM (Dinarello, 2018). ITokazano, uro IL-1 cnioco-
O€H BJIMSTH Ha TOBPEX/ICHUE HEWPOHAIBHBIX KJIeTOK (Allan et
al., 2005), a upe3MepHBIif (paroruTo3 MOKET CIIOCOOCTBOBATh
Pa3BHUTHIO MATOJIOTHH NpH O0JIe3HU AJblreiiMepa, mmuszodpe-
nuu ¥ crapenud (Vilalta, Brown, 2018). Tak, umenno IL-1 siB-
JISIeTCS OTHUM M3 (PaKTOPOB 3aITycKa (paroruro3a B TOIOBHOM
MO3T€ 3a CUET TOTO, YTO UTPACT POJIb XEMOATTPAKTAHTA JJIs
HelTpoduios. Takxke 3anyck curHaabHoro mytu 1L-1 npu-
BOJIUT K BbIIeNeHNIO HTUTOKUHOB TNFa u IFN-y, koTopble s1B-
JISIFOTCS akTHBaTopaMy Makpodaros (Sasayama et al., 2011).
HccnenoBanus NoATBEpKAAIOT pocT ypoBHs IL-1 B kpoBH
6ompHEIX m3o¢penuei (Chu et al., 2018; Zhou et al., 2019).
Hcnonb3yemast peropTepHas CHCTeMa FTeHeTHIECKOT0 HOKay-
Ta y MBIIIEH JJIsl OTCICKUBAHUS PELIMITPOKHOTO YAaJICHUS
i skcnpeccun perentopa IL-1 (IL-1R1) B kireTkax »H1I0-
TEJINS, JKEIY/I0YKOB, MEepUPEPUUCCKIX MHETOUTHBIX KIIET-

338

Kax, MUKPOTJINHU, aCTPOIIMTAaX M HEHpPOHAX BBIIBHJIA, YTO
sHporeanaibHbli IL-1R1 HeoOXomauM 1 ocTaTo4eH Il OI10-
cpenoBaHust Oosie3HeHHOTO noseaeHus. [lokasano, 4to oH
CTUMYJIUpPYET NPOU(Epannio JICHKOINTOB B IIEHTPAILHON
nepsaoii cucreme (LTHC) 1 ocnabmsier neiiporenes. XKemymou-
koBbIi IL-1R1 siBisieTcst KpuTHYECKUM JUIsl IpOsIMQepannm
monormToB B LTHC. XoTs Mukpornus He skcnpeccupyeT 1L-
1R1, cTumynsuus sHA0TeNMaNbHBIX KieTok IL-1 npuBonut
k uaykuun 1L-1 B Mukporuu (Liu et al., 2019).

s 6enka IL-1RA, sBnsromerocsi aHTaroHNCTOM perier-
TopoB IL-1 1 00naaronero npoTHBOBOCHATIMTEILHOM (PyHK-
mueit (Dinarello, 1994), Toxxe Oblia HaiiieHa CBSI3b C K30~
tdpenneit (Kim et al., 2004). IIpenBapurensHbIe Pe3yabTaThl
CBUJICTEIIBCTBYIOT O TOM, 4TO TeH Oenka [L-1RA MoxeT BHO-
CUTH BKJIQJl B U3MEHEHUS XKeyl0uka rOJIOBHOIO MO3ra, Ha-
OmromaeMple y TTAallMEHTOB ¢ JaHHBIM 3a0oneBanueM (Papiol
et al., 2005).

BrisiBieHa CBA3h MEXKAY OJHOHYKICOTHAHBIMH IOJIH-
Mopdu3mMamMu OeNKOB, BXOAAMMX B MyTh IL-1, u puckom
pasButus mmzodpennu (Xu, He, 2010). O6napyxeHa TeH-
nennus k accormanmu SNP ramnoruna GAGG (rs1143627,
1516944, rs1143623, rs4848306) rena /LB; raruotunoB TG
(rs315952,1s9005) n TT61 rs5254 (rs4) IL1RN, rarutorumna CT
(rs4251961, rs419598) B ILIRN ¢ puckoM IIH30(pPEHUH.
CraTUCTHYECKHM 3HAUYMMas CBA3b IMOKa3zaHa it rs1143634
(ren IL1B; T3953C). D10 MO3BOISET clienaTh BBIBOJ O Ha-
JIMYHH CBSI3U IPOBOCHIAIUTENBHBIX (PAKTOPOB, U B YACTHOCTH
nonuMop(U3MOB reHOB HHUIMATOpoB IyTH IL1, ¢ pasButnem
nmaHHOTO 3a00neBanus (Xu, He, 2010; Kapelski et al., 2016).

Bynyun anraronucrom perentopa IL-1, IL-1RA o6nanaer
IIPOTUBOBOCHAIUTEIBHBIMU CBOIiCTBaMU. B cBolo ouepens
IL-1a u IL-1PB, cBaswiBasics ¢ penentopom IL-1, 3amyckaior

BaBunosckuii xypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 3



H.l0. YacoBckux, A.A. BobpbilueBa KomnbloTepHoe mogennpoBaHme ocobeHHoCTeN 2024
E.E. Ymxmk B3avmopenctauii IL-1 c ero peuenTtopamm npu WisodpeHnmn 28.3

Ta6bnuua 7. KoHTakTbl ocTaTKOB UHTepdeiica 1itbAB sTanoHHoro IL-1RA ¢ komnnekcom 6enkos IL-1RT+IL-1RAP
n 1itbAB IL-1RA ¢ nonumopduramom rs315952 ¢ komnnekcom 6enkos IL-1R1+IL-TRAP

1itbAB 3TanoHHoro IL-1RA
c Komniekcom 6enkos IL-1R1+IL-1RAP

1itbAB IL-1RA ¢ nonnmopdramom rs315952
c Komniekcom 6enkos IL-1R1+IL-1RAP

IL-TRA
pdb1_A_SER_130
pdb1_A_ARG_51
pdb1_A_MET_150
pdb1_A_MET_150
pdb1_A_ASN_116
pdb1_A_GLY_165
pdb1_A_MET_161
pdb1_A_TYR_59
pdb1_A_ARG_117
pdb1_A_GLN_154
pdb1_A_SER_130
pdb1_A_LYS_170
pdb1_A_ASP_129
pdb1_A_ASP_163
pdb1_A_ASP_163
pdb1_A_VAL_43
pdb1_A_GLU_164
pdb1_A_LYS_170
pdb1_A_GLU_164
pdb1_A_GLU_77
pdb1_A_TYR_59
pdb1_A_LEU_67
pdb1_A_GLU_77
pdb1_A_GLY_131
pdb1_A_GLY_165
pdb1_A_GLN_61
pdb1_A_GLN_61
pdb1_A_PRO_63
pdb1_A_PRO_63
pdb1_A_ARG_30
pdb1_A_GLY_62
pdb1_A_LYS_170
pdb1_A_PRO_63
pdb1_A_GLN_45
pdb1_A_GLN_45
pdb1_A_GLN_45

IL-TR1+IL-1RAP
pdb2_C_ILE_184
pdb2_B_GLU_11
pdb2_C_ASN_168
pdb2_B_ARG_163
pdb2_B_GLU_252
pdb2_C_PHE_167
pdb2_C_TYR_162
pdb2_B_TYR_127
pdb2_B_ASP_251
pdb2_B_PRO_31
pdb2_B_THR_300
pdb2_C_SER_185
pdb2_B_THR_300
pdb2_C_MET_159
pdb2_C_SER_185
pdb2_B_LYS_114
pdb2_C_MET_159
pdb2_C_LEU_183
pdb2_C_TYR_162
pdb2_B_VAL_249
pdb2_B_PHE_111
pdb2_B_ILE_13
pdb2_B_TYR_242
pdb2_B_THR_300
pdb2_C_MET_159
pdb2_B_GLU_11
pdb2_B_ILE_13
pdb2_B_LYS_12
pdb2_B_ILE_13
pdb2_B_ASP_260
pdb2_B_ILE_13
pdb2_C_ASN_168
pdb2_B_ILE_14
pdb2_B_PHE_111
pdb2_B_LYS_112
pdb2_B_GLN_113

IL-1RA c nonumopousmom rs315952  IL-TR1+IL-1RAP

pdb1_A_ARG_130
pdb1_A_ARG_51
pdb1_A_ARG_51
pdb1_A_ASN_64
pdb1_A_ASN_64
pdb1_A_ASN_44
pdb1_A_GLN_154
pdb1_A_PRO_63
pdb1_A_PRO_63
pdb1_A_ARG_117
pdb1_A_ARG_117
pdb1_A_GLU_77
pdb1_A_ARG_130
pdb1_A_GLU_77
pdb1_A_LYS_170
pdb1_A_ASP_129
pdb1_A_ASN_64
pdb1_A_GLU_164
pdb1_A_GLN_45
pdb1_A_GLN_45
pdb1_A_GLU_175
pdb1_A_ARG_130
pdb1_A_LYS_34
pdb1_A_ASN_64
pdb1_A_LYS_34
pdb1_A_VAL_43
pdb1_A_GLU_77
pdb1_A_ASP_153
pdb1_A_GLU_77
pdb1_A_GLU_77
pdb1_A_PRO_78
pdb1_A_GLY_131
pdb1_A_HIS_79
pdb1_A_GLN_61
pdb1_A_VAL_65
pdb1_A_PRO_63
pdb1_A_GLY_62
pdb1_A_PRO_63
pdb1_A_ASN_44
pdb1_A_GLN_45
pdb1_A_GLY_165

MEOUUMNHCKAA TEHETUKA / MEDICAL GENETICS

pdb2_C_ILE_184
pdb2_B_GLU_11
pdb2_B_ILE_13
pdb2_B_ALA_109
pdb2_B_ALA_107
pdb2_B_VAL_124
pdb2_B_PRO_31
pdb2_B_ILE_110
pdb2_B_PHE_111
pdb2_B_ASP_251
pdb2_B_GLU_252
pdb2_B_GLU_259
pdb2_B_THR_300
pdb2_B_ILE_250
pdb2_C_SER_185
pdb2_B_THR_300
pdb2_B_GLN_108
pdb2_C_TYR_162
pdb2_B_VAL_124
pdb2_B_PRO_126
pdb2_B_LEU_237
pdb2_C_ARG_286
pdb2_B_LEU_237
pdb2_B_ILE_110
pdb2_B_SER_263
pdb2_C_LEU_183
pdb2_B_VAL_249
pdb2_B_PRO_31
pdb2_B_TYR_261
pdb2_B_ILE_240
pdb2_B_ILE_240
pdb2_B_THR_300
pdb2_B_ILE_240
pdb2_B_ILE_13
pdb2_B_LYS_112
pdb2_B_ILE_13
pdb2_B_ILE_13
pdb2_B_ILE_14
pdb2_C_ASN_168
pdb2_B_GLN_113
pdb2_C_TYR_162



N.Yu. Chasovskikh, A.A. Bobrysheva
E.E. Chizhik

cUrHanbHbIA myTh [L-1, ydacTBys B peanu3anyuu BOCHAJIH-
tenpHOTO oTBeTa. [Ipn moBsIIeHHOM cuHTe3e [L-1RA nanHbIi
yTh OJIOKUPYETCSI, YTO MPUBOAUT K TOPMOKESHHEO HIMMYHHOTO
OTBETa ¥ 0CJIA0JICHHUIO BOCHAIMTENIBLHOTO MpoLiecca.

[Ipu ananm3e B3aMMOICHCTBUS MCCIETyEMBIX OCIKOB HE
BBISIBIICHO Pa3IHYNi YHEPTCTHYCCKUX BBIXOJOB IIPU COCIIH-
Henuu dTasioHHOro IL-1RA u IL-1RA ¢ 1s315952 ¢ IL-1R1.
[Tpu B3ammopetictBuu 3tamoHHoro IL-1RA ¢ xomrmiekcom
IL-1R1+IL-1RAP naGmromaercst 0ojaee HU3KHH ITOKA3aTellb
sHepruw, ueM B cirydae IL-1RA ¢ nonmumopduzmom, uro, rpe-
MTOJIOKUTENIEHO, CBUACTENBCTBYET 00 OCIa0ieHMH KOHTAKTa
mexay IL-1RA u IL-1R1+IL-1RAP; npu 3T0oM OTIEIBHO
IL-1RA ¢ IL-1RAP He 00pa3yroT coenuHeHHUE.

Benok IL-1RA mpu cBsa3pBanuu ¢ IL-1R1 u IL-1RI+]L-
IRAP 6nokupyer cBsizpiBanue IL-1 1, cooTBETCTBEHHO, aK-
TUBaLMio curnaneHoro mytu IL-1 (Weber et al., 2010). ITpu
30 (PEHIH MTOSBICHUE OTHOHYKIICOTHIHOTO TTOIUMOP(PH3-
Mma B rene Oenka IL-1RA (p.Ser130Arg), BO3MOXHO, TIPUBOANUT
K 00pa30BaHMIO OCIIA0JIEHHOTO KOMIUIEKCa MEX1y OelkoM
IL-1RA u cBs3annabiMu penienitopamu [L-1R1+1L-1RAP, uto
B MOCJICAYIOMIEM, TPEAIIOIOKHUTEIBHO, MOKET TIPUBECTH K
3armycKy curHayibHoro myTu [L-1 u, kak cieacTsue, pa3BuTHIO
HEKOHTPOJIMPYEMOTO IMMYHHOTO OTBETA.

Pesynbratel Biccie1oBaHUS TTOKA3aIH, YTO PYHKIIMU HHTEP-
nefiknHa 1, a UMEHHO B3aMMOIEHCTBUs OCIKOB ceMelcTBa
IL-1, MOTYT OBITH CBSI3aHBI CO CTPYKTYPHBIMU N3MEHEHUSIMHU
COOTBETCTBYIOLIUX reHOB. AHanu3 accouuanuii SNP nanHbIx
TCHOB C MU30(peHHEH, HAPSy CO CBEACHHUSIMHU O BIUSHHUU
BOCTIAJICHNS Ha MEXaHU3MBI €€ Pa3BUTHS, MOKET CITY’KUTh TE€O-
peTrYecKoi OCHOBOH /1yt 00JIee JeTaIbHOTO U IIPUCTATBHOTO
M3YyYEeHUS MEXaHU3MOB BOCIHAIUTEIHLHOTO OTBETA.

3aKknioyeHune

W3BecTHO, 4TO MyTareHes in silico u cpaBHEeHNE U3MEHEHUsI
SHEPrUil B3aUMOJEHCTBUM MEKAY STAJIOHOM U MyTUPYIOLLIUM
BapUaHTOM IPOJMBAIOT CBET Ha MEXaHU3M Pa3BUTHUS psiaa
3a0oseBanuiil. [loyueHHbIC B HACTOSIIEM HCCIICIOBAHUH
PE3YNBTaTHl IEMOHCTPUPYIOT, YTO TIPU MIM30(PEHUH CTPYK-
TypHBIC U3MCHEHUS TEHOB MOTYT BIUATH Ha (DYHKIIUU UHTEP-
neiikuna 1 (B3anmozericTBus OenkoB cemeiictsa IL-1). Dto, B
CBOIO OY€pEe/Ih, TIO3BOJISICT COOTHECTH HMEIOIIHECS TaHHEIE O
BJIMSTHAU BOCIIAJICHUS HA Pa3BUTHE MIH30()PCHUU C JAHHBIMU
00 acconuarusx ¢ Heit SNP renos OenkoB cemeiictsa IL-1.
[IpoBeneHHOE Hccae0BaHUE BHOCUT TEOPETUUECKUI BKIIA]
B U3Y4EHHUE JIeTalel MEXaHU3MOB pealn3ally BOCTIATUTENb-
HOTO OTBETa NPH MH30(pPEHNH, & Pe3yJIbTaThl MOT'YT ITOCITY-
YKUTh OCHOBOH JUTsI JaIbHEHIIINX WCCenoBaHui (in silico n
9KCIICPUMCHTAIBHBIX) B JAHHOW O0JIACTH.
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in HPV-associated neoplasia and cervical cancer

E.D. Kulaeva , E.S. Muzlaeva (12), E.V. Mashkina

Southern Federal University, Rostov-on-Don, Russia
@ ked05685@gmail.com

Abstract. Cervical cancer is one of the most frequent cancers in women and is associated with human papillomavirus
(HPV) in 70 % of cases. Cervical cancer occurs because of progression of low-differentiated cervical intraepithelial neo-
plasia through grade 2 and 3 lesions. Along with the protein-coding genes, long noncoding RNAs (IncRNAs) play an im-
portant role in the development of malignant cell transformation. Although human papillomavirus is widespread, there
is currently no well-characterized transcriptomic signature to predict whether this tumor will develop in the presence of
HPV-associated neoplastic changes in the cervical epithelium. Changes in gene activity in tumors reflect the biological
diversity of cellular phenotype and physiological functions and can be an important diagnostic marker. We performed
comparative transcriptome analysis using open RNA sequencing data to assess differentially expressed genes between
normal tissue, neoplastic epithelium, and cervical cancer. Raw data were preprocessed using the Galaxy platform. Batch
effect correction, identification of differentially expressed genes, and gene set enrichment analysis (GSEA) were per-
formed using R programming language packages. Subcellular localization of IncRNA was analyzed using Locate-R and
iLoc-LncRNA 2.0 web services. 1,572 differentially expressed genes (DEGs) were recorded in the “cancer vs. control” com-
parison, and 1,260 DEGs were recorded in the “cancer vs. neoplasia” comparison. Only two genes were observed to be
differentially expressed in the “neoplasia vs. control” comparison. The search for common genes among the most strong-
ly differentially expressed genes among all comparison groups resulted in the identification of an expression signature
consisting of the CCL20, CDKN2A, CTCFL, piR-55219, TRH, SLC27A6 and EPHA5 genes. The transcription level of the CCL20
and CDKN2A genes becomes increased at the stage of neoplastic epithelial changes and stays so in cervical cancer.
Validation on an independent microarray dataset showed that the differential expression patterns of the CDKN2A and
SLC27A6 genes were conserved in the respective gene expression comparisons between groups.
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[Tpodunb skcripeccu MPHK-gHPHK 1ipu Heoryiasum
I LIepBUKaJIbHOM paKe, acCoOLMMpPOBaHHbIMU C BITU-uH@eKIIMel

E.A. KyaaeBa ® EC Mysaaesa (12, E.B. MamknHa

IOXHbI depepanbHbI yHUBepcuteT, PoctoB-Ha-[loHy, Poccus
@ ked05685@gmail.com

AHHOTaumA. Pak LWeWKkn MaTKn ABNAETCA OAHMM 13 Hanboriee YacTbIX OHKONOMMYECKMX 3a00/1eBaHNN Y XKEHWWH 1 B
70 % cnyyaeB CBfA3aH C BUPYCOM Nanuinombl yenoseka (BMY). Pak welikv maTKky pa3BrBaeTca B pe3ybTaTe Nporpeccmm
LiepBUKaJIbHOW MHTPa3NUTENanbHON HEOMA3UK Yepes NopaXKeHWs BTOPOWA 1 TpeTbel cteneHu. [loMrumo 6enok-Koau-
PYIOLLMX FeHOB, BaXKHYIO POJIb B Pa3BUTUM 3/10KaYeCTBEHHON TpaHCHOPMaLIMK KNETOK UTpatoT ANIMHHbIE HeKoAMpyoLne
PHK. XoTa BUpyc nanvnnombl YenoBeka LWMPOKO PacnpoCTPaHEH, B HacToALLee BPeMA HET XOPOLLO OXapaKTepn30oBaH-
HbIX TPAHCKPUMTOMHbIX NPU3HAKOB, MO3BONAIOLMNX MPEACcKa3aTb 3/10Ka4eCTBEHHYI0 TpaHCPOpMaLMIO KNETOK anuTenuns
npu Hanuuum ceasaHHon ¢ BMY Heonnasum anuTenna Wwemnkn maTku. IsaMeHeHnA reHHON akTUBHOCTW B OMyXONAX OT-
paxkatloT 6ronornyeckoe pasHoobpasme KneToyHoro GpeHotTuna 1 GU3nMonornyecknx GyHKUMN 1 MoryT ObiTb BaXKHbIM
ANarHoCTMYecKum Mapkepom. icnonb3ya oTKpbITble AaHHble cekBeHnpoBaHuA PHK, Mbl npoBenu cpaBHUTENbHbIN aHa-
N3 TPAHCKPUNTOMA ANA oueHKN AnddepeHLmnanbHO SKCnpeccupyemMbix reHoB B 0bpasLax HoOpManbHOWM TKaHu, 3nu-
TenuA C ANCNNACTUYECKUMUN N3MEHEHUAMY U PAKOM LUENKN MaTKU. [epBrYHbIe faHHbIe 6biNn NpeaBaprTenbHO 0bpa-
60TaHbI C UCnonb3oBaHMeM niatdopmbl Galaxy. Koppekunsa naketHoro a¢dekra, ngeHtudmkauna anddepeHumanbHo
JKCNpeccrpyembIX FreHOB 1 aHann3 oboraleHna Habopa reHoB BbIMOJSTHEHbI B NMaKeTax fA3blka MporpaMmMupoBaHua R.
Cy6kneToyHas nokanusauna gHPHK 6bina npoaHanusnposaHa ¢ nomoLlbto Be6-cepBricos Locate-R n iLoc-LncRNA 2.0.
B cpaBHeHWM «pakK vs. KOHTPONb» 3apernctprposaHo 1572 auddepeHumanbHO SKCNpeccMpyemblx reHa, B CpaBHEHUN
«pak vs. Heonnasuar — 1260. Tonbko ABa AnddepeHLManbHO SKCNPeCCUpPYEMbIX reHa BbIABIIEHO NPU CPaBHEHNW KOHTPO-
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Mpodwunb skcnpeccn MPHK-gHPHK npu Heonnasum
1 LePBMKaNbHOM paKe, accoummpoBaHHbIMK ¢ BMY-nHdpekunen

na n Heornnasuu. Mouck obwmx cpean Havnbonee cunbHO AnddepeHLManbHO IKCNPeccUpyemMbiX reHOB BO BCEX Fpymnax
CpaBHEeHVA NPUBEN K BbIABIEHWIO CUTHATYPbl SKCnpeccuun, coctosLlen n3 renos CCL20, CDKN2A, CTCFL, piR-55219, TRH,
SLC27A6 n EPHAS. TloBbIlWEeHHbIN YpoBeHb TpaHcKpunuun reHoB CCL20 n CDKN2A BO3HMKaeT Ha CTagumn Heonnactu-
YeCKMX U3MEHEHWI SNUTENINA 1 COXPAHAETCA MPU pake LWenKkn MaTKu. Banugauma Ha He3aBUCMMOM Habope AaHHbIX
MMKpOoUMna nokasasna, Yto nattepHol anddepeHumanbHom skcnpeccmm reHoB CDKN2A n SLC27A6 coxpaHsAoTca B COOT-
BETCTBYIOLLMX CPAaBHEHUAX IKCMPECCMM FeHOB MeXKAY rpynnamu.

KnioueBble cnoBa: BUpPYC NanuiioMbl YeNlOBEKa; HeOMIasnsa; pak LeNnKN MaTKy; TPAHCKPUNTOMHbIN aHanms; INCRNA;

CDKN2A; CCL20.

Introduction

Cervical cancer is the fourth most common cancer in women
worldwide after breast cancer, colorectal cancer, and lung
cancer. The World Health Organization (WHO) estimates
that 604,127 new cases and 341,831 deaths from the disease
worldwide were registered in 2020 (Sung et al., 2021; Gebrie,
2022). Cervical cancer occurs as a result of progression of
low-differentiated cervical intraepithelial neoplasia (CIN1)
through grade 2 and 3 lesions (CIN2 and CIN3). Inflammatory
responses are rarely observed in persistent low-grade lesions
and are thought to be due to the inflammation-suppressing
activity of high-risk HPV oncoproteins (Walch-Ruckheim et
al., 2015).

Although HPV is the most significant factor in cervical
cancer, the development of cervical cancer is considered
multifactorial. Common risk factors for cervical cancer also
include smoking, a high number of sexual partners, low social
and/or economic status and its consequences, and immune
suppression caused by infection such as human immunode-
ficiency virus (HIV) or the use of immunosuppressants after
organ transplantation (Walch-Ruckheim et al., 2015).

According to the International Human Papillomavirus
Reference Center data (Eklund et al., 2020), only 12 out of
220 HPV strains have the greatest impact on cancer develop-
ment (these strains include HPV types 16, 18, 31, 33, 35, 39,
45,51, 52, 56, 58, and 59). About 70 % of cervical cancer
and precancerous lesions of the cervix cases are specifically
associated with HPV types 16 and 18 (Okunade, 2020).

Eighty percent of sexually active women become infected
with HPV during their lifetime, but the infection persists in
only 5-10 % of those initially infected and leads to cervical
cancer in only 3 % (Schubert et al., 2023). In the absence
of a clearly persistent HPV infection, the risk of developing
cervical cancer is extremely low. However, virus persistence
may be associated with many factors. Host genetic factors
are thought to play an important role in the response to HPV
infection and further development of oncology.

Along with the protein-coding genes, long noncoding
RNAs (IncRNAs) play an important role in the development
of malignant cell transformation. Results of the TCGA pro-
ject showed that approximately the same number of protein-
coding genes and IncRNA genes carried mutations in more
than 5,000 different tumor samples. However, at the same
time, 60 % of IncRNAs showed tumor type specificity and
are superior to protein-coding genes in terms of specificity to
the type of cancer (Yan et al., 2015). Consequently, IncRNAs
can be a good class of biomarkers for cancer prognosis and
carly diagnosis.

Both protein-coding and IncRNAs can be analyzed as
efficiently as possible by high-throughput RNA sequencing
(RNA-seq). Profiling the entire transcriptome can iden-

tify genes that are differentially expressed in related tissues.
Changes in gene activity in tumors reflect the biological diver-
sity of cellular phenotype and physiological functions and can
be an important diagnostic marker (Martin, Wang, 2011; Bao et
al., 2019). A significant change in the expression of both pro-
tein-coding and non-coding parts of the genome may be a con-
sequence of local chromatin remodeling in the region of the
virus integration site, which plays a somewhat spontaneous but
often important role in oncogenesis (Karimzadeh et al., 2023).

The aim of this work was to perform bioinformatics analysis
of RNA sequencing data from epitheliocytes of women with
cervical epithelial neoplasia and cervical cancer based on open
data from three different studies (Royse et al., 2014; Hu et al.,
2015; Qi et al., 2022).

Materials and methods

Datasets. The study material was raw RNA sequencing data
of cervical epithelial samples from three separate studies
analyzing the transcriptome in cervical cancer, neoplasia,
and normal tissue. Neoplasia grade data were also available.
The main characteristics of the studies used are summarized
in Table 1.

Data preprocessing. Raw RNA-seq data (fastq format)
were processed using the Galaxy platform (https://usegalaxy.
org/). Read quality was assessed with FastQC, adapter trim-
ming was performed with TrimGalore, transcript alignment
and mapping was performed with RNA STAR, and transcript
counting was performed with featureCounts, respectively.

Data variability analysis and batch effect correction.
Analysis of data variability and assessment of the batch effect
(effect of the subsample/sequencing platform rather than bio-
logical variability) were performed using principal component
analysis (PCA) with the plotPCA function of the DESeq2
v.1.42.0 package for R. Based on the results of the variability
analysis, a conclusion was made about the inclusion/exclusion
of samples in further analysis.

Differential gene expression analysis was performed using
the DESeq?2 package in R. Genes were filtered by log,FC >2,
log,FC < (-2), and adjusted p-value < 0.05 (as visualized in
the R package EnchancedVolcano). Genes encoding mRNAs
and IncRNAs were categorized using Ensembl Ids. To identify
differentially expressed genes (DEGs) between three biolo-
gical states (neoplasia vs. control; cancer vs. neoplasia; cancer
vs. control), comparisons were performed and the top 10 genes
with statistically significant increased and decreased expres-
sion were identified. Heatmap for common DEGs was plotted
with the pheatmap package in R.

Gene set enrichment analysis (GSEA) to estimate acti-
vated and repressed biological pathways in the comparison
groups was performed using the clusterProfiler v.4.10.0
package for R.
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Table 1. Main characteristics of the used studies

mMRNA-INncRNA gene expression signature
in HPV-associated neoplasia and cervical cancer

No. Study ID Samples count
Control Neoplasia
1 SRP048735 6 12 -
2 SRA189004 - - 7
GSE149763 3 3

IncRNAs subcellular localization analysis. The web ser-
vices Locate-R (Ahmad et al., 2020) and iLoc-LncRNA 2.0
(Su et al., 2018) were used to determine the subcellular lo-
calization of IncRNAs.

Validation on an independent dataset. An independent
microarray dataset from the GEO database (GSE63514;
24 normal samples, 40 CIN3 samples, and 28 cancer samples)
was used to validate the obtained results. Gene expression was
obtained using GEO2R GUI available on the sample panel in
GEO (all comparison groups were likened to those performed
on the original dataset). Differential expression analysis was
performed within GEO2R.

Results
The variability analysis of RNA sequencing data and the PCA
assessment of the batch effect presented in Figure 1 showed
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that study No. 1 was significantly different from studies No. 2
and No. 3 (Fig. 1a), which may indicate the presence of a batch
effect. After it was excluded from the analysis, the variabil-
ity of samples from different studies decreased significantly
(Fig. 1b). In further analysis, only data from studies 2 and 3
were used. Samples from these two datasets were combined
for analysis into a single dataset without normalization due
to the overall low batch effect.

The results of the differential gene expression analysis are
shown in Figure 2. 1,572 DEGs were recorded in the “cancer
vs. control” comparison, also 1,260 DEGs were recorded in
the “cancer vs. neoplasia” comparison. It is important to note,
that only 2 genes were observed to be differentially expressed
in the “neoplasia vs. control” comparison.

The genes with the largest difference in the expression level
for all comparisons are shown in Table 2. The top 10 genes

L ] L]
L] Group
. » study 2
. ® & study 3
L] . *»
- -
L]
L ]
*
-50 -25 0 25 50

PC1:38 % variance

Fig. 1. RNA sequencing data variability analysis using PCA before the exclusion of study No. 1 (a) and after its exclusion (b).
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Fig. 2. Volcano plots for differentially expressed genes in the “neoplasia vs. control” (a), “cancer vs. control” (b), and “cancer vs. neoplasia” (c) comparison

groups.
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cancer vs. contro
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I, and “cancer vs. neoplasia” comparisons

Comparison
Neoplasia vs. control,
increased expression

Cancer vs. control,
increased expression

Cancer vs. control,
decreased expression

Cancer vs. neoplasia,
increased expression

Cancer vs. neoplasia,
decreased expression

ENSEMBL ID
ENSG00000115009.13
ENSG00000147889.18
ENSG00000124092.13
ENSG00000290242.1
ENSG00000176165.13
ENSG00000147889.18
ENSG00000019186.10
ENSG00000149968.12
ENSG00000119547.6
ENSG00000196611.6
ENSG00000118156.13
ENSG00000163064.7
ENSG00000253105.6
ENSG00000124205.18
ENSG00000170893.4
ENSG00000259458.1
ENSG00000113396.13
ENSG00000285336.1
ENSG00000145242.14
ENSG00000185069.2
ENSG00000279030.1
ENSG00000280650.1
ENSG00000124092.13
ENSG00000282122.1
ENSG00000290242.1
ENSG00000127129.10
ENSG00000213058.3
ENSG00000107159.14
ENSG00000241749.4
ENSG00000133328.4
ENSG00000287929.1
ENSG00000181617.6
ENSG00000170893.4
ENSG00000289337.1
ENSG00000145808.10
ENSG00000248698.6
ENSG00000113396.13
ENSG00000178115.12
ENSG00000279622.2
ENSG00000145242.14
ENSG00000143536.7
ENSG00000249421.2

Gene name
CcCL20
CDKN2A
CTCFL
piR-55219
FOXG1
CDKN2A
CYP24A1
MMP3
ONECUT2
MMP1
ZNF541

ENT
AP003548.1
EDN3

TRH
MGC15885
SLC27A6
LOC107928882
EPHAS5
KRT76
AC007336.3
KCNIP4-IT1
CTCFL
IGHV7-4-1
piR-55219
EDN2

RPS14

CA9
RPSAP52
PLAAT2
Inc-LAMCT-1
FDCSP

TRH
piR-52324-054
ADAMTS19
LINCO1085
SLC27A6
GOLGA8Q
Inc-ZDHHC7-3
EPHAS
CRNN
ADAMTS19-AST

Transcript type
Protein-coding
Protein-coding
Protein-coding
PiRNA
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
IncRNA
Protein-coding
Protein-coding
IncRNA
Protein-coding
IncRNA
Protein-coding

Protein-coding

Uncategorized transcript

IncRNA
Protein-coding
Protein-coding
PIRNA
Protein-coding
Pseudogene
Protein-coding
Pseudogene
Protein-coding
IncRNA
Protein-coding
Protein-coding
PIiRNA
Protein-coding
IncRNA
Protein-coding
Protein-coding
IncRNA
Protein-coding
Protein-coding

IncRNA

log,FC
8.78
6.75
21.91
20.25
19.33
9.16
9.15
8.29
8.04
7.99
7.98
7.92
-7.15
-7.06
-6.91
-6.83
-6.72
-6.58
-6.50
-6.49
-6.39
-6.10
21.74
19.65
19.22
9.09
8.26
7.22
7.12
6.85
6.84
6.79
-6.91
-6.79
-6.47
-6.34
-6.24
-6.21
-6.16
-6.13
-6.13
-6.09
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Fig. 3. Heatmap of the expression change patterns by logFC of selected
genes.

The stars are intended to flag levels of significance for p-adjusted >0.05 (ns),
<0.05 (*), <0.01 (¥*), <0.001 (***).

with increased and decreased expression for the “cancer vs.
neoplasia” and “cancer vs. control” comparisons and 2 DEGs
for the “neoplasia vs. control” comparison were presented. Out
of the top 10 genes with increased expression for the “cancer

Activated Suppressed |

mRNA base-pairing |
translational repressor activity

Structural constituent of chromatin |

Mitochondrial protein- |
containing complex

Mitotic sister chromatid separation

mMRNA-INncRNA gene expression signature
in HPV-associated neoplasia and cervical cancer

vs. neoplasia” comparison, 1 belongs to the IncRNA class,
1 belongs to the piwi-interacting RNA (piRNA) class, 2 belong
to the pseudogene class, 6 belong to the protein-coding gene
class; out of the genes with decreased expression, 3 genes
belong to the IncRNA class, 1 gene belongs to the piRNA
class, and the remaining 6 belong to the protein-coding gene
class. In turn, out of the top 10 genes with increased expres-
sion for the “cancer vs. control” comparison, 1 belongs to the
piRNA class, and 9 belong to the protein-coding gene class;
out of the genes with decreased expression, 4 belong to the
IncRNA class, 1 belongs to the uncategorized transcript class,
and the remaining 5 belong to the protein-coding gene class.

Search for common genes among the most strongly dif-
ferentially expressed genes among all comparison groups
resulted in the identification of an expression signature con-
sisting of the genes CCL20, CDKN2A4, CTCFL, piR-55219,
TRH, SLC2746 and EPHAS5. The expression patterns of these
genes are shown in Figure 3.

The gene enrichment analysis shown in Figure 4 demon-
strated that in the “cancer vs. control” comparison, the mole-
cular pathways associated with the cell cycle, DNA packaging,
replication and translational mRNA base-pairing repression
were activated, and the pathways associated with the mem-
brane structure and cell-cell adhesion were repressed. Con-
versely, in the “cancer vs. neoplasia” comparison, molecular
pathways related to the immunoglobulin production, antigen
binding, respiratory chain and respirasome were activated,
while pathways related to the translational mRNA base-pair-
ing repression, post-transcriptional silencing, RISC and RNAi
effector complexes were repressed.
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Fig. 4. Results of gene set enrichment analysis for the “cancer vs. control” (a) and “cancer vs. neoplasia” (b) comparison groups.
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Table 3. Results of differentially expressed IncRNAs subcellular localization analysis using Locate-R and iLoc-LncRNA 2.0

IncRNA Locate-R
Localization Score

AP003548.1 Cytoplasm 1
MGC15885 1
LOC101928882 0.99
KCNIP4-IT1 1
Inc-LAMC1-1 0.94
LINCO1085 1
Inc-ZDHHC7-3 0.92
ADAMTS19-AS1 Nucleus 0.97

iLoc-LncRNA 2.0
Localization Score
Cytoplasm 0.84
0.73
0.85
0.83
0.86
0.69
0.87

Exosome 0.66

Table 4. Comparative analysis of the DEGs in datasets for study and validation

Comparison Studied dataset (SRP048735+

SRA189004 + GSE149763, RNA-seq)
Neoplasia vs. control 2 450
Cancer vs. control 1,572 961
Cancer vs. neoplasia 1,260 215

Analysis of the subcellular localization of differentially
expressed IncRNAs using two different web resources
(Table 3) showed that subcellular localization is identified
ambiguously for ADAMTS19-AS1 (nucleus and exosome),
which may be related to differences in the computational ap-
proaches by which Locate-R (Local Deep SVM approach)
and iLoc-LncRNA 2.0 (SVM approach) are implemented,
despite the fact that both models are based on an analysis of
the RNALocate IncRNA localization database. The results
clearly indicated cytoplasmic localization for most of the
transcripts (Table 3).

Validation on an independent dataset

Differential gene expression analysis on an independent data-
set (Table 4) demonstrated that the number of DEGs observed
in the “neoplasia vs. control” comparison was much higher
than in the same comparison in our study, whereas for the
other two comparisons, the number of DEGs was lower in
the independent dataset than in our study. In particular, the
CDKN24 and SLC27A46 genes confirmed their expression
change in the same pattern after validation.

Discussion
The division of HPV-infected cervical epithelial cells leads to
neoplastic tissue changes or cervical intraepithelial neopla-
sia (CIN). The changes detected at the levels of cell morpho-
logy and tissue structure are the consequence of alterations
at the molecular level. Neoplastic changes of epithelial cells
in HPV infection are characterized by an increased level of
transcription of the CCL20 and CDKN2A genes, which lasts
through the progression of the malignant process.

Tumor development assumes long-term persistence of HPV
and the formation of a high viral load. Moreover, the virus
can use the replicative apparatus of human cells and avoid the

Validation dataset
(GSE63514, microarray)

Overlap total Overlap within the

expression signature
1 CDKN2A
CDKN2A, SLC27A6
15 -

171

action of immune system factors. The main mechanisms of
evasion from the immune system include modulation of anti-
gen presentation, inhibition of cytokines and chemoattractants,
modulation of cell adhesion molecule synthesis and inhibition
of antigen-presenting cell migration.

The CCL20 gene, differentially expressed in neoplastic
changes of infected cells, may be a direct participant in these
processes. CCL20 belongs to the subfamily of small cytokine
CC genes, it is located on chromosome 2q and contains 4 exons
and 3 introns. This gene encodes macrophage inflammatory
protein (MIP)-3a, predominantly expressed in liver, colon,
prostate, cervix, and skin. It has been reported that endothelial
cells, neutrophils, T helper 17 (Th17) cells, B cells, natural
killer cells, dendritic cells (DC) and macrophages secrete
CCL20 (Yamazaki et al., 2008; Nandi et al., 2014). CCL20 as
a chemoattractant is involved in recruiting lymphocytes and
dendritic cells to epithelial cells. It is believed that CCL20
may play an important role in the regulation of Langerhans
cells, which are the main antigen-presenting cells for HPV
presentation, causing an immune response.

From this perspective, it is reasonable to assume that active
expression of CCL20 would be triggered in response to the
appearance of human papillomavirus in the body. However,
many studies indicate that HPV oncoproteins E6 and E7 may
reduce the production of the chemokine CCL20 in keratino-
cytes by inhibiting its transcription. And thus, HPV, in an at-
tempt to avoid an immune response, may negatively modulate
the expression of this chemokine in the epithelium, thereby
blocking the migration of inflammatory cells, such as Langer-
hans cells, to the lesion site (Guess, McCance, 2005; Wang et
al., 2010; Jiang, Xue, 2015; Fernandes et al., 2021).

However, in the later stages of cervical carcinogenesis, the
landscape changes and CIN3 lesions often contain myeloid
cells such as macrophages and dendritic cells (Mazibrada et
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al., 2008) and, as a number of studies have shown, CCL20
levels in cervical cancer tissues are significantly higher than
in non-tumor and normal control tissues (Yu et al., 2015).
Cervical cancer cells have been found to instruct cervical
fibroblasts to produce CCL20 (Walch-Ruckheim et al., 2015).
The rationale is that although normal immune cells attack
and suppress tumor cells, some immune cells that infiltrate
cancer tissue lose their anti-tumor function and play a role in
promoting tumor progression (Beatty, Gladney, 2015; Bin-
newies et al., 2018).

Alteration of the cell cycle of infected epitheliocytes is pos-
sible due to changes in the transcription level of the CDKN2A4
gene. CDKN24 is a cyclin-dependent kinase 2a inhibitor gene
that, through the use of alternative reading frames, produces
two major proteins: pl6 (INK4), an inhibitor of cyclin-
dependent kinase 2 which arrests the G1-S transition in the
cell cycle, and p14 (ARF), which binds the p53-stabilizing
protein MDM2 (Robertson, Jones, 1999). It is important to
note that CDKN24 is overexpressed in various cancers, and
often its expression level correlates with the number of mu-
tations, microsatellite instability in the tumor genome, and
immune infiltration in the tumor microenvironment (Chen Z.
et al., 2021). However, a study of CDKN2A expression in
cervical cancer cell lines performed by real-time PCR and
western blotting showed that it was reduced; moreover, the
authors concluded that CDKN2A inhibits cell proliferation and
invasion in cervical cancer through the AKT-mTOR lactate
dehydrogenase mediated pathway (Luan et al., 2021). Several
bioinformatics studies analyzing RNA sequencing data of cer-
vical cancer samples have found that CDKN24 is a kind of
“nodal gene” of tumorigenesis through interactions with vari-
ous transcription factors, signaling molecules and microRNAs
(e.g. miR-424-5p and miR-9-5p) and is overexpressed in
cervical carcinoma in the TCGA project (Zhao et al., 2018;
Chen Z. et al., 2021). In our study, CDKN2A expression was
upregulated in patients with both HPV-associated neoplasia
and HPV-associated cervical cancer, which draws attention
to the importance of a more thorough study of the expression
pattern of this gene and the features of the above pathologic
conditions.

At the same time, the pattern of CDKN2A4 methylation in
cervical cancer is relatively well known; several meta-analyses
have shown that CDKN2A hypermethylation (relative to con-
trol samples) can be an indicator of early disease progression
(LiJ. etal., 2016). CDKN2A methylation was found to gradu-
ally increase with disease progression from stage 1 neoplasia
to cervical cancer (Wijetunga et al., 2016), which can also be
used as a comparative marker of disease severity. We would
like to emphasize the need for a study linking the expression
and methylation status of CDKN2A in HPV-associated neo-
plasia and cervical cancer to expand the understanding of the
functional role of CDKN24 regulation in these conditions.

The most significant reduction of expression level in cancer
cells relative to both control and neoplasia was found for five
transcripts: SLC2746, EPHAS, TRH, CTCFL, and piR-55219.

The SLC27A46 gene encodes a fatty acid transfer protein
through the cell membrane. Long-chain fatty acids are es-
sential for various physiological processes. The function of
SLC27A6 in cervical cancer has not, to our knowledge, been
clarified. However, it is reported that SLC2746 expression
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was decreased in esophageal squamous cell carcinoma and
breast cancer cells as well as nasopharyngeal carcinoma cells
compared to normal cells (Xu C.Q. et al., 2015; Yen et al.,
2019). It was also observed that the methylation ratio of the
SLC27A6 promoter was higher in nasopharyngeal carcinoma
than in nonmalignant tissues (Xu C.Q. et al., 2015). On the
contrary, SLC27A46 gene expression was increased in papillary
thyroid carcinoma (Dai et al., 2020).

The function of the ephrin A5 receptor encoded by the
EPHAS gene in cervical cancer is also unclear. However, sup-
pression of EPHAS expression by methylation has been es-
tablished for breast cancer (Fu et al., 2010), prostate cancer
(LiS. etal., 2015), and colorectal cancer (Kober et al., 2011).
The loss of EPHAS expression was associated with the degree
of serous ovarian carcinoma — the expression of this gene in
cancer was reduced by 45 % in relation to neoplasia (Chen X.
etal., 2016).

The TRH gene encodes a member of the thyrotropin-releas-
ing hormone family involved in the hypothalamus—pituitary—
thyroid axis which exhibits feedback of thyroid hormone,
thereby regulating metabolic and immunological homeostasis.
TRH has been well investigated in the type of cancer such
as acute myeloid leukemia, and a correlation between risk
groups and 7RH expression was found, and it was discovered
that patients with higher TRH expression were more sensi-
tive to chemotherapy (Gao et al., 2022). Regarding CIN and
cervical cancer, site-specific assessment of 7RH gene meth-
ylation (cg01009664) was investigated for the detection of
CIN2+ and demonstrated high sensitivity and specificity with
clinician-collected samples, but not with the self-collected
ones (Chaiwongkot et al., 2023). A similar analysis was also
performed using screening of TRH cg01009664 methylation
for prediction of oral squamous cell carcinoma and oropharyn-
geal squamous cell carcinoma (Puttipanyalears et al., 2018).

Conversely, the CTCFL and piR-55219 genes are signifi-
cantly upregulated in their expression in both “cancer vs. neo-
plasia” and “cancer vs. control” comparisons.

The CTCFL gene, which is sometimes also called BORIS,
is a paralog of the widely known CTCEF transcription factor
and is normally expressed in pre-meiotic male germ cells
together with ubiquitously expressed CTCF being involved
in the regulation of the testis-specific genes (Soltanian, Deh-
ghani, 2018; Debaugny, Skok, 2020). Unlike CTCF, CTCFL is
more frequently amplified or transcriptionally activated, rather
than mutated in cancers, and in cervical cancer the aberrant
expression of CTCFL is linked with the re-initiating promoter
hypomethylation of this gene (Debaugny, Skok, 2020). More-
over, a study performed on the cervical cancer stem-like cells
(CSCs)/cancer-initiating cells (CICs) claimed that BORIS sf6
(isoform from subfamily 6) is specifically expressed in cervi-
cal CSCs/CICs and has a role in the maintenance of CSCs/
CICs and proposed a peptide isoform BORIS C34 24(9) as
a promising candidate for cervical CSC/CIC-targeting im-
munotherapy (Asano et al., 2016). Clinically, in cases of
epithelial ovarian cancer and cervical cancer, high levels of
BORIS expression were associated with poorer prognosis/less
median survival times of patients and advanced cancer stages
(Soltanian, Dehghani, 2018).

Way less is known about piwi-interacting RNA piR-55219.
In general, piwi-interacting RNAs (piRNAs), which are
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25-31 nucleotides in length, have been found to cluster at
transposon loci in the genome and are thought to be critical
for silencing these mobile genetic elements, via DNA methyla-
tion, to maintain genomic integrity in germline stem cells.
Although they have only recently been identified in cancers,
it is possible that the piRNAs that mediate transposon silenc-
ing during normal germline differentiation are hijacked in
cancer cells to silence other parts of the genome, resulting in
a tumorigenic state (Siddiqi, Matushansky, 2012; Suzuki et
al., 2012). Unfortunately, no specific information on the in-
volvement of piR-55219 in cancer processes has been shown,
which emphasizes the need for a more detailed investigation
to establish a functional relationship between piRNAs and
other cancer-specific genes.

Conclusion

We identified a predominantly cytoplasmic localization for the
majority of differentially expressed IncRNAs. These IncRNAs
can be involved in post-transcriptional regulation through their
influence on the stability of mRNAs, act as translation regula-
tors while forming mRNA-IncRNA complexes and can release
miRNAs from their target genes as miRNA “sponges” (Xu Y.
et al., 2023). All these processes may be impaired in cervical
cancer, so it is important to further investigate the molecular
mechanisms of function of IncRNAs selected in this study.

The results of our study differ significantly between the dis-
covery and validation cohorts, which may be related to sample
preparation protocols (FF+FFPE vs. cryosectioning) and ex-
pression assessment method (RNA-seq vs. microarray), which
once again confirms the need to generate large protocol-uni-
formed datasets for studying neoplasia and cervical cancer
at the same time.

Therefore, the analysis of differential gene expression in
HPV-infected neoplasia and cervical cancer revealed a pattern
of 7 genes with altered transcription levels. The increased
transcription level of the CCL20 and CDKN2A genes occurs
at the stage of neoplastic epithelial changes and persists in
cervical cancer. The CDKN2A and SLC27A46 genes confirmed
their expression change in the same patterns after validation
on the independent microarray dataset.
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AHHoTauuA. OgHOHYKNneoTuaHble nonnmopdrsmbl (SNP) MOTyT Cy>KUTb HaEXKHbIMY MapKepamyl B FreHHON UHXe-
Hepuw, ceneKkumm, CKPUHMHIOBbIX 06CNe0BaHUAX U APYrMX 06nacTaX HayKu, MeauumHbl U NPor3BOACTBA. MosHo-
reHOMHOEe CEKBEHVPOBaHMe U FeHOTUMNMPOBaHME NPV MOMOLLM CEKBEHVPOBaHNA MOTYT BblcoKocneundunuyHo ge-
TekTpoBaTb SNP 1 BbIABNATL HOBble annenn. OgHaKo B CMTyaUuMAX, KOrAa MHTepec nccnepoBatenei HanpasfieH Ha
oTAeNbHble KOHKPETHbIE JTOKYCbl, 3T METOAbI CTAaHOBATCA M3ObITOYHBIMMU, @ X LIEHA, JOJA JIOXKHOMONOXKUTENbHBIX
1 NOXXHOOTPULATENIbHBIX Pe3yNbTaToB 1 TPyAo3aTpaThl Ha NPOOGOMOArOTOBKY W aHaNM3 He OMpaBAbIBalOT UX Npu-
MeHeHuA. Mo3ToMy TOUHble 1 GbICTPble MeTOAbI FeHOTUMUPOBAHNA OTAENbHbIX asifieNei BCe elle oCTalTcA BoCTpe-
60BaHHbIMY, 0COOEHHO NPV NPOBEpKe KaHAUAATHbIX NOAMMOPGU3MOB B aHaM3ax accoumaumm ¢ onpeaeneHHbIM
deHoTnom. OfUH 13 TaKNX METOLOB — FEHOTUMMPOBAHME C UCNOMb30BaHNeEM ansenb-cneyndryHbix 30H80B TagMan
(TagMan dual labeled probes). Metop 3akntouaetca B peakuyuu MLP B peanbHOM BpeMeHM € UCMOIb30OBaHMEM Napbl
nparMepoB 1 ABYX OJIMFOHYKEOTUAHbIX 30HAOB, KOMIMIEMEHTAPHBIX MOCNeA0BaTENbHOCTY BOMM3N JaHHOIO JIOKyca
TaKnM 06pa3om, YTO OLMH 30HA KOMIJIEMEHTAPEH annesto AUKOro TMNa, a PYro — MyTaHTHOMY anniento. [Npenmyuye-
CTBa MeTo/a 3aKJII04aloTCA B ero cneunduyHOCT, YyBCTBUTENbHOCTM, HEBLICOKOW CTOMMOCTU 1 6bICTPOTE NONMyYeHUA
pe3ynbtaToB. OH MO3BONAET C BbICOKOW TOYHOCTbIO Pa3nnyaTh anieny B reHome B ogHocTagminHon MLP 6e3 gononHu-
TeSIbHOTO 3Tana pasAeneHna NPoayKTOB peakLn, YTo enaeT ero BOCTPeboBaHHbIM B MCCeA0BaHUAX FeHETUYECKIMX
accouvaumii B MONEKyNAPHON reHeTuke U meauumHe. bnarogapsa pas3BuTUIO TEXHONOMMIA CUHTE3a ONIUTOHYKIeoTU-
[lOB V1 COBEPLLEHCTBOBaHNIO METOAOB Nog6opa NpaniMepoB 1 30HAO0B MOXKHO OXMAATb PAaCLUVPEHUS BO3MOXHOCTEN
NPVIMEHEHNA 3TOTO NOAXOAA B ANArHOCTUKE HacNeCTBEHHbIX 3a6oneBaHuiA. B HacToswen cTaTbe Mbl pa3obpanm oc-
HOBHble NMPVHLUMMNbI MeToAA, NPOLECChl, BAMALWME Ha pe3ynbTaT FeHOTUMMPOBaHWA, KpUTepun nogbopa onTrMasb-
HbIX MpanimMepoB 1 30HAOB, Ucnonb3oBaHne LNA-MogudrKauuini B ONUroHyKIeoTnaax, a TakxKe npriBenu npoToKos
nogb6opa nparimepos, 3o0HAoB 1 MLP Ha npumepe SNP rs11121704. Mbl HageemMcs, UTO NpefCTaBeHHbIA NPOTOKON
NO3BONIUT UCCIefOBATENbCKMM FPYMNNaM CaMOCTOATENIbHO NoA6MpPaTh CO6CTBEHHbIE SPPEKTUBHBIE TECT-CUCTEMDBI 41A
NPOBEPKM NHTEPECYIOLLMX NONMMOPPU3MOB.

KnioueBble cnoBa: reHOTUNUPOBAHUE; OJHOHYKNEOTAHbIe nonumopdusmbl; 30HAbI TagMan; LNA-mogndukaumum;
annenb-cneundunyHan MUP.
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Abstract. Single-nucleotide polymorphisms (SNPs) can serve as reliable markers in genetic engineering, selection,
screening examinations, and other fields of science, medicine, and manufacturing. Whole-genome sequencing and
genotyping by sequencing can detect SNPs with high specificity and identify novel variants. Nonetheless, in situations
where the interest of researchers is individual specific loci, these methods become redundant, and their cost, the pro-
portion of false positive and false negative results, and labor costs for sample preparation and analysis do not justify
their use. Accordingly, accurate and rapid methods for genotyping individual alleles are still in demand, especially for
verification of candidate polymorphisms in analyses of association with a given phenotype. One of these techniques
is genotyping using TagMan allele-specific probes (TagMan dual labeled probes). The method consists of real-time
PCR with a pair of primers and two oligonucleotide probes that are complementary to a sequence near a given locus
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in such a way that one probe is complementary to the wild-type allele, and the other to a mutant one. Advantages of
this approach are its specificity, sensitivity, low cost, and quick results. It makes it possible to distinguish alleles in a ge-
nome with high accuracy without additional manipulations with DNA samples or PCR products; hence the popularity
of this method in genetic association studies in molecular genetics and medicine. Due to advancements in technolo-
gies for the synthesis of oligonucleotides and improvements in techniques for designing primers and probes, we can
expect expansion of the possibilities of this approach in terms of the diagnosis of hereditary diseases. In this article,
we discuss in detail basic principles of the method, the processes that influence the result of genotyping, criteria for
selecting optimal primers and probes, and the use of locked nucleic acid modifications in oligonucleotides as well as
provide a protocol for the selection of primers and probes and for PCR by means of rs11121704 as an example. We
hope that the presented protocol will allow research groups to independently design their own effective assays for
testing for polymorphisms of interest.

Key words: genotyping; single-nucleotide polymorphisms; TagMan probes; LNA modifications; allele-specific PCR.
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BBepeHmne

OnHonykieotuHble onumopdusmbsl (SNP) aktuBHO nc-
TOJTB3YIOTCS KaK HAJEKHbBIE MapKephbl B TCHHON HH)KCHEPHH,
CEJICKIIMH, CKPUHUHTOBBIX 00CIICIOBAHMSIX M APYTUX 00JIACTAX
HayKW, MCIUIHBI U ITPOU3BOJACTBA. O‘ICBI/UIHO, YTO ITOJIHO-
TEHOMHOE CEKBEHHPOBAHNE ¥ TEHOTUITMPOBAHHUE TP IIOMOIIN
CEKBEHHUPOBAHHSI MOTYT BBICOKOCTICIIU(PUIHO IETEKTUPOBATH
SNP u BBIABIATH HOBBIE BapuaHTHl. OHAKO B CHUTYaIlHsIX,
KOTJIa MHTEPEC HCCIIeIOBaTelIel HalpaBlIeH Ha OTIENIbHBIC
KOHKPETHBIE JIOKYCBI, 3TH METOJIbI CTAHOBSITCS N30BITOUHBIMH,
a MX LIeHA, JI0JIS1 JIOKHOTIOJIOKHUTEINIbHBIX M JIOKHOOTPULIATEIb-
HBIX PE3YJBTATOB U TPYL03aTPAThI Ha IPOOOIIOATOTOBKY 1 aHa-
JIM3 HE OIPaBJABIBAIOT MX NpUMeHeHHs. [loaToMy TouHBIE U
6I)ICTpI)Ie METOABI TCHOTUIIMPOBAHUA OTACIbHBIX aJiIesic Bce
€IIIe OCTAIOTCS BOCTPEOOBAHHBIMI, 0COOSHHO ITPH ITPOBEPKE
KaH/IM/IaTHBIX TTOJMMOP(U3MOB B aHAJIM3aX acCOLMAINU C
omnpezeneHHbM penorunom (Kalendar et al., 2022).

Ha cerogusimHunii 1eHb METO/IbI, OCHOBAHHBIC HA AJIJIEIb-
cnenuduanoii [P, mo3BoISIOT MOMyYaTh HANOOIICE TOUHBIC
Pe3yaBTaThI IPH UX HEOOJBIIION CTOMMOCTH, TIPH 3TOM HE Tpe-
OyIOT BBICOKOW KBaJNM(UKAINH IEpPCOHANa U JOPOTOro Ja-
6oparopHoro obopynoBanus. B Hacrosei padboTe Mbl aHa-
JIM3UPYEM ITPUHITUIIBI pa6OTBI C OJHHUM U3 TaKUX MCTOJ0B —
TEHOTHIINPOBAHUEM C MCHOJIB30BAHUEM alIeib-crienudud-
HBIX 30H/I0B, OCHOBaHHBIM Ha Metoze TagMan (TagMan dual
labeled probes). Briepsbie on 0611 onrican 15 et vaszan (Hui
et al., 2008) u To-TpekHEMY OCTaeTCs OXHUM U3 Hanboiee
Y4aCTO MCIOJIB3YEMBbIX JUTS JICTEKIIMU OTHOHYKJICOTHTHBIX MO~
sumophuzmor. TouHOCTH MeTOIa 0OECIICUNBACT OIINOKY Ie-
HOTHUITHPOBAHMA MeHee YeM B onHoM cirydae u3 2000 (Ranade
et al., 2001). ITpaBuibHEIH MOA0OpP NMpaiiMEpoOB U 30HJIOB
BO3MOXKEH JIJIs1 OOJIBIIMHCTBA MOCIIEIOBATEIbHOCTEH reHOMa 1
no3BoJisieT 6osee ueM B 90 % ciryyaeB 1oiydaTh 10CTaTOYHO
TOYHBIC pe3yibTarsl renorunuposanust 1t JJHK Beicokoro
KauecTBa 0e3 JajbHEHIIeH ONTHMU3ALNH.

Meton amnens-cienuduanoit [P ¢ TagMan-3on1amu
CHOCO0EH Pa3/IeINTh TEHOTHITBI JaXKe PH HEOOIBIINX KOJIH-
4eCcTBax MCXOMHOro obpasiia, He TpeOyer moct-ITIIP-o0pa-
OOTKH M XOPOIIIO KOPPETHPYET ¢ qpyrumMu Metomamu (Broc-
canello et al., 2018). OxHaKO KOMMEPYECKH JIOCTYITHBIC U
pa3pabareiBaeMble 110 KOHKpeTHBIM SNP HaGOpH! HE OTIH-
YaIOTCsl BBITOJHOM LIEHOW, a pEKOMEHJAIMU 110 CO3JaHUI0 U
OINTHMH3AIH COOCTBEHHBIX TECT-CUCTEM B OOJIBIIIMHCTBE JIN-
TEPATYPHBIX UCTOYHUKOB OIMUCAHBI TIOBEPXHOCTHO.

352

B manHO# paboTe MBI MPUBOINM TOAPOOHBIN aHATU3 Me-
TOJ1a C OTIMCAHUEM TIPOLIECCOB, CIIOCOOHBIX BIMATH Ha Pe3Yib-
TaThl FTEHOTHITUPOBAHMS, & TAK)KE PEKOMEHIALINH T10 T0A00pY
COOCTBEHHBIX TECT-CHUCTEM.

OnwucaHue metoga

Merton 3akimtouaercs B peakuuu [P B peanbHOM BpemeHH ¢
UCIIONIb30BaHNEM TIaphl MpaiiMepoB (TIpsIMOTo U 00paTHOTO,
MEXJy KOTOPBIMH PACIHOJI0KEH MHTEPECYIOIUI HAC MOJH-
MOP(]HBIH JOKYC) 1 IBYX OJIMTOHYKJIEOTUAHBIX 30H/10B, KOM-
TUIEMEHTAaPHBIX MOCJICIOBATEIEHOCTH BOJIM3H JAHHOTO JIOKYCa
TaKUM 00pa3oM, 4TO OJHMH 30H] KOMIUIEMEHTApEeH ajlIelto
JTUKOTO THTIA, a IPYTOi — MyTaHTHOMY ajutemo. Ha 5'-xonie
Ka)KJIbIIl 30H/T HMEET CBOM (PIIyOpEeCIeHTHBIN KpacuTesb, Ha
3'-KoHIIe — racuTellb iryopecueHu 1 GochaTHyo rpyIiry.
®DocdarHas TpymnIa He MO3BOJISET 30HIaM CITYy>KUTH Iipaiime-
pamu B peakruu [11IP. YV naTaKTHOTO 30HIA M3-32 OIU30CTH
racuTessl U KpacuTels CHUrHalla HET, TaK KaK MPOUCXOIAT
DépcrepoBckuii epenoc sHeprun (Forster resonance ener-
gy transfer, FRET) u tymenne ¢uryopecuennnu. Ha craaun
anonranuu Taq JIHK-nonumepasa, nomeainas 10 mOJIHOCTHIO
KOMIIJIEMEHTAPHOTO CIIApEHHOTO C MaTPUIEH 30H/a, 3a CUeT
5'-3'-3K30HyKJI€a3HON aKTUBHOCTH THAPOJIN3YET €T0, pa3oo-
I1asi TaCUTENIb U KPacHTelb, (PIIyopeceHIMI0 AeTEeKTUPYEeT
mpudop.

I'mOpuam3anyst 30112 ¢ MaTpuiei 6onee 3pPeKTUBHA ITPU
MOJTHOM KOMIIJIEMEHTapHOCTH, K TOMY € B Clydae Hecra-
PEHHOTO OCHOBaHHS (MHCMaT4a), KOTJa ¢ MaTPHUIIEH, COIep-
JKalel OJINH aJulellb, CBSI3BIBACTCSI 30H, COOTBETCTBYIOMIN
JIpyrOMy aJUIeNTio, MoJMMepa3a NPEeUMyIIeCTBEHHO BBITECHSET
€ro TIOJIHOCTHIO, He pa3o0mas xpomodopsl. [ToaTomy Hakom-
JeHne curaana Oyner ropasno 3¢(dexTuBHEE MPOUCXOAUTH
B Ciyd4ae MOJHON KOMIUIEMEHTApHOCTH 30HJA M MaTPHILIBL.
Takum oOpa3oM, COOTHOIIEHUE YPOBHS (DIyopecIeHIInn
Pa3HBIX KpacuTelel 3aBUCUT OT COOTHOIICHHS B MCXOTHOM
MaTpuile ajujeneil, COOTBETCTBYIOUINX 30HAaM, MEUEHHBIM
strmMu Kpacutensmu (Hui et al., 2008).

B npnbnmxeHHOM K naeanbHON cuTyanuy rpadyk anieb-
HOW TUCKPUMUHAIINY, TJIe 3HaYCHUs ocell X u ¥ 0003HauaroT
YPOBHH (DITyOpPECIEHIINN TIEPBOTO U BTOPOTO KPACUTEINS AJIS
Kakzoro odpasua, npeacrasieH Ha puc. 1. O6pasisl ¢ oau-
HAKOBBIM F€HOTHUIIOM (DOPMHUPYIOT 00JIAKO TOUEK, Y/IAJICHHBIX
OT JPYTHX KJIaCTEpOB. YPOBEHb (IIyOPECUEHINN KaXKJO0TO
KpacuTessl paBeH HYJIIO JUIsi TOMO3HIOT, HE MMEIOIIHX asle-
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Puc. 1. lpaduk KaueCTBEHHON anfienbHOM AUCKPUMMHALUN.

3pechb 1 Ha pUC. 2: MOCTPOEHO C NOMOLLbIo Mporpammbl Bio-Rad CFX Manager.
RFU (relative fluorescence unit) - oTHocuTenbHan eaviHMLA GpryopecLeHLuN.

JI5, MCUCHHOTO JIAHHBIM KpPAacUTEJIEM, U MTPAKTHUCCKH BJIBOE
BBIIIE /I TOMO3UIOT IO 3TOMY aJUIeNIO [0 CPaBHEHUIO C
TeTEePO3UTOTAMH.

Ha puc. 2 noka3zan pe3ysbTaT MeHee CeHu(pUIHON peak-
MM, KOTJIa OTKUT U TIOCJIEAYoast pECTPUKLIUS 30H/10B I1PO-
UCXOAAT TaKk)Ke Ha MAaTPHIE, COOTBETCTBYIOUICH IPyroMy
anyeno. B aToM cirydae MHTEHCHBHOCTH CBEUCHHSI 000MX
KpacuTeneil OTIMYHA OT Hyls U1 Bcex o0pasnos. [Ipu atom
TEHOTHITBI 00PA3I0B TAKKE XOPOIIO AUCKPUMHHHUPYIOTCS C
BBICOKOH TOYHOCTBIO. CllelyeT OTMETHTh, YTO B XOJIE Peak-
UKW KOHLECHTpauus CHCLII/I(l)I/I‘iHOFO 30HJa CHUXKACTCs, KOH-
LEHTPAIHS MAaTPUIIBl YBEIUIUBACTCS, A 30H] C MUCMATIEM
0CTaeTcsl MHTAKTHBIM, YTO CMEIIAeT PABHOBECHE B CTOPOHY
00pa3oBaHus AyIUIeKca c MECMaT4eM. B TakoM cirydae MoxeT
MIOMOYb HCIIOJIb30BAHNE B PEAKIIMM MEHBINETO KOINYECTBA
MCXOIHON MaTpHIbl JTHOO CUMTHIBAHHE aJIICIIOTPaMMBl Ha
0oJiee paHHUX ITUKIIAX.

Hcxons TonbKO U3 COOTHOILEHUS! YPOBHEN CUTHAJIOB Kpa-
CHUTENEH B OT/IEJIFHO B3STOM 00pasile Helb3sl ONPEACIHTh,
KaKou 30HM JIy4YlI€ CBA3BIBACTCA U, COOTBETCTBCHHO, KAKUM
ObUT FEHOTHII, TOCKOJIBbKY KPACUTEIH UMEIOT Pa3HyIO HHTCH-
CHUBHOCTb CBEUCHUSI, 30H/IbI OTIIMYAIOTCS 110 3()P(HEKTHBHOCTH
CBA3bIBAHUS, 1 HA [[aHHLIﬁ IpouecC MOr'yT BIHATH APYTHUC CTO-
xactuaeckne (aktopsl. [losTomMy i aHANM3a HEOOXOTUMO
HCIIOJIb30BaTh HECKOJIBKO 00pa3IloB, CpeIu KOTOPBIX BCTpe-
YaroTCd pasHbIC I'CHOTHUIIBI. PeKOMeHZ[yeTCSI aHaJIM3UPOBATh
He MeHee 20 06pa31oB 3a OJMH 3aITyCK MpHOopa ISt TOCTO-
BEpHOH TUCKpUMUHaUK. 110 TOMY, HACKOJIBKO OJJMH CUT'HAJ
HapacTaeT UHTEHCHUBHEE, YeM JIPYyroii (T.e. Mo yriy pajanyc-
BEKTOpa TOYKH Ha Tpaduke I KaKIOro odpasiia), MOKHO
pasaennuTh Bce 00pasiibl Ha TPYIIIB, U B CITydae 0OHapYKEeHUS
TpEeX IPyIII ObITh YBEPEHHBIMH B TOUHOM OIPEEICHUH [€HO-
THUIA KQXI0H 13 HUX. [Ipu 0TCYTCTBHU KaKoro-To reéHOTHIIA
B BBIOOPKE ITPH OLICHKE PE3YJbTATOB CIEAYET ONMUpPAThCsl Ha
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Puc. 2. Tpadvik annenbHON ANCKPUMUHALMMN C HA3KUM OTHOLIEHMEM Lie-
neBoii GpryopecLeHuun K GOHOBOMY CUrHany.

COOTBETCTBUE PEAIILHON YaCTOTHI TEHOTUIIOB U OKUIAEMOIH,
10 JaHHBIM JINTEPATYPBl WIK 110 paBHOBeCHUIO Xapau—BaliH-
6epra. UtoOs! yOeIUTHCS B IPABWIBHOCTH aJICITFHON JTHC-
KPUMHHAINH, PEKOMEHIYETCsI IPOBEPUTH CEKBEHHPOBAaHHEM
1o CaHrepy o0pas3ibl Kax10ro ITeHOTHIIA.

Kputepun nog6opa onTmanbHbIX NpafimepoB
1 30HAOB ANA reHOTUNMPOBaHMA

Mop6op npaiimepos

* GC-cocras B npenenax 30-80 % (B nuneane 40-60 %).

* Crnenmyer m30eratb MOBTOPOB OJWHAKOBBIX HYKIICOTHJIOB,
0COOEHHO YeThIpeX u OoJbIe moApsa uaymmx G.

* Temmeparypa minasienus (Tm) B amamazone 58—60 °C.
Pazanma Tm Mexay mpsSMbIM B 0OpaTHEIM ITpaliMepoM He
6osbie 2 °C.

e Cpeau mITH HYKJIEOTHIO0B Ha 3'-KOHIIE HE PEKOMEHTyeTCS
6ompmre nByx G n/umm C. Crenyet n3berats T Ha 3'-KoHIIE;
G wu C B mocreiHel MO3UITMH Ha 3'-KOHIIE SBJIIETCs Ooee
MOJIXOATIMM caiiToM cBsi3biBanus At JIHK monmmepas.

e JInuna 18-30 HyKJIEOTHIOB.

¢ [Ipaiimepbl 1 30H/IbI HE TOJKHBI IEPEKPHIBATHCSL.

* Pexomenyemas IJTMHA aMIUTMKOHA, 110 JAHHBIM JIUTEepary-
pbl, 80—120 HyKIEOTHAOB.

VYBeNnmUYeHUE UIMHBI MPOAYKTa CHUXKAET dPPEKTUBHOCTD
PeaKIny 1 HyKJIea3HyIo akTUBHOCTD Taq-mommmepassl (Debo-
de et al., 2017). B oTaenpHBIX Ciydasx, B 3aBUCHMOCTH OT
HYKJICOTUIHOTO COCTAaBA, JIJIsI BHITIOJTHEHUS OCTaIbHBIX KPUTE-
PHUEB MOJKHO JTOBECTH JITMHY aMIiinkoHa 10 1000. MuHuMab-
Has JUTHHA 00y CIIaBITUBACTCS CYMMAapHOH [UTMHOH TipaiiMepoB
1 30H70B. PaccrosiHre Mex 1y 30H1aMU U IpaiiMepoM, OT>KHU-
TaroIIMMCS Ha Ty K€ 1eTh, PEKOMEHIYIOT JIeJIaTh KaKk MOKHO
MEHBIIIE, TI0 BOSMOXXHOCTH He Ooubire 20 HykieoTunos. Kak
ITOKa3bIBACT HAIII OTIBIT, JJTMHA aMILTUKOHA OT 98 110 469 1. H.
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U PacCTOSHUE OT 30H[a JIO IpaiiMepa, KOMIZICMEHTapHOTO
TOM K€ LIENH, YTO M 30H/, OT 22 10 348 I1. H. HE OKa3bIBAIN
BHIMMOTO 3(PPEKTa HA TOYHOCTH TUCKPHUMUHAIIHH.

C TOYKH 3peH1/151 HpOCTOTI)I U ACUICBU3HBbI 3KCHepI/lMeHTa
MBI PEKOMEH/yeM MOAOHPATh MpaiMephl C YIETOM BO3MOXK-
HOCTH CEKBEHUpOBaHMs 1m0 CIHTEpPY C ITUX KE IpaiiMepoB.
B takom cityuae sxenaresibHO, 4TOOBI OT IpaiiMepa, ¢ KOTOPOTo
OyzieT OCyIIeCTBIATHCS YTEHHE, 10 TOTMMOP(HOTro caiita u oT
MOTMMOP(HOTO caifTa 10 MAaKCUMAaJIbHOHN [UIMHBI IPOUYTCHUS
(T. €. MOCIIEI0BATENBHOCTH CJIEBA U CIIPaBa OT MOJIUMOP(HOTO
caiita) 66110 He MeHee 50 HyKIICOTH/IOB.

Mop6op 30HAOB

» O0a 30HAa JOJKHBI OT/KUTAaThCS HA OIHY W Ty XK€ LeTb U
HE OBITh KOMITJIEMEHTAPHBIMU MEXIY COOOH.

e Tm nomxHa ObITh mpuMepHO Ha 6—8 °C BbllIE, YeM Y
npaiiMepoB (B oTimuue oT kKoimdecTBeHHoro ITLIP ¢ nc-
TI0JIb30BAHMEM TOJIBKO OJHOTO 30HZIA, Tm JuIsi KOTOpOro
noimkHa ObiTh Beiie Ha 10 °C, yem y npaiimepoB). D10
CBSI3aHO C TEM, YTO 10 MEPE OCTHIBAHUS PEAKIIMOHHOM cMe-
CH OJIUTOHYKJICOTH/IHBIE 30H1bI JIOJDKHBI cBsizaThest ¢ JJHK
MaTpULEd paHbLIE IPaiMEPOB.

* Yewm Gopie pa3aniia B Tm A MOTHOCTHIO CIIAPEHHOTO C
MarpuIeii 30H/1a 1 JUIs 30H/1a ¢ HeCITApEHHBIM OCHOBAHHEM,
TeM 3(PPEKTUBHEE pa3NeisIOTCs ayuieian. MuHUMaIbHasI
pa3HMIIa, TO3BOJISBINAS HAM Pa3AeaTh ayuiend, obua 3 °C,
HO MBI PEKOMEH/TyeM I10 BO3MOXKHOCTH TOOUPATH 30HIbI
Tak, 4ToObl 0bUI0 MUHUMYM 4-5 °C. Yem Ooblie OKHO
TeMIIeparyp, TeM MPOIIIe M0A00PaTh TEMIEPATYPy OTHKHTA,
MIPA KOTOPOH BEPOSITHOCTH OTXKHIa 30H/IA C MHCMardeM
HUYTOXKHO MaJia [0 CPAaBHEHUIO C TAKOBOH JUIs TOJIHOCTBIO
KOMIIJIEMEHTAPHOTO 30H/1a.

* He nmomemare G Ha 5'-KoHIIE, TaKk KaK OH OyHeT TYIIUTh
MPUCOCTUHEHHBIN K HeMy (uryopodop 1ocie pa3pe3anus
3oHAa. Taq-monuMepasa Takke XyKe pa3pe3aeT Takue
3oub! (Huang, Li, 2009). Pazpezanue onmuronykiaeoTnaa
HAYMHAETCS C TOsBIEHUS 12 HECIapCHHBIX HYKJICOTUIOB
Ha 5'-KOHIle, y3HaBaeMbIX HyKJIea3HbIM JoMeHoM. Hecra-
peHHbIi G Ha KOHIIE Pe3KO HapyIIaeT KOMITIEMEHTAPHOCTb,
MHOT/IA IPUBO/IS K IOJIHOMY pasJIelIeHUIO Lierel ObicTpee,
yem Taq-monmmMepasa HavHET pas3pe3arb 30HI, U, TAKUM
00pa3oM, 30H BBITECHSICTCS LIEIIMKOM, KaK eCJIi Obl H3Ha-
YaJbHO ObUIT HE TOJHOCTHIO KOMILUIEMEHTApPEH.

* U3 nByX 1iemneii BEIOMPATh TaKyo, YTOOBI 30H/IbI COIEPIKAIN
6onpire C, yeM G, Tak Kak SMITUPUYECKUE JAHHBIE I10-
Ka3bIBAKOT, YTO TAKUEC 30H/IbI HaIllC Jar0T BBICOKHM CUT'HAJ
(https://www.thermofisher.com/order/catalog/product/
450025).

 [TonmumopdHbIi caiiT 10KEH HAXOAMTHCS MPUMEPHO B
CpeHEN TPEeTH 30H]1a.

* GC cocras B npenenax 20—80 % (B uneane 30-70 %).

¢ JKenarenbHO 0A00PATh MO3UIMK HAaYaJIa ¥ KOHIIA KAKI0TO
30H/a TaK, 9T00bI Tm y 000WX 30HIOB cTajxa MPUMEPHO
OIMHAKOBA.

e Jlnuna 30u10B 18—30 HYKJIEOTHAOB, ONTUMAJIbHAS JIJTUHA
cocrasisier 20 HyKICOTHI0B. DTH OrpaHHYCHHS 00y CIIOB-
JICHBI TEM, YTO 30H] JOJDKEH CBS3BIBATHCS CHEHUPHIHO
TOJIBKO C OJHUM Y4YaCTKOM BHYTpHU aMHJ’ll/Iq)I/ILII/IpyeMOFO
(hparMeHTa M yOOBIETBOPATH TpeboBaHmsaM no Tm. Yem
JUITMHHEE BECh 30H]T IIEJTMKOM, TEM MEHBIINH BKJIA/l B TEM-
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neparypy IUIaBJICHHS COCTABJISCT MOJIUMOP(HBIN CaiT, TeM
MEHBIIIE B IPOLIEHTHOM COOTHOILICHNH Oy/IeT pa3nniaTbCs
Tm nuist corydaeB MOIHON KOMIIEMEHTAPHOCTH U MUCMAaT-
4a, TEM Xy’Ke JTUCKPUMUHUPYIOTCS ajuienu. JinHa Gosbiie
30 HyKJIEOTH/IOB JIOITyCTHMA, HO B TAKHX CIIy4asiX FaCUTEINb
CIIeJTyeT pacrioararhb He Ha 3'-KOHIIe, @ BHYTPH 30H/1a, TIPH-
MEpPHO Ha paccTOsiHUU 18-25 HyKJIEOoTHJIOB OT 5'-KOHIIA.
DTO CBSI3aHO C TEM, YTO MPU PACCTOSHUIX MEXKAY KPacH-
TesieM M racutesieM 6onbiie, yem 100A, cootBeTcTByIONIMX
npumepHo 30 1. 0. B crpykType B-JIHK, napymaercs FRET,
1 MHTaKTHBIE IPOOBI MOTYT JaBaTh CBEUYEHHE, YXY/IIast OT-
HOIIIEHUE YPOBHS CUTHaJIa K (JOHOBOMY YPOBHIO.

* Penoprepusbie ¢uryopodops! (KpacuTenH) J0KHBI UIMETh
pasHble ceKTpsl dmuccuu. Cremyer BeIOHpaTh (iryopo-
(hopBI 1T pa3HbIX KaHAJIOB M3 CITUCKA COBMECTUMBIX C aM-
wimduxaropom. [Ipoosl, meuennsie FAM u HEX, paspe-
3afotcs 6onee 3¢pdextuBHO, geM npoOs1, MeuerHHbIe ROX
nu CYS.

* Pexomenyercsi MeTUTh OoJsiee SIPKUM KPacHTENIEeM 30H/ C
MeHBIINMH 3HadeHnIMH Tm/GC-cocTaBa MK ¢ XysKe CBS-
3pIBatoIMMCst ¢ Matpuneii amenem A/T (narpumep, FAM
naet Oostee cuibHBIM curHai, yem HEX).

Ucnonb3oBaHue LNA-mogunduKaumii B onuroHykneotmngax
Kommepuecku goctynasle 30H161 TagMan MOryT ObITh KOHB-
IOTHPOBAHBI C MOTHBOM, CBSI3BIBAIOLINM Malyl0 OOpO3JIKY
(minor groove binder, MGB), AuTnaApOIMKIOTUPPOITHHIOI-
tpunentuioM (DPI3), uTo0Obl moBbIcHTh aPUHHOCTH CBS3BI-
BaHMS 30H/A C LIEJIEBOH MMOCIIEI0BATEIFHOCTHIO. JTO MO3BO-
JSIET YBEJIWYNTH TEMIIEpaTypy IUIaBIeHUS 30Haa Oe3 yBeH-
YEHUsI ero JJIMHBI, YTO YIy4lIaeT JUCKPUMHUHAILMIO MEXKTY
KOMIIJIEMEHTAPHBIM U HEKOMITJIEMEHTAPHBIM 30H/I0M.
Kommepueckn pocTymnHas anbTepHATHBA 3TOH TEXHOIO-
I'MH — 3aMKHYTble HykJenHoBble KucioThl (locked nucleic
acid, LNA mwm bridged nucleic acid, BNA), sBnsromuecs
ananoramu PHK ¢ pu6o3oii, 3a610kupoBanHoii B 3'-3H10-
koH(popmanuu 3a cyer 2'-0, 4'-C MEeTUIICHOBOr0 MOCTHKA.
Bxunrouenne maHHBIX MOAH(GHUIMPOBAHHBIX OCHOBAHWN B
OJIMTOHYKJICOTH]] YCHIMBAECT TEPMOCTAOMIEHOCTD U CICTIN-
¢uunocTh rudpuamusanuu (Owcezarzy et al., 2011). O6o3na-
4aroTCs Takue HyKICOTHIBI 00BIYHO Kak [+X] mmm +X (Tme
X=A,T,G, C). 3a cuer 3aMCHBI OTACTHHBIX HYKJICOTH/IOB B
30H7¢e Ha X LNA-aHaioru MOKHO C/ienaTh caM 30H]] KOpO-
4e, a BKJIJ, KOTOPBI BHOCUT MOTUMOP(HBIHA CaiiT B 00IITyI0
Tm, — Oonbmie, 4To 00JeTYUT pasaeiieHue amiteneid. Kak
MPaBUJIO, JIENAIOT MOAN(DUKALIUIO OTHOTO HYKJIEOTHA B TIO-
sunuu SNP, HO 17151 KayK10# ITOCTIeI0BaTeIbHOCTH pa3InIHbIe
BapHaHTBl MOTYT J1aBaTh pa3HbIi BKiIaz (You et al., 2006).
Bp100p MHCTPYMEHTOB /15t ozicueTa Tm OJIMroHyKIICOTH-
moB ¢ LNA MeHbIe, 4eM B cilydae ¢ HeMOAU(DUITUPOBAH-
HBIMH OCHOBaHHSIMH; MOXKHO HCIIONb30BaTh cepBHchl Oligo-
Evaluator (http://www.oligoevaluator.com/LoginServlet) niu
OligoAnalyzer Tool (https://www.idtdna.com/calc/analyzer).
K coxanenuto, TOCTYIHBIX CEPBHUCOB /TSI pacyeTa pa3Hu-
161 Tm MEeXIy MOJTHOCTBIO CHApEHHBIM JTYIUICKCOM M TeTe-
POIYIIEKCOM C HECIIAPEHHBIM OCHOBAHUEM JUISI OJIMUTOHY-
kneotus1oB ¢ LNA Ha jaHHBI MOMEHT HeT. Panee mpoBoIuTh
Takoi pacuet nmo3sossu1 OligoAnalyzer Tool, HO U3-3a HU3KO
TOYHOCTH 3Ty oniuro yopasu. J{ist rpy0oii OleHKN BIMSHUS
LNA Ha MECMar4y MOJKHO MCIOJIB30BaTh PE3yNbTaThl padoT
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M0 U3YYEHHUIO TEPMOJAMHAMUKH ONMTOHYKJICOTHIOB ¢ LNA.
B mexotoprix caydasx LNA Monudukanys qaxxe yMEeHbIIaeT
Pa3HUIly C MHCMAaT4YeM 10 CPaBHCHHIO C HEMOAH(HIIHPO-
BAaHHBIM OJIMTOHYKJICOTUAOM, TaK 4YTO HMCIIOJIB30BAaTh 3THU
MOIH(UKALINH CIIEAYET ¢ OCTOpokHOCTRIO (You et al., 2006).

Mpumep nopgb6opa

W3meHss AnMHYy aMIUTHMKOHA, TemIeparypy miasinenuns, GC-
COCTaB, O3UIMHU U JUIMHY TIpaiiMepoB ¥ 30HI0B, MOXKHO TIO-
JY4UTh KOMOMHAIMH, YAOBICTBOPSIOIINE OMUCAHHBIM KPH-
TepusiM, U BeIOpaTh U3 Bcex myduryro. He Bcerna anammsu-
pyeMsie nocneoBarensHocTH ¢ SNP mo3BossioT mogoopars
npaiiMepbl U 30H[bI, YIOBJIETBOPSIOIINE BCEM ONMHCAHHBIM
KPHUTEPHUSIM, HO 3TO HE 03HAUAET, UTO OAOOpaHHasl TECT-CHC-
Tema He OyzieT paboTaTh Ha PaKTHKE.

PaccmoTpum anroputm noadopa rnpaitMepoB 1 30H/10B IS
aHanm3a nonmuMopousma rs11121704.

1. B 6a3e mannbrx dbSNP (https://www.ncbi.nlm.nih.gov/
snp/) HaXoAMM NOJIUMOP(H3M, NEPEXOIUM Ha CTPAHHILY C
netansHBIM ommcanueM (https:/www.ncbi.nlm.nih.gov/snp/
rs11121704).

2. Haxoaum HyXHYIO 3aMeHy, oOpaliaeM BHMMaHHE Ha
cOOpKy TeHoMa, JII KOTOPOH yKa3aHa mo3unus. Hampumep,

rs1l1121704

Variant Clinical

| Frequency

ALFA Allele Frequency

Details Significance

Organism Homo sapiens

Position chr1:11233902 (GRCh38.p14) @

Alleles C>A/C>T

Variation Type SNV Single Nucleotide Variation

Frequency C=0.360546 (95433/264690, TOPMED)
C=0.365324 (51141/139988, GnomAD)
€=0.28937 (21720/75060, ALFA) (+ 19 more)

HGVS Submissions

2024
283

Annenb-cneundunyHas MLUP ¢ pnyopeceHTHO-MeYeHbIMK
30HaMK: KpyTepumn nogbopa npaMepoB As FeHOTUNMPOBAHNA

B HallleM clly4ae — rocjensis Ha Tekyiuii MomenT GRCh38.
Ha cnemyromem starne monagoburcs mHGopMams o XpoMo-
come (NC_000001.11), mo3urmu Ha et (11233902) u 3amene
(C>T). Onromy rsID MoOkKET COOTBETCTBOBATH HECKOIBKO
BapUAHTOB B OJJHOM JIOKYCE, BCE OHH IIEPEUHCIICHBI Ha CTpa-
aune (C>A/C>T). OGbryHO y OOINbIICH YacTH MOITYIISIIUH
MPUCYTCTBYET WK peepeHCHBIH aieib, Uik Hanboliee pac-
MIPOCTPaHEHHBIN U3 aTbTePHATHBHBIX. HyXHYyT0 HH(pOpManio
MOXKHO HalTH Bo BKiazake “Frequency” (puc. 3).

Hcnonb3ys naHHBI METOJ IT€HOTUIIMPOBAaHUA, paccMa-
TpHUBaeM BC€ MOTUMOP(U3MBI Kak OWalenbHbIe, H Hac
0OBIYHO HHTEPECYET Hanboee pacpoCTpaHeHHAs B JaHHOM
MO3HIIMHU 3aMeHa, TOCKOJIBKY BapUAHThI C YaCTOTOM, OTM3KOM
K HYJIIO, MOTYT HPOSIBUTHCS TOJIBKO HA KPYITHOMACIITAOHBIX
BBIOOpPKaX.

3. Jns moxbopa mpaitMepoB HCIONB3YeM OTKPBITBIH OH-
naitH-pecypc Primer-Blast (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/).

B none “Enter accession” BBOIUM XPOMOCOMY C MHTEpe-
cyrorrm moarmopduzmom (NC_000001.11).

B nomsax “Range” yka3biBaeM IpaHHUIbL, B KOTOPBIX JOJIK-
HBI JISKATh IPSIMON M 00paTHBIN MpaiiMepbl OKOJIO MTO3ULIUH
SNP (11233902). YcranaBnuBaeM T'paHHIIBI ydacTKa II0-

Current Build 156
Released September 21, 2022

Clinical Significance Reported in Clinvar
Gene : Consequence MTOR: Intron Variant
8 citations

See rs on genome

Publications

Genomic View

History Publications Flanks

The ALFA project provide aggregate allele frequency from dbGaP. More information is available on the project page including descriptions, data access, and terms of

use.

Release Version: 20230706150541

Population Group *  sample size Ref Allele AltAllele
Total Global 75060 C=0.28937 A=0.00000, T=0.71063 -
European Sub 59104 C=0.27827 A=0.00000, T=0.72173
African Sub 4888 C=0.6279 A=0.0000, T=0.3721
African Others Sub 174 C=0.718 A=0.000, T=0.282
African American Sub 4714 C=0.6245 A=0.0000, T=0.3755
Asian Sub 238 C=0.046 A=0.000, T=0.954
East Asian Sub 164 C=0.049 A=0.000, T=0.951
Other Asian Sub 74 C=0.04 A=0.00, T=0.96
Latin American 1 Sub 400 C=0.305 A=0.000, T=0.695
Latin American 2 Sub 3384 C=0.1690 A=0.0000, T=0.8310
South Asian Sub 4968 C=0.1842 A=0.0000. T=0.8158 v

Puc. 3. OcHoBHas nHdopmauma o BapuaHTe rs11121704: xpomocoma, no3mums, cbopka reHoMa, YacToTa BCTPEUYAEMOCTH Hy-

KNeoTUAHbIX 3aMeH.

SNP-MAPKEPbI B BUOMEANLUMHE / SNP MARKERS IN BIOMEDICINE
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CaJIKi TpaiMepoB He Orke 15 HYKICOTHIOB OT MO3UIMU
SNP, motomy 4To MHaue MOCaKe mpaiiMepa MOKET MEIaTh
30H], 1 He Aanbire 200, 4To0b aMIUTMKOH HE OBLT CIINIIKOM
JUIMHHBIM 1 3(Q(eKTUBHOCTh peakiuu ObLIa BBINIE: MPsi-
Moit mpaiimep ot 11233702 (11233902-200) mo 11233887
(11233902-15), obparasiii — ot 11233917 (11233902+15) no
11234102 (11233902+200). “PCR product size” ycranaiu-
BaeM 100-250.

B noste “Database Refseq” yka3siBaem “Refseq representa-
tive genomes” i “Genomes for selected organisms (prima-
ry reference assembly only)”. OGe 6a3p! TaHHBIX comepKar
MEPBUYHBIE COOPKH XPOMOCOMHBIX ITOCIJIEAOBATEIBHOCTEH
C MUHHUMYMOM H30BITOYHOCTH, B “Representative genomes”
TaKoKe yKa3aHbI aIbTePHATUBHBIE JIOKYCBl H MUTOXOHJPHAIIb-
HbIC TCHOMBI ITPU HAJTHYHHU TAKOBBIX.

Allele-specific PCR with fluorescently labeled probes:
criteria for selecting primers for genotyping

ITynkr “Advanced parameters” qaet 10CTyN K JOIOJHHU-
TeJIbHBIM ITapaMeTpaM, U3 KOTOPBIX HAC HHTEPECyeT apaMeTp
“Primer GC content (%)”, I HETO yCTaHABIMBACM THATIA30H
40-60 %.

OcranpHbIE TapaMeTpsl OCTaBisIeM 6e3 n3MeHenui. [lepen
Ha)katueM KHomnku “Get primers” BeiOMpaeM ommuro “Show
results in a new window”, 4ToOBI IIOCJIE BBIZIa4X PE3YJILTATOB
OBLIO IpOIIIe M3MEHHUTH OTAENIBHBIC ITapaMeTpPhI 3aITycKa s
MIOBTOPHOTO ToUCKa (puc. 4).

4. Ilepexonum Ha CTPAHUILY C pe3yJIbTaTaMH MIOMCKA IIpaii-
MepoB. Brronpaem nmpaiimepsl, TOIXOIINE 110 TTO3UIH, Tm
u ciietmuaHocty. C HecnelMpUIHBIME IpaiMepaMHi MOKHO
paboTarb, OJHAKO HEOOXOIUMO IIOTOM IIPOBEPUTh, YTO 30H]]
CBSI3BIBAETCS TOJIBKO CO CHELM(UIHBIM aMIUIMKOHOM, HO He
¢ MOOOYHBIMH.

PCR Template -
Primer Parameters
Enter ion, gi, or FASTA (A refseq record is preferred) @ Range @ ) D -
NG_000001.11 - . Min Pt ax
Forward primer 233887 PCR Product Tm l | | | ‘ ‘
y Reverse primer 234102 |Mi" [ |°pl ] ‘Max ‘

= - Primer Size

Or, upload FASTA file 0630p.... | ®aiin He BLIGPaH.
Min Max
= Primer GC content (%)
Primer Parameters .
GC clamp

Use my own forward primer [ 2] ‘:l ©
(5'->3' on plus strand) Max Poly-X |: (%)
Use my own reverse primer ‘ }9
(5™->3"' on minus strand) Max 3' Stability [:| (%)

Min Max
PCR product size Max GC in primer 3' end e
# of primers to return \:l Secondary Structure [ use Thermodynamic Oligo Alignment [ use Thermodyr

Alignment Methods Pri pai
Min opt Max Max T, difference UL L

Primer melting p ‘ \ ‘ ‘ ‘ ‘ |

(For thermodynamic alignme

TH: Max Template Mi

Any 3
Exon/int lecti TH: Max Self C (For thermodynamic alignme
Xon/intron sefection A refseq mRNA sequence as PCR template input is required for options in the section e - s
e y .
Exon juncti e s
on junction span [Nop v |® TH: Max Pair Comp iy [ ] [ ] (For thermodynamic alignme
Exon junction match ‘Min b match‘ Minl 3'match ‘ Max |3 match ] TH: Max Primer Hairpin l:l (For thermodynamic alignment model only)
Minimal and maximal number of bases that must anneal to exons at the 5' or 3' side of the junction @ Primer Pair
2 : M For old secondary structure
Intron inclusion |__J Primer pair must be separated by at least one intron on the corresponding genomic DNA 9 hax it ( &
Intron length range Min Max Any 3
:l :I e Max Self ( (For old secondary structure
Any 3
Primer Pair Specificity Checking Parameters Max Pair Compl (For old secondary structure
Specificity check Enable search for primer pairs specific to the intended PCR template (2] Excluded regions |
Search mode —
Automatic v |® Overlap junctions [
Database i
[ Refseq representative v @ 5'side overlaps  3'side overlaps
Exclusion L_J Exclude predicted Refseq transcripts (accession with XM, XR prefix) D Exclude uncultured/environmenta
Organism ( Homo sapiens }[Add organism] Minimal number of nucleotides that the left or the right primer
Enter an organism name (or organism group name such as enterobacteriaceae, rodents), taxonomy id or select col'_wemmo" of monovalent l: 9
cations
Entrez query (optional) [ (2] Concentration of divalent e
cations
Primer specificity stringency Primer must have at least total mismatches to unintended targets, including Concentration of dNTPs e
at least mismatches within the last El bps atthe 3'end. @ Salt correction formula [ santaLucia 1998 v @
Ignore targets that have or more mismatches to the primer. @ Table oei thermodynamic Santalucia 1998 v | @
Max target amplicon size paramesers & :
9 P : ‘ \9 Annealing Oligo Concentration |:| (2]

Allow splice variants

Advanced parameters

Show results in a new window [ Use new graphic view @

Primer Pair Specificity Checking Parameters

Max number of sequences 50000 v |@
returned by Blast

Blast expect (E) value 30000 v @
Blast word size (>

Max primer pairs to screen e

Max targets to show (for :l (2]
designing new primers)

Max targets to show (for pre- :] e
designed primers)

Max targets per sequence (2]

u Allow primer to amplify mRNA splice variants (requires refseq mRNA sequence as PCR template input) (2]

SNP handling [J Primer binding site may not contain known SNP @
Repeat fier [Asormatic ~ ]@

Avoid repeat region for primer selection by filtering with repea
Low complexity filter Avoid low complexity region for primer selection @

Internal hybridization oligo parameters

Hybridization oligo [ Pick internal hybridization oligo

Min Opt Max

Hyb Oligo Size [ ] [ ] [ |
Min Opt Max

Hyb Oligo tm I | | \
Min Opt Max

Hyb Oligo GC% [ ] ] ]

Show results in a new window [ Use new graphic view @

Puic. 4. Mprmep HacTpoek Ansa noabopa npaiMepos B nporpamme Primer-Blast.
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Primer pair 1

Sequence (5->3) Template strand
Forward primer TTTTTCCTCATTTTGGGCGA Plus
Reverse primer TATCAGTTGCAGGAAAGTGC Minus
Product length 130

Products on intended targets
>NC_000001.11 Homo sapiens chromosome 1, GRCh38.p14 Primary Assembly

product length = 130
Features associated with this product:
serine/threonine-protein kinase mtor isoform 1

serine/threonine-protein kinase mtor isoform x3

Forward primer 1 TTTTTCCTCATTTTGGGCGA 20
Template AIDIIBIO" cavuvaovis. srassitise asvatave et 11233855

Reverse primer 1 TATCAGTTGCAGGAAAGTGC 20
Template AI233965" .icosnis smmise sunaigmaimns 11233946

Products on
>NC_000013.11 Homo sapiens chromosome 13, GRCh38.p14 Primary Assembly

product length = 1186
Features associated with this product:
fibroblast growth factor 14 isoform 1la

fibroblast growth factor 14 isoform 3

Forward primer 1 TTTTTCCTCATTTTGGGCGA 20
Template 101877194 .. A.G............ T.. 101877213

Reverse primer 1 TATCAGTTGCAGGAAAGTGC 20
Template 101878379 CTGA.«w.Tawwawuauana 101878360

Puc. 5. BoibpaHHble npaiimepbl B nporpamme Primer-Blast gatot cneuu-
duuHbIn uenesoit MNUP-npoayKT anvHon 130 HyKNeoTUAOoB, coaepKallnii
SNP rs11121704, v ognH noTeHumanbHbii NUP-npoaykT anuHom 1186 Hy-
KIeoTMAO0B, KOTOPbIA He GyaeT 06pa3oBbIBaTLCA MPY HOPMAJbHbIX YC-
NOBUSX.

Mp! BbIOpany A7 IpsSIMOTO ITpaliMepa MoCe10BaTelb-
HOCTh S'-TTTTTCCTCATTTTGGGCGA-3', nsist oOpatHoro —
5'-TATCAGTTGCAGGAAAGTGC-3'. Ha ctpanume c pe-
3yJbTaTaMH MIOKa3aHo, YTO BEIOpaHHBIE ITpaiMepbl 00pa3yroT
1esneBoil cnennuIHbIi NpoayKT [UIMHOHM 130 HyKI€0TH/I0B
(puc. 5). A Taxke mpencTaBiieH OAWH MOTCHIIHAIBHBIN He-
cneunduunsiii [TIP-npoxykr mmHo# 1186 HykiIeoTnmoB,
KOTOpBIA HE OyleT 00pa30BbIBATHCS BCIIEACTBHE HEIOIHOM
KOMIUIEMEHTAPHOCTH CATOB ITOCA/IKHU TTOCIIE0BATENEHOCTIM
mpaiiMepoB (cM. puc. 5).

5. Jlanee B nmynkre “Tracks” BeiOupaem noxmyHkr “Con-
figure tracks”, HaxoqUM M OTMeYaeM TajO4YKAMHU MYHKTbI
“Common variations (MAF>=0.01)", “Cited variations” u
“ClinVar variants with precise endpoints”, no6apusieM ux
B oroOpaxkenne kHomko# “Configure”. Crnenyer uzderarh
MepeceyeHnst 30Ha ¢ PYTrUMH MOIUMOP(PHU3MaMH, KpoMe
MHTEPECYIOIIEro Hac.

6. B pe3ynprarax momcka BBIAEISAEM 00JacTh MMOCIEI0BA-
TesnbHOCTH 0K0JIo SNP (-20...+20 HyKJICOTHIOB), HAKUMAEM
“Copy sequence (selection)” (puc. 6).

CtponM Taxke KOMIUIEMEHTApPHYIO 3TOH IOCIIe10BaTENb-
HOCTH II€TTb. DTO MOXHO C/IEJIaTh BPYYHYIO MJIH HCIIOJb30-
BaTh JIt00OM noCTynHbIN cepBuc, Hampumep (https://www.
bioinformatics.org/sms/rev_comp.html).

[ocnenoBarenbHOCTD PSAMOI HeTIN:

S'-TTCTCCTTTCCAAACATCTG(C)GATGATGTGCC
TGAAGCATT-3'

[TocnenoBarenbHOCTh OOPATHOM LETH:

5'-AATGCTTCAGGCACATCATC(G)CAGATGTTTGG
AAAGGAGAA-3'

B ckobkax o6o03HaueHa mo3uius nHTepecyromnero SNP.
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Puc. 6. [NNocnenoBaTenbHOCTb HYKNeoTnaos, (I)HaHKI/Ip)/IOLI.l,aFI SNP 1 He nepecekatoLanca ¢ APYrMU N3BeCTHbIMN nOHMMOp(I)HbIMM canTamu.
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OCHOBHble XapaKTepUCTUKN NpanmepoB 1 30HA0B AnA rs11121704

Allele-specific PCR with fluorescently labeled probes:
criteria for selecting primers for genotyping

OnuroHykneotunp, Tm Tm Tm Oligo- Tm Tm deltaTm
OligoEvaluator  OligoCalc Analyzer Tool cpepHee MucmaTy

5 -TTTTTCCTCATTTTGGGCGA-3’ 66.3 54.3 63.0 61.2

5'-TATCAGTTGCAGGAAAGTGC-3' 60.5 56.4 62.4 59.8

5'-FAM-CAGGCACATCATCGCAGATGTTT-BHQ1-3"  70.2 62.9 66.4 66.5 62.4 4.0

5"-VIC-CAGGCACATCATCACAGATGTTTG-BHQ1-3" 68.6 63.6 64.9 65.7 60.3 4.6

MpurmeyaHue. NMepeuncneHbl TemnepaTtypbl nnasneHms (Tm), NpeackasaHHble HECKOIbKUMUN CepBrcCaMu, UX cpeaHee. Tm Mucmaty — TemnepaTypa nnasnieHns
fynnekca 30HAa C HeKoMreMeHTapHol MaTpuueii. delta Tm — pasHuua mexay Tm (Oligo-Analyzer Tool) n Tm mucmaty.

7. BuyTpu mocienoBareibHOCTH 0kosio SNP BeiOupaem
TIOAXOIAINH 10 ITHHE U cocTaBy (pparmenT. Cyzs mo GC-co-
CTaBy, HY)KHO B3sITh HOCIJIEAOBATEILHOCTE OOPAaTHOW IIeTH,
MIOTOMY 4TO TakK B 30HJe OyzneT oounbiie C, uem G:

5'-CAGGCACATCATC(G)CAGATGTTT-3'

[TockonbKy MBI OepeM He Ty Lielb, Ul KOTOPOH yKa3aHa
SNP, cneryet moMHUTB, YTO JJIs1 HAIlIeH OCIIEI0BATEIbHOCTH
3amena C>T B 00paTHOI! enmu cooTBETCTBYET 3amMeHe G>A.

['panmuIrs BTOporo 30H1a Nox0EpeM Tak, YTOOB! CPaBHATH
nx Tm:

5'-CAGGCACATCATC(A)CAGATGTTTG-3'

8. PexomenyeTcst mpoBepuTh Tm MO HECKOIBKUM CEPBH-
caM | yCPEeIHUTH (CM. TaONIuILy).

Js mpumepa met nctionp3oBanm OligoCalc (http://biotools.
nubic.northwestern.edu/OligoCalc.html), OligoEvaluator
(http://www.oligoevaluator.com/LoginServlet) u OligoAna-
lyzer Tool (https://www.idtdna.com/calc/analyzer).

9. Jlns cpaBHEHUS TeMIEpaTyphl IUIABICHHS MOJTHOCTHIO
KOMILJIEMEHTapHO CBSI3aHHOTO 30H/1a C 30HJI0M, 00pa3yIOIIuM
HecnapeHHoe ocHoBaHme, B OligoAnalyzer Tool BeiOnpaem
ormuio “Tm mismatch”.

s nepsoro 3ou1a CAGGCACATCATC(G)CAGATGTTT
MHCMaT4eM OyJeT HyKJICOTH I, KOMIUIEMEHTapHbIH BTOPOMY
30H1Y (CAGGCACATCATC(A)CAGATGTTTG), T.€. BHI-
oupaem OykBy “T”, Haxxumaem “Use Exact Complement Tm”,
“Calculate”. Yem OompIre pasHuna MeXAay Tm MOTHOCTHIO
KOMITJIEMEHTAPHOTO OJIMTOHYKJICOTH/IA U 30H]1a C HEKOMILIe-
MeHTapHbIM ocHoBaHueM (“‘deltaTm”) u, cOOTBETCTBEHHO,
MEHBIIIE I0JIs1 CBA3aHHOTO 30H/]a C MUCMAT4YeM I10 CPABHEHHIO
C TIOJTHOCTBIO KOMIUIEMEHTapHBIM 30H/IOM Ha CTa/INH OTKUTa
30HJI0OB, TEM TOYHEe Oy/IeT pa3/elieHne ajliesei.

10. J1mst mpoBepKHu CHeM(PUIHOCTH TTOT0OPAaHHBIX 30H-
noB ucrionszyeM cepsuc Blast (https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PROGRAM=blastn& PAGE_TYPE= Blast
Search&LINK LOC=blasthome).

B none “Enter accession number(s), gi(s), or FASTA se-
quence(s)” BCTaBJIsIeM MOCIEI0BATENbHOCTh 30Ha, “Data-
base” — “Refseq representative genomes”, “Organism” —
“human (taxid:9606)”, BeiOupaem ommuto “Show results in a
new window”, Haxxumaem KHonKy “Blast”. Ham BaxxHO, 4TOOBI
30H/1 HE CBI3BIBANICA ¢ HecrierupuaasiMu [TLP-ipoxykTamu
(ecnu Takue eCTh) M CaIuics B €MHCTBCHHBIH y4acTOK Lie-
JIEBOTO aMILIMKOHA.

11. TIpaiimepsl 1 30HABI PEKOMEHIYETCS MPOBEPUTH Ha
caMo- ¥ B3aNMOKOMIIIEMEHTapHOCTb U 00pa30BaHKE MITHIICK
B nporpamme OligoAnalyzer Tool coracHo UX pekOMeH-
mamsiM (https://www.idtdna.com/pages/education/decoded/
article/designing-pcr-primers-and-probes). B mporpamme npo-
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BepsieM napamerp AG (u3mMeHeHue CBOOOJHOM dHEPTHHU
I'n606ca) o6pazoBaHMs BTOPHYHBIX CTPYKTYp. [Ipu 6osee mo-
JIOXKHUTENBHBIX 3HAYeHUIX AG, ueM —9 KKaJ/MOoJb, BTOPHYHBIC
CTPYKTYpbI HE OKa3bIBatoT 3HaunMoro ¢ dexra Ha [11[P, 3na-
YeHHs ke OOJIbIIe HyJs MOKa3bIBAIOT, YTO NPH JaHHBIX yc-
JIOBUSIX BTOPHYHBIE CTPYKTYphl He dopmupyrores (https://
www.gene-quantification.de/oligo_architect glossary.pdf).
[ToaTomMy mpu mpoBepke MpaiiMepoB M 30HIOB BBHIOMpPaeM
TaKHe, y KOTOPBIX TSl OTCHIHATbHBIX BTOPHYHBIX CTPYKTYP
napameTp AG > -9 Kkaj1/MoJb.

MNposeneHune n nog6op ycnosuia MNLP

MeueHnble (ar00poGOpOM 30H/IbI CIEAYET XPAHUTh B TEM-

HoTe, 9T00BI M30exkatTh poToobecuBeunBanus (https://assets.

thermofisher.com/TFS-Assets/LSG/Application-Notes/cms_

043004.pdf).

Cwmecs st TP roToBUM Ha JIbTY, Ha OTHY PEaKIHIO Tpe-
Oyercst:

— 10 mxn Oydepa (Mbl ucnonszoBanu BioMaster HS-qPCR
(2x) («bromadbmukcy, Poccust), HO €ro MOKHO 3aMEHUTh
Ha JI000# T0CTYITHBII aHaJor),

— 3.5 nMoJ1p npsiMoro npaiiMepa,

— 3.5 mmonp oOpaTHOTO MpaiimMepa,

— 1.5 mmois 30812 ¢ FAM,

— 1.5 nmons 308712 ¢ VIC,

— 10 ur IHK,

—ddH,0 no 20 mxJ.

B npoOupke cmenBaeM Bce MepevnclieHHbIe KOMITOHEH-
ThI, KpoMe obpasna JIHK, ¢ ygerom konmuaecTBa 0OpasIoB
u ¢ 3armacoM npumepro 10 %. O6pasust JJHK packanbiBaem
Cpa3sy BJIyHKH, 3aTeM JJ00ABIISIEM B KaXK1yI0 JIYHKY 110 18 MK
CMecH, IepeMelIBaeM, cOpackBaeM Karuiu.

CHavasia Ha HECKOJBKMX 00Opasmax mposepsieM padoTo-
CIIOCOOHOCTh HOBBIX MpailMepOB M 30HJOB, MOJOUpaEM
ONTHMAJIBHBIE TEMIIEpaTypsl OTKUra. ONTHMaabHbIE KOH-
LEHTPAIMH TTPaiMepOB M 30HI0B TAK)KE MOTYT OTIIMYATHCS
OT NMPUBCACHHLIX BBIIIC, HO (bl/IHaIl])HI)Ie KOHOCHTpanuu
30HI0B OOBIYHO MHHUMYM B 2 pasa HIDKE, 9eM IpaiiMepoB
(https://www.bioline.com/mwdownloads/download/link/
1d/3301//p/i/pi-50201 sensifast probe hi-rox one-step kit
v1l.pdf).

MNpoTokon MUP

1. HaganeHas nenarypanus, 95 °C 3 MuH.

2. Ammmudukanus u netekius (40 TuKIoB):
nenarypanus, 95 °C 10 c,
OT)KUI MPaiMEpPOB U BJIOHTAlUs ¢ JETeKUUEH CUrHala,
60 °C 30 c.
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Puc. 7. Pe3ynbTat annesnbHON ANCKPUMMHALMN C MOMOLLbIO 30HA0B K SNP
rs11121704.

OpaH>KeBbIMM TOYKamMn 0603HaUYeHbl FOMO3MIOTbl MO pedepeHCHOMY annento
(C/Q), 3eneHbIMMn TpeyronbHKamu — reteposuroTbl (C/T), cuHMMK KBafpaTa-
MW — FOMO3WroTbl MO anbTepHaTMBHOMY annenio (T/T).

Peszynbrar [P ¢ mogobpanHeMuy ipaiiMepaMu ¥ 30H1aMU
kK SNP rs11121704 npencrasneH Ha puc. 7.

[Tockompky Tm onuroHyKIe0THIa 0003HAYAET TEMITEpaTy-
Py, IpX KOTOPOM MOJIOBUHA MOJEKYI HAXOAUTCS B pacIiaB-
JICHHOM COCTOSIHMH, a TTOJIOBHHA — B JIByLIEIOYEYHOM, PEKO-
MEH/yeMasl TeMIIepaTypa OTKHTa JOJKHA OBITh TPUMEPHO Ha
5 °C HMKe HauMEHBIIIEro 3HaueHus Tm JuIs AByX pailMepos,
TaK KaK MpH TaKUX YCJIOBHAX 00a mpaiiMepa MpakTH4eCKu
MOJTHOCTBIO CBSDKYTCSA C KOMIUIEMEHTapHbIMH nemsivu. Ha
MPAaKTUKE M3-32 BO3MOXHBIX HETOUHOCTEN mpH pacdere Tm
WM HECOOTBETCTBUA YCIOBHUI peaKkiMy YCIOBUSIM, AJIS KO-
TOPBIX MPOU3BOIMIICS PACUET, ONTHMAaJIbHAS TEMIIepaTypa
MOI0MpaeTCst SMIUPUIECKA. MBI PEKOMEHIYEeM IPOBEPUTH
unrepsan [Tm,, =5 °C...Tmg, +5 °C], tne Tm, — cpennee
3HadeHne Tm aByX mpaiimepos. Taxke peKoMeHIyeM oaoop
YCIIOBUH IPOBOJUTS AJIS IBYX BAPUAHTOB CMECH: C 30HIaMH U
C HHTEepKaIUPYIOMKUM KpacutesneM, Hanpumep SYBR Green.
I'pad¥x KPUBBIX MIABICHUS TO3BOJIHUT BBIIBUTH BOSMOKHBIE
Hecnenuduaabie MpoxyKTHl [T1P.

OnoHranus o0bI4HO 3aHUMaeT okosio 1 muH Ha 1000 1. 0.
Ecmu Temmnepatypa orxwura coctasnseT 6ombiae 60 °C, sToT
I1ar 4acTo 0ObEIUHSIOT C MPEABITYINM, M SIOHT AL TIPO-
HCXOIUT IIPU TEMIIEpaType OTKura. XoTs TeMIlepaTypHbII
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Annenb-cneundunyHas MLUP ¢ pnyopeceHTHO-MeYeHbIMK
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ONTUMYM /71 OonbIMHCTBA Taq-noauMepas JIeXKUT B paiioHe
75—80 °C, a0HTaIMsI HE MOXKET ITPOTEKATH IIPH TEMITEPaType
BBIIIIE, YeM TEMIIepaTypa IUIaBJICHUS 30H/I0B.

3aKkno4yeHne
l'eHOTHIIMpOBaHKE C TOMOIIBIO ajeNb-crienupuanon [P
siBIsIeTCs 3(p(PEKTUBHBIM M TOYHBIM HHCTPYMEHTOM JTSI OTIPE-
JICJIEHNsI TeHeTHYECKUX Bapuarwid. [IpenMytecTBa JaHHOTO
METO/Ia 3aKIFOYAIOTCS B €T0 CICIU(DUIHOCTH, TYBCTBUTECIb-
HOCTH, HEBBICOKOH CTOMMOCTH U OBICTPOTE TOJIYUYEHUS pe-
3ynsTaToB. OH MO3BOJISIET C BBICOKOW TOYHOCTBIO pa3inyarh
pasHbIC aieNd B reHoMe B opHocTanuitHoi TP 6e3 mo-
MOJTHUTENLHBIX ATAIOB pa3AesieHHUs IPOYKTOB PEAKIIUH, UYTO
JIeJIaeT ero 0COOCHHO TOJIC3HBIM JIJISl HCCIICOBAHUI TeHETH-
YECKUX aCCOIUANNIN B MOJICKYIIIPHOM TCHETUKE M MEIHIINHE.
bnaronapst pa3BUTHIO TEXHOJIIOTUI CUHTE3a OJIMTOHYKIIE0-
THIOB U COBEPIICHCTBOBAHMIO METOIOB TIOI00pa MpaiiMepoB
Y 30HJIOB MO’KHO O)KHJIATh PACITHPCHUS BOZMOKHOCTEH MPH-
MEHEHHMS ATOTO IMOAX0/Ia B IMArHOCTHUKE HACJICJICTBCHHBIX 3a-
GomeBanmii. B HacTosIIel cTaThe MBI JETaTBFHO pa3odpann
KPUTEPHH W YCIOBHS ONTHMH3AINH YCIICITHOTO MOa0opa
MpaiiMepoB U OJTUTOHYKIICOTHUTHBIX 30HJI0B IS aJlIeb-CIIe-
rudwmanoi [TLP. Mb1 Hageemcs, 9TO TpeICTaBICHHBIN TIPO-
TOKOJI ITO3BOJTUT UCCIICA0BATEIHCKAM IPYIIIIAM CaMOCTOSTCITh-
HO 10JI0MpaTh COOCTBEHHbIE 3P (PEKTUBHBIC TECT-CUCTEMBI IJIsI
MIPOBEPKH HHTEPECYIOMNX UX ITOTUMOP(PHU3MOB.
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