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BaBnnoBcKuMI XypHan reHeTUKn n cenekymun. 2018;22(6):633

Ba)kKaeMble KOJUIETH, JOPOTHE YnuTaTesnu!

[Tpennaraem Bamemy BHUMaHUIO ouepen-

HOH BbIITyCK «BaBuioBckoro xypHania re-
HETHUKU U CENCKIINN.

B Tpamuumonnslii panen «l'eneruka pacre-
HUI BOLIY IIITh OPUTHHAJIBHBIX HCCIIEOBAHUN
¥ o7THAa 0030pHAS CTaThs, B KOTOPOH 00CyKTat0T-
Csl THOHHMHBI PacTeHUH, BXOSIINE B CEMEHUCTBO
AQHTUMHMKPOOHBIX TENTHIOB U SIBISIONMECS OJ1-
HUM U3 Ba)KHEHIITMX KOMIIOHEHTOB 3al{UTHON CH-
CTeMBbI pacTeHui. TpH 3KCIIepIMEHTaIbHBIC CTa-
ThU TIOCBAIIEHBI IPUMEHEHHUIO B T€HETHUECKUX
U CEJIGKIIMOHHBIX HCCIICOBAHMUAX y PAacTCHUH
SSR-mapkepoB, pa3pabOTaHHBIX K MUKpOCATell-
JUTHBIM JIoOKycaM. Ilo pe3ynbraTamM H3ydeHHS
COPTOB MSATKOH NIIEHHUIIB y30EKHCTAHCKOH ce-
JICKIMH C TOMOIIBI0 SSR-mipaiiMepoB ObLTH pas-
paboTaHbl reHeTHYEeCKUEe (OPMYJIbI, KOTOpBIE
MOTYT HCIIONIb30BAThCSI B CEJIEKIMOHHBIX MPO-
rpamMMax JuIst ofoopa poanTeabekux nap. B 3a-
Jlaud Pyroro MCCIEIOBaHMs BXOAMJIA OLIEHKA
3¢ PEKTHBHOCTH MHUKPOCATEIUTUTHBIX MapKepOB
JUI WACHTU(UKALUN 00pa3oB KyKypy3bl, Xa-
PAKTEPU3YIOLUXCS BOCKOBUIHOW CTPYKTYpPOH
SHAOCHEPMA. YHUKAJIbHBIE COUYETAHUS allieneit
MHKPOCATEIUTUTHBIX JIOKYCOB ONTHUMAJBHBI IS
MapKep-acCOMMUPOBAHHOTO 0TOOpa 00pa3IoB
KyKYpPY3bl ¢ BBICOKHM HAaKOIIJIEHHEM aMHJIOMEK-
TUHA. [[JIs OLIEHKM T'€HETHYECKOi CTPYKTYpHI
MU3MEHYUBOCTU PACTEHUH OJM3KOPOJICTBEHHBIX
BUOB Spiraea Ssp. W3 MPUPOIHBIX MOITYISAINHA
Hansuero Bocroka m Cubupu pazpaboTaHsl
MYNBTHIIJIEKCHBIE TTAHEIH K HECKOJIBKUM MHUKPO-
caTeJUIMTHBIM JIoKycaM. ITokasaHo, 4TO reHe-
THyeckas auddepeHnuanys, oCHOBaHHas Ha
gacToTax ajieneir SSR-JI0KycOB, COOTBETCTBY-
eT reorpaguIecKoMy MOJIOKECHHIO 00pa3IoB.
Meton MapKUpOBaHHS C MOMOLIBIO MapKepOB
npyroro tuna — AFLP — Obu1 BCIonb30BaH Juist
W3y4YEeHUs] TEHETUYECKOTO Pa3HOOOpa3usl CHHTE-
TUYECKOTro Buaa Trititrigia cziczinii, MOTy4YeH-
HOTO B pe3ysibTare T'MOpUAM3aLNN Pa3InYHbIX
BUJIOB MILEHUIBI U Iblpes. B nocineanei ske-
MIEPUMEHTAJILHOM cTaThe TAHHOTO paszesa Mmpo-
aHAJU3UPOBAHO AJIJIEIbHOE pa3HOOOpa3ue re-
HOB OMOCHHTE3a 3THJICHA U SKCIIAHCHHA, BOBIIC-
YEHHBIX B KOHTPOJIb JIGKKOCTH III0JIOB Y MECTHBIX
U CTapoJaBHUX COPTOB SIOJIOHM M3 KOJUIEKLIUH
Bceepoccniickoro MHCTUTYyTa T€HETUYECKUX Pe-
cypcoB pacrenuit um. H.M. Basunosa (BUP).
C noMOIIbI0 MOJEKYISPHBIX MapKepPOB pa3iny-
HOTO THIa B MECTHBIX M CTApOAABHUX COpPTaxX
BBISBJIICHBI PEJIKHE AJUICIH JaHHBIX TEHOB, YTO
MOKET OBITB TTOJIE3HO IPH OLIEHKE CEJIEKIIMOHHOTO
TTOTEHITHAJIa COPTOB SOJTOHM.

Py6puxka «Cenexnys pacTeHUH Ha IMMYHHUTET
U NIPOAYKTUBHOCTH» COCTOUT U3 MATH KCIEpH-

OT PEOAKTOPA / FROM THE EDITOR

MEHTAJIBHBIX PAa0OT, B KOTOPBIX MPEICTABIECHBI PE3yIIbTaThI
CO3JaHUSI ¥ M3YYEHHsI KYJIbTYPHBIX PACTEHHH C MOMOIIBIO
KJIACCMUECKUX METOIOB CEJIEKLUU U C MPHUBJICYEHUEM CO-
BPEMEHHBIX OMOTEXHOIOTNYECKHX MTOAX0N0B. Tak, B OAHOM 13
paboT pacCMOTPEHBI MOJTyYEHHBIC YCTOMYINBBIC TMHUN O3UMOM
TIIEHUIIBI, COAEPIKaINe HECKOIBKO TeHOB YCTOINUMBOCTH K
CTeOJIeBOM PAKABUMHE U KOMITIEKC X03HCTBEHHO [IEHHBIX MTPH-
3HAKOB. B ipyrom mccie1oBaHUM IPOBEIEH MOJICKYIISPHBII
CKPUHHHT KOJJIGKLIMK COPTOB KapTodessi OTeYEeCTBEHHON U
3apyOeKHOM CENEeKITNH TeH-CIEeIU(PUISCKIMA MapKepamH,
ACCOIMMPOBAHHBIMH C YCTOMYMBOCTBIO K (puTodTOoposy u
MYCKOH CTEPUJIBHOCTBHI0. MeToabl MOJIEKYJISIPHOTO Map-
KMPOBAaHMS ObUIN MCIIOIB30BaHBI M1 MACHTH(DUKANNN B
KOJIJIGKIIMM COPTOB BHHOTPAJa reHa YCTOWYMBOCTH K MHII-
JIbEO — Han0oJIee BPEIOHOCHOMY TPUOHOMY 3a00JICBaHHIO ATOM
KynbTypbl. [ToydeHHbIe pe3yabTaThl COOTHECEHBI C YPOBHEM
YCTOHYMBOCTH COPTOB BUHOTPA/IA M € UX popociioBHOH. C 1mo-
MOIIBI0 OMOMH(POPMATHUECKUX TIOJIXO/IO0B IIPOBECH aHAJIH3
pe3ynsraToB Oonee YeM TPUALIATHICTHEH OLIEHKH COIeP KaHuUs
Oenka 1 Maca B o0pasiax cou u3 kouekunu BUP. Metonom
PErpecCHOHHOTO aHaJIN3a MOCTPOESHBI MOJIENN 3aBUCUMOCTH
COZIepKaHus TTapaMeTPOB OeJIKa U Macia OT MOTOHO-KINMa-
TH4eckux ycnosuil Ha CeepHoM KaBkasze.

Crnenyromuii pasaen «['eHeTHka 4eloBeKay BKIIIOYAET JBE
myonukanu. B 0030pHOI cTaThe paccMaTpUBAIOTCS TeHE-
TUYECKHE MEXaHN3Mbl HOPMAJIBHOTO W arpeccHBHOTO (Ta-
TOJIOTMYECKOT'0) MOBECHNUS YeTI0BEKa. DKCIIEPHUMEHTAIbHBIE
JTaHHBIE, OCHOBAHHBIC HA ITOJTHOTEHOMHOM aHAJIU3€ acCOoINa-
1M, TO3BOJIMII BBISIBUTH T€HBI-KaH/IU/1AThl pa3BUTHUS arpec-
CHBHOTO ITOBE/ICHHSI, CPE/IN KOTOPBIX HanboJiee BEPOSITHBIMU
SIBJISTIOTCSI TEHBI CEPOTOHMHEPTUYECKOI 1 nodamuueprude-
CKOHl cucrem, a Takke TeHbl ()ePMEHTOB MX MeTaboiIHn3Ma.
Bo BTOpO# cTarbe NMPENCTABICHbI PE3YIbTaThl U3YUYEHUS
MOJIEKYJISIDHOTO ITAaTOT€HEe3a M aHaJH3 IeHOB-KaHANIAaTOB
Pa3BUTHSI KAPATHHOMIHOM MaparaHIIHOMBI.

[Mocnenusist pyOpHKa )KypHaja COAEPIKUT JIBE OPUTHHAIb-
HBIE PAOOTHI B 001aCTH TEHETHKHN KUBOTHBIX, TIOCBSIICHHBIE
M3YYCHHUIO IIMPOKO PacIpOCTPAHCHHBIX U YHUKAIBHBIX TOPO]
KPYITHOTO POraToro CKOTa OT€UECTBEHHOTO MPOUCXOKICHHS.
OKCIEPUMEHTHI BBITIOIHEHBI C HCIIOIb30BAHUEM COBPEMEH-
HBIX METOJIOB MOJICKYJISIPHOTO MaPKUPOBAHUS M aCCOIINATHB-
HOTO KapTupoBaHMA. B ofgHOH U3 paboT Ha OCHOBE aHaIU3a
IIEJIEBBIX TEHOB TOPMOHA POCTA, €0 PELENTOpa U NPOIAKTHHA
BBISIBJICHBI OCOOCHHOCTH BHYTPHUIIOPOJHONW M3MEHYMBOCTH
POCCHICKOTO a0OPUTEHHOTO aITalCKOro KPYITHOTO POTraToro
CKOTa W TIpe/cTaBUTeNeH OypsATcKoil mopoasl. B apyroit Ha
ocHoBe aHanu3a SNP-mpoduieil yctaHOBIEHBI reHEeTHYe-
CKHE pa3IMuUsl MEXJY MONMyIALUSIMH XOJIMOTOPCKOTO U
YEpPHO-TIECTPOTO CKOTA C PAa3HOW CTENEHBIO KPOBHOCTH II0
TOJIIITHHCKOH MTopoie.

OOparaeM BHUMaHUE HALIMX YUTATEJICH, YTO OPUTHHAIb-
HBIE CTaTbH 110 UCTOPUH T'EHETUKHU, AaHOHCHI M UTOTH KOH(e-
PEHIMI, 0030pHBIC M TUCKYCCHOHHBIE CTAaThH MOXKHO OITyO-
JIMKOBATh B 3JIEKTPOHHOM H31aHuu «lIucsma B BaBuiiosckuit
xypram» (http://pismavavilov.ru/). Pyxonmcu npuHIMaoTcs
IO 2JIeKTPOHHOH 1oute: vavilov_journal@bionet.nsc.ru. Becem
cTaThsAM mpucBauBaeTcs nuaexc DOIL.

Axademux B.K. [Llymnoii
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SSR analysis of the genomic DNA of perspective
Uzbek hexaploid winter wheat varieties
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The objective of this study was to investigate the genetic
diversity of hexaploid wheat varieties of Uzbekistan breeding
using simple sequence repeat (SSR) markers. These varieties
are adapted to local conditions, and can be considered

as the most important supplier of genetic resources for
cultivation in Uzbekistan and other countries. Microsatellite
markers are now most widely used and effective classes of
DNA markers for genotyping, certification and classification
of plant varieties. In this paper, genotyping results of 32
hexaploid wheat domestic varieties using 144 microsatellite
primer pairs are presented. Microsatellite primer pairs were
chosen from literature data and 36 primer pairs (from 144)
gave polymorphic well-reproducible PCR-fragments. The
individual SSR spectra differing in number of amplicons were
obtained for each variety. A total number of 141 alleles for
36 microsatellite loci were detected. The number of alleles
per locus ranged from 2 to 6, the mean number of alleles per
locus (N,) was 3 alleles. For the studied genotypes group the
effective number of alleles (ne) characterizing the loci by the
allele frequency, varied from 1.7 to 4.8, the mean number of
alleles per locus was 2.8. The expected heterozygosity (H,)
ranged from 0 to 0.792, averaging 0.626, in studied wheat
population. The amplified fragment sizes ranged from 93 to
552 bp. The polymorphic index content (PIC) ranged from 0
to 0.758. A dendrogram was constructed using the alleles set
of microsatellite loci, reflecting the phylogenetic differences
of the studied hexaploid wheat varieties. It showed that
Uzbekistan breeding varieties are divided into two main
clusters, which may be evidence of their common origin.

A genetic formula has been developed for each Uzbek wheat
variety. It can be used for identification, certification of these
varieties, as well as for the selection of parental pairs in the
wheat breeding programs.

Key words: hexaploid winter wheat; PCR analysis; genetic
diversity; microsatellite DNA loci; clusterization; barcoding.
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SSR-aHanm3 resoMHou JJHK
[IePCIIeKTUBHBIX COPTOB MATKO
03MMOIJi ITIIeHUIIbI Y30eKICTaHCKOII
celeKInn

A.T. AppiroBa, K.K. Hop6ekos, 2.9. XypuyT,
E.B. Huknruna ®, ®.H. Kymanos

LleHTp reHomuKkmn 1 6uonHdopmatrikn Akagemunm Hayk Pecny6nmnkm
Y36eKuncTaH, TalKeHT, Y36eKunctaH

Llenbto paboTbl 661710 M3yyeHne reHeTUYeCKoro pasHoobpasmsa
COPTOB MArKOW MLLEHULbI Yy306EKNCTaHCKOM cenekumu,

TaK Kak OHV ABNAIOTCA UCTOYHUKOM aAanTUPOBAHHOTO K
MECTHbIM YC/I0BMAM 0OUTaHNA pacTUTENbHOrO MaTepurana

1N MOTYT CJTYXKWUTb BaXKHENLWM NOCTaBLUMKOM reHeTUYeCKnX
pecypcoB ansa cenekuMOoHHbIX PaboT Mo MNWeHULEe He TONbKO
B Y36eKncTaHe, HO 1 B ApYrix CTpaHax. B HacToALee Bpema
MUKpOCaTenIMTHble MapKepbl (simple sequence repeats, SSR -
NpoCTble MOBTOPAOLMECA NOC/IEA0BATENIbHOCTY) — OfHU U3
Hanbonee LWMPOKO NCMOSb3yeMbiX N SPEKTUBHBIX KNAcCoB
[HK-mapKepoB AnA reHOTUNMPOBaHWA, NacnopTM3aunmn n
Knaccndukaumm CopToB pacTeHuin. B paboTe npeacTtaBneHbl
pe3ynbTaTbl reHOTUNMPOBAHMA 32 COPTOB MATKON MIUEHNLIbI
OTeyeCTBEHHOW CeneKkLmm C UCnonb3oBaHnem 144 mnkpo-
CaTeNIUTHBIX MPaMepPHbIX Nap, BbIOPaHHbIX NCXOAA 13
NUTepaTypHbIX AaHHbIX, 36 Nap 13 HUX Jany NoANMopdHble
xopoLo Bocnpoussoaumble MLP-dparmeHTbl. Ina Kakgoro
copTa 6binv NonyyYeHbl MHAUBUAYaNbHblE SSR-CNEKTPbI,
pasnnyaroLmeca YncIoM aMnIMKoHoB. Mo 36 mukpocaren-
NNTHBIM NIOKYCaM BbisiBeH 141 annenb, X YACNO Ha IOKYC
(N,) coctaBnsano ot 2 o 6 (3 B cpegHem). ina nsyyeHHom
rpynnbl reHoTMNOB 3beKTUBHOE YMCNIO annenei (ne),
XapakTepu3syoLee JIOKYCbl MO YacToTe BCTPeYaemocTu
anneneu, Bapbuposaso oT 1.7 fo 4.8, cocTaBnAsA B CpefHEM
2.8. BennunHa oxnpaemon rereposnrotHocTm (H,) B Halwei
nonynAyuy nweHnLbl 6oina B cpegHem 0.626, MeHAACH OT

0 po 0.792. Pazamepbl amnandrLMpoBaHHbIX NPOAYKTOB
Haxoamnucob B Npegenax ot 93 go 552 n. H. Haekc
nonumopdHoro nHGopmMaLmoHHoro cogepxanusa (PIC)
Bapbumposasn ot 0 o 0.758. Ha ocHoBaHuun Habopa annenen
MUKPOCATENINTHBIX JIOKYCOB Oblia NOCTPOeHa AeHAPOrpaMma,
oTpaxkatowasn GuoreHeTUYECK e PasNnymsa N3yUYeHHbIX
COPTOB MArKOW MLUEHWLbl, KOTOPasA Nokasana, Yto copTa
y36eKNCTaHCKON Cenekumnmn pasgensaoTcsa Ha ABa 60nbLmx
KnacTepa, 3TO CBUAETENIbCTBYET O BO3MOXKHOW OOLWHOCTY X
NpoucxXoXaeHua. [1na Kaxxaoro copTa nleHuLpbl Y36eKkncTaHa
paspaboTaHa reHeTuyeckaa Gopmysna, KoTopas MoXeT

6bITb MCMONb30BaHa ANA naeHTUdMKaLmy, nacnopT3auum
3TUX COPTOB, a Tak»Ke Npwv nogdope PoAnNTENbCKMX Nap B
ceneKkLMOHHbIX MporpaMmax no niueHuue.

KntoueBble cnosa: Markas osrmasn nwenuua; MNLUP-aHanns;
reHeTnYeckoe pazHoobpasne; MUKPOCaTENIUTHbBIE TOKYChI
[HK; knactepusauma; nacnoptusaums.



ntroduction of DNA markers into biological research

opened new opportunities for studying genetic diversity

of organisms (Gostimsky et al., 2005). In particular,
SSR or microsatellite genome analysis of multiple plants
showed that the microsatellite loci represented by multiple
alleles and characterized by relatively high heterogeneity
are a convenient tool for analyzing genomic DNA poly-
morphism.

Microsatellite locus polymorphism analysis makes it
possible to obtain reproducible, informative profiles of
known genome fragments and is therefore the most promis-
ing in terms of identification and certification of varieties
and hybrids of cultivated plants (Sulimova, 2004).

Applicability of a marker for the stated purpose depends
on the number of alleles the marker includes and their
respective relative frequencies. Typically, the degree of
polymorphism is quantitatively measured by two values or
parameters, namely heterozygosity (H), for which unbiased
evaluation algorithm and variation formula are well-known
(Nei, Roychoudhury, 1974; Nei, Li, 1979), and polymor-
phism index content (P/C).

Heterozygosity is considered as an average portion of
loci with two different alleles within one locus in an indi-
vidual specimen. This parameter is generalized over the
whole population or its part and is divided into observed
(H,) and expected (/7,) heterozygosity. To describe genetic
diversity, expected heterozygosity is usually determined,
since it is less sensitive to sample size, than the observed
heterozygosity (Chesnokov, Artemyeva, 2015).

PIC is determined by the marker’s ability to identify
population polymorphism depending on the number of
detectable alleles and their frequency distributions and
therefore equivalent to genetic diversity. Maximum PIC for
dominant markers is 0.5. The P/C value approaches one,
if locus includes multiple alleles with approximately equal
occurrence rates, and equals 0, if locus is monomorphic
(Chesnokov, Artemyeva, 2015). Effective number of alleles
(ne) is another parameter used to evaluate genetic diversity
and is linked to heterozygosity by a simple relationship
ne=1/(1-H,),ie.itis an inverse value to the percent-
age of homozygous loci in a specimen. It stands for the
number of alleles encountered in the population with equal
frequencies and ensuring the predetermined heterozygosity
under random crossing (Ayala, Kiger, 1984).

The goal of the present paper is to investigate genetic struc-
ture of Uzbek hexaploid winter wheat using the aforemen-
tioned measures of genetic diversity. This problem makes
for a topical research, since these varieties are a source of
plant material adapted to local habitat and can be conside-
red the most important supplier of genetic resources for
wheat cultivation not only in Uzbekistan, but in other
countries as well.

Materials and methods

The following 32 domestically cultivated soft wheat
varieties were used in the study: Turkiston; Kelajak;
Barhayot; Chillaki; Pahlavon; Farovon; Hazrati Bashir;
Bardosh; Bobur; Omad; Gozgon; Matonat; Sanzar §;
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Elomon; Boysuntura; Andijon 2; Andijon 4; Dostlik;
Yaksart; Muftalo; Asr; Durdona; Taraqqiyot; Kokbulog;
Bunyodkor; Hisorak; Jayhun; Uzbek; Ogmarvarid; Iftihor;
Ustoz; Andijon 1; most of them included in the register of
agricultural crops of Uzbekistan.

DNA isolation, amplification, electrophoresis, and visu-
alization of amplification products were performed using
standard techniques (Dellaporta et al., 1983). The study
covered 51 microsatellite primer pairs (from Grain Genes
Database, http://wheat.pw.usda.gov), which included 18
from WMC group (Rdder et al., 1998), 12 from BARC
group (Song et al., 2002), 10 from WMS group (Roder et
al., 1998), 4 from CFD group (Guyomarc’h et al., 2002),
3 from GPW group (Sourdille et al., 2010), 2 from CFA
group (Sourdille et al., 2010), and one pair from PSP (De-
vos et al., 1995) and GDM (Zhao et al., 2006) collections.
Microsatellite locus alleles were identified and their sizes
determined using Gel-Pro Analyzer 3.1 software. PIC value
for each marker was calculated by the native script in R
language (R Core Team, 2016), which the authors suc-
cessfully used earlier (Khurshut et al., 2017). To perform
statistical processing of the results and plot the diagrams
required, R environment was used (R Core Team, 2016).

Results and discussion

DNA of 32 domestically cultivated soft wheat genotypes
were probed using 144 microsatellite primer pairs selected
by the authors as expectedly informative markers based
on the analysis of the foreign literature, as well as earlier
studies into germplasm genotyping of domestically
cultivated hexaploid wheat. However in 144 microsatellite
primer pairs selected, only 51 pairs were amplifiable.

As a result of SSR analysis of 32 wheat genotypes,
specific and well-reproducible DNA fragments were
obtained. Individual SSR spectra were identified for each
variety with different amplicon numbers and sizes, as well
as degree of manifestation in electrophoregrams (Fig. 1).

The following loci of small information value with
PIC < 0.3 were excluded from further research based
on screening results: BARC6, BARC96, BARC139,
BARC159, BARC206, CFA2149, CFA2209, GPW3032,
WMCI177, WMC311, WMC356, WMC367, WMC727,
WMS539, WMSS577. Interestingly, the CFD239 primer pair
provided a single PCR product for DNA of the studied soft
wheat samples, which was manifested in zero P/C value
(Table 1). However it was detected in 28 out of 32 wheat
varieties, and this primer pair was preserved for further
research. Thus, the set of loci was narrowed down to 36.

As a result of investigating 36 microsatellite loci, 141
alleles were identified. Their number per locus varied
from 2 to 6, which produced an average of 3 alleles per
locus. Maximum number of alleles, i.e. six, was identified
in WMC526, CFD76, GDM33, and WMC104 loci. Five
alleles were identified in eight loci, namely WMS349,
PSP3000, WMC453, GPW2203, GPW2181, BARC74,
WMS443, and WMS295, four alleles were identified in
WMC626, WMC276, WMC445, WMC216, WMS513,
WMC273, WMS291, and WMC432, and two-three alleles
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Fig. 1. Electrophoregram of the genomic DNA amplification products from Uzbek hexaploid wheat with primer PSP3000.
DNA M-marker; 7-32 indicate DNA samples. (see Materials and methods).

Table 1. Characterization of microsatellite DNA loci

No. Locus Ng PIC He Amplicon size Effective number  References
(bp) of alleles
Cwsss S s e s as et 99
2 WMC526 6 0.720 0.762 169-513 4.2 Somers et al., 2004
3 eseao s s s e a0 pevesetaasms
4 CFD76 6 0.694 0.737 155-260 3.8 Guyomarc'h et al., 2002
CsTweesns e een o anan s soneseta oo
6  WMC276 4 0.677 0.725 318-349 3.6 »
L7 WMCass 4 0666 0717 251283 35 >
_____ 8_GDM33 6 . 0663 0716 135266 35 Zhaoetal, 2006
9  WMC453 5 0.661 0.708 176-230 3.4 Somers et al., 2004
e s L e e L TGRS P,
e L e Do R S
T wnes e eme  oes enus aa T Sonesea g
13 BARC74 5 0.628 0.674 105-133 3.6 Lowe et al., 2011
Gewecion e e ows e a1 somersenal, 004
5 WMSS13 40805 0668 . 127164 30 Roderetal, 1998
6 WMC273 A 05% . 0651 .. 190278 28 Somersetal, 2004
27903 3 0585 0659 .. 253:283 29 Guyomarch etal, 2002
18  WMS630 3 0.581 0.655 173-203 2.8 Roder et al., 1998
T T N7 S T ST R S
20 WMC198 3 0.576 0.651 210-283 2.8 Somers et al., 2004
L T - 7 S T N T H
22 WMS495 3 0.567 0.641 134-166 2.7 Roder et al., 1998
Bewan S ks een o3 Somerseal, 000
24 WMSs12 3 0562 0639 . 195204 27 Roderetal, 1998
25 WMCTe6 3 0515 .. 0586 .. 353402 24 Somersetal, 2004
26 CFD267 3 0504 0589 .. 263313 24 Guyomarch etal, 2002
27 WMsads 5 0499 . 0580 . 127237 23 Roderetal, 1998
28 BARC176 3 0.489 0.562 231-296 2.2 Somers et al., 2004
o BARGIas R oary oaay e Sy DA
30 WMCle7 3 0472 0860 204222 22 2
31 WMS295 5 0.467 0.550 232-552 2.2 Roder et al., 1998
S ewae 3 e ese Tt Somenseal, 08
33 WMC432 4 0.456 0.498 197-257 1.9 »
34 BARCIE7 3 0378 048 73308 17 loweetal 2011
35 BARCOS 2 0357 .. 0465 . 184202 18 Songetal, 2002
36 CFD239 o 0000 . 0000 249 00 Guyomarchetal, 2002
Average 3 0.564 0.626 2.8
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Table 2. Genotype formulas of hexaploid winter wheat of Uzbekistan breeding

Formula

Variety

Hazrati Bashir

Note. Locus codes are as follows: A - WMS349; B - WMC526; C - PSP3000; D - CFD76; E - WMC626; F - WMC276; G - WMC445; H - GDM33;
| - WMC453; J - GPW2203; K - GPW2181; L - WMC216; M - BARC74; N - WMC104; O - WMS513; P - WMC273. The Latin letters indicate

primers; while subscripts define locus allele states they mark.
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Fig. 2. Phylogenetic tree of the studied wheat varieties of Uzbekistan breeding based on 36 SSR markers.

were identified in the remaining loci (apart from CFD239)
(Table 2).

Effective number of alleles is a parameter that charac-
terizes loci in terms of allele frequencies, and it varied in
the studied group of genotypes from 1.7 (BARC187) to
4.8 (WMS349), which produced an average of 2.8 alleles
per locus. Average expected heterozygosity in the wheat
population considered was 0.626, as the value varied from
0 (CFD239) to 0.792 (WMS349). Amplified product sizes
ranged from 93 to 552 bp. To analyze the microsatellite
DNA amplification data, PIC was used, which varied from 0
(for CFD239 marker) to 0.758 (WMS349), which produced
an average of 0.564 (see Table 1).

The set of microsatellite locus alleles was used to plot
a dendrogram reflecting phylogenetic links between the
studied soft wheat varieties. Complete link hierarchical
clustering divided these varieties into two main clusters
(Fig. 2), while distribution and composition of tree-like
clustering mostly matched the results of k-means technique

(Fig. 3).

leHeTuKa pacTeHUn

Uzbek wheat varieties, apart from several local variet-
ies, i.e. Pahlavon and Farovon (cultivated based on the
local Marjon variety), and the traditional Boysuntura and
Ogmarvarid varieties, represent genotypes obtained from
various global collections and adapted to local cultivation
conditions. Varieties from the first cluster, namely Elomon,
Gozgon, Matonat, Dostlik, Bardosh, Barhayot, Turkiston,
and Kelajak, were cultivated at Kashkadarya Research In-
stitute of Grain Breeding and Seed Production (Uzbekistan)
based on samples from CIMMYT collection (International
Maize and Wheat Improvement Center), drought resistance
being a prevalent breeding trait.

Varieties from the second cluster, apart from the Oq-
marvarid variety, were cultivated at Research Institute of
Cereal and Grain Legume Crops (Andijan, Uzbekistan)
in association with Krasnodar Agricultural Research In-
stitute named after P.P. Lukyanenko. Right subgroup of
the cluster included varieties selected based on crop yield
(Yaksart, Taraqqiyot, Sanzar 8, Muftalo, Omad, Durdona,
Uzbek, Bunyodkor, Hisorak, Jayhun, Ustoz u Andijon 1),
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Fig. 3. k-means clustering method in studied wheat varieties of
Uzbekistan breeding based on 36 SSR markers.

whereas the left one included varieties (Kokbulog, Andijon
4, Boysuntura, Andijon 2, Asr u Iftihor) released in Gal-
laorol Region (Uzbekistan) and suited for dryland farming
(see Fig. 2).

The PIC values obtained as a result of genotyping turn
out to be sufficient for identification and certification of
varieties. A fragment of molecular passport developed
for promising domestically cultivated winter soft wheat
varieties based on 16 most effective and informative SSR
markers with PIC > 0.6 is presented in Table 2.

The Hazrati Bashir and Andijon 1 varieties were picked
as examples of genotypes at a maximum distance from
each other in a multidimensional space, while the other
two varieties, i.e. Bobur and Dostlik, are, on the contrary,
genetically close (see Fig. 2 and 3).

It can be seen from Table 2 that certain sets of alleles,
in particular, BBB, HH,LL, and N N, amplified by
WMC526, GDM33, WMC216, and WMC104 primer pairs
respectively, are detected in all four genotypes, notwith-
standing the cluster they are grouped in. Since these loci
are detected in most of the remaining varieties under study,
they may seemingly be considered species-specific. On the
other hand, there also are varieties, such as Bobur that do
not include any alleles of WMC445 and WMC453 loci,
which could possibly be a peculiarity of these genotypes.

Thus, we have performed screening and evaluation of
genetic variety in 32 Uzbek winter soft wheat using 36 mic-
rosatellite SSR markers. These studies revealed the presence
of a certain genetic variability both in terms of number of
alleles per locus and genetic variety index. It was also shown
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that the studied varieties are clustered in accordance with
their environmental, geographic, and cultivation origin.
SSR profiles made it possible to derive a genetic formula
for each Uzbek wheat variety, which may be used for iden-
tification and certification of these varieties, as well as for
selecting parent pairs within wheat cultivation programs.

Acknowledgements

The work was carried out within the framework of Project
T.8-16 “Comparative study of DNA polymorphism of
various hexaploid wheat varieties of Uzbekistan breeding
using microsatellite SSR markers”, supported by the
Foundation for Fundamental Research Support of the
Academy of Sciences of Uzbekistan.

Conflict of interest
The authors declare no conflict of interest.

References

Ayala F., Kiger J. Modern Genetics. Menlo Park, Calif.: Benjamin/
Cummings Publ. Co., 1984.

Chesnokov Yu.V., Artemyeva A.M. Evaluation of the measure of
polymorphism information of genetic diversity. Selskokhozy-
aystvennaya Biologiya = Agricultural Biology. 2015;50(5):571-
578. (in Russian)

Dellaporta S.L., Wood J., Hicks J.B. A plant DNA minipreparation:
Version II. Plant Mol. Biol. Rep. 1983;1(4):19-21.

Devos K.M., Bryan G.J., Collins A.J., Stephenson P., Gale M.D.
Application of two microsatellite sequences in wheat storage
proteins as molecular markers. Theor. Appl. Genet. 1995;90:247-
252.

Gostimsky S.A., Kokaeva Z.G., Konovalov F.A. Studying plant ge-
nome variation using molecular markers. Russian Journal of Ge-
netics. 2005;41(4):378-388. DOI 10.1007/s11177-005-0101-1.

Guyomarc’h H.I., Sourdille P., Charmet G., Edwards J., Bernard
M. Characterisation of polymorphic microsatellite markers from
Aegilops tauschii and transferability to the D-genome of bread
wheat. Theor. Appl. Genet. 2002;104(6-7):1164-1172.

Khurshut E.E., Adilova A.T., Norbekov JK., Kushanov FN.,
Turaqulov Kh.S. Molecular analysis of winter wheat varieties in
Uzbekistan. Uzb. Biol. J. 2017;(3):44-48.

Lowe 1., Jankuloski L., Chao S., Chen X., See D., Dubcovsky J.
Mapping and validation of QTL which confer partial resistance
to broadly virulent post-2000 North American races of stripe
rustin hexaploid wheat. Theor. Appl. Genet. 2011;123:143-157.

Nei M., Li W.H. Mathematical model for studying genetic varia-
tion in terms of restriction endonucleases. Proc. Natl. Acad. Sci.
USA. 1979;76:5269-5273. DOI 10.1073/pnas.76.10.5269.

Nei M., Roychoudhury A.K. Sampling variances of heterozygosity
and genetic distance. Genetics. 1974;76:379-390.

R Core Team. R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing. Vienna, Austria,
2016. Available at https://www.R-project.org.

Roder M.S., Korzun V., Wandehake K., Planschke J., Tixier M.H.,
Leroy P., Ganal M.W. A microsatellite map of wheat. Genetics.
1998; 149:2007-2023.

Somers D.J., Peter 1., Edwards K. A high-density microsatellite
consensus map for bread wheat (7riticum aestivum L.). Theor.
Appl. Genet. 2004;109:1105-1114.

Song Q.J., Fickus E.W., Cregan P.B. Characteristics of trinucleotide
markers in wheat. Theor. Appl. Genet. 2002;104:286-293.

Sourdille P., Gandon B., Chiquet V., Nicot N., Somers D., Muri-
gneux A., Bernard M. Wheat génoplante SSR mapping data

Plant genetics



SSR-aHanu3 reHomHom [JHK nepcnekTnBHbIX COPTOB
MSATKOI 03VMIMOW MLEHULbl Y36€KNCTaHCKON cenekunm

release: a new set of markers and comprehensive genetic and
physical mapping data. 2004. Available at: http://wheat.pw.usda.
gov/ggpages/ SSRclub/GeneticPhysical. Accessed on March 10,
2010.

Sulimova G.E. DNA markers in genetic studies: types of markers,
their properties, and applications. Uspekhi Sovremennoy Biolo-

leHeTuKa pacTeHUn

A.T. Agbinosa, X.K. Hopbekos

2018
3.3. XypuwyT, E.B. Hnkntuna, O.H. KywaHos

22:6

gii = Advances in Current Biology. 2004;124(3):260-271. (in
Russian)

Zhao H.X., Liu X.M., Chen M.-S. H22, a major resistance gene
to the Hessian fly (Mayetiola destructor), is mapped to the

distal region of wheat chromosome 1DS. Theor. Appl. Genet.
2006;113:1491-1496.

BaBuNOBCKMI XKypHan reHeTUKN n cenekuymm - 2018 <22 < 6

639



ﬂ leHeTuKa pacTeHun
" OPUTMHAJIbHOE MCCNEJOBAHME / ORIGINAL ARTICLE

BaBUNoBCKUI XKypHan reHeTnky 1 cenekumn. 2018;22(6):640-647
DOI 10.18699/VJ18.405

SSR-JIOKVYChI, IIOTEHIIVIAJIPHO aCCOIIIMIPOBaHHEIE
C BBICOKIUIM COJZIep>KaHleM aMIJIOIIeKT/HA
B SHJIOCIIepMe 3epHa KVYKVPV3bI
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T HCTUTYT reHeTUKM 1 LuTONOMMN HaumoHanbHo akagemun Hayk benapycu, MuHck, Pecny6nuka benapycb
2 HawmoHanbHas akagemms Hayk Benapycu, MuHck, Pecnybnuka Benapycb

3epHo KyKypy3bl (Zea mays L.) — Hanbonee WMPOKO NCMOb3yemblii

B MMpPE NCTOYHWK HaTypasibHOrO Kpaxmarna, 4To obyCsIOBNEHO Kak
BO3MOXHOCTbIO NOJTYYEHNA Kpaxmana C PasfiMyHbiIM COOTHOLLIEHVEM
aMUI03a/aMUIONEKTUH, Tak 1 BbICOKON NMPOAYKTUBHOCTBIO KyNbTypbl.
B KauecTBe KOMMOHEHTa PYHKLMOHaNbHOrO NUTaHMA NEePCNeKTUBHA
KyKypy3a C «<HeTPaanLMOHHbIM» COCTaBOM 3epHa (BOCKOBMAHasA, Mac-
NNYHasA, caxapHas, onak u gpyrve deHoTrnmnyeckme BapuaHTbl). K dop-
MUPOBaHMIO BOCKOBMAHOIO SHAOCNEPMA C BbICOKM COAepKaHeM
aMuUIoNeKTUHa NPUBOAAT MyTaLMV FreHa waxy, HapyLuatoLmne CTpyK-
Typy 1 GyHKUMIOo epMeHTa broCHTE3a amrno3bl. PelieccmBHas npu-
popfa MyTaLuii reHa waxy He No3BOJIAET NPOBOANTb GEHOTUNMNYECKUIA
0oTOOP reTepo3nroTHbIX HoCKTENel B rMbpugHoi nonynauum. Boicokas
YyacToTa 1 reTeporeHHas NPUPoAa MyTaLMi, HapyLaLWmx 6rocnHTes
aMUNO3bl, 3aTPYAHAIOT OAHO3HAYHYIO NAEHTUPUKALMIO MONEKYNAp-
HOW NPUPOADLI BO3HUKLUNX FeHETUYECKNX N3MeHeHMN. VI3BeCTHO, 4To
BHYTPU HETPaHCANPYEMbIX yHaCTKOB reHa Waxy NpucyTCTBYIOT MUKPO-
caTenNTHble NOBTOPbI. 3aflaya HaCTOALLEro NCCIeOBaHNA — OLEeHUTb
3¢ PeKTUBHOCTb NCMOMb30BaHNA MUKPOCATE/TMTHBIX MOCeAoBaTe Nb-
HOCTel NoKyca waxy Ana naeHTMOMKaLMm 1 MapKMpoBaHnA reHOTU-
NMoB BOCKOBUAHOW KyKypy3bl. [11A ee pelueHns 6bi10 NpoaHannsnpo-
BaHO cofleprKaHne Kpaxmana, KOpoTKOLeNoYeUHbIX PaCTBOPUMbIX
YrNeBOJ0B, aMMII03bl, aMUITONEKTVHA B 3epHe 33 06pa3LIoB KyKypy3bl.
NoeHTndrumpoBaHbl rpynnbl 06pasLoB CO CXOAHbIM YTIEBOAHbBIM CO-
CTaBOM 3HAOCMEPMa, B TOM uncsie 13 BbICOKOAMUIONEKTUHOBbIX 06pa3-
LIOB, HOCUTenen MyTauuii reHa waxy (wx), n 20 o6pasLoB ¢ deHoTUNN-
Yyeckoi Hopmol npu3Haka (Wx). MonekynapHo-reHeTnyeckunin ckpu-
HUHI 06pa3LoB KoNneKUymn BKoYan aHanus nonumopdriama MMKpo-
caTeNNUTHBIX NOKYcoB phi022, phi027, phi061, accounmpoBaHHbIX C No-
CnefoBaTeNbHOCTBIO reHa waxy. ANnesibHbIi COCTaB OTAENbHbIX JIOKY-
COB 1 X COYETaHUI COOTHECEH C HaKOMIeHMeM 3anacHbIX Yr1eBOAOB B
sHpocnepme 3epHa. inddepeHumposath rpynnbl 06pasLoB KyKypy3bl
C ANKUM WX 1 MyTaHTHbIM GEHOTMMOM WX NO3BOSIWI TOSIbKO aHaNM3
coueTaHuA annenemn Nokycos phi022 v phi027 nn6o Komnnekca Bcex
Tpex MapkepoB.. Taknum 06pa3om, Ana MapKep-acCoLUMpPOBaHHOTO
oT6opa 06pasL OB KyKypy3bl C BbICOKUM HaKOMIEHeM aMUTONEKTUHA
B dHAOCMNEpMe MOTyT NPeACTaBAATb NHTEPEC He OTAE/bHbIE annenu
nokycos phi022, phi027, phiO61, a nx yH1KanbHble cCoYeTaHus.

KntoueBble croBa: KYKYPY3a; 3anacHble yrneBofbl; Kpaxmain;
AMUNIONEKTUH; aMn03a; reH waxy; MUKpocaTeJINTHble MapKepbl.

SSR loci potentially associated
with high amylopectine content
in maize kernel endosperm

S.I. Vakula! @, O.A. Orlovskayal, L.V. Khotyleval,
A.V. Kilchevsky?

" Institute of Genetics and Cytology, NAS of Belarus, Minsk,
Belarus
2The National Academy of Sciences of Belarus, Minsk, Belarus

As a component of functional nutrition, maize cultivars
with “non-traditional” kernel composition (waxy, oil-
bearing, sugar, opaque, etc. phenotypic variants) are
promising. Mutations in the waxy gene, which break
down the structure and function of the enzyme for
amylose biosynthesis, lead to a waxy (with a high
content of amylopectin) endosperm formation. High
variability of the waxy gene limits the use of micro-
satellite loci in marker associated selection of waxy
maize genotypes. The increased frequency of gene
rearrangements within the waxy locus facilitated

the origination of many high-amylopectin corn lines
carrying different SSR allelic variants. The purpose of
this study was to evaluate the effectiveness of using
waxy locus microsatellite sequences for identification
and labeling of waxy maize genotypes. To this end,

a complex of biochemical (calorimetry, bichromate
method), molecular-genetic (SSR-PCR, capillary gel
electrophoresis with fluorescent detection of frag-
ments) and statistical (descriptive statistics, cluster
analysis, %) analysis methods was used. Plant material
used were 33 samples of corn kernels including mu-
tant forms with a high content of amylose, amylopec-
tin, short-chain starches, were kindly provided by VIR
genetic collection (Russian Federation) and Maize Ge-
netics Cooperation Stock Center (USA). The contents
of starch, short-chain soluble carbohydrates, amylose,
amylopectin in the grain of 33 maize samples were
evaluated. Compositionally similar (to endosperm car-
bohydrates content) groups of samples were identi-
fied. They include 13 high-amylopectin samples carri-
ers of waxy (wx) gene mutations and 20 samples with
wild-type character (Wx). Molecular genetic screening
of the collection included an analysis of the polymor-
phism of the microsatellite loci phi022, phi027, phi061
associated with the waxy gene sequence. Allelic com-
position of individual loci and their combinations were
analyzed in relation to the accumulation of reserve
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carbohydrates in the kernel endosperm. Only the ana-
lysis of the phi022/phi027 combination or all three
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KAK LULUTUPOBATDb 3TY CTATbIO:

markers in the complex allows differentiating the wild
Wx and mutant wx phenotypes of maize. It was shown
that not the individual allelic polymorphisms of the
phi022, phi027, phio61 loci are efficient for the marker-
associated selection of high-amylopectin maize, but
their unique combinations.

Key words: maize; reserve carbohydrates; starch; amy-
lopectin; amylose; waxy gene; microsatellite markers.
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paxmall ABJIACTCA OAHUM U3 OCHOBHBIX KOMIIOHCHTOB
pannoHa YeroBeKa U KOPMOB CEIbCKOXO35HCTBEHHBIX
*uBOTHBIX (Pan, 2000). BaxHbIH HCTOYHUK THIIECBOTO
Kpaxmajia — 3¢pHO KyKypy3sl (Zea mays L.), 4T0 00yCIOBICHO
BBICOKMMH MHUPOBBIMH cOopamu KynbTypsl (http:apps.fao.
0rg) ¥ MIMPOKUM I'€éHEeTHYECKUM Pa3sHOOOpa3reM IpoIecCcoB
ouocuHTe3a yriieronoB B sunocnepme (Wilson et al., 2004).

B cocraB npuposHOTo Kpaxmaia BXOJST JBE CTPYKTYPHBIE
(pakuun: muHeiHas ammiosa (o-(1—4)-nokan) u pa3BeTs-
neHHblit ammtonekTuH (o-(1—4; 1—6) nrokan) (Tan et al.,
2009). CooTHOIICHNE aMHIIO3bI i AMIJTIOTIEKTHHA OTTPEACTSIET
XMMHYECKHE CBOWCTBA M BOCTPEOOBAaHHOCTH BADHAHTOB KPaX-
Majia 11 pa3IniIHbIX 0Tpacnel71 MIPOMBIIIIJICHHOCTH. B Cp€aHEM
KpaxmaJ KyKypy3bl COAEpKUT 15-25 % amunosst 1 75-86 %
AMMJIONCKTHHA. BBICOKOAMMIIO3HBII KpaxMall, ITOydaeMblil
W3 MyTaHTHBIX 110 TeHY amylose extender KyKypy3HbBIX 3epCH,
YCTOWYMB K BO3ZICHCTBHIO MUIIEBAPUTEIBHBIX (DEPMEHTOB U
CITYXKHT IIEPCHIEKTUBHBIM HCTOUHHKOM JINETHYECKUX BOJIOKOH
(Nugent, 2005). Ocobast cTpykTypa 3HI0CIIEpMa, BBICOKAs
MUIIEBast IEHHOCTh, HU3KNE TEMIIEPaTyphl )KEIaTHHN3AINN 1
KJIeficTepr3anny 3aIacHoro Kpaxmasa CriocoOCTBOBAIIN POCTY
crpoca Ha BOCKOBHUIHYO Kykypy3y (Lambert, 2001; Jobling,
2004). «BockoBUIHBIH 3HAOCTIEPM» 3€pHA KYKYPY3HI — MOHO-
TCHHBII TPU3HAK, 00YCIIOBICHHBIH PEleCCUBHON MyTaluei
reHa waxy (wxwx), KOIUPYIOIIETro EPMEHT IPaHyI-CBA3YFO-
mryto mmukosui-tpancdepasy (I'CI'T) (Alexander, Creech,
1977; Li, 2003). Jlokyc Wx skcripeccupyeTcst B SHAOCTIEpME
Pa3BUBAIOLLMXCS 3€PEH U IbUIBLIEBOM 3epHE. MyTauuu, Hapy-
mratorre ¢yHKIwm ['CI'T, pe3ko mogaBIsioT CHHTE3 aMUIO3BI
1 CTIOCOOCTBYIOT YBEJINUEHHIO COACPIKAHMUS aMUIIOTICKTHHA B
Kkpaxmaine 10 99 %.

IToMuMO BBICOKOH XO3HCTBEHHOW LIECHHOCTH, PACTEHUS,
MYTaHTHBIE 10 JIOKYCY WX, — IpeKpacHast MOZIeJIbHasl CHCTEMa
JJId U3y4YCHUST MEXaHU3MOB reHEeTUYECKOM N3MCHYHUBOCTH, B
YaCTHOCTH MEPEMEIIECHHs MOOHMIBHBIX JIEMEHTOB, TCHETH-
YecKoro jipelidha, MOJIEKYISIPHON SBOJIIOINH U CTAOMIBHOCTH
reHoma. [locienoBareIbHOCTh AMKOIO BapHaHTa TeHa waxy
pacumdporana (Klosgen et al., 1986). HemaBHO omy0mmKko-
BaHbI PE3YJbTaThl CEKBEHUPOBAHMS JIOKYCA y PsiJia MECTHBIX
COPTOB ¥ KyJIBTYpHBIX JIMHUH KyKypy3bl (Tian et al., 2008;
Fanetal., 2009; Bao et al., 2012). ITociienoBaTeIbHOCTh TEHA
(3718 m.1.) mpencrasnena 13 narponamu (81-139 m.H.) u
14 sx30Hamu (64—-392 1. H.), pa3mep TpaHCIUPyeMoro oenka
cocrtapiser 605 amuHOKHCTOTHBIX ocTaTkoB (Klosgen et al.,
1986). Ha MmosekymnsapaoM ypoBHe omnrcaHo 6osee 50 myTa-
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i waxy (Huang et al., 2010). CTpyKTypHBIil aHAIN3 STHX
aJUTeJIeH 1oKa3all, YTO B BOSHUKHOBEHUH CIIOHTaHHBIX MyTa-
Ui JIOKyca OOJBIIYIO POJIb UTPAOT MHCEPIMU W JICNICIHH,
BbI3BAHHBIC IICPEMECIICHUAMU MO6I/IJ'H)HBIX 3JICMCHTOB I'€CHOMA
(Wessler, Vagarona, 1985).

PenieccuBHas mpupoaa MyTaluH T'eéHa wax)y He TO03BO-
JSIET IPOBOJIUTH (DEHOTHITUUECKUI OTOOP reTepO3UTOTHBIX
HOCHTENeH B THOpMAHOI momymsnny. Beicokas wactora u
reTeporeHHast Mpupoa MyTalui, HapyIIaloMNUX OMOCHHTE3
AMMJIO3bI, 3aTPYAHACT OTHO3HAYHY O I/I)ICHTI/I(i)I/IKaL[I/I}O MOJIe-
KYJIIPHOM ITPUPOJBI BOSHUKIINX T€HETHYECKUX M3MEHEHHUI.
CornacHo 6a3e nanapIx Maize Genetics and Genomics Data-
base (Lawrence et al., 2008), ¢ reHOM wax)y acCOIIMUPOBAHbBI
KOPOTKHE TaHIEMHEIE TOBTOPEI phi022, phi027 v phi061. Otn
BHyTpHUreHHbIe SSR-Mapkepsl MOTYT OBITH MCIOIB30BaHbI
JUISl IPOBEJICHUS] MApKEP-aCCOLIMUPOBAHHOTO 0TOOpA HOCHTE-
neit mytanuu wx (Yang, 2013). OxgHako B TUTEpaType Majo
JTAaHHBIX O COOTBETCTBHH MEXJy Pa3MEpHBIMH BapHaHTaMHU
JIOKYyCOB phi022, phi027, phi061u GhepMEHTaTUBHON aKTHB-
Hocthio ['CI'T (Dang, 2010). Takum 06pa3om, IEIbIO UcCe-
JIOBaHMS SIBIISUIACH OEHKA 3P ()EKTHBHOCTH MCIIOIb30BAHUS
MHKPOCATEIUTUTHBIX MOCJIEIOBATENILHOCTEH WaXy-IIOKyCa ISt
UIeHTH(OUKALMHA 1 MapKUPOBAHUS TeHOTHUIIOB BOCKOBHUIHOM

KyKYpy3bl.

MaTepmanbl n metoabl

PactutenpHBIil MaTepuan — 3epHO 33 00pa3loB KyKypy3bl
Pa3NUYHOTO FTeHETHYECKOTO U IKOIOTHYECKOTO TPOUCXOKIE-
Hus. U3 poros PI'BHY DenepanbHbiii HCcae10BaTeIbCKAN
neHtp Bceepoccuiickuii HHCTUTYT F€HETHYECKUX PECYPCOB
pactenuit um. H.11. BaBunosa (BUP), (. Cankr-IletepOypr,
Poccus) O mr06€3HO TIpeIOCTaBICHB OJMHHAINATE Ca-
MOOIIBUIEHHBIX JUHUHA BOCKOBUAHON KyKYpYy3bl pOCCUICKON
cenexkunu (AJ142, A{174, AN37, A1187-8-1, AI125, AI127,
AI96, AJT117, A117, AI11-4480, AJ148-40); ueTpipe ceBepo-
aMepHUKaHCKNX 00pa3Iia KyKypy3bl C HOBBIIIICHHBIM COJIEpIKa-
HHEM aMMJI03blI B 9H0cniepMe (Bricokoammnosnas (K-15542),
Bear High amilose, With Carotin, Mo31ae). [lecsats 06pa3moB
caxapHoi kykypy3sl (Country Gentlemen, 5010, Golden Ban-
tam, Black Mexican, Golden Bantam-2, Early June, Burbank
Early, Black Mexican-2, Howling Mob, Golden Evergreen)
OTHOCSITCA K yHUKaJIbHOH yactu koiuiekimu BUP, cobpan-
Ho# skcnieauuueit H.W. Basunosa B 1921-1922 rr. (CIIA
n Kananma). Bocemp 00pasmoB kykypy3ssl (517B ael”oh43,
517B ael”w64A, 909D clshlwxl, 510B Ael-5180:Mul,
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M541 aelwxl, 915A wx1"w64A, 915A wx1”oh43, 912A
sh170h43), Hecymux MyTannm B reHax OMOCHHTE3a 3amac-
HBIX YIJICBOJIOB 3€pHa, TF00E3HO MPEeI0CTaBICHBI (POHIOBBIM
ueHtpoM cemsiH Maize Genetics Cooperation Stock Center
(Mnmanoiic, CILA).

KoHneHTpanuio pacTBOPUMBIX PEIyLUPYIONINX CaXapoB
W THJIPOJIM3HOTO KpaxMalla B SHJOCHEpPME 3epHa KyKypy3bl
OILIEHUBAJI C HCIIOJIb30BAHNEM OMXPOMATHOTO METO/A IO
I'OCT 5903-89 11.6.2. (2004). OnTryeckyo MIoTHOCTh pacT-
BOpA OITPEJIEIISUIN Ha CIIEKTPO(POTOMETPE B KIOBETAX C TOJIIN-
HOM cios | cM mpu T umHax BoiH: 630, 640, 650, 660 u
670 am. {1 kaxx 108 mpoObI (TpH OMOIOTHIECKHE U TPH XUMH-
YeCKHe MOBTOPHOCTH Ha 00pa3ell) u3MepeHus! IIOBTOPSLIN TPH
pa3a. DKCTPaKIHMIO ¥ THAPOJIN3 KyKypy3HOTO Kpaxmasa mpo-
BOIUJIN corriacHOo MeTomaMm, onrcaHHeIM B 'OCT 10845-98
(2001). Coneprxkanue aMUIIONICKTHHA B 00CHKUPECHHON MYKe
9HJIOCTIEPMA 3€pHA KYKYpPy3bl H3MEPSIN KaJlOpUMETpHUe-
CKH I10 peakIuu ¢ HomoM. [IJ1st M3BIIeUeHNs Kpaxmaia U3 MyKH
MCIONB30BAIM MeTo I, npeanoxennbiii C.A. Knutson (1986).
Jia xaxxgoro oOpasia MyKHM aHalu3 MPOBOIWIN B TpPeX-
KpaTHON OMOJIOTMYECKOM M YETHIPEXKPATHON XUMHUYECKOH
noBropHOCTsIX. Coneprkanue (hpakiuy aMUJIONIEKTHHA Olle-
HUBAJIM OTHOCUTENBHO cTaHnapra (Amylopectin from maize,
10120-SIGMA) nipu nae cBeToBO# BostHBI 620 1 535 HM,
YTO COOTBETCTBYET MAKCUMYMY MOIVIOIICHHUSA KOMIIJIEKCOB
amunosa-I, u amunonexrun-I, (Hoverkamp-Hermelink et al.,
1988). Coneprkanne aMuII03bI B 00pasiie pacCUMTHIBAIN KaKk
100 % (obriiee comeprkanue AByX (Gpakiuii Kpaxmalia) MUHYC
COZIepKaHNE aMHIJIONEKTHHA.

Wudopmanus 06 MCIoap30BaHHbIX B paboTe MUKpOcaTen-
JIMTHBIX Mapkepax phi022, phi027 v phi061 nonyyena n3 6a3pl
naaHbiX Maize Genetics and Genomics Database (Lawrence et
al., 2008). CocTaB peakIMOHHOH CMECH 1 yCIIOBUSI IPOBE/Ie-
HUS TOJIMMEPA3HOH IIeMTHO peakiyu onrcaHsl B cratbe (Yu et
al., 2012). IlpomyxTsl aMIumi(pUKaIH pa3AessuIi ¢ UCTIONB30-
BaHMEM KaIMJUIIPHOTO TelTb-IEKTpO(ope3a Ha aHAIN3aTope
ABI PRISM 3500. Pe3ynsTaTsl aHaIM3UPOBAIN C TOMOIIBIO
nporpamMMHoOro obecrieuenusi GeneMapper Software 5.

CrarucTuuecKyio o0paboTKy JaHHBIX MPOBOAWIN B IPO-
rpammax MS Excel, Statistica 10.0. B padore npumeHeHsbI
AITOPUTMBI KJIACTEPHOTO aHAIN3a 10 METONy K-CpeIHMX,
HeTapaMeTPHUECKOT0 KOPPEJIMOHHOTO aHalln3a, OINuca-
TEIbHON CTaTUCTUKU KOJINYECTBEHHBIX IIPU3HAKOB, Ta6J'II/ILl])I
COIPSKEHHOCTH C OLIEHKOH JOCTOBEPHOCTHU PaCTIPECICHUS
10 KpUTepHIo 2. JIIs OLEHKH FEHETHIECKOTO Pa3HOO0pasus
KOJJIEKLIMH KyKYpY3bl HCIIOJIb30BANIN IIPOrpaMMHOe obecrie-
gerne GenAlEx 6.5 (Peakall, Smouse, 2006), peanusytoriee
CJIE/TyIOIIHE aJlTOPUTMBI pacyera:

Fx = (2Nxx+Nxy)/2N, (1)
rae Fx —4acToTa BCTPEUaeMOCTH ajjIelis X KOJOMUHAHTHOTO
JIOKyca; Nxx — KOJTMYECTBO TOMO3UTOT MO ajuielto x, Nxy —
KOJIMYECTBO TETEPO3HUTOT, COACPIKAIINX aJUIeNb X; N — YHCIIO
00pa3IoB; ,

N=1/2F;, 2
rae N, — 3 (eKTHBHOE YHCIIO alIeNel JToKyca; F; — 9acTora
i-TO ajens JI0Kyca;

H,= Nxy/N, 3)
rne H, — Habmromaemas reTepo3uroTHOCTD JIOKyca; Nxy — KO-
JUYECTBO TETEPO3UTOT, N — UHCII0 00pa3IoB;
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PIC=1-3(F)", )
rae PIC — unnekc nonmumopdusma JoKyca; F; — yacTora i-ro
aJIIeIIs JIOKyca.

Pesynbratbl n 06Cy>KaeHne

Kommurekc kaqopuMeTprIecKIX METOIOB aHAIIH3a TO3BOIIILT
OLICHHUTH COJIEPKaHKE B SHIOCIIEpPME 3epHA KyKyPy3bl KOPOT-
KOIIETIOUEYHBIX pACTBOPUMBIX yrieBonoB (KPVY), kpaxmana u
ero paxiuii (aMIIIOTIEKTHH 1 aMuo3a). M3 33 mpoananmsu-
POBaHHBIX T€HOTHIIOB MHHUMAaJIbHOE HAKOIUICHHE KpaxMalia
(39.60 %) oTMeueHO B IHAOCIEPME CaxapHOH KyKypy3Hl
Howling Mob, makcumansnoe (94.58 %) — B 3epuax AJ127.
Caxapuctocth 3HA0CIEepMa Bapbuposana ot 0.1 % (517B
ael"w64A) no 30 % y obpasia Burbank Early. Y HekoTopbix
00pasmoB xomnekrmn (AJ[17, AI11-4480, 915A wx1 wo64A,
909) mosisi aMUIIONIEKTHHA B Kpaxmase Ipesbimana 99 %.
Hamnbonee BbIcOKas KOHIIEHTpauus aMuiao3sl (6omee 25 %)
ycTaHOBJIeHa B dHA0cTIepMe coptoB Bear High amilose m With
Carotin. Beicokue k03¢ (HULNeHT BApHALIMNA OTMEUESHBI IS
npu3HaKoB «cozxepxkanne KPY» (X =9.39 %; V = 82.75 %),
«J1071s1 aMHII03BI B Kpaxmane» (X = 12.62 %; V = 74.01 %).
O6iee cozepskanue Kpaxmaa B sagocnepme (X = 67.55 %;
V = 22.84 %) 1 KOHIEHTpalHs B HeM amuionekTuna (X =
=87.38 %; V =10.69 %) xapakrepusyioTcs 6oiee y3KuM ua-
M1a30HOM M3MEHYMBOCTH B N3YyYEHHOMN KOJUIEKIIH KyKyPY3bl.

Jl1s OLEHKH CBSI3M MEXIY HAKOIUICHHEM pPa3fINYHbIX
KJIACCOB 3aIlaCHBIX YITICBOIIOB B SHAOCIEPME KyKYPY3bI HC-
TIOJIb30BAJIM HETIapaMeTPHUYECKUN KOPPEISLIMOHHbIH aHAIIH3
Cnupmena. O6parHast 3aBUCHUMOCTh (7* = —0.66) Mexay
YPOBHEM KOPOTKOIICTIOUCYHBIX PACTBOPUMBIX YIJICBOAOB U
HaKOIUIGHUEM Kpaxmalia B 9HJOCHEepME 3epHa, BEPOSTHO,
o0ycIoBIeHa repepacmpenesicarneM Metabonutos (YID-riro-
KO3BI) B CTOPOHY CHHTE3a (PUTOTIIMKOTCHA U JIGKCTPAaHOB Y
pacTeHuid, MyTaHTHBIX 110 T€HaM caxapocuHTa3 (00pasiibl
caxapHoO#l Kykypy3bl). KoHIleHTpanys aMHIIONIeKTHHA B HH-
JocTiepMe KyKypy3bl ITOJIOKHUTEIEHO KOPPETHPYET ¢ OOIIIM
cozepxkanueM kpaxmana (¥ = 0.45). Takum 0Opa3oM, HOH-
CEHC/MHCCEHC MYTallU TeHa Waxy, IPUBOJISIIIE K U3MEHe-
HUIO pa3Mepa U CTPYKTYPHI 3ePCH KpaxMaia, He OKa3bIBalOT
HETraTHBHOTO BIIMSHUS Ha YPOBEHb HAKOIUICHUS 3aIIaCHBIX
mojucaxapuaoB B 3epHe. Tak, B padore (Cui et al., 2014)
B JHJOCTIEpME MYTAHTOB WaXy CPEIHUN TUAMETp TPaHyl
KpaxmaJia IpeBbIIIall TOKa3aTesId 00pa3IoB MOMKOPHA, 3y00-
BHUJIHOM U ciaikoi KyKypy3bl. [1o qanasiM X. Yu ¢ komieramu
(2015), myunucTas gpaxiys SHAOCIepMa TPATUITHOHHBIX U
BOCKOBH/IHBIX 00pa31I0B KYKYpy3bl COEPKUT O0JIee KPYIIHBIE,
chepuueckue mo Gopme rpaHysbl KpaxMala, OKpyKEeHHbIE
OOJNBITIM KOJIMYECTBOM aJICHPOHOBBIX 3€PEH; B CTECKIOBHU/I-
HBIX y4yacTKax JHIOCIIepMa TaKuX COPTOB 3epHa Kpaxmaja
MIPUOOPETAIOT MOJUTOHATBHYIO popMy. CopTa caxapHOii Ky-
Kypy3bl, H3y4eHHBIC aBTOPaMH, OTIINYAIINCH 00Jee HU3KUM
CPEITHUM COJIepYKaHHEM Kpaxmasia, OKpYIJIbIMH, HEOOIbITHMH
KpaxXMaJIbHBIMU 3€pHaMH, BBICOKOW J10JIeM aMUII03bI U pacT-
BOPUMBIX CaXapoB B COCTaBE YHAOCIIEpMA.

OO0pa31Lb! KOJUIEKIMH KIaCCH(UIIMPOBAHBI COINIACHO YPOB-
HIO HAKOIUICHUSI 3aITaCHBIX YIJIEBOOB B 9HOCIIEPME CEMSIH C
HCTIONIH30BAHMEM KITACTEPHOTO aHAIIN3A ITO METOY k-CPETHHX.
BeinesneHo Tpu k-kiactepa 00pasios, J0CTOBEPHO pa3inyaro-
IIUXCS TIO0 CpeTHeMY 3HaueHuto conepkanus KPY, kpaxmaina,
aMUJI03bl M aMHJIOTICKTHHA B ceMeHax (Taoi. 1).
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Table 1. k-Means clustering of maize accessions varying in the accumulation of storage carbohydrates in seed endosperm
(two iterations with maximization of distances between cluster centers)

Character, % Mean in the k-cluster Fisher’s F-test p
1 .......................... 2 ......................... 3 ........................
short-chamsolublecarbohydrates ............................. 3 37 .................... 5 71 ................... 2 019 .................. ”238 ................................... 1210_14 ........
Starch ........................................................................... 7 423 ................... 7 6774886 .................... 2 942 ................................... 8 510_8 ..........
Amylop ectm ................................................................ 8 03 2 .................. 9 339 .................. 8 01 3 .................. 2 03 37 ................................... 3 610-18 ........
Amylose ....................................................................... 196 8 .................. 161 ................... 1987 .................. 2 0337 ................................... 3 610-18 ........

k-Clusters: 1, amylose; 2, high-amylopectin; 3, sugar.

High- . —4— sSCH
amylose Bear High
amilose - —M- - Starch, %
- -A- - Amylopectin, %

—e— Amylosex2, %
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Mexican-2 Mo31ae

517B
ae1Aw64A

Black
: 517B
Mexican ae1/oh43
Golden 5108

Ae1-5180: Mu1

Country
912A
Gentlemen sh1Aoha3
Golden !
Evergreen AD42

AD187-8-1

[0 Amylose
[ High-amylopectin
AD117 AD17 Sugar

wx1AW64A h
AD1-4480

Fig. 1. Storage protein contents in maize endosperm. SSCH, short-chain soluble carbohydrates.

[epBsiii k-knacrep (Ha puc. 1 —cekrop Mexay obpasiamu  sienHbiM BUP u Maize Genetics Cooperation Stock Center,
BBICOKOAMIITO3HAs — 912A sh1”oh43, nanee — AMIIO3HBIH)  00pa3Ibl 3TOTO KJIACTepa HECYT MYTaIlUH B TCHAX CEMEHCTBA
obobenuusier 10 00pa3iioB, HAKATUIMBAIOLIMX HU3KUE YPOBHU  amylose extender (ae). I3BecTHO, U4TO coiepKaHNe aMHUIIO3bI Y
KPY, 6omee 55 % 3anmacHOro kpaxmaia, ¢ KOHLIEHTpaLeld B JIMHUH KyKypy3bl C MyTaHTHBIM aJUIeJIeM ae MOXKET JOCTUTaTh
HEM aMuIT0361 He MeHee 14.5 %. CortacHo naHHBIM, ipenctaB- 50 % u 6oiee (Bear et al., 1958). Onrako, 10 HaIIMM JaHHBIM,
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Table 2. Polymorphism indices in SSR loci of the Waxy gene a 100 110 120 130 140 150
Locus N, F N, H, PIC 23000} phi022; 4,
hi022 hi022 0.91 1.2 0.06 0.17 T
p POy 50001
......................... Phi022y s 000 . 4000[PhI06Tg4 phi02714s
phio27 phi027, 0.27 2.95 0.27 0.66 3000}
20001
10001
NI AVYANY SN A A
V\
b
5000 70 80 90 100 110 120 130 140 150 160
Notes. N, detected alleles; F, allele frequency; N,, effective number of alleles phi061,,
in the locus, H,, observed heterozygosity; PIC, polymorphic information con- 2200 - o .
tent. T phi027,53
1600 -
600 phi022,3,
phi022,44
COJICpIKaHUE aMHJIO3bI B 00pa3iiax KyKypy3bl 3TOTr0 KiacTepa 400
He npesbimaet 25.6 %. BeposiTHO, OlleHKa copepKaHus aMu- 200
JI03bI HA OCHOBaHMH KaJIOPUMETPHN NPOAYKTOB ah(hpUHHOTO L b l AU A,. \
0 a4 v

CBSI3bIBAHUS KOMIIOHEHTOB KpaxMaia ¢ HOJ0M, UCIIOIb30BaH-
Hasl HAMH, JIa€T 3aHIDKCHHBIC PE3YNbTaThl, YTO MOKA3aHO B
pabote (Wang et al., 1993). Kpome TOr0, 3T1 T€HOTUIIBI MOTYT
coziepKaTh MyTallMK 1 JIpyTrUX FeHOB OMOCHHTE3a KpaxMaJia,
YTO TaKKe OKA3bIBACT BIUSHIE Ha 3P (EKT reHa ae.

Tpunannars 06pasioB Broporo kiacrepa (Ha puc. 1 —cek-
Top AJ1-42 — 909, nanee — BricOKOaMUIONIEKTUHOBBIN ) OTHO-
CATCS K BBICOKOKPAXMAaJIHCTBIM, BBICOKOAMHIIOIIEKTHHOBBIM
oOpasmam ¢ Hu3kuM HakoruieHrneM KPY B sanocnepme. B co-
CTaB 3TOTO KJIACTEpa BOLLIM 00pa3Lbl ¢ HApyIICHUEeM QyHKIHI
TeHa wax)y (Y9acTBYIOIIETO B CHHTE3€ aMHJIO3BI (hepMeHTa
I'CI'T). O6pazerr M541 aelwx1, OTHECEHHBIH alTOPUTMOM
k-cpenHUX K o0OpasiiamM C BBICOKHM COICPKAHHEM aMHJIO-
MEKTHUHA, HECET My TALUH JIBYX KITIOUEBBIX T€HOB OMOCHHTE3a
Kpaxmaia (waxy u amylose extender, NaHHBIC TIPUBE/ICHBI,
coracHo Maize Genetics and Genomics Database). 113BectHO,
49T0 3((eKTH TeHOB waxy u amylose extender KOMIUIEMEH-
tapHsl. [1o cpaBHEHMIO ¢ BOCKOBHIHOM KyKypY30H, Kpaxma
aewx coziepUT 0oJiee JJTMHHBIE TTOJTUIIIMKAHOBBIE LIS H 110
¢u3ndIecKnM CBOICTBaM ONHM30K K (hpaKIMK aMUIIOTIEKTHHA
pacTeHuii, MyTaHTHBIX T10 TeHY ae.

Tpetuii kacrep — AeCsITh 00Pa3I0B CaxapHOI KyKypy3bl ¢
BbICOKMM cozepkanueM KPVY, ¢ noneit kpaxmana B 3HI0CIED-
me MeHee 55 % (na puc. 1 —cexrop Golden Evergreen— 5010,
nanee — Caxapuslit). Kimactep caxapHoii KyKypy3bl, BEpOSTHO,
cthopmupoBaH 00pa3amMu, HeCyINMH 1e(heKTHBIC BAPHAHTHI
TEHOB, KOIMPYIOIIHNX (DepMEHTHI ONOCHHTE3a aMUJIOTICKTHHA —
nzoammiasy (reusl sugary kernel, su v sugary-enhancerl,
sel), caxapocunTasy (shrunkenl, shl) nma ADPATP (brittle
endosperml, btl).

PaccrosiHue MexJy 1IeHTpaMU KOHEYHBIX K-KJIaCTepOB
coctaBmio 1.85 esknmmaoBeix eaunuI (EE) mms mapsr Amu-
no3sb1 — Caxapnsiii, 1.90 EE — nns naps! Beicokoamunonek-
TuHOBBIN —Caxapuslii u 3.60 EE — a5 mapsl AMHITO3HBIN —
BricokoamumnonexktuHoBbld. [Ipu 3TOM cpeaHee paccTosiHue
MEeXIy o0pa3laMu, IpUHAUIeKANMMA OJHOMY KJacTepy,
coctaBuio 0.26-0.44 EE, a makcuManbHOE HE MPEBHIIIAI0
0.73 EE (mexmy obpasmom Bear High amilose n koHeuHBIM
LIEHTPOM Ki1actepa AMIIO3HbIH). TakuM 00pa3zoM, moydeH-
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Fig. 2. Electrophoretic analysis of samples: (a) AD96 (high-amylopectin
k-cluster), (b) 517B ae1/oh43 (amylose k-cluster).

HOE peleHne Jyisl KilacCu(pHUKau 00pas3ioB KyKypy3bl 110
YPOBHIO HaKOIICHHS 3allaCHBIX MOJHCAXapuI0B B 3€pHE
ABJIAETCS ONTHMaNIBHBIM. OOpasIbl KyKypy3bl, OTHECEHHBIE K
BbICOKOaMIIIONIEKTHHOBOMY KJIacTepy, ObUIN UCTIOIb30BaHBI
KaK 3KCIIepUMEHTaIbHasl BEIOOPKA [UIS aHAJIN3a 9acToT BCTpe-
yaemocTH SSR-MapkepoB reHa waxy. B xauecTBe KOHTpoOIIs
OBUIM MCITOJIB30BaHbl 00PA3Ibl KJIAacTepOB AMMUIIO3HBIH U
CaxapHsrIii.

B nacrosimee Bpemst u3BectHo Oonee 40—50 MyTaHTHBIX
BapUAHTOB JIOKYCa WXV, 4aCTh U3 KOTOPBIX (DEHOTHITHUECKH
HecTaOMiIbHA W O0YCIIOBIIEHA BCTPAaUBAHHUEM B ITOCIIETOBA-
TEJILHOCTb T'eéHa MOOMIIBHBIX JJIEMEHTOB (HaIlpuMep, CHcTeMa
Activator-Dissocation u ip.) (Huang et al., 2010). Mcxomubrit
aJJIeNTFHBIN BAPHAHT Te€Ha 10 CUX Mop He n3BecTeH. Hanbonee
BEPOSATHOE MECTO IPOUCXOXK/ICHHSI BOCKOBHIHON KyKypY3bl
(naHHBIE MOPQOIIOrUHY, KApUOTHIIA, aHATIN3a H30()EPMEHTOB
n IHK-mapkepoB) — xuTaiickuii pernon Yunnan-Guangxi
(Fan et al., 2009), a npenxoBast (opMa — HETIIOTUHO3HBIC
copra uHTpoayupoBanHoii B Kutae oxono 500 et Hazaf
amepukaHCcKo# Kykypy3sl (Liu et al., 2005; Hao et al., 2015).
Ha ocnoBanuu ganuasix RAPD-, SSR- u SNP-ananmm3a reaetu-
4eCcKoe pasHo00pa3ne MECTHBIX COPTOB U MHOPE/IHBIX JIMHUI
BOCKOBH/IHOH KYKypy3bl OLIEHHBAETCS KaK CYyIIECTBEHHOE,
MOJTBEPIK/ICHBl TEHETUYECKUE PA3IINUNsl BOCKOBHIHBIX H
TPaJMLMOHHBIX COPTOB KYKypy3bl (Zheng et al., 2013; Hao
etal., 2015).

ITo manaeim Maize Genetics and Genomics Database, B
IIPOMOTOPHOM U Koupytoliei oonactsix reHa waxy (Klosgen
et al., 1986) pacmonoxeHbI TP MHUKPOCATEIUTUTHBIX ITOBTO-
pa: phi022, phi027, phi061. IlpoBeneHa oleHKa TeHETHYC-
CKOTo pa3zHooOpasus 33 00pa3LoB KyKypy3bl, BBISIBISIEMOrO
C WCTONB30BaHUEM JaHHBIX Tpex SSR-mapkepos (Tabdm. 2,
puc. 2). B uccnemyemoit komnekimu oKycs phi022 v phi061
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HpeJICTAaBIEHbl B IBYX ajUleNbHBIX BapuaHtax: phi022,,, n
phi022,,, (amnnukonsl AnuHoH 134 u 140 n.1.), phi061 4 1
phi061,, (amnikons! JmuHOM 86 1 94 1m.1.). Jlnsa mapkepa
phi027 ormeueno Tpu amnens: phi027, ,q, phi027 55, phi027
(amrumukons! aiuHON 148, 153, 163 1. H. COOTBETCTBEHHO).
Just nokyca phi()27 oTMe4eHbl caMble BBICOKHE 3HAYCHUS
noxasareneil «addexTuBHOE YncIo amnenei» (V,), «nadmo-
JlaeMas TeTepO3UIOTHOCTEY (), «MHIEKC MoMuMophu3Ma»
(PIC) (cMm. Tabm. 2). B nokyce phi022 ren waxy Hanmenee
M3MEHYUB, 4YACTOTa MUHOPHOTO annens phi022, ,, cocraBuia
Bcero 9 %, a Habmogaemast reTepo3uroTHocTs Mapkepa —0.06.
B cpennem mo tpem SSR-mapkepam 3¢ (eKTHBHOE YNCIO
aneneid cocraBuio 1.94+0.47, nabmonaemast reTepo3nuroT-
HOCTh — 0.19+0.01, maOexc momumopduzma — 0.41+£0.04.
CoritacHo (Botstein et al., 1980), Takue mokasarenu COOT-
BETCTBYIOT CPEAHEMY YPOBHIO FTEHETHYECKOTO pa3HOOOpasust
BEIOOPKH.

J171st OIIEHKH acconManiy ajiebHBIX BApHAHTOB MapKepoB
phi022, phi027, phi06] c nokazareisiMu OHOXUMHUYECCKOTO
COCTaBa 3€pHa MCIOIb30BAIH JBYXBXOJOBbIE TaOIUIIBI
CONPSDKEHHOCTH C OLICHKOW JIOCTOBEPHOCTH Pa3iMuusl pac-
IpENETICHAs a/UIeNiell B Ipymmax o0pasios 10 KPUTEPHIO ¥
IIupcona. B aHanu3 BKIFOYMIN: YACTOThI BCTPEYAEMOCTH HH-
JIMBUYyalbHBIX anjeneid SSR-I0KycoB, coueTanust IByX ai-
Jieneil oHOTO JIOKyca, COUeTaHus ajenelt AByx-Tpex SSR-
JIOKYCOB.

OnHo3HaYHO MU depeHIIPOBaTh HOCUTEIIEH MyTaHTHOTO
BapUaHTa I'eHa waXy Ha OCHOBAaHMHM aHAJIM3a 4acTOT BCTpe-
YaeMOCTH OTICNBHBIX ajuieneit phi022 u phi061, phi027, a
TaK)Xe WX T'OMO/TE€TEepO3UTOTHOTO COCTOSHHSI B JIOKyCE HE
MPE/ICTABISIETCSl BOBMOXKHBIM (Tabu. 3). Beicokue 3HaYeHUs
BEPOSTHOCTH (POPMUPOBAHUS (PEHOTHIIA Wax) (WX — BOCKO-
Bas KyKypy3a) MpH HaJIM4WHU omnpeaenaeHHoro SSR-amens
nony4eHsl a8 nokyca phi061 (y*>= 5.39; p = 0.02). ns
ToKycoB phi022 n phi027 ctatucTudeckasl JTOCTOBEPHOCTD
paccMmaTpuBaeMOH THITOTE3bI (acconuanys Ipu3HaK-MapKep)
Hu3ka. PaccMoTpeHue 4acToT ajiieneil B 3KCIIepUMEHTalbHON
U KOHTPOJIHOH TpyTIe MOKa3ajio, 4To y 00pa3loB BOCKO-
BHJIHOM KyKypy3bl Yallle BCTPEYAIOTCsS BApUaHThl phi022, .,
phi061,,, pexe — phi022,,, phi0614, (cm. Tabn. 3). He
OTMEUEHO TaKXX€ 3HAUMMBIX ACCOLMALHNNA MEXAYy TOMO/
TeTEPO3UTOTHBIM COCTOSTHUEM JIOKyca U (hOPMHUPOBAHUEM
BOCKOBHJTHOTO 3HAOCHEpMA. Y WX-MYTaHTOB OTHOCHTEIIb-
HO Yale BCTPEYAJINCh HOCUTENH aJIJICNbHBIX COUYETAaHUH
phi022,,,phi022,,, u phi061,,phi061,, (cMm. Tabn. 3), pexe
TOMO3UTOTHL — phi061 ¢, phi061 ¢ .

IIpoBeneH aHanu3 BCTpEUaEMOCTH COYETAHUM aJUIEIbHBIX
BapHaHTOB JBYX (puc. 3, a—6) n Tpex SSR-10KkycoB (cMm.
puc. 3, 2) y hopM BOCKOBHIHOM KyKYpY3bI ¥ 00pa3I0B C TUKUM
BapuaHTOM TeHa. COIIACHO KPHUTEPHIO 2, PACTIPENENEHNE
AQHATM3UPYEMBIX KOMOMHAIMH ajyiesnel B 1ByX ()eHOTHITNYe-
CKHUX Ipymmax 3HaqumMo pasnudaercs (p < 1x1075). U3 tpex
TEeHOTHITMIECKUX BapHaHTOB MO JIoKycaMm phi022 w phi061
couetanue amneneid phi022,,,phi061,, Handonee MHPOKO
pacnpoctpaneHHoe. O0pasiiel ¢ 00JIee PEAKUMH COYCTAHH-
SIMM aJUleJIed B IpyINax BOCKOBUAHOW M HEBOCKOBHMJIHOU
KyKypy3bl pacrpeneieHbl HepaBHOMEpPHO, TaK, BapHaHT
phi022,,,phi061,, Jame orMevancs y GopM ¢ BOCKOBU-
HbIM (DEHOTHUIIOM 3epHa, KoMOuHauus phi022,,,phi06,q, —
y Wx-o06pa3noB. B rpymnme o0pa3iioB BOCKOBHJIHOH KyKY-
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Table 3. Frequencies (%) of allelic variants of SSR loci
in groups of maize accessions with different levels
of amylopectin accumulation in the endosperm
Allele Phenotypic variant e p

WX ................... W X ...................
ph 1022 134 ...................... 5 30 .................. 3 79 3 3 2 ......... 0 05 .......
ph 1022 140 ...................... 15 .................... 7 6 ..................
ph’027148 ...................... 106 .................. 167 286 ........ 0 24 ......
ph 1027153 ...................... 2 12 .................. 167 ................
ph 1027163 ...................... 2 27 .................. 121 .................
ph ,06]86 ........................ 2 121 ................. 6 06 .................. 5 3 9 ........ 0 02 ......
p h|06194 ....................... 3 33 .................. 3 94 ................
. ph 1022 134 ph 1022134 ...... 5 152 ................ 3 636 e 2 6 1 ......... (.). 27 ......
ph 1022 mph 1022140 ...... 0 OO .................. 6 06 ................
ph ’022 134 ph 1022140 ...... 3 03 .................. 3 03 ................
ph 1027148ph 1027152 ...... 3 03 .................. 3 03 4 0 9 ........ 0 39 ......
ph ,027153,)/1 1027153 ...... 1212 ................ 1515 ..............
ph 1027148ph ,027148 ...... 9 09 .................. 1515 ..............
ph 1027163ph 1027163 ...... 1212 ................ 9 09 ................
ph 1027153ph 1027163 ...... 1818 ................ 3 03 ................
phlom%phlom% ......... 1212 ................ 3 03 436 ........ O 11 .......
ph 106194ph1067 94 ......... 2 424 ................ 3 636 ..............
ph ,05186ph,061 94 ......... 1818 ................ 6 06 ................

Designations: Wx, samples of the amylose and sugar clusters; wx, samples
of the high-amylopectin cluster.

py3Bbl OTMEUEHO TAK)Ke HAKOIICHHE COUYCTAHUS ajuleseit
phi027,,4phi061,, 1 OTHOCUTENLHOE CHMKEHUE YACTOTHI
BCTPEYAaEMOCTH BapHaHTa phi027,,phi061 .

Hawnbonee naTepecHble pe3yIbTaThl OITyYeHbI TPY aHATIN3Ee
KOMOMHAIMHY ajiiesnieit TI0KycoB phi022 v phi()27 u KoMILIeKca
Bcex Tpex SSR-mapkepos. KomOunauus phi022,,,phi027,
XapaKTepHa TOJIBKO JJIst 00pa3iia aMUII03HOH KyKypy3bsl 517B
ael”oh43. Coueranue amneneit phi022, ,,phi027, ,s OTMEIEHO
TOJIBKO Y 00Pa3I[0B BOCKOBUIHOH KyKypy3bl (B TOMO3HUTOTE y
HoMmepoB 909D clshlwx1, AJ196; B rereposurore —y AJ[117).

Camoe pacrnpocTpaHeHHOE B KOJUIEKIIMU COYETaHUE TPEX
SSR-noxycoB — Bapuant phi022,,,phi027,5,phi061,,. On-
HAaKO CYIIECTBEHHBIX PA3IMYMil 4aCTOT BCTPEUACMOCTH 3TOM
KOMOMHAIMHK ajieiel B IpyIiax ¢ KOHTPAcTHBIM CoJepKa-
HHEM aMMJIOTIEKTHHA B KpaxMale He BbisiBIeH0. Hampumep,
9TOT F'€HOTHIT OTMEUEH Y 00pa3Ii0B BOCKOBUIHON KyKYpY3bl
915A wx1”oh43, AJ1174, A137, B rerepo3urore y obpasia
AJ142. BeIsSBICHB U YHUKAJIbHBIC IS TPYII COYCTAHUS
anneneit: phi022,,,phi027, ., phi061,, (06pasen aMuI03HOM
KyKypy3bl 517B ael”oh43) u phi022,,,phi027,,,phi061,,
(o6pasmer BockoBUAHOHN KyKypy3sl 909D clshlwxl1, AJ196
n AJ[117). Kpome Toro, oTMEUeHbI cOYeTaHUs ajuleseH, ¢
pa3HOl BEpPOSITHOCTHIO BCTPEYAIOIIUECS B I'PYIINax C JU-
KAM ¥ MYTaHTHBIM BapHaHTaMu reHa waxy. Tak, BApHaHTbI
phi022,5,phi027, 5, phi061 4, u phi022 5, phi027, ., phi061
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Fig. 3. Categorized graphs of the prevalence of alleles phi022, phi027, and phio61 in groups of samples differing in amylopectin content:
(a) phi022 and phi061; (b) phi027 and phi061; (c) phi022 and phi027; (d) phi022, phi027, and phi061.

IIMPOKO PACHPOCTPAHEHBI CPey 00pa3IOB CaxapHOU Ky-
KypY3bl, OIHAKO OBUIM OTMEUEHBI TOJBKO y JABYX 0Opa3loB
BOCKOBUAHOM KyKypy3bl (Al142 u AJ117).

3aknioyeHune

B orcyrcTBHE HHpOpMAIIMK O XapaKTepe U MPHYUHE MY TaI[HU
TeHa Wax) MCIIONb30BaHNE BHYTPUTCHHBIX MUKPOCATEIITUT-
HBIX JIOKYCOB — [ICHHBIH MHCTPYMEHT TSI MapKep-aCCOIUH-
POBAHHOM CEJIEKIIMY BOCKOBUIHOM KYKYpYy3bl. B uacTtHOCTH,
L. Yang ¢ xomreramu (2013) ucmons3zoBanu Mapkep phi027
JUTS TAPaMUAUPOBAHIS TCHOB waxy U opaque-16. [1o Hammm
JTAHHBIM, JUUTsI MapKEP-acCOLIMUPOBAHHOTO 0TOOpa 00pa3IoB
BOCKOBHIHOHN KyKypy3bl OOJBINNI MHTEPEC MPEACTABISIOT
HE OTJEJIbHBbIE alljieNu aHalu3upyembix SSR-1okycoB, a
ACCOLIMUPOBAHHBIE C LEJIEBBIM PU3HAKOM KOMOMHAIINY all-
Jenei.

Ha ocHOBaHMH OMOXMMHUYECKOTO aHAIN3a B KOJUICKITHH 33
00pas3IoB KyKypy3bl ObUIH BBIICICHBI IBE SKCIICPUMCHTATIb-
HBIE TPYIIIHI, KOHTPACTHBIE TI0 YPOBHIO HAKOTIICHHS aMHUIIO-
Vavilov Journal of Genetics and Breeding - 201822+ 6

646

[IEKTUHA B SHAOCIIepMe: Wx — UKW TUII, COOTBETCTBYIOLMI
MeHee 85 % aMHIIONEKTHHA OT O0IIEro Co/iepsKaHust Kpaxmaia
B OHAOCIICPME, U MYTAHTHBIC I10 I'CHY WX BBICOKOAMUJIOIICK-
TUHOBBIE (POPMBI. [1JIs1 aCCOIMMPOBAHHBIX C TTOCIIEI0BATEb-
HOCTBIO T€Ha Waxy JIOKycoB phi022, phi027, phi061 npose-
JIeH aHaJlM3 YacTOT BCTPEYAEMOCTH aJUICIbHBIX BapHAHTOB
MapKepa, X TOMO/TETEPO3UTOTHOTO COCTOSHHSA, @ TAKKE KOM-
OuHanmii ajuteneit B IByX-Tpex JIoKycax. BeposTHocTs cooT-
BETCTBUSI KOMOMHAIMY TPEX JIOKYCOB (DEHOTHUILY «BOCKOBH/I-
Hast KyKypy3a» cocTaBmia oT 5 % (y HocuTenel coueTanus
phi022,,,phi027 5, phi061,,) no 100 % (y nocureneil ynu-
KaJIHOTO JUISl BOCKOBHM/IHOIM KyKypy3bl COYETaHHUs ajulelieit
phi022,,,phi027 ,4phi061,,).
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AHanus noauMop@uiMa reHoMa mnpeacraBuTenein
CUHTeTU4YeCKOro Buga xTrititrigia cziczinii Tsvel.
Metonom AFLP

A.A. Tpudonosa! @, K.B. Bopuc!, A.B. Aeaosal, B.A. Meabuux!, A.I1. Vsanosa?, H.IT. Kyspmumna?,
C.B. 3aBropopumit?, B.IT. Yieannex?

1 NHCTUTYT 0bLwein reHeTukn um. H.U. BaBunosa Poccuiickor akagemumn Hayk, Mocksa, Poccus
2 MaBHbIi 6OTaHNYECKIT cap um. H.B. UnumHa Poccuinckon akagemmm Hayk, MockBa, Poccua

xTrititrigia cziczinii Tsvel. — CUHTETYECKWNIA BUA, NMOMYUYEHHDBI B pe3ysbTa-
Te rmbpuan3sannm pasnmyHbiX BUAOB MWEHWLbI U Nbipen. XT. cziczinii, —
o6nafaeT yHVKanbHbIMU NPU3HAaKaMU: MHOTONIETHOCTb, CMOCOBHOCTb

K OTpacTaHuio Noc/e CKallyBaHUA Ha 3ePHO, BbICOKaA afanTUBHOCTb,
YCTOMYMBOCTb K 6OME3HAM 1 BPeLMUTENAM, BbICOKOE COAepKaHue 6enka

1 KNeKOBUWHbI B 3epHe. DTO NMO3BOMIAET CYMTATb €ro NePCrneKTUBHOM
CeNbCKOX03ANCTBEHHOW KynbTypoit. HoBbIN BUA ABNAETCA YAOOHbBIM
06beKkTOM ANA nposeaeHNa yHAaMeHTaNbHbIX NCCIEA0BaHUI B 06-
NacTV reHeTuKK, dunoreHnmn 1 a3Bonoumm 3nakos (Poaceae). OgHako
npexkae reHeTuyeckne nccnefoBaHua XT. cziczinii NpakTUYeCcKn He
nposoaunnco. Lienb HacToAwen paboTbl — N3yyeHne reHeTUYecKoro
pasHoobpasmA 24 npeacTaBuTenen AByx NOABMAOB (ssp. Submitans n
ssp. Perenne) Bupa XT. cziczinii. Ans oLeHKN MeXXBUAOBbIX Pa3nnyuii B
aHanms 6bino BKtoyeHo 17 obpasLioB Apyrvx BUAOB TprbbI Triticeae
(Triticum aestivum, Triticum durum, Agropyron glaucum v Agropyron
elongatum, a Take 06pa3sLbl MUEHNYHO-NbIPENHBIX U NWEHNYHO-31-
MycHbIX rn6pugos (MMT v M3I)). B paboTe 6bin1 NpYMEHEH MeTOA Map-
KnpoaHusa AFLP (Amplified Fragment Length Polymorphism), KoTopbiii
NO3BOJINI BbIABUTb JOCTaTOYHO BbICOKMIA YPOBEHb NoANMOpdr3Ma 13y-
YeHHbIX 06pa3sLoB. C MOMOLLbI0 ABYX KOMOVHaLMiA npaiMep/depmeHT
(EcoRI-ACT/Msel-CCC n EcoRI-ACT/Msel-CTA) yaanocb ngeHTnouumnpo-
BaTb 227 pparmMeHTOB, 13 KOTOPbIX 224 Obinn nonumopdHbl (98.68 %),

a ypOBEHb BHYTPMBMAOBOro nonmmopdusma 24 obpasuos xT. cziczinii
cocTaBun 68.15 %. HapeHbl dpparmeHTbl AFLP-cnekTpoB, cneunduryHble
ana npegcrasutenein XT. cziczinii  N3yYyeHHbIX BUAOB Mblipes, KOTopble
MOTYT CTaTb OCHOBOW ANA CO3[aHNA MapPKePOB, BbIABNAIOLLNX MHTPO-
rpeccun reHeTMYeCcKoro MaTepuana poga Agropyron B reHome npeg-
ctaButenen XT. cziczinii. llonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O
6onblien reHeTnyeckon 6nnsoctun XT. cziczinii K T. aestivum, yem K npea-
cTaBuTENAM popaa Agropyron. Tak, Mo AaHHbIM KNAaCcTEPHOrO aHanun3a,
npeactaButenun XT. cziczinii v COpTa MATKOW NWeHWLbl 00beANHUINCH

B OAVH NOAKAcTep, BHYTPY KOToporo obpasLibl ABYyX BUAOB 0OpasytoT
oTAenbHble rpynnbl. [1py 3Tom B pe3ynbTrate OLEeHKM BHYTPUBMAOBOIO
reHeTMYyecKoro pazHoobpasus XT. cziczinii He 6bIO BbIABNEHO [OCTO-
BepHOW AnddepeHUmnaLmmn npeacTaButeneil nogsnaos Submitans n
Perenne, 4To, BEPOATHO, CBA3aHO C He 0 KOHLa onpeAesieHHON reHe-
TMYECKON NPUPOAOT MHOFONETHOCTM, OCHOBHOIO NPU3HaKa, No KOTOPOo-
My 3TV NOABVAbI pa3aesnieHbl. [IpoBejieHHOe U3yyeHne YacTu YHUKasb-
HOW KONNEeKLMUN CUHTETUYECKOro BuAaa X 1. cziczinii n03BONMNO NONYUYnTb
nepBble laHHble O reHeTuKe BUAa, 6onee paHHMe UCCefoBaHUA 3aTpa-
rBanyi B OCHOBHOM GEHOTUMMYECKME 1 XO3ANCTBEHHO LieHHble MPU3Ha-
Ku. NpumeHAembI B HacTosALem nccnegoaHm metog AFLP-mapkupo-
BaHWA NMoKasan BbICOKY 3GdEKTUBHOCTb NPy paboTe C ManounsyyeH-
HbIM BUAOM, @ ero pe3ynbTaTbl NepPCneKTBHbI 1 NONe3Hbl A1 NOHUMA-
HWA reHeTNYeCcKomn CTPYKTYpbl HoBOro BUAa (XT. cziczinii Tsvel.).

Kniouesble cnoBa: XTrititrigia cziczinii Tsvel.; CUHTETUYECKINI BUL; MEXBU-
nosas rnbpugmsauma; AFLP-aHanus; reHeTnyeckoe pasHoobpasue.

Genome polymorphism

of the synthetic species
xTrititrigia cziczinii Tsvel.
inferred from AFLP analysis

A.A. Trifonoval @, K.V. Boris!, L.V. Dedoval,
V.A. Melnik!, L.P. Ivanova?2, N.P. Kuzmina2,
S.V. Zavgorodniy?, V.P. Upelniek?

TVavilov Institute of General Genetics, RAS, Moscow, Russia
2 N.V. Tsitsin Main Botanical Garden, RAS, Moscow, Russia

xTrititrigia cziczinii Tsvel. is a synthetic species obtained
as a result of hybridization of different wheat and wheat-
grass species. XT. cziczinii has unique characteristics, as
it is a perennial species, with the ability to grow after
mowing, high adaptability, resistance to diseases and
pests, high protein and gluten content in the grain. All
this makes it a promising new crop for agriculture. The
new species is a good object for fundamental research
in the field of genetics, phylogeny and evolution of ce-
reals (Poaceae). However, there were practically no ge-
netic studies of xT. cziczinii. The aim of this work was to
study the genetic diversity of 24 representatives of two
XT. cziczinii subspecies (ssp. Submitans and ssp. Perenne).
To estimate interspecific differences, 17 samples of
other tribe Triticeae species (Triticum aestivum, Triticum
durum, Agropyron glaucum and Agropyron elongatum,
as well as samples of Triticum-Agropyron and Triticum-
Elymus hybrids) were included in the analysis. For

the study, AFLP method (Amplified Fragment Length
Polymorphism) was chosen, which allowed us to reveal
a sufficiently high polymorphism level of the studied
samples. The two primer/enzyme combinations
(EcoRI-ACT/Msel-CCC, EcoRI-ACT/Msel-CTA) allowed
the identification of 227 fragments, 224 of them were
polymorphic (98.68 %), and the level of intraspecific
polymorphism of 24 XT. cziczinii samples was 68.15 %.
The identified fragments of AFLP spectra, specific for
the XT. cziczinii representatives and the studied wheat-
grass species, can be the basis for creating markers that
will detect introgressions of genetic material of the
genus Agropyron in the T. cziczinii genome. Our results
indicate a greater genetic relatedness of XT. cziczinii

to T. aestivum than to representatives of the genus
Agropyron. According to the cluster analysis, represen-
tatives of XT. cziczinii and varieties of bread wheat were

combined into a single subcluster, within which the
samples of two species form separate groups. At the
same time, the evaluation of the intraspecific genetic
diversity of xT. cziczinii showed
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KAK LULUTUPOBATDb 3TY CTATbIO:

no reliable differentiation of representatives of the
subspecies Submitans and Perenne, which is probably
due to uncertain genetic nature of perenniality, the
main feature that divides these subspecies. The study
of the unique XT. cziczinii collection allowed us to ob-
tain the first data on the genetics of the species, while
previous studies were focused mainly on phenotypic
and economically valuable traits. AFLP analysis used in
this study showed high efficiency when working with
less studied species, and its results are promising and
useful for understanding the genetic structure of the
new species (XT. cziczinii Tsvel.).

Key words: xTrititrigia cziczinii Tsvel.; synthetic species;
interspecific hybridization; AFLP-analysis; genetic
diversity.
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THajeHHas rTuOpUAN3alKs OTKPHIBAET HIMPOKUE BO3-

MO>KHOCTH JIJIsl ICIIOJIB30BaHNSI TEHOMHOT'O ITOTEHIIHA-

JIa IMKUX BUJOB pacTenuid. Tak, mpeacTaBuTem BUJ0B
IbIpEs SIBISIIOTCS JIOHOPaMHU T€HOB YCTOMYMBOCTH K Psiiy
3a0oJieBaHNi, aAaANTHBHOCTH U KQU€CTBA M, COOTBETCTBEHHO,
MOTYT OBITH UCIIOBE30BAHbI B CEJICKIIMOHHBIX POrpaMMax 1o
YIAY4YLICHHUIO KYJIBTYPHBIX BHJIOB 371aKk0B. [loaTomy oTnanen-
HbIE THOPUIBI, MOTYUYEHHbIE OT CKPEIIUBAHUS KYJIBTYPHBIX
W TUKHUX BUJIOB, MOTYT CTaTh HE TOJILKO XOPOIINM 00bEKTOM
Juist (DyH/IaMEHTAIBHBIX HUCCIIEIOBAHUN, HO U MEPCIEKTHUB-
HBIMH (pOpPMaMHU ISl CEJIEKIUH U CEeJIbCKOXO3AHCTBEHHOTO
MIPOU3BO/ICTBA.

[eHernueckoe pa3HooOpasue OTAAJICHHBIX THOPUIOB, B
YaCTHOCTH CHHTETHYECKUX (PYKOTBOPHBIX), TIOIyUEHHBIX C
MIOMOIIBI0 MEKPONOBOM TMOpHUIM3ANY, U3ydaeTCs HElO0-
CTaTOYHO aKTUBHO, XOTS TMOJOOHBIE MCCIICAOBAHHUS 1103BO-
JISTFOT TTOJTy4aTh JJaHHBIE O MEXAHU3MaX MEKTCHOMHBIX B3aH-
MOICHCTBHI B Ipoliecce 00pa3oBaHMst HOBBIX TAKCOHOB TIPH
rHOpUI3aLINY, PACIIUPUTH 3HAHHS B 00JIACTH CETYATON HBO-
JIFOIIMH 3]IaKOB — OJTHOTO U3 CIIOCOO0B OOBSICHEHUS ITIABHBIX
9BOJIIOLIMOHHBIX ITyTeil B Tpube Triticeae.

xTrititrigia cziczinii Tsvel. — cMHTeTHYECKHUI BUJI, TIONTY-
YEHHBIN 11O pyKoBOACTBOM akaaemuka H.B. Iluunna mero-
JIOM OT/IQJICHHOM TMOPU/TN3AIINH U BBIJICJICHHBIH B OT/ICIIBHBIN
pon Trititrigia H.H. Ilsenessim (1973). B kauecTBe poauTeb-
CKHUX (hOpM HCIIONB30BATH BUBI TTBIpes (Agropyron elongatum
(Host) P. Beauv. (syn. Thinopyrum ponticum (Podp.) Zhi W.
Liu & R.R.-C. Wang) u 4. glaucum (Desf. ex DC) Roem. and
Schult. (syn. Thinopyrum intermedium (Host) Barkworth &
D.R. Dewey)) u copra Msirkoii u TBepaoi muenuntp! (7riticum
aestivum L. u T. durum Desf.) B pa3nuuHbIX KOMOUHAIMSIX.
OmnuceiBass HOBBIM CHUHTETUYECKUM BHJ, OTIHYUTEILHON
0COOCHHOCTBIO KOTOPOTO SBJISETCS TO, YTO MOCIIE CO3PEBAHUS
1 yOOpKH 3epHa Pa3BUBAIOTCS MOOETH BO30OHOBIICHHS, T. €.
MPOUCXOIUT OTPACTAHUE HOBBIX OOETOB, KOTOPBIE CTIOCOOHBI
o0pazoBeiBath Kostoc, H.B. Iumua (1960) BeIgSIII 1B TTOA-
Buza: ssp. Submitans (orpacrtarommast popma) u ssp. Perenne
(muOTONETHSS (hopma). ['enom XT. cziczinii mpencTaBieH
56 XpoMocoMaMu, U3 KOTOpbIX 42 mieHnuHble U 14 mbipeii-

leHeTuKa pacTeHUn

ueie (JIrobumosa u np., 1976). Kpome Toro, pacTeHust 31oro
BU/Ia 00T AaI0T yCTOMYMBOCTHIO K OOJIE3HSAM U BPETUTEISM,
BBICOKOH aJJallTHBHOCTBIO.

C 1960 r. xomutekuust 06pa3noB X7, cziczinii NOAAEPKH-
BaeTCs B OTAETE OTHaieHHOHN rudpuau3anyuu [maBHOTO 00-
tannyeckoro cana uM. H.B. lluuuna PAH; corpynnukamu
MIPOBOJISITCSL MHOTOJIETHUE HAOJIIOACHUSI U MCCIIeOBaHUS
3TOTO BHJA, OTOMPAIOTCA HOBBIE TEPCIEKTUBHBIE (OPMBI.
Ho TonbKo B mocnietHue rojibl Ha4yaThl pabOTHI IO UCIIONB30-
BaHMIO MOJIEKYJISIPHO-TEHETHYECKUX MapKepOB JJIsl OLIEHKH
TEeHETHYECKOTO pasHooOpasus koywieknnu. B 2012 1. BepBbIe
WCCIIC/IOBAH MONMMOP(U3M 3aIacHBIX OCIKOB (TIIHAJIWHOB)
XT. cziczinii (Ynennuek u ap., 2012). Ognako aHanus re-
HETHYECKOTO pa3HooOpa3us Buaa x 7. cziczinii ¢ TIOMOIIBIO
JHK-mapkepoB paHee He IPOBOAUICS.

OnauM u3 3()(QEeKTUBHBIX METOJOB M3y4YCHHs I'€HETHU-
4eCcKoro pazHooOpas3us pactenuit ssnsercs AFLP-anamu3
(Amplified Fragment Length Polymorphism). On mupoxo
UCTIONB3YETCs JUIsl M3YUYEHHUS MOMYJISIIIMOHHOTO ITOJINMOP-
(hu3ma, pumoreHeTHYECKUX OTHOIICHUH, MACHTU(DHUKAINN
BHUJIOB, & TAK)KE MapKUPOBAHMS JIOKYCOB, CLETICHHBIX C XO-
3s1CTBEHHO 1IeHHbIMM npu3Hakamu (Altinkut et al, 2003; El
Rabey et al., 2014; Kaya et al., 2014; Xue, Chu, 2015). Otot
METOJI JOBOJIBHO YaCTO NMPHUMEHSETCS U JUIsl UCCIICTOBAHUS
IeHOMOB 3J1aKOB, ITpuueM Kak KynbTypHbix (El Rabey et al.,
2014; Canpiros u ap., 2017), Tak u nukopactynmx (Kaya et
al., 2014; T'opronosa u ap., 2017) BunoB.

Lenbto HacTosiiiel paboThI OBUIO N3YyYEHUE BHYTPUBHIIO-
BOTO TEHETHUYECKOTO pa3HOOOpasus MpeAcTaBUTENCH IBYX
MIOJIBUIOB CHHTETHYCCKOTO BUAa X Trititrigia cziczinii Tsvel.,
a TaK)Ke MEXBHUJIOBOTO pa3HOOOpa3usl IIPpeICTaBUTEICH JANKO-
PACTYIIMX U KYJIBTYPHBIX ()OPM 371aKOB, NCTIOIBb30BAHHBIX IPH
co3/laHnu 3Toro Buaa, metogoM AFLP-ananu3za.

MaTeleaﬂbI n metoabl

WccnenoBano BoceMb 00pa3ioB moasuaa ssp. Submitans
(omHonerHue, orpactatomue) — auHuu Ne 12, 38, 40, 80,
166, 192, 1689, 3305 u 15 ob6pa3mnoB moasuaa ssp. Perenne
(muOTONEeTHHE) — MHHUU No 24, 33, 249, 249-1, 548, 1416,
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1451, 1514, 1533, 1797, 1682, 3202, 4015, 209, 3I126.
Paznenenue no npu3HaKy MHOTOJIETHOCTH IPOUCXOUT B 3a-
BHCHUMOCTH OT YHCJIa MIEPE3UMOBABIINX PACTCHUNA M MOXKET
3aBHCETh OT YCIIOBHH 3UMOBKH. [lo3TOMY JNHHWU TIOABHIA
Perenne moryT B onpeielIeHHbIE IO/IbI pa3BUBATHCS KaK OJTHO-
neTHue, orpactatontue. Jlump auann 24, 249, 249-1 MoxHO
CYNTATH OOJTUTaTHO MHOTOJICTHIMH (10 TaHHBIM JUTHTEITHHBIX
HAOFONICHUT ).

Kpome Toro, B aHanu3 ObUIO BKIIFOUEHO IIECTh 00pa3IioB
JIBYX BUJIOB TIbIpest (Tpu oOpasia 4. glaucum v Tpu — A. elon-
gatum), 4eThIpe 00pasiia MATKoM mineHuIs! 7. aestivum (copta
Chinese Spring, Muponosckas 808, Mockosckast 39 u 3aps),
omuH oOpasert TBepaoil mmeHuI s 1. durum (copT XapbKOB-
ckast 21), 4yeTblpe JIMHUN NIIEHUYHO-TIBIPEHHBIX THOPUIOB
(TII1T-254, TITIT-260, TITIT-283, TII1I-284), nBa copta I
(Ocra, CrerupeBckast 10) 1 oIuH COPT MIIICHAYHO-IIAMYC-
Horo rubpuna — [13I" (Py6exHast).

O6pa3sis! ponos x Trititrigia u Agropyron, a Taxke IIIe-
HUYHO-TIBIPEHHBIC M ANUMYCHBIC THOPHIBI MONYYCHBI U3
KoJuteKIuu I maBHoro Oorannueckoro cana uM. H.B. [{utinna
PAH. CopTa MsITKO# 1 TBEPIOW MIIICHHUIIBI B3ATHI U3 KOJIJIEK-
un MHctuTyTa 00melt reaetnku um. H.M. BaBumosa PAH
(UOI'en PAH).

JHK o6pa3noB pona Agropyron u Buna X1. cziczinii BBI-
TISITSIITH M3 CBEXKHX JINCTHEB, a 00pa3noB poxa Triticum, [T
u [10I" — u3 naTHAHEBHBIX MPOPOCTKOB cTaHgapTHEIM CTAB-
MetogoM ¢ moauduramusamu (Doyle, 1991). AFLP-ananu3
TIPOBOAMIIN cTaHAapTHEIM MetomoM (Vos et al., 1995). dns
TMIEpPBOTO payH/1a aMIuTQuKaIy Oblia HCIIOIb30BaHa CIIETY 0~
1ast KoMOuHaIus npaiimep/hepment: EcoRI-A u Msel-C. [lins
BTOPOTO payHAa aMILTH(HUKAIINH 10 JTUTEPATYPHBIM JTaHHBIM
(CanpiroB u 1p., 2017) O6buH 0TOOPAHBI 1BE KOMOWHAIIHU:
EcoRI—ACT/Msel-CCC u EcoRI-ACT/Msel-CTA. ®pakiuo-
HUPOBaHHE MPOAYKTOB aMILTH(UKAIIAH OCYIICCTBISIIN ITyTEM
anekrpodopesa B 6 % noauakpuiaamunHom rese (ITAAT) B
1 xxkparaom TBE-Oydepe. OkparinBanne IpoOBOAUIA HUTPA-
TOM cepebpa, IPOsBIISLIH Teib o MeToxy Ne 3 (Benbouza et
al., 2006). Jl:1s onpeneneHus ATMHBI aMILTH(QUIPOBAHHBIX
(parMeHTOB HMCIIOJIB30BANIA MapKep MOJEKYISIPHOW MacChl
100 bp DNA ladder (Invitrogen) (0.05 /).

Pesynbrarst AFLP-ananusa cymmupoBaiu B Bujae OUHap-
Hoii marpuiisl (1/0) B mporpamme Microsoft Excel. Ananus
MeTonoM TiaBHBIX KoopamHaT (PCA), a Takke mocTpocHHe
JIeHpOrpaMMBI BbITIONHsUTH B iporpamme PAST 3.16 (Ham-
mer etal., 2001) Ha OCHOBE HHIEKCA TCHETHIECKOTO CXO/ICTBA
Jaifca, KOTOPBIN UCKITFOYaeT M3 PACCMOTPEHHUSI COBMECTHOE
OTCYTCTBHE (pparMeHTa (TaK KaK CyIIECTBYET BOZMOKHOCTb
TOTO, YTO HYJIEBBIE AJUIETH HE TOMOJIOTHYHBI), U B HEKOTOPBIX
WCCIICIOBAHMAX TIOKa3aHBI IIPEUMYIIECTBA €ro UCIIONIF30Ba-
nust (Duarte et al., 1999). KnacrepHblit aHanm3 BBIOIHEH C
ucnonbp3oBanueM metoga UPGMA, olieHKy JOCTOBEPHOCTH
TIPOBOMIIH C TIOMOIIBIO OyTcTpen-ananm3a ¢ 1000 perummk.

Pesynbratbl
B xone AFLP-ananm3a 41 oOpasiia TpuOs Triticeae BBISIBICHO
227 pparmentos (137 ns npaiimepa EcoRI— ACT/Msel-CCC
u 90 myst mpaiimepa EcoRI-ACT/Msel-CTA), u3 kotopbix 224
6butH TosmMopdHEL (98.68 %).

Cpennuii nokasareib KO3 PHUIMCHTa TCHETUISCKOTO CXO/I-
CTBa MEeX1Iy BceMu obOpasuamu coctasui 0.668. Hanbomnee
650
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TeHEeTUYECKH OJIM3KMMHU okazanuch oopasusl [1111-254 u
copt IIOI" Pybexnas (0.982). HaumeHnpmmii ypoBeHb TeHE-
THYECKOTO CXOJICTBA OTMEUCH ISt 00pa3noB 4. elongatum n
copra 131" Py6exxnas (0.087).

Ha ocHOBaHMM pacCUMTaHHBIX MHJIEKCOB CXOJCTBA IPO-
BEJICH KJIaCTEpHBIN aHamu3 (puc. 1).

Kak BuaHO 13 puc. 1, Ha AeHApOrpaMMe YeTKO BBIIENIAIOTCS
JIBa KJ1acTepa C BBICOKMM 3Hau€HHEM OyTCTpemn-MOoAJepxK-
kn (unpexc Oyrcrpena (Ub) = 100). IlpencraBurenn pona
Agropyron 0o0pa3yloT HeEpBhIi Ki1acTep, KOTOPBIA B CBOIO
odepenb JIENUTCA Ha JIBa TOJAKIACTEPA, COOTBETCTBYIOMINX
Bugam A. glaucum u A. elongatum.

Bce ocrasnbHbie 00pa3iibl 00bEMHSIOTCS BO BTOPOH Kitac-
tep. O6ocobmennoe monoxenue (UMb = 100) B 3ToMm knactepe
3aHMMaeT 00pa3ell TBEePAOH MIIEHHIIBI cCOpTa XapbKoBcKas 21.
OT/enbHBIN TOIKIACTEP BO BTOPOM KJlacTepe 00pasyroT Jiu-
Hun 1 copra [T (ITIIT-254, TITIT-260, TITT-283, TITT-284,
Ocra, Cuerupesckas 10) u copr I19I" (Pybesxnas). [Ipencra-
Butesn X 1. cziczinii v copTa MATKOH MIICHUIBI 00beJHHIIIHNCH
B €Ill¢ OAWH TIOJKJIACTEP, BHYTPHU KOTOPOTO 0OpasIbl ABYX
BUI0B M depeHnnpoBansl, MycTh U ¢ HEOOIBIINM 3HAYE-
HueMm uHjaekca Oyrcrpena (Ub = 58).

CriexTpbl pparMeHToB npeactaButeneii X 7. cziczinii ObLH
Gosiee CXOIHBI CO CHIEKTpaMu 1. aestivum, 9eM CO CIIEKTPaMH
A. glaucum u A. elongatum. JlerexrupoBano 10 ¢pparMeHTOB,
MPUCYTCTBYIOIMX TOJIBKO y IIPE/ICTaBUTENEH posa Agropyron,
u 24 ¢parmeHTa, NIPUCYTCTBYIOMINX TOJBKO y 1. aestivum M
npeAcTaBuTeNell 1ByX noAaBuaoB X Trititrigia. Ho HaiineHbl
Takke GpparMenTsl, cieruduyanasie st A. glaucum, A. elon-
gatum n ipeacrasuteneil X1, cziczinii. Bbl10 1€TEKTUPOBAHO
Tpu (hparMeHTa, aMIuIMPUIUPYIOLUIUXCS TOJIBKO Y 00pa3IioB
pona Agropyron u'y Bcex npencTaBuTenei ssp. Submitans n
ssp. Perenne, a Taxoke ofuH (parMeHT, KOTOPBIH aMIUIH(pH-
upoBaics y o0pasuos 7. aestivum, a B ciekrpax A. glaucum,
A. elongatum n XT. cziczinii OTCYyTCTBOBAJL.

B xone paboTsI ObLIa MpOBEIEHA OIICHKA BHY TPUBHIOBOTO
nonumopdusma x 7. cziczinii. YpoBeHb nonmuMophusMa nu3yda-
embIx 00pasnos x7. cziczinii coctaBui 68.15 %. [Ipu aTom y
npencTaBuTeNei noxsuaa Submitans ypoBeHb HomuMophu3Ma
ObUI HIDKE, UeM y npeacTaBureneit nogsuaa Perenne (52.08
n 61.07 % COOTBETCTBEHHO), YTO MOXKET OBITH OOBSICHEHO
MEHBIIUM YHCIOM 00pPAa3IOB TOr0 MOABHA, AOCTYITHBIX
JUIS aHAIIU3a.

Koahdumment renerndeckoro cxonctaa Jlatica Mmexxay 00-
pasuamu X 7. cziczinii OKa3aJcs JOCTaTOYHO BBICOKHM (Cpe-
Hee 3HaueHue 0.855), on Bapbuposai ot 0.755 1o 0.974. Max-
CHMaJIbHBIN YPOBEHb CXOACTBA MEXIy 00pas3liaMH MOABHIA
Perenne cocraBun 0.974 (o6pasier 4015 u 209), MUHUMAITB-
HBIN YPOBCHB CXOJICTBA OTMEYCH MEX Ty oOpasuamu 24 u 3202
(0.755). Cpemu 0OpasiioB nonsuaa Submitans 3TOT TOKa3aTeNb
BapsrpoBai ot 0.784 (Mexy oopasnamu 38 n 3305) 10 0.961
(mexny obpasuamu 40 u 80).

Ha ocHoBannu 3HAaYE€HUM MHJIEKCOB F'€HETUYECKOTO CXO/I-
CTBa BBITIOJIHEH aHAJIN3 METO/IOM IIaBHBIX KOOPJIMHAT, OTpa-
JKAFOLIMN Pa3IMYMs MEKIY U3ydaeMbIMU oOpa3uamu X 1. czi-
czinii (puc. 2). Kak BuIHO U3 IpUBEAEHHOTO rpaduKa, a TakxKe
Ha JICHPOrpaMMe, HeT YETKOTO paszieeH st MEeX Iy oOpasia-
MH JIBYX ITO/IBUJIOB. DTO TIOATBEPIKAAETCS TAKKE OTCYTCTBHEM
(hparmenTos, cieruuuanabix 111 AFLP-ciektpa onpeneneH-
Horo noasuaa. JlocrarouHo 060co0IeHB! 00pa3Ibl MOABH/ 1A
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Perenne: 24, 249, 249-1. OtnenpHyto Tpyniy GOpMUPYIOT
Takke oopasmsl 12, 33, 38, 166, 192 u 3I126.

O6cyxpeHue

Meton AFLP-mapkupoBaH#s JOCTaTOYHO ITUPOKO HCIOTH-
3yeTcst JUIsl aHaJlM3a TeHETHYECKOT0 PasHooOpasust TPHUObI
Triticeae (Khalighi et al., 2008; Colomba et al., 2011; Jensen et
al., 2016; I'opronosa u z1p., 2017; CamgeroB u ip., 2017). B Ha-
CTOSIIIEM HCCIICIOBAHNH 3TOT METO] OBLIT BIIEPBBIE TPUMEHEH
JUIsl aHAJIN3a TeHETUYECKOT0 Pa3HO00Pa3nsi CHHTETHYECKOTO
Buna X7 cziczinii Tsvel. 1 MO3BONNI BBISIBUTH U OLIEHUTH
KaK BHYTPUBHJIOBOH MOMMMOP(U3M, TaK U MEKBHIOBBIC pa3-
nruust. belu uenosib30BaHbl JABE MpaiiMepHbIe KOMOUHAINH,
paHee YCHEIIHO PUMEHEHHBIE AJISl OLIEHKH F€HETUYECKOTO
pasHooOpa3ust TBepaoil muenunsl (CaapiroB u ap., 2017).
BriOpanHbie koMOuHAIMY TpaliMep/GepMeHT oKa3aIuch d¢-
(heKTUBHBI U JJIS aHATTU3UPYEMOM BBIOOPKH (BCETO MOTy9eHO
227 ¢pparMeHTOB), a yPOBEHb MEXBH/IOBOTO MTOJIMMOpPH3Ma
OBLT JOCTATOYHO BBICOK U cocTaBmI 98.68 %.

YpoBeHs pa3zHo0Opa3us BHYTpU BuAa X1, cziczinii ObLI
MeHbIe (68.15 %). OxHako, IO CPAaBHEHHUIO C IPYTUMH UC-
CJIe/IOBAaHUSIMU BHYTPUBHJIOBOTO Pa3HO00Opasusi NpecTaBu-
Teneil pona Triticum, ero MOKHO CUNTATh BBICOKUM. Tak, pu
WCCIIEJIOBAHNN BHYTPHUBHOBOTO MOIUMOpP(PHU3MA Pa3HBIX
BU/JIOB TIIIEHUIIBI ¢ TOMOIIbI0 AFLP-MapkupoBanus ypoBeHb
nonuMopdusma He npesbiman 64 % (Khan et al., 2014).
YpoBeHB T€HETHUECKOTO Pa3HO00pasns, BEISIBICHHBIN B X0O/1€
AFLP-ananu3za 54 06pa3ioB CHHTETHUECKOM IeKCarIonIHON
MIICHUIIB], TTOTYYCHHON IyTeM CKpemmBaHus 1. dicoccum
u A. tauschii, cocraBui 39 %, 4To, Kak OTMEUAIOT aBTOPHI
(Lage et al., 2003), BbIie, 4eM y OOBIYHO HAOIIFOIAEMOTO
JUISL KyJABTUBUPYEMBIX TE€KCAIVIOMIHBIX MIIEHUL] YPOBHS IO-
mumopdmzma (12-21 %).

B AFLP-cnektpax obpasuoB X7 cziczinii mpeodnanaioT
KOMITOHEHTBI NIIEHULBL. B pe3yiipTare K1acTepHOoro aHaau3a
MOTYy4EHHBIX PE3yIbTaTOB yCTAHOBIIEHO, UTO BUI X 1. cziczinii
SIBJISIETCSI IPOMEKYTOUHON POPMOIT M TeHETHYECKH OJMKE K
pony Triticum, 9em K poxy Agropyron (cMm. puc. 1). bruzocts
Buna x7. cziczinii K IpeICTaBUTENsIM pona Triticum moJ-
TBEP)KAAETCS TaKKe JaHHBIMHU, TIONY4YEHHBIMH B pe3ysbTare
aHaJIN3a MEKTPOPOPETHICCKHUX CIIEKTPOB IHaarHa. CIeKT-
pbl ManuHa X7, cziczinii TUMWYHBL AJIs1 IPEACTaBUTENEH
pona Triticum, B HUX NPUCYTCTBOBAJIU TAKKE€ U OT/EJIbHbIC
KOMIIOHEHTHI TPOJTaMUHOB TieIpest (YrmemHuek u ap., 2012).
Takast muddepentmarys BnonHe 00bICHIMA, BEIb IIPH TTOITY-
yeHun X1, cziczinii NPUMEHSUIUCH CJIOKHBIE CXEMBbI CKpEILIU-
BaHUH, B TOM YMCJIE BO3BPATHBIE CKPEIIMBAHMS C NIIIEHULIEH,
JUISL SIIUMHHALUH HEXKEIaTEIbHBIX IPU3HAKOB IIbIpesl.

WnentudunmpoBaHHble B HACTOSIIEM HCCIIe0BaHUH (par-
MEHTEHI, cienn(UIHbIe I npeacTaButeneit X1, cziczinii n
N3y4aeMbIX BUJIOB IIBIPEs, MOTYT CTaTh OCHOBOM IS CO3/1aHHUs
MapKepoB, KOTOPbIE OyIyT BBIBIATH HHTPOTPECCHU T'eHETHYE-
CKOI'0 Marepualia poaa Agropyron B TEHOME IPEACTaBUTENEH
x T cziczinii. ITO MOXKET OBITh HCIIOJIE30BAHO B CEICKIMOHHOM
paboTe JJIsl OTCIICKUBAHUS MEpe/iaul TeHETHYECKOTO MaTe-
pHuana meIpes M MOCIEAYIOMeH 3anTh U HACHTU(UKAIIH
COPTOB/TEHOTHITOB CHHTETHYECKOTO BU/IA.

ITouck MapkepoB, MO3BONSAIOMINX BBIABIATH HHTPOTPECCCHU
TEeHETHYECKOTO MaTepraja B THOPUIHBIX BUAAX, OBLT paHee
nposeneH [1.1HO. Kpynunasim ¢ xomuteramu (2011). B cBoeit
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pabote oHM HACHTU(DUIUPOBATIH CIICUU(PUYHBIC aJUICIbHBIC
BapUaHTHI JUIA BUJIOB pofa Agropyron M copTa MIIECHAYHO-
nsIpeitHoro rubpuna Merpa 1 1o mecTn MUKpOcaTeNIuTHBIM
JIOKyCaM, OTCYTCTBYIOLIUM Y MIIeHUIbl. OIHAKO CleayeT 3a-
METUTb, YTO B ITO HCCIIEI0OBAHIE ObUT BKITIOYEH BCETO OANH
o6paser 11T a pazmep ayiesneit MUKpOCATeIUTUTHBIX JIOKYCOB
(1. H.) NIIEHUIIBI, HCTIOJIb30BAHHOMN aBTOPAMU AJISI CPABHEHHUS,
OBUI B3ST U3 INTEPATYPHBIX TaHHBIX.

O6pasis! [T hopMupyroT Ha IeHAPOrpaMMe OTACIBHYIO
rpymmy (cM. puc. 1), 4To, o BCcel BUAUMOCTH, CBI3aHO C TEM,
YTO Y 3THX 'MOPHIOB B TEHOME BCTPEUAIOTCS OTIMYHBIC OT
xT. cziczinii KOMOMHAIIMY XPOMOCOM OT POJIUTEIILCKHUX (DOPM.
OnHako cpeaHuil KO3 GUIIMEHT CXOICTBAa MEXK Ly 00pa3amMu
[II" 1 06pa3aMu MATKOH MIIISHUIH COTTOCTABUM C TAKOBBIM
MEXIy TIpeICTaBUTeIsIME X 1. cziczinii 1 0Opa3naMu MITKOH
nenutsl (0.790 u 0.794 cootBeTcTBeHHO). HTEpEcHO, UTO
BMecTe ¢ obpasnamu [1I1IN kmactepusyercs u obpazer [191
(copt PyGexHast), BOSMOXKHO, N3-3a ITOX0XKETro Habopa poau-
TEJILCKUX (POPM TILIEHUIIBI, HCIIOIB30BAHHBIX JUIS UX CO3/a-
HUSI, @ TAK)KE U3-3a CXOZICTBA TEHOMOB TUMYCa U IIBIPES.

B pesynbrare mpoBeIeHHON OLIEHKH BHYTPHBHIOBOTIO T'e-
HETUYECKOro pazHooOpasust X 7. cziczinii He ObUIO BBISIBICHO
JIOCTOBEpHON Au(QepeHnnanuy npeacTaBuTeNeH MOIBH-
noB Submitans n Perenne (cM. puc. 2). Kpome Toro, koaddu-
I[UEHT TE€HEeTHUYECKOT0 CXOJICTBA MEX/Iy BCEMU HU3y4aeMbIMU
obpasnamu X7 cziczinii COBIMAAAET CO 3HAYCHHUSIMH 3TOTO
MIOKA3aTelsl, BBISIBICHHBIMU JJIS1 00Pa3OB BHYTPH KaXJI0TO
noasuaa. OrTMeTM 000co0IIEHHOE TTOJIOKEHHE Ha Tpaduke
TIIABHBIX KOOpAWHAT (M. puc. 2) oOpasmoB 24, 249, 249-1,
KOTOPBIE TI0 OITCAHHIO SBIISIOTCS 0OIUTaTHO MHOTOJIETHUMH
dopmamu (cM. Marepuasibl 1 METOIbl). BeposiTHO, IMEHHO 3TH
00pas3Ipl JOIDKHBI OBITH OTHECEHHI K SSp. Perenne. OgHONET-
HHUE OTpacTarolre ¥ MHOTOJIeTHHE 00pasiel 12, 33, 38, 166,
192 u 3126 pacnonaratorcs Ha rpaduKe TIaBHBIX KOOPIUHAT
OTJENIEHO OT OCHOBHOM TPYIIIIBI 00pa3IoB, COCTOSIIEH U3
JIMHUH, KOTOPBIE TI0 OTPE/ICICHHBIM OOTaHMYECKUM XapaKTe-
puctukam, BbiaeneHHsiM enie H.B. [{uninnbiv, oTHOCATCA K
pa3HBIM TOABHAAM (CM. pHC. 2). BO3MOXXHBIM 00BSICHEHHEM
MIOJTyYEHHOTO PEe3ysIbTaTa MOXKHO CUATATh HE OKOHYATEIIHHO
BBISIBIICHHYIO TIPUPOTY OCHOBHOTO NMpH3HAKA, IO KOTOPOMY
3TH MOABMIBI Pa3AeieHbl, — MHOTOJIETHOCTh. Heobxonumo
MIPOBEJICHUE JIOTIOJHUTEIBHBIX MCCIICAOBAHUH, HalpaBiIcH-
HBIX Ha YTOUHEHHE OOTAaHWYECKHX, a TAK)Ke TeHETHYECKHX
apaMeTpPOB, PA3ACIAIONINX U3yIaeMble MOBUIBI.

Takum o6paszom, Buepsblie npoeaeH AFLP-ananms mpen-
cTaBuTeNeH ABYX moaBuioB Buna X 1. cziczinii Tsvel. (ssp. Sub-
mitans ¥ ssp. Perenne). IIpuMeHeHHbIE KOMOWHAIINN TIpaii-
MEpOB ITTO3BOJIMIIN BEISIBUTh M OLICHUTh YPOBEHb BHYTPHBH-
JIOBOTO NoMuMopdur3ma paHee He U3y4aBIIerocs CHHTETHYe-
CKOTO BHJIA, & TAK)KE TCHETHUECKHE PA3IHYMS C BUIAMH POJa
Triticum u Agropyron. OTIpenieneHo, 4To, HCXOJIS U3 CTPYKTY-
bl TEHOMA U3y4aeMoro Buia, Buj, X 1. cziczinii TeHETUYECKU
Gonee Omm30K K poxy Triticum, 9em K pony Agropyron, 9To
BITOJIHE 3aKOHOMepHO. [Toka3an HU3KHUi ypoBeHb tuddepeH-
LUALUU MEKITY MIPEACTaBUTEIIMU ABYX ToABU10B. HalineHs!
(¢parMeHTsI, crienupuIHbIe I 00pas3noB poxa Agropyron
u XT. cziczinii. UneHTHQUIAPOBAHHBIC (PParMEHTHl MOTYT
CTaTh OCHOBO JIJIsl CO3aHMsI MAPKEPOB, KOTOPBIE OyyT BbI-
SIBIISITH MHTPOTPECCUH TCHETHYECKOTO MaTepuaia Agropyron
B reHoMe npeacraBureneil X7, cziczinii.

Plant genetics
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Assessment of genetic diversity of some Siberian
and Far Eastern species of the genus Spiraea (Rosaceae)
by newly developed multiplex panels of nuclear SSR loci
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Taxonomic and population genetic studies of the genus
Spiraea (Rosaceae) species require new informative genetic
markers. We screened 37 previously published heterologous
oligonucleotide primer pairs for nuclear microsatellite loci and
selected eight polymorphic and most reproducible of them for
PCR multiplexing which substantially increases performance
of routine mass genotyping. Three multiplex sets of 3, 3 and

2 loci, respectively, were developed and tested for ability to
estimate the parameters of genetic variability and population
structure in closely related species Spiraea ussuriensis, S. flexuo-
sa, S. chamaedryfolia representing seven natural populations of
the Russian Far East and Siberia. Allele number ranged among
loci from twelve (Spth20) to three. Among 41 alleles found, 7
were unique in some species/populations. Analysis of parame-
ters of genetic variability in Spiraea spp. showed similar values
of allele number per locus and observed heterozygosity among
populations and slightly greater estimates of expected hetero-
zygosity in the samples of S. flexuosa (N, = 2.387; H, = 0.387
+0.052; Hp = 0.540+0.055) as compared to S. ussuriensis (N, =
=2.781; Hy=0.385+£0.079; Hy = 0.453£0.072) and S. chamae-
dryfolia (N, = 2.875; Hy = 0.331+0.071; H; = 0.505 £ 0.069).

The observed values of genetic polymorphism parameters in-
dicate the average level of genetic diversity of the studied spe-
cies typical to previous studies in Spiraea. About 19 % of the
observed variability occurred among populations (Fs;=0.191)
while 81 % of the total genetic variation concentrated within
the populations. The loci V511, VS12,VS2, and V56 contributed
most to the observed differentiation. Nei genetic distances
between populations ranged from 0.049 to 0.585. Genetic
differentiation patterns among studied populations based

on allele frequencies of nuclear microsatellite loci correspond
with their geographical location. Genetic composition of some
samples contradicted with their provisional species identifi-
cation.

Kew words: Spiraea ussuriensis; Spiraea flexuosa; Spiraea
chamaedryfolia; nuclear microsatellite loci; SSR; multiplex pan-
els; genetic variability; population structure.
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O1leHKa reHeTU4YeCcKOro
pa3HOOOpa3usi HEKOTOPBIX
CHUOMPCKUX U TaTIbHEBOCTOUHBIX
BUOOB poma Spiraea (Rosaceae)
Ha OCHOBe€ pa3paboTaHHbIX
MYVJIBTUIIIEKCHBIX ITaHe1ei

U3 SIOepPHBbIX MUKPOCATEIUTHBIX
JIOKYCOB

T.A. IoasikoBa ®, A.B. lllaroxuna, I.H. boHpapeHko,
A.B. TToauTtoB

NHCTUTYT 0bLwein reHeTuky nm. H.U. BaBunosa Poccuiickol akagemmmn
Hayk, MockBa, Poccua

[InA TakCOHOMMYECKMX 1 NONYNALNOHHO-TEHeTUYECKMX nccne-
LlOBaHWIn BUAOB popa Spiraea (Rosaceae) TpebytoTcsa HOBble
MHOOPMATMBHbIE reHeTMYeCKMe MapKepbl. Mbl npoTecTnpo-
Banu 37 paHee ony6iMKOBaHHbIX reTeposIONMUHbIX Nap ONUro-
HYKNeOoTUAHbIX MPariMepoB ANA AfePHbIX MUKPOCATEMTUTHBIX
NOKYCOB 1 0TO6Ppanu 8, faoLwmnx nonmmopdHbie NPoayKTbI
amnnudukauuy n Hambonee Bocnpon3soaumMbix ans MLP-
MYyNbTUMNEKCMPOBAHWA, YTO CYLLLECTBEHHO MOBbIaeT b dpek-
TUBHOCTb PYTVHHOIO MacCOBOro reHoTMNMpoBaHuA. Paspabo-
TaHbl 11 anpPobUPOBaHbl TPY MyNbTUMIEKCHbBIX MaHeNn 13 Tpex,
Tpex 1 ABYX TOKYCOB COOTBETCTBEHHO /1A OL|eHKM NnapameT-
POB reHeTNYeCKON U3MEHUNBOCTM 1 CTPYKTYpPbI NOMYNALUK

y 6113KOPOACTBEHHDBIX BUAOB Spiraea ussuriensis, S. flexuosa n
S. chamaedryfolia n3 cemv npupoaHbIX NonynAumMin JanbHero
Boctoka n Cnbupu. Yucno annenein BapbmpoBano mexay
NoKycamu oT fiBeHaauaTy (B nokyce Spth20) no Tpex. Y Heko-
TOpbIX BUAOB/NonynAuuii 13 41 BbiAiBAeHHOro annensa 7 6binu
YHVKaNbHbIMU. AHaNN3 NapameTpOB reHeTUYeCKON N3MeHYM-
BOCTW B Spiraea spp. NoKa3blBaeT CXOXMe 3HaYeHna Yncna
annenei Ha NOKyC 1 HabnogaeMol reTepo3nroTHOCTU MeXay
nonynAuuAMMU N HEMHOTUM Gonee BbICOKUIA YPOBEHb OXUAa-
eMoli reTepo3nroTHOCTM B BbibopKax S. flexuosa (N, = 2.387;
Ho=0.387+0.052; Hy = 0.540+0.055) no cpaBHeHuto C S. us-
suriensis (N, = 2.781; Hp = 0.385+0.079; H: = 0.453+0.072) n

S. chamaedryfolia (N, = 2.875; H, = 0.331+0.071; H;=0.505
+0.069). BbiABNeHHbIe 3HaYeHNA NapaMeTPOB reHeTNYeCKoro
nonumopdurmMa CBUAETENLCTBYIOT O CPEAHEM YPOBHE reHe-
TUYEeCKOro pa3HoOobpasmnA n3yyaembix BUAOB, XapaKTEPHOM
[NA paHee NPOBeAEHHbIX NCCefoBaHUN B poae Spiraea.
Okono 19 % Bcen n3y4yaeMor N3MEHUYMBOCTN MPUXOAUTCA Ha
MexnonynAaumoHHyto (F, = 0.191), B To Bpema Kak 81 % obLuei
reHeTNYeCKon N3MEHYNBOCTI COCPEOTOYEH B NOMYALMNAX.
Hanbonblunii Bknag B uccnegyemyio anddepeHumaLuio BHo-
cat nokycol VS11,VS12,VS2, VS6. TeHeTuyecKkme pacCcToaHUA
Nei mexgy nonynaumamm sapbrposanu ot 0.049 go 0.585.
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Spiraea chamaedryfolia; apepHble MUKPOCATENNTHBIE NOKYCb;
SSR; MynbTUMNEKCHbIE NaHeNN; reHeTUYecKasa N3MeHYNBOCTb;
nonynAUMOHHaA CTPYKTypa.
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important scientific directions in plant genetics. The

nuclear microsatellite loci are highly variable codomi-
nant molecular markers widely used in population genetic
studies, genetic identification of individual genotypes and
clones, parentage analysis, and confirmation of the hybridity.
The development of multiplex panels consisting of nuclear
microsatellite loci is relevant for the genus Spiraea due to the
complexity in the taxonomic identification of samples, the
phenomenon of hybridization and polyploidy, and the clonal
nature of the distribution of some species, so the fragment
analysis based on the developed multiplex sets can substan-
tially simplify the workflow.

The Spiraea species grow in temperate and boreal zones of
the Northern Hemisphere. The southern border of the genus
range in Asia passes through the Eastern and Northern Hima-
layas, in America the southern border crosses the Central part
of Mexico. The genus Spiraea includes more than 100 taxa in
the world flora and about 25 taxa in Russia.

There are few researches devoted to the analysis of po-
pulation-genetic structure of species of Spiraea genus, and
they are mainly associated with the development of primers
for microsatellite analysis of specific species (Brzyski, 2010;
Ashizawa et al., 2012; Khan et al., 2014). However, there
are no publications on PCR multiplexing and development
of multiplex assays for genotyping of Spiraea species. The
population genetic studies in such species as Spiraea ussu-
riensis, S. flexuosa, S. chamaedryfolia have been conducted
for the first time.

The goal of this research was to assess the genetic diver-
sity of some Siberian and Far Eastern species of the genus
Spiraea by newly developed multiplex panels of nuclear
microsatellite markers able to raise efficiency and optimize
population genetic studies, species and clone identification
in the Spiraea taxa.

_|_he study of biological diversity is one of the most

Materials and methods

The present study was carried out on 115 samples of Spiraea
spp. collected by us in seven native stands located in Siberia
and the Far East of Russia. While collecting samples, the
ability of Spiraea to develop clonal offsprings was taken into
account. The geographical location, code and sample size
for the studied sites are listed below: S. ussuriensis — Ussu-
riysk (uss), Primorsky Krai, Ussuri district, 15 specimens;
Ol’ga (olg), Primorsky Krai, Ol’ginsky district, 8 specimens;
Gornovodnoye (gorn), Primorsky Krai, Ol’ginsky district,
18 specimens; Zeya (zey), Amurskaya oblast, Zeyskii district,
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19 specimens; S. flexuosa — Shkotovo (shkt), Primorsky Krai,
Shkotovsky district, 23 specimens; Buryat (ul), Buryatia, near
Ulan-Ude city, 15 specimens; S. chamaedryfolia — Turochak
(tur), Altayskiy Kray, Turochakskiy district, 17 specimens.

Total DNA was isolated from herbarium specimens by both
the standard CTAB method (Doyle J.J., Doyle J.L., 1990)
and the commercial kits for isolation of genomic DNA from
plants — GeneJET Mini (Fermentas) and DNeasy Plant Mini
Kit (Qiagen), MagMAX DNA Multi-Sample Kit (Invitro-
gene). The concentration and amount of DNA were measured
in 0.8 % agarose gel and spectrophotometrically (NanoPho-
tometer P-Class P-360, Implen).

First of all, we carried out screening of primers designed for
different species of Spiraea (Brzyski, 2010; Ashizawa et al.,
2012; Khan et al., 2014). All 37 primer pairs previously pub-
lished were selected for pre-screening. Each primer pair was
first tested in a separate PCR following the original protocols.
Loci that showed stable amplification were further combined
into groups of three or two in order to develop PCR multiplex
assays. If it was possible, primers with identical annealing
temperature were combined into one set.

From the selected eight pre-screened loci three multiplex
assays, each of them amplifying three or two loci, were de-
veloped (Table 1). DNA was diluted to a concentration of
10 ng/ul. A total PCR volume of 15 pl, containing 1.5 ul
10xPCR Buffer, 0.75 u1 50 mM MgCl,, 0.25 pl 10 mM dNTP
mix, 1 uM of each primer 5 mM (the forward primer with a
fluorescent label, linked to the 5’end; Evrogen, Russia), 0.2 ul
5 u/ul HS Tag DNA Polymerase (Evrogen, Russia), 8.3 ul
ddH,0, and 2 pl 10.0 ng DNA was used. The touchdown
PCRs were run on DNA Engine Dyad Peltier Thermal Cycler
(Bio-Rad, USA) under the following conditions: 15 min of
denaturation at 95 °C, 1 min at 94 °C, 1 min at 60-47 °C
(temperature of primer annealing decreased in each cycle by
1 °C), 1 min at 72 °C (10 cycles); 1 min at 94 °C, 1 min at
47 °C and 1 min at 72 °C (25 cycles); terminal elongation at
72 °C for 20 min. The PCR products were diluted 1:10 or 1:50
times depending on the product concentration. For fragment
analysis, 2 pul of diluted product was combined with 12 ul of
total mixture of GeneScan 600 LIZ size standard (5 pl) and
HiDi Formamide (190 ul) (Life Technologies). A fragment
analysis was carried out on an ABI PRISM 3500 Genetic
Analyzer (Life Technologies). Genotyping was performed
using GeneMapper 5 software (Life Technologies).

The obtained multi-locus genotypes of the samples were
analyzed in the program GenAlEx V.6.5 (Peakall, Smouse,
2012) in order to identify the main parameters of intra-popu-
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Table 1. Characteristics of the eight loci used in three multiplex assays

Repeat motif

lation variability (an average and effective number of alleles
per locus, expected and observed heterozygosity, inbreeding
coefficient, etc.). The genotypes were tested in the program
Micro-Checker v.2.2 (Van Oosterhout et al., 2004) in order
to identify “null-alleles”. The Ewens-Watterson tests for he-
terogeneity and for neutrality were made in the program Pop-
Gene32 (Yeh et al., 1999). Population genetic structure was
inferred from multilocus microsatellite genotypes (K) using
the Bayesian clustering algorithm in the program STRUC-
TURE v. 2.3.4 (Pritchard et al., 2000). For each number of
inferred clusters (K) varied from 2 to 8. Five independent
replicas of simulations with the number of iterations equal to
100000 with the previous heating period of 10.000 iterations
were performed using the LOCPRIOR = 1 population data
binding option. The most probable number of clusters was
evaluated in the program Structure Harvester (Earl, von Holdt,
2012) using the method by G. Evanno et al. (2005) based on
the selection of K with the highest likelihood ratio with the
lowest standard deviation and the maximum increment (pa-
rameter DeltaK). Further processing of the results for the most
probable K was performed in the program CLUMPP v.1.1.2
(Jakobsson, Rosenberg, 2007) and visualized in the program
Distruct (Rosenberg, 2007).

Results

For microsatellite analysis of Spiraea species, 37 heterologous
microsatellite loci were tested, initially designed to study the
genetic variability of the rare North American species S. vir-
giniana (Brzyski, 2010), the Japanese species S. thunbergii
(Ashizawa et al., 2012) and the Asian species S. alpine and
S. mongolica (Khan et al., 2014).

According to the results of testing 37 microsatellite nuclear
loci 12 did not show specific amplification, 9 were mono-
morphic, 8 contained “null-alleles”. Therefore, for further
routine genotyping of Spiraea samples we selected eight pairs
of primers demonstrating good reproducibility, stability and
expressed polymorphism. Based on these loci, three multiplex
panels (see Table 1) were designed in order to optimize routine
by performing fragmented analysis on the capillary sequencer.

The selected loci were used to study the genetic polymor-
phism and population structure of closely related species
S. ussuriensis, S. flexuosa, S. chamaedryfolia from seven
Far Eastern and Siberian native populations. All the eight
analyzed nuclear microsatellite loci in these Spiraea species
were polymorphic. Most variable loci were Spth20 and VS11,
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12 and 7 alleles, respectively. The remaining loci (VS2, VS6,
SA2, Spthl6, SA4, and VS12) demonstrated lower allelic
richness — from three to five alleles per locus. Among 105
individual specimens included in this study, homozygotes for
“null-allele” were not found. A total of 41 allelic variants were
identified, 7 alleles (17 %) of which were unique, occurring
only in a single population. In the Shkotovsky population
four unique alleles were detected. Based on the observed
distributions of genotypes, the parameters of interpopulation
variability were calculated (Table 2).

Analysis of genetic variability parameters in Spiraea spp.
showed similar values of allele number per locus and observed
heterozygosity among populations and slightly greater esti-
mates of expected heterozygosity in the samples of S. flexu-
osa (N, =2.387; H,=0.387+0.052; H, = 0.540+0.055) as
compared to S. ussuriensis (N, = 2.781; H,=0.385+0.079;
Hy = 0.453+0.072) and S. chamaedryfolia (N, = 2.875;
H,=0.331£0.071; H; = 0.505£0.069).

The values of the main parameters of genetic polymorphism
estimated by us indicated the average level of genetic diversity
of'the studied Spiraea species to be within the limits of the val-
ues earlier revealed for populations of S. virginiana (Brzyski,
2010), S. thunbergii (Ashizawa et al., 2012), S. alpina and
S. mongolica (Khan et al., 2014) for the corresponding loci.
The comparison of observed and expected heterozygosity
showed that all the loci indicated a deficit of heterozygous
genotypes within samples (positive values of F';s) for most of
the studied microsatellite loci, except for the locus Spthli6,
which revealed a slight excess of heterozygotes (Table 3).
Most genotype distributions within individual populations
demonstrated also deficiency of heterozygotes (see Table 2).
The Buryat population of S. flexuosa (F = 0.371) and the
Turochak population of S. chamaedryfolia (F' = 0.340) were
distinguished by the increased values of Wright’s fixation
index, which can be explained by the low population sizes
of these species, as well as by the probable self-pollination
and/or consanguineous matings leading to a high degree of
inbreeding. These observations showed the species of the
genus Spiraea to be often reproduced not only sexually, but
also through the root offspring. Thus, the observed deficit of
heterozygotes may be caused by closely related crosses and
vegetative reproduction prevailing in the species of section
Chamaedryon.

The study of the population structure of the selected species
of Spiraea using Wright’s F-statistics (see Table 3) detected in
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Table 2. Parameters of Spiraea genetic variability
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Population code Ny N Ho He F
USS262520470425i00790466i0072 .............. 0 094 ........................
o|92000 .......................... 1679029710097033910083 .............. o 156 ........................
gom30002005039610087045510072 .............. 0 144 ........................
zey .......................................................... 3 50027430421i00540561i0060 .............. 0 231 .........................
Averagevalues for S.ussuriensis 2781 2119 0385:0079  0453%0072 0156
Shkt ......................................................... 3 75024880424i0035056210050 .............. 0 231 .........................
u|2875 .......................... 2 286035010069051810059 .............. 0 371 .........................
AveragevaluesforS.flexuosa 3313 2387 03870052 05400055 0301
tur ........................................................... 2 875 .......................... 2 2650331i00710505i0069 .............. 0 390 ........................
Averagevalues forall populations  2946+0.184  2216£0.112  0378%0027  0487%0026 0239%0039

Note. N, - average number of alleles per locus; N - effective number of alleles; H, — observed heterozygosity; Hg — expected heterozygosity; F - fixation index.

individuals of Spiraea spp. populations a 24 % deficit of he-
terozygotes (£, = 0.242) relative to the population and about
38 % being a deficit of heterozygous genotypes (£,,= 0.383)
relative to the species S. chamaedryfolia s.1. About 19 % of
the total observed variability resulted from interpopulation
variation (Fg; = 0.191). 81 % of all genetic polymorphism
was concentrated within populations.

The loci with maximum differentiation of these populations
were: VS11, VS12, VS2, and VS6. The test for heterogeneity
of allele frequencies in geographically close samples from
the Primorsky territory “olg” and “gorn” revealed significant
differences between samples in allele frequencies in three loci:
VS11, VS2 and SA4, as well as in general (Table 4).

Based on the frequencies of alleles of the studied nuclear
microsatellite loci the differentiation of the studied Spiraea
spp. samples was analyzed. The standard genetic distances
between populations range from 0.049 to 0.585. In general,
genetic differentiation within the investigated populations
corresponds to their geographical remoteness from each other.

Table 3. Values of Wright's F-statistics

Locus Fis Fir For
V571 ................. 0 040 ...................... 0 372 ...................... 0 346 ....................

V572 ................ 0 4” ....................... 0 564 ...................... 0 259 ....................

V52 .................. 0 467 ...................... 0 583 ...................... 0 217 ....................

V56 .................. 0 1 84 ...................... 0 412 ...................... 0 280 ....................

Spmo ............. 0 323 ...................... 0 454 ...................... 0 194 ....................

Spth 16 ............. - 0051 ..................... - 0026 .................... o 024 ....................

5 A2 .................. 0 268 ...................... 0 295 ...................... 0 037 ....................

5 A4 .................. 0 293 ...................... 0 414 ...................... 0 172 ....................
Average 02420063  0383£0067 019140040

Note. Fjs-the inbreeding coefficient of an individual relative to the subpopu-
lation to which it belongs; F;; - the inbreeding coefficient of an individual rela-
tive to the whole population; Fs; - the coefficient of inbreeding of the sub-
population relative to the entire subdivided population.

Table 4. The results of the test for heterogeneity of allele frequencies in the populations “olg” and “gorn” of S. ussuriensis

on the studied SSR loci

Locus Value of 42 Number of degrees of freedom Probability Significance level
VS” ...................................... 7 1 633 .................................. 1 ............................................................. 0 0074 .................................. s

V572 ..................................... 5 8196 .................................. 3 ............................................................. 0 1207 .................................. N 5 .......................................

V52 ....................................... 1 12254 ................................ 2 ............................................................. 0 0037 .................................. S

V56 ....................................... 0 8 432 .................................. 1 ............................................................. 0 3585 .................................. N 5 .......................................

5pth20 .................................. 1 02716 ................................ 5 ............................................................. 0 0679 .................................. N 5 .......................................

Spth 16 .................................. 0 9 489 .................................. 2 ............................................................. 0 6222 .................................. N S .......................................

SAZ ....................................... 0 2941 ................................... 2 ............................................................. 0 8633 .................................. N S .......................................

5A4 ....................................... 2 85278 ................................ 2 ............................................................. 0 0000 .................................. S

| n . genera| ............................. 6 50938 ................................ 18 .......................................................... 0 0000 .................................. s

Note. The statistical significance of allele frequency shifts as determined by heterogeneity test is indicated by asterisks; p - the significance level;

**p<0.01;** p<0.001; NS - not significant at the 5 % level.
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Fig. 1. Projection of the studied Spiraea populations on the two-coordi-
nate system according to the PCoA-analysis of the Nei genetic distances
matrix.
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Fig. 2. Analysis of the population structure of S. chamaedryfolia s.|. with
the assumed number of genetic clusters K= 3.

The Turochak and Buryat populations (the genetic distance is
0.049) were characterized by the lowest genetic differences.
Previously, we showed strong affinity of S. flexuosa and
S. chamaedryfolia species by morphological features. Analysis
of genetic distances using multidimensional scaling (PCoA)
demonstrated genetic differentiation of populations under the
study (Fig. 1). Corresponding to their mutual geographical
location, a grouping of samples with each other was observed.
Based on the results of the main coordinates analysis two
groups can be distinguished; one — more Western — combin-
ing the samples “tur” and “ul” from Altai and Buryatia, which
belong to different species S. chamaedryfolia and S. flexuosa,
respectively; while the second Eastern one was differentiated
not so clearly and included the Far Eastern samples of S. flexu-
osa and S. ussuriensis. The samples of “shkt” population of
S. flexuosa were among the populations of S. ussuriensis.
The analysis of population structure was also conducted in
the program STRUCTURE v. 2.3.4 on the basis of multilocus
genotypes. The most probable number of initial genetic clus-
ters K = 3 was calculated corresponding to the provisional
species — S. chamaedryfolia, S. flexuosa, S. ussuriensis. The
identified clusters contribution to genotypes of populations
and individuals as well as the distribution of individuals by
population are visualized using different colors (Fig. 2). Taking
into account the designation of clusters 1, 2 and 3 (K1, K2,
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K3), colors are yellow, pink and red, respectively. It is possible
to note a clear predominance in the studied samples of S. us-
suriensis genetic cluster K1, and K1 represents the most of the
gene pool of S. ussuriensis from Primorsky Krai. In the “zey”
sample from the Amur region, along with the predominance of
K1, K2 and K3 clusters make a significant contribution to all
individuals in the population. Genetic cluster K2 dominates
the sample “shkt” S. flexuosa from Primorsky Krai. Cluster
K3 prevails in samples “tur” and “ul” from Altai and Burya-
tia belonging to different species — S. chamaedryfolia and
S. flexuosa, respectively, and slightly represented in all the
other samples. The content of the genetic cluster K1 in small
quantities is shown in samples S. flexuosa — “shkt” and “ul”.

Discussion

The values of the main parameters of genetic polymorphism
established by us indicated the average level of genetic diver-
sity of the studied populations of Spiraea in the investigated
regions and were within the same range as of similar values
estimated for populations S. virginiana (Brzyski, 2010),
S. thunbergii (Ashizawa et al., 2012), S. alpina and S. mon-
golica (Khan et al., 2014). A higher level of interpopulation
variability (37.3 %) was observed in S. prunifolia for sim-
pliciflora from Korea on the basis of analysis of ISSR repeats
(Huh, 2009), and the highest (73.7 %) of the studied one — in
S. alpina from the Tibetan upland in Central Asia based on
variability of #rnL-trnF sequences of chloroplast DNA (Zhang
etal., 2012).

A similar pattern of heterogeneous structure of populations
of species close to S. chamaedryfolia s.l. was shown by us
earlier on a combination of morphological characteristics
(Polyakova, 2004). S. chamaedryfolia, S. flexuosa and S. us-
suriensis were not significantly different in morphometric
characteristics meanwhile weak ones being distinguishable
qualitative (within such features as: degree of the pubescence
of the abaxial part of the leaf, the shape of the axillary buds,
color of shoots, the nature of “jagged” edges of the leaf blade).
Almost all signs of intermediate forms between these species
have been found. The clustering of populations of these species
by morphological features showed a single, structurally hetero-
geneous group. Most likely, it is necessary to consider these
samples as one species — S. chamaedryfolia. A small number
of relatively reliable indicators-discriminators in S. flexuosa
and S. ussuriensis indicate their intraspecific rank. Probably,
a separate taxonomic status should be considered for coastal
populations of S. flexuosa and S. ussuriensis (S. flexuosa from
the samples of population “shkt” formed a separate genetic
cluster K2). The hybrids of S. ussuriensis with another close
species S. elegans were described by A.l. Pojarkova (1939).
According to the morphological characteristics of the hybrids
such specimens were found by us in various parts of the Amur
region. Probably, individuals from the population “zey” of
S. ussuriensis from the Amur region have a hybrid origin,
as indicated by the combination of contributions of different
genetic clusters to this population (see Fig. 2).

Thus, the developed multiplex panels of eight nuclear micro-
satellite loci made it possible to study the genetic variability
and population structure of close relatives of S. chamaedryfo-
lia s.1., suggest hybrid origin of some specimens and popula-
tions. For the most accurate decisions on subspecies structure
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of the S. chamaedryfolia s.l. complex and about the distri-
bution of certain taxonomic units and the composition of
genetically heterogeneous populations analysis of ecological,
morphological and genetic data is required as well as samples
should be more representative.
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At Pushkin and Pavlovsk Laboratories of the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR) a
diverse collection of local apple cultivars is maintained.
Some of the cultivars are widely used in breeding pro-
grams for their ecological plasticity, increased adapta-
tion to abiotic stress and disease resistance, still there
have been no large-scale studies of these local cultivars
for fruit storage ability. Fruit softening during storage
is an important problem for apple production. Reten-
tion of desirable firmness after prolonged storage is
one of the key requirements for new apple cultivars.
Expansin and ethylene biosynthesis related genes are
known to be involved in control of fruit softening in
apple, and gene specific molecular markers have been
reported. In this study the polymorphism and allelic
configuration of ethylene and expansin biosynthe-

sis related genes Md-ACS1, Md-ACO1 and Md-Exp7
involved in control of fruit softening in 87 local apple
cultivars from VIR Collection of Plant Genetic Resourc-
es were analyzed. PCR markers Md-ACS1, Md-ACO1

and SSR-marker Md-Exp7 were used in the study. The
allele frequencies in the collection generally coincided
with the data from previous studies. Md-ACS1 allele

2 associated with reduced ethylene production was
found only in three local cultivars, while all the studied
local cultivars were heterozygous for the Md-ACO1
locus, as well as most modern Russian apple cultivars.
Half of the studied local cultivars were heterozygous
for Md-Exp7 (198:202). Thirteen local cultivars with rare
Md-Exp7 alleles (206, 210 and 212) were detected. No
association was found between the Md-Exp7 genotype
and the cultivars’ maturation time. The obtained results
can be used for additional evaluation of the cultivars’
potential for breeding.

Key words: apple; local cultivars; ethylene production;
expansin; fruit softening; marker assisted breeding.
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IMonumopdr3M reHOB 6MOCUHTE3a
STWJIeHa U 9KCIIaHCMHA YV MeCTHBIX

11 CTapOJaBHUX COPTOB SIOIOHU

(Malus domestica Borkh.) 13 KoyuieKumnm
reHeTNYeCKNX pecypcoB pacTeHuii BUP

VLH. lllammuul @, A.B. lllassac?, A.A. TpM(bOHOBa3, K.B. BOpI/ICS,
A.M. KyApﬂBue33

T MinuypuHcKknin rocynapcTBeHHbIii arpapHblii yRuBepcuTeT, MunuypuHck, Poccus

2 DepeparnbHbIil MCCNEOBATENbCKNI LieHTP Bcepoccuiickuin NHCTUTYT
reHeTNYecKnx pecypcoB pacteHnin um. H.W. Basunosa (BUP), CaHkT-MeTepbypr,
Poccuma

3 NHCTUTYT 061wein reHeTmkn nm. H./. BaBunosa Poccuiickol akafemmnm Hayk,
MockBa, Poccua

B MywkuHckux 1 MaBnoBcKmx nabopatopuax Bcepoccninckoro MHCTY-
TyTa reHeTU4Yeckux pecypcoB pacteHnii um. H.W. Basnnosa (BUP)
npencTaBieHa Konnekuma pa3Hoo6pasHbIX MECTHbBIX U CTapOAABHYX
copToB A6M0HN. HeKoTopble 13 HUX LWPOKO NCMOJb3YIOTCA B Cenek-
LIMOHHbBIX NporpaMmmax 6narofaps SK0Nornyeckomn nnacTmyHoCTu,
MOBbILIEHHON YCTOMYMBOCTM K abMOTNYECKOMY CTpeccy 1 6onesHaMm,
O[IHaKO MacLUTabHbIX UCCNefoBaHNI JIEXKOCTU NIOJOB Y MECTHbIX U
CTapofaBHNX COPTOB He MPOBOANIIOCh. JIEXKKOCTb NNOJOB ABNAETCA
BaXkHOW Npobnemoi ansa npovissoaunTenei. CoxpaHeHvie TBepAOCTY
NI0A0B BO BPeMA AJINTENIbHOIO XPaHeHUA — OJHO U3 KJI0YeBbIX Tpe-
60BaHMIN, NpeabABNAEMbIX K HOBbIM COpTaM A6/10HN. MoKa3aHo, uTo
reHbl OMOCMHTE3a STUIIEHA 1 DKCMAHCKMHA BOBJIEYEHbl B KOHTPOJb
NEXKOCTN Y ABNOHN, pa3paboTaHbl cneyndryHble MONeKynapHble
MapKepbl AnA 3TUX reHoB. B HacToALlem nccnefgoBanny NposeaeH
aHanu3 annenbHoro pa3Hoobpasms reHoB BUOCKHTE3A STUMEHA U
3KcnaHcHa Md-ACS1, Md-ACO1 v Md-Exp7, BOBNEYEHHbIX B KOHTPOJb
NEXKOCTV MI0J0B Y 87 MECTHBIX 1 CTapOfAaBHMX COPTOB AGOHN 13
KOJIeKLMN reHeTNYeCKnx pecypcoB pacteHnin BUP. bbinn ncnonb3so-
BaHbl MLP-mapkepbl Md-ACST, Md-ACO1 n SSR-mapkep Md-Exp7. Yac-
TOTbI annenemn B n3yYeHHOW KONIEKLUMM B LLeSIOM COBNaAanu € AaHHbI-
MU Npegblaywmx nccnenosannin. Annenbs 2 reHa Md-ACS1, onpepens-
IOLLMIA CHUXKEHHDBIN YPOBEHb CHHTE3a 3TWMEHa, ObiN BbIABNEH TONIbKO
y Tpex 06pasLoB, B TO BPems Kak BCe M3yUYeHHble MECTHbIe 1 CTapo-
[aBHUe copTa 6blIN reTepo3mnroTHbl Mo nokycy Md-ACO1, Tak e Kak
1 6OMbLWINHCTBO N3YUYEHHbIX PaHee COBPEMEHHbIX OTEUECTBEHHbIX
copToB sA6510HW. [oNoBUHa NPOaHaNM3MpPOBaHHbIX 06Pa3LIoB ObiNK
reTepo3nroTHbl No nokycy Md-Exp7 (198:202). BbisiBneHO 13 MeCTHbIX
1 CTapOAaBHUX COPTOB, HECYLLMX pefiKkre annenu reHa Md-Exp7 (206,
210 1 212). He 6b1510 06Hapy»KeHO CBA3M MeX[y coueTaHUeM annenein
reHa Md-Exp7 v BpemeHeM CO3peBaHUNA N3yUYeHHbIX COPTOB. [onyyeH-
Hble pe3ysibTaTbl MOrYT GblTb MCMONIb30BaHbI MPU JOMOAHUTENBHON
OLIeHKe MoTeHLana n3y4YeHHbIX reHOTUMOB AGIOHN ANs CeNnekumn.

KntoueBble cnoa: AGNOHA; MECTHbIE U CTapodaBHMe CopTa; CUMHTE3
3TUNEHAa; SKCNaHCUH; NeXKOCTb MJI0A0B; MapKep-accounnpoBaHHanA
cenexkuus.



handling to provide year-round high-quality apples to

consumers. Shelf life — one of the key characteristics
of apple cultivars — is limited by loss of firmness during stor-
age and transportation, known as fruit softening. Shelf life
depends not only on growing methods, harvesting time and
successful application of postharvest technologies but also on
the genetic basis of a cultivar. Firmness at harvest and after
storage varies greatly among apple cultivars (Bratilova et al.,
2015). Retention of desirable firmness after prolonged stor-
age is one of the key requirements for new cultivars. Apple
genotypes with prolonged storage time have always been of
great interest to breeders, and DNA markers are widely used
to study the genetic potential of Malus germplasm for breed-
ing purposes. Today, in studies of fruit softening in Russian
and international apple germplasm collections, ethylene and
expansin biosynthesis related genes markers are widely used
(Nybom et al., 2013; Suprun, Tokmakov, 2013; Savel’ev et
al., 2014a, b; Shamshin, Savelieva, 2014).

Fruit ripening is controlled by internal ethylene concen-
tration that plays an important role in apple softening and is
associated with a rapid rise in ethylene production. Ethylene
biosynthesis in plants is controlled by two enzymes: 1-amino-
cyclopropane-1-carboxylate synthase (ACC synthase (ACS)
(EC 4.4.1.14)) and 1-aminocyclopropane-1-carboxylate oxi-
dase (ACO (EC 1.14.17.4)) that belong to large gene families.
The two most well-studied genes encoding these enzymes in
M. domestica are Md-ACS1 (LG 15) and Md-ACO1 (LG10)
(Sunako et al., 1999; Harada et al., 2000; Oraguzie et al., 2004,
2007; Costa et al., 2005). Two alleles have been identified
in the Md-ACOI locus: the cultivars homozygous for low
ethylene allele 1 (525 bp) show better firmness retention than
heterozygous cultivars and cultivars homozygous for allele 2
(587 bp) (Costa et al., 2005, 2010; Zhu, Barritt, 2008). Two
alleles were also reported for the Md-ACSI locus (Harada et
al., 2000; Oraguzie et al., 2004, 2007; Nybom et al., 2008;
Zhu, Barritt, 2008). Allele 2 (655 bp) is associated with a
reduced ethylene production while allele 1 (489 bp) results
in normal ethylene production. Of these two loci, Md-ACS1
appears to have the strongest effect on fruit storage (Nybom et
al., 2013).

Expansins are the proteins involved in disruption of the
non-covalent bonds between the hemicellulose matrix and
the cellulose microfibril of a cell wall during fruit softening
(Costa etal., 2008). A functional marker was developed based
on the microsatellite motif within the untranslated region of
expansin gene Md-Exp7 (LG1) (Costa etal., 2008). The allelic
composition of studied apple cultivars for the SSR marker
was associated with differences in fruit softening: 198 bp
(best firmness retention), 202 bp (intermediate) and 214 bp
(worst) (Costa et al., 2008). Later screening of apple cultivars
and species collections revealed some rare Md-Exp7 alleles
with unknown effect on fruit softening (Nybom et al., 2012,
2013; Savel’ev et al., 2014b).

These markers were used to study the allelic diversity of
the Md-ACS1, Md-ACOI and Md-Exp7 genes in different
apple germplasm collections, including modern Russian apple
cultivars and other species of genus Malus (Zhu, Barritt, 2008;
Nybom et al., 2012, 2013; Suprun, Tokmakov, 2013; Savel’ev
et al., 2014a, b; Shamshin, Savelieva, 2014). However, their

Q pple is a climacteric fruit that needs special postharvest
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predictive power had turned out to be rather low (Nybom et
al., 2013).

VIR collection of plant genetic resources is one of the
most diverse and interesting in the Russian Federation and
includes many varieties, forms and species of genus Malus. At
Pushkin and Pavlovsk Laboratories of VIR many local apple
cultivars from Russia (distributed throughout the country and
regional), Eastern and Western Europe, the Baltic countries
and Scandinavia are present. This collection had never been
previously involved in large-scale studies using DNA markers,
although, some of the cultivars are widely used in breeding
programs for their ecological plasticity, increased adaptation
to abiotic stress and disease resistance, which makes a search
for new donors of valuable traits among them a worthy affair.

The aim of this work was to study genetic diversity and
allelic configuration of the ethylene and expansin biosynthe-
sis genes (Md-ACS1, Md-ACOI1 and Md-Exp7) involved in
control of fruit softening in local apple cultivars from the ex
situ collection of Pushkin and Pavlovsk Laboratories of VIR.

Materials and methods

The plant material was obtained from Pushkin and Pavlovsk
Laboratories of VIR. The collection comprised 89 accessions,
including 87 local apple cultivars and 2 reference cultivars.
All the names of the accessions together with their catalogue
numbers can be found in Table.

Total genomic DNA was extracted from the fresh leaves
using the Qiagen DNeasy Plant Mini Kit following the manu-
facturers’ protocols.

The sequences of the Md-ACSI and Md-ACO]I primers
and the relative PCR conditions were reported by T. Harada
et al. (2000) and F. Costa et al. (2005) respectively, and the
sequences of the Md-Exp7 SSR primers and the relative
PCR conditions were reported by F. Costa et al. (2008):
Md-ACO1f 5'-TCCCCCCAATGCACCACTCCA-3";
Md-ACOIr 5-GATTCCTTGGCCTTCATAGCTTC-3'; Md-
ACSIf 5'-AGAGAGATGCCATTTTTGTTCGTAC-3"; Md-
ACSIr5'-CCTACAAACTTGCGTGGGGATTATAAGTGT-3";
Md-Exp7f 5'-(Fam) CATAGAAGGTGGCATGAGCA-3";
Md-Exp-7r 5-TTTCTCCTCACACCCAAACC-3'.

PCR reactions were performed in T100 Thermal Cycler
(BioRad) in a final mix of 15 pl containing 20 ng of genomic
DNA, 0.25 mM of each dNTP, 2.5 mM MgCl,, 0.2 uM of each
primer, 1 U of Taq polymerase and 1.5 pl of 10x PCR-buffer
(all components produced by Dialat (Russia)), using the allele
specific primers manufactured by Evrogen (Russia).

The PCR products with Md-ACS1 and Md-ACOI primers
were separated on a 2 % agarose gel, stained with ethidium
bromide and evaluated on a UV-light box, using GeneRuler
100 bp Plus DNA Ladder (Thermo Fisher Scientific).

Md-Exp7 SSR analysis of labeled amplification products
was performed by capillary electrophoresis on ABI Prism
3130x1 Genetic Analyzer, (Thermo Fisher Scientific). The re-
sults were analyzed using GeneMapper v4.1 (Thermo Fisher
Scientific).

Results

For all the studied accessions, stable, clearly reproducible
results were obtained from the three markers, and reference
cultivars with known Md-ACSI, Md-ACO1 and Md-Exp7
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Analyzed apple cultivars

Local cultivars Catalogue Maturation Allelic configuration

: *
number time ACS1 ACO1 EXP7
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End of Table
Local cultivars Catalogue Maturation Allelic configuration
e OO
number time ACS1 ACOT EXP7

* S - summer; A - autumn; W - winter.
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Ethylene and expansin biosynthesis genes polymorphism
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Md-ACS1 (a) and Md-ACOT1 (b) polymorphisms detected in the studied local apple cultivars.

a: 1 - Anis Seryi; 2 — Anis Ahaczkij; 3 - Vargul’; 4 - Vinnoe; 5 — Voskovoe Prevoshodnoe; 6 — Voskovoe Stepino; 7 - Vydubeckaya Plakuchaya; 8 - Gravenshtejnskoe
Russkoe; 9 — Anisovka; 70 — Grushovka Grebnickogo; 77 — Grushovka Revel'skaya; 72 — Grushovka Yudicheva; 13 — Delyukinskoe; 74 — Dynnoe; 15 — Zelenoe
Knyazheskoe; 76 — Zimnee Uchkhozovskoe; 17 — Berezovka ot Isakova; 18 — Kal'vil' Belyj Letnij; 79 — Kal'vil’ Oranzhevyj; 20 - Korichnoe Ananasnoe; 27 - Korichnoe
Beloe; 22 - Mestnoe Lezkoe; 23 - Fuji; 24 — Granny Smith.

b: 1 - Borovinka Moguchaya; 2 - Buhovka; 3 - Vargul’; 4 - Vinnoe; 5 - Voskovoe Prevoshodnoe; 6 - Voskovoe Stepino; 7 — Vydubeckaya Plakuchaya; 8 - Golubok
Kryugera; 9 - Gravenshtejnskoe Russkoe; 10 — Grushovka Grebnickogo; 77 — Grushovka Revel'skaya; 12 — Grushovka Yudicheva; 13 - Delyukinskoe; 14 - Dynnoe;
15 — Zelenoe Knyazheskoe; 16 — Zimnee ot Berdashkevicha; 17 - Zimnee Uchkhozovskoe; 18 - Kal'vil’ Belyj Letnij; 79 — Kal'vil' Oranzhevyj; 20 - Korichnoe

Ananasnoe; 21 - Korichnoe Beloe; 22 - Korichnoe Polosatoe; 23 — Granny Smith; 24 - Fuji.

genotypes were used to confirm the results (see Table, Figure,
a and b).

Md-ACS1 and Md-ACOI loci. Analysis of the Md-ACS1
locus polymorphism of 87 local apple cultivars from the col-
lection allowed to identify two known alleles: Md-ACS1-1
(489 bp) and Md-ACS1-2 (655 bp). Eighty four samples
were homozygous for the Md-ACSI-1 allele, while only three
samples — Anisovka (47), Berezovka ot Isakova (24476) and
Mestnoe Lezhkoe (20281) — were heterozygous for this locus
(see Figure, a). Among the samples studied, no homozygotes
for the Md-ACS1-2 allele were found.

All the studied local cultivars were heterozygous for the
Md-ACOI locus and carried alleles Md-ACO1-1 (525 bp) and
Md-ACO1-2 (587 bp) (see Figure, b). No homozygous samples
were identified from these alleles.

Md-Exp7 locus. Microsatellite marker Md-Exp7 allowed
to identify five alleles in the studied samples (198, 202, 206,
210, 212). Alleles 198 and 202 bp were the most common in
the studied cultivars. In 44 local cultivars a combination of
198:202 alleles was detected, 19 local cultivars were homozy-
gous for allele 202, 11 local cultivars — for allele 198 provided
that the studied samples do not have any undetected allele. The
presence of three rare alleles (206, 210, 212 bp) was detected
in 13 local cultivars studied. So, allele 210 was identified in
nine local cultivars, allele 206 — in four, and allele 212 — in
one cultivar (see Table).

Discussion
Md-ACS1 and Md-ACOI loci. In our study of 87 lokal apple
cultivars from the collection of Pushkin and Pavlovsk Labo-
ratories of VIR the Md-ACS1 allele 2, associated with low
ethylene production, was very rare. We identified only three
heterozygous genotypes Md-ACS1-1/2 (Anisovka, Berezovka
ot Isakova and Mestnoe Lezkoe), while the remaining 84 local
cultivars were homozygous for allele 1 (see Table).

In the previous screening of old and modern apple cultivars
collection, out of 127 studied cultivars only eight were homo-

664 VavilovJournal of Genetics and Breeding - 2018226

zygous for Md-ACS] allele 2, while 46 cultivars were hetero-
zygous and 73 —homozygous for allele 1 (Nybom et al., 2013).
In contrast, of 60 cultivars/selections from Washington State
University apple breeding program, 28 were homozygous
for allele 2, 27 were heterozygous, and 5 — homozygous for
allele 1 (Zhu, Barritt, 2008).

The results reported for 48 modern Russian apple cultivars
showed that 19 cultivars were heterozygous for the Md-ACS1
locus, and 17 and 8 cultivars were homozygous for alleles
1 and 2 respectively (Suprun, Tokmakov, 2013). Among 72
apple cultivars from the collection of Michurin All-Russian
Research Institute of Genetics and Breeding of Fruit Crops
only nine Russian cultivars had the Md-ACS1-1/2 genotype
and no homozygotes for allele 2 were detected (Savel’ev et
al., 2014a).

It was reported that relative frequencies of the two Md-
ACS]1 alleles varied depending on time of introduction of
apple cultivars and the frequency of desirable allele 2 had
increased in modern apple cultivars, indicating that this allele
has been favored by selection for improved fruit quality in
modern apple breeding programs (Nybom et al., 2008, 2012).
At the same time, later statistical evaluation did not reveal any
effect of cultivar age on fruit softening (Nybom et al., 2013).

Our data have confirmed that Md-ACS1-2 allele frequency
is low in old local apple cultivars and is increasing not only
in foreign apple cultivars, but also in modern Russian apple
cultivars, which may be due to a wider involvement of foreign
material in the breeding process.

All the studied 87 local apple cultivars were heterozygous
for Md-ACOI locus (see Figure, b). Similar results were
reported for 48 modern Russian apple cultivars (Suprun,
Tokmakov, 2013) and 72 apple cultivars from the collection
of Michurin All-Russian Research Institute of Genetics and
Breeding of Fruit Crops (Savel’ev et al., 2014a). As well as
among the 95 studied cultivars and selections used as parents
in Washington State University apple breeding program 76
were also heterozygous for Md-ACO1 (Zhu, Barritt, 2008).

Plant genetics
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It was suggested that selection for fruit firmness has had little
impact on increasing the frequency of low ethylene producing
ACOI-1 homozygotes in apple breeding programs (Zhu, Bar-
ritt, 2008). At the same time in the study of 127 old and modern
apple cultivars, the majority was homozygous for undesirable
allele Md-ACO1-2, and the study showed no significant varia-
tion in softening rate during storage among the cultivars with
different allele configurations (Nybom et al., 2013).

Md-ACSI and Md-ACO]1 allelic diversity was also studied
in 35 samples of genus Malus representing sections Docyni-
opsis, Chloromeles, Gymnomeles and Malus (Shamshin, Save-
lieva, 2014). Allele 2 of the Md-ACS1 gene, associated with
reduced level of ethylene synthesis, was identified only in two
species: M. prunifolia (K2454) and M. silvestris (K41639),
the latter was homozygous for allele 2. Of the 35 studied
genotypes, 22 were heterozygous and 12 were homozygous
for the Md-ACOI-1 allele (Shamshin, Savelieva, 2014).

Md-Exp7locus. Among the three common Md-Exp7 alleles
(198, 202 and 214 bp) described by F. Costa et al. (2008), in
our study we did not find allele 214 bp, but identified three
additional alleles — 206, 210 and 212 bp. The most common
genotype was 198:202 found in 44 local cultivars, while
19 were homozygous for allele 202 and 11 — for allele 198
provided that they really were homozygous and did not carry
an undetected allele (see Table). Moreover, 13 local cultivars
had three rare alleles. Allele 210 was found in nine genotypes,
allele 206 — in four and allele 212 — in one genotype, while
cultivar Severnyj Velikan was heterozygous for rare alleles
206:210 (see Table).

The uncommon alleles were previously described in several
studies. H. Nybom et al. (2012, 2013) found the same common
alleles, and additional alleles at lower frequencies: 196, 200,
206, 208, 210, 212, 216 and 220 bp. It should be noted that
alleles 204, 210, 220, 226 and 230 bp were also detected in
wild species of genus Malus (Savel’ev et al., 2014b). Since
there have been no data on the effect of these alleles on fruit
softening, their role remains uncertain and requires further
study.

In the study by H. Nybom et al. (2012, 2013) of Md-Exp7
locus polymorphism in a large apple collection the most
common genotype was 202:202 and genotype 198:202 was
also quite common. It was shown that allele 202 frequency
is increasing in modern apple cultivars, suggesting that this
marker has been favored by selection in modern apple breed-
ing programs and therefore is more likely to be associated with
low softening (Nybom et al., 2012). It was also reported that
the cultivars homozygous for marker 202 showed a signifi-
cantly lower softening compared to heterozygous cultivars
(198:202) (Nybom et al., 2013).

In our study among 87 local cultivars the 198:202 genotype
was the most common. We did not find association between
early-maturing and late-maturing cultivars and the Md-Exp7
genotype (see Table). In previously studied Russian apple
cultivars collection the most common were genotypes homo-
zygous for allele 202 and 198:202 genotypes (Savel’ev et
al., 2014a). At the same time, analysis of Md-Exp7 locus
polymorphism in the Malus species representing four sections
of the genus, showed that allele 202 was the most common
and the authors suggested that this allele was the oldest one,
while in species of section Malus that includes M. domestica,

leHeTuKa pacTeHUn
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the most common were alleles 198, 202 and 204 bp (Savel’ev
et al., 2014b).

Thus, the allelic diversity of the ethylene (Md-ACS1, Md-
ACOI) and expansin (Md-Exp7) biosynthesis genes has been
evaluated for the first time in the collection of local apple
cultivars from Pushkin and Pavlovsk Laboratories of VIR.
The allele frequencies in the collection generally coincide
with the data of previous studies. The Md-ACS1 allele 2 fre-
quency is low in old local apple cultivars and is increasing in
modern apple cultivars, while all the studied local cultivars
are heterozygous for Md-ACOI1 locus, as well as most modern
Russian apple cultivars. Half of the studied local cultivars are
heterozygous for Md-Exp7 (198:202). No association has been
found between the Md-Exp7 genotype and the maturation time
of'the cultivars. The obtained results can be used for additional
evaluation of the local apple cultivars potential for breeding.
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Plant thionins: structure, biological functions
and potential use in biotechnology

T.I. Odintsova &, M.P. Slezina, E.A. Istomina

Vavilov Institute of General Genetics, RAS, Moscow, Russia

Antimicrobial peptides (AMPs) are important components of
defense system in both plants and animals. They represent
an ancient mechanism of innate immunity providing rapid
first line of defense against pathogens. Plant AMPs are
classified into several families: thionins, defensins, non-
specific lipid-transfer proteins, hevein- and knottin-type
peptides, hairpinins and macrocyclic peptides (cyclotides).
The review focuses on the thionin family. Thionins comprise
a plant-specific AMP family that consists of short (~5 kDA)
cysteine-rich peptides containing 6 or 8 cysteine residues
with antimicrobial and toxic properties. Based on similarity
in amino acid sequences and the arrangement of disulphide
bonds, five structural classes of thionins are discriminated. The
three-dimensional structures of a number of thionins were
determined. The amphipathic thionin molecule resembles
the Greek letter I, in which the long arm is formed by two
antiparallel a-helices, while the short one, by two parallel
[-strands. The residues responsible for the antimicrobial
activity of thionins were identified. Thionins are synthesized
as precursor proteins consisting of a signal peptide, the
mature peptide region and the C-terminal prodomain.
Thionins protect plants from pathogenic bacteria and fungi
acting directly on the membranes of microorganisms at
micromolar concentrations, although their precise mode

of action remains unclear. In addition to plant pathogens,
thionins inhibit growth of a number of human pathogens
and opportunistic microorganisms, such as Candida spp.,
Saccharomyces cerevisiae, Fusarium solani, Staphylococcus
aureus and Escherichia coli. Thionins are toxic to different types
of cells including mammalian cancer cell lines. Transgenic
plants expressing thionin genes display enhanced resistance
to pathogens. A wide range of biological activities makes
thionins promising candidates for practical application in
agriculture and medicine.
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TUOHUHBI pacTeHUIi: CTPOEHIeE,
6uronornyeckue QyHKIUN U
T1epPCIIeKTUBHI VICIIOIb30BaHMS
B 6110TE€XHOJIOTUN

T.J. Oannuosa®, M.IT. Caesuna, E.A. Vcromuna

NHCcTUTYT 06Lweit reHeTukn um. H.W. BaBunosa Poccuiickoi
akagemuu Hayk, Mocksa, Poccua

AHTUMMKPOOGHbIe nenTuabl (AMI) — BaXHeLw e KOMMOHEHTbI
3aLMTHOW CUCTEMbI PACTEHUI N XKUBOTHbIX, OHU NPEACTaBASIOT
Co60Vi APEBHUNI MEXaHN3M BPOXKAEHHON YCTONUNBOCTH,
obecrneunBaloLLMii «NepPBYIO IMHMIO 060POHbI» NPOTUB
natoreHoB. BoigensatoT Heckonbko cemencts AMI pacteHunin:
TUOHWHbI, edEH3VHbI, Hecneympunyeckrie nMnua-nepeHocsLmne
6enku (JIMB), reBeMHO- 1 HOTTUHOMOAOOHbIE NENTUAbI,
rapnuHKHbI, @ TakXKe MaKpoLMKAnYeckme nenTugbl
(uknoTtugpl). O630p NOCBALLEH XapPAKTEPUCTIKE CEMENCTBA
TUOHVHOB. TMOHWUHbI — XapaKTEPHOE TONbKO ANA pacTeHU
cemerictBo AMT, cocToAwee 13 KOpoTKMX (~5 k[a) uMcTenH-
6oraTbiX NENTUAOB (C LWECTbIO NN BOCEMbBIO OCTaTKaMu
LCTeVHa B MOJIEKYIIE), KOTOpble 06/1a4atoT aHTUMUKPOOHbBIMM
1 TOKCMYECKMMM CBOMCTBaMU. Ha OCHOBaHMM CXOACTBa aMUHO-
KNUCNOTHBIX MOCNe0BaTeNIbHOCTEN 1 PACMONOXeHNA
AncynbGUAHbIX CBA3EN BbIAENAIOT NATb CTPYKTYPHbIX KNaccoB
TUOHWHOB. YCTaHOBNIEHA NPOCTPAHCTBEHHAA CTPYKTypa paja
TUOHVHOB. [oKa3aHo, uTo amdunaTyeckas MoseKyna TMOHMHA
nmeet Gopmy rpeyeckor 6ykBbl I, y KOTOPOW AJIHHOE Nineyo
06pa3oBaHoO ABYMA aHTUMNapaienbHbIMU A-CANPaNAMH, a
KOPOTKOE — IBYMA NapaienbHbIMU B-Tskamu. BoisiBneHbl
AMUHOKUCIOTHbIE OCTAaTKWN, OTBETCTBEHHbIE 32 aHTUMUKPOO-
HYI0 aKTUBHOCTb TUOHNHOB. TMOHWUHbI CUHTE3MPYIOTCA B

BUAE NPefLeCcTBEHHUKOB, COCTOALMNX U3 CUTHANIbHOTO
nentuaa, 3penoro nentraa n C-KOHLEBOro NpogomeHa.
TUOHWHDBI ABAAIOTCA 3aWMUTHBIMY NENTUAAMMN PACTEHUI
NPOTMB NaTOreHHbIX 6aKTePUIA U TPUBOB, KOTOPbIE AENCTBYIOT
B MUKPOMOJIAPHbIX KOHLEHTPALUMAX HENOCPeACTBEHHO Ha
MeMOpaHbl MKPOOPraHU3MOB, XOTA AeTaNbHbIi MEXaHV3M
nencteus 3Tux AMIN 4o KoHua He BblACHeH. [Tomnmo
NnaToreHoB PacTeHWi, TMOHVHbI MOAABNAIT POCT PAJA
MaToreHHbIX 1 YCIIOBHO NaTOreHHbIX MUKPOOPraHN3MOB
yenoBeka, Takux Kak Candida spp., Saccharomyces cerevisiae,
Fusarium solani, Staphylococcus aureus, Escherichia coli.
TVOHMHBI TOKCMYHBI ANA Pa3MYHOrO TUMA KNETOK, BKJloYas
NIMHUW PaKOBbIX KNETOK MieKonuTaoLwyx. TpaHCreHHble
pacTeHnA, B KOTOPbIX SKCMPECCUPYIOTCA FeHbl TUOHWHOB,
06nafatoT NoBbILEHHON YCTOMYMBOCTBIO K MaTOreHam.
LLnpoKuin cnekTp aHTMUKPOOHOI 1 TOKCMYECKOI aKTUBHOCTU
TUOHVHOB OTKPbIBAET BO3MOXHOCTM MX NPAKTUYECKOTO
MNCMOMNb30BaHNA B CENbCKOM XO3ANCTBE U MefMLUHe.

KntoueBble cnoBa: aHTUMUKPOOHbIE NEeTVAbI; TAOHWHDI;
NMMYHWTET pacTeHui.



pathogens, and to combat them, they have developed
various defense mechanisms. Synthesis of antimicrobial
compounds of protein or non-protein nature provides an
example. In the plant defense system, antimicrobial peptides
(AMPs) are the most important protein constituents. AMPs
represent an ancient innate immunity mechanism providing
rapid and energy-saving first line of defense against pathogens.
Plant AMPs share similar properties, such as small size
of the molecules (less than 10 kDa), positive charge and
amphiphilicity (Egorov, Odintsova, 2012; Tam et al., 2015;
Sarethy, 2017). These structural peculiarities allow AMPs
to interact either directly or via receptors with membranes
of microorganisms and disturb their permeability that leads
to inhibition of growth and development of pathogens. The
vast majority of plant AMPs are cysteine-rich peptides; they
contain an even number (2, 4, 6, 8 or 10) of cysteine residues
that form disulfide bonds conferring high structural stability
to AMPs molecules. Based on homology in amino acid
sequences, cysteine motifs and three-dimensional structure,
AMPs are classified into several families: thionins, defensins,
non-specific lipid-transfer proteins, hevein- and knottin-type
peptides, hairpinins, and macrocyclic peptides (cyclotides).
In recent years, AMPs have attracted a great deal of interest
due to their promising practical applications in agriculture
to control crop diseases and in medicine — to develop next-
generation pharmaceuticals (de Souza Candido et al., 2014;
Guzman-Rodriguez et al., 2015).

D uring their lifetime plants are constantly confronted with

Thionins

Structural characteristics

Thionins are short (~5 kDA) cysteine-rich peptides, which
were first discovered in wheat endosperm (Balls et al., 1942).
Later, they were found in many monocotyledonous and di-
cotyledonous plants. About 100 thionin sequences have been
described in 15 plant species (Stec, 2006). In contrast to rep-
resentatives of the defensin family found in both plants and
animals, thionins are plant-specific. Thionins are classified
into two main groups according to the number of cysteine
residues: 6- or 8-Cys-containing peptides. Based on similar-
ity in amino acid sequences and disulfide bond arrangement,
thionins are divided into five structural classes (I-V).Class |
thionins are found in seed endosperm of plants belonging to
the Poaceae family. They consist of 45 amino acids, 8 of which
are cysteines, and have high positive charge of the molecules.
Class II thionins occur in leaves and nuts of the parasitic plant
Pyrularia pubera and in leaves of barley (Hordeum vulgare).
They are less basic compared to class I thionins and consist of
4647 amino acid residues. They also have 8 cysteine residues
in the molecule. Class III thionins were isolated from differ-
ent mistletoe species, such as Viscum album, Phoradendron
tomentosum, Phoradendron liga, and Dendrophthora clavata.
They possess 4546 amino acids and 3 disulfide bonds; the
charge of their molecules is the same as in the class II thionins.
From Crambe abyssinica seeds, thionins of class IV were
extracted; they have 46 amino acids and 3 disulfide bonds and
are neutral. A wheat thionin, which is a truncated variant of
class I thionins, belongs to class V. Amino acid sequences of
thionins belonging to different classes display high sequence
668
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similarity. Amino acid sequences of thionins from selected
plant species are presented in Fig. 1.

All thionins are synthesized as ~18 kDa preproproteins,
which consist of a signal peptide, a basic thionin domain
and an acidic C-terminal propeptide. Within one species,
the C-terminal propeptides are highly conserved; this espe-
cially refers to the position of 6 cysteine residues in the po-
lypeptide chain (Schrader-Fischer, Apel, 1993). Homology
in thionin acidic propeptides, although less pronounced, is
also observed among acidic propeptides of different plant
species. Conservation of the C-terminal prodomain proves
its vital functions for the precursor protein. Cleavage of the
signal peptide and the C-terminal propeptide occurs during
post-translational processing of the precursor. The vacuolar
proteinase was isolated from tobacco leaves, which cleaves
the signal peptide from the precursor protein. The removal of
the signal peptide is necessary for activation of thionin’s toxic
properties (Romero et al., 1997). From the etiolated barley
seedlings, serine proteinase (subtilase) was isolated. This
pyrolysin family enzyme performs processing of the thionin
precursor by cleaving the C-terminal prodomain (Plattner et
al., 2015). The role of the acidic C-terminal prodomain has
not been clarified completely so far. It is supposed to serve
for directional transport of the mature thionin to its final
destination (vacuoles, cell walls, or protein bodies). Moreover,
this prodomain neutralizes toxic properties of the mature
thionin before it reaches the intercellular space or vacuole,
thus protecting plant cells from their own toxin (Bohlmann,
1994). In addition, it may serve as an intramolecular chaperone
providing thionin folding.

Upon pathogen attack, expression of thionin genes is
regulated by methyl jasmonate; this plant hormone plays
a key role in defense reactions. In Arabidopsis thaliana,
differential regulation of thionin genes 7hi2./ and Thi2.2 was
shown. Thi2.1 expression in flowers is induced by Fusarium
oxysporum infection and regulated by methyl jasmonate,
while Thi2.2 is expressed in seedlings, and its expression is
jasmonate-independent (Stotz et al., 2013).

Three-dimensional structures of 6-Cys crambin from
C. abyssinica seeds 8-Cys thionins from wheat and barley, and
viscotoxin A3 from mistletoe leaves were resolved by X-ray
crystallography. Some thionin structures were determined by
NMR spectroscopy, namely those of phoratoxin A, crambin,
viscotoxin A3 and C1, a-hordothionin, purothionin, and hel-
lethionin. In all cases, the amphipathic thionin molecule was
shown resembles the Greek letter I, in which the long arm
is formed by two antiparallel a-helices, while the short one,
by two parallel B-strands (Fig. 2). The groove between two
structural domains appears to be of considerable importance
for thionin functioning (Stec et al., 2004; Oard et al., 2007).

Wheat purothionins

In hexaploid wheat 7. aestivum (AABBDD), three class 1
thionins, or purothionins, have been described. Purothionins-f3,
-o,, and -o, are encoded by the genes pur A1, pur BI, and
pur DI located on the long arms of chromosomes 1A, 1B,
and 1D, respectively (Sanchez-Monge et al., 1979). Two
B-purothionins have been described in 7. monococcum and
T urartu, which are genome A donors to polyploid wheats. In
addition, hexaploid wheat has class V thionins; their genes are

Plant genetics
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Fig. 1. Amino acid sequences of selected thionins: crambin from C. abyssinica (GenBank P01542.2);
phoratoxin A from P. tomentosum (GenBank P01539.1); viscotoxin A2 (GenBank P32880.1),
B (GenBank P08943.2), and C1 (GenBank P83554.1) from V. album; hellethionin D from Helleborus
purpurascens (GenBank P60057.1); Pp-TH from P. pubera (GenBank P07504.1); a-hordothionin (Gen-
Bank AAA32966.1) and -hordothionin (GenBank 1206255A) from H. vulgare; a-purothionin (Gen-
Bank CAA65313.1) and B-purothionin (GenBank CAA65312.1) from Triticum aestivum; TK-AMP-BP
and TK-AMP-AP1 from Triticum kiharae (our unpublished data).

Cysteine residues are highlighted white on the black background. Functionally important residues are
highlighted black on the grey background. The lines above sequences denote disulfide bonds. Thionin
secondary structure elements are presented below: a-helices and B-strands are shown in grey and light-
grey, respectively.

located several kilobases away from the genes of class I thionins on the long arms of
chromosomes 1A, 1B, and 1D (Castagnaro et al., 1992). In hexaploid wheat species
Triticum kiharae Dorof. et Migusch. to be a synthetic allopolyploid produced by
crossing of Triticum timopheevii and Aegilops tauschii which is highly resistant to
pathogens, we have also detected three thionins. Two of them, namely Tk-AMP-
AP1 and Tk-AMP-BP, were isolated from seeds and sequenced (our unpublished
data). The Tk-AMP-BP structure has turned to be identical to B-purothionin from
T aestivum. T. kiharae transcriptome analysis by high throughput next-generation
sequencing (NGS) technology has revealed much greater diversity of purothionins
(our unpublished data). In order to search for thionin precursor transcripts, the
algorithm based on conservative cysteine motifs characteristic to the C-terminal
prodomain and the mature thionin domain was used (Silverstein et al., 2007). As a
result, 15 transcripts encoding the precursors with characteristic cysteine motifs have
been discovered in wheat seedlings (Fig. 3). All of them possessed thionin-specific
and conserved 6-Cys-containing C-terminal prodomain. In one transcript named
c32154 gll, the cysteine-rich mature thionin region was deleted. This protein was
100 % similar to the “uncharacterized protein LOG1097596362” from A. tauschii
subsp. tauschii in NSBI database. In two other highly homologous precursors, the
mature peptide regions had only 4 cysteine residues that is not typical for thionins.
Those proteins are also annotated as “uncharacterized protein” from A. tauschii
subsp. tauschii (99 and 100 % similarity for c41117 gl and c45947, respectively).
The remaining precursors were very similar (64—100 %) to thionins or thionin-like
proteins. In each of four precursors, there was a typical for thionins 8-Cys domain
with two adjacent cysteine residues in the N-terminal region of the molecule. In other
precursors, three successive cysteine residues were found in the thionin domains,
and the number of cysteine residues varied from seven to ten.

It is of interest that in lyme grass (Leymus arenarius L.), which is another
cereal, by transcriptome analysis we have also detected 15 transcripts encoding
the precursors with motifs typical for thionins, although only 4 of them were
annotated as thionin-like proteins in NCBI database (Slavokhonova etal., 2015). In
six hypothetical thionins, just as in typical thionins, there were six or eigt cysteine
residues in the molecule including the two adjacent cysteine residues located in the
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Hellethionin D

Viscotoxin C1

Fig. 2. Three-dimensional structure of thionins:
hellethionin D (PDB: 1NBL) from H. purpura-
scens and viscotoxin C1 (PDB: 10RL) from
V. album.

a-helices and B-strands are shown in red and
blue, respectively. N and C terminal regions of the
thionin molecules are shown.

N-terminal region. In other peptides, the
number of cysteine residues varied from
5to 14. It is noteworthy that amino acid
sequences of L. arenarius thionin-like
proteins with three successive cysteine
residues in the N-terminal region of the
molecule were similar to those of wheat.

Thus, transcriptome analysis has
revealed new structural types of thio-
nin-like proteins in wheat and related
cereal species L. arenarius. Further
research will focus on the analysis of
antimicrobial activity of these new
plant peptides.

Structure-function relationship

By now a number of thionins have been
isolated and characterized, making it
possible to establish the role of particular
amino acid residues in the spatial struc-
ture and biological activity of the pepti-
des. Studies on wheat purothionins
have shown that modification of all
amino groups significantly changes the
charge of the molecule and results in
loss of toxicity towards yeast cells and

669



Plant thionins: structure, biological functions
and potential use in biotechnology

10 20 30

P S L I I I
MGSKGLKGVMVCLLILGLVL---EQVQVEG--~-==-=--~
MVMMRGNNVKTLALILVVVGLVAIEQTQQVQ-=======
MVMMRGNNVKTLALILVVVGLVAIEQTQQVQ========
MVMMRGNNVKTLALILVVVGLVAIEQTQQVQ========
MAMRGNNVKTLALMLVVVGLVALQQTQQVQ========
MVMMRGNNVKTLALMLVVVGLVALQQTQQVQ========

p-purothionin
*c43306_gl4
*c43362_g21
*c49559 g25
*c43362_gll
*c49559 g22

T.I. Odintsova, M.P. Slezina
E.A.Istomina

50 60 80 90

[eeeeleeaaleeaaleaa]n B P | leeedl

==KS[eleKSTLGRN[ (GRARGAQKL-ANVORGKLTSGLSEPKDFPKLVL
~ASHEOeHLDSVPTYFDERAKSDS ~--TVSE@®-(®GSSDGYI-SDAAGFE]
~ASHEeHLDSVPTYFDE®RAKSDS ---TVSE@®-(®€GVSAGYI-SDDAGFE|
~ASHEEeHLDSVPTYFDE®RAKSDS ---TVSE@®-(®GVSAGYI-SDDAGFE]|
=ASHEEeHLDSVPTYFKEREKSDS --~-TVSE®-@®GVSAGYI~-SDDAGFE|
=ASHEeDLKSVDTYFT®RQKSDS --~TVSDe-@®GASAGYI~-SDAAGFE|

70

*c44441_gl2 MATNSRKSVIMGVVILVLVIQQAQVE-----=----- AKSHeleSTSGRNEYNAGRVTGASRKTEASL®G®K ILD--—— -~ R
*c48818_gll MGVVILVLVIQQAQVE=-========-~ AKS[HeleSTSGRNEYNAGRVTGAS RKT®ASLEGO®K ILD~~—-~~ R
*c13320_gll  MEGKSGLRAVILLLGAVLVIGSLVPLAQADPTAAATGAADAKF®eKDKIGSHEYAATITQYGP IPFEAEMEeVQLTSGREPRQEP TPAD
*cl13366_gll MGSKGLKGVMVCLLILGLVLEQVQVE-—--——-—-— GKSHéRTTLGRNEYNLERSRGAQ K. cﬁcﬁo LTSG----LSEPKGFP
*c66152_gll MGSKGLKGVMVCLLILGLVLEQVQVE---—--—-—=~ GKS[eKSTLGRNEYNLERARGAQ ~KLEANVEROK LTSG-~---LSESPKDFP
*c79122_gll ME SKHFIKSVIMCALILGLVPEQTQVAE---—-—--— GKS[SeSRDTRSRNEYNVEGFRYPS - SS®SK wcac LTRD----RTEPREYP
*c6385_gll MGAGKNGAWSS SMVMGVFILVVLLQ-----—--—=-~-— EeTIGWEDRASLFQETHSGGQEDRERTFEREPNKSG--====== ===~
c41117 gl MVDAWWPLLAAAVPAIVAGQAIRVKRRRDEEQRLKAARGREK-SSDEVF VSERVETSKR- - - -~ -~ mmGAFSKDPIPDTE::ZEG
c45947 MVDAWWPLLAAAVPAIVAGQAIRVKRRRDEEQRLKAARGREK-SSDEVE VSERVTSKR- - - —=-—~; MLKKVGAFSKDPIPDT, G
c32154 gl1 MAGQAPAVVAFALAAAILSTPPPQSENFSNIPPTLS === === == == = = == e o e e e e e e e e e
100 110 170 180
SR T e 1 e |
B-purothionin ESNSDEP--------=---————-— DTME ADAGLTSLDA--
*c43306_gl4  SGYIDIE------====-==--=- TALQA TRNNAEVATVRDA
*c43362_g21  SGYIDIE-------=----=---- TALQA TRNNAEVATVRDA
*c49559 g25  SGYIDIE---=-===========- TALQA TRNNAEVATVRDA
*c43362_gll  SGFIDIE----=-=========== TTLQA TKNNAEIAQVVAA
*c49559 g22  SGYIDIE----============ TALQA TKNNAEIAQVVMA
*c44441 gl2  RENLYQEA------—--—--—-- DEANVIE TKDVEFAAAIA--
*#c48818 gll  RENLYQEA-—----—=———————- DEANVIE TKDVEFAAAIA--
*c13320 gll  RENLYQEA------—=-—=--—= SNAVEVES[T GAGGAASLDA--
*c13366 gll  KLALESNSPRLFLANSSTSDLLTDEPDTIE GDAGLTSLDA--
*c66152_gll  KLVLESNS-----=========x DEPDTME ADAGLTSLDA--
*c79122 gll  NLNLLPSS-============-- AEPDAVE ATNIASVDA--
*c6385 gll  =m==mmmmmmemmeeeemeeeee ERNALE SKGEHGIQSVAT-
c41117 gl =~ =======—mmmmmmmmmm—eeo- VSELD LKLSSTVM-----
45947 = mmmmm e e oo VSELD. LKLSSTIM-----
c32154 g1l  =—===-=------- GDDKAQVRIKHPKSAKAL [ELTEESDIENLIKDGEDGP---

Fig. 3. Multiple alignment of translated sequences encoding T. kiharae thionin precursors. Polypeptides annotated as thionins or thionin-like proteins

in NCBI database are marked with *.

*In B-purothionin precursor sequence (GenBank CAA65312.1), the mature peptide region is underlined. Cysteine residues are highlighted white on the black

background.

mice. Modification of the only conservative tyrosine residue
(Tyr-13) considerably diminishes toxicity as well. The data
obtained demonstrate the importance of positively charged
lysine groups for the interaction with the negatively charged
surface of target cells and the role of a tyrosine residue at
position 13 in toxic properties of the wheat thionin (Wada et
al., 1982). Comparison of amino acid sequences of different
thionins showed that not only cysteine residues, but some
other amino acids, such as residues 1, 2, 9-14, and Tyr-13
that “cover” the groove between two structural domains of
thionins are highly conserved as well, thus suggesting their
importance for functioning of thionins. Based on the three-
dimensional structure of thionins, it was suggested that this
conservative region binds to negatively charged phospholipids
of cell membranes and replaces them from membranes, thus
causing membrane solubilization and lysis (Stec et al., 2004).
A nanopeptide corresponding to residues 7—15 in the thionin
sequence was synthesized, in which Cys-12 was replaced by
serine. This peptide is supposed to be an active site of the
thionin. This short peptide was shown to bind to the “receptor
site” (to phosphatidylserine of the phospholipid membrane);
however its binding capacity was not as strong as that of the
native thionin (Osoério e Castro, Vernon, 2003). Lys-1 and
670
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Arg-10 make up a phosphate-binding site, while Ser-2 and
Tyr-13 compose a glycerol-binding site. In turn, Asn-11 and
Asn-14 stabilize homodimer formation due to intermolecular
hydrogen bonds (Oard et al., 2007). L.P. Vernon and colleagues
(1985) assume that position 8, Trp-8 in the thionin from
Pyrularia is also essential for antimicrobial activity.

Comparison of toxic thionin sequences with that of non-toxic
crabmin from C. abyssinica demonstrated that the conserved
residues Lys-1 and Tyr-13 are crucial for toxicity, since in
crabmin, Thr-1 and Phe-13 are located in corresponding
positions. In addition, Arg-10 is considered to be important
for the maintenance of the thionin spatial structure (Rao et
al., 1993).

Using P. pubera Pp-TH thionin containing four disulfide
bonds as an example, it was shown that elimination of one di-
sulfide bond significantly alters peptide folding (Vila-Perelld,
Andreu, 2005). A truncated by 45 % Pp-TH was synthesized,;
it comprised residues from 7" to 32™ of the native peptide,
which form two antiparallel a-helices stabilized by two di-
sulfide bonds. The truncated peptide displayed the same anti-
microbial activity towards a panel of microorganisms and the
same mode of action as the intact Pp-TH (Vila-Perell6 et al.,
2005). In addition, in Pp-TH thionin from P. pubera, position
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32 is occupied by Asp-32 instead of Arg-32 characteristic of
other 8-Cys thionins. To elucidate the role of this mutation,
its analogue Pp-TH(D32R) was synthesized, in which the as-
partic acid was replaced by arginine. In the modified peptide,
the spatial structure was generally preserved, although some
decrease in the content of o-helices was noted. However,
this synthetic peptide exhibited stronger inhibitory activi-
ty against some gram-negative bacteria, while its activity
against other pathogens remained unchanged (Vila-Perello
et al., 2003). The P. pubera thionin was used as a template
for designing shorter antimicrobial compounds but retaining
the same antimicrobial activity as the native peptide (Vila-
Perell6 et al., 20006).

Biologic activity of thionins

Thionins have long been known for their ability to inhibit
growth of bacteria and fungi in vitro (Stuart, Harris, 1942).
R. Fernandez de Caleya and his colleagues (1972) were the
first to demonstate that thionins suppress growth of phyto-
pathogenic bacteria, and they suggested the protective role of
these proteins in planta. Further research showed that thionins
inhibit growth of both gram-positive and gram-negative bac-
teria, phytopathogenic fungi and oomycetes with IC_ (con-
centration required for 50 % inhibition of pathogen growth)
usually from 1 up to 15 pg/ml (Stec, 2006). For wheat and
barley thionins (class I thionins), the efficient concentration for
50 % growth inhibition of Clavibacter michiganensis subsp.
sepedonicus and Pseudomonas solanacearum was 2—3 x 1077
M; for the pathogenic fungi, such as Rosellinia necatrix,
Colletotrichum lagenarium, and Fusarium solani, it was
1-4 x 10°° M (Molina et al., 1993). The wheat purothionin
caused lysis of Rhizoctonia solani cells (rice pathogen, strain
LR172), while visible changes in pathogen membranes were
observed at the purothionin concentration of 0.5uM (Oard
et al., 2004).

It is worth noting that thionins inhibit growth not only of
plant pathogens, but those of humans and animals as well. For
instance, the thionin-like peptides from Capsicum annuum
were shown to suppress growth of yeasts Saccharomyces
cerevisiae, Candida albicans, and Candida tropicalis, and bac-
teria Escherichia coli and Pseudomonas aeruginosa (Taveira
et al., 2014, 2016). A thionin-like peptide (CaThi) from
C. annuum inhibited growth of the fungus Fusarium solani
by preventing formation of hyphae. An increase in membrane
permeabilization, induction of H,O, production, and activation
of caspases were also recorded. The peptide was also shown
to penetrate into the cells of the pathogen. In combination
with fluconazole, synergism of the two antifungal agents was
observed resulting in 100 % death of . solani cells (Taveria et
al., 2017). The authors suppose that the pepper thionin causes
apoptosis of fungal cells, however intracellular targets can-
not be excluded either. In the endothelial cell line BE-E6E7,
expression of Arabidopsis thionin Thi2.1 inhibited growth of
E. coli, Staphylococcus aureus (including the isolate which
causes mastitis in cows), and C. albicans (Loeza-Angeles et
al., 2008; Ochoa-Zarzosa et al., 2008a, b). Wheat thionins were
shown to kill the cells of the parasitic protozoan Leishmania
donovani causing visceral leishmaniasis (Berrocal-Lobo et
al., 2009). Death of L. donovani cells results from a drastic
increase in membrane permeability. The examples mentioned
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above open an opportunity for the use of thionins in treatment
of human and animal diseases.

Apart from being destructive to microorganisms, thionins
affect mammalian cell cultures (Carrasco et al., 1981; Loeza-
Angeles et al., 2008), entire animals (mammals), (Coulson et
al., 1942), and insect larvae (Kramer et al., 1979; Stec, 2006).
During injection of wheat, barley or rye thionins into Manduca
sexta larvae, the half lethal concentration was 1746 pg/g
(Kramer et al., 1979).

Thionins possess cytotoxic and anticancer activities on
mammalian cells (Guzman-Rodriguez et al., 2015). The thio-
nin from P. pubera inhibits growth of mouse melanoma cells
(B16) and cervical cancer cells (HeLa) with IC,, = 50 pg/ml.
This thionin also exhibits cytotoxic activity causing hemolysis.
The anticancer activity is due to membrane depolarization
which causes activation of endogenous phospholipase A,
resulting in modifications of membrane structure and cell
death. Another group of thionins with anticance and cyto-
toxic activities includes viscotoxins. Viscotoxin B2 inhibits
growth of rat sarcoma cells with IC, = 1.6 ug/l (Kong et al.,
2004). Viscotoxins Al, A2 and A3 display cytotoxic activity
on human lymphocytes, which is associated with induction
of reactive oxygen species and membrane permeabilization.
However, hemolytic properties of viscotoxins are less pro-
nounced compared to other thionins (Coulon et al., 2002).
Ligatoxin B from P. league is toxic to the cells of human
lymphoma (U937GTB) and adenocarcinoma (ACHN) at a
concentration of 100 pg/ml. This thionin has a DNA-binding
domain, and it was suggested that binding to DNA inhibits
synthesis of nucleic acids (Li et al., 2002). All phoratoxins
(A—F) are toxic to mammalian cells. Phoratoxins A and B are
toxic to rats at a concentration of 0.5—1 pg/kg. Phoratoxins
C—F inhibit growth of different solid tumor cells, while pho-
ratoxin C selectively inhibits growth of breast cancer cells
(Johansson et al., 2003). The thionin Thi2.1 from A. thaliana
has anticancer activity as well; it kills 94 % of MCF-7 and
38 % of HeLa cells. Moreover, this thionin is cytotoxic to bo-
vine endothelial and mammary epithelial cells (Loeza-Angeles
et. al., 2008). The results obtained indicate that cytotoxity of
thionins is not selective; however, these peptides are promi-
sing candidates for the development of novel anticancer drugs.

Toxicity of thionins to different types of cells points to
their defensive role against pathogens in vivo. This role is
also supported by other data, such as synthesis of thionins in
response to pathogen attack (Bohlmann et al., 1998), locali-
zation of thionins in “vulnerable” tissues (Orru et al., 1997),
enhanced resistance of transgenic plants expressing thionin
genes (see below), and decreased resistance to pathogens of
thionin-silenced plants (Rayapuram et al., 2008). For example,
in barley invaded by aphids Rhopalosiphum padi, Myzus per-
sicae and Myzus cerasi, up-regulation of several thionin genes
was revealed by transcriptome analysis, especially in barley
plants infected with M. persicae and to a lesser extent, after
R. padi invasion. The ectopic expression of two of these genes
in Nicotiana benthamiana decreased sensitivity to M. persi-
cae, suggesting that thionins do play a role in defense against
aphids (Escudero-Martinez et al., 2017). On the other hand,
silencing of thionin genes results in decreased resistance. In
thionin-silenced Nicotiana attenuata plants, more plants were
infected with opportunistic Pseudomonas species as compared
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to wild-type plants and more of them died from infection
(Rayapuram et al., 2008).

In the development of novel antimicrobial agents, high
toxicity of thionins to various pathogens and insect and mam-
malian cells forms the basis for their practical application in
design of biologically active analogues with more simple
structure (Vila-Perello et al., 2006).

Although the main function of thionins is protection against
pathogens, they also serve as storage proteins and participate
in such processes as maturation and germination of seeds,
packaging of storage proteins into protein bodies and their
mobilization during germination.

Mode of action

Toxicity of thionins is considered to be associated with
membrane permeabilization (Carrasco et al., 1981) which is
inhibited by mono- and bivalent metal ions (Oard et al., 2007).
Using barley a-hordothionin as an example, a mechanism
of thionin-mediated membrane permeabilization based on
molecular modeling was suggested. According to this model,
thionin forms a water-selective channel in the membrane,
leading to water leakage into the lipid bilayer and local
membrane disruption (Oard, 2011). Thionin-triggered changes
in membrane permeability lead to a number of other processes,
such as membrane depolarization, increased permeability
for Ca*" and K" ions, and activation of a number of enzymes
(Stec, 2006). All these secondary processes can enhance
the primary toxic effect of thionins and lead to complete
destruction of cells. Obviously, membrane permeabilization
by thionins is based on some universal process and is not
mediated by interactions with specific receptors at the surface
of'target cells. According to P. Hughes and colleagues (2000),
thionin toxicity is due to formation of ion channels in cell
membranes by direct interaction with the surface of lipids.
However, J.A. Richard with colleagues (2002) supposes that
thionins partially incorporate into the lipid membrane due to
electrostatic interactions that makes membranes more rigid
and enhances fluidity at the edges of interphase regions.
Electrostatic interaction of thionins with particular groups
of phospholipid molecules contributes to the formation of
negatively charged patches consisting of phospholipids. These
patches formed by toxins increase the fluidity of membranes
and withdraw phospholipids, thus intensifying instability of
membranes and turning their lysis irreversible (Stec et al.,
2004).

Along with membrane permeabilization, thionins affect
intracellular targets: they activate endogenous phospholipase
A, (Vernon, Bell, 1992) and adenylate cyclase (Huang et
al., 1994). B-purothionin inhibits protein kinase C and binds
calmodulin. Purothionins inhibit ribinucleotide reductase
and B-glucoronidase (Diaz et al., 1992). Viscotoxins are sug-
gested to interact directly with DNA or RNA that leads to
inhibition of synthesis of nucleic acids and proteins (Woyna-
rowski, Konopa, 1980; Li et al., 2002). Moreover, they were
shown to possess immunomodulatory activity (Tabiasco et
al., 2002). All the revealed toxic activities of thionins begin
with membrane disruption and disturb key cellular processes
that may finally result in cell death. The accumulating data
indicate that thionins act not only on intracellular targets, but
on secreted proteins of pathogens as well. For example, the
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study of the mode of action of the antifungal thionin Thi2.4
from A. thaliana showed that it binds to the secreted lectin of
Fusarium graminearum, which induces death of leaf cells,
thus protecting the plant from the toxic effect of the lectin
(Asano et al., 2013).

The use of thionin genes

for the improvement of disease resistance in plants
Thionin genes have been successfully used for plant trans-
formation and production of transgenic plants with enhanced
resistance to both bacterial and fungal pathogens. In most
cases, thionin genes of cereals served as transgenes. Let us
consider some examples.

The gene of wheat B-purothionin under endogenous car-
bonic anhydrase promoter was introduced into the genome
of A. thaliana (Oard, Enright, 2006). Even though high-level
expression of B-purothionin gene was not observed, the trans-
genic plants demonstrated enhanced resistance to bacterial and
fungal pathogens (Pseudomonas syringae strain DC3000 and
F. oxysporum). B-purothionin expression in transgenic plants
caused morphological abnormalities in fungal hyphae, while
the extract from leaves of transgenic plant leaves increased
membrane permeabilization in R. solani.

Expression of the barley a-thionin gene in tobacco plants
under 35S promoter of caulifiower mosaic virus increased
their resistance to two bacterial pathogens — P. syringae pv.
tabaci and P. syringae pv. syringae (Carmona et al., 1993).

Black rot of sweet potato is caused by the fungus Cera-
tocystis fimbriata. The disease poses a serious problem for
tropical and subtropical regions where sweet potato is cul-
tivated, especially for such countries as India, China and
Indonesia. The pathogenic fungus hinders growth and has a
detrimental effect on the storage of roots. Transgenic sweet
potato plants with incorporated gene of barley a-hordothionin
displayed high-level expression of a-hordothionin mRNA in
leaves and storage roots. Compared to non-transgenic plants,
the transgenic plants showed reduced yellowing of leaves
and smaller lesion areas around the sites inoculated with C.
fimbriata spores. The obtained results demonstrate the vast
potential of thionin genes for improving resistance of sweet
potato to black rot (Muramoto et al., 2012).

The rice thionin gene OsTH17 was used to produce trans-
genic rice lines cv. Nipponbare (Ji et al., 2015). The transgenic
rice plants were less susceptible to the oomycete Pythium
graminicola and the nematode Meloidogyne graminicola,
which are two most damaging root pathogens of rice. Two
main bacterial pathogens infecting rice, namely Burkholderia
plantarii v Burkholderia glumae, are also a serious problem
for rice cultivation. Endogenous thionin genes are expressed
constitutively in the coleoptiles, which is the target organ for
the bacteria. However, expression of endogenous thionin genes
is not enough for resistance to these pathogens. To cope with
this problem, transgenic rice plants with an oat thionin gene
were generated, and high-level accumulation of the thionin
in cell walls was observed. Germination of seeds from non-
transgenic plants in the presence of the bacteria resulted in
early yellowing and death of seedlings. On the contrary, trans-
genic seedlings, in which the oat thionin gene was expressed,
grew normally. Thus, this thionin efficiently protected rice
plants against bacterial infection (Iwai et al., 2002).
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For transformation of apple-trees, the gene encoding barley
o-hordothionin was used (Krens et al., 2011). In the field, four
of six transgenic lines appeared to be much more resistant to
the fungal pathogen Venturia inaequalis causing scrab. The
resistance persisted over four years of observation, and the
hordothionin gene expression level was also constant.

The Arabidopsis thionin gene Thi2.1 under a fruit-inactive
promoter was used to produce transgenic tomato plants with
enhanced resistance to bacterial and Fusarium wilt. Con-
stitutive expression of the transgene was observed in roots
and leaves of tomato plants. Transgenic plants turned to be
less susceptible than wild-type plants to both bacterial and
Fusarium wilt. In transgenic lines, suppression of bacterial
pathogen replication was recorded (Chan et al., 2005). The
same thionin gene of Arabidopsis was used to enhance resis-
tance of the susceptible ecotype Columbia (Col-2) to F. oxy-
sporum f. sp. matthiolae infection. Increased resistance was
confirmed by suppression of the fungal growth on transgenic
plants. Moreover, growth abnormalities in hyphae, such as
hyperbranching, were noted (Epple et al., 1997).

In conclusion, it should be noted that although thionins
have been known for a long time, their high toxicity to a wide
range of bacteria and fungi pathogenic to plants and humans,
insects and cancer cells makes these peptides highly promi-
sing for the development of novel pharmaceuticals and plant
disease control agents. Further detailed studies of the mode
of action of thionins will enable creation of novel molecules
with improved properties for practical application in agricul-
ture and medicine.
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OPUTUHAJIbHOE NCCNEOOBAHME / ORIGINAL ARTICLE

Co3aHue JIVMHUI O3VIMO ITIIeHUIIbI

C HECKOJIbKVIMU I'eHaM¥ VCTOMYIMBOCTI
K Puccinia graminis Pers. f. sp. tritici
IIJISI VICTIOJIb30OBAaHUS B CEJIEKI[MIOHHBIX
IIporpamMmmax Poccum

N.®. Aanouxunal @, O.A. Bapanosa?, H.P. Taitnyaannl, I.B. Boaxosa?, E.B. Taapkosa’, E.O. Kosasesa®, A.B. Ocumosal

! DepepanbHbiit MccnefoBaTenbekuin LieHTp «HemumHoBKa», MockoBckaa 06nacTb, Poccus
2 Bcepoccuiicknin Hay4HO-MCCnefoBaTeNbCKN MHCTUTYT 3aluTbl pacteHuil, CaHkT-MeTtepbypr, MywknH, Poccua
3 Beepoccuiickiin HayYHO-MCCNIeA0BATENBCKII MHCTUTYT GNONOMMYECKON 3aLmThl pacTeHuit, KpacHoaap, Poccus

Llenb HacToALero nccnefoBaHua — co3aatb Ana HeyepHosemHom
30HbI Poccmiickoi ®efepaumm KOHKYPEHTOCMOCOOHbIE MPOTOTHNMbI
COPTOB O3MMOW MLUEHULIbl C HECKONTIbKMM FreHaMmn YCTONYMBOCTU K
CTebneBoI pXKaBUMHE Ha OCHOBE HOBbIX JOHOPOB YCTONUMBOCTY C
NpYIMEHEHVEM MONEKYNAPHbBIX MapKepoB. Pa3paboTka NCXogHOro
MaTepuana 6asmpoBanacb Ha MCMONb30BaHUM HOBbIX UCTOYHNKOB
YCTOMUYMBOCTM K CTEGNIEBOI PXKaBUVHE, BbIAENIEHHbIX 3 KOJJIEK-
L1 reHeTNYeCKnx pecypcoB pacteHnin BUP n konnekunn «Apce-
Han». Ana rmbpugmsaumm n 6eKKpoccmpoBaHus 6biso oTobpaHo
Tpwy 06pasLa 03MON MieHNLbI (MEHUYHO-3MMIIONCHO-PXKaHas
nuHna 119/4-06rw, copt [JloHCKaA NonyKapankoBas, cenekumnoHHas
nuHmus GT 96/90 u3 bonrapun) n ofviH obpaseL; APOBON NWEHMNLbI
(nHMA 113/00i-4 ¢ reHeTUYeCKM MaTepuanom Aegilops triuncia-
lis). 9T 06pa3ubl ObIIV TaKXKe YCTONUMBbI K Nonynauun 6ypoi
prKaBuMHbI B MOCKOBCKOW 06/1aCTN U KOHTPACTHO JOMOSHANY APYT
Apyra no Taknm X03ANCTBEHHO LieHHbIM MPU3HaKaMm, Kak BblcoTa
pacTeHnA, YNCNO AHEN [0 KOMOLWWEHWA N YCTONYNBOCTb K MyYHU-
cTou poce. [InfA yCKOpeHWA cenekyMOHHOro npoLecca Ncnosib-
30Bany OT60P FEHOTMMOB MO reHaM YCTOMYMBOCTY C MOMOLLbIO
MONeKyNAPHbIX MapKkepoB. B pesynbraTte Obinn co3paHbl IMHWN
031MOW MAFKOW MLUEHMLbl, HECYLMEe KOMMIIeKC XO3ANCTBEHHO
LIeHHbIX NPU3HAKOB 1 OT ABYX A0 YeTblpex reHOB YyCTOMUYNBOCTU K
cTebneBol paByMHe B FOMO3UFOTHOM COCTOAHUN. CNEKTp coye-
TaHWA reHOB MOJyYEHHbIX JINHWI OTAINYAETCA OT COYETaHUN FeHOB,
B3ATbIX B TMOPMAN3aLMI0 POANTENBCKNX 06PA3LIOB, U CBA3aH C Ha-
NpaBleHHOCTbIO MPOBOAUMbIX OTOOPOB METOLOM MapKep-BCMO-
MoraTenbHol cenekumm. Y IMHMUIA 03MMON NeHnLbl 0O6HapyXeHO
20 pa3nnYHbIX KOMOMHALMI coueTaHws reHoB Sr2, Sr22, 5r31,5r32,
Sr36, 5r39, Sr40 v Sr47. Yalue Bcero BCTpeyanocb coyeTaHve reHoB
Sr22 v 5r32 B roMO3UroTHOM COCTOAHUW. [INs AanbHEnWero ncnol-
TaHWA B CENEKUMOHHbIX MUTOMHMKax MoCKoBCKoI 06iacTu oTo-
6paHbl FeHOTHMbI C KOMMIEKCOM XO3ANCTBEHHO LIEHHbIX NMPU3Ha-
KOB, NPUGAMXKAIOLWMNXCA K CTaHAAPTHOMY COPTY O3VMMOW MLUEeHNL b
MockoBcKkas 39 unu npesbiluatoLmx ero. MonyyeHHbI NCXOAHbIN
MaTepuan npegnaraeTca Takxe AN NCNONb30BaHUA B cenekunmn
COPTOB O3VIMOW MLIEHNLbI, yCTOMUMBbIX K CTEGNIEBOV PXKaBUMHE

B Pa3nnyHbIX parioHax Poccmn. 3To nocnyXut 6apbepom npu
pacnpocTpaHeHrn HOBbIX Pac CTeGNIEBOI PXKaBUMHDBI 1 MOBLICUT
YCTOMUYMBOCTb CO3[jaBaeMblX COPTOB K MECTHbIM MONYNALMAM
CTe6n1eBON PXKABUMHBI.

KnioueBble cioBa: MArkas nieHunua; MapKep-BCcnomoratesbHasA
cenekuus; cTebnesas P>KaBYKMHa; Npammia reHoB yCTOIh'-II/IBOCTI/I.

The development of winter

wheat lines with several genes

for resistance to Puccinia graminis
Pers. f. sp. tritici for use in breeding
programs in Russia

LE Lapochkina1 ®, O.A. Baranova?, N.R. Gainullin?,
G.V. Volkova3, E.V. Gladkova3, E.O. Kovaleva3,
A.V. Osipoval

' Federal Research Centre “Nemchinovka’, Moscow region, Russia

2 All-Russian Institute of Plant Protection, St. Petersburg, Pushkin,
Russia

3 All-Russian Research Institute of Plant Biological Protection,
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The aim of this research is to develop for the Russian Fede-
ration Non-Chernozem Zone competitive prototypes of
winter wheat cultivars with several genes for resistance

to stem rust (including race Ug99) based on new sources
of resistance with the use of molecular markers. The indi-
vidual plants and then lines of winter common wheat
with several effective genes for resistance to race Ug99

of stem rust were selected by means of marker assistant
selection out of hybrid combinations from the crossing of
new donors of resistance to this dangerous disease. The
development of initial material was based on the use of
new sources of resistance to race Ug99 of stem rust from
VIR and “Arsenal” collections. Three accessions of winter
wheat (wheat-aegilops-rye line 119/4-06rw, cv. Donskaya
Polukarlikovaya, line GT 96|90 from Bulgaria) and one
accession of spring wheat (line 113/00i-4 with genetic
material from Aegilops triuncialis), which supplemented
and contrasted each other in such economically valuable
features as plant height, number of days before heading,
resistance to powdery mildew and leaf rust, were selected
for hybridization and backcrossing. To accelerate the
breeding process, resistant genotypes with Sr genes were
selected with the use of molecular markers. As a result the
lines of winter common wheat with a set of economically
valuable features and the presence of two-four genes for
resistance to stem rust in homozygote state were created.
The spectrum of the stem rust gene combinations in the
created lines differs from the gene combinations in the

parental accessions involved in the crossing and is associ-
ated with the direction of the selections conducted by the
marker assisted selection method. We discovered more
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KAK UUTUPOBATb 3TY CTATbIO:

than 20 different combinations of the Sr2, Sr22, Sr31, 5r32,
Sr36, 5r39, Sr40 and Sr47 genes in winter wheat lines. The
combination of $r22 and Sr32 in homozygote state was
most often found. The genotypes with a set of economi-
cally valuable features approximating or surpassing the
standard cultivar of winter wheat Moskovskaya 39 were
selected for further testing in breeding nurseries of the
Moscow region. The developed initial material is intended
for use in selection of winter wheat cultivars resistant to
stem rust in different grain-sowing regions of the Russian
Federation. This will serve as a barrier for spread of new
races of Puccinia graminis and will raise the resistance of
selected cultivars to local populations of stem rust.

Key words: bread wheat; marker assistant selection; stem
rust; pyramid genes for resistance.
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JKaBYMHHBIC 3a0oseBanust (Oypast, )kenTas u cTeOieBas

PKaBIMHBI) — 0000 OTMTacHbIe 0OJIE3HH MIIICHUIHI, TIPE/I-

CTaBJIISIOIINE YTPO3Y IPOJIOBOJILCTBEHHON O€30IIaCHOCTH.
CreOneBasi p>xaBunHa (Bo30yauTesb — OMOTPO(HBIA Ipubd
Puccinia graminis Pers. f. sp. tritici Erik. et Henn.) nHanbomnee
BpenoHocHa. [Ipu snuduToTHItHOM pa3BUTHH OOJIE3HH TTOTe-
pu ypoxkast MoryT nocrurarb ot 50-80 % u 6onee (Jin et al.,
2008). IMosiBienne B 1999 1. B Yranae HOBO#I pacsl cTeOIeBOMH
prkaBanHbl Ug99 1 ee HOBBIX IIPOM3BOAHBIX CTABUT IO YTPO3Y
MIPOM3BOJICTBO 3€PHA IIICHUIIBI B CTPaHax, IJie OHa PacIpo-
CTpaHeHa. YCHJINS FeHETHKOB M CEJICKLOHEPOB BCEr0 MHpa
JIO CHX MIOP HaIpaBJICHbI Ha TOMCK HCTOYHUKOB YCTOHYHUBOCTH
k Ug99, co3nanue TOHOPOB U COPTOB, YCTONUUBBIX K ITOMY
OITacHOMY TaTOTeHy. 3aHOC ATOTO 3a00JIeBaHUSI BOSMOXKEH U
Ha TeppuToputo Poccun. B cBs3U ¢ pekuM (CriopagudecKum
XapaKkTepoM) BO3HUKHOBEHHS SMUGUTOTHI P graminis B
OOJNBIIMHCTBE PETHOHOB Hallell CTpaHbl BHUMAHNE HCCIIEI0-
BaTeJIeH K 3TOMY IaTOreHy /10 ONPEAEIEHHOTO BpeMEHH OBLITO
ocnabiieHHbIM. MeXy TeM U3MEHEeHUE KIMMara Ha IIaHeTe
1 I100aI3a1Hs MEPa MOTYT IIPUBECTH K CO3TaHHIO YCIIOBHH
JUIS BOSHUKHOBEHHS SNMU(DUTOTHIHON CHTyalnu B 3epHOCE-
omux peruonax Pocculickoii @enepanuu. B nocnepnue
TOABI HAOMIOMAeTCS YCUJICHHE BPEIOHOCHOCTH CTEOIeBOM
PKaBUMHBIL: TIOCTOSIHHOE MPUCYTCTBHE ITaTOTeHA OTMEYaeTCst
Ha CesepHom Kaskaze (Boskoa, Cunsik, 2011). Dnuduro-
THITHOE pa3BuTHE O0Ne3HN oT™Medanoch B 2009, 2015,2016 .
B 3anagunoit Cubupu (Shamanin et al., 2016), LienTpansHOM
peruoHe eBporelickoid yactu Poccuiickoii @enepanuu u Huk-
HeM [ToBomkbe (Sibikeev et al., 2016).

Ha Cesepnom KaBkase pa3BUTHIO U PacHpOCTpaHEHHUIO
[aToreHa CrioCOOCTBYIOT OJAaronpusTHbIE KIMMaTHYECKUE
yCIIOBHS (TeMIepaTypa, BIaKHOCTB), HAIMYHE IPOMEXKyTOd-
HOTO X03s1MHa (OapOaprica), TOBCEMECTHO PACHPOCTPAHCHEI
JIMKOPACTYIIME 3/1aKH, Ha KOTOPBIX IPUO Cr1ocoOeH BHIKUBATD,
BO3/ICJIBIBAHIE BOCTIPHIMYUBBIX COPTOB PACTCHHSA-X03IMHA 1
3aHoCc nH(peknun. [Togasmnsioniee OOIBIIMHCTBO N3BECTHBIX
I€HOB YCTOWYMBOCTH HE d((PEKTUBHBI IIPOTHB BO30YANTEIIS
cTeOeBoi pKaBUMHBI MIICHUIBL. MccienoBarensiMu oTMeda-
€Tcsl, YTO CEBEPOKABKA3CKHE OITYIISIIIMI P>KaBIMHHBIX TPHOOB

Cenekumna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

XapaKTepU3yIOTCsl BHICOKOH BHPYJIEHTHOCTBIO U IIUPOKUM
pa3HooOpa3ueM NaToTUIOB. B momymnsimu cTebneBoii pxaB-
YMHBI BCTPEYAIOTCS TTATOTUNBI C 24 TeHaMH BUPYJICHTHOCTH
u3 39 uzyuennsix (Bonkosa u ap., 2015, 2016).

B 3amagnoit Cubupw, rae npoussogutcs 20 % BamoBoro
poM3BOJCTBA 3epHa Poccnn, oTMeuaercst yxyamienue Gpuro-
MaTOJIOTUYECKOH 00CTaHOBKH, CBSI3aHHOM C BO3/IE/IbIBAHUEM
BOCTIPHMMYHBBIX COPTOB TIICHUIBI U MOSBIEHHEM arpec-
CUBHBIX pac maroreHoB. K mectHo nomymsuuu P. grami-
nis ycroituuBel copta Pavon 76 u Buck Buck ¢ renamu
(Sr2+8r23), Super Seri (Sr25), Seri 82 (Sr31), Cook (Sr36)
n muanu MEDEA AP9D-SRDP-2 u Morocco ¢ HeyCTaHOB-
JICHHBIMH F'€HAMH YCTOHYMBOCTH, KOTOPbIE PEKOMEHIYIOTCS
B Ka4€CTBE JIOHOPOB B CEJICKIIMOHHBIX IPOrpaMMax Ha MM-
mynutet ([Ilamanun u ap., 2016).

Ha teppuropun FOxxHOTO Ypasa nepuoandecKku CKiabiBa-
10TCs1 OnaronpusaTHbIe yenoBus (Hampumep, B 2001 12005 rr.)
Julsl pa3BUTHS cTeOneBoil pskaBumuHbl. [Ipn cnibHOM pas3Bu-
T OOJIE3HH HeloOop ypoxas Moxer jocturark 60—70 %
(Myxwutos, 2011). B peruons! IOxuoro Ypana n 3amagHoi
Cubupu 3aHOC criop rpuda MOXKeT IPOUCXoauTh ¢ CeBEpHOTO
Kazaxcrana, rjie 3adukcrpoBaHbl CHIIBHO BUPYJICHTHBIE [1aTO-
tunsl (TFK/R, TKT/C, TPS/H, TKH/RS, TDT/HS, TTH/KQ)
cTebneBoil pxaBunHbl, cxonHble ¢ narorurnoM Ug99 (TTKS)
(Pcanues, 2008). B 1o sxe Bpemst B 2016 1. B 3anaaHoi Cubupu
Hapsily ¢ APYTMMH arpecCUBHBIMU pacaMy IaTOTeHa Oblia
BeisiBiieHa paca TTTTF (http://wheatrust.org/fileadmin/www.
grcc.au.dk/International Services/Pathotype SR_Results/
Country report Russia - August2017.pdf).

B Heueprosemnoii 30He Poccuiickoit @eneparin sarudu-
TOTHIHOTO pa3BUTHs 00JIe3HH He HaOronanu oosee 27 JerT.
Opnako B 2010 . BHOBB ObITa 3aIKCHpOBaHAa BCITBIIIKA 3a-
GoneBanusi, kotopas noBropriack B 2013 ., a3arem B 2016 .
Ha [oceBax sSpoBOM U 03UMOU MIIIEHUIBI.

Co3naHne UCXOJHOTO Marepuaia i COPTOB C yCTOWYMBO-
CTBIO K CTEOJIEBON prKaBUMHE SIBIISIETCS aKTYaJIbHOM 3a1aueit
s Poccun. Takue copra 03uMOM NIIEHULIBI OTCYTCTBYIOT B
TocynapcTBeHHOM peecTpe CeNeKUMOHHBIX JOCTUKEHUM, 10-
MYIIEHHBIX K UCTIONb30BaHMI0 B Heueprosemnoii 3oue Poc-
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culickoi denepanuy, a yCTOMUUBBIE COPTA, PEKOMEH0BAH-
HBbIE K BO3JICNIBIBAHUIO B JPYTUX PETHOHAX, 3aIUIICHBI B
OCHOBHOM reHamu Sr31 u Sr25.

BonbIIMHCTBO COBPEMEHHBIX COPTOB HE YCTOMUUBO K BO3-
Oymaurenio cTebneBoi pykaBUMHBL. Ilpn co3maHmm COpTOB C
JUINTEIBHONW YCTOMYMBOCTBIO K PKaBUMHHBIM IPHOaM TIpH-
JICP)KUBAIOTCST OOLICTIPUHATON CTpATErHH, BKITFOYAROIICH
KOMOMHHPOBAHUE HECKOJIBKIX T€HOB YCTOWIMBOCTH B OZTHOM
TEHOTHIIE (3TO yMEHBIIAET BEPOSTHOCTh BOSHUKHOBEHHS HO-
BBIX MYTaHTHBIX pac) u ucrojib3oBanue APR-reHoB, Takux
Kak Sr2, Lr34, Lr46, Lr67 u T.11. (Singh et al., 2011; Fetch,
2014; Bhavani, 2015).

IIpumeHeHue Hazne:KHOU MAapKEPHOW CUCTEMBI K I'e€HaM
YCTOWYMBOCTH TTO3BOJISIET 3HAUYUTENBHO YCKOPUTH OTOOP
pacTeHHi ¢ HY>KHBIMH T€HOTHIIAaMH. B HacTosimee Bpemst
K OOJIBIIMHCTBY T€HOB YCTOMYMBOCTH MOAOOPaHbI MOJIEKY-
nspusie Mapkeps! (http://maswheat.ucdavis.edu/Index.htm),
4acTh U3 KOTOPBIX UCTIONB3YETCs B MapKep-BCIIOMOT aTeIbHOM
cenexiuu (marker assisted selection — MAS). [Ipiumenenue
MOJIEKYIIPHO-TEHETHYECKHUX MapKepOB MO3BOJISICT MICHTHU-
(umpoBarh 3GPEeKTUBHBIC TEHBl YCTOWYNBOCTH B COPTAX
u rudpuax, 4To yCKopsieT 0TOOp HYXKHBIX T€HOTHUIIOB M
MOBBITIIACT YPPEKTUBHOCTD CENEKIIMOHHOTO mporiecca (Kox-
MeToBa, Atumiosa, 2012; Letta et al., 2013). K Hacrosimemy
BPEMEHU MapKHUPOBaHO Okoyio 77 Lr-reHoB u 50 Sr-reHoB.
MonekynsipHble MapKepbl HCHONb3YIOTCS B OCHOBHOM JIJISI
TEHOTHITMPOBAHUS PACTUTEIEHOTO MaTepHaIIa, HHTPOTPECCHI
U IHUPaMUJIUPOBAHUS PAHOHOB XPOMOCOM, COIEPIKAIIHX JIO-
KyCBI XO35H{CTBEHHO Ba)KHBIX MPU3HAKOB, KOHTPOIUPYEMBIX
raBHEIMU TeHaMu (Miedaner, Korzun, 2012; Jleonosa, 2013).

Takum 00pa3zoM, OBICTPOE U YCIICIIHOE CO3aHUE COPTOB
C HECKOJIbKUMH T'€HaM1 YCTOMYMBOCTH 3aBUCUT OT HAJIMIUS
JIOHOPOB YCTOWYIHBOCTH K OOJIE3HU U CIICIIM(HUIHBIX MOJICKY-
JIIPHBIX MAapKEPOB K 'eHaM ycroiuusocty. [Ipu aTtoM goHOp
JIOJDKEH OTBEYaTh ONpPENEIICHHBIM TPEOOBAHUSIM: HECTH He-
00XOIMMBIN I'eH YCTOHYMBOCTH M HE CHHXKATh 3HAYNTEIHHO
MIPOILYKTUBHOCTb U aJallTUBHOCTD CO3/[aBAEMOT0 MCXOHOTO
Mmarepuana. Bo3aensiBaHIe TAKNX COPTOB ITO3BOJIUT ITPOTHUBO-
CTOSITh PacIpOCTPAHEHHIO HOBBIX PAC MaToreHa.

C y4eToM BpeJJOHOCHOCTH CTEOIEBON PKABUMHBI U YCIIEII-
HOTO BBIJICJICHUSI HAMH HOBBIX JOHOPOB YCTOHYMBOCTH K pace

I.F. Lapochkina, O.A. Baranova, N.R. Gainullin
G.V.Volkova, E.V. Gladkova, E.O. Kovaleva, A.V. Osipova

Ug99 crebnesoii pxxaBunnbl (bapanosa u ap., 2015) BozHHKIIa
11eJTb HAIIETO MCCIIeI0BAHMS — CO3aTh JIMHUU O3MMOM ITIICHNU-
IIBI C PA3TMYHBIMU HOBBIMH COYETAHUSIMHU HECKOIBKHUX TCHOB
yCTOﬁ‘{HBOCTH K cTe0JIeBOi PKaBUMHE 1JIs1 UCIIOJIb30BAaHU B
CENIeKLIMOHHBIX Tporpammax Poccun.

MaTtepwuanbl n metogbl

Jlns paboTe1 6puTH 0TOOpaHBI ABa 0Opa3ia 03MMOM MIIEeHH-
el n3 xomtekuuu BUP: copt JloHckas nomykapnukoBas U
cenexkionHas jaunust u3 bonrapun GT 96/90, nmeromue B
POZIOCTIOBHOM Ty>KepOHBIN MaTepuan ot Aegilops squrrosa n
Triticum miguschovae coOTBETCTBEHHO. M3 KOIIIEKIINU «Ap-
ceHaly 0TOOpaH 03UMBbIH TpexpomoBoit rudpun (7. aestivum/
Ae. speltoides/Secale cereale) — 119/4-06rw u oguH 00pazer
spoBoit nreHus! — 113/00i-4 ¢ reneTnyecknM Marepuanom
Ae. triuncialis (Lapochkina, 1998). O0pas3usl pa3andainch 1o
COYETAHHIO I'€HOB YCTOMYMBOCTH K CTEOJIEBOI PrKaBUMHE, KaK
65110 TIOKa3aHo B padore (bapanosa u mp., 2015). O6pasis
KOHTPACTHO JIOTIOJTHSIIN JIPYT APYTa MO XO35IHCTBEHHO IIEHHBIM
npusHakam (Tabm. 1).

IlepBble CKpemuBaHUS POJUTEIBCKUX T€HOTHIIOB IIPO-
BeJIeHbI B ycinoBUaX Teruibl B 2011 1. M3-3a HecoBnaaeHus
CPOKOB IIBETEHUS yAAJI0Ch MPOBECTH THOPUAN3ZALIUIO TOIBKO
Mexnay crexyrommmMu obpasmamu: (113/00i-4 x GT 96/90),
(GT 96/90 % 113/00i-4), (119/4-06rw x GT 96/90), (119/4-06rw %
113/00i-4), (113/00i-4 x 119/4-06rw). Tak KaK HOMYJISIAN OT
CKPEIMBAHUS 03UMBIX 00pa31oB ¢ sipoBoii muauen 113/00i-4
JIOJDKHBI pacUICTUISATHCS Ha SIPOBBIE M O3UMbIE pacTeHHUS Ha-
4yuHas ¢ F,, To MOTOMCTBO pacTeHuii 5TOro MOKOJIEHUS BbI-
CEBAJIM Ha PA3IMYHbIX IOYBEHHBIX (hOHAX.

YacTp ceMsiH BBICEBAJIM BECHOHM B MOJICBBIX YCIOBHSIX, B
KOTOPBIX SIPOBBIE T€HOTHUIIBI BBIKOJIAIINBAINCH, a O3UMbIE
pacTeHus ocTaBaINCh B (asze KymieHns. OcodeHHocTa Gop-
MHUPOBAHHS yCTOWYNBOCTH K CTEOJIEBOM PIKaBUMHE Y SIPOBBIX
JIUHUNA MSITKOW TIICHUIIBI U3JIOKEHBI B pabore (Jlamoukuna
u ap., 2016). Bropyro gacTe ceMsH BBICEBaIN B (eBpaje Ha
TIO/IOTPETOM TIOYBEHHOM I'PYHTE, U TTOCIIE ITOSIBIICHHUS BCXO/I0B
(1men) mogorpeB OTKIIIOYAIH. B 3TOM citydae o3umsle pac-
TEHHs TPOXOAWIIN SIPOBU3AIMIO B €CTECTBEHHBIX YCIOBHAX
IIPU TOHM)KEHHBIX TEMIIEpaTypax U eCTECTBEHHOM CHEKHOM
MOKPOBE, a sIpoBbIe morudanu. OTO0p yCTOMYUBBIX K Oypoid

Table1. Commercial traits of common wheat accessions involved in hybridization

Accession Identified resistance Reaction
genes to Ug99,
score*
113/00i-4 (spring) Sr2,5r36, 5r39, Sr40, Sr47,5r15  0; 1

GT 96/90 (winter) Sr24, 5r36, 5r40, Sr47, 5r31, 0;
Sr15,5r17
Donskaya polukarlikovaya Sr32,Sr9a, Sr17,5r19 0;

(winter)

*in seedlings
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Severity Height, Grainper 1000
............................................. m ear, g kernels

leaf powdery weight, g

rust, % / mildew, %

damage

score

0/, 1 115 14 410

0/ 1 100 15 42.0

0/, 30 70 1.5 42.0

5/, 50 70 15 40.0
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JINHUM 03MON NLIEHNLIbI C HECKObKMMI FeHamu
yCTOMYMBOCTY K P. graminis tritici pna cenekuyumn B Poccun

pKaBYMHE PACTEHUH mpoBoamin B F, Ha MCKYCCTBEHHOM
(hore Oypoil pKaBUMHEI, COAEPIKAIIEM pachl, XapaKTEepHBIC
JUIS €CTECTBCHHOM MOMyNsuK Bo30yauTens: MoCKOBCKOH
obsactu. DTH YCTOWYMBBIE PACTEHUS KACTPUPOBAJIH U OIbI-
JSUTH PEKYPPEHTHBIMH POIUTENSIMU WM cOpTOM JloHCKast
TIOJTyKapIJIMKOBAsI.

NMMYyHOIOTMYECKY0 OLEHKY JIMHUN Ha yCTOWYUBOCTb
K cTeOneBo prkaBUMHE MTPOBOIMIIN B MOJEBBIX YCIOBUIX K
MIPUPOIHON Nomyssinuy rpuba B LlenTpansHoM pernone, a B
Kpacnomapckom kpae — Ha UHGEKIIMOHHOM (DOHE Pa3BUTHUS
cTeOeBoi pykaBUMHBI. B mocnennem ciaydae B KadecTBE UH-
(heKIIMOHHOTO MaTepHrala UCIIOIb30BalIl CEBEPOKABKA3CKYTO
nonyisuuio P. graminis. B nepruog MakCMMaabHOTO pa3BUTHUS
3a00JIeBaHN BENU YUeT NOpakeHHOCTH. KpuTtepusamu orieHKH
ciryxuiny Tin peakiun (Stakman, Levine, 1922) u crenens
MOpaYKeHUs paCTEeHUH 1o 11Kaje, pekomeHayemoit CUMMUT
(Roelfs et al., 1992). CTpyKTypHBIil aHATH3 pACTEHUH BBITION-
HSUIM IO IPOYKTUBHOCTH Koioca, Macce 1 000 3epeH u BbIco-
te 1o 10 pacrenusim. J[0CTOBEpHOCTH pa3nuyinii moKazaTenen
OT CTaHIAPTHOTO COPTa O3MMOH MIIeHUIHI MocKoBcKast 39
OLICHHMBAJIN TI0 pe3yJbTaraM OAHO(AKTOPHOTO ANUCIIEPCHUOH-
HOT'0 aHAJIM3a C UCIIOIB30BaHUEM aJITOPUTMOB CTAaTHCTHUECKO-
ro aramm3a Agros 2.09, pazpabotannbix C.I1. MapTeiHOBEIM
(1999). Coneprxanne Oenmka W KICHKOBHHBI B 3€pHE JIMHUH
OIpEeACI SN Ha MHPPAKPACHOM aHAIIM3aTope MpU TeMIiepa-
Type 21 °C. Coneprxanne KISHKOBUHBI B MyKe H €€ KaueCTBO
aHAJM3UPOBAIN Ha pudope [moTomaTuk.

WunuBuyansHble pacTeHus JUisl WISHTU(QHUKAMKA TeHOB
YCTOHYMBOCTH S OTOMpau B IOTOMCTBe pactenuit F,, BC,F,,
BC|F;, BC,F;, BC,F,. Kontpons nepenadn 1eeBbIX F€HOB
S¥ OCYILECTBIISIIN C UCTIOJIB30BAHNEM MAPKEPOB, PEKOMEH10-
BauHbIX Uit MAS (TTpunoxenue!).

Pesynbtatbl

YV WHAWBHIYaNbHBIX PACTCHNH, OTOOPAHHBIX U3 THOPHIHON
HOIYJALUM, IpeacTaBieHnoi cembamu F,y, BC|F,, BC|F,,
BC,F;, BC;F, pa3znuuHoro npoucxoskaeHus, Ob110 HASHTHDU-
IIIPOBAHO BOCEMb I'€HOB, KOTOPBIE TI0 9aCTOTE BCTPEIAEMOCTH
B TIOTOMCTBE 00pa3ytoT psin Sr2 > Sr32 > Sr36 > Sr22 > Sr31 >
> Sr47 > Sr39 > Sr40 . Cuektp coueTaHus UACHTHPHUIHPO-
BaHHBIX TCHOB Y PACTCHUN O3MMOM MIIIEHUIIBI OTIIMYAJICS OT
CIIEKTPa TEHOB, ONMPE/ICJICHHBIX y JIMHUN SIPOBOW ITIICHUIIBI
(JTamoukuHa u n1p., 2016). D10 CBA3aHO C HANIPABIEHHOCTHIO
OGEKKPOCCOB, MPOBOAUMBIX Y O3MMOH U SPOBOU MIIICHUIHL.
CoueTaHne KOMOWHAIUN TeHOB S7 B TCHOTHUIIAX O3WMOU
MUICHULBI 00Jiee pa3HO0OpPa3HO. Y sSPOBOH MIICHUIIBI MbI
obHapyxmH 10 KoMOMHAIMI COYeTaHNs TeHOB yCTONYMBOCTH
(Jlammouxwna u nip., 2016), a y o3umbIx nunmit — 20. OOHapy-
JKEHBI paCTEHUS ¢ coueTanueM reHoB: Sr2+Sr22; Sr2+Sr32;
Sr2+Sr36; Sr36+Sr47; Sr31+Sr36;Sr31+Sr47;Sr22+S8r47;
Sr22+S8Sr31+8r32; Sr22+S8r31; Sr22+Sr36; Sr32+S8r47,
Sr31+Sr36+Sr47; Sr36+Sr39+Sr47; Sr2+Sr22+Sr36;
Sr2+8r31+S8r36; Sr22+Sr32+Sr40, Sr22+Sr31+S8r36;
Sr2+8r22+8r32; Sr2+Sr22+Sr32+Sr40. Yame Bcero
BCTpEYAIM PAcTeHHs! ¢ coyeTaHueM reHoB Sr22 u Sr32 B
TOMO3HUTOTHOM cocTostHAH (cM. [Iproxenue, pucyHok). OT-
MeYeHBI 0COOCHHOCTH B TIepe/iadye HEKOTOPhIX TeHOB. B vacrt-
HOCTH, He ObLJIO OOHapy»KeHO pacTeHui ¢ reHoM Sr24 o0-

" NMpunoxenne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx11.pdf

Cenekumna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

2018
22:6

N.®. NanoukuHa, O.A. bapaHoBa, H.P. laiHynnvH
I.B. Bonkoga, E.B. nagkoea, E.O. KoBanesa, A.B. OcnnoBa

pasia GT 96/90, Hecymiero 3TOT reH B FeTEPO3UTOTHOM CO-
cTosHUH. BTOpas ocobeHHOCTh cBA3aHa ¢ TeHOM Sr2 (TeH
M3Ha4YaJIbHO OBUT MICHTU(HIIMPOBAH TOJIBKO Y SPOBOIL IIIIe-
Hutpl 113/00i-4). V 6onee 70 % pacreHwuii, yCTOHYUBBIX K
cTeOIeBOi pKaBUYMHE M HECYIINX T'eH S72, OH HaXOAWJICS B
TeTEePO3UTOTHOM COCTOSTHHU.

WnauBuayalibHble pacTeHHs C UACHTU(UIUPOBAHHBIM
TEHOTHUIIOM YCTOWYHMBOCTH K CTEOJIEBOM prkaBUMHE CHIIBHO
paznyanuch Mexay coboi o Beicote (75—145 cm), mpomyk-
tuBHOCTH Kosoca (1.0-2.7 r), macce 1000 3epen (36-60 1) u
MOP(OJIOTHYECKUM TIPU3HAKAM (HAIMYHNE OCTeH M HAINIHE
aHTOIMaHa Ha opraHax). B 2015 r. motomcTBO 373 HHIMBH-
JIyaJIbHBIX PacTeHUi (C MACHTH()UIIMPOBAHHBIMY FeHAMH S7*
¥ OTOOpaHHBIE 10 KOMIUIEKCY APYTUX XO3SHCTBEHHO IEHHBIX
MIPHU3HAKOB) OBIJIO BBICESTHO JJISI OIIGHKH YCTOHYMBOCTH K
0oie3HsIM B IBYX reorpauueckux Toukax: B MoCKOBCKOU
obmact u Kpacuonmapckom kpae. OTieHKy opa)KeHus 6oes-
HAMH B MOCKOBCKOH 00J1aCTH MIPOBOJIMIIN HA €CTECTBEHHOM
(hoHe pazButHs, a B KpacHOmapckoM Kpae — Ha HCKYCCTBEHHOM
MHPEKITMOHHOM (poHE cTeONeBOH PrKaBUNHBI.

B 2016 . B MockoBCKoO# 00nacT Ha IOCeBax IIIEHHUILI
CJIOHJIMCH OJIaroNpHsTHBIE YCIOBHUS ISl STU(PHUTOTHIHOTO
pa3BuUTHA cTeONeBOH prkaBUMHBL. OUar 3a001eBaHUS BOSHUK
Ha O03MMOM NIIeHUIEC B (a3e MOJIOYHOH CIIEIOCTH 3€pHa, a
3aTeM Iepelliesl Ha [I0CEBbI IPOBOM MUICHULBI. boie3Hs 1o-
pasmiia CTaHIapTHBIA COPT 03MMO ireHuITEI MockoBckast 39
Ha 3040 % c THnom peakuy Ha 3apaxkenue 3—4 6aa, 3To
MO3BOJIMJIO NIPOBECTU YETKYIO Au(D(EepeHIanio reHOTH-
OB CPENIN BBICETHHOTO MCXOJHOTO MaTepHaja Mo MpU3HAKY
YCTOWYHBOCTH, a TAK)KE OLEHUTD SIPOBYIO KOJUIEKIIUIO JINHUH
MIIEHNIBI C U3BECTHBIMH T€HAMHU yYCTOHYMBOCTH S7 10 -
(heKTHBHOCTH OT/IENBHBIX TeHOB B MockoBcKoit obmactu. [Tpn
OIIEHKE KOJJICKIIMH JIMHUH C H3BECTHBIMU reHaMu S7 B 2016 1.
YCTaHOBIICHO, YTO M0 cpaBHeHHIO ¢ 2013 1. criektp 3pdek-
THUBHBIX TEHOB YCTOWYIMBOCTH K 3TOMY 3a00JIEBAaHUIO Cy3HIICS,
YTO TOBOPHUT O BO3MOXKHBIX MYTAIIMOHHBIX IIpOIeccax B IMO-
MYJISIIAY TPpU0a WK Pa3iMYHbIX HCTOYHUKAX BOSHUKHOBEHUSI
snudutoTHr. Ecimm B 2013 1. 3 deKTHBHBIMU OBUTH TEHBI
Sr2, Sr9e, Sri3, Sr25, Sr26, Sr28kt, Sr30, Sr31, Sr32, Sr36,
Srd4, Srwldl u couetanue renoB Srl3+Sri7 u Sr31+Sr38,
T0o B 2016 T. BBICOKYIO yCTOWYMBOCTD (mopaskeHue 0) min
ycTolunBoCTS (ropaxkenue 10 1 % ¢ turom peaknun 1 6amr)
MPOSIBUJIH TOJILKO JIMHUHM CO CIIEYIOIUMU Sr-reHamu: Sr28kt,
Sr30, Sr31, Sr32 u SrWldl, a nunuu ¢ renamu Sr9e, Srl7,
Sr25, Sr26, Sr33 n Sr40 6puM  yMEpEHHO YCTOWYMBHI (I10-
paxxenue ot 5 10 20 % ¢ Tunom peaxiuu 2 Oana).

OmeHKa CO3MaHHBIX JIMHUI 03UMOH IIIEHHIB K TPHOHBIM
00JIe3HIM TT0Ka3ajia BBICOKYIO YCTOWYMBOCTH OOJIBIIMHCTBA
TEHOTHIIOB K BO30yIUTENISIM OypOi 1 cTeOJIeBOM PHKaBUNHBI 1
MYYHHCTOU pochl. BocnpunMuuBeIX K nonyasuuu P, grami-
nis MOCKOBCKOW 00JacTH M PaCHICTIISIOMINXCS [0 3TOMY
MPU3HAKY JTUHUHA OKa3zanoch Bcero 14 m3 373 BBICESIHHBIX
(ox0110 4 % TeHOTHITOB). YCTOWYMBEIX K P. triticina ObIO e
6omnbine (98.7 %). JInnwii, ycTOWINBBIX K MyYHHCTOH poce ¢
nopaxkeHueM 110 10 % B TecTrpyeMoM Matepuale, Obuto 147
(tabm. 2). Beinemneno 136 muawMiA ¢ TpyITIOBO# YCTOMYMBOCTHIO
K TpeM OOJIC3HSIM.

Ornenka 367 IUHUM 03UMOM MIIEHUIBI TAKOTO 7K€ MPOHC-
xoxieHnst B KpacHomapckoM Kpae npH HCKyCCTBEHHOM 3apa-
JKEHHH CEBEPOKABKA3CKOI MOITYIISINEH CTeOIeBOI prkaBINHBI
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Table 2. Evaluation of winter wheat lines for resistance
to leaf and stem rust and to powdery mildew against
the natural background in the Moscow region (2016)

Disease Total Number Number of suscepti-
num-  of selected ble and segregating
berof immune lines recognized

and resistant
lines

lines

TI03BOJIJIA BBIACINTH 146 MMMYHHBIX THUH (1Topaxkenue 0)
1 22 yCTOMYMBBIX JIMHUU (Opa)keHHe 10 S5 %, THI peakiuu
1-2 Ganna), T.e. 46 % TUHWNA MPOSIBHIN YCTOHYNBOCTH K
3TOMY 3200JICBaHUIO.

IIpu cpaBHEHUU PE3YNBTATOB, IOIYYEHHbIX B MOCKOBCKOI
obmacti u KpacHomapckoMm kpae, BbieneHo 50 TeHOTHIOB,
MPOSIBUBIINX YCTOWYMBOCTH B 00€MX reorpad)uuecku otTia-
JICHHBIX TOUKaX UCIIBITAHHUS.

V nunwuii, BeicessHHBIX B 2015 1. B MOCKOBCKOM 00J1aCTH,
OTMEYaJINCh MapKepHbIEe MOP(OJIIOTHYECKHE MPU3HAKH, Xa-
paKTepHbIE ISl POIUTENBCKUX (POPM CKpEIIMBaHUs (HaIUnIne
aHTOLlMaHa Ha cTellie, YIIKax JIMCTA, MbIIbHUKAX; HAJINIUE
ocreif), a Tak)Ke J1aTa KOJIOMICHUS ¥ BEIPAaBHEHHOCTbD JIMHUH
1o BeicoTe 1 Mopdorury Kosoca. Toabko MOPHOIOrHUECKH
OITHOPOZHBIE HOMEpa 0€3 MPU3HAKOB PACIICIUICHNS BOIILIN B
BBIOOPKY JIMHUH JJIsl TPOBEACHUS OHO(PAKTOPHOTO JHCIIep-
CHOHHOTO0 aHanu3a. Pe3yabsraTsl 3TOro aHanmsa nokasaiH, 4To
HEKOTOPBIE U3 JTMHUHN T0CTOBEPHO ITPEBOCXOJIST CTAHIAPTHBIN
copT MockoBckas 39 no npogykTHBHOCTH Konoca. K Tomy xe
OOJIBIIMHCTBO JIMHUI UMeNo OoJiee KOPOTKHUMA cTeOelb U He
nonerazo. JInaun GpopMupoBaIu KPyIHOE 36PHO U BBIKOJA-
IIMBAJIMCh HA OJINH-BOCEMb JHEH paHblle cTaHaapra. B yc-
JIOBUSIX SMTU(PUTOTHHHOTO Pa3BUTHSI CTEOJIEBOH PrKaBIYMHBI B
MockoBckoii o6macti B 2016 T. OHU IPOSIBIITH YCTOHYHBOCTD,
B TO BpeMs Kak copT Mockosckas 39 nopasuicsa Ha 30 %.
K tomy ke uacTb iMHU Obl1a BEICOKO yCTOWYMBA K Blumeria
graminis u P, triticina.

W3 373 nuHuil 03MMOIl MIIEHUIIbI, CO3AaHHBIX B IPOLIECCE
9KCIIEPUMEHTA, JJIs JaNbHEHNIIero HCIBITAaHNUS B CEJIEKIIMOH-
HBIX MTUTOMHUKaX MocKoBcKo# ob6mactu otodbpano 137, Hecy-
KX pa3INYHOE COUYETAHNE TeHOB YCTOMYMBOCTH K 'PHOHBIM
naroreHam. [Ipu oT60pe OpUeHTUPOBAINCH, B TOM YHCIIE, HA
BbIcOTY 85—100 cM, TpOIyKTUBHOCTH Konoca 2.0-2.5 1, Mmaccy
1000 3epen 45-59 1. YuutbIBanu 4uciao AHEN 10 KOJOLIEHUS
U CTEIeHb YCTOMYMBOCTH K M3y4aeMbIM Oosie3HsM. B oty
BBIOOPKY BONILTO 49 yCTOMYUBBIX TE€HOTHUIIOB, ITPOSBIISIOIITIX
YCTOWYMBOCTH K Oypoii, cTeOneBoi pkaBunHEe U MyYHHCTOH
poce B MOCKOBCKOI1 0011aCTH, ¥ yCTOWYUBBIX K Oypoii U cTed-
JeBoi pxkaBunHe B KpacHomapckom kpae.

B 1ab61. 3 npuBeneHo pasHooOpasue JIMHUH 110 UICHTUDH-
LIUPOBAHHBIM T€HaM YCTOMYMBOCTH S7' 1 HEKOTOPBIM XO351ii-
CTBEHHO LIEHHBIM TIPH3HAKaM B CPABHEHHHU CO CTAHAAPTHBIM
coproM MockoBckast 39 B ycioBusix MOCKOBCKOH 001acTH.
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[IpenBapuTesnbHas olleHKa JMHUM 10 Ka4eCTBY 3epHa (co-
nepxaHne Oenka M KICHKOBUHBI B 3epHE) Ha MHPPAKPaCHOM
aHaJM3aTope MOKa3aJia MOBBIIICHHOE 3HAYCHHUE ATHX MTOKa3a-
Tenell Mo CpaBHEHHMIO ¢ cOpToM MockoBckasi 39, KOTOpBIH
SIBIISIETCA STAJIOHOM KauecTBa B HeuepHozemnoit 301He Poccuii-
ckoit Menepanmn. Konebanne coneprkanus Oenka B 3epHE y
BBIJICJICHHBIX JIMHUI Ob1110 B nipeaenax 15.2-20.2 %, a kneiiko-
BUHBI— 0T 29.7 10 41.5 % (copT Mockosckas 39 nmen 17.6 %
Oenka u 31.4 % KiIeWKOBUHBI B 3¢pHE). JlOMOTHUTEIBHAS
OLICHKA COJIep KaHHs KJICHKOBHHBI B MyKe, IIPOBE/ICHHAs Ha
npubope [MoTOMaTHK, MOATBEPANIAa BEICOKOE COMACPKAHNE
KJIEHKOBHHBI Y 0TOOpaHHbIX THHUI (37-61.3 %), HO KauecTBO
KJICHKOBUHBI OOJIBIIMHCTBA JIMHKUN cooTBeTcTBOBAO 111 Kitac-
cy (MAK en. mkansr mpudopa 92-114). (cm. IIpunoxenne).
Takas KJICHKOBHHA XapaKTepU3YeTCs KaK yIOBICTBOPHTEIIb-
HO citabasi. Myka ¢ TakuMH 1OKa3aTes MU MOXKET ObITh HC-
TIOJTb30BaHa B KOHIUTEPCKOH MTPOMBIIIICHHOCTH JUTS BBITTCUKH
OmckBUTOB U cIOOHOTO TIedeHbs (beicTpoB, M3ocumog, 2007).

O6¢cyxpeHue

[puBIekast 9y»kepOTHBII MaTepUAa «IHKapei», CETICKIINOHED
MIOYTH BCEIIa CTAIKMBAETCSI C HEXKEaTeIbHBIM T€HETUYECKUM
TPY30M, YXYALIAIONIIM XO35IHCTBEHHO [IEHHBIE IPU3HAKH COP-
Ta. TpaguuuonueiMu MeToaamu cesekuuu B CUMMMUT cos-
JIaHO HECKOJIKO COPTOB MIIEHUIIBI C YCTOWYUBOCTBIO K pace
Ug99 crebneroii pxxkaBumnsl (Singh et al., 2011), xotopsre
Bo3nenbIBatoTcs B KeHun u Dduonuu, oMHAKO MX TPOTYKTHB-
HOCTbh HEJOCTaTOYHO BbicOKa. IIpoliecc BhIBEICHUS TaKUX
COPTOB TPAIWIIMOHHBIMUA METONAMH CENEKINH JUTHTENCH U
3aruMaet 6oiee 10 net. [TosToMy MccenoBaHus B 3TOM Ha-
MPaBICHUH TPOJIOJKAIOTCS, & MMOMCK HOBBIX HCTOYHUKOB
YCTOMUYMBOCTH M M30aBIEHNE OT HETaTUBHBIX NPU3HAKOB M
CBOWCTB JUKOPACTYIINX COPOIUYCH, KOTOPBIC TIPUBHOCSATCS
C reHaMH yCTOMYMBOCTH, OCTAIOTCS PEIIAIOIIUM MOMEHTOM
B CO3/IaHUH YCTOMUYMBHIX cOpTOB. Kak mpaBmio, coodmaeTcs,
YTO YCTOWYMBOCTD Y BBIICIICHHBIX HICTOYHHUKOB H COPTOOOpa3-
IOB, MOJIYYEHHBIX C UX YYaCTHEM, JETEPMUHUPYETCS OJJHUM
nmm aeyms renamu (KoxmeToBa, Atumioa, 2012; Lopez-Vera
et al., 2014). BolbMMHCTBO K€ UCCIIEAOBATEICH CXOISATCS
BO MHEHHH, YTO B COPTE JUIsl MIPHUAAHUS €My JIUTEIbHOMI
YCTOMYMBOCTH HEOOXOMMMA MHPAMHUIA U3 IBYX-TPEX TEHOB,
MIPUYEM JTOJDKHBI COYETATHCS TCHBI YCTOHYUBOCTH B3POCIIOTO
pacTeHus M TeHbl FOBeHIIIbHOM ycToitunBocth (Fetch, 2014;
Bhavani, 2015).

B mamem ciydyae Ha co3maHHE KOHKYpPEHTOCIIOCOOHOTO
YCTOWYMBOTO K CTEOJICBOI prkaBYMHE MCXOIHOTO Marepuala
03UMO¥ IMIICHHUIIB! C MCIIOIB30BAHNEM MOJIEKYIISIPHBIX Map-
KEpOB MOTPeOOBaTIOCh BCETO MIeCTh JeT. OTAeIbHBIC TCHOTH-
bl MIPEB3OIILIN CTAHIAPTHBIA COPT MO HEKOTOPHIM dJIEMEH-
TaM MPOIYKTHBHOCTH M CONEPKAHMIO OeNKa M KICHKOBUHBI
B 3epHe. Hanmame nByX, Tpex u Ooiee TeHOB YCTOHYHUBOCTH
K P. graminis y nojy4eHHbIX JIMHUN MSTKOW MIIEHUIbI
(cM. Tabm. 3), KOTOpBIE BKITIOYAIOT T€H yCTOWIHMBOCTH B3POC-
JI0r0 pacTeHus Sr2 B COUETaHWU C TeHaMU FOBEHUJIbHOM YCTOM-
yuBoctH Sr22, Sr32, Sr39 u Sr40, OHKHO NPEAOTBPATUTH
OBICTPYTO DBOIIOLIMIO MATOTEHA TI0 T€HAM BHPYJICHTHOCTH U
00ecneynTh OyIyIIUM COpTaM IITUTEIBHYIO YCTOHYUBOCTD.
Oco0OeHHYIO IIEHHOCTh HAIUM JIMHHUSM MPUAACT HaTHUNC
MaJIo U3y4YeHHBIX 110 OTHOIICHHUIO K APYTUM pacam P. graminis
U PEIIKO UCIIOB3YEMBIX B CEJICKITMOHHBIX MPOTpPaMMax TCHOB
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Table 3. Commercially valuable traits in some lines with an identified genotype
of resistance to stem rust

Line Pedigree Genes Days Height, cm Grain 1000 kernels
to heading per ear, weight,
9 9
1-16 (113/119)/0/A8 Sr2h™*, 22,47 257 90" 2.1 50.0
s Gy smha2i: w2 s 22 a0
19816 ................... ( ”3/96)”15,3736 .............................. 2 68 ......................... 130 ....................... 19 ........................ 5 20 ...................
erte ameyma sehozs o o o sio
16516 ................... ( 96/113)/ﬂ/965r2h36 ............................. 2 63 ......................... 9 7 .......................... 2 0470 ...................
616 ....................... ( 96/113)/96/965r36 ................................... 2 65 ......................... 130 ....................... 2 5480 ...................
e o606 she ws o2 o a0
e ooyman  sehstar w et o a0
e Gsmovmma  se2aheh w 0 7 a0
e (eeyman  Sehsado o - s a0
ete (13eeymes  Sohsshish o o o sio
a6 (zeeymn  seasishish 259 0 o a0
7616 ..................... ( 113/96)/ﬂ/n5r2h32 ............................. 2 60 ........................ 7 6* ........................ 14*450 ...................
a6 (130609606 smhiesr w2 00 20 a0
8616 ..................... ( 113/96)/96/965r2h36 ............................. 2 63 ......................... 9 8 .......................... 2 7*490 ...................
w016 T T B o PO 0
32616 ................... ( 113/96)/1195r232 ................................ 2 64 ........................ 135 ....................... 2 1440 ...................
ome (oSO x(3x9N9s  S2236 4 s s a0
eete (1zeeveem  sehsnis w o o a0
osts Miseeyiente  Seha2iz w1 o0 o 60
e Geemessss  sohz23 s & 2 s0
12916 ................... ( 119/96)/u/n5r2232 .............................. 2 61 ......................... 8 4* ........................ 2 1 ......................... 6 30 ...................
s Gzeeymse  smhanz w2 s s o0
s (1oeeumsees  ssnisar e o s a0
SundardgadeMoskovskaia3> 6s nso o w0
1L5Dp<005_ ............................. 2 5 .......................... 0 5 ......................... * ** ....................

" Least significant difference (LSD)
* Deviation from the reference significant at p < 0.05.
** h, heterozygous state of the gene.
T F gps < Fexp (Fisher's test).
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Winter wheat lines with several genes for resistance
to P. graminis tritici for selection in Russia

Sr32, Sr39 u Sr40 (Singh et al., 2011) ¢ renom ycroitunBo-
CTH B3pPOCJIOTO pacTeHus Sr2, mpossisiromum 3h ekt “slow
rusting”.

B ycioBusx smuuUTOTHHHOTO pa3BUTHS CTEOICBO piKaB-
yuHbI B 2016 T. Ipu O1IeHKE KOJUIEKIUH U3 44 sIpOBBIX JTUHUN
TMIIICHUIIB! ¢ U3BECTHBIMU T€HAMH YCTOHYUBOCTHU S7* MBI BBI-
SIBHJTH T€HBI, ONPEICIIIFOIINE YCTOHYNBOCTE K 3TOMY 3a00J1¢e-
BaHuto B HeuepHozemuoit 30ue. Jto renst: Sr9, Sri0, Sri7,
Sr24, Sr26, Sr25, Sr28, Sr30, Sr3l, Sr32, Sr33, Sr35, Sr40,
SrWldI n coueranue reHoB Sr7a+Sri2+Sr6 u Sri3+Sri7.
Oj1HAKO BBICOKYO YCTOWYHBOCTB K CTCOJICBOI pyKaBUMHE MTPO-
SBMJIM TOIBKO IeCTh reHoB: S126 (1/,), Sr28 (1/,), Sr31 (1/. )
uSr32(0;),Sr35(1/,), SrWwid1 (1/,), a Takxe couetaHue I'eHOB
Sr7a+Sri2+Sr6 (1/,). OcranbHble UMENH HOpaXkeHue ot 1/,
(Sr10) no 10/,-15/,-20/, (Sr13+Sr17, Sr9e, Sr17, Sr24, Sr30,
Sr33) u naxe 30/, (Sr36, Sr40). B co31aHHBIX HAMU JIMHUAX
03UMOM MIICHUIBI IPUCYTCTBYIOT KaK BEICOKOA(P(PECKTUBHBIC
JUTS HAIIIeH 30HBI TeHBI yCTOWIMBOCTH K CTEOIEBON PrKaBUMHE
(Sr32, Sr31, Sr2), reHsl, NeTEePMUHHUPYIOLINE YMEPEHHYIO
YCTOHUMBOCTE K natoreny (Sr36, Sr40), a Takxke renst Sr22,
Sr47, peaknio KOTOPBIX MBI HE 3HAEM M3-3a OTCYTCTBHS UX B
Habope TecTupyeMoii KoJuteKIun. COBOKYITHOCTB STHX T€HOB
oTpe/IeNTiia YyCTOMYMBOCTh TCHOTHUITOB Kak B HeuepHo3eMHoOM
30He, Tak 1 Ha CeBepHOoM KaBkaze. DTO MO3BOJISET MIPEIIO-
Jlarathb CEJICKIIMOHHYIO [ICHHOCTh CO3IaHHOTO MaTepHaa Juis
000uX PETHOHOB.

AJNBTEpHATUBHBIN, HO JJOPOTOCTOSIIIHA CITOCOO IMOBBIIICHUS
UMMYyHHTETa MIIeHnIs! K pace Ug99 cTebneBoil pkaBUMHbI
MpejiaraeTcsi KOJUIeKTUBOM uccienoBaresneit u3z CIIA, As-
crpaniu u Kutas. OHE [enaloT CTaBKy Ha MCIIONb30BaHHE
reHoB Sr35 (T. monococcum) n Sr33 (Ae. taushii). T'en Sr35
MepeHeceH B TeHOM MSITKOI MineHunsl ot 7. monoccocum,
IJIe OH COXpaHsET CBOIO 3(P(PEKTUBHOCTH. | €H BBHI3BIBAET
peakuuo ceepxuyBcTBuTenbHOCTH K TTKST pace, ogHako
pacTeHUs C TUM I'C€HOM OCTAIOTCS BOCIPUUMYHUBBIMU K HE-
KOTOPBIM JPYTHUM pacaMm cTeOneBoil prkaBuuHBI. [ToaToMy
pPEKOMEHIyeTCsl JIOMOIHUTEIBHO HCIIONB30BaTh TeH Sr33,
KOTOPBIN 00eCIeUnBacT YMEPCHHYIO YCTOHUYHNBOCTD KO BCEM
pacam P. graminis. Ilpenanaraercs oobequHATE 00a TeHa B
TEHOME MSTKOHU MIIICHHIIBI WK ITyTEM CKPEIIUBAHUS U PEKOM-
OMHAIIUY, WK Yepe3 TPaHCHOPMAIIHEO MIICHUIIBI ¢ UCIOb-
30BaHUEM TEHETHUYECKOW KOHCTPYKIMH, BKIIOUAIOMICH 00a
reHa ycroitunBocty (Periyannan et al., 2013; Saintenac et al.,
2013; Grens, 2014). Ha ommxkaiiniee BpeMs 3aIIaHUPOBAHO
CO3IaHUE TPAHCTEHHBIX pacTeHHH. OJJHAKO CIIeAyeT MPU3HATh,
YTO TPAIUIIMOHHAS CENEKITNS, YCKOPCHHAS HCIIOTh30BaHHEM
crenu(GUIHBIX MOJICKYISPHBIX MapKEepPOB, OCTACTCS CaMbIM
pacmpocTpaHeHHBIM, JOCTYITHBIM U TOKa Hambomee 3ddek-
TUBHBIM CIIOCOOOM TOTyYCHHUS TCHOTHUIIOB IMIIICHHUIIBI C TCHAMH
YCTOHUYHUBOCTHU K PXKABYMHHBIM OOJIC3HSIM.

YenemHoe co31aHue UCXOAHOIO Marepualia MArKOH Iiie-
HUIIBI C PA3TMIHON TUPAMUION TE€HOB YCTOYMBOCTH B HAIlIEM
cirydae 00ycCIIOBIICHO, B IEPBYIO 04€PE/ib, 0COOCHHOCTBIO B3sI-
TBHIX B CKpETIIUBaHUE 00PA3IIOB MIIICHHUIIBI, KOTOPHIE H3HAYAIb-
HO OTJIMYAIHCH MIHPOKHUM CIIEKTPOM S7-T€HOB, B TOM YHUCIIC
u 3¢ dekTUBHBIX TeHOB K pace Ug99. TakuM reHeTHUeCKuM
pazHooOpa3ueM JHHUH O0S3aHBl HATUYIHIO Ty>KEPOTHOTO
TEHETHYECKOTO MaTephaisa B POIAOCIOBHOW HCIIOIH30BAH-
HBIX JIOHOPOB: Triticum miguschovae (T. militinae/Aegilops
tauschii) (GT 96/90), Ae. speltoides, S. cereale (119/961rw),
682
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Ae. squrrosa (JloHckas nonykapiukoBas), Ae. triuncialis n
T kiharae (113/00i-4), a B cirydae ¢ oOpa3maMi KOJUTEKITHI
«ApceHan — 1 HCIOIb30BAHUIO TaMMa-00 Ty YeHHS TTBUTBIIBI
JUKOPACTYIIUX COPOANYEH MIIEHUIIBI. DTOT MOAXO/ MPUBO-
JIIT K BOSHUKHOBEHHIO Yy MATKOM ITIIEHHUIIBI MHOKECTBEHHBIX
qy>KepoaHbIX TpaHciokaui ([anymmms, Jlanouknna, 2007).
IleHHOCTB CO31aHHOIO MCXOIHOIO Marepualla 03UMOM IIllie-
HUIIBI COCTOUT B T€HETHUECKOM pa3zHooOpa3uu U KoMOnHa-
UM MICHTH(UIMPOBAHHBIX TEHOB YCTOHYMBOCTH K CTEO-
neBoii pxxapunHe. Ha nocnennem srane orbopa nporuna(os)
copra(0B) mpennonaraeTcs Bepu(pruKanys HIeHTHPHITIPOBAH-
HBIX T€HOB C MCIOJIb30BAHUEM JOIIOIHUTEIBHBIX MAPKEPOB.
Hanuuue perieccMBHOTO reHa yCTOMYMBOCTH B3pPOCIIOro pac-
TeHUs Sr2 B TETEPO3UTOTHOM COCTOSIHUH y OONBIIMHCTBA JIH-
HUH 03UMOM MIICHUIIB TOTPeOyeT JONOIHUTEIBHBIX yCHUITNH
JUIs IEPEBO/Ia €ro B TOMO3MIOTHOE COCTOsIHKE. B yacTHOCTH,
HaMH 3aIJIaHUPOBAHBI 3KCIIEPHMEHTBI 110 MOIYyUCHUIO NTa-
TUTOM/IHBIX JINHAH METO/IOM aHporeHe3a. JlomoIHUTeIbHBIM
JAOCTOMHCTBOM HEKOTOPBIX JIMHUH SIBJISICTCS UX yCTOﬁ‘IHBOCTL
U K BO30yuTensam Oypoil pKaBUMHBI U MyYHUCTOH POCHI.
OTtoOpaHHbIE TMHAN 03UMOI MATKOW MIIIEHUIIBI C HECKOIIb-
KuMH 3QQEKTUBHBIMU TeHaMu Sr K pacam cTeOlIeBOi pikaB-
guHBl MockoBckoi obmacti n KpacHomapckoro kpast OTiIH-
YaroTCs 10 KOMOMHAINH (P QEKTUBHBIX TCHOB YCTOWYHBOCTH
1 UX YUCJTY B TCHOTUIIC OT TCHOTUIIOB yCTOfI'—IPIBOCTPI COpTOB
MSTKOH HIIIEHAITHI, CO3TaHHBIX 3a pyOexom u B Poccrn. Tak, y
copra Pembina (Kanana), ycroitunsoro k Ug99, mnentndumm-
poBan reH Sr2, y coptoB u3 Kazaxcrana (23-607, duton 41) —
TeH YCTOMYMBOCTH B3pOCIOro pacteHus Sri7. Pam copros,
BeIBeiecHHBIX B CUMMMUT wu Bo3nmenpiBaeMbIX B AdraHu-
crane, Kenuu, Erunte u Muauu, coaepKuUT KOMILIEKC TEHOB
Sr2+(Baghlan 09, Kakaba, Baz) wu Sr2 +SrTmp (Koshan 09,
Robin) nm Sr2+Sr25 (Mugawim 09, Misrl, Misr2, NR356),
KOTOPBIN 00eCreunBaeT yMEPEHHBIH YPOBEHb YCTOWYNBOCTH
k Ug99 (Singh et al., 2011). JIuarm 03UMO#i MIIICHALIBI, CO3-
naHHble B KazaxckoMm HayYHO-MCCIIEI0BAaTEIIbCKOM HHCTUTYTE
3allUTBI U KapaHTUHa paCTeHHﬁ, UMCHT €IUMHUYHBIC I'CHBI
ycroitunBocTr Sr22 wim Sr24 WM codeTaHWE OBYX T€HOB
Sr22+Sr36 (Koxmeroa, Atuiosa, 2012). Y copToB sipoBoit
IMIICHUIIBI, BEIBSICHHBIX B 3amaaHoil Cubupu u [ToBomkbe,
UACHTUPUIUPOBAHBI €AMHUIHBIE TeHBI S125, Sr31, Sr36 nm
coueranue reHoB Sr25+Sr31 (Jliorecuenc 310-00-10, Ku-
Henbekas HuBa), Sr3 1 +Sr36 (Jlrorecuienc 23528) (Illamanun
u np., 2015). T'ensr Sr25 u Sr6Ai#2 obecrieunBaioT yCTOWYH-
BOCTb K cTe0s1eBOH 1 Oypoii prkaBunHe copraM n3 CaMapckoro
HUWU cennckoro xo3siictea u HUU FOro-BocToka Gnaronaps
CIeTIICHHOCTH ¢ TeHamu Lr19 u Lr6Ai#2 (Aypeym 753, Aype-
ym 757, Jluaus 199, Jluaus 610) (Shamanin et al., 2016).
MsI npeyiaraeM CKOPpEeKTHPOBaTh MPOTrPaMMBbl CelleK-
LMOHHBIX LIEHTPOB Poccuu U BOBJIE€YL CO3IaHHBIM O3UMBbIH
1 SIPOBOM MCXO/HBII MaTepuai B CKPEIIUBAHMSI C MCCTHBIMHU
aallTUPOBAHHBIMU COpTaMU JIsl UX YIYUYHICHUA IO IMPU-
3HaKy YCTOHYMBOCTHU K CTEOJIEBOM prkaBUMHE B 30HAX PHUCKa
pactpocTpaHEeHUsI U BO3MOXKHBIX PETHOHAX 3aHOCA ITOTO
3aboneBanus. sl yCKOPEHHOTO TOJyYeHUs] KOHCTAaHTHOTO
Marepuaga MHAUBUAYaIbHBIE OTOOPHI CIIEAYET MPOBOJNTH,
Ha4YHMHask C TPETHEr0-4eTBEPTOrO IMMOKOJICHHS C OTIPE/ICIICHHEM
3¢ GEKTUBHBIX TCHOB YCTOWYMBOCTH C UCIIOJIb30BAHUEM CIIC-
I (UIHBIX MOJIEKYIISIPHBIX MapkepoB. Takue MOoIXoibl MEHEE
3aTpaTHBI 110 CPABHEHHIO C CO3JaHWEM TPAHCTEHHBIX (Gopm
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JINHUM 03MON NLIEHNLIbI C HECKObKMMI FeHamu
yCTOMYMBOCTY K P. graminis tritici pna cenekuyumn B Poccun

pacTeHui MATKOHM MIIEHWIBI, a BBIBEJCHHbIE COPTa CTAHYT
GaprepoM IS pacIpoCTpaHEHHs CTeOIeBOM PiKaBUNHBI PACHI
Ug99 B ciyuae ee MPOHUKHOBEHUs HA TEPPUTOPUIO HAIEH
CTpaHBI.
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Characterization of resistance of winter
wheat varieties to Fusarium head blight
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In this study, naturally and artificially inoculated winter wheat
varieties were studied with respect to their productivity and
resistance to Fusarium head blight (FHB). We used the following
set of disease assessment parameters: the percentage of visually
and latent Fusarium-damaged grains (FDG); the DNA content of
Fusarium fungi; the productivity of inoculated plants compared
with non-inoculated plants; and the amount of mycotoxins in

the grain. In case of naturally infected grains, the average FDG
was found to be about 6.1 % (range of 0-15 %). The amount of
DNA of Fusarium graminearum was found to be in the range of
(1.1-42.7) x 10~° ng/ng wheat DNA. The mycotoxin deoxynivalenol
(DON) was detected in 15 samples of grain from plants that were
grown under natural infection. The maximum DON amount was
found to be 420 ug/kg. Fumonisin B, (FB,) was not be detected

in naturally infected grain. In case of artificially inoculated plants,
the average FDG was found to be 25.8 % (2-54 %). The amount of
F. graminearum DNA was found to be significantly higher (4.24-
49.8) X 1073 ng/ng than it was detected in grain of non-inoculated
plants. The wheat varieties inoculated with F. graminearum
contained DON in high amounts from 20255 to 79245 pg/kg.
Furthermore, a significant amount of FB, was detected in all
wheat varieties in the range of 980-20326 pg/kg. Among the
analysed wheat varieties, Adel was characterized to be the most
resistant to fungal infection as well as to the contamination

by mycotoxins. Antonina, Lebed and Pamyat varieties were
classified more relatively resistant than that of other varieties,
and Utrish variety was found to be the most susceptible to FHB.
The similar resistance of wheat varieties against . graminearum
and F. verticillioides infection was recorded, and the interactions
between the fungi during the colonization of grain were shown.

Key words: wheat; varieties; resistance; fungi; Fusarium; DNA;
mycotoxins; artificial inoculation; quantitative PCR.
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XapaKTepUCTMKa COPTOB O3UMOI
MIIIEeHUIIBI TI0 YCTONYMBOCTH
K y3apumo3sy 3epHa

T.IO. Tarkaesa! @, A.C. Opunal, O.IT. Tappuaosal,
.B. A6aoBa?, A.A. Becrraropa?

T Bcepoccnitckmin Hay YHO-NCCNIEAOBATENLCKII UHCTATYT 3alLuTbl
pacteHwir, CaHkT-TMeTepbypr, MywKkuH, Poccua

2 HauyoHasbHbIiA LeHTp 3epHa um. MN.MN. JlykbaHeHKo, KpacHopap,
Poccua

Mo npofyKTMBHOCTY 1 YCTONUYMBOCTM K dy3apuro3y Ha
ecTecTBeHHOM poHe UHdEKLUN 1 Ha GOHE NCKYCCTBEHHOW
VHOKYNALMN rpnbom Fusarium graminearum nccneposanm
17 COPTOB 03UMOW NLEHNWLbI cenekuymn HaumoHanbHoro
ueHTpa 3epHa uM. MN.1. JlykbaHeHKo. OLeHKy copToB
NpoBOAWAN Ha OCHOBaHMWM NoKa3aTesiel, ONM1CbIBaoLLMX
pasnuMyHble TUMbl YCTOMYMBOCTL: MPOLEHTHOE
copepkaHue Gpy3apro3HbIX 3€PEH, BbIABIEHHbIX MO
BHELLUHVM MNpr3HaKaM 1 B pe3ysnibTaTe MUKONOrMYeCckoro
aHanu3a, a Takxke cogepaHue HK rpubos Fusarium;
noKasaTesivu NPOAYKTUBHOCTU MHOKYIMPOBaHHbIX
pacTeHWIn B CPAaBHEHNUN C HEMHOKYIMPOBAHHbIMU;
KONIMYEeCTBO MMKOTOKCMHOB B 3epHe. Ha ecTecTBEHHOM
¢boHe, cornacHo pesynbratam MUKOMOrMYECKOro aHanmsa,
3apaXkeHHOCTb 3epHa rpnbamm poaa Fusarium 6bina B
cpepHem 6.1 % (0-15 %), konuyectso AHK F. graminearum
BapbUPOBano B AnanasoHe (1.1-42.7) X 107> Hr/ur HK
niweHnUbl, fe30KcMHrBaneHon (JOH) obHapyxeH B 15
ob6pasLax c MakcMMasbHbIM cogepkaHmnem 420 MKr/Kr,

a dymoHum3uH B, (DB)) He BbiABNeH. Ha nckycctBeHHOM
NHPEKLNOHHOM PpOHe 3aparkeHHOCTb 3epHa CoCTaBMa
25.8 % (2-54 %), konnuectso HK F. graminearum 6bino
3HaUYNTENbHO BblILLE, YEM B €CTECTBEHHbIX YC/TOBUAX,

¥ BapbupoBano B npeaenax (4.24-49.8) X 107 Hr/Hr.
O6pa3ubl 3epHa BCEX COPTOB MLLIEHWLbl, BbIPaLLEHHbIX Ha
WNCKYCCTBEHHOM UHbEKLMOHHOM doHe F. graminearum,
copepxanu JOH B BblCOKMX KonuyecTBax — oT 20255 go
79245 MKr/Kr. BblaiBNeHO 3HauMTeNbHOE coaepKaHne

(I)B1 B Amnana3oHe ot 980 go 20326 mkr/kr. Copt Apenb
OXapaKTepu3oBaH Kak BbICOKOYCTONUMBBIN K 3apaXeHnto
rprubamu 1 HaKOMIEHUIO MUKOTOKCUHOB. K OTHOCUTENbHO
YCTONUMBBIM OTHECEHbI cOpTa AHTOHWHA, Jlebepb, MamaATb,
a Hanbonee BOCNPUNMUMBBIM OKa3asca COPT YTpuL.
YcTaHOBEHbI CXOACTBO PeakLmii yCTOMUYMBOCTU COPTOB
nweHnubl K 3apaxkeHuio F. graminearum v F. verticillioides
1 CyulecTByloLMEe MeXay rpubamu B3avMoaencTaus 8
npotiecce KONOHM3aLnn 3epHa.

KntoueBble cioBa: NlWeHNLa; COPTa; YCTONYMBOCTD; FpnbbI;
Fusarium; QHK; MMKOTOKCKHbI; NHOEKLMOHHBIA GOH;
KonnyectseHHas MLP.



n ecological farming, one of the major thrusts is the culti-

vation of crops that are resistant to various biotic and abiotic

stress factors. Obtainment and selection of specific plant
forms along with the creation of prospective gene pools is a
complicated long-term work of scientific teams, bringing a
spectrum of high-productive varieties with different amounts
of resistance to particular environmental stress factors
(Bespalova et al., 2012, 2017; Ablova et al., 2014). Large-
scale cultivation essentially helps in the breeding of crop
varieties, as they must be both best adapted to the conditions
of'the site and resistant to some of the most hampful diseases.
Thus, potential productivity of that particular variety can be
maximized, which helps to increase the gross grain harvest
of high-quality wheat.

Fusarium head blight (FHB) of wheat is one of the most
destructive diseases in the south of European part of Russia
(Gagkaeva et al., 2014). Some widespread species of Fusarium
fungi produce various mycotoxins which can cause serious
health problems in humans and animals who consume
contaminated grains. In Northern Caucasus, including the
Krasnodar region, severe epidemics of FHB were recorded
for wheat in the years 1988, 1992, 1993, 2014, 2016 and
2017, and moderate FHB epidemic cases were also recorded
in the years 1984-1987, 1990, 1991, 1997, 1998, 2001, 2004,
2006 and 2012. Scientific research and practical work aimed
at preventing the loss of grain quality due to infection with
Fusarium and contamination with mycotoxins are highly
sought after.

The F. graminearum Schwabe is the dominant pathogen
of wheat grain grown in North Caucasian region. The patho-
gen produces deoxynivalenol (DON), a major trichothecene
mycotoxin that may accumulate in grains at levels consi-
dered unsafe for both human and animal consumption.
F. verticillioides (Sacc.) Nirenberg and F. proliferatum
(The Matsushima) Nirenberg, representatives of Gibberella
Sfujikuroi species complex, also infect cereals in the South
of Russia. The latter fungi are the main fungal species
producing fumonisin mycotoxins, especially fumonisin B,
(FB,) comprising up to 70-80 % of the total group of those
secondary metabolites (Alexander et al., 2009).

Assessment of plants for their resistance to FHB is a
complicated process, since visually detected symptoms of
infection are not always distinguishable as they depend on
the environmental conditions and peculiarities of the plant
morphology. Moreover, host resistance to FHB has been
classified into five types, each of which is believed to be
independent in assessing a genotype: types [-V. Types [ and I
refers to the resistance of the plants towards fungal penetration
and spread of the disease symptoms in the spike, type III
refers to the resistance of the grains to the pathogen, type IV
refers to the tolerance, and type V is the ability to mycotoxin
accumulation and/or degradation (Mesterhazy, 2002). For
the multi-component evaluation of the resistance of wheat
to FHB, different techniques have been applied varying by
labour input, efficiency and accuracy of the results obtained.

In this study, we aimed to characterize the resistance of
naturally and artificially infected winter wheat varieties to
FHB. The varieties were evaluated by the disease assessment
parameters that describe different types of host resistance:
in case of type III resistance, the percentage of Fusarium-
686
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damaged grains (FDG) detected by visual and mycological
analysis along with the fungal DNA content were used; type
IV resistance was evaluated by comparison of the grain yield
in inoculated versus non-inoculated plants treated by fungicide
and V type resistance was measured by the quantitative
analysis of mycotoxins in the grain.

Materials and methods

Grain samples. In this study, the following 17 winter wheat
varieties, created by the breeders from the National Center
of Grain (Krasnodar, Russia), were used: Adel, Alekseich,
Antonina, Bagrat, Bezostaya 100, Brigada, Vassa, Velena,
GROM, Gurt, Kurs, Lebed, Morozko, Pamyat, Tanya, Utrish
and Yuka. These varieties were grown in the Krasnodarsky
region in 2016 under the natural and artificial infections
according to the standard crop husbandry practices at the
National Center of Grain.

Field tests. With respect to natural infection, wheat varieties
were grown after growing sunflower as a previous crop at
fungicide-free experimental plots measuring 10 m? In case
of artificial infection, the same set of varieties was cultivated
on another field after siderating and was artificially inoculated
with F. graminearum during the flowering period. On the
experimental plot where artificial inoculation was performed,
the control plants (non-inoculated plants) of each variety with
the application of fungicide were undertaken.

When at midanthesis, wheat heads were inoculated with
a conidial suspension (total concentration of 3—5 x 10°
spores/mL) at a rate of 100 mL/m? using a knapsack sprayer
(Ablova, Taranenko, 2004). At harvest, grain from all plots
were individually bagged and retained for further analyses.

Plant productivity analysis. The wheat varieties were
classified based on their height and according to the clas-
sification worked out in the National Center of Grain
(Bespalova etal., 2017). The productivity characteristics (total
grain weight per the head of the main stem and 1000-grain
weight) were evaluated (Babayantz et al., 1988). Post-harvest
assessment of grain for FHB on the artificially inoculated
plants included determination of percentage Fusarium-
infected grains that were visually detected in the sample by
distinguishable signs of damage (shriveled, pale and pink
coloured).

Mycological assessment of grain infection. To evaluate
the latent Fusarium infection and species composition, the
grains of each sample were surface sterilized in 5 % sodium
hypochlorite and washed by sterilized water. Finally, 100
surface-sterilized grains were placed per Petri plates onto
the potato-sucrose agar medium and incubated in the dark
at 24 °C. After seven days, the latent fungal infection was
registered and Fusarium species were identified (Gerlach,
Nirenberg, 1982).

Molecular diagnostic assay. The grain samples (20 g) were
homogenized in sterilized grinding chambers of a batch mill
Tube Mill Control (IKA). Total DNA from 200 mg of ground
grains and DNA of F. graminearum and F. verticillioides
fungal mycelium were extracted with the Genomic DNA
Purification Kit (Thermo Fisher Scientific). The DNA content
of wheat per total DNA sample was evaluated by quantitative
PCR (qPCR) method with SYBR Green dye, while fungal
DNA was quantified with qPCR with TagMan probes. The
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Table 1. Oligonucleotide primers and probes used in this study
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Target object

Primers and probes

Nucleotide sequences (5'—3')

References

*Tri-Fusarium and Fum-Fusarium are trichothecene- or fumonisin-producing Fusarium species, respectively.

amount of DNA of F. graminearum, the group of fungal
species producing trichothecene mycotoxins (Tri-Fusarium)
and of those producing fumonisins (Fum-Fusarium), were
determined in every total DNA samples. Table 1 presents the
sequences of using primers and probes for qPCR. All gPCR
assays were run using the CFX 96 Real-Time System (BioRad)
thermocycler. DNA solutions of the Fusarium strains were
diluted to 10 ng/pL and used to construct calibration curves in
subsequent dilutions of factors of 10 from 10! to 10 ng/pL.
Fold-differences and standard error were calculated from
Ct values, which were normalized against the DNA of pure
cultures of F. graminearum and F. verticillioides using Bio-
Rad CFX Manager 1.6 software package. DNA content was
presented as the ratio of fungal DNA to wheat DNA in each
sample (ng/ng).

Analysis of mycotoxins. DON and FB, were quantified
by the enzyme-linked immunosorbent assay (ELISA).
Mycotoxins were extracted from 1 g of ground grain with 5
mL of acetonitrile:water mixture (volume proportion 84:16)
for 14-16 h by shaking in a horizontal shaker S-3M (ELMI)
at 300 rpm. Diagnostic test-systems ‘Deoxynivalenol-ELISA’
and ‘Fumonisin-ELISA’ (Russia) were used. Detection limits
for both mycotoxins were 20 pg/kg.

Statistical analysis. All samples were analysed at least
twice. Data were analysed by using Microsoft Office Excel
2007 and Statistica 10.0 (ANOVA). Differences were consi-
dered significant at p < 0.05.

Results

Height of plants and characteristics of productivity. The
height of wheat plants varied substantially from 87 to 125
cm; therefore, based on their heights, wheat varieties were
subdivided into four groups: tall, medium, short-stemmed
and semi-dwarf. The variety Adel was grouped under the tall
category (more than 120 cm); Bagrat, Brigada, Bezostaya 100,
Vassa, Kurs, Lebed, Morozko, Pamyat and Yuka were grouped
under medium categories (up to 120 cm). The group of short-
stemmed varieties (up to 105 cm) comprised Antonina, Velena,
Gurt and Utrish, whereas the varieties Alekseich, GROM and
Tanya were grouped under semi-dwarf varieties.

Cenekuymna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

In the control samples of every variety after the application
of fungicide, the 1000-grain weight varied from 35.8 g
(Velena) to 51 g (Vassa); the grain weight per head varied
from 1.6 g (Morozko) to 2.95 g (Vassa).

Grain infection with Fusarium fungi. In wheat varieties,
grain infection with Fusarium fungi was determined by
two methods: conventional mycological method and visual
counting of the number of grains with distinguishable signs
of the disease (for artificial infection only). Under natural
infection, mycological analysis detected the latent Fusarium
infection on an average of 6.1 % with the maximum content
(15 %) being registered for the variety Utrish (Table 2).

The main representative of fungi in grain was F. grami-
nearum; its share of the number of all Fusarium fungi was
34.8 %. F. sporotrichioides Sherb., F. tricinctum (Corda) Sacc.,
F. semitectum Berk. & Ravenel, F. equiseti (Corda) Sacc. and
F verticillioides infected the wheat grains more rarely.

In case of artificial infection, the number of distinguishable
FDG varied from 13.3 to 63.1 % per sample (average, 33.8 %)
(Table 3). According to the data of the mycological analysis,
latent infection of grain accounted for 2.0-54.0 % (average,
25.8 %). In case of both methods, the maximum values of
FDG were recorded for the variety Utrish, and the minimum
values were recorded for the variety Adel. Varieties Pamyat,
Lebed, Antonina and Velena showed low levels of infection.

In the grains of all varieties of wheat, not only F. graminearum
infection, which was used to inoculate plants, but also the
presence of F. verticillioides, was recorded. It is noteworthy
that the infection by the latter species was on an average
about 11.5 times greater than infection by F. graminearum.
In addition, single cases of £ proliferatum occurrence were
recorded (grain infection by less than 1-2 %). This shows
that the fungus £ verticillioides is the main producer of FB,.
In case of grain of wheat grown under artificial inoculation,
other species of Fusarium fungi were not detected.

Content of fungal DNA in grain. In case of all wheat
varieties grown under natural infection, the amount of
FE gramineasrum DNA was found to vary within arange of (1.1-
42.7) x 10 "~ ng/ng. Based on this, the varieties were grouped
under three categories: the first one comprised relatively
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Table 2. Characteristics of wheat varieties grown under natural infection of Fusarium fungi

Variety Grain infection, Fungal DNA to wheat DNA x 107, ng/ng DON, pg/kg
% Fgraminearum  Tri-Fusarium* | Fum-Fusarium®
Ade| ......................................... 2 ...................................... 1 ...................................... 1 4 ................................... 0 ..................................... 0 ...................................

A|ekse .ch ................................. 2 ...................................... 3 ...................................... 2 1 .................................... 0 ..................................... 0 ...................................

AntonmaG ..................................... 1041 .................................... 0 ..................................... 5 2 .................................

Bagrat ...................................... 5 ...................................... 5 ...................................... 2 3 ................................... 3 ...................................... 1 30 ..............................

Bezostaya1006 ...................................... 6 ..................................... 1 9 ................................... 0 43 .................................
Bngada .................................... ”4342 ................................... 0 421 ...............................
Vassa ........................................ 1 o ................................... 5 ...................................... 2 1 .................................... 0 ..................................... 1 34 ..............................

Ve|ena6 ...................................... 13 ................................... 3 4 ................................... 0 ..................................... 1 56 ..............................

GROMg ...................................... 5 ...................................... 1 9 ................................... 0 ..................................... 1 39 ..............................

Gurtz ...................................... 3 28 ................................... 0 ..................................... 3 3 .................................

Kur54 ...................................... 1 ...................................... 16 ................................... 0 ..................................... 5 0 .................................

Lebed ...................................... 7 ...................................... 1 ...................................... 1 7 ................................... 0 ...................................... 1 1 .................................
Mor02k064 ..................................... 1 5054 ................................
pamyat6 ...................................... 1031 .................................... 2 ...................................... 1 72 ..............................
Tanya4 ...................................... 1200 ...................................... 1 2 .................................
UmSh ....................................... 1 5 .................................... 15290 ...................................... 1 52 ...............................
yukag ...................................... 3 34024 .................................
cv%57 .................................... 12936294 ................................. 1 09 ..............................

*Tri-Fusarium and Fum-Fusarium are trichothecene- or fumonisin-producing Fusarium species, respectively; CV - coefficient of variation.

Table 3. Characteristics of wheat varieties grown under artificial infection of F. graminearum

Variety 1000-grain Grain weight  Fusarium-damaged Fungal DNA to wheat Mycotoxin,
weight, g per the head, grain, % DNA x 1073, ng/ng* ua/kg

* Fum-Fusarium - fumonisin-producing species; CV - coefficient of variation.
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high-resistant varieties (less than 3 x 10-> ng/ng) such as Adel,
Tanya, Lebed, Kurs, Gurt and Yuka than that of other varieties;
The second group was composed of medium-resistant
varieties (from 3 x 1073 to 6 x 105 ng/ng) such as Alekseich,
Morozko, GROM, Vassa, Bagrat and Bezostaya 100 and the
third group included relatively susceptible varieties (more
than 6 x 10-3 ng/ng) such as Utrish, Antonina, Pamyat, Velena
and Brigada. In case of all samples, the Tri-Fusarium DNA
was also detected in the range of (13.9-42.3)x 10~ ng/ng.
On the contrary, the Fum-Fusarium DNA was detected only
in two wheat varieties, namely, Pamyat and Bagrat, with
average amounts of DNA of 1.9 x 10~ ng/ng and 3.3 x 1073
ng/ng, respectively.

In case of wheat varieties that were artificially inoculated,
the grain samples contained significantly more amount of DNA
of F. graminearum than that of naturally infected wheats; it
varied within a range of (4.24-49.8) x 1073 ng/ng. Varieties
Antonina, Pamyat, Adel and Morozko demonstrated the lowest
level of fungal DNA than that of other varieties, whereas
the largest amount was recorded for Utrish, Vassa, Kurs and
GROM varieties. The grain samples of artificially inoculated
plants were found to contain (3.4-44.8) x 1073 ng/ng
of Fum-Fusarium DNA. Similar to F. graminearum, the
largest amount of Fum-Fusarium DNA was recorded in the
grain samples of Utrish, Vassa and Alekseich varieties and the
lowest content was recorded for Antonina, GROM, Bezostaya
100 and Morozko varieties.

Content of mycotoxins in grain. In case of natural
infection, DON was detected in the grain of 15 wheat varieties,
but the other two varieties, namely, Adel and Alekseich did not
show its presence. Maximum DON content (420 pg/kg) was
detected in the grain of Brigada variety, which also contained
the maximum amount of F. graminearum DNA. In the wheat
grown under natural infection, the samples of grain did not
show the presence of mycotoxin FB;.

Under artificial inoculation with F. graminearum, all grain
samples showed the presence of DON, varying from 20255 to
79245 ng/kg. Varieties Yuka and Bagrat showed the maximum
levels. FB, was present in the range of 980-20326 pg/kg in all
wheat varieties. The minimum content of FB, was detected in
Brigada variety, whereas the maximum content was detected
in Utrish variety. In grain of Bagrat, Vassa, Gurt and Yuka, the
FB, content exceeded the average value for this mycotoxin
(4584 pg/kg) as well.

Discussion

Yield of grains allows us to assess the productivity of wheat
varieties and their responses to growing conditions. The
productivity of wheat varieties was demonstrated by low
coefficients of variation of both the 1000-grain weight
(12.7 %) and the grain weight per head (22.1 %). This shows
that the breeding of varieties was focused on high crop yields
and on this basis they were only slightly different.

The coefficient of variation of F. graminearum DNA
content in grains under natural infection was found to be about
126.3 %. At the same time, the Tri-Fusarium DNA content
was found to be more levelled; its coefficient of variation
being 36.0 %. Despite the significant amount of correlation
between the amounts of Tri-Fusarium and F. graminearum
DNA (+0.68), there is a considerable range in the values of this
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parameter, which leads us to the following conclusion: wheat
genotypes should be compared not by the total DNA content
of all trichothecene-producing Fusarium species of different
pathogenicity (F. cerealis (Cooke) Sacc., F. culmorum
(W. G. Sm.) Sacc., F. langsethiae Torp et Nirenberg, F. poae
(Peck) Wollenw., and F. sporotrichioides, etc.), but by
the DNA content of the highly aggressive species, that is,
F. graminearum.

In the wheat varieties grown under natural infection, a
significant association was established between the infection
of the grain revealed on the agar medium and the contents of
F graminearum DNA (+0.59) and DON (+0.66) and between
the latter two characteristics (+0.90) (Table 4).

The ratio of F. graminearum DNA to the total content
of Tri-Fusarium DNA was found to be more than 1:10
in the relatively resistant varieties, namely, Adel, Tanya,
Lebed, Kurs, Gurt and Yuka. They were able to withstand the
penetration of less pathogenic species compared to the highly
aggressive F. graminearum. On the contrary, in the grains of
susceptible varieties, significant amounts of DNA of not only
F. graminearum, but also of Tri-Fusarium fungi were found
with relatively weak expression of pathogenic activity.

In case of natural infection, with respect to the sum of the
FDG characteristics (the type III resistance), the following
varieties were categorized as relatively resistant: Adel, Lebed,
Tanya, Yuka, Gurt and Kurs; the varieties Utrish and Bagrat
appeared to be susceptible. Under natural infection, the DON
levels found in the grain were low for the possibility of varie-
ties ranking by the V type of resistance.

However, a substantial correlation between the F. grami-
nearum DNA and DON (+0.90) levels and a lower correlation
between the Tri-Fusarium DNA and DON (+0.55) levels con-
firm that F. graminearum plays a major role in grain infection
and mycotoxin contamination under natural infection.

In case of artificial inoculation, a significant and positive
correlation was recorded between the number of FDG that
were visually revealed as well as detected by the mycologi-
cal analyses (+0.50) (Table 5). In addition, there was a sig-
nificant and positive correlation between the aforementioned
parameters and the contents of the F. graminearum and Fum-
Fusarium DNA. Nevertheless, only the number of grains
with visually detected symptoms showed significant negative
correlation with productivity characteristics, namely, the grain
weight per head and the 1000-grain weight.

Values of the presence of F. graminearum DNA and its
metabolite DON in the grain were levelled, the coefficients
of variation being 62 and 33 %, respectively. Grain infection
by F. verticillioides and FB, contamination values was much
more considerable; the respective coefficients of variation
were found to be about 95 and 101 %. The total numbers of
FDG (visually damaged and latent) was positive correlated
only with the percentage of F. verticillioides infection and
the latter was correlated with the DNA contents of both Fum-
Fusarium and F. graminearum.

Artificially inoculated varieties — Adel, Pamyat, Morozko
and Antonina — appeared to be relatively high-resistant than
that of naturally infected varieties, whereas Utrish, Vassa,
GROM and Alekseich were found to susceptible to Fusarium
fungal infection. The lowest amounts of DON and FB, were
found in the varieties Adel, Brigada and Antonina. The variety
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Table 4. Correlation coefficients between measured parameters characterizing wheat varieties under natural infection

of Fusarium fungi

Parameters Fusarium-damaged Fungal DNA
grain ,c . gmmm earum B T”Fusa”um ........................... |: um F u Sanum .....................
FgmmmearumDNA .................... + 059* ...............................................................................................................................................................................
TnFusa”umDNA ......................... + 027 ...................................... + 068* ................................................................................................................................
. F um Fusanum DNA ...................... : 007 ...................................... - 002 ...................................... + 002 ...................................................................................
DON ............................................... + 066* .................................... + 090* .................................... + 055* .................................... + 016 ....................................

* Significant at p < 0.05.

Table 5. Correlation coefficients between measured parameters characterizing wheat varieties under artificial infection

of F. graminearum

Parameters Height of 1000-grain  Grain Fusarium- Grain infection Fungal DNA DON
plants weight weight damaged grain
Eer;he visual latent F.grami-  F verticilli- F.grami-  Fum-
ea nearum oides nearum  Fusarium

1000-grain weight +0.20
Grain weight per the +0.18 +0.82%
head
Fusarium-damaged
grain

visual -0.28 -0.54* -0.64*

latent -0.58%  -0.08 -0.39 +0.50%
Grain infection by -0.30 -0.10 -0.30 +0.12  +0.27
F. graminearum
Grain infection by -0.51% -0.19 -0.27 +0.54*  +0.63*  +0.23

F. verticillioides

* Significant at p < 0.05.

Alekseich appeared to accumulate more DON in its grains,
whereas the varieties Tanya and Alekseich accumulated more
FB,.

Our study showed some contradictory results with respect
to the types of resistance of some varieties. For example,
the variety Brigada exhibited a resistance to FDG and
accumulation of DON under artificial inoculation, despite
its high susceptibility as shown under natural infection. The
variety Alekseich was characterized as relatively resistant based
on the fungal DNA content and the amount of mycotoxins,
although it demonstrates high fungal infection. In case of
variety Vassa, no infection with F. graminearum was revealed
by the mycological analysis, but the F. graminearum DNA
and DON contents were detected in mean values, whereas
the Fum-Fusarium and FB, contents were found to be high.
These differences may be attributed to the interactions of fungi
and/or environmental conditions.

We did not expect a considerable infection of grains with
F. verticillioides in case of artificially inoculated plants with
F. graminearum at midanthesis. Probably, the residues of
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maize plants from the neighbouring field may have provided
the source of infection. F. verticillioides is the most commonly
reported fungal species infecting maize and is able to remain
long on the crop residues even after harvesting (Dill-Macky,
Jones, 2000; Maiorano et al., 2008). The reported measures
revealed significant negative correlation between the height
of wheat varieties and the F. verticillioides infection of the
grains (—0.51), which proves the role of plant residues on the
soil surface as a source of infection. However, there was no
association between the plant height and the F. graminearum
infection mainly resulting from spraying of wheat varieties
by the suspension of conidia.

On an average, the F. verticillioides infection was more
than 10 times as high as the F. graminearum one (Figure).
Nonetheless, for F. verticillioides, the infection correlated
with the number of visually FDG (+0.54) and latent Fusarium
infection of grain (+0.63), but no correlation was detected
with F graminearum. F. verticillioides infection was also
significantly associated with the amounts of both FB, (+0.63)
and DNA of the analysed fungi (+0.52 and +0.56). On an
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average, the F. graminearum DNA content was comparable
to the Fum-Fusarium, although the amount of DON greatly
exceeded the amount of FB,.

The results demonstrate that in case of high fungal infec-
tion, the percentage of grain infection with F. graminearum
was not associated with as DNA content of this pathogen,
nor with the amount of DON. In this case unexpectedly the
significant positive correlations between the F. graminearum
DNA and Fum-Fusarium DNA (+0.83) and also FB, (+0.87)
were detected. Probably, F. graminearum contributes to the
plant colonization by F. verticillioides and its production of the
mycotoxin. DON is known to be the aggressiveness factor of
F. graminearum, which promotes the spread of the pathogen
over the plant tissue (Alexander et al., 2009; Audenaert et al.,
2013). On the contrary, fumonisins are not so important for
F. verticillioides infection of maize, as no dependence was
found between the aggressiveness of fungal isolates and their
ability to the production of fumonisins (Desjardins, Plattner,
2000; Desjardins et al., 2002; Presello et al., 2006; Iglesias et
al., 2010). In co-inoculation of maize with F. graminearum and
F verticillioides, French researchers showed that F. verticil-
lioides has competitive advantages over the F. graminearum
strains and that previous inoculation with F. graminearum in
maize ears can facilitate subsequent infections by F. verticil-
lioides (Picot et al., 2012).

Occurrence of the fungi within a grain sample or even
a single grain inevitably leads to their interactions, which
influences the production of secondary metabolites. Usually,
fumonisins are revealed in maize grain. However, increasing
areas of maize cultivation are bound to bring about the
increase in importance of fumonisins upon other cultures,
including small grain cereals. In spite of growing occurrence
of F. verticillioides, F. proliferatum and their mycotoxins in
wheat and barley grain, information regarding the interactions
of those fungi and plant species is still unknown (Stankovi¢
etal.,2011). Thus, concurrent presence of both trichothecene
and fumonisins mycotoxins seriously deteriorates the edibility
and forage quality of the grain harvest.

It is essential to enhance breeding of high-resistant cereals
to Fusarium infection, which do not accumulate mycotoxins
in their grains. Cultivation of resistant cultivars is still one of
the most efficient methods of plant protection, thus providing
abundant high-quality harvest.

Conclusion

From all the studied winter wheats, the variety Adel was found
as highly resistant to F. graminearum and F. verticillioides
infection and also to contamination by the mycotoxins
DON and FB,. On the base of sum of measured parameters,
varieties Antonina, Lebed and Pamyat can be characterized
as relatively resistant, whereas the variety Utrish as the most
susceptible to FHB. We observed a similarity in the response
of wheat varieties to both F. graminearum and F. verticillioides
infections, and the obvious interaction of the fungi in the
process of grain colonization. It is essential to enhance the
breeding of high-resistant to FHB wheat varieties and increase
their widespread cultivation.
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Comparison of parameters characterizing the resistance of winter wheat
varieties under the artificial infection: (a) percentage of grains infected by
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Finding RB/Rpi-blb1/Rpi-stol-like sequences
in conventionally bred potato varieties
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The main objectives in potato breeding are increasing yield
abilities and improving resistance to numerous pathogens

and pests. Among them, the late blight caused by the Phyto-
phthora infestans oomycete is one of the most destructive
potato diseases both in Russia and worldwide. Wild relatives

of cultivated potato are traditionally used in breeding as the
source of valuable R genes conferring resistance to pathogens.
Of particular interest are Mexican wild species because Mexico
is the centre of origin and diversity of P. infestans and at the
same time, it is the centre of potato species diversity. Mexican
wild potato species S. bulbocastanum and S. stoloniferum are an
important source of the R genes conferring broad-spectrum re-
sistance against various isolates of P. infestans (Rpi-blb1, Rpi-blb2,
Rpi-stoT). Recently these genes have been transferred into
cultivated potato gene pool using the cisgene approach. At the
same time there is a high probability of finding genotypes with
the Rpi-sto1 gene (functional homologues of Rpi-blb1) among
conventionally bred varieties because for about 40 years S. sto-
loniferum has been used in breeding as a source of the Ry,;, and
Ry-f,;, genes of the extreme resistance to the most important
viral pathogen PVY. In this study 188 potato varieties bred in
Russia and in near-abroad countries were screened for the pre-
sence of six gene-specific markers of the RB/Rpi-blb1 = Rpi-sto1
and Rpi-blb2 genes conferring broad-spectrum resistance
against P. infestans, and for the markers linked to the Ry,;, and
Ry-f,;, genes conferring extreme resistance to PVY. In addition,
a marker for detecting male sterile mitochondrial DNA type
gamma derived from S. stoloniferum was used. The genotypes
selected through the molecular markers were divided into four
groups: (A) 13 PVY resistant varieties carrying diagnostic mar-
kers of the Ry, Ry-f;;, genes and having sterile mt-type gamma;
(B) four varieties possessing mt-type gamma and not having
the markers of the R genes introgressed from S. stoloniferum;
(C) eight genotypes carrying five gene-specific markers for the
RB/Rpi-blb1/= Rpi-sto1; (D) the rest 166 (86.9 %) varieties not
possessing any of the diagnostic markers associated with the
S. stoloniferum genetic material. The sequences of the Rpi-sto1-
and BLB1 F/R-amplicons were identical in all the genotypes

of group ‘C’ and showed respective 99 % and 100 % similarity
to the corresponding fragments of the Rpi-sto1 and Rpi-blb1
genes from the GenBank database. Among the genotypes of
group ‘C’ various mt-types were detected, and some of them
were male fertile.

Key words: potato; Solanum stoloniferum; marker assisted
selection; R genes; RB/Rpi-blb1/Rpi-sto1; male sterility.

Received 16.05.2018
Accepted for publication 05.07.2018
© AUTHORS, 2018

@ e-mail: tatjana9972@yandex.ru

ITocmemoBaTeIbHOCTY, TOMOJIOTUYHbIE
yuyacTtkaM reHa RB/Rpi-blb1/Rpi-stol,
Yy cOpTOB KapTodeisi, CoO3JaHHbIX
MeTOoAaMI TPAAMIIVIOHHO CeeKIIN

0O.I0. Auronosal, H.C. Kaumenkol, 3.3. EBaokumoBaZ,

A, Koctunal, T.A. FaBpMAeHKol' 3®

T DepepanbHbIii nccneoBaTeNbCKMil LEHTP Bcepoccuitckuii MHCTUTYT
reHeTn4ecKmnx pecypcos pacteHui um. H.. Basunosa (BUP),
CaHkT-MeTepbypr, Poccun

2 JleHVHrPafCKMi1 HayYHO-NCCIIeAOBATENBCKUI UHCTUTYT CENbCKOro
xo3sancTBa «benoropka», JleHuHrpagckas obnactb, FaTYNHCKIUIA paioH,
Poccuma

3 CaHkT-lMeTepbyprckuii rocyfapcTBeHHbIV YHUBEPCUTET,
6uonorunyecknin pakynbret, CaHkT-lMeTepbypr, Poccua

TpaanLMOHHbIe 3afaun cenekuun Kaptodens — NoBbilEeHNe
YPOXKaNHOCTN N YCTONYMBOCTIA K MHOTOUYMCIIEHHBIM MaToreHam
1 Bpegutenam. M3 Hux HanbonbLmii yiwep6 kapTodenesos-
CTBY KaK B Poccum, Tak 1 Mype HaHoCHT GuTodTOopOs3, Bbi3biBae-
Mblin oomuieTom Phytophthora infestans. lukne BUabl KapTo-
dena ncnonbsyoTca B cenekyun B KauecTse UCTOYHUKOB R re-
HOB YCTONYMBOCTY K natoreHam. OcobblIli MHTepec NpefcTas-
NAT MeKCMKaHCKIe BUAbI, MOCKONbKY MeKcuKa — LeHTp npowuc-
XOXAEHMA 1 pa3Hoobpaswnsa P. infestans v LeHTp pa3Hoobpasus
BMAOB KapTodens. [lnkue mekcrMkaHckme Buabl kaptodens

S. bulbocastanum wn S. stoloniferum ABRATCA UCTOUHMKAMK

R reHOB yCTONUMBOCTY K LUIMPOKOMY CeKTpy pac P. infestans
(Rpi-blb1, Rpi-blb2, Rpi-sto1). B nocnegHue rofibl 3T reHbl
6bININ UHTPOrPECCMPOBaHbI B reHOM KySIbTypHOro Kaptodens
C MCMOJIb30BaHMEM METOA0B LC-TeHETUKN. B TO e BpemA
BbICOKa BEPOATHOCTb BbIABNIEHWA FEHOTUMOB C reHoM Rpi-sto'
(dbyHKUMOHanNbHbIM romonor Rpi-blb1) y copToB, co3AaHHbIX
MeToAaMU TPAANLMOHHON CeNeKLMN, MOCKOMbKY Y>Ke OKONO
40 neT ceneKkumMoHepbl UCNONb3yIoT S. stoloniferum B KayecTBe
NCTOYHMKa YCTOMUMBOCTM K Hanbonee BpeJOHOCHOMY BMPYCY
kapTodens — PVY. B HacToAwen paboTe npoBefeH Monekynap-
HbIli CKPUHWHT 188 cOpTOB KapTodensa poCCUNCKON cenekumm
1 CTpaH bnmkHero 3apy6exbs C reH-cneureryHbIMU MapKe-
pamu RB/Rpi-blb1, Rpi-sto1 n Rpi-blb2; mapkepamu, cLensieHHbI-
MW C reHaMu Ry, Ry-f,;,, BETEPMUHMPYIOLMM YCTONUYMBOCTD
K PVY, 1 Mapkepom MUTOTVNa gamma, acCoLMMPOBAHHOTO C
MY>KCKOW CTEPUISIBHOCTBIO S. stoloniferum rmbpugos. OTobpaH-
Hble B MONEKYNAPHOM CKPUHWHIE reHOTUMbl MOTyT ObiTb pas-
feneHbl Ha YeTbipe rpynnbi: (A) 13 yctonumsbix kK PVY copToB

C AMarHOCTNYECKMI MapKepamu reHoB Ry, Ry-f, 1 co cTe-
PUNbHBIM MT-TUNOM gamma; (B) YeTbipe copTa € MT-TUNOM
gamma, He obnagatoLre Mmapkepamu R reHoB yCTOMYMBOCTHY,
WHTPOrpeccmpoBaHbix oT S. stoloniferum; (C) Bocemb reHOTU-
MoB, y KOTOPbIX OblNV AETEKTUPOBaHbI BCE NATb reH-crneLu-
dunuHbIX MapKkepoB reHa RB/Rpi-blb1/Rpi-sto1; (D) ocTaBlumneca
166 (86.9 %) copTOB BbIOOPKY, Y KOTOPbIX He Oblf BbIABMEHDI
MapKepbl R reHOB YCTOMUMBOCTU S. stoloniferum n mutoTun
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non-grain food crop in the world and in Russia. Potato

varieties are susceptible to many diseases and pests so
the main objectives in potato breeding are increasing yield
abilities and resistance to numerous fungal, viral, bacterial
pathogens and pests. Among them, late blight caused by the
Phytophthora infestans oomycete remains the most destruc-
tive disease that decrease potato production both worldwide
(Haverkort et al., 2008, 2009, 2016) and in Russia (Elanskij,
2015). To control late blight and prevent yield losses, potato
cultivation requires frequent fungicide treatments, e.g. in
Northern Europe such treatments are performed from 10 to
15 times a year and up to 25 times — in humid summers (Fact
Series..., 2014). Growing of potato varieties with durable
resistance against late blight is one of the main strategies of
reducing the use of chemical fungicides.

Breeding potatoes resistant to P. infestans has been con-
tinuing for about 100 years. Various wild potato species have
been found to be resistant to late blight and some of them have
been actively used in breeding (Hanneman, Bamberg, 1986;
Zoteyeva et al., 2012). Among them Mexican potatoes are of
particular interest because the central regions of Mexico are
considered to be a center of genetic diversity both for P, in-
festans and for wild potato species (Hawkes, 1990; Fry et al.,
1993; Goss et al., 2014). Solanum demissum, indigenous to
Mexico, served as an initial source of late blight resistance
genes (named R/ to RI]) in potato breeding. These R genes
conferring race-specific resistance against P, infestans were in-
trogressed from S. demissum into the gene pool of S. tuberosum
through interspecific crosses and conventional breeding in the
first part of the last century (Malcolmson, Black, 1966). How-
ever, this race-specific resistance was quickly overcome by
specific P, infestans strains (Wastie, 1991; Fry, Goodwin, 1997,
Fry, 2008). In the subsequent decades, the efforts of breeders
were aimed at a search for new sources of race-non-specific
durable resistance against P, infestans that were found in many
wild potato species (Ross, 1986). However, breeding of new
varieties with race-non-specific resistance is time-consuming
and laborious because of polygenic inheritance, as QTLs for
this type of resistance were mapped on all the twelve potato
chromosomes (Simko, 2002).

The R genes conferring broad-spectrum resistance against
various P. infestans isolates have been found in several Mexi-
can species that are highly resistant to late blight but less easy
crossable with cultivated potato in comparison with S. demis-
sum, e.g. broad spectrum resistance genes were identified in

_|_he common potato (Solanum tuberosum L.) is the first
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Mexican diploid species S. bulbocastanum —the RB gene also
known as Rpi-blb1 (Naess et al., 2000; Song et al., 2003; van
der Vossen et al., 2003) and the Rpi-b/b2 (van der Vossen et
al., 2005), both encode CC-NB-LRR proteins (Vleeshouw-
ers et al., 2011). The interspecific incompatibility between
S. bulbocastanum and S. tuberosum was overcome using
ploidy manipulations, interspecific bridge crosses with the
other wild species and subsequent backcrossing of the complex
hybrids (Hermsen, Ramanna, 1973). As a result of long-term
conventional breeding process that lasted for 46 years, the
Rpi-blb2 gene from S. bulbocastanum has been introgressed
into a common potato gene pool and two late blight resistant
varieties carrying this gene — Bionica and Toluca — have been
developed (Haverkort et al., 2009). The RB/Rpi-blb1 gene was
introgressed into the S. tuberosum genome through somatic
hybridization (Helgeson et al., 1998).

The functional homologues of the S. bulbocastanum RB/
Rpi-blb1 gene were detected in Mexican allotetraploid species
S. stoloniferum (= S. papita, S. polytrichon): Rpi-stol, Rpi-
pltl, Rpi-ptal, Rpi-pta2 (Vleeshouwers et al., 2008; Wang et
al., 2008; Lokossou et al., 2010). M. Wang with colleagues
(2008) suggested that S. bulbocastanum is one of the progeni-
tors of S. stoloniferum.

The RB/Rpi-blbl and Rpi-blb2 from S. bulbocastanum
and Rpi-stol from S. stoloniferum were mapped and cloned
(Song et al., 2003; van der Vossen et al., 2003, 2005; Vlee-
shouwers et al., 2008). After that a transgenic approach using
genes from crossable species (cisgenesis) was developed to
improve late blight resistance in cultivated potato (Haverkort
etal., 2009, 2016). Genetically modified (GM) cisgenic potato
clones carrying a single Rpi-gene demonstrated only partial
resistance to the aggressive isolates of P, infestans, whereas
cisgenic GM clones containing Rpi gene combinations had
a high level of broad-spectrum resistance (Haverkort et al.,
2016). However, cultivation of such resistant genotypes (e. g.
of cisgenic Phytophthora-resistant variety ‘Fortuna’ having
the Rpi-blb1 and Rpi-blb2 genes) has still been a questionable
issue because cisgenic plants remain under GMO regulation
in the EU (Haverkort et al., 2016; van Hove, Gillund, 2017).
At the same time, conventionally bred varieties Bionica and
Toluca with the introgressed Rpi-blb2 gene can be cultivated
in the EU without any limitations.

It is interesting to note that S. stoloniferum, a wild Mexi-
can species with functional homologues of the RB/Rpi-blb1
gene, can be directly crossed with cultivated potato (Jackson,
Hanneman, 1999), but this wild species has not been actively
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involved in a breeding program the directed on broad-spectrum
late blight resistance. The efforts of breeders were usually
focused on S. stoloniferum as a source of extreme resistance
to potato virus Y (PVY) to be the most important viral patho-
gen of cultivated potato (Ross, 1986). Many West-Europe-
an varieties have been developed based on interspecific hyb-
rids S. stoloniferum x S. tuberosum. They inherit the Ry, and/or
Ry-f.,, genes from S. stoloniferum, both conferring extreme re-
sistance to PVY (Flis et al., 2005; Song, Schwarzfischer, 2008).
According to literature, the gene Ry, has always been associ-
ated with mitochondrial type (mt-type) gamma and with ma-
ternally inherited male sterility (Song, Schwarzfischer, 2008).

In the Russian Federation are mainly two centers bred po-
tato varieties from interspecific hybrids with S. stoloniferum.
These are (1) A.G. Lorkh All-Russian Potato Research Insti-
tute (VNIIKH) located in Moscow region, whose efforts are
focused on developing PVY resistant material and (2) Lenin-
grad Scientific Research Institute “Belogorka” (LenNIISKh
‘Belogorka’) located in north-west region of Russia whose
efforts are concentrated on developing of late blight resistant
material. Recently, we screened the 39 cultivars and breeding
clones developed in the LenNIISKh ‘Belogorka’ and selected
five genotypes carrying gene-specific markers for RB/Rpi-
blb1 = Rpi-stol; three of these genotypes were bred up to the
variety level (Gavrilenko et al., 2018).

The objectives of the present study were to screen a wider
subset of 188 potato varieties with the markers of the R genes
originating from S. stoloniferum and to provide evidences of
the presence of RB/Rpi-blb1 = Rpi-stol-like sequences in the
selected varieties and breeding clones.

Material

The one hundred eighty five varieties chosen for this study
were obtained from the national potato germplasm collection
maintained at VIR. Special attention was paid to the varieties
having S. stoloniferum hybrids in their pedigrees. The pedigree
records were received from different sources (Simakov et al.,
2007; Yashina et al., 2010; Russian Varieties..., 2011; Kostina,
et al., 2016; Potatoes..., 2016). According to the published
data S. stoloniferum was involved in the pedigrees of 28 vari-
eties (their names are underlined — see below); most of them
show extreme or high resistance to PVY. It was also possible
that S. stoloniferum had participated in the origin of more than
these 28 varieties because many cultivars had unknown ances-
tors or their pedigree records indicated interspecific hybrids
of unknown origin. The following cultivars were subjected to
molecular screening: Aksamit, Al’pinist, Alena, Alisa, Ame-
tist, Amur, Antoshka, Arhideja, Arlekin, Avrora, Babushka,
Barin, Baron, Belosnezhka, Beluha, Bezhickii, Bol’shevik,
Bolvinskij, Borodjanskij rozovyj, Brat-2, Bravo, Brjanskaja
novinka, Brjanskij delikates, Brjanskij krasnyj, Brjanskij na-
dezhnyj, Brjanskij rannij, Bronnickij, Buket, Chaja, Chajka,
Divo, Doncovskij, Druzhnyj, Falenskij, Fermer, Filatovskij,
Fioletovyj, Fokinskij, Garant, Gart, Golubizna, Gorizont, Gor-
janka, Gornoural’skij, Granat, Gubernator, Hibinskij rannij,
II’inskij, Imandra, Impala, Irbitskij, Iskra, Javar, Jeffekt, Jener-
gija, Jubilej Zhukova, Jubilejnyj Osetii, Jupiter, Kabardinskij,
Kalinka, Kamenskij, Kameraz, Katjusha, Kemerovchanin, Ke-
merovskij, Kolobok, Kolpashevskij, Komsomolec 20, Kore-
nevskij, Kormilec, Korona, Kortni, Krasavica, Krasnaja gorka,
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Krasnaja roza, Krasnaja zarja, Krasnoufimskij, Krepysh,
Kristall, Kustarevskij, Kuznechanka, Ladozhskij, Lajmdota,
Lakomka, Lasunak, Lazar’, Lazurit, Lekar’, Lider, Ljubava,
Ljuks, Lorh, Loshickij, Lugovskoj, Lybid’, Manifest, Mats,
Matushka, Maugli, Meteor, Moskvoreckij, Murmanskij, Mu-
sinskij, Nadezhda, Nakra, Nal’chikskij, Naroch’, Nart-1,
Narymka, Nauka, Nesterovskij, Nezabudka, Nikulinskij, Odis-
sej, Ognivo, Oktjabrenok, Olimp, Parus, Pobeda, Pogarskij,
Prestizh, Pribrezhnyj, Priekul’skij rannij, Prigozhij 2, Pril2
(Primorskij), Priobskij, Prizer, Prolisok, Ramzaj, Rapsodija,
Rassvet, Resurs, Rezerv, Rjabinushka, Romashka, Rosinka,
Rossijanka, Rumjanka, Rusalka, Rusich, Sambo, Saprykinskij,
Sarovskij, Sentjabr’, Severjanin, Shaman, Shurminskij 2,
Sineva, Sintez, Skarb, Skoroplodnyi, Smena, Sokol’skij, Sol-
nyshko, Start, Svenskij, Svetljachok, Tango, Temp, Teshha,
Tomich, Udacha, Ukrainskij rozovyj, Uspeh, Utenok, Varmas,
Varsna, Vektar belorusskij, Veselovskij 2-4, Veteran, Virazh,
Viza, Vjatka, Volzhskij, Vympel, Zagadka, Zarevo, Zaural’skij,
Zdabytak, Zhavoronok, Zhigulevskij, Zhivica, Zhukovskij
rannij, Zol’skij, Zvezdochka.

One hundred eighty five varieties of the studied subset
had been developed and released by different Russian public
institutions, and breeding stations of various geographical
locations and in neighboring countries. This subset did not
include the 33 varieties bred in LenNIISKh ‘Belogorka’,
since the results of their molecular screening had already been
published (Gavrilenko et al., 2018).

The analyzed subset also included five additional genotypes
selected earlier for having three gene-specific markers — Rpi-
stol, 1/1', BLBIF/R (varieties Sudarynja, Evraziya, Baltij-
skij and breeding clones 1604/16, 1101/10) (Gavrilenko et
al., 2018). In the present study these five additional genotypes
were involved into sequence analysis and were screened for
gene-specific markers covering the other regions of the target
gene RB/Rpi-blbl = Rpi-stol. These three varieties and two
breeding clones originated from the S. stoloniferum hybrids,
and they all were bred in LenNIISKh ‘Belogorka’ (Gavrilenko
et al., 2018). New perspective breeding clone 3602/28 of the
same origin was also involved in molecular screening. In total
experimental subset included 191 genotypes (188 varieties
and three breeding clones).

The highly late blight resistant genotype of wild species
S. stoloniferum (seedling from accession P1 205522) with the
diagnostic markers of the Rpi-stol, Ry, , Ry-f,, genes (Levy
et al., 2017) and variety Toluca with the Rpi-blb2 gene were
used as positive controls.

Methods
DNA isolation and marker assisted selection (MAS). Ge-
nomic DNA was isolated from young leaves of the field grown
plants following the modified CTAB method (Gavrilenko et
al., 2013). Six gene-specific primers for the Rpi-stol, RB,
Rpi-blb1, and Rpi-blb2 genes developed by different authors
(Table 1) were used in this study. This set included one primer
pair 1/1" specific for the Rpi-blb1 functional allele (Colton et
al., 2006). The location of RB/Rpi-blb1 = Rpi-stol gene-spe-
cific primers is indicated in the schematic diagram (Fig. 1).
We also used STS marker YES3-3A and CAPS marker
GP122-406 linked with genes Ry, and Ry-f,, , respectively.

sto®

The markers had been earlier validated for MAS of West-
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Table 1. Markers of R genes and mt-types used in this study

0.Y. Antonova, N.S. Klimenko
Z.Z. Evdokimova, L.I. Kostina, T.A. Gavrilenko

No. Target resistance Name Primer sequences Tm, PCRproduct References

gene (chromosome) of the DNA marker (forward and reverse primer) °C size, bp
Gene-specific markers for the Rpi-sto1, RB, Rpi-blb1, Rpi-blb2

1 Rpi-sto1 Rpi-sto1 F: ACCAAGGCCACAAGATTCTC 65 890 Zhuetal., 2012
(Vi) R: CCTGCGGTTCGGTTAATACA

2 RB /1 F: CACGAGTGCCCTTTTCTGAC 50 213 Colton et al,, 2006
(Vi) R: ACAATTGAATTTTTAGACTT

3 Rpi-blb1 BLB1 F/R F: AACCTGTATGGCAGTGGCATG 58 821 Wang et al., 2008
(Vi) R: GTCAGAAAAGGGCACTCGTG

4 Rpi-blb1 517/1519 F: CATTCCAACTAGCCATCTTGG 58 651 »
(Vi) R: TATTCAGATCGAAAGTACAACG

5 RB/Rpi-blb1 RB-629 F: GAATCAAATTATCCACCCCAACTTTTAAAT 65 629 Pankin et al., 2011
(Vi) R: CAAGTATTGGGAGGACTGAAAGGT

6 Rpi-blb2 Blb2F/R F: GGACTGGGTAACGACAATCC 58 773 Lokossou et al., 2010
(V1) R: AGCACGAGTTCCCCTAATGC

7 RYsto YES3-3A F: TAACTCAAGCGGAATAACCC 55 341 Song, Schwarzfischer,
(X11) R: AATTCACCTGTTTACATGCTTCTTGTG 2008
8 Ry-fi1o GP122-406/EcoRV  F: CAATTGGCTCCCGACTATCTACAG 52 406 Flis et al., 2005;
(X11) R: ACAATTGCACCACCTTCTCTTCAG Valkonen et al., 2008
Marker used for detection of different mt-types
9 rps 10 ALM_4/ALM_5 AAT AAT CTT CCA AGC GGA GAG 55 alpha - 2400, Lossletal., 2000
locus of mtDNA AAG ACT CGT GAT TCA GGC AAT beta - 1600,
gamma - “-"*
RB-629-F RB-629-R
- -
Rpi-sto1-F Rpi-sto1-R 1 1
> <+ > <
517 1519 BLB1-F BLB1-R
—» ATG CAG = GTT . > -+ TAA
—+— I - I
-81 1 241 427 570595 1107 1130 1223 2342 3143 3162 3356 3592

Fig. 1. A structure of the RB/Rpi-blb1 = Rpi-sto1 gene and location of five gene-specific primers used in this study: Rpi-sto1, BLB1F/R, 1/1}, 517/1519,

RB-629.

Bold lines indicate exon 1 (1-427 bp) and exon 2 (1107-3592 bp). Thin lines indicate intron, upstream and downstream regions. Nucleotide numbering begins
from the start codon and includes the intron sequence. Regions corresponding to the CC-, NBS- and LRR- domains are highlighted in gray, light gray, and black,
accordingly. The arrows show the regions of primer annealing; numbers under the arrows correspond to the position of the first nucleotide on the 5’end of the

primers. The names of primers are indicated above the arrows.

European PVY resistant varieties (Song, Schwarzfischer,
2008; Valkonen et al., 2008). The different mitochondri-
al DNA types (mt-types) were identified with the specific
primers ALM_4/ ALM_5 developed by A. Lossl et al. (2000)
(see Table 1).

The primers were synthesized by Evrogen (Moscow, Rus-
sia) (http://evrogen.ru). PCR reactions were performed in a
total volume of 20 pl containing 40 ng DNA template, 1 x PCR
reaction buffer (Dialat, http://dialat.ru) with 2.5 mM MgCl,,
0.6 mM of each dNTP (Dialat), 0.2 uM of forward/reverse
primer and 1 U Taq polymerase (Dialat). PCR-conditions
for the RB/Rpi-blbI and Rpi-stol gene-specific primer pairs
were used as described in the original articles (see Table 1).
PCR-conditions for primer pairs YES3-3A and GP122-406/
EcoRV were modified by the use of the touchdown option.
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Each PCR reaction was repeated at least three times. In the
case of positive results with markers for gene RB/Rpi-blb1 =
Rpi-stol, MAS was repeated with independently extracted
DNA samples. A reaction mixture with water instead of DNA
template was used as a negative control. PCR products were
separated by electrophoresis in 2.0 % agarose gels, stained
with ethidium bromide and visualized in UV light.

Sequence analysis. The Rpi-stol- and BLB1 F/R-ampli-
cons from the genotypes selected in MAS were purified with
the Cleanup Standard Kit (Eurogen, #BC022, http://evrogen.
ru) and sequenced in both directions on 24-capillary 3500xL
Genetic Analyzer (Applied Biosystems) using equipment of
Core Centrum ‘Genomic Technologies, Proteomics and Cell
Biology’ in ARRIAM. Alignment of nucleotide sequences and
their analysis were conducted using software Unipro UGENE
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version 1.29.0 (Okonechnikov et al., 2012) and BioEdit Ver-
sion 7.1.9 (Hall, 1999). The obtained sequences were com-
pared against the ones of the NCBI nucleotide database (http://
www.ncbi.nlm.nih.gov/).

Results

One hundred ninety one genotypes of the analyzed subset were
screened using the DNA markers associated with the Ry ,
Ry-f,,,» RB/Rpi-blb1 = Rpi-stol genes and with mt-type gamma
originating from S. stoloniferum. Based on the screening re-
sults this subset was divided into four groups A—D (Table 2).

Table 2. Molecular screening results in a subset of 191 accessions
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Group A included 13 varieties all carrying the diagnostic
markers GP122-406/EcoRV and YES3-3A 321 tightly linked
to the Ry-f;, and Ry, genes. According to literature, these
varieties are either extremely resistant or resistant to PVY;
their pedigree records indicate that they descended from the
S. stoloniferum hybrids (Simakov et al., 2007; Yashina et al.,
2010; Biryukova et al., 2015). All the varieties of group A have
mt-type gamma (see Table 2) inherited from S. stoloniferum
(Lossl etal., 2000). These varieties were characterized by male
sterility. None of the diagnostic markers for RB/Rpi-blbl =
= Rpi-stol and for Rpi-blb2 were detected in group A.

No. Name of variety

Presence (1) or absence (0) of the diagnostic markers associated
with the genetic material introgressed from S. stoloniferum

The rest 166 of 188 varieties 0 0
of the studied subset

*Taken from (Gavrilenko et al., 2018).

Cenekumna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

0 0 0 0 49.4 % - alpha,
50.6 % — beta
1 1 1 1 gamma
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BLB1F/R

0.Y. Antonova, N.S. Klimenko
Z.Z. Evdokimova, L.I. Kostina, T.A. Gavrilenko

Fig. 2. PCR amplification of 821-bp, 890-bp, 213-bp fragments using gene-specific primers: BLB1F/R (a); Rpi-sto1 (b); 1/1"(c).
Varieties and breeding clones: 7 - Il'inskij; 2 - Meteor; 3 — Nakra; 4 — Pogarskij; 5 — Avrora; 6 — 3602/28; 7 - Ognivo; 8 - sto, Pl 205522. M — molecular marker

100 bp + 1.5 Kb + 3 Kb DNA Ladder.

101l 12 13 " J4 15

12,13 14 J5

- e W W
500 bp ey
517/1519 —

Fig. 3. PCR amplification of 629-bp and 651-bp fragments using RB-629 (a)
and 517/1519 (b) gene-specific primers.

Varieties and breeding clones: 7 - Avrora; 2 - 3602/28; 3 - Baltijskij; 4 — Evraziya;
5-1604/16;6-Ognivo; 7 - Sudarynja; 8 - sto, PI 205522; 9 - Il'inskij; 10— Meteor;
11 - Nakra; 12 - Pogarskij; 13 — Golubizna; 74 - Zhigulevskij; 15 - Veteran.
M - molecular marker 100 bp + 1.5 Kb + 3 Kb DNA Ladder.

Group B included four varieties (Brjanskaja novinka, Fo-
kinskij, Odissej, Zdabytak) that had no R-gene diagnostic
markers (see Table 2). At the same time, all these varieties had
the sterile mt-type gamma which derived from S. stoloniferum
(Lossl et al., 2000). According to the pedigree records only
one variety of group B — Brjanskaja novinka — had originated
from the S. stoloniferum hybrids.

As group C we marked the genotypes with diagnostic frag-
ments generated by five gene-specific markers of the RB/Rpi-
blbl = Rpi-stol. Within the screened subset these markers
were found in two varieties: Avrora, Ognivo and in breeding
clone 3602/28 (Fig. 2 and 3; Table 2). The breeding material
from LenNIISKh ‘Belogorka’ selected earlier for the presence
of three gene-specific markers (Rpi-stol, BLB1F/R and 1/1")
(Gavrilenko et al., 2018) also was MAS-positive: two addi-
tional markers 517/1519 and RB-629 covering different re-
gions of the target gene RB/Rpi-blb1 = Rpi-stol were detected
in varieties Baltijskij, Evraziya, Sudarynja (see Fig. 3) and in
breeding clones 1101/10 and 1604/16. As a result, group C
included eight genotypes (five varieties and three breeding
clones) which all were MAS-positive for the five gene-specific
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markers (BLB1F/R, 1/1',517/1519, RB-629, Rpi-stol) of RB/
Rpi-blb1 = Rpi-stol homologues (see Table 2).

The Rpi-blb2 diagnostic marker was detected in control
variety Toluca but was not found in the analyzed subset in-
cluding the control accession of S. stoloniferum PI 205522.

Group D included the most (166 or 86.9 %) varieties of the
analyzed subset, which were MAS-negative for all markers
associated with R genes from S. stoloniferum (see Table 2).
Genotypes with mt-type gamma were also not found in this
group. Eighty two varieties (49.4 %) of this group possessed
mt-type alpha and 84 (50.6 %) — mt-type beta (see Table 2).
It should be mentioned that several accessions of group D
had the S. stoloniferum-hybrids in their pedigree records (see
the Material part), e. g. there were seven cultivars extremely
resistant to PVY (Brjanskij rannij, Effekt, Golubizna, Zhigu-
levskij, Ramzaj, Skoroplodnyi, Veteran) which had originated
from self-fertile hybrid F,Bn of S. stoloniferum (Simakov et
al., 2007; Yashina, 2010).

Seven varieties from the analyzed subset had been previ-
ously screened for marker GP122_564 of the Ry-f,, gene —
(Pavlyuchuk et al., 2013) and eight varieties — for YES3-3A
marker of the Ry, gene (Biryukova et al., 2015); in the both
cases, material from patent holder institutions had been used.
The results obtained at present study fully confirmed the data
for these 15 varieties.

All the genotypes of group C, each carrying five gene-spe-
cific markers for the RB/Rpi-blbl = Rpi-stol, were selected
for further sequence analysis.

Sequence analysis

The bands amplified by the Rpi-stol primer pairs were puri-
fied and sequenced from the eight genotypes of group C: five
varieties (Avrora, Baltijskij, Evraziya, Sudarynja, Ognivo),
three breeding clones (1101/10, 1604/16, 3602/28) and control
genotype S. stoloniferum P1205522. The nucleotide sequences
data obtained from the partial CC-region amplified with the
Rpi-stol primer pairs were identical in all the nine genotypes
(Fig. 4).

The identified variant of the nucleotide sequence of Rpi-
stol-fragments was not found in the GenBank database, but the
sequences had 99 % similarity with the corresponding region
of the two R gene sequences in the database: (1) Rpi-stol of
S. stoloniferum (EU884421) and (2) Rpi-blb1 of S. bulbocas-
tanum (AY426259.1). Both reference sequences correspond to
the functional alleles (van der Vossen et al., 2003; Vleeshou-
wers et al., 2008). In comparison with corresponding region
in reference sequence EU884421, three single-nucleotide po-
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Fig. 4. Alignment of the Rpi-sto1-amplicon sequences from the eight genotypes of group C to the corresponding region of reference sequences
(AY426259.1 and EU884421).

Varieties (5): Avrora, Baltijskij, Evraziya, Ognivo, Sudarynja; breeding clones (3):1101/10, 1604/16, 3602/28.The ovals indicate the SNP-positions which correspond
to the sites 315, 538, 631, 975 in the reference sequences.

Table 3. Single-nucleotide polymorphisms in the Rpi-sto1-amplicon sequences from eight MAS-positive genotypes of group C
compared to the corresponding region of reference sequences Rpi-sto1 (AY426259.1) and Rpi-blb1 (EU884421)

Reference sequences (GenBank #)

SNP position
in sequence AY426259.

8 genotypes selected in MAS:

5 varieties (Avrora, Baltijskij, Evraziya, Ognivo, Sudarynja),
3 breeding clones (1101/10, 1604/16, 3602/28)

and control - S. stoloniferum Pl 205522

315
538T ............................................. A ............................................. A ..................................................................................................
6311- ............................................. C -|- ..................................................................................................
975 ......................................... G ............................................. A ............................................. G ..................................................................................................

lymorphisms were detected in the analyzed genotypes: one
C— T —in the first exon at site 315 and two SNPs — in the in-
tron part at sites: 631 (C—T) and 975 (A— G) (Table 3, Fig. 4).

Comparison with S. bulbocastanum reference sequence
AY426259.1 revealed the same 1-bp substitution in the cod-
ing region at site 315 and one SNP — in the intron at site 538

Cenekumna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

(see Fig. 4, Table 3). Single nucleotide change at position 315
in the first exon resulted in synonymous codon substitution
(GTC— GTT) that did not alter the encoded amino acid valine.

The amplicons generated by primer pair BLB1F/R from
the partial LRR region were sequenced from control geno-
type S. stoloniferum P1 205522, varieties Avrora, Ognivo,
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and breeding clone 3602/28. The sequences of BLB1F/R
amplicons gave identity score 100 % to a corresponding par-
tial LRR region in both reference sequences EU884421 and
AY426259.1 and they were identical to the BLB1F/R fragment
sequences from varieties Baltijskij, Evraziya, Sudarynja and
breeding clones 1101/10, 1604/16 which had been analyzed
earlier (Gavrilenko et al., 2018).

Thus, all the genotypes of group C had the same variant of
the RB/Rpi-blb1 = Rpi-stol-like sequences to be identical to
the corresponding haplotype of S. stoloniferum P1205522.

The sequences of the Rpi-stol- and Rpi-blb1-PCR frag-
ments were submitted to GenBank and are available under
the accession numbers: MH518315, MH062177 (cv. Sudary-
nja); MH518316, MH062178 (cv. Evraziya); MH521008
(cv. Baltijskij); MH844527 (S.stoloniferum P1 205522) and
MHS844526 (Avrora).

Discussion

Wild Mexican species S. stoloniferum is an important source
of R genes for extreme resistance to PVY and for durable
resistance against late blight as well as for unfavorable abi-
otic stresses, but the interspecific hybrids with this species
are often male sterile that complicate conventional breeding
(Ross, 1986; Ortiz, 1998). According to literature, many
Western European varieties created by breeders in Germany,
Holland and Poland through introgressive hybridization with
S. stoloniferum, carry Ry, and/or Ry-f, genes conferring
extreme resistance to PVY (Flis et al., 2005; Song, Schwarz-
fischer, 2008). Varieties with the Ry, gene show male sterility
associated with mt-type gamma. This is due to the fact that
these European varieties originated from a few accessions of
S. stoloniferum which had been used in initial interspecific
crosses as a female parent. The varieties and breeding clones
developed from such interspecific hybrids inherited both the
valuable Ry, gene and male sterile mt-type gamma (Lossl et
al., 2000; Song, Schwarzfischer, 2008; Sanetomo, Gebhardt,
2015). Western European varieties have never been screened
for the presence of Rpi genes, since the efforts of breeders were
aimed at selection of PVY resistant material. An exception is
our recent work in which a number of extremely resistant to
PVY German varieties (Forelle, Kuba, Kuras, Maxi, Bettina,
Amado, Solara) carrying Ry, and mt-type gamma (Song,
Schwarzfischer, 2008) were screened for the Rpi-stol and
BLBI1F/R markers of the RB/Rpi-blbl = Rpi-stol gene, and
none of these varieties were MAS-positive (Gavrilenko et
al., 2018).

Similar results have been obtained at the present study with
PVY resistant domestic varieties from group A carrying simul-
taneously the markers of the Ry, and Ry-f;, genes. Eleven of
the thirteen varieties were bred in VNIIKH (Moscow region)
based on the common sources derived from the Hungarian
S. stoloniferum hybrid exhibiting extreme resistance to PVY
(Simakov et al., 2007; Yashina, 2010). The hybrid maternally
transferred its mt-type gamma to the breeding progenies.
Cultivar Nakra from the group A had in its pedigree German
variety Bison carrying the Ry , gene and mt-type gamma as
its female parent (Song, Schwarzfischer, 2008). The variet-
ies of group A did not have the diagnostic markers of the
RB/Rpi-blb1 = Rpi-stol conferring broad-spectrum late blight
resistance. It was obvious that in a breeding process aimed
700
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at the selection of PVY resistant genotypes with Ry and/or
Ry-f.,, genes (both localized on chromosome XII), the other
alien S. stoloniferum chromosomes (for example, VIII and
VI, in which the RB/Rpi-blb1 = Rpi-stol and Rpi-blb2 genes
were mapped as well) would be lost.

The objective of creating varieties with high field resis-
tance to late blight has been a priority for breeders from
the north-western part of Russia, because in this region the
weather conditions — moderate temperatures and high humid-
ity — contribute to late blight development and often lead to
epiphitoties. Seven of the eight selected in the MAS genotypes
of group C having gene-specific markers for RB/Rpi-blbl =
= Rpi-stol were developed by breeders from the North-West-
ern region of Russia — LenNIISKh ‘Belogorka’ (Sudarynja,
Evrazia, Baltijskij, 1101/10, 1604/16, 3602/28) and from the
Vsevolozhskaya breeding station (Avrora). The patent holder
of variety Ognivo is the Falenskaja breeding station located
in the central-eastern part of European Russia.

The selected varieties and breeding clones from LenNIISKh
‘Belogorka’ grown without fungicide applications have been
tested in the field trials for several years including epiphytotic
seasons. The high level of foliar resistance to late blight was
reported for Sudarynja, Baltijskij (Gavrilenko et al., 2018)
and for 3602/28 (Evdokimova, not published). The Medium
to low levels of field resistance was registered for Evrazia,
Avrora and Ognivo (Simakov et al., 2009). At the same time
all the genotypes of group C (Avrora, Baltijskij, Evraziya,
Sudarynja, Ognivo, 1101/10, 1604/16, 3602/28) had an identi-
cal variant of the RB/Rpi-blb1 = Rpi-stol-like sequences with
99 % similarity to the corresponding regions of the Rpi-stol
and the Rpi-blb1genes from the Genbank database. These six
genotypes from LenNIISKh ‘Belogorka’ had similar origin —
they all derived from the same hybrid 8889/3 (S. demissum-
S. stoloniferum-S. andigenum) (Gavrilenko et al., 2018). The
pedigree of variety Avrora is unknown as well as the pedigree
of Ognivo hybrids. The differences in the level of their late
blight resistance can be influenced by the number of copies
of resistance gene(s) or by gene interaction and genetic back-
ground. Further research is required to study the late blight
resistance types in the genotypes from group C.

The undoubted success of breeders has been creation of
the male fertile breeding material derived from the S. stoloni-
ferum hybrids. The selected varieties and breeding clones
of group C bred in LenNIISKH ’Belogorka’ had originated
from the same male fertile hybrid 8889/3. This hybrid was
an effective pollinator and it had been always used in crosses
as a male parent (Gavrilenko et al., 2018). Various mt-types
in the descendants of hybrid 8889/3 were determined by the
different female parents used in crosses. As a result, within the
selected breeding material of group C there were male fertile
genotypes: cultivar Baltijskij (mt-type beta), breeding clone
1101/10 (mt-type alpha) and genotypes with mt-type gamma
exhibiting male sterility (Evraziya, Sudarynja, 1604/16). Vari-
eties Aurora and Ognivo selected in the present study both had
mt-type beta, similar to cultivar Baltiysky from LenNIISKh
‘Belogorka’ (see Table 2). Varieties Avrora and Baltiysky are
known as effective pollinators. Recently N. Zoteyeva et al.
(2017) have selected male fertile S. stoloniferum hybrids with
mt-type alpha and shown the possibility of pyramiding R genes
from different wild Mexican species in breeding material.
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As it has been mentioned before two conventionally bred
varieties (Toluca and Bionica) possess the Rpi-blb2 gene in-
trogressed from S. bulbocastanum to common potato for a 46-
year period (Haverkort et al., 2009). Additionally, the Rpi-blb2
homolog has been detected in Hungarian cultivar White Lady
(Hajianfar et al., 2016). The present paper represents a first
report of finding the RB/Rpi-blb 1 = Rpi-stol-like sequences in
conventional bred varieties. With further investigation of late
blight resistant types, co-segregation and expression analysis,
the selected breeding material of group C might be used for
gene pyramiding through traditional breeding methodologies.
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DNA-marker based identification of the RPV3 gene
determining downy mildew resistance in grapevines
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Downy mildew is one of the most common fungal diseases
of the vine, caused by Plasmopara viticola. An effective
way to control the spread of the pathogen is to cultivate
resistant varieties. Cultivars of Vitis vinifera, being the

basis of high-quality viticulture, practically do not possess
genetic resistance to P. viticola, so screening for resistance
donors is an important stage in breeding. One of the
major resistance loci to downy mildew, the Rpv3 gene,
was identified in the genotype of a complex interspecific
hybrid of grapes Bianca. Later, it was found that this

gene had seven haplotypes of resistance inherited from
North American grape species, and that it was possible to
identify the allelic status of the gene using DNA-markers
UDV305, UDV737. However, only two haplotypes can be
combined in one diploid form. To determine the Rpv3
gene in the grape gene pool we, using these markers,
studied 35 different genotypes of grapevines, most of
which are interspecies cultivars. Three varieties with
known allelic status of the Rpv3 gene (Dunavski lazur,
Noabh, Seyve Villard 12-375) were included in the study as
reference genotypes. The genotypes were studied through
polymerase chain reaction with separation of amplification
products by capillary electrophoresis in automatic genetic
analyzer ABI Prism 3130. In the studied grape cultivars
DNA marker analysis indentified the Rpv3 gene in sixteen
genotypes of interspecific origin, including haplotype
Rpv3%%°-27% found in twelve varieties, Rpv332'312—in three,
and haplotype Rpv3"U271 _ in one variety. Seyve Villard
12-375 turned out to be the donor of resistance gene in
the most of the genotypes carrying Rpv3 in this study.

The obtained data can be useful in selection of mildew
resistant grape varieties and screening for hybridization
pairs.

Key words: grapevine; resistance to downy mildew; gene
Rpv3; haplotype; DNA-markers; interspecific hybrids.

HOW TO CITE THIS ARTICLE:

lInitskaya E.T., Makarkina M.V., Tokmakov S.V., Naumova L.G. DNA-marker
based identification of the RPV3 gene determining downy mildew resist-
ance in grapevines. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal
of Genetics and Breeding. 2018;22(6):703-707. DOI 10.18699/VJ18.413

Received 12.02.2018
Accepted for publication 24.06.2018
© AUTHORS, 2018

@ e-mail: ilnitskaya79@mail.ru

ITHK-gmarHoctuka redHa RPV3,
oripenesiolero YCTOMunBoOCTb
BMHOTPAaZa K BO30OVIUTENI0 MIUIIbIO

E.T. Viapuunuxas! &, M.B. MaKapKI/IHal, C.B. Tokmakosl,

A.T. HaymoBa?

T CeBepo-KaBKasckuit peaepanbHbiit HayuHbIi LIEHTP CajoBOACTBa,
BUHOIPaaapcTBa, BuHoaenus, KpacHopap, Poccus
Bcepoccninckmin HayYHO-NCCIeAOBaTENbCKUIA MHCTUTYT BUHOTrpafjapcTBa
1 BuHogenua um. f.1. MotaneHko, HoBouepkacck, Poccna

Mungpbio — ofHO 13 Hanbonee pacNPOCTPaHEHHbIX MPUGHbIX
3ab0neBaHN BUHOrpaZHOW No3bl, Bbi3biBaemoe Plasmopara
viticola. 2pdeKTMBHBIM CNOCOOOM KOHTPONA pacnpocTpa-

HeHWA naToreHa ABNAETCA BO3AeNblBaHNeE YCTONYMBbIX COPTOB.
Copra Vitis vinifera, cuTascb OCHOBOI BbICOKOKAUYeCTBEHHOTO
BMHOrpafapcTBa, NPaKTUYeCKn He 06nafdatoT reHeTuYecKom
YCTOMUMBOCTBIO K P, viticola. Monck AOHOPOB YCTOMYNBOCTU —
BaXHbI 3Tan B cenekuun. OfnH 13 KPYnHbIX TOKYCOB
YCTONYMBOCTY K MUSIABIO, FeH Rpv3, BnepBble Obin onpepeneH B
reHoTHNe CIOKHOIo MeXBIA0BOro rmbpuaa suHorpaga buaxka.
Mo3>ke 6bIN0 YyCTaHOBMIEHO, YTO STOT reH UMEeEeT CeMb rarnoTMMNoB
YCTOMYMBOCTU, HacelyeMbIX OT CeBepOaMepPUKaHCKNX BULOB
BMHOrpaAa; naeHTMGpMLMPOBaTb aNNeNbHOe COCTOAHME reHa
MOXHO ¢ nomoubto HK-mapkepos UDV305 n UDV737.B

OfIHOW [VNNOVAHON popMe MOTyT ObITb 06 BEANHEHDI TOJTIBKO

ABa rannotuna. C uenbto onpegeneHns reHa Rpv3 B reHopoHae
BMHOrpaja C 1Crosib30BaHNeEM YKa3aHHbIX MapKepOB HamMu
npoBeAeHO n3yyeHune 35 reHOTUMOB Pa3IMYHOrO MPOUCXOXKAEHNA,
60MbLIVHCTBO U3 KOTOPbIX — MEXBUAOBbIE copTa. Tpu copTa,
annenbHoe coCTofiHMe reHa Rpv3 B KOTOPbIX U3BECTHO,

6bINK BKIIOYEHbI B CCNIeAOBaHNE B KauecTBe pedepeHCHbIX
reHoTunos: [lyHaBcku nasyp, Hoa, Ceins Bunnap 12-375. Pabota
npoBefeHa MeTOAOM NONMMEPa3HON LIeMHON peakumm ¢
paspeneHnem NpoayKToB aMnandrKaLuum METOAOM KanuiaispHOro
anekTpodopesa Npu NCNoNb30BaHNN aBTOMATUYECKOTO
reHeTnyeckoro aHanmsaropa ABI Prism 3130. B uccnepyemonm
Bbl6OpKe COPTOB BUHOMPaAa, COrMacHO AaHHbIM MPOBEAEHHOrO
[HK-mapkepHoro aHanu3sa, reH Rpv3 onpepfeneH Bnepsbie B

16 reHOTUNAX MEXBWAOBOIO MPONCXOXKAEHUA, B TOM uncne B AHK
12 copToB ngeHTUdMUMpPOBaH rannotun Rpv32°9-27°, s Tpex —
Rpv3321-312 g ogHoMm copTe BbisiBNeH rannotun Rpv3™-27! B 6onb-
LUIMHCTBE NAEHTUGULMPOBAHHBIX HAMW FEHOTUMOB, HECYLLNX Rpv3,
noHopom reHa aBnAetca Ceis Bunnap 12-375. Copta BMHOrpaga,
B KOTOPbIX 6bIN NAEHTUPMLMPOBAHDI rannoTunbl Rpv3,
onpegenaioLne yCTONYMBOCTb, XapakTepur3yoTCA BbICOKUM M
MOBbILUEHHbIM YPOBHEM YCTONYMBOCTY K MUNAbIo. MNonyyeHHble
faHHble MOTyT ObiTb MOMIE3HbI B CENEKLUN YCTONUNBbBIX COPTOB
BMHOrpaga npuv nogbope nap ana rmbpuamsaymn.

KntoueBble cnoBa: BUHOrpag; yCTOMUMBOCTb K MUNAbIO; reH Rpv3;
rannotun; AHK-mapkepbl; MexxBuaoBble rmopugb.



destructive fungal diseases in the grapevine, caused

by oomycete Plasmopara viticola Berl. et de Toni. The
pathogen affects only the vine developing in its every green
organ: leafs, shoots, inflorescences, grapes and tendrils. In
favorable conditions such as warm temperature and excessive
humidity, mildew may cause harvest failure from 50 to 100 %
in different grape varieties (Talash, 2010).

Cultivation of resistant varieties remains one of the most
effective methods of disease control that allows one to reduce
the amount of pesticide sprayings, and in this way improves
the ampelocenosis, food safety and harvest of grapes.

The success of such cultivation is rooted into the genetic
diversity of a culture and in many ways is determined by
the level of knowledge about an accumulated genetic pool.
Identification of the genotypes to serve as resistance donors
has been one the topical issues in the science of selection.
Being the foundation of high-quality vine growing cultivars
Vitis vinifera have almost no genetic resistance to Plasmopara
viticola, while downy mildew — resistant genotypes belong
to vine species from North America and Asia (V. aestivalis,
V. berlandieri, V. cinerea, V. riparia, V. rupestris, etc.) as well
as to Muscadinia rotundifolia (Alleweldt et al., 1988; Wan et
al., 2007).

Molecular genetic methods are widely applied these days
for identification and mapping of valuable genes, gene- pool
diversity analysis, and DNA-marker selection in different
breeding programs. The methods have made it possible to
determine around 20 mildew-resistant loci in a vine genome
(http://www.vive.de). Many of them have been mapped
and given names with their linked DNA-markers identified
including those appropriate for DNA marker selection
(Eibach et al., 2007; Di Gaspero et al., 2012; Schwander et
al., 2012; Venuti et al., 2013; Zini et al., 2014; Ochssner et
al., 2016).

The Rpv3 gene, one of the major loci of resistance, was
detected for the first time and mapped at chromosome 18
in the genotype of a complex interspecies hybrid Bianca
carrying the geneplasm of V. vinifera, V. labrusca, V. rupestris,
V. berlandieri, V. lincecumii (Bellin et al., 2009). Later, in
the course of a large-scale study into the North American
species and varieties carrying Rpv3, one detected the seven
conservative haplotypes of this gene responsible for mildew
resistance (Di Gaspero et al., 2012). As the mentioned
haplotypes were not found in V. vinifera, the authors came to
the conclusion that Rpv3 could be found in the varieties, whose
pedigree had several North American species. The valuable
haplotypes localize in a single locus, that is why in case of
traditional breeding, only two haplotypes can be combined
in a single diploid cell.

The performed studied have resulted in determination
of tightly linked flanking microsatellite markers to identify
such Rpv3 gene haplotypes as UDV305 and UDV737
(Di Gaspero et al., 2012). The resistant haplotypes of the
Rpv3 gene corresponds to the following allele states of the
abovementioned loci (UDV305, UDV737, respectively):
Rpv3299-279 (inherited from V. rupestris), Rpv3null-297
(V. rupestris or V. lincecumii), Rpv3321-312 (V. labrusca or
V. riparia), Rpv3"™-27\ (V. labrusca or V. riparia), Rpv3361-299
(V. rupestris), Rpv3299-314 (V. rupestris), Rpv3™"2" (V. rupestris

Downy mildew is one of the most widespread and
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or V. labrusca). G. Di Gaspero at al. have studied more than
200 grapevine varieties to determine their genotypes and
stable Rpv3-bearing haplotypes, so their data can be used
in screening for hybridization pairs in breeding of downy
mildew-resistant cultivars.

The objective of the presented study was using DNA-
marker analysis for identification of the allele state of the
Rpv3 gene in different vine cultivars, and comparison of the
obtained data against the genotype pedigree.

Materials and methods

The study covered 35 grapevine cultivars from the gene pools
of the Anapa ampelographic collection (Anapa) and the collec-
tion of Ya.l. Potapenko Research Institute of Viticulture and
Winemaking (Novocherkassk). Most of the studied cultivars
were interspecies hybrids, whose parents were North Ameri-
can vine varieties and, based on analysis of their pedigree,
could carry the resistant haplotypes of the Rpv3 gene. In the
geneplasm of the studied cultivars — potential carriers of the
studied gene — were present V. riparia, V. labrusca, V. aes-
tivalis, V. rupestris, V. berlandieri, V. lincecumii. The study
also covered a number of genotypes that should have no Rpv3
gene such as Vitis vinifera and its hybrids with V. amurensis.

The vines’ DNA was extracted from leaves using the CTAB
method (Rogers, Bendich, 1985). The genotypes were deter-
mined using polymerase chain reaction (PCR) and the DNA-
markers recommended for identification of the alleles of the
Rpv3 gene (Di Gaspero et al., 2012). PCR was performed in
a finite volume of 25 pl following the standard protocol and
using the Sintol reagent kit (Moscow, Russia). DNA ampli-
fication was performed in Eppendorf MasterCycler Gradient
Thermal Cycler (Germany) with the following protocol for
every DNA-marker: 5 minutes at 95 °C for initial denaturation
followed by 35 cycles (10 seconds for denaturation at 95 °C,
30 seconds for annealing the primers at 55 °C, 30 seconds
for synthesis at 72 °C, and 3 minutes for the last cycle of
synthesis at 72 °C). The reaction products were separated
using capillary electrophoresis, and the size of the amplified
fragments was estimated with the ABI Prism 3130 automatic
genetic analyzer using software packages GeneMapper and
PeakScanner. The DNA of the Dunavski lazur, Seyve Villard
12-375 and Noah varieties with known allele sizes for the
studied loci (Di Gaspero et al., 2012) were used as controls
to specify the sizes of the amplified fragments.

The molecular genetic study was carried out using the
equipment provided by Shared Equipment Center “Genomic
and Postgenomic Technologies” of North-Caucasian Federal
Scientific Center of Horticulture, Viticulture, Winemaking.

Results and discussion

The performed study determined the allele state of downy
mildew-resistant gene Rpv3 in the genotypes of 35 vine
cultivars (Table). The gene’s resistant haplotypes were
identified in 19 varieties: Dunavsky lazur, Noa, Seyve Villard
12-375, Dekabrskiy, Dunavska gymza, Original, Talisman,
Kutuzovskiy, Kodryanka, Rusbol, Storgoziya, R65, Kishmish
342, Srebrostrui, VIII,-2-48, Armalaga, Poliuks, Podarok
Magaracha, Melody (Figure).

In the studied sample haplotype Rpv32°9-279 occurred more
often than others: it was detected in 14 genotypes (see Table).

Plant breeding for immunity and performance
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In 12 cultivars this haplotype was indentified for the first time.

Haplotype Rpv3321-312 was for the first time identified in
three cultivars: Armalaga, Poliuks and Podarok Magaracha.
DNA-marker analysis identified hyplotype Rpv3™l-271 only
in the melody species. The Noah variety that we used as
one of the reference genotypes, also carried Rpv3321-312and
Rpy3null-271,
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According to the published data, haplotype Rpv3299-279 we
identified in cultivars Dekabrskiy, Dunavska gymza, Original,
Talisman, Kutuzovskiy, Kodryanka, Rusbol, Storgoziya, R65,
Kishmish 342, Srebrostruy, VIIL-2-48, is inherited from the
geneplasm of V. rupestris. In the analyzed sample of grapevine
cultivars six genotypes carrying Rpv32%9-27% out of twelve
inherited the resistant allele directly from their parent variety

Results of analysis of vine genotypes of different origin for the SSR loci UDV305

and UDV737 linked with downy mildew-resistant gene Rpv3*

Species (variety) Origin

Noah Vitis riparia x Vitis labrusca
Seyve Villrd 12-375 Seibel’ 6468 x Seibel’ 6905
Dekabrskiy Korna niagra x Seyve Villard 12-375

UDV305 ubv737
A||e|e5|ze,bp ...................................
................................................................. 2 99326279295
................................................................. 3 210271312
................................................................. 2 99361279299
................................................................. 2 99279285
................................................................. 2 99279293

Original Damasskaya roza x Seyve Villard 20-365 299 322 279
Ta| |5man .............................. Fru moassaalbax Vostorg ................................................................................................. 2 99 ......... 3 26 ......... 2 79 ......... 2 95 .......

Kutuzovsk.y ........................ M oldav5k|y><seyvev|||ardzo365 ................................................................................... 2 99 ........................ 2 79 ......... 2 85 .......

KOdryanka .......................... M o| dova XMarSh a |5k |y ..................................................................................................... 2 99 ........................ 2 79 ......... 2 35 .......

Ry5b0| ................................. s eyve v|||ard1 . 2375>< sverkhran my bessemyanmy ...................................................... 2 99 ........................ 2 79 ......................

Storg oz.ya ........................... ( Maerd >< P| n Ot no|r)>< 5 e y V e . v|||a rd123 7 5 ................................................................. 2 99 ........................ 2 79 ......... 2 95 .......
RS Zala dyoengye x (Gloria x Koroleva vinogradnikov) x Muscat zimniy 299 279 289

Srebrostruy Rkatsitely x Seyve Villard 299 326 279 295
V248 Moldova x {Pobeda x [Katta-Kurgan x (Kishmish rozoviy x Kishmish beliy)l} 209 79
Arm a|aga ............................ ( Arm|on g Xma | a g a) ........................................................................................................... 3 21 .......... 3 34 ......... 2 71 .......... 3 12 .......
Poliuks Oberlen 595 (V. riparia x Game cherniy) x Foster white seedling - 20 321 312
Podarok Magar acha ........... R kats|te|y><1v| agarach 25772 ......................................................................................... 3 21 ......................... 2 97 ......... 3 12 .......
Me|ody ................................ 5 eyvalblanchenevaWh|te5(Pmotblanchntano) ................................................. 0 ............................ 2 71 .......................
Vesta (Avgusta x V. amurensis) x (Kentavr magarachskiy x Levokumskiy) | 231 285 203 297
B 72 .................................... Vms v m,fera >< V, t[slabru sca ............................................................................................... 0 ............................ 2 95 ......... 3 12 .......
‘Doyna | Korna niagra x (Cabernet Sauvignon x Seyve Villard 23-657) | 2 279 285
Ya| o V ensk.y . s to|ov| y .......... |chk|mar xseyve v|||ard20366 ....................................................................................... 2 99 ........................ 2 81 .......... 2 95 .......

Agada| ................................. Loca| C u |t|varof Da ge Stan v,t,s V m, fe,a ........................................................................... 3 26 ........................ 2 89 ......... 2 95 .......

A|fa ...................................... v,t,s v m,fem >< v, m”pana .................................................................................................. 2 96 ........................ 2 35 ......... 3 03 .......

Antans ................................. s apera v. >< T5|m|ya ns k.ychem |y ...................................................................................... 3 26 ........................ 3 01 .......... 2 95 .......

G ra n atowy .......................... 5 apera v. >< Cabemet 5 a u v.gnon ....................................................................................... 2 54 ........................ 2 83 ......... 2 35 .......

G o| u bok .............................. 5 everm y >< (v.sh nyov | y + Od essk.yra nmy + 11 7 54) .................................................... 322 ........................ 2 35 ......... 2 95 .......

Dm .tn y ................................ v arou SSEt >< Granatov | y ..................................................................................................... 2 54 ........................ 2 85 ......... 2 95 .......
Dostoyniy | Phillokseroustoychiviy Dzhemete x Muscat Gamburg | 320 293 205
Krasnostop AZOS | Phillokseroustoychiviy Dzhemete x Krasnostop anapskiy 30 293 205
Muro mEtC ........................... 5 evem. yxpobed a ............................................................................................................. 342 ........................ 2 85 ......................
Pomor.y5k| b.5er ................ M |5ke t Cherv e n xseyvevn |ard . 1 237 5 ............................................................................ 300 ........................ 2 93 ......... 3 01 ........
Cvetoc h my ......................... s evem. y >< po| |en . o fMuscatcu |t|v a rs .............................................................................. 322 ......... 3 33 ......... 2 85 ......................
F. O |etov| y ra n my ................ s evem.y X Muscat Gam bu rg ............................................................................................ 300 ........................ 2 93 ......... 3 01 ........

* Data for the identified alleles are presented in a way chosen by G. Di Gaspero et al. (2012).
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DNA-marker based identification of the RPV3 gene
determining downy mildew resistance in grapevines
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Visualization of the results of PCR - product fragment analysis with the
UDV737 marker of the Storgoziya cultivar.

Seyve Villard 12-375. These were cultivars Dekabrskiy,
Dunavska gymza, Rusbol, Storgoziya, Kishmish 342, and
Srebrostruy. The Seyve Villard series are complex interspecies
hybrids that are often used in grapevine breeding as resistance
donors, and Seyve Villard 12-375 is one of the most known
hybrids in the series that carry the geneplasm of V. vinifera,
V. labrusca, V. rupestris, V. berlandieri, V. lincecumii.
In the Kodryanka and VIII,-2-48 varieties, haplotype
Rpv3299-279 ig inherited from parent variety Moldova
(Guzal’ kara x Seyve Villard 12-375), which means in this
case Seyve Villard 12-375 has also served as a gene donor.
According to the pedigree of R65 (Zala dyoengye (Seyve
Villard 12-375 x Jemchug Saba) x (Gloria x Koroleva
vinogradnikov) x Muscat zimniy) the resistant allele was
inherited from Seyve Villard 12-375. However, Seyve Villard
12-375 is also considered one of the parents of the Pomoriyski
biser variety, which carries no Rpv3 gene haplotype making
it resistant to downy mildew.

In the genotype of the Talisman cultivar, the resistant allele
was inherited from the Frumoassa alba variety, whose parent is
Seyve Villard 20-473. Seyve Villard 20-365 served as a gene
donor in varieties Original and Kutuzovskiy.

It is considered that resistant haplotype Rpv3™!-?"! initially
originated from either V. labrusca or V. riparia. This is the
haplotype we identified in American variety Melody. In the
beginning, when analyzing its pedigree (Seyval blanc x Geneva
white 5 (Pinot blanc x Ontario)) for its inclusion as a potential
gene donor we assumed Seyval blanc (another name of Seyve
Villard 5-276) to be the resistivity donor since its genetic
formula contained V. rupestris and V. aestivalis. However, if
we assume that Rpv3™!-27! ig inherited either from V. labrusca
or from V. riparia, the indicated resistance allele in Melody
can be inherited from Ontario (25 % V. vinifera + 75 %
V. labrusca).

Haplotype Rpv3**'*12 was identified in cultivars Armalaga,
Poliuks and Podarok Magaracha. The published data indicate
the source of this resistant haplotype to be either V. labrusca
or V. riparia. In variety Armalaga, Rpv332!-312 was inherited
from V. labrusca, and in Poliuks — from V. riparia, which is
confirmed by their pedigrees. Meanwhile, the pedigree of
Podarok Magaracha remains an open issue. One of the parent
varieties it inherited its mildew resistance from was probably
Magarach 2-57-72 (Mtsvane x Sochinskiy cherniy). The
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Sochinsky cherniy first discovered by P.Ya. Golodriga in the
outskirts of Sochi has been lost and its exact genetic origin
remains unknown, but its high resistance to fungal pathogens
it transfers to its descendants makes it possible to classify it as
an interspecies hybrid. The data we collected during the study
allow us to assume that the pedigree of this species included
either V. labrusca or V. riparia.

Conclusion
The presented study analyzed 35 vine genotypes of different
origin to identify the presence of downy mildew-resistant
gene Rpv3 using DNA markers UDV305 and UDV737. The
analysis identified the Rpv3 gene in 19 grapevine cultivars,
including 3 varieties, in which the presence of the gene
had been confirmed earlier. The abovementioned markers
allow one to identify a certain haplotype of the Rpv3 gene.
That way, for the first time, haplotype Rpv32°°-279 has been
detected in 12 interspecies varieties; Rpv3321-312 — in three
varieties; and Rpv3™!-271 —in one variety. For the first time,
the presence of the Rpv3 gene has been confirmed for such
grapevine cultivars as Dekabrskiy, Dunavska gymza, Original,
Talisman, Kutuzovskiy, Kodryanka, Rusbol, Storgoziya, R65,
Kishmish 342, Srebrostruy, VIII,-2-48, Armalaga, Poliuks,
Podarok Magaracha and Melody. All the genotypes with
Rpv3 are characterized by high or increased level of downy
mildew resistance, which has been confirmed by the results
of perennial observations (Petrov, Talash, 2010; Troshin,
Radchevsky, 2010). The performed DNA analyses has also
allowed us to assume that the parent varieties of Podarok
Magaracha, whose pedigree remains unclear, are interspecies
varieties carrying the geneplasm of either V. labrusca or
V riparia.

The results obtained can be used for selection of initial
varieties to breed cultivars resistant to downy mildew.
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BinsiHIIE TTOrOAHO-KJIMMAaTUeCKUX VCIOBUN
Ha cozepskaHue 6ejika 11 Macjia B ceMeHax com
Ha CeBepHOM KaBKa3se
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[lna agpecHoro nogbopa MCXOLHOro MaTepuana B cenekumm Ha
KauyeCcTBO CEMAH COM HEOOXOAUMO 3HaHUe 3aBUCUMOCTU COOT-
BETCTBYIOLMX XapaKTEPUCTUK CEMAH OT NOroAHO-KINMaTUYECKMX
YCJIOBUI B KOHKPETHOM perroHe. OnpepeneHHoe BAUAHKE Ha
KauyecTBO CEMSIH OKa3blBaeT U rnobasibHOe 3MEHEHNWE KNMmaTa.
Mo3ToMy Lenblo JaHHOM PaboTbl ObINIO BbIABIEHNE CBA3M N3MEH-
UYMBOCTU CcoAepKaHus 6enika 1 Macsia B CEMeHax Cou € KnMmaTtu-
yecknMu napameTpamu Ha CeBepHom KaBKase, a TakXKe TpeHA 0B
3TOW M3MEHUMBOCTM 3a AJINTENbHbIV BpeMeHHoW nepuog. Ha oc-
HoBe M3yyeHua 1442 obpasLioB cour 13 konnekummn BUP oueHeHbI
TEHJEHUMM U3MEHUMBOCTY COflepKaHunA 6enka 1 Macna B ceMeHax
B ycnoBuax KpacHogapckoro Kpas 3a nepuog 1987-2015 rr. Meto-
[IOM perpeccMoHHOro aHanunsa B pasHoCTAX C NOCefoBaTebHbIM
BKJIIOYEHVEM NepPeMeHHbIX MOCTPOEHbI MOAENN 3aBUCMMOCTU CO-
epaHna 6enka 1 macna ot 0606 EeHHbIX arpoMeTeoposioruye-
CKMX nokasaTenen. B teueHne 1987-2015 rr. gna nepuopa ¢ Temne-
patypamu Bbiwwe 10 °C Habnoganca poctT CyMM akTUBHbBIX TeMmnepa-
Typ Ha 218 °C/10 neT n HefOCTOBEPHOE YMeHbLUEHNE OCaAKOB Ha
20.9 Mm/10 neT. B anHamurKe copepkaHunsa 6enKa BbisiBNEH TPeHS

K pocTy Ha 2.5 % 3a 10 neT, no cofep>kaHnio Macsia JOCTOBEPHON
TeHZeHUMM HeT. Hanbonbluee cpefHee cofepkaHne macna u Hau-
MeHbLUee 6efKa 6b110 Yy cpeHecnenbix 06pa3uoB (22.2 1 38.8 %),
a OTHOCUTENbHO BbICOKVM COAEpKaHMeM besika XxapakTepur3oBa-
nncb paHHue (21.6 1 40.0 %) 1 no3gHue (20.2 1 39.9 %) o6pasLbl.
CofepaHue 6esika pocsio C yBeIMYeHNEM NPOJOIKNTENBHOCTY
nepuoga c Temnepartypamu Bbiwe 22 °C 1 yMeHbLLanocb C pOCTOM
0CaAKOB 3a Nepuop c TemnepaTypamu Bbiwwe 18 °C. HakonneHuto
Macsa B ceMeHax cnocobCTBOBasO yBeMUYeHNe rmgpoTepmmuye-
cKkoro koadduumeHTa 3a neprog ¢ Temnepatypamu sbiwe 19 °C,

y NO3OHWX COPTOB 3TOMY NPENATCTBOBAST ANUTENbHbIN OCEHHWI
nepvop c temnepatypamu Huxe 15 °C. MHOroneTHuiA pocT co-
epaHua 6enka oOyCIoBNeH Kak M3MeHeHVeM KnmMaTa, Tak u
reHeTUYeCcKM yrnyylleHem COpPTOB.

KnioueBble cnosa: cos; 6en10K; Maco; U3MeHeHNA KnmaTa;
CeBepHbil KaBKas.

Impact of weather and climate
on seed protein and oil content
of soybean in the North Caucasus
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For a targeted search of initial breeding material for the
quality of soybean seeds, it is necessary to know the pat-
terns of the dependence of the corresponding seed char-
acters on the weather and climatic conditions in a particu-
lar region. Global climatic change, the concretization of
which is relevant, has a share in this dependence. Thus, the
aim of this work was to identify the relationship between
the variability of protein and oil content in soybean seeds
with climatic parameters in the North Caucasus as well as
trends in this variability over a long time period. The study
of 1442 soybean accessions from VIR collection in the Kras-
nodar region during 1987-2015 had been carried out and
the tendencies of the variability of protein and oil content
in seeds in this environment were estimated. The regres-
sion analysis in differences with forward stepwise selection
of variables has been used to construct models for the
dependence of the protein and oil content on generalized
agrometeorological indices. During 1987-2015, for the
period with temperatures above 10 °C, the sums of active
temperatures increased by 218 °C/10 years and precipita-
tion decreased by 20.9 mm/10 years. In the dynamics of
protein content, a trend has been revealed as an increase
by 2.5 % over 10 years, while there is no reliable trend in

oil content. The maximum average mean of oil content
and the smallest protein were in the middle-maturing ac-
cessions (22.2 and 38.8 %), and a relatively high protein
content was detected, on average, in the early- (21.6 and
40.0 %) and late-maturing (20.2 and 39.9 %) varieties. The
protein content had been increasing with a growth of the
duration of the period with temperatures above 22 °C and
decreasing with a raise in precipitation over a period of
temperatures above 18 °C. The accumulation of oil in seeds
was promoted by an increase of the hydrothermal coeffi-
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cient over the period with temperatures above 19 °C, and,
in late-maturating varieties, prevented by a prolonged
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autumn period with temperatures below 15 °C. Long-term
growth in protein content is due to both climatic change
and genetic improvement of varieties.

Key words: soybean; protein; oil; climate change; North
Caucasus.
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os (Glycine max Merr.) — camasi TIOIyNsipHasi B MHUpe

0eJIKOBO-MacCJIMYHasl KyJIbTypa, UMEIOIlasi NIMPOKHIA

CHEKTp IpUMEHEHHUs1. FICTOpHs COM — 3TO UCTOPHS aJ1arl-
TallMy BUJA B YCIOBHSX PAa3IMYHBIX PEKHMOB yBIIAXKHE-
HUSI, TEMIIEPATyphl, JUIMHBL AHS W JAPYTUX KIMMaTH4eCKUX
napameTpoB. HaposHast, a 3aTeM M Hay4Hasi CEJEKIUs COU
MIepBOHAYAIbHO ObLIa HAIEJICHA HA MOBBIIICHHE COICPKAHUS
Maciia B ceMeHax. Ha 3To yka3pIBaeT camMo MCTOpHUYECKOe
Ha3BaHME COM — MACISTHUYHBIE OO0OBI, a TaKKe JaHHbBIE W3
CTapbIX Hay4YHbIX IMyOnukauunii (Bpounnckuii, 1935). 3a no-
CJIC/IHUE JICCATUIICTHS CEJICKLIMOHHBIE YCHIIHSI BO BCEM MHpE
CMECTIJINCh B CTOPOHY TIOBBILICHUS COZIEpXkKaHUs OelKa B
cemenax (3enenio, MomrHerko, 2016). CortacHO aBTOpH-
TETHOMY HCTOYHHKY — OLCHOYHOM 0a3e JaHHBIX KOJUIEKIIMU
con Cenpcroxo3siictBenHoro nenapramenta CIIA, nacun-
ThIBatoIei okoio 20 Thic. 00pa3noB, copepxkanue Oenka B
CeMeHax KyJIbTypHOM cou BapbupyeT B nipeaenax 31.7-57.9 %,
Macna — 6.5-25.6 % (USDA, 2018). MacmraGHsle uccie-
JIOBAHMS KOJJICKIIMOHHBIX 0OPA3lOB COM, BBITOJIHSIBIINECS
B BIP, BBIABIAIN CXOKUE MHTEPBAJIBl OTUX [OKAa3aTesaed
(Ilenxo u ap., 1990).

OntuManbHBIM T (POPMUPOBAHKSI TEHEPATHBHBIX Opra-
HOB ¥ IUIOJIOHOIIEHHSI COM CUUTAIOT CPEIHECYTOYHbIE TEM-
nepatypsl 18-22 °C (benomobnes, Cenanxos, 2012). Ham
aHaJIM3 MHOTOJICTHUX JTaHHBIX, OCHOBBIBAIOIIMICS Ha perpec-
CHOHHBIX MOJIEJISIX XO35IHICTBEHHO IIEHHBIX IIPU3HAKOB COpTa
Komcomornxka B ycnoBusix KpacHogapckoro Kpasi, BEISIBIIL, 4TO
IJTaBHBIM OTOTHO-KJIMMAaTHIECKUM ()aKTOPOM pOCTa 1 pa3BH-
THSI COM siBIIsieTCs ruporepmudeckuii kodppuuuent (I'TK),
T. €. COOTHOIIIEHHE 0CaAKOB U TeMmeparyp. [TokazaHo, uTo Be-
TeTallMOHHBIN MepHOA yKopauuBaeTcs ¢ ymeHbiieHueMm I'TK
npu TeMmeparypax Beie 15 °C, a ypokalfHOCTh U BBICOTA
pacTenuii nosoxxkurtenbHo cBa3anbl ¢ I'TK npu temneparypax
Beiie 10 °C (Cedeposa u np., 2011).

W3BecTHO, 4TO coliepkaHKe OelKa 1 Maciia B CEMEeHax COu
MO/IBEPKEHO BBICOKON T€HOTUIMYECKOW M MOAM(UKAINOH-
HOW M3MEHUYMBOCTH. B nmTeparype HaKkomieHO MHOXKECTBO
CBEJICHUM O 3aBUCUMOCTH ITHX [OKa3aTesIel OT paiioHa BO3-
JIETBIBAHNS KYJIBTYPbI, TEHOTUIIA COPTA, TPYIIIBI CIENIOCTH,
UCIIONIb30BAHMSI PA3HBIX MPUEMOB arpoTeXHUKH | T.T. He-
OJIHOKPATHO MOKa3aHo, YTO B Pa3HbIX PErHOHAX 3eMHOTO Il1apa
ropaszio 6osee BBIPAXKEHO BIMSHIE KIIMMaTa Ha COCPIKaHNe
Oenka B ceMeHax, 4eM Ha conepxanue macna (Ojo et al.,
2002; Sudaric et al., 2006; Epmonuna u ap., 2011), u oba
9TH NPU3HAKA 3HAYUTEIBHO BAPbUPYIOT B PA3HBIX YCIOBHAX
BeIpamuBanus (Piper, Boote, 1999; Bellaloui et al., 2015;
Song et al., 2016).

Pesynbrarsl, nonyuenHsle panee B KpacHogapckoM kpae,
TJIe IPOBOJMIIOCH M HACTOSIIEE MCCIIEJOBAHNE, CBUJICTEIb-

Cenekumna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

CTBYIOT, YTO BBICOKOE COJICPKaHNE Maclia HaOIroaeTest Ipu
IMOBBIICHHOM YBJIA)KHCHUH U OTHOCUTECJIIBHO HEBBICOKOM
TemImeparype, a 6enKa — Mpyu CyXoi MOTo/ie W MOBBIIICHHON
temrneparype (Enxen, 1953; Msikymko, bapanos, 1984; Cre-
naHoBa, 1985; bapanos, Jlykomer, 2005; [Tetubckas, 2012).
ITpu 3TOM OTMETAIOCH, YTO MEKCOPTOBBIE PA3ITHUMS COACPHKA-
HUSI O€JIKa M Maclia y COU MOTYT OBITh MEHBIIIE MEXIOJJOBBIX
(Enken, 1953). BoisBnenue 3akoHOMEpHOCTEH B3aMOCBA3U
MPU3HAKOB U CPEABI JJIsI OTIPE/IENICHHUSI ONITHMAJIbHBIX PaliOHOB
MIPOM3BO/ICTBA COM M BEIOOPA a/IalITUBHBIX COPTOB IpHOOpe-
TacT OCO6yIO AKTYaJIbHOCTD B CBA3U C ABHBIMU U3MCHCHUSIMU
KJIMMara, OTMEYaeMbIMU B TOM YHCIIE B palfOHE HAIIEro Mc-
cienoBanus (3eneHos, MomraeHko, 2012).

KauecTBeHHBII cOCTaB ceMsSH, KpOME YCIIOBHI BbIpalli-
BaHMS, 3aBUCUT OT IIEJIOT0 psifa (PaKTOpoB, OJHUM U3 KOTO-
PBIX SIBISIETCSI CEJICKIMOHHOE YIydIlIeHne KyabTypbl. Ha
COBPEMEHHOM 3TaIe CeNEeKINOHEPHI YACIAI0T 3HAUNTEIbHOE
BHUMAaHHE IOBBIIICHUIO COAEPKAHUA Kak Oenka, Tak |
Maciia B ceMeHax cou. IlomydeHsl copra ¢ coiepkaHuem
Oenka B ceMeHax 47-49 %, a B otnenbHbie roa6l 10 50 %
MIPH JAOCTAaTOYHO BBICOKOW mponykTuBHOCcTH (Kouerypa u
Ip., 2005). YauTteiBas 3TOT, a TaKXkKe Pl Ipyrux (HaKTopos,
BKJItOYas arpoTe€XHUKY, 1JI UCCIICAOBAHWS BJIMAHUA KIIMMaTa
Ha TIPU3HAKN CEeJIbCKOXO3SHCTBEHHBIX KYJIBTYP HEOOXOIHMO
BBIWICHATH IMEHHO TIOTOIHO-KIIMMAaTHYECKHIE 3aBUCHMOCTH.
JI71s 3TOrO UCMONB3YIOT METObl MCKIIIOUEHUSI TPEHIOB U3
MHOTOJIETHUX HAOIIOJCHHMN, MO3BOJISIOMINE CYIIECTBEHHO
YAYYLINTH KQYECTBO arpoOMETEOPOTIOTHUECKUX PETPECCHOH-
Hbix Mozeneit (Kaukoranta, Hakala, 2008; Iler et al., 2017).
OnHNM 13 METOZOB MCKIFOUECHUS TPEHIOB SBIISCTCS aHAIN3
B Pa3HOCTSX, T.€. aHAJIU3 TOJOBBIX NMPUPOCTOB IPHU3HAKOB
(Enuceesa, 2007; Cupotenko, 2012), He HaIIEAIINHI MTOKa 1~
POKOTO MPUMEHEHHS B arPOMETEOPOJIOTHN. AHAJIN3 TOJOBBIX
MPUPOCTOB 3HAYECHHUH IIPH3HAKOB OBLJT YCIICIITHO HCIOJIb30BAH
JJI4 TOCTPOCHU Monenei/i JAUHaMUKU NPOAOJIKHUTCIIBHOCTU
Beretanuu, Macchl 1 000 ceMsiH, BRICOTHI paCTEHUS U ypOXKaii-
HOCTH COM B HalllNX NpeasLynnx ncenenosannsix (Cedepora
u n1p., 2011).

Lens naHHOM PabOTHI — BHISBICHUE CBSI3M N3MEHYMBOCTH
coziep kaHus1 OeJIka M Macia B CEMEHaX COH € arpoKJIMMaTHye-
cKuMH noka3aressiMu Ha CeBepHoM KaBkase, a Takxke TPEH/I0B
9TOW M3MEHYUBOCTH 3a JUIMTEIbHBIA BPEMEHHON NIEPUOLL.

MaTtepwuanbl n metogbl

Marepuanom ais uccaenoBaHus nocayxuin 1442 obpasma
COU U3 KOJUTEKIIUH BcepoccHiickoro HHCTUTYTa TeHETHYECKUX
pecypcoB pacrenuii (BUP), npoucxoasmmx u3 35 crpan.
Bribopka mpencraBieHa IpeNMyIIECTBEHHO CEIeKIINOHHBI-
Mmu copramu. Mccnenosanue npoBoguiu B 1987-2015 rr. B
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Kpacuomapckom kpae Ha unane BUP «Kybanckast onbITHas
cranmus — KOC BUP (45°13' ¢. 1., 40°47' B. 11.). Eskeromno
B HICCJIEZIOBAHIE BKIIFOYAIH OT 12 1m0 516 06pa3mos. Kaxasrit
oOpaser| u3ydaicsi Ha MPOTSHKEHUH OJHOro-Tpex Jer. Hau-
6onee mponomkuTenbHBIMU — 14 met (1987-2000 rr.) 66UTH
HabmoeHust 3a coprom KoMcoMouika, KOTOPBIN SIBIISUICS
CTaHAApTOM B IOJICBOI 1 OMOXMMHUYECKOH OLIEHKEe 00pa3IloB.
W3mepsinu coneprkanne Oeka 1 Maciaa B CEMEHaX, MpOIo-
JKUTEJIFHOCTD BETeTalMu. Vcronb30Bany Takxke JaHHBIC TI0
MpoxyKTUBHOCTH, Macce 1000 ceMsH, BbICOTE pacTEeHHH 3a
1987-2001 rr. Brun BCTOTB30BAaHBI CYyTOUHBIE JAaHHBIC Me-
teonynkra KOC BUP.

[ToneByto OLIEHKY W U3MEPEHUs] OMOXUMHYECKHX TT0Ka3a-
TeJeil MPOBOJMIIN B COOTBETCTBUH C METOJMUECKIMH yKa3a-
Hussmu BUP (Kopeakos u ap., 1975; Bumnaskosa, 2010). o
2006 r. 6enmok onpeaersiiu o Keenbaamro (N x 6.25), macio —
0 Macce CyXoro 00e3KMPEHHOTO OCTaTKa B MOTU(DHUKAIINN
Pymrkosckoro (Epmakos, 1987). C 2007 1. 6enok n macio
OIpeAessiIn MeTo1oM HH(ppakpacHoii criekrpockonuu (NIR)
Ha a"amm3arope Infratec 1241 Grain Analyzer (IlIBerms). Ka-
TMOPOBOYHBIE KPUBBIC CTaHIAPTH3UPOBaHBI (HUPMON-TIPO-
N3BOJUTEIIEM.

Paccuntano cpeaHee MO KONJIEKIMHU COfEpKaHue Oenka
M Maclia 3a Kax/eli roj1. OrnpenesneHsl TPeH bl CPETHETO 110
KOJUIEKIIMH COZIepKaHMs OeJKa M Maclia 3a [epHo/| NCCIIe10Ba-
HHUSI, TOCTPOEHBI PErPECCHOHHBIE MOZEIN ITUX MTOKa3aTeei.
PaccunTanbl cpeHHE TEMIIEpaTypbl B CyMMBI OCa/IKOB 3a
MECSILIBI C arpesst M0 OKTIOph U 0000IIEHHbIE arpoOMeTeo-
POJIOTHYECKUE TTOKA3aTEeNN: AAThl IEPEXOA BbIIIE W HIKE
temneparyp 10, 11, ... 22 °C, nporoKUTENBHOCTH IEPUO-
JIOB C TEMIIepaTypaMH BbIIIE YKa3aHHBIX MPEIEJIOB, CyMMbI
AKTHBHBIX U 9((QEKTUBHBIX TEMIIEPATyp, CPEIHIE AaKTUBHBIC
n a¢pexruBHBIe Temrneparypsl, [ TK aTux narepsanos. i
MOKa3aTeIM MCIIOJIb30BaHbl B Ka4eCTBE IIEPEMEHHBIX B pe-
TPECCHOHHBIX MOJIENISIX. METOIOM perpecCHOHHOTO aHaIN3a
C TIOCIIe/IOBATEIILHBIM BKIIIOUEHHEM ITEPEMEHHBIX TIOCTPOCHBI
MOJIENIN 3aBUCHMOCTH COJiepKaHusi Oelika U Macia OT arpo-
KJIMMaTHYECKUX MOKa3arenei. M3 BpeMeHHBIX PsII0B UCKITIO-
YeH TPEH/] 33 CUET IIepPeXxoa K aHaJIN3Y TO/I0BBIX IIPHPOCTOB
[IOKa3aTellen.

o t-xpureputo CThIOAEHTA OILICHEHA I0CTOBEPHOCTH Pa3-
YN OMOXMMHUUECKHX TToOKa3aresnel (1 qpyrux Xo3siCTBeH-
HO IIEHHBIX IPU3HAKOB) Y 00Pa31LIOB TPEX IPYIIIL, BbIJEICHHBIX
10 CpPOKaM co3peBaHus. B nccieqoBaHNN NPUHAT ypOBEHb
3HauuMocTu 5 %.

Pesynbratbl

Cpennee coneprkanne Oeika B ceMeHax 00pa3IoB B H3yUCH-
HOW BBIOOpKE (Jajiee — KOJUICKIIMU) BapbUpOBajio oT 27.2
10 50.0 %, macnma — ot 15.2 1o 26.6 % (puc. 1). Kpaitaue
TIpeIeITbl HK3MEHYHBOCTH COCTaBIIIM [t Oenka 23.8-51.1 %,
quist macia — 13.8-27.2 %. Coneprxkanue Macia u Oeika B 00-
pasiax 00paTHO KOPPEINPOBAHBL, KOAPPHUIINEHT KOPPEIISAIIH
r=-0.53. Ilpu yBenu4ueHun Macia B cpeHeM Ha 1 % Oesrox
ymensbancs Ha 1.1 %.

Ha puc. 1 otoOpaskeHBI Bce BBIABICHHBIEC B HCCIICIOBAHIA
COUCTaHMs COJIepKaHus Oellka M Maciia B ceMeHax. B Hux cym-
MUPYETCA KaK TCHETUYCCKasd, TaK U Cpe€aoBasgs UBMCHYNBOCTb
00pa3noB. BuaHo, 94TO camble BBICOKHE 3HaYECHUS OenKa co-
OTBETCTBYIOT HU3KMM 3Ha4CHUSIM Macja. TOT BapHaHT ObLIO

710 Vavilov Journal of Genetics and Breeding - 2018226

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

Protein, %

Oil, %

Fig. 1. Distribution of soybean accessions by protein and oil contents in
seeds.

MPEATIOKEHO Ha3bIBATH TUMUAAHO-AerpaaaoHabM (JIT) (3e-
neH1o, Morraerko, 2016). JlocTaTro4HO BEICOKHE 3HAUCHUS
OeJka MPUXOJSITCS M Ha cpeiHue 3HaueHust Maciia. HeGombioe
YHCIIO 00pa3oB UMEIOT OHOBPEMEHHO BBICOKHE 3HAYCHUS
coziepKaHus OeJKa U Macia, T. €. OTHOCSITCSI 110 OTIPEIETICHUIO
IIUTUPYEMBIX aBTOPOB K YIJIEBOAHO-/IET PAJAlHOHHOMY BapH-
anty (V/I), HOCKOJIIBKY CHHMI)KAeTCsl KOJIMUECTBO YIJIEBOJIOB.
Bricokoe conepikanne Macna BbIIBIIs€TC Kak npu Y/ Ba-
pHaHTe, Tak ¥ MPH CPEIHNX 3HAUCHUSIX COACPKaHMs OenKa.
HawuGouiee BbIcOKHE 3HAYEHUsI Maciia COOTBETCTBYIOT HU3KUM
3HAUCHUSIM 110 OeNKy. DTOT BAPHAHT MBI TIpeJIaracM Ha3BaTh
nporenH-1ehuuuTHEM (IT/1).

B 19872015 rr. Ha Ky06auckoit OC Habmromancs 10CcTo-
BEPHBII POCT CyMM akTHUBHBIX Temmeparyp (Beme 10 °C)
Ha 218 °C/10 metr u cnaboe yMEHbBIICHHE OCAJAKOB — Ha
20.9 mm/10 ner.

OtMmevanach T0CTOBEpHAs TEHICHIINS K POCTY CPEAHETO 110
KOJIJICKIINH cozieprkaHust Oenka co ckopocThio 2.5 %/10 net;
JI0JIs1 Maciia CHkanach HesHadumo — Ha 0.1 %/10 net (puc. 2).
Pocrt Gerka B ceMeHaX MOT ONPENETSTHCS TPEMSI IPUIHHAMU:
M3MECHEHHSIMH KJIMMaTa, 000TaleHueM KOJIEKIINU BBICOKO-
OeKOBBIMU 00pa3IaMi COBPEMEHHOW CEJICKIIUU U arpoTex-
HUKOW. YUHUTHIBasI, YTO U3YUEHHE KOJUIEKIIMU BBIOIHSIOCH
Ha KOC BUP Bce ronpl 1o ennmHON METOAUKE, BO3MOXKHOE
BJIIMAHUEC U3MCHCHUS arpOTCXHUKHN 6])1.]'[0 HCKJIFOYCHO U3 pac-
CMOTpEHUSI.

Jlist BBISIBIICHUS CETICKIIMOHHOTO TPEH/1a CPaBHIIIN JINHA-
MUKY CPEIHETO 110 HCCIIeIyeMOi BEIOOPKE U cOpTa-CTaHaapTa
Komcomomnka B 1987-2000 rT. 3a 3TOT IepHOa conepKaHue
Oerka 1 Macia B ceMeHax copra Komcomortka He MMeIno 10cTo-
BEpHBIX TpeH10B. CpeiHee 10 KOJUIEKIIMH CojiepikaHue Oerka
JIOCTOBEPHO YBEMMUNBAIOCh HA 5 % 3a 10 net (puc. 3, a). 10
CBHJICTEIIECTBO BKJIA/1A CEJICKIIUH B YBEITMUCHUE COACPIKAHUS
0eJiKa U OTCYTCTBHE TAaKOBOTO B YBEJIIMUEHHE MACIUYHOCTH.
Jliis BBISIBICHUS MTOTOAHO-KIMMATHYECKUX 3aBUCHUMOCTEH
OBLIM pacCUMTaHbI IPHPOCTHI BCEX HCCIIEAYEMbIX ITOKa3aTeNeH
3a rox (pa3HoctH) (cM. puc. 3, 6). Koppensiuu npupocTos
CpeIHETO 10 KOJUIEKIMK U copTa KoMcoMorka focTurm: asst
oenka » = 0.90, mis macna = 0.88.

PerpeccuonHblli aHanu3 MOKa3ajl, YTO COACPKAHUE Mac-
na (C,) nonoxuTensHo 3aBuceno ot I'TK 3a nepuoxn ¢ teme-
parypamu Bbimie 19 °C (I'TK,) 1 oTpunarensno — oT mpo-
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Fig. 2. Time variation of the contents of (a) protein and (b) oil, both

1987-2015.
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Fig. 3. Time variation of (7) protein content in Komsomolka variety and (2) protein content averaged over the collection: (a) start-

ing levels, (b) annual increments.

JOJDKUTEIFHOCTH BeTeTallly B OCEHHUH IIEPHOJ IIPH TeMIIe-
o .
parypax 15-10 °C (L,5_,,):

AC,=-0.012+0.951TTK,y—0.041L 5, R2=0.49. (1)

3nech A — ro10BOM MPUpOCT nmokasareis, R? — kodpduuuent
JIeTEepPMUHAIINY yPaBHEHUSI.

['maBHBIM (haKTOPOM M3MEHUYMBOCTH COAEPKaHMs Oel-
ka (C.) sBIsIeTCS MPOIOIDKUTENLHOCTD TIEPUO/IA C TEMITepaTy-
pamu Bbie 22 °C (L,,). Ocaaxu 3a nepuos ¢ TeMieparypaMu
Boie 18 °C (P ) cHuKarOT conepxanue Oenka:

AC,=-0201+0.092AL,,~0.010AP;, R2=0.65. (2)

OObsicHEHHAs YpaBHEHHUEM JI0JISI MEKTOIOBOM M3MEHUH-
BocTH cocTtaBuia 65 %. Pacuer gacTHbIX K03((PHUINEHTOB
JIETEPMHUHAIMHN [T0Ka3aJ1, YTO TeMIIEPaTypHbIH (akTop orpe-
nemsut 44 % w3meHunBocTH, ocanku — 21 %. To ecth poct
0CaJIKOB TIpH Temrieparypax Beime 18—19 °C cmocobcTByeT
(hopMHpOBaHUIO Maciia U, COOTBETCTBEHHO, CHIKEHUIO JTOITH
6enka. B mepuon ¢ remneparypamu Boime 22 °C, HapOTHB,
HaKOIUICHHE MAcJIa COKPAIIACTCs 1 IPOLIEHTHOE COOTHOIICHUE
cMmeniaercsi B CTopony Oeinka. [IpofomknTenbHbIA nepros
pocTa Impu Temneparypax Hrxe onTuManbHbIx 15 °C B ocen-
HUW TIEpHOJ TaKKe MPUBOIUT K YMEHBIICHUIO COIEPKAHUS
Maciia ¥ yBEJIMYEHHUIO TIPOLIEHTHOTO COZCp)KaHMs Oeyika y
TMO3JHHUX COPTOB. HOJ’[y‘IeHHLIe PE3YyNbTAaThl NOATBEPIKAAIOT,
YTO HAKOIUIEHHE Macja YCIHEIIHO MPOXOJUT B MHTEpBale

Cenekuymna pacTeHUn Ha UMMYHWNTET U NPOAYKTUBHOCTb

ONTUMANTBHBIX [T (HOPMHUPOBAHUS TEHEPATHBHBIX OPTraHOB
U IUIOIOHOIIEHUs cou Temmneparypax 1822 °C u yBenuuu-
BaeTcs ¢ pocrom I'TK .

[To dpopmymnam (1) 1 (2) paccauTaHBI CKOPOCTH H3MEHEHHS
cofepaHus OeiKka M Maciia, OObSICHICMbIC H3MCHCHUSIMU
kiumara. B 1987-2015 rr. ckopocTH U3MEHEHHS arpome-
TEOPOJIOTUYECKUX (PAKTOPOB, 3HAUNMBIX IS OMOXUMHUYE-
CKMX NOKa3zaresei cou, coctaBunu: AL,, = 21.1 cy1/10 ner,
AP =31.1 mm/10 ntet; AL 5, =—1.8 cy1/10 net, AI'TK ;=
= 0.016 en./10 net. PacueTHBIif KIUMaTO-00yCIOBIEHHBIN
TpeHn (0e3 ydera cBoOOTHOTO WIeHa, OTPAKAIOIIETO HEKITH-
MaTHYCCKHE BO3ICHCTBUS) COCTABIISICT IS COMCPIKAHMs OeJIKa
1.6 % 3a 10 ner, a s comepkanmst mMacna — 0.1 %. Takum
o0pazom, U3 QaKTHIECKH HAOIFOAIOMICTOCS MOBBIIICHUS
conepxanus Oenka Ha 2.5 %/10 net, 1.6 % oOBICHSIOTCS
M3MCHEHUSMHM KJIMMara, a octaibHbie 0.9 % MOXXHO OTHECTH
K yCIIeXaM CEIICKITHH.

BrisiBienHbie 3aKOHOMEPHOCTU U3BMECHUYMUBOCTU 6[/IOXI/IMI/I-
YECKHX ITOKa3aTeNe CEMSH COM OT TEIUIO- U BIaroo0ecriedeH-
HOCTH, TIOJTyYCHHBIC TIPU aHAJIH3¢ MEKTOI0BOW N3MECHUNBO-
CTH, MOJTBEPIKIAOTCS 3aBUCUMOCTBIO COZCPIKAHUs OelKa U
Macia OT MPOAOJDKUTENBHOCTH Beretanuu. IlokasaHo, 9To
9TH [TOKA3aTENN HEJTMHEHHO CBSA3aHbI C IPOJOIDKATSIIHHOCTHIO
Bereraiyu oopasios (puc. 4).

s manmpHeIero aHanm3a M3ydaeMblid Habop OBLT pas-
JICJICH Ha TPHU TPYIIIBI 1O MPOIODKATEIFHOCTH BETCTaIHU
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Fig.4.Dependence of (a) protein content and (b) oil contentin soybean seeds on vegetation duration in the Kuban experimental farm, VIR, approximated

by a second-order polynomial.

Characterization of groups of soybean varieties differing in ripening time, Kuban experimental farm, VIR, 1987-2001
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Note. Mean values and standard deviations are shown.

(cM. TabmuIly), KOTOPBIE MOXKHO OIPEICIIUTh KaK CKOPOCIIC-
nas (Beretanus 80—110 cyt), cpennecnenas (111-140 cyt) n
no3nHecnenas (141-170 cyt). Haubonpiiee cpemnree comep-
»kaHue Macia — 22.2 % u Haumenblnee oenka — 38.8 % Obun
Yy CpeIHECHENON IpyIIlbl, XapaKTepU3yIOlIecs: BBICOKON
MPOAYKTHBHOCTBIO — 26.0 I/pacTeHne 1 CpeTHIM 3HaUCHUEM
BBICOTHI pacTeHuit — 83 cMm. PanHue oOpasibl uMenn camoe
BBICOKOE copeprkanue Oemnka —40.0 %, 6onee HU3KOE Maca —
21.6 %, MEHBIIIYIO BEICOTY PACTEHUSI U IPOAYKTUBHOCTH. O0-
Ppasiibl O3IHECTICNION IPYIIIIBI XapaKTEPHU30BaAINCh BBICOKUM
coxepkanueM Oenka — 39.9 % u MeHbIIMM copepKaHUEM
macia — 20.2 %, a Takxe HanOOJbIIEH BBICOTOH pacTeHUH 1
HaunOounbieit Mmaccoid 1000 cemsiH, a 110 NPOJAYKTHBHOCTH HE
OTIIMYAJINCH IOCTOBEPHO OT CPETHECTICIION TPYTIITBI.

O6cyxpeHue

[upokwii CIEKTP HUCIIOIB30BAaHUS COM TPeOyeT CO3MaHuUs
CHCIMAN3UPOBAHHBIX COPTOB. Pacmmpenue ee mpou3BoI-
CTBEHHOTO apeasa, Kotopoe npousouuio B PO B nocnegnue
10—15 neT, BBI3BIBaET HEOOXOTUMOCTB ITOTYIEHHS COPTOB pa3-
HBIX TPYIII CTICIOCTH, OCTABIISIS IIPHOPUTET 32 CKOPOCHIEIIBI-
Mu. [Ipu 3TOM cesieKius JrObIX COPTOB OPUCHTHPOBAHA HA
BBICOKOE Ka4eCTBO CEMSTH, a UMEHHO Ha BBICOKOE COJIEpiKaHNe
OesKa n Macia — MPU3HAKOB, MMOJBEPIKEHHBIX MOAM(UKAIIN-
OHHOI U3MEHUYNUBOCTH.

B nammem nccnenoBanuu, npoBoanBiiemMcs Ha CeBepHOM
KaBkasze B Teuenue 29 jer, BBISICHHIOCH, YTO MOCTOSTHHO
MCHAIOIHUEC TOTOAHBIC YCIIOBUA U FJIO68.J'II)HI)IG U3MCHCHMUA
KJIIMaTa CIIOCOOCTBYIOT MOBBIIICHUIO CONlEpKaHMU OelKa B
ceMeHax. B 11e70M 1o KOJUISKIIMM pOCT cozepskaHus Oenka
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B CE€MEHax MPOMCXOJWI CO CpenHel ckopocThio 2.5 % 3a
10 net. B aTOT MOKa3areb, HECOMHEHHO, BHOCHUT BKJIAJl K Ce-
JICKIIMOHHOE YITy4IlIeHNe KyJIbTYpbl. O0 5TOM MOXKHO CY/TUTb,
CpaBHMBAs JJAHHBIE M0 M3YyYSHHOW BBHIOOPKE C JaHHBIMHU I10
copty Komcomonxka, ucrons3yemomy B Teaenue 19872000 rr.
B KadecTBE CTaHJapTa. 3a 3TOT IEPHO] coAcpkaHue Oenka
1 Maclia B CeMEHax JAHHOTO COpPTa HEe UMENO JOCTOBEPHBIX
TpeH10B. [TomydeHHbIe perpecCHOHHbBIE MOJIENH COIECPKaHUS
Oenka 1 Macina o0bsIcHAIOT 65 1 49 % MeXronoBoi Bapua-
0eJIbHOCTH ITHX MOKa3arelseil coorBeTcTBeHHO. CoriacHo
pacueTram, BKJIaJ KIMMaTHYECKOTO (GakTopa B pOCT Oenka
cocraBui 1.6 % 3a 10 set, a 0.9 % MOXXHO OTHECTH Ha CUET
TIOTIOJTHEHHMS KOJUIEKIIMH COBPEMEHHBIMU COPTaMU C F'€HETH-
4eCKH 00yCITOBIEHHBIM 00JIee BEICOKAM COZIEpyKaHNEM OerTka.
[Tpu aTOM yBenmmueHne coaep kaHus OeKa MPONCXOIUIIO Ha
(one pocra cymm akTUBHBIX Temneparyp Bbime 10 °C Ha
218 °C/10 ner.

B CIIIA, rmaBHOII coecerolieli CTpaHe MUpa, IPU U3y4eHHH
BIIMSTHUS 11€J10T0 psifia (akTOpoB HA OMOXMMUYECKUE IOKa-
3aTeIN CEMSH COM OBbIIO I0KAa3aHO, YTO CPEia — CAMBbIil BaX-
HBII NCTOYHMK U3MEHYMBOCTH COZICPKaHUs Oeilka M Macia
(Bellaloui et al., 2015). B co3mannoii B CHIA yauduimpo-
BaHHOM CHCTEME TECTHPOBAHMUS COPTOB COH OBLIO IPOBEEHO
camoe JUTUTENILHOE OIPE/ICIICHHE JONTOBPEMEHHBIX TPEH/I0B
B COZIepKaHUM OeJIKa 1 Macjia B CeMEHax, MPOJ0JIKaBIIeeCs
51 rox (1948-1998) (Yaklich et al., 2002). PaGora Bemach Ha
COBPEMEHHBIX JISI COOTBETCTBYIOIIUX IEPUOIOB COPTaxX M3
BCEX PErMOHOB IPOU3BOJICTBA COM, BKIIIOUAs FOXKHBIEC MPO-
BuHIMHU KaHabl, 1 BCeX ITPYMIT CIETOCTH M0 aMEPUKAHCKOHM
knaccudukanmu, npuaaToi B Te roxas: ¢ 00 mo VIII. K co-
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JKAJICHUIO, B MCCIICJIOBAHUH HE YYUTBIBAIMCH MHOTOJIETHHE
W3MEHEHHs KIMMara, ITOCKOJIbKY INIABHOM 3anadeil Obuio
CpaBHECHHE TPEHJIOB B PA3HBIX PETMOHAX M B PasHbIX IPyII-
max crenoctd. MakcumaibHoe cofepikanue oenka (41.4 %)
06110 3a(DUKCHPOBAHO Y CaMBIX MO3AHECHEIBIX COPTOB,
HanOoupIIee kondecTBo macna (21.0-21.1 %) — y copros
II-1V rpynn crenocTu, KOTOpbIE IIPU COOTHECEHUU C HAlEH
CHUCTEMOW MOXKHO Ha3BaTh CPEAHECIIENBIMHA. MaKkCUMallbHOE
cooTtHotreHne 6e1ok : Macio (2.00-2.04) BeISIBIIEHO y COPTOB
cambIX ckopocrensix rpynn 00-I, uTo cBUIETENbCTBYET O
npeobnagarnu Oenka, a MuHUManbHOE (1.99) — y cambIx
no3aHecnensix rpynn VII u VIII, 9o cBUIETENBCTBYET O He-
0OJIBILIOM ITPEBBIICHUH Y HUX MacJja [0 OTHOLIEHHIO K OEJIKY.

OTH pe3ynbTaThl HAXOAATCS B ONM3KOM COOTBETCTBHHU C
MOJTyYCHHBIMU HAaMH JIaHHBIMU B OTHOLIEHUH CaMbIX CKOPO-
CHEJIbIX U CpeJHECIeNbIX Ipyni. B Hamem ucciienoBaHuu
panHue copra nMenu Oenok Ha yposHe 40.0+3.6 % u cpas-
HHUTEJIFHO BBICOKOE Maciio — 21.6+1.5 %. B manHbBIX cucte-
™Mbl TectupoBanus CIIA Tpu camble cKOpOCIIENble IPYIIIbI
MMEJH PaKTUIECKN CPABHUMOE € 3a()UKCUPOBAHHBIM HAMHU
conepkanue Oenmka — 40.4—40.9 %, HO MCHbIIEE KOIUYC-
cTBo Macia — 19.8-20.5 %. Haubonpmum copepxkaHuem
macna B KpacHomapckom kpae (22.2+1.6 %) 1 HauMeEHb-
mmM — Oenka (38.8+3.8 %), kak n B paboTe aMepUKaHCKUX
aBtopoB (Yaklich et al., 2002), xapakTepu3oBaiach rpyria
CpeIHECHEbIX 00Pa3IOB C MPOJOIHKUTENEHOCTHIO BETETAllUH
111-140 cyt. Ognako camMble no3axecnensle rpynmnsl B CIIA
nmenu Oosbliiee 3HaYeHne o0onx nokasareneii —41.4 % Oenka
1 20.9 % macia 1o CpaBHEHHIO C TT03/1HeCTIeNbIMU B KpacHo-
JapckoM kpae —39.9 u 20.2 % cooTBETCTBEHHO. DTO MOKHO
OOBSICHUTB TEM, YTO NpH O0JIee AJIUTEILHOM BEreTalliOHHOM
nepuoze y coproB VII-VIII rpynm cnemoctn (200-220 cyT),
K ITpUMeEpY B I0KHOM IITare MUCCHCHUIHN, CpeTHHE CYyTOUHbIE
TEMIIEpaTypbl HOSIOPSI — BpeMsi YOOPKU COU — COCTABIISIIOT
okonio 14 °C (Usual Planting..., 1997), uto cpaBHEMO CO
CpeIHECYTOYHBIMU TEMIIEpaTypaMH Hadasa OKTs0ps — ce30-
Ha yOOpKH IO3/1HecHensIx coptoB B KpacHomapckoM kpae.
To ects cunTe3 Oenka u macna B CIIA He mumutupyercs
HU3KUMH TEMIIEpaTypaMHy OKTSOpS—HOSOPS 1 IPOIOIKACTCS
Ha 30-50 cyT nombie.

Kak B Hamiem mcciieoBaHUM, TaK U 10 JaHHBIM JIPYTHX
aBTOPOB COJIep)KaHKUE OelIka MOBBIIIACTCS C POCTOM TEMIIe-
paryp (Sato, Ikeda, 1979; Wolf et al., 1982; Pipper, Boote,
1999; Song et al., 2016). [Toka3aHo, 4TO P JTHEBHBIX TEM-
neparypax Bbiie 28 °C cozpepxanue Oeika yBeTHINBAIOCh
nuHelHo ¢ Temmneparypoit (Dornbos, Mullen, 1992; Gibson,
Mullen, 1996).

OnTuMaIbHBIMU CPEHECYTOYHBIMU TeMIIEpaTypaMu JUist
CHHTe3a Macjia B TeueHHe 29 JIeT HalluX HaOII0AeHUH ObLIH
18-22 °C. Poct ocankoB mipu TeMiieparypax Beimie 18—19 °C
CIOCOOCTBYET MOBBIIICHUIO COACPKAHUS Macjia B CEMEHaX.
Temmneparypsl Boite 22 °C u Hwke 15 °C (B oceHHUl nepu-
0) IPUBOJMIIN K COKPAIIEHHUIO HAKOIIJICHUs] Maclia 1, COOT-
BETCTBEHHO, YBEIMYCHHUIO IIPOLICHTHOT'O COJIep KaHMs Oerka.

B nyOnukanusax amepukaHckux yudeHbix (Sato, Ikeda,
1979; Wolf et al., 1982) moka3aHo, 94T0 conepxaHne Macia B
CEMEHAaxX COM MOBBIIANOCH A0 Temmneparypsl 22 °C u nocne
3TOrO BBIXOJMJIO Ha IU1aTo. bonbloe 3HaueHue A1 CUHTEe3a
Macyia UMeeT yBJIaHeHue. Ecim B yCloBHsX 3acyXu MHO-
BBIIIACTCS COJiep)KaHNe OelKa, TO MPU MOBBIIICHUH BIIaXK-
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HOCTH TIpH OJ1aronpHsTHBIX JUIs 3TOr0 TeMIeparypax (Bblie
18-19 °C) yBenmnumBaetcst cunTe3 Macna (Jlemenko u mp.,
1985; Dornbos, Mullen, 1992).

B uuTHpyemoii Hamu pabote 0 J0JITrOBPEMEHHBIX TPEHIax
kxagectBa cemsH B CIIA (Yaklich et al., 2002) mpuBoasTcs
JIaHHBIE O JIBaJIIATUIIETHEM Mepuoze ¢ cepenunbl 1950-x 1o
cepeaunbl 1970-x rr., Ha3sIBaeMoM benign climate period —
MEPHUOIOM TIOAOHOCHBIM, C OJTaroTBOPHBIM MM MSTKHM
KJIMMaToM. B 3TH rojipl cpeiHsisi TeMIieparypbl HIOIsI—aBrycTa
Obi1a Ha 2 °C HMXKe CpefHel MHOTOJIETHEH, a KOJIMYeCTBO
0CaJIKOB BBIIIE. 3HAYUTEILHO BO3POCIIA YPOKAHHOCTh MHOTHX
KYJIBTYp, @ y COHM, KpOME 3TOTO0, YBEIHMUMIOCH Ooliee YeM Ha
1.5 % cpennee coneprkanue mMacia B cemeHax (Andresen et al.,
2001). OgHako B MOCTIEAYIONIHNE TOIBI TSI COACPIKaHIs Maciia
He 00Hapy)KMBaJIOCh KaKOTO-JTMOO YCTOHYMBOTO TpeH[a, U,
HAMpOTHUB, ¢ 1974 I. OHO YMECHBIIAIOCH 110 HEOOBSICHECHHBIM
B myonmkanuu npuanHaMm (Yaklich et al., 2002).

Paznnune coneprkanus Oenka 1 Macia B CeMEHax pasHbIX
TPYII CHEJIOCTH MOXKHO TPaKTOBaTh, UCXOJSl U3 0COOCHHO-
creit metabonu3ma cemsiH. CHHTE3 OEIKOB B CEMEHAX COM
HaunHaeTcs Ha 10—15 cyT paHblle, 4eM HaKOIIIIEHUE )KUPHBIX
kucnot (Kouerypa u nip., 2005). Y ckopocnenbix COpTOB Ie-
pHOJ HAJMBA CEMSH YKOPOUCH, U 3aIlacarollie TKaHW CeMs-
JI0JIeH, KaK MpaBHJIIO, yCIIEBAIOT HAKOIIUTH OEJIOK, HO HE MOJI-
HOCTBIO PEaJIN30BaTh CBOW MaCJIMYHbIM IOTEHLUAIL, YTO OIIpe-
JIeNIIeT MEHbIlIee HAKOIUIEHHE Maciia M, COOTBETCTBEHHO,
GonbIryro omo Oernka B ceMeHax. Kpome Toro, HalmiB ceMsH
Y CKOpOCTIENBIX COPTOB NMpoucxoauT B KpacHonapckoM kpae
B YCIIOBHSX BBICOKHX TeMmeparyp (Boie 22 °C), 9To, KaK MBI
BBISIBIIIN, HEOIArONPHATHO IS CHHTe3a Macyia. Copra cpen-
HHUX CPOKOB CO3PCBaHUA HAJIUBAIOTCA B YCJIOBUAX C MCHBIIUMHA
TeMIIepaTypaMu, 03TOMY COJEp)KaHHE Macia OKa3bIBAeTCs
Han0OoJee BBICOKUM, TIPOTIOPIIMOHAIBHO HECKOJIBKO COKpaIla-
eTcs copeprkanue Oenka. Y nosaHecnensx 00pas3oB HU3KUE
TeMreparypsl ceHTAOpsS—okTA0ps (10—-15 °C) cumxaror
HaKOIUIEHHE Maciia, MO3TOMY COJepKaHne Oesika TMOBBIIIA-
ercs. O MakCHUMaJbHOM HAKOIUIEHHH Macja B COPTax COU
CPEIHECTIENBIX IPYTII CBUACTENBCTBYET TAKXKE HCCIICIOBAHNE,
nposeneHHoe B PoctoBckoii obnactn PO (Epmonuna n ap.,
2011). B ycnoBusix ApreHTHHBI HauOOJbIIEE COIEPIKAHNE
Macia HabJIIoAaIoch Takke y cpenHecnensx rpymn [1-1V mo
amepukaHckoi cucteme (Dardanelli et al., 2006).

B omnume ot Oelika, cofepikaHue Macia B CeMEHaX COH 32
29 net HaIMMX HAOMIOICHN HE TTOKa3aJ10 KaKOro-T100 3Ha4H-
MOTO TPEH/1a. AHAIIOTHYHBIC PE3YIBTAThI ObIIN MTOYYCHBI IPH
UCIIBITAHUSIX, IPOBEJICHHBIX B Pa3HbIX perHoHaxX A(QpPUKH: MO-
Ka3aHO, YTO HE3aBUCUMO OT PaliOHa UCCIIEAOBAHUS, BIHSIHUE
KJIMMara Ha coJiep)kaHne Oellka B ceMeHaxX COM ropasio oosee
BBIpA)KEHO, YeM Ha copeprkanue Macia (Ojo et al., 2002).

Wrorosas rumotesa, npeaiaracMas HaMH Kak 0000IIeHe
MPOAHAM3UPOBAHHBIX JaHHBIX, B BUJIE CXEeMbI OTOOpaxeHa
Ha puc. 5. B 0JaronpusITHRIX YCIOBHUSX MACIIO HAKAILTMBACTCSI
Y IOCTUTaeT TeHETHYECKH 00y CIIOBIEHHOTO MAaKCUMyMa. DTH
ycnoBus (cpegHecytodHast Temneparypa 18-22 °C mpu no-
CTaTOYHOM yBJ'Ia)KHeHl/II/I) COOTBCTCTBYIOT OITUMAJIbHBIM JIJIs1
(hopmupoBanus ypoxas cemsH cou (benomo6mes, CeHHUKOB,
2012). B meHee OmaronpusITHBIX YCIOBHUSX MACIIO HAKaIlIH-
BAETCs HE TIOJIHOCTBIO, @ JIONIs OeJKa B CeMEeHaX CTaHOBUTCS
6omnpme. Konkpernsie 3nauenns I TK He ObUH pacCYUTaHBL,
TaK KaK Ha POCT PACTEHHUH BIUSIOT HE TOJIBKO arMochepHbIe
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Impact of weather and climate on seed protein
and oil content of soybean in the North Caucasus
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Fig. 5. Oil contents in soybean seeds depending on mean daily tempera-
ture and hydrothermal factor: (7) conditions favorable for oil accumula-
tion, (2) unfavorable.

0CaJIki, HO U 3a1achl JOCTYIIHOW IOYBEHHOH Bilaru. Ml
MPEIoNIaracM BO3MOXKHOCTh M30BITOYHOTO YBIaKHEHHUS,
HO B HAIllEeM MCCIJIC/IOBAHUM TAaKWE BApHAHTHI HE ObLIN 3a-
(ukcupoBanbl. B reHodoHIEe con MMeeTcs M3MEHUYMBOCTh
10 YYBCTBUTEIBHOCTH K YUMTHIBAEMBIM IapaMeTpaM, 4TO
JieniaeT BO3MOXKHBIM OTOOp T€HOTHIIOB ISl CENICKIIMU B Pa3-
JIMYHBIX pEruoHax.

3aBUCHMOCTh OMOXMMHUYECKUX MPU3HAKOB CEMSH COH, B
YaCTHOCTH M3MEHYHMBOCTH COJACPKAHUS O€lKa W Macia OT
IIOI'OAHBIX yCHOBl/Iﬁ U U3MCHCHUN KJIMMara, 1okasaHa HaMu
Juts onpeaenennoro pernona PO — CesepHoro KaBkaza. Bei-
SIBJICHHBIEC BHOBB U ITOJITBEPKICHHBIC HAMH N3BECTHBIC PaHee
3aKOHOMEPHOCTU MOT'YT 6I)ITb IOJIC3HBI JJIA BI)IGOpa PETUOHOB
IIPOM3BO/ICTBA COM JUIsl KOHKPETHBIX LeJIei: oIydeHus mpe-
MMYIIECTBEHHO Oenka mim Macia. [1pu aTom nesxecoobpasHo
o0MpaTh B TeHO(OH/Ie COOTBETCTBEHHO BHICOKOOEIIKOBBIE
WJIN BBICOKOMACIUYHBIE (POPMBI ONIPEAEIEHHbBIX IPYII CIIe-
JIOCTH.
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One of the most important problems of modern
neurobiology and medicine is an understanding of the
mechanisms of normal and pathological behavior of a
person. Aggressive behavior is an integral part of the
human psyche. However, environmental risk factors,
mental illness and somatic diseases can lead to increased
aggression to be the biological basis of antisocial behavior
in a human society. An important role in development

of aggressive behavior belongs to the hereditary

factors that may be linked to abnormal functioning of
neurotransmitter systems in the brain yet the underlying
genetic mechanisms remain unclear, which is due to

a large number of single nucleotide polymorphisms,
insertions and deletions in the structure of genes that
encode the components of the neurotransmitter systems.
The most studied candidate genes for aggressive
behavior are serotonergic (TPH1, TPH2, HTR2A, SLC6A4)
and dopaminergic (DRD4, SLC6A3) system genes, as well
as the serotonin or catecholamine metabolizing enzyme
genes (COMT, MAOA). In addition, there is evidence that
the hypothalamic-pituitary system genes (OXT, OXTR,
AVPR1A, AVPR1B), the sex hormone receptors genes

(ER1, AR), neurotrophin (BDNF) and neuronal apoptosis
genes (CASP3, BAX) may also be involved in development
of aggressive behavior. The results of Genome-Wide
Association Studies (GWAS) have demonstrated that
FYN, LRRTM4, NTM, CDH13, DYRK1A and other genes are
involved in regulation of aggressive behavior. These and
other evidence suggest that genetic predisposition to
aggressive behavior may be a very complex process.
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CoBpeMeHHbIe ITpeacTaBJIeHNS
O reHeTlKe arpeCCMBHOTI'O ITOBE€AEeHIA

IO.A. AaBbIAOBal ®), C.C. AurBunosl, P®. Enuxeenal,
C.B. Maabix?, 9.K. Xycuytaunosal 3

1 NHCTUTYT 6BrOXMMIM 1 reHeTUKY, YorMcKuin depepanbHblii
nccnepoBaTenbCknii LeHTp Poccuiickon akagemmm Hayk, Yda, Poccus

2 Mcnxonornyeckuin MHCTUTYT Poccuiickon akagemmm obpasoBaHusa, MockBa,
Poccuma

3 Kadeppa reHeTukn n pyHaameHTanbHON MeauLmnHbl, balwkunpcknii
rocyfapcTBeHHbI yHuBepcuTeT, Yéda, Poccua

[MoHVMaHMe MexaH13MOB HOPMabHOTO 1 NATONOrMYeCKoro no-
BeAEeHWA YenoBeKa NpefCcTaBnaeT co60i OfHY 13 aKTyanbHbIX
npob6nem CoBPeMeHHON HENPOBUONOrK N MeANLIMHDBIL. Arpeccns-
Hoe noBefeHVie ABNAETCA HEOTHEMIIEMON YaCTbio YeNOBEYECKOM
NCUXMKNM, OfHAKO CTPEeCCOBble BO3AENCTBUA OKPY»KatoLLen cpefpbl,
npepapacnosnaratoLye NcUxnyeckme paccTpPoncTaa 1 nepeHeceHHble
coMaTnyecKme 3a60NeBaHNA MOTYT CITYXKUTb MPUUYMHON Pa3BUTUA
MOBbILUEHHOW arpeccrBHOCTY, KOTOPas, B CBOKO ouepefb, paccMa-
TPMBAEeTCA Kak bronornyeckas OCHoBa aHTUCOLMaNIbHOTO NoBefe-
HVA B YenioBeyeckom obLiecTBe. HemanoBaxHoe 3HauyeHue B pas-
BUTWW arpeccMBHOrO NoBeAeHNA MPUHAANEXNUT HacneACTBEHHbIM
baKTopam, cpean KOTOpPbIX KNtoueBas Posb OTBOAUTCA HapyLIEHUAM
HelipOMeAnaToOPHOro 06MeHa B rosIOBHOM MO3re, OfiHaKO reHeTuYe-
CKMe MexaH13Mbl, NeXkaluye B ero OCHOBE, IO CUX MOP He ACHbI. 3TO
00ycnoBneHo 60MbLUVIM KOIMYECTBOM OHOHYKIEOTVAHbIX 3aMeH,
VNHCepLMIA 1 Aeneunin B CTPYKTYPE reHOB, KOAUPYIOLNX KOMMOHEH-
Tbl HEMPOMEAMATOPHbIX CUCTEM, KaXK bl U3 KOTOPbIX MPUBHOCUT
nuwb HebonbLon BKNag (1-2 %) B popmMmnpoBaHme npusHaka.
Cpean KnoyeBbIX reHOB-KaHAMAATOB Pa3BUTKA arpecCMBHOMO
noBefeHVA TPaANLMOHHO PacCMaTPMBalOTCA reHbl CEPOTOHUHEP-
rnyeckow (TPH1, TPH2, HTR2A, SLC6A4) n podammHeprmyeckoin
(DRD4, SLC6A3) cuctem, a Takke reHbl GepMeHTOB KX MeTabonmnsma
(COMT, MAOA). Kpome Toro, nMetoTcsa flaHHble 06 yyacTuv reHoB
runoTanamo-runodusapHom cuctemol (OXT, OXTR, AVPR1A, AVPR1B)
1 peLenTopoB NosioBbIX rOpMOHOB (ERT, AR), reHOB cemelncTBa
HenpoTpoduHos (BDNF) n HepoHanbHoro anonTo3a (CASP3, BAX)

B Pa3BUTUM arpeccUBHOCTY. Pe3ynbTaTbl MOMHOreHOMHbIX aHanv308
accoumaumin (GWAS) no3BonaioT roBOpUTb O BOBIIEYEHHOCTH B pas-
BUTWE arpeccMBHOIO NOBeAEHNA reHOB HepeLLenTOPHOW TUPO3UH-
KWHa3bl FYN, TpaHCcMeMbpaHHOro 6esika HepBHOM cucteMbl LRRTMA,
HenpoTpuMuHa NTM, kagrepura CDH13, yuacTBytoLLEro B K/IETOY-
Hol agresun, n epmeHTa DYRKTA, yyacTrie KOTOPOro 0TMEYEHO

B nponudepaun KNeTok 1 CMHaNTUYeCKON NNaCTUYHOCTI. TN 1
Apyrvie nuTepaTypHble JaHHble AaOT BO3MOXKHOCTb MPEAMNONOXMUTD,
4YTO POPMMPOBAHME FEHETUYECKOW NPeAPacnoNOXeHHOCTH K arpec-
CUBHOMY NMOBEAEHMIO — BECbMa CIIOXHbIN NMPOLIeCC, 3aTparmBatoLmii
dYHKLMOHMpPOBaHUe 6OMbLIOTO YMca reHoB. Kpome Toro, Hu ofnH
13 Hanboree N3yyYeHHbIX reHOB-KaHAMAATOB He 06bACHAET 3HauN-
TenbHOW BapnabenbHOCTN MO fJaHHOMY NMPU3HAKY, MO NPUYMHE Yero
B 3TOM 06M1aCTU [0 CMX MOP CYLLECTBYET PAA OTKPbITbIX BOMPOCOB.

KnioueBble crioBa: arpeccyis; arpeccMBHOE NoBeAeHNE; reHeTKa
noBefeHVs; HellpomeaToOPHbIe CUCTEMBI; NOANMOPdHbIE
BapuaHTbI.



biological, and ecological instabilities of today’s

fast-paced society have a significant effect on
the psychological state of an individual and may act as
precursors for development of a mental pathology of
various natures. Aggressive behavior (AB) is a complex
trait, which is an indicator of experienced stress and
implies actions aimed at inflicting moral, physical, or any
other harm to another living being, an object or self (self-
aggression or suicidal behavior). A reasonable degree of
aggression remains an important component of social life
in humans, since it is necessary to achieve one’s stated
goals, maintain and increase an individual’s social standing,
and overcome interpersonal conflicts (Baron, Richardson,
2001). However, anomalous or increased aggression often
becomes the driving cause behind criminal acts of various
degrees. The data of the Ministry of Internal Affairs of the
Russian Federation show that about 2 mln crimes were
committed in Russia in 2017, with murders and intended
grievous bodily harm accounting for 9.7 and 24.6 thousand
cases respectively (Rosstat, 2017). Similar picture may be
observed in most regions, aside from South and Central
American, as well as South African countries, where
criminal rates are 23 times as high (UNODC, 2017). Thus,
increased aggression is one of the most important social
problems in human society.

Q ccording to recent data, the social, economic,

Phenomenology of aggressive behavior

Nowadays, all forms of AB of both large and small scale
(bullying, criminal behavior, terrorism, etc.) are seen as
very complex multi-aspect phenomena, and the body of
knowledge available is open to multiple interpretations
and classifications. Most of them, however, agree that
AB is an action intended to harm individuals who are
motivated to avoid such harm (Baron, Richardson, 2001).
Hence, AB may be impulsive or well thought-through,
intended to harm the victim, or instrumental to achieving
specific goals. It may also be considered a response to
other person’s negative actions or an attempt to prevent
them (Tkachenko, 2016). The ways aggression manifests
itself are also different, which may be illustrated by
dichotomous classifications, i. e. physical and verbal, active
and reactive, direct and indirect aggression. Aggression is
often associated with a wide variety of negative emotions
(anger or hatred), motives (intentions to insult or harm), and
negative mindsets (racial and ethnic prejudices). However,
despite the fact that all these factors have a significant part
to play in AB, their presence is not a necessary condition
for this type of behavior (Baron, Richardson, 2001).

It is worth noting that AB may manifest itself in both
mentally healthy people and the ones with mental disorders.
Apparently, in the latter category there is the whole series
of factors affecting the development of AB and realization
of aggression, the predominant one being presence of
a specific psychopathological syndrome (Dmitrieva,
Shostakovich, 2002). Among those, the researchers
emphasize twilight consciousness, bipolar disorder, alcohol
addiction, hallucinatory, delusional or affective forms of
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psychopathy, and schizophrenia (Dmitrieva, Shostakovich,
2002; Blanco et al., 2018; Waleewong et al., 2018). It is
also noted that people suffering from schizophrenia have
the highest risk of committing violence due to rapidly
developing systematized delusions that overcome self-
control mechanisms (Dmitrieva, Shostakovich, 2002;
Blanco et al., 2018). It is commonly known that AB may
also be preceded by short-circuiting depressive response
or suicidal tendencies motivated by self-accusation and
search for redemption (Dmitrieva, Shostakovich, 2002).

When it comes to healthy individuals, it is necessary
to mention the traits making it possible to assume a
predisposition towards AB. These primarily include
anxiety and fear of social disapproval, hostility attribution
bias, excessive irritation and emotional sensitivity (Baron,
Richardson, 2001). In addition, AB may be caused
by negative nature of child-parent relationships in the
upbringing (King et al., 2018). Also of interest are the data
implying evolutionary nature of differences in aggression
levels in males and females, which encouraged researching
the effects of hormonal state on AB (Baron, Richardson,
2001; Georgiev et al., 2013).

Despite significant advancements in AB research, the
wide variety of definitions, theories, and factors prevents
the researchers from developing an integral approach to
describing aggression development and its individual
and sex- and age-dependent features. Although there is
noteworthy evidence of linkage between psychopathological
states, individual and social demographic factors and the
risk of AB available, the cause-effect aspect remains to be
further studied.

Methods and approaches
to studying aggressive behavior

Psychological assessment of aggressive behavior
Nowadays, there are designated sets of methods available to
identify the nature of aggressive manifestations in humans,
which prioritize experimental approach making it possible
to indirectly judge on aggression levels based on indepen-
dent variables. A multitude of questionnaires dedicated
to studying general aggressiveness, AB in particular, and
specific aggression phenotypes, such as anger and hostility,
have been developed for this purpose.

The most popular of them include: Buss—Durkee Hostil-
ity Inventory (BDHI), Buss—Perry Aggression Question-
naire (BPAQ), Spielberger Aggression Expression Scale,
Assinger’s Assessment of Aggressiveness in Relationships,
a method of personal aggression and conflict by E.P. Ilin
and P.A. Kovalev, etc. Projective techniques that are also
used to study aggression, include thematic apperception
test (TAT) and Rorschach Inkblot Test (Gurskaya, 2008).

Neurophysiological research of aggressive behavior

Interaction between the designated structures in human
brain responsible for providing an adequate response of
the body to changes in external and internal environment
plays a major part in AB determination within the
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neurophysiological approach. Here, the methods, such as
positron emission tomography (PET), functional magnetic
resonance imaging (FMRI), electroencephalography
(EEQ), invoked potential technique (IP), etc., are used.
The results obtained show that individuals with high AB
levels tend to have reduced amygdaloid complex (Pardini
et al., 2014) and grey matter volumes in orbitofrontal
cortex (Gansler et al., 2009), deviations in EEG pattern
and coherence (Ragozinskaya, 2015), as well as reduced
P300 VP component amplitudes, which is also peculiar for
schizophrenia patients (Gusev et al., 2009).

Investigation of hereditary factors

in aggressive behavior regulation

Numerous twin studies have been performed to date that
prove the role of heredity in AB development by compar-
ing monozygotic twins raised under different conditions in
their postembryonic period. It was found that heritability
factor for aggressiveness is about 50 % (from 30 to 81 % for
particular aggressiveness phenotypes, including antisocial
behavior) (Viding et al., 2005; Tuvblad et al., 2011). This
scatter in values may be explained by nonuniformity of the
studied groups, as well as a wide range of environmental
factors taken into account in specific studies. However,
the twin method may only provide a general estimate of
heritability without identifying specific markers associated
with the development of the trait.

One of the earlier hypotheses to explain the hereditary
nature of AB was the assumption that aggression level
was affected by anomalous sex chromosome count. This
hypothesis was considered by Meyer-Bahlburg, who noted
that the presence of a redundant Y-chromosome led to in-
creased aggression level (for example, 47XYY syndrome,
as it is encountered more often in people in prison confine-
ment), whereas a redundant X-chromosome (for example,
47XXX in females) resulted in reduced aggression level
(Meyer-Bahlburg, 1981, quoted after: Baron, Richardson,
2001), however the support for this hypothesis was far from
unequivocal. Furthermore, there are the data available that
show increased aggression in males with 47XXY karyotype
(Klinefelter syndrome) (Stochholm et al., 2012). In addi-
tion, the linkage between various chromosome anomalies
and AB may be explained by low intelligence or high
impulsiveness in the individuals considered, which suppos-
edly resulted in criminal acts (Baron, Richardson, 2001).

In recent decades, molecular-genetic research becomes
increasingly important in studying predisposition towards
AB. Key studies are the ones focused on search for can-
didate genes based on their functional significance, which
implies investigation of associations between traits and
gene alleles involved in functioning of various systems,
and genome-wide association studies (GWAS), under
which hundreds of thousands of single nucleotide polymor-
phic (SNP) loci covering the genome are studied. However
genetic nature of this trait remains understudied, despite the
numerous research results available. There are a number
of theories, in which the major part in AB development is
attributed to cerebral neurotransmitter system disorders
718
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associated with a large number of single nucleotide poly-
morphisms, insertions, and deletions in the structure of
genes that encode the components of the neurotransmitter
systems. However, precise identification of genes involved
in AB regulation is complicated since each of them only
slightly contributes (1-2 %) to the development of the trait
(Kazantseva, Khusnutdinova, 2017).

Molecular-genetic markers
of predisposition towards aggressive behavior

Neurotransmitter system genes

As of today, the genetic role of the serotonergic and dopa-
minergic systems in AB development in humans has been
studied to a significant extent. It was found that increased
serotonergic system activity results in lower aggression
levels, whereas activation of the catecholaminergic sys-
tem, in turn, stimulates aggression (Miczek et al., 2007).
Thus, genes that encode proteins involved in serotonin and
dopamine metabolism are candidate genes for aggressive
behavior.

Tryptophan hydroxylase, which catalyzes tryptophan
hydroxylation to 5'-hydroxytryptophan with further de-
carboxylation to serotonin on the first limiting stage, acts
as a key serotonin biosynthesis enzyme. There are two
typical isoforms for this enzyme, namely tph-1 and tph-2,
encoded by the TPHI (11pl15.1) and TPH2 (12q21.1)
genes respectively. One of the better studied polymorphic
sites in the TPHI gene is single nucleotide polymor-
phism 2/84 > C (rs1800532) in the 7th intron causing
reduced gene expression level due to its localization in the
GATA transcription factor linkage site. A series of stud-
ies show the link between highly active *4 allele and/or
*4/*A4 genotype with self-aggression (Beden et al., 2016),
and *C/*C genotype with high general and verbal aggres-
sion levels in people with depressive disorders (Koh et al.,
2012). Polymorphism —703G > T (rs4570625) is a widely
studied polymorphism in the 7PH?2 gene, which determines
reduction in the gene’s transcription activity. The results
of association studies of —703G > T locus alleles in terms
of aggressiveness are rather contradictory, because both
the data indicating the absence of *7 allele association
with AB (Yoon et al., 2012) and showing the contrary are
available (Laas et al., 2017). Many researchers believe
that contradictions like this may be caused by differences
in the studied samples associated with sample volumes,
ethnogeographic and social and economic factors, as well
as psychological states and sex of individuals (Kazantseva,
Khusnutdinova, 2017).

Investigations of the polymorphisms of the SLC6A44 (5-
HTT or SERT; 17q11.2) serotonin transporter gene, which
acts as the main serotonergic neurotransmission regulator
in various regions of brain, made it possible to discover a
variable 44 base pair-length segment in the gene promotor
(5-HTTLPR) associated with presence (*L) or absence (*S)
of the considered fragment. In addition, presence of an-
other polymorphism, 7525531 (4> G), is observed in the
5-HTTLPR*L insertion form, which has stimulating effect
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on the SLC6A44 gene transcription activity, which allows
some researchers to consider them as a single three-allele
locus (*L,, *L, *S) (Wendland et al., 2006).

In course of studying self-aggression and violent behav-
ior genetics in male inmates it was found that the *L ,/*L ,,
*L /*Lg, *S/*L , genotype carriers demonstrating high and
intermediate SLC6A44 gene activity are more prone to self-
aggression compared to the low-activity *L;/*L, *S/*L;,
*S/*S genotype carriers (Gorodetsky et al., 2016). At the
same time, a confident association between the *S allele
and/or *S/*S genotype and AB, violent and self-aggressive
tendencies were shown in a series of papers both in chil-
dren (Cicchetti et al., 2012) and adults (Lopez-Castroman
et al., 2014). It may be explained by cumulative negative
effects peculiar for short alleles making the *S-allele carri-
ers more perceptive to negative environmental effects (van
Ijzendoorn et al., 2012).

VNTR polymorphism of S7in2 (17 base pairs) in the
2nd intron is another SLC6A44 gene polymorphism possibly
associated with AB. It is noted that presence of 12 repeats
(Stin2*12), as opposed to 9 and 10, leads to increased gene
transcription activity (MacKenzie, Quinn, 1999), which
many researchers believe to be associated with increased
aggressiveness in combination with the 5-HTTLPR*S allele
(Hemmings et al., 2018).

The DRD4 (11p15.5) receptor gene in the dopaminer-
gic system, along with the SLC643 (or DAT; 5p15.33)
dopamine transporter gene, is the most commonly studied
candidate gene in terms of AB. The DRD4 gene includes
in its 3rd exon a variable region with 2 to 11 repeats with
48 base pair length, the highest linking ability of the re-
ceptor is observed for 4 repeats, whereas expression level
decreases significantly for 7 repeats (VanNess et al., 2005).
It was found in course of studying aggressive and antisocial
behavior that the *7R repeats were more often encountered
in people convicted for violent crimes (Cherepkova et al.,
2016), especially the ones, who experienced stress factors
in their childhood (Schlomer et al., 2015). At the same
time, it was shown for the Russian sample of inmates that
the *5R allele carriers also demonstrated high aggression
levels similar to those of the*7R allele carriers (Cherep-
kova et al., 2015), which agrees with the data on identical
functional changes in the DRD4 receptor with 5 or 7 repeats
(Takeuchi et al., 2015).

Tandem repeat of VNTR40 (from 3 to 11 times) is
found in the SLC6A43 gene, however, the presence of
a link between the repeat count and gene expression
activity remains unconfirmed. Numerous papers show
associations between the */0R allele (Cherepkova et al.,
2016), as well as the*9R allele (Qadeer et al., 2017), and
antisocial behavior. Furthermore, the association between
the*9R allele and increased aggressiveness was earlier
confirmed by the longitudinal twin study (Young et al.,
2002).

Recent studies confirm the role of monoamine oxidase-A
(MAOA gene; 11.3 chromosome), i. e. the enzyme that cata-
lyzes oxidative deamination of serotonin, dopamine, and
noradrenaline, in AB regulation. Several polymorphisms in
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human gene MAOA have been identified to date, including
VNTR30, for which six repeat patterns were described, the
*3R (or *L) allele being the least functional, as it ensures
transcription 5 times as low compared to *4R (*H). Most
researchers report the *L allele to be associated with impul-
siveness and AB (Schliiter et al., 2016; Zhang et al., 2016)
caused in particular by abusive treatment in childhood
(Holz et al., 2016).

Catechol-O-methyl transferase (COMT; 22ql1.21) is
another enzyme involved in catecholamine degradation.
Functional locus Vall58Met, which reduces enzyme activ-
ity by 40 % is found in its gene’s encoding part. The data
are available that indicate the *Met allele to be associated
with increased aggression level in individuals aged un-
der 18 (Albaugh et al., 2010), and there is a meta-study
assuming that this polymorphism increases the risk of AB
in males suffering from schizophrenia by approximately
50 % (Singh et al., 2012). In addition, a significant effect of
the *Met allele on aggressiveness in children raised under
adverse conditions was shown by Hygen B.W. etal. (2015),
however aggressiveness in the allele carriers from func-
tional families was lower than in the *Val allele carriers.

The role of GABA in AB development, as the main
neurotransmitter involved in central nervous system (CNS)
inhibition, was initially proven by models, because mice
with low GABA levels and increased concentration of
GABA-degrading enzyme ABAT demonstrated signifi-
cantly higher aggressiveness (Jager et al., 2017). The effect
on AB in humans was noted via the GABRA2 (4p12) gene
polymorphisms, which encoded the o, subunit of GABA,, -
receptor, specifically increased aggression was observed
in the rs279826*A4 and rs279858*A allele carriers (Kiive
etal., 2017).

Hypothalamic-pituitary system genes
The hypothalamic-pituitary system is another critical link
in psychic function regulation. Key role in this system is
played by oxytocin responsible for birth- and lactation-
related functions and vasopressin with antidiuretic and
vasopressor effects, which in addition to the classical
variety of effects have non-classical ones. For example, it
was found that balance between oxytocin and vasopressin
concentrations determines various social and emotional
reactions, whereas its derangement was described under
depression, anxiety, and autism (Tyuzikov et al., 2015).
The effect of oxytocin (OXT gene; 20p13) depends
primarily on its interaction with the OXTR receptor
(3p25.3). It was found that decreased OXT gene expression,
low oxytocin concentration cerebrospinal fluid, as well as
the high linking ability of OXTR receptor cause increased
aggressiveness in both rodents and humans (Lee et al., 2009;
Calcagnoli et al., 2014), however the data on links between
polymorphic loci in OXT and OXTR genes and AB were
not that decisive. One of the studies dedicated to aggressive
tendencies showed the OXT-rs6133010*%4/%4 x OXTR-
r52254298*G/*G x OXTR-rs53576*4/*G genotypes to be
associated with a high level of physical aggression (Yang
etal., 2017), however another paper, while not confirming
BaBuNOBCKMI XKypHan reHeTUKN n cenekuymm - 2018 <22 < 6
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this association, admitted the role of rs/042778*T/*T
genotype in development of antisocial behavior in males
(Waller et al., 2016).

In addition, some authors analyzed OXTR gene
polymorphisms in children with AB. Hovey D. et al.
(2016) showed the rs4564970*C/*C, rs53576*G/*4,
and rs7632287*A/*A genotypes to be associated with
AB in boys, whereas the rs2254298*G/*G genotype was
associated with aggression in girls. Another paper showed
the rs237898*4 and rs237902*C allele frequencies to be
higher in the group of boys with AB, and 756770632 *T—in
the group of girls (Malik et al., 2014).

Numerous data indicate that increased 4VPR1A4 (12q14.2)
vasopressin receptor gene expression in hypothalamic
paraventricular nuclei often accompanies anxiety and AB
in rodents (Gutzler et al., 2010). Apart from that, additional
evidence of the role of AVPRI1A in aggression regulation
was obtained by studying candidate genes (Pappa et al.,
2015), as well as in one of the recent meta-analyses (van
Donkelaar et al., 2018). Functional model-based studies
also indicate an important role of the AVPR1B gene in AB
development. In particular, mice with AVPRIB (1q32) gene
knockout showed a significant decrease in aggressiveness in
the experiments (Wersinger et al., 2002), while association
studies in human populations showed the polymorphic loci
0frs35369693 and rs28676508 to be involved in aggression
regulation in children (Zai et al., 2012).

Genes of neurotrophic factor system

In addition to classical ways of neurotransmission, gene-
tic research of the enzymes and receptors involved in
regulation of neurotoxic and neuroprotective responses
to stress seem to be of interest. Neurotrophic factors
(neurotrophins) are a large group of polypeptides, which
play a critical role in developing and maintaining CNS
structures (Popova et al., 2017), the BDNF factor encoded
by homonymous BDNF (11pl14.1) gene being the most
wide-spread in the human brain.

The analysis of BDNF gene structure in human revealed
functional locus Val66Met (196G > A; rs6265), which
causes reduced neurotrophin protein secretion (Hong et
al.,2011). It is shown in several papers that the *Met/*Met
genotype carriers are characterized with high aggression
level (Kretschmer et al., 2014), whereas other researchers
were not able to discover this link (Guan et al., 2014;
Nagata et al., 2014). It was also noted that modulating
effect of the *Met/*Met genotype was largely defined by
interaction with such environmental factors as chronic
stress, negative parental upbringing, abusive treatment
or sexual violence in childhood, which in turn facilitate
development of aggressive phenotype (Wagner et al., 2010;
Kretschmer et al., 2014; Avinun et al., 2018).

Role of sex hormone genes and their receptors

It has been mentioned earlier that persuasive evidence exists
in favor of evolutionary gender specifics of aggression,
which may be validated by global criminal statistics,
according to which the vast majority of antisocial acts are
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committed by males (Baron, Richardson, 2001; Georgiev
et al., 2013). Thus, studying sex hormone effects on
mental health in humans becomes increasingly popular in
psychoendocrinology.

Estrogens are a general group of female sex hormones,
whose cerebral activity is determined by their interaction
with the ERa and Erf estrogen receptors encoded by the
ESRI (6925.1) and ESR2 (14q23.3) genes respectively.
Human gene ESR/ includes the [TA] repeat as one of
its functional loci, which is imbalanced with —3977T >
C (rs2234693 or Pvull, for which alternative *P and
*p allele designations may be encountered) and—35/4 > G
(rs9340799; Xbal — *X and *x alleles) loci. Rare studies
indicate the link between the [TA], repeat count and
physical aggressiveness in males (Vaillancourt et al., 2012),
as well as the rs2234693*P and rs9340799*X alleles and
anger in girls (Vermeersch et al., 2013).

Androgens are male sex hormones potentially involved
in CNS activity regulation as well. It was found that
lengthy polylutamine segments ([CAG] ) in the AR (Xq12)
androgen receptor gene reduce its functional activity. In
addition, a significant negative link is observed between
repeat count and aggressiveness in males (Butovskaya et
al., 2015), which was further confirmed by studies in the
individuals convicted for violent crimes and rape. For
example, average [CAG] -repeat counts in murderers
and rapists were 17.59 and 18.44 respectively, whereas
in a control group it didn’t exceed 21.19 (Rajender et
al., 2008).

Neuronal apoptosis genes

Investigation of neurogenesis as a key phenomenon
behind maintaining cell homeostasis in the nervous system
becomes increasingly topical due to the rise of mental
disorders in the society. It has been established by now that
neuronal apoptosis disorders are revealed under ageing and
various forms of neuropathology accompanied by changes
in the psychological state of individuals. In addition, rare
model-based studies are available indicating that neural
apoptosis processes are linked to AB, which may be used
as a basis for further molecular-genetic research in humans
(Bragin et al., 2017).

For example, highly aggressive rats demonstrate
increased CASP3 caspase gene expression in hypothalamus
and mRNA expression of antiapoptotic BCL-XL gene
in suture nuclei, as well as decreased proapoptotic BAX
gene expression in hippocampus (Ilchibaeva et al.,
2016). It was noted in another study that rats with AB
had increased expression of hypoxia-inducible factor-3
genes EGLN3, proteoglycan chondroitin sulfate 4CAN,
tyrosine hydroxylase TH, and NTS neuropeptide, as
well as decreased expression of MEF2C and SOX2
transcription factors, FRBB3 tyrosine kinase receptor,
EZR actin-linking cytoskeletal protein, VIP casoactive
intestinal peptide in ventral tegmental midbrain, whereas
increased expression of KIRREL3 protein genes and NOS/
nitric oxide synthase was observed in periaqueductal gray
(Bragin et al., 2017). Meanwhile, NOS!I involvement
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in AB development in humans has been proven earlier
(Rujescu et al., 2008).

Genome-wide association study (GWAS)

Genome-wide association study analyzing thousands
of SNPs simultaneously appears to be among the most
promising methods for studying complex behavioral
traits at the present stage of psychogenetic development.
However, only a small number of GWAS have been
performed to study AB in humans.

In 2015, a team of scientists within the EAGLE
consortium performed GWAS analysis of AB associations
in 18 988 children from two age groups, i. e. preschool age
of 3—7 years and primary school/teenage of 8-15 years.
The analysis performed revealed the most significant
association both in general sample (p = 5.30-10®) and
preschool age (p = 1.27 - 107°) and primary school/teenage
(p = 6.32-107) samples being with the rs/1126630
polymorphic locus, which, according to the authors, is
located in the intergenic region space of LRRTM4 and
SNAR-H (Pappa et al., 2015). The data are available
indicating that the 2p12 chromosome region, where the
LRRTM4 and SNAR-H genes are localized, is associated
with self-aggression risk (Willour et al., 2007). It was
also confirmed by GWAS analysis of suicidal behavior,
in which the LRRTM4 gene was associated with risk of
suicidal tendencies in females (rs10170138,p=9.27-107)
(Willour et al., 2012), which makes it possible to assume
that it is involved in mechanisms of outgoing aggression.

The product of LRRTM4 gene belongs to the family of cell
adhesion molecules. It is expressed in the dentate gyrus in
the hippocampus and is involved in regulation of excitatory
synapse development via its interaction with presynaptic
heparan sulfate proteoglycans (HSPG) (Siddiqui et al.,
2013). In addition to the 7571126630 polymorphic locus,
polymorphisms rs/0169036, rs1176317, rs12613157,
rs1542677, and rs1542678 are discovered in the vicinity
of this gene, differences by which reached significant
levels both in general sample (p <1.02 - 10°°), and samples
of preschool-aged and primary school/teenage children
(p <2.90-10°) (Pappa et al., 2015). In turn, SNAR-H is a
gene that belongs to the family of small RNA associated
with the NF90 nuclear factor involved in transcription
regulation and expressed in neurons (Parrott, Mathews,
2007). However, its role in behavior regulation is not fully
studied and requires further research.

It is well-known that individuals with attention deficit
and hyperactivity disorder (ADHD) often demonstrate
hostility and aggression traits, in addition to inattentiveness
and increased impulsiveness, which is why these traits are
often analyzed together. When AB was investigated in 1060
adults with ADHD, the strongest association was observed
with rs10826548 locus (IncRNA transcript; p = 1.07 - 10°6),
as well as with rs35974940 in NTM neurotrimin gene
(p=1.26-10"°) involved in cell adhesion and neurite growth
in neurons (Brevik et al., 2016).

In addition, several GWAS studies were performed
for individual AB phenotypes. The sample of 8747 people
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aged 4564 in one of these studies showed the 152148710
polymorphic locus (p = 2.9-107®%) to be associated with
anger manifestations, according to Spielberger’s STAXI
scale. It was found that this locus was located in the
6921 chromosome region in the FYN gene that encodes
non-receptor tyrosine kinase, whose activity may be
related to mood dysregulation. Since postsynaptic linkage
of brain-derived neurotrophic factor BDNF with tyrosine
kinase receptor B activates non-receptor tyrosine kinase
responsible for phosphorylation of NDMA receptors and
inositol-1,4,5-triphosphate-linked channels, these signaling
pathways, through which intracellular calcium homeostasis
is regulated (which is particularly important for CNS
functioning and neuron survival), may be involved in
formation of emotional traits in humans, including anger
traits (Mick et al., 2014).

When genetic foundations of antisocial behavior were
studied using genome-wide analysis in 543 Finnish
criminals and 9616 individuals from general population,
the strongest signals were discovered in the 6p21.2
chromosome region for rs4714329 (p = 1.6-10°) and
rs9471290 (p=2.9 - 1077) in the vicinity of the LINC00951
and LRFN2 genes, whose expression was primarily
observed in the cerebellum (Rautiainen et al., 2016). Apart
from that, functioning disorders in the LRFN2 gene product
involved in cellular adhesion and plasticity, as well as in
excitatory synapse development, are traditionally attributed
to a series of cognitive disorders (Bereczki et al., 2018).

It is worth noting that the GWAS analysis performed by
Rautiainen M.R. et al. is not the only study of violent and
antisocial behavior. For example, Tiihonen J. et al. used
the same sample to establish a significant association with
rs11649622 polymorphism (p = 4.19 - 10-%) located on the
long chromosome arm 16 (q23.3) in the intron region of
cadherin gene (CDH13) involved in cell adhesion, while
additional analysis of gene polymorphisms made it possible
to reveal the association of *4/*4 (rs11649622,rs7190768;
p=06.2-107) and *G/*G/*A/*4 (rs12919501, rs4075942,
rs11649622 and rs7190768; p="7.0-107°) haplotypes with
extremely violent behavior in criminals (Tiithonen et al.,
2015).

The study by Tielbeek J.J. et al. (2017), in which the
results are presented with gender taken into account, may
be considered as another example. Here, the associations
with the 752764450 1locus (p=4.8 - 10-®*) on chromosome 1
and with rs71215217 (p = 2.1-107®) on chromosome 11
are found in females. Association analysis in males
with antisocial behavior showed the strongest signal for
rs41456347 (p =2.0- 10*) on chromosome X (Tielbeek et
al., 2017). Earlier, the same author noted the association
of antisocial behavior with the rs/2106331, rs2835702,
and rs2835771 loci (p = 8.7-107%) in the DYRKIA
(21g22.13) gene that encodes the enzyme critical for the
cell proliferation signaling pathway and linked to synaptic
plasticity. In addition, DYRKIA is a candidate gene for
studying risks of mental retardation development, since it
is localized in the chromosome region critical for Down
syndrome development (Tielbeek et al., 2012).
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Conclusions

Thus, aggressive behavior is a complex multifactor trait,
and its development is affected by both environmental
and genetic factors. Most research on studying genetic
foundations of AB are limited to candidate gene approach
and analysis of linkage between the gene loci primarily
involved in the neurotransmitter system. In addition, the
results are available for a number of association studies
of a series of genes that encode key neuropeptides and
hormones and are also involved in synaptic plasticity and
neuronal apoptosis, which indicates that development of
genetic predisposition towards AB is a rather complex
process, which includes disruptions in the whole cascade
of reactions and in functioning of genes, which individually
only slightly contribute (1-2 % of the total variability) to
the development of pathological aggressiveness. It is worth
noting that the effect of gene-environment interactions,
ethnogeographic, social, and cultural factors, as well as
sex-dependent peculiarities on the degree of manifestation
ofthe aggressive phenotype is not discarded as well. Thus,
taking these characteristics into account in future research
may possibly solve the existing contradictions and lead to
a deeper understanding of the nature of AB.

Although quite a lot of genetic studies of AB both in
normal health and under pathology have been performed
in recent decades, the number of genome-wide studies
remains small. The GWAS results generalized in this survey
are rather contradictory and barely replicated in papers
by other authors, however, they agree that cell adhesion,
synaptic plasticity, and neurogenesis are key processes
in development of aggressive phenotype, while changes
in these processes were conventionally considered in the
context of main causes of cognitive and neurodegenerative
disorders. Hence, the genes involved in these processes
may be considered as potential genetic markers for further
research of foundations of AB, since they have not been
studied using the candidate gene approach before.

Presumably, integrated studies of epigenetic factors,
such as methylation and acetylation of DNA and histones,
as well as microRNA, involved regulation of target gene
expression, may contribute significantly to understanding
development mechanisms of AB. In addition, constructing
and analyzing gene networks to describe interactions
between molecular-genetic markers associated with
aggressiveness, which would make it possible to identify
new candidate genes for further experimental research of
mechanisms of AB appears to be a topical problem.
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AHanus myTtaunuii B reHax CDC27, CTBP2, HYDIN
1 KMT5A ripy KapOTUOHBIX ITaparaHrimoMax

E.H. Aykpsuosal, A.B. Cuexxunal, A.B. Kaannnn?, A.B. TTokposckuit?, A.A. Toaosox?, O.A. Cremanos!, E.A. [Typosal,
I.C. Pasmaxaes®, M.B. Opaosa®, A.TL. TToaskos3, M.B. Kuceaesa?, A.A. Kanpun®, A.B. Kyapssuesal 3@

! UHcTuTyT MonekynapHoii 6ronoruv um. B.A. SHrenbrapaTa Poccuiickol akagemum Hayk, Mocksa, Poccust
2 NHctutyT Xupyprim um. A.B. BuiuHeBckoro MuHuctepcTsa 3apaBooxpaHeHua Poccuiickoin ®Oepepaunmn, Mocksa, Poccua
3 HaunoHanbHbIN MeaULMHCKII NCCnefoBaTENbCKUI PaANONorMyecknin ueHTp MuHncTepcTea 3apaBooxpaHeHna Poccuinckon ®epepaumm, Mocksa, Poccua

4 Poceunitcknin yHuepcuTeT ApyK6bl Hapoaos, Mocksa, Poccua

KapotugHble naparanrnuomsl (KMl - pegkne HeMposSHAOKPUHHbIE
OnyXonu, KOTopble Pa3BMBalOTCA U3 NaparaHrMMOHAPHON TKaHN
KapoTuaHoro Tenbla v pacnonarattca B obnactv 6udypkaumm
COHHOW apTepun. TV OMYXOJNIV XapaKTEPU3YTCA MeNeHHbIM
pocTom, 0OfjHaKo B pAfe ClyyaeB HabsloaaeTca arpeccMBHoe
TeueHue 3ab0neBaHUA N MeTacTasnpoBaHue. Onepaumm no yaa-
NEHNI0 KaPOTUAHDBIX NMaparaHrIMOM COMNPAXKeHbI C BbICOKUM PUCKOM
OCNIOXKHEHUIA, B TO BpEMSA KaK nyyeBas 1 XMMUOTepanua mano-
3ddeKTUBHbI. M3yueHre monekynapHoro natoreHesa KMl moxet
Cnoco6CcTBOBATL Pa3paboTKe HOBbIX MOAXOAOB K Tepanuu 1 oT-
KpbITUIO 6rioMapKepoB. PaHee Hamy BbIMOTHEHO BbICOKOMPOW3BO-
OMTeNbHOE CEKBEHMPOBAHME 3K30Ma 52 apxmBHbIX 0bpa3suos KT,
OfHOW 13 3afja4 KOTOPOro Oblna oLeHKa MyTaLMIOHHON Harpy3Ku.
M13-3a oTCyTCTBUA NapHbIX 06Pa3Li0B rMCTONOrMYECKN HopMaJib-
HbIX TKaHe 1nn KpoBM NOTEHLMaNIbHO repMrHalIbHble MyTaLun
6bIIN UCKNIOYEHbI 13 BbIGOPKM C CMOMb30BaHNeM 6a3 JaHHbIX
1000 Genomes Project 1 EXAC npu cTporux napameTtpax ¢pusib-
Tpauun. B HacToAwwem nccnefoBaHM NpoaHanv3npoBaHbl AeCATb
reHoB (ZNF717,CDC27, FRG2C, FAM104B, CTBP2, HLA-DRB1, HYDIN,
KMT5A, MUC3A 1 PRSS3), xapakTepusyiowmxcsa Hanbonee BbICOKOW
MyTaLMOHHOW Harpy3Koi. B ueTbipex reHax (CDC27, CTBP2, HYDIN
1 KMT5A) naeHTnounLmMpoBaHbl TOTEHLUMANbHO NaTOreHHbIe MyTa-
LMK, COTNAacHO HeCKONbKMM NpeacKasaTtesibHbIM anroputmam (SIFT,
PolyPhen-2, MutationTaster n LRT). MHorue BbisiBNeHHble MyTaLum
OKasanuncb NpeacTaBsieHHbIMU B 60MbLIOM KoNMyecTBe 06pasLoB
BbIGOPKM, UTO 3aCTaBUIIO MPOBEPUTb NX COMATUYECKUIA CTaTyC C
MCMOob30BaHMeEM JOMONHUTENbHBIX AaHHbIX CEKBEHVPOBaHNA K-
30Ma KpPOBWU, BbINOSIHEHHOTO C TaKUM e HabopPOM AN SK30MHOro
oboraleHuns, Kak 1 npu aHanuse onyxonen KMl O6HapyxeHo, 4To
3HaUMTENbHOE YNCIIO BbIABIEHHbIX MOTEHLMANbHO NaTOreHHbIX
MyTaLUiA ABNAIOTCA FePMUHaNbHbIMK, YTO, MO-BUAVMOMY, CBA3aHO
C HanmMumem owmnboK aHHOTaUMK B 6a3ax AaHHbIx 1000 Genomes
Project n ExAC. OfHaKo YacTb MAEHTUOULMPOBAHHbBIX MyTaLi B
reHax CDC27, CTBP2, HYDIN n KMT5A ocTatoTca NnpeAnonoXuTesb-
HO MaTOreHHbIMY, KPOMe TOro, MMEKTCA MHOFOYNCSIEHHbIE JaHHble
0 BOB/IEYEHHOCTM 3TUX FeHOB B pOPMUPOBAHUNE 1 MPOTrPeccuio
ApYrvx BUAOB onyxonen. 9To No3BonAeT cuntaTb reHbl CDC27,
CTBP2, HYDIN n KMT5A noTeHUWanbHO CBA3aHHbIMU C MAaTOreHe30M
KNI n TpebyeT 06paTUThb Ha HX 0CO60E BHNMaHMe B AaNbHENLWX
nccnenoBaHusx. Takum o6pa3om, HEOOXOANUMO COBEPLIEHCTBO-
BaTb METOAMKM AJ1A BbIABIEHNA OHKO-aCCOLMUPOBAHHbIX FEHOB U
NaToreHHbIX MyTaLWiA.

KnioueBble cnosa: KapoTuAHble NaparaHrmmomMbl; 3K30M;
MyTalOHHaA Harpyska; MyTtauunmn; BbiICOKONponssoanTenbHoe
CeKBEHMPOBaHKe.
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Analysis of mutations in CDC27,
CTBP2, HYDIN and KMT5A genes
in carotid paragangliomas
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Carotid paragangliomas (CPGLs) are rare neuroendocrine
tumors that arise from paraganglionic tissue of the carotid
body localizing at the bifurcation of carotid artery. These
tumors are slowly growing, but occasionally they become
aggressive and metastatic. Surgical treatment remains
high-risk and extremely challenging; radiation and chemo-
therapy are poorly effective. The study of molecular patho-
genesis of CPGLs will allow developing novel therapeutic
approaches and revealing biomarkers. Previously, we per-
formed the exome sequencing of 52 CPGLs and estimated
mutational load (ML). Paired histologically normal tissues
or blood were unavailable, so potentially germline muta-
tions were excluded from the analysis with strong filtering
conditions using 1000 Genomes Project and ExAC data-
bases. In this work, ten genes (ZNF717, CDC27, FRG2C,
FAM104B, CTBP2, HLA-DRB1, HYDIN, KMT5A, MUC3A, and
PRSS3) characterized by the highest level of mutational
load were analyzed. Using several prediction algorithms
(SIFT, PolyPhen-2, MutationTaster, and LRT), potentially
pathogenic mutations were identified in four genes
(CDC27, CTBP2, HYDIN, and KMT5A). Many of these muta-
tions occurred in the majority of cases, and their muta-
tion type was checked using exome sequencing data

of blood prepared with the same exome enrichment kit
that was used for preparation of exome libraries from
CPGLs. The majority of the mutations were germline that
can apparently be associated with annotation errors in
1000 Genomes Project and EXAC. However, part of the
mutations identified in CDC27, CTBP2, HYDIN, and KMT5A
remain potentially pathogenic, and there is a large body of
data on the involvement of these genes in the formation
and progression of other tumors. This allows considering



KAK UUTUPOBATbD 3TY CTATbIO:

CDC27,CTBP2, HYDIN, and KMT5A genes as potentially
associated with CPGL pathogenesis and requires taking
them into account in further investigations. Thus, there is
a necessity to improve the methods for identification of
cancer-associated genes as well as pathogenic mutations.

Key words: carotid paragangliomas; exome; mutation load;
mutations; high-throughput sequencing.
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aparaHmINOMBI — PeIKNe HEMPOIHJOKPUHHBIE OITyXO-

JIM, KOTOPBIE XapaKTEepPHU3yIOTCs BEICOKOH TeHETHIECKOH
rereporeHHocteio (Favier et al., 2015). Okono 3 %

BCEX IMaparaHrifoM pacloyiaraioTcsi B 00IACTH TOJOBHI U
men. Haubonee pacripocTpaHeHsl U3 HUX KapOTHIHBIC T1a-
paranrmomsl (KIII'), kotopbie 00pa3yroTcst 3 KapoTHAHOTO
TeJNbIIa, PACIOIATAIONIETOCs B 00IacT OM(ypKauyu COHHON
aprepuu. B 2540 % cayuaeB maparaHrimoMbl acCOLMH-
pPOBaHbI ¢ MyTalMsIMH, KOTOPbIE MOT'YT MPUBOAUTH K JIBYM
OCHOBHBIM BapHaHTaM HapyIIeHHH: |) M3MEHEHHIO IyTeH,
cBsi3aHHBIX ¢ runokcuelt (SDHx, VHL w PHD); 2) neperysi-
LIM1 OHKO-aCCOLIMMPOBAHHBIX ITyTEH, B KOTOPbIE BOBJICUCHBI
IIPOTOOHKOTEH RET, a TAK)KE I€HBI-CYIIPECCOPHI OITyX0JIEBOI0
poctra NFI1, TMEM127, MAXw KIF1Bf (Nolting, Grossman,
2012). MyTtanuu B 3THX I'€éHaX BCTPEYAIOTCS Kak B Clydae
HACJIEICTBEHHBIX CEMEHHBIX OITyXOJIEBBIX CHHAPOMOB, TaK
u ripu criopaguyeckux popmax omyxosneit (Unlii et al., 2009;
Favier, Gimenez-Roqueplo, 2012). ITo-Buaumomy, 3T JiBa
BapUaHTa HapyLICHUH CBSI3aHBI C Pa3HBIMM THIIAMH Pa3BHU-
THSI TTAPATaHIIIOM; OITyXOJIM B COCTOSTHUH TICEBIOTUIIOKCHU
XapakTepu3yloTcsl abeppaHTHOM akTuBanueil Gpakropa pocra
supotenus cocynoB (VEGF), moBsImenHoO# Backymsipu3a-
IMel, CHIKEHHEM MHTEHCHBHOCTH OKHCIIUTEIbHO-BOCCTA-
HOBUTEJIbHBIX PEaKLUi, B TO BPEMs KaK OILyXOJIM BTOPOH
TPYIIIBI ACCOIIMUPOBAHBI C AKTUBALMEH CUTHAJIBHBIX ITyTei
PI3K/AKT, RAS/RAF/ERK n mTORC1/p70S6K, a Tarxxe
HEWpPOHAJIbHBIMU M HEHPOAHAOKPHHHBIMHI HAPYIIEHUSMH. DTH
TPYTITHI TOAPA3ICIAIOT Ha ceayome noarpyns: 1A n 1B,
KOTOpBIE BKIIIOYAIOT MAparaHrIMOMbl C MyTallMsIMHA B T€HAX
SDHxw VHL cooTBETCTBEHHO; MOATPYMITY 2A, COIEpKAIILYIO
OITyXOJH C MyTauusaMu B reHax RET, MAX, NF1, TMEM127
u KIF1Bf; noarpymnmst 2B u 2C, B KOTOpbIE BKJIIOYEHBI CIO-
paauueckue onyxoiu, u 2D — moarpymnmy omyxoinei, He co-
nepskamx m3BecTHIX MyTarwii (Zhikrivetskaya et al., 2017).
Enmuncreennsiv metosiom edenust KIIT sisisercst xupypru-
YeCKoe y/IaJeHHe OITyXOJIH1, TaK KaK JydeBasi U XHMHUOTEePaItust
Mano3(dexTuBHBL. OTHAKO B CBS3H C ONM3KHM PaCIIONIOKe-
HHEM K COHHOHM apTepuy M KPYITHBIM HEpBaM, ONEPALIUH T10
YAAJICHUIO STHX OITyXOJICH COIPSIKEHbI C BBICOKUM PHUCKOM
OCJIO)KHEHUH. M3yueHne MOJeKyIsIpHOTO MaToreHe3a Kapo-
THJIHBIX TTApAaraHIInOM HEOOXOMMMO ISl pa3pabOTKH HOBBIX
TepareBTHYECKUX MOIXO0/I0B U BBISIBJICHHSI MAPKEPOB, OIpe/ie-
JSTFOIIMX KIMHUYECKHE 0COOCHHOCTH TeUeHHs 3a001eBaHMsI.
B Hacrosimiee Bpemst TMarHOCTUYECKUE U MPOTHOCTHIECKHE

leHeTuKa yenoBeka

OGroMapKephl TaHHOTO 3a00IeBaHNs OTPaHIYCHBI 1 0014 1al0T
HHU3KOH 4yBCTBUTEIBHOCTBIO M crienuduanocTsio (Plouin et
al., 2016).

B nocnename ross! BecbMa 3(h(EKTUBHBIM METOIOM JIede-
HUSL PSAZIa OHKOJIOTHYECKHX 3a00JICBaHUH TTOKa3aia cedst M-
MYHOTEpaIusi HTHTHOUTOpPaMH KOHTPOJIbHBIX TOUYEK MMMYH-
Horo otBeTa (Bracarda et al., 2015). Ogaum u3 MHOTOOOC-
MIAIOIMINX MTPEAUKTUBHBIX OMOMapKepOB OTBETA OIyXOJIU Ha
HUMMYHOTEpAIHIO SBJIAETCS MyTalloHHas Harpy3ka (MH) —
KOJINYECTBO COMATHYECKUX MyTaunii, HOPMUPOBAHHBIX Ha
onHy Meraba3y (1 MIIH I1. H.) KOAMPYIOLIEH MMOCIIeI0BaTeIb-
noctu JIHK uenoseka (Topalian et al., 2016). B pe3ysbrare
BO3HUKHOBEHHS OOJIBIIIOTO KOJTNIECTBA COMATHUECKUX MyTa-
M B OIYXOJISAX TOSIBIISIFOTCSI HOBBIE ()OPMBI OEIIKOB — HEO-
AQHTUTEHBI, KOTOPbIE OTCYTCTBYIOT B HOPMAJIbHBIX KIJIETKAX
(Chabanon et al., 2016). UMMyHHBIE KJIETKH Paclio3HAIOT MX
KaK 4y>KEpOJIHbIE, UTO BbI3bIBAET YCTONUMBBIN T-KI€TOUHBIN
orBeT. Takum 00pa3oM, ypoBeHb MyTallMOHHOW Harpy3ku
KOppeIHpyeT C OTBETOM Ha UMMyHoTepanuio (Alexandrov et
al., 2013; Van Allen et al., 2015).

HccnenoBanne ypoBHsS MyTallMOHHOW HArpy3KH IpU pas-
JMYHBIX OIMYXOJISAX SBISIETCS KaK (DyHIaMEHTAJIbHOM, TaKk U
aKTyaJbHOM NpUKIaJHOM 3aaueil. PaHee HaMU Ha OCHOBaHUU
aHaJIM3a CEKBEHHPOBAHUs 3K30Ma 52 00pa3LoB OMyXoJei
Obu1a BIEPBBIC MPOBEJCHA OIIEHKA MYTallMOHHON Harpy3Kd
nipu KIITT (Snezhkina et al., 2018). BrisiBIeHO, 9TO HECKOIBKO
I€HOB XapaKTepU3YIOTCsl CYLIECTBEHHO MOBBIIIEHHBIM KO-
JMYECTBOM NTOTCHIIMAIBHO COMaTHUECKUX «BPEIHBIX» (TIPH-
BOJSIINX K M3MEHEHHUIO CTPYKTYpPHI Oeyika) MyTalui 1o
CPaBHEHUIO C JpyruMu reHamu. [Ipeamonaraercsi, 4To 3TH
TEHBI MOT'YT UTPaTh BaKHYIO POJIb B TATOI€HE3€ KAPOTUIHBIX
Mapara’riimoM. DTO HOCITYKHII0 OCHOBOU JJISl HX IETAILHOTO
aHaJIn3a.

MaTtepwuanbl n metogbl
B paGote ncnonb30BaHbl pe3ysbTaTbl CEKBEHUPOBAHUS IK-
30Ma 52 apXUBHBIX 00pa3I[0B KapOTHIHBIX MaparaHrinoM
(Snezhkina et al., 2018). Panee Ha OCHOBE ATHX NaHHBIX
HaM# ObUTH WICHTH()HUIUPOBAHBI T€HBI, XapaKTCPU3YIOIIH-
ecsi HanOoJee BBICOKON MyTallMOHHOM Harpyskoil. B cBsa3m
C HEBO3MOXXHOCTBIO MOJYYUTh JIJIsl apXUBHOTO Marepuaia
napHbIe 00pa3ilbl KPOBH, a TAKXKE C OTCYTCTBUEM IpUIICKa-
L€ TMCTOJIOTMYECKH HOPMAJIIBHOM TKaHHU, [UISI CPABHEHMS
opu B3aTHl qanHbie EXAC u 1000 Genomes Project. st
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YAAJICHUS] MAKCUMAJIBHOTO KOJIMYECTBA T€PMHUHAIBHBIX MY-
TaIUil MCIOIb30BAINCH CTPOTUE MapaMeTPhl: U3 aHaIu3a
MCKJIIOUCHBI BCE MyTalllH, BCTPEUAOINecs B 0a3ax TaHHBIX
1000 Genomes Project u ExAC ¢ yacroroii 6onee 2 % (Snezh-
kina et al., 2018).

B ton-10 renax nmpoanann3upoBaHbl MyTally C IPUMEHE-
HHEM HanOoJiee pacipoCTPaHEHHBIX AJITOPUTMOB, IIPEICKA3bI-
Batomux ux matoreHHocth: SIFT, PolyPhen2, MutationTaster
n LRT. [ns nanpHeiinero aHaim3a BHIOPAHO YETBIPE reHa
CDC27,CTBP2, HYDIN u KMT5A, B ocTaabHBIX FeHaX 00JIb-
LIMHCTBO BAPMAHTOB OKA3aJIMCh HEUTpanbHbIMU. 11 aHamm3a
THna (FepMUHAIBHOTO WJIM COMAaTHYECKOTO) BBISIBICHHBIX
BapUAHTOB BBIIIOJHEHO CEKBEHHMPOBAHHE IK30Ma Tpex 00-
pasmoB nepudepnaeckoit kpou 6omsHBIX KIII. Brinenenne
JIHK npoBoaniocs Ha CTaHIMM U1l aBTOMAaTHYECKOTO BBIJIC-
JeHust HykJenHoBbIX kKuciioT MagNA Pure Compact System
(Roche, HIBefinapust) ¢ ucnonp3oBanneM Habopa MagNA
Pure Compact Nucleic Acid Isolation Kit I (Roche). Ix30M-
HbIe OMOJIMOTEKU IMOJATrOTABIMBAIKCH MPH MMOMOIIK Habopa
TruSeq Exome Library Prep Kit (Illumina, CIITA) cormacHo
MIPOTOKOITY TPOM3BOIUTEIS. BHICOKOIIPON3BOANTEIHHOE CEK-
BEHUpOBaHHUE MpoBeneHo Ha nmpudope NextSeq 500 System
(Illumina) B pexknMe mapHBIX mpouTeHui (76 % 2). Ouenka
Ka4eCcTBa YTEHUH BhITIOJIHEHA ¢ romotbio FastQC, mist ounct-
KM YTE€HHH MCII0JIb30BaK porpammy Trimmomatic. [lanee
¢ nmomomisio BWA-MEM mnpoBeneHo KapTHpOBaHUE TPO-
yTeHNH Ha pedepencHsli renom genoseka (GRCh37/hgl9).
Jliiss 00paboTKU MPOYTEHUH MCHONIB30BAIN IPOTPAMMHBIIN
nmakeT SAMtools. UnerTnukanmuio MyTaiuii 0CyniecTBIUIIN
¢ omonipio nporpammsl veffilter makera veflib, annoraruro
BapHUaHTOB — C ucmojb3oBanuem SnpSift makera snpEff.

Pesynbratbl

MoTeHUManbHO NaToreHHble MyTaLuy

B reHax CDC27, CTBP2, HYDIN v KMT5A

Panee B eMHCTBEHHOH paboOTe, MOCBSIIEHHONW OICHKE MY-
TauroHHoU Harpy3ku npu KIII, Hamu nokaszaHo, 4To B He-
CKOJIBKMX I'eHaX 0OHapy)KUBAaeTCs CYIIECTBEHHO MOBBIIICH-
HOE KOJIMYECTBO MyTalui (B mepecyere Ha OJHYy Merabdasy
KOZINPYIOIIETO PErMOHA TEHOMA) 110 CPAaBHEHUIO C IPYTHMH
reramu (Snezhkina et al., 2018). beut ucmonb3oBan equH-
CTBEHHBINM JOCTYIHBIM aJIrOPUTM aHAIM3a, OCHOBAHHBIM Ha
6uonHpopMarnyeckoil GpUIABTPALNN COMATHIECKUX MyTa-
nuid npu momonu 6a3 nanHeix 1000 Genomes Project u
ExAC. BoisBiieno necsatb renoB — ZNEF717, CDC27, FRG2C,
FAM104B, CTBP2, HLA-DRBI, HYDIN, KMT54, MUC34
u PRSS3, xapakTepu3yIOIUXCs OBBIIIEHHBIM KOJMYECTBOM
MOTEHIIMATIHHO COMaTUYECKIX «BPEAHBIX» MyTalui (CM. pH-
CYHOK).

B uccienyeMsIx reHax JeTajabHO MIPOAHAIN3UPOBAHEI BCE
BEBISIBJICHHBIC BapHaHTHI C MUCIOJIB30BAHUEM AJITOPUTMOB,
npenckaspBaromux ux maroreHHocTs (SIFT, PolyPhen2-
HDIV, PolyPhen2-HVAR, MutationTaster u LRT), a Taxxe
METO/IbI pacyeTa IBOIOLMOHHON KOHCEPBAaTUBHOCTH IIO3ULIUI
(PhastCons u PhyloP). BomsmmHCTBO MOTEHIIMATEHO MATOTCH-
HBIX MyTalui 0OHapyxeHo B uetsipex reHax: CDC27, CTBP2,
HYDIN u KMT5A (cm. Tabnuity). MyTanuu B OCTalIbHbBIX I'e-
Hax, COINIaCHO OOJIBIIMHCTBY MPEACKa3aTeNbHBIX AJITOPUTMOB,
OBLTH IPENMYIIECTBEHHO HEHTpalbHbIMU. [IpoBenen anamms
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Distribution of potentially detrimental somatic mutations in genes.

The analysis includes only mutations altering the protein structure: nonsense,
missense, and frameshift. Mutations enlisted in the EXAC and 1000 Genomes
Project databases are omitted. The numbers of mutations are normalized per
megabase (Mb) of human DNA protein coding regions. The analysis takes into
account gene and exome sizes with regard to the sample design in the library
preparation kit.

JUTEPaTyphl U1 ycTaHoBIeHus posiu renoB CDC27, CTBP2,
HYDINwn KMT5A B pa3BUTHH OHKOJIOTHIECKUX 3a00ICBaHUH.
Oxkazanock, 4TO BCE YEThIPE F'eHa ONUCAHbI paHee KaK OHKO-
ACCOIMUPOBAHHBIC, UTO MPEABAPUTEIBHO MOATBEPKIATI0
MIPEIIOIOKeHNE 00 MX BO3MOXKHO# ponn B matoreHe3e KIIT.
OpnHako mpH AETaIbHOM PAaCCMOTPEHHMH BBIIBIECHHBIX IO-
TEHIIMAJIbHO MaTOTeHHBIX MyTanuii B reHax CDC27, CTBP2,
HYDIN n KMT5A oxa3aioch, YTO 3HAUYMTEIbHAs YacTh U3
HUX XapakTepHa ITOYTH JUIs Bcex 00pasnoB BEIOOpKH. boree
TOTO, OTH MYTAallMM BCTPEYAIOTCSI B HEKOTOPHIX 00pa3lax B
TOMO3UTOTHOM cOCTOSHUH. CIenaHo MPeanoiokKeHUE, YTO
BBISIBJICHHBIE MYTAIMH, O-BHIMMOMY, IIPEICTABISIIOT COO0H
repMHUHAJIbHBIC BAPHAHTBI, YTO MOXKET OBITH CBS3aHO C OIIHO-
KaMH aHHOTAIlMW WM OTCYTCTBHEM 3THX MyTalui B 0a3ax
nmaaHBIX 1000 Genomes Project w ExAC. ITomumo 3toroO,
BEPOSITHBIM OOBSICHEHHEM TaK)KEe MOTYT OBITh OIIUOKU CeK-
BeHHpoBaHUsL. OTHAKO HE CIIEAYET HCKITI0YaTh BO3MOXKHOCTB,
YTO 9TU MyTalUU XapakTepHsl uMeHHO s KT

ConocTtaBneHune fJaHHbIX CEKBEHNPOBaHMUA

onyxonesou TkaHu KIMI' n KpoBn gnA yTouHeHnA

Tvna myTauumin B reHax CDC27, CTBP2, HYDIN n KMT5A

B pesynbrare IOMOIHUTEIBHOTO aHAIN3A JAHHBIX BBICOKO-
MIPON3BOANTEIHHOTO CEKBEHUPOBAHHS 9K30Ma TPEX 00pa3IoB
KpPOBH OOHApY’)KEHO, YTO 3HAYUTENIbHAsl YacTh MICHTU(DU-
LHUPOBAHHBIX MOTEHIMAIbHO MATOT€HHBIX MyTAllUN B T€HAX
CDC27, CTBP2, HYDIN n KMT5A npu KIII' sBustitorest
repMHUHANIBHBIMU. Tak, n3 33 BBIABICHHBIX MyTallUil TOIBKO
BOCEMb C BEICOKOH BEPOSITHOCTBIO MOT'YT OBITH COMAaTHIECKH-
MH (CM. TaOIHILy).

O6cyxpeHue

Hamu mpoBejicH aHAIH3 IECATH TEHOB, B KOTOPBIX PaHEe PH
KIIT" BbIsiBICHO HAUOOJbIIEE KOIMYECTBO MOTCHI[HATBHO
«BPEIHBIX» MyTaIlMid P HOPMHUPOBAHUH Ha OTHY MeTadasy
koxupytrommx nocnenosarensHocTelt JJTHK (Snezhkina et al.,
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Potentially pathogenic mutations in the CDC27, CTBP2, HYDIN, and KMT5A genes with the results of their type check
(germline or somatic), identified in primary analysis

Gene Transcript dbSNP ID Mapping on Genotype/ Mutation Number of
chromosome number nucleotide amino acid samples w!th
of samples the mutation
CDC27 NM_001114091 - chr17: HET/9 c435T>G p.Asn145Lys 9
45,235,612
- chri17: HET/16 c.1459T>G p.Cys487Gly 18
45,219,329 HOM/2
rs77891297 chr17: HET/29 c.1658A>C p.GIn553Pro 49
45,216,169 HOM/20
rs79201963 chri17: HET/39 c.1549G>A p.Glu517Lys 49
45,219,239 HOM/10
- chr17: HET/43 c.359T>C p.Leu120Ser 49
45,247,301 HOM/6
rs76836152 chr17: HET/29 c.1655T>C p.Leu552Pro 49
45,216,172 HOM/20
rs62075657 chr17: HET/40 c.1695A>C p.Leu565Phe 49
45,216,132 HOM/9

rs76995821 chr17: HET/45 c.1505A>G p.Tyr502Cys 48
45,219,283 HOM/3

rs75729335 chr17: HET/45 c.1562A>C p.Tyr521Ser 48
45,219,226 HOM/3

rs112848754  chri17: HET/2 c.714delT p.Val239fs 2
45,234,406

CTBP2  NM_022802 - chr10: HET/1 c.2084C>A p.Ala695Glu 1

126,686,634

rs61870306 chr10: [ET/48 €.2367C>G p.Asn789Lys 49
126,683,071 HOM/1

= chr10: HET/6 €.2380A>C p.Asn794His 6
126,683,058

rs80025996 chr10: HET/23 €.2292G>T p.GIn764His 23
126,683,146

rs80273852 chr10: HET/40 C.2363A>T p.His788Leu 41
126,683,075 HOM/1

rs76582415 chr10: HET/33 c.2512C>A p-His838Asn 33
126,682,443

rs150320719  chr10: HET/17 c.2306T>A p.Leu769GIn 17
126,683,132

rs79936509 chr10: HET/48 ¢.2315T>G p.Leu772Trp 49
126,683,123 HOM/1

- chr10: HET/1 ¢.1605_1606delCT p.Ser536fs 1
126,714,721

rs146097043  chrl0: HET/6 c.2911delC p.GIn971fs 6
126,678,133
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End of table
Gene Transcript dbSNP ID Mapping on Genotype/  Mutation Number of
chromosome number nucleotide amino acid sa.mples
of samples with the
mutation
HYDIN NM_001270974 rs116739010 chr16: HET/45 c.6259C>T p.Arg2087Cys 45
70,989,335
rs1774360 chrié: HET/42 €.6892C>G p.Arg2298Gly 42
70,972,620
rs117626004 chrié: HET/43 c.2170A>G p.Asn724Asp 43
71,098,649
rs201356436 chr1é: HET/5 c.11695G>A p.Val3899Met 5
70,896,033
rs77276171 chrié: HET/43 c.11712delT p.GIn3905fs 43
70,896,015
KMT5A  NM_020382 rs77198130 chri2: HET/3 c.542_543delTT p.Leu181fs 3
123,880,923

Notes. The mutations were selected in accordance with the highest values predicting their pathogenicity by four algorithms: SIFT, <0.05 (pathogenic); Poly-
Phen-2, =0.85 (probably pathogenic); MutationTaster — 1 (pathogenic); LRT - D (disease); or U (unknown). Potential pathogenic mutations are marked in gray, and
unmarked mutations are germline. The results were obtained by comparison of exome sequencing data derived from tumor samples and three blood samples.

2018). ITpu aToM TONBKO B ueThipex reHax (CDC27, CTBP2,
HYDIN v KMT5A) nieHtuduipoBaHbl MOTEHIHAIBHO 11aT0-
TEHHBIC MyTallU{ COMNIACHO HECKOIBKHUM MPEACKA3aTEIbHBIM
AITOPUTMAM.

Jlist Bcex yeThIpex BBISBJICHHBIX T€HOB paHee MoKa3aHa Bo-
BJICYEHHOCTH B 00pa3oBanue onyxoneit. [en CDC27 xogupyet
0eJI0K IMKITa KJIIETOYHOTO JIeNIeHHsI 27. DTOT OEJIOK SIBIISIeTCS
KOPOBO# CyOBbEIMHUIICH KOMIUIEKCA CTUMYJISIIUU aHadasbl/
ukocomsl (APC/C), KOTOpEIH KaTan3npyeT peakiuio you-
KBUTHHUPOBAHUS U PETYINPYET JIeTpagauio OeIKoB B X0/
muto3a (Page, Hieter, 1999; Peters, 2006). MyTaruu B reue
CDC27 obHapy:XeHBI IPH 0CTEOCAPKOME, PaKe SHIKa, TIPe/-
CTaTeIbHOM JKelle3bl U KoJopekTaiapHoM pake (Lindberg et al.,
2013; Reimann et al., 2014; Yu et al., 2014; Litchfield et al.,
2015). Oxnonykneotuaasie momumopdusmsl (SNP) B rene
CDC27, a Takke CHUKEHHUE €r0 dKCIPECCUH CBSA3aHBI C PHC-
KOM pa3BUTHs paka MOJIOUHOI1 skenessl (Stevens et al., 2011).
[Ipu pake MOMOYHOIT *xeme3sl ypoBeHb dkcpeccun CDC27
U CeKypHHA, a TaK)Ke COOTHOILICHHE yPOBHEH JKCIIPECCHH
3TUX JABYX OCJIKOB MOTYT OBITh HCIIOJB30BAHbI JJISI OLICHKH
nporHo3a 3aboneBanus (Talvinen et al., 2013). Ha kmeTognbix
JIMHUSIX paka MOJIOYHOH jkere3bl mokazano yuactue CDC27 B
nonuyoukBuTHHUpOBaHuK nukirHa D1 (Pawar et al., 2010).
Huxmma D1 sBisieTcss pOTOOHKOTEHOM, PETYIHPYIOINM (a-
30Bb1H iepexo G1-S KIeTo4uHOro 1UKIIA B OITyXOJIEBBIX KIIET-
kax (Alao, 2007); mOBBIIEHHE €T0 AKCITPECCHN HAOIIOaeTCst
mpu MHOTHX BHAax paka (Juhlin et al., 2009). B ximeTodnbix
JUHUSIX KOJIOPEKTAJIHHOTO paka MOAaBICHHE IKCIIPECCUHU
CDC27 npuBOHIO K MHTHOMPOBAHHMIO MIPOJIU(EpaLny OITy-
XOJIEBBIX KJIETOK, B TO BPEMSI KaK HOBBIIIEHHE 3KCIIPECCUH —
K CTUMYJISIHH Kietogroro neneHust (Qiu et al., 2016).

I'en CTBP2 xonupyeT C-KOHIIEBOI! CBA3BIBAIOLIHN OEI0K 2.
Bwmecre co cBoum mapanorom, CTBP2, Genkn y4acTByIOT B
peryisiuu TpaHCKpHMIMHU TyTeM cBs3biBanust ¢ JJHK wmm
(hakTOpaMu peMO/IeIMPOBaHMsI XpOMaTHHA, HAlpHUMEp Me-
tuntpanchepasamu ructoHoB (HMTs) nnn neanernnasamu
ructoroB (HDACs) (Turner, Crossley, 2001). Ha knetounbprx
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JIMHUSIX paka MOJIOYHOH jkeJie3bl mokaszano siuusaue CTBP1/2
Ha penaparuio JJHK (Di et al., 2010, 2013). B omyxoseBbix
kinetkax CTBP2 ygacTByeT B akTHBAaIIUM SITUTETHATEHO-ME-
3eHxumaibHoro nepexona (AMII) n meracrazuposanuu (Di
etal., 2013; Zhang J. et al., 2015). [ToBbImIeHIE YKCIPECCHA
CTBP2 nabmtonaeTcst mpu pake MOJIOYHOH jKeIe3bl, IpecTa-
TEJIHOH JKeJIe3bl, SMYHUKOB, KETYAKa, TIIHOMaX U acCOLUH-
POBAHO C IJIOXHUM IIPOTrHO30M U CHUIKCHHUEM BBIKMBACMOCTHU
6ompHEIX (Barroilhet et al., 2013; Di etal., 2013; Zhang et al.,
2014; Wang et al., 2016; Dai et al., 2017).

I'en HYDIN xoaupyet NpOoTsSKEHHbIH O€JIO0K, TPEIOoNIoKH-
TEJIFHO yYacTBYIOMNH B KiIeTogHOM JBIskeHnH (Davy, Robin-
son, 2003; Doggett et al., 2006). B rene HYDIN oGHapy>KeHBI
YaCThIC COMAaTHUYCCKUEC MyTallun y 6OJ'II)HI)IX pakoM MOJIOYHOM
xene3sl (Zhang Y. et al., 2015). CpaBHHUTENEHOE HCCIIETOBA-
HHUE MyTallii B reHax cpeau 23 pa3HbIX BUJIOB paka, BBIIOJ-
HEHHOe ¢ ucnojb3oBaHueM 6a3bl naHHbix COSMIC (v68),
nokasasuo, yto HYDIN BXOOUT B YUCIIO NIEPBBIX CTa T€HOB C
HanOosbIeit yactoroi myranuii (Tan et al., 2015).

Ten KMTS5A (SETS, SETDS vinu PR-Set7) komupyeT METHII-
TpaHcdepasy THCTOHOB SA, KOTOpast 00eCcIIeunBaeT METHIIH-
posanue nu3nHa 20 ructona H4 u yuacTByeT B TpaHCKpHII-
nuoHHOU penpeccun psiga renoB (Nishioka et al., 2002).
Baxunsrie pyaxunn KMTSA —nonaepskanue ctpyktypst JHK
BO BpeMsI MUTO03a, KOH/ICHCAIMSI XpOMaTHHA U o0ecriedeHue
HOPMAJILHOTO MpoXoxkaeHus urokunesa (Wu, Rice, 2011;
Becketal., 2012). B psine nccnenoBanmii moka3aHa BOBJICUCH-
HOCTh reHa KMT5A B pa3Hble MaTOJIOTMYECKUE MPOLIECCHI, B
ToM ymcie kanueporenes (Yu et al., 2013; Milite et al., 2016).
KMTSA MoxeT BIUATh Ha TPAHCKPUILIMOHHYIO aKTHBHOCTh
P53 1 ero ocHOBHBIE (DYHKIUH (TTPOATIONTOTHYECKYIO, @ TAKKE
apecT KJIETOUHOTO [IUKJIa) TyTeM METUIUPOBAHUS JTU3MHA 382
(p53K382) (Shi et al., 2007). [ToBpIIeHNe SKCIIPECCHH TeHA
KMT5A nabnromaeTcs py IIIHOME, XPOHUYECKOH MUCITOH/T-
HOMH JIeMIKeMUH, TenaToUeIUIIONIIPHON KaplMHOME, paKe Moj-
KEITYIOYHOH yKeJe3bl, IIUTOBUIHOM *keme3sl u jerkoro (Ta-
kawa et al., 2012; Liao et al., 2018; Ma, 2018). IIpu pake mo-
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JIOYHOM kene3bl MoBbIIeHHas 3xcnpeccuss KMTSA nonoxu-
TespHO Koppenmpyer ¢ axcnpeccueit TWIST u N-kaarepuna n
OTpHIIATEIILHO KOPPETHMPYET ¢ SKcpeccuei E-kaarepuna, uro
CBUJICTENILCTBYET 0 ero BorieueHHocTH B DMIIT (Yang et al.,
2012). Cmoco6rocts KMTSA yBenmuuBaTs MHBa3UBHBIH TO-
TEHINAJI OITyXOJIEBBIX KJICTOK ITOATBEPIKAACTCS HECKOJIBKIMHU
uccnenoBanusamu (Yu et al., 2013; Liao et al., 2018). [Tomu-
Mopdu3m B reHe KMT5A (rs16917496), paconararormuiics B
3'-nerpancnupyemoii oonactu (3'-UTR) B caiite cBsi3bIBaHMS C
MukpoPHK miR-502, — onun 3 aBeHaaTy nonumMopdu3smMon
¢ abeppaHTHOM YaCTOTOH ayuresel B OMyXousixX (10 JaHHBIM
anammza onbimnorex EST NCBI), oOHapyKeHHBIX B caliTax
csa3piBaHusg MukpoPHK ¢ MPHK. Otu SNP moryT Hapymats
ces3piBanne MUKpoPHK ¢ MPHK-mumensto u BausATh Ha
akcrpeccuto oenka (Yu et al., 2007). Jlannsiit nommmophusm
ACCOIIMMPOBAH CO CHIDKEHHEM JKcnpeccuu reHa KMT54 u
YBEIMUYECHUEM O0IIeH BBKMBAEMOCTH OOJIBHBIX T'eTIaTOLEN-
JIFOJISIPHOM KapLIMHOMOH, PAKOM MOJIOUHOM KeJIe3bl, SMUHUKOB
u nerkoro (Song et al., 2009; Ding et al., 2012; Guo et al.,
2012; Wang et al., 2012; Xu et al., 2013).

WnentnunupoBaHHble TeHbl KOJUPYIOT MPEUMYIIECT-
BEHHO KOHCEPBATHBHBIC OCJIKM M yYaCTBYIOT B BAYKHBIX Kile-
TOYHBIX TIPOIIECCaX, TAKUX KakK Mpoiudeparys, peryasmns
TPAHCKPUIIINH, KJIICTOYHBIN [IUKJII, STUTCHETHYIECKAs PeryIis-
LHs1 OKCIIPECCHH T'€HOB U JIBU)KEHHUE KJIeTOK. Bee uersipe reHa,
COIVIACHO JAHHBIM JINTEPATyphl, BOBICUCHBI B KAHIIEPOTCHE3
M aCCOIMMPOBAHBI C OMYXOJISIMH PA3IMYHBIX JIOKAJIU3AINH.
Just renoB CDC27 w CTBP2 noka3ana (QyHKIUsI TOTEHIH-
aJIbHOTO TEeHA-CYIIPEccopa OIyXOJIEBOIO POCTa U OHKOTE€HA
cooTBeTCTBEHHO. O/IHAKO MPH JETATBHOM PAaCCMOTPEHUH
BBISIBJICHHBIX MyTallMii B 3TUX T'eHax OOHApY>KeHbI BapHaH-
TBI, XapaKTEPHBIC Il OONBIIMHCTBA 00Pa3I0B BEIOOPKH Ka-
POTH/IHBIX HaparanmmoM (HanpumMep, B 49 ciryqasx u3 52).
IIpuyem yacTb MyTalLUil BCTPEYAETCS B TOMOIO3UTOTHOM
COCTOSIHMH, UCXOJIS1 M3 YETO CICNaHO MPEATOI0KEHNE, UTO
JTAaHHBIC MYTAIMU SBJISIIOTCS] TEPMUHAIBHBIMI BapHaHTaMH.
OT0 OBUIO TOATBEPIKIEHO MOCIE CEKBEHUPOBAHUS dK30Ma
KPOBH TPEX MAIMEHTOB C MCIOIb30BaHUEM Habopa ISl po-
60TOIrOTOBKN OMOIMOTEK, aHATIOTUYHOTO HAOOPY, KOTOPBII
OBLIT MCIIOJIB30BAH /IS TOATOTOBKH YK30MHBIX OMOJIHOTEK M3
orryxoJieBoit TkaHu. OOHapyKEHO, 9TO OONBITMHCTBO HACHTH-
(bMIIMPOBAHHBIX MyTaIMi HACTIEACTBEHHBIE. YacTh OCTAIBHBIX
MOTEHI[MAJBHO COMAaTHYEeCKUX MYyTallii BcTpeyaercs: Oolee
yeM B ogHOoM obOpasiie KIII. Bo3MoXkHO, 3TH MyTaIiu TaKxe
OKa)XyTCs TePMHUHAJIBHBIMU MIPH aHAJIH3€ HK30Ma MapHOH
HOPMAJIbHOM TKaHH, IOJIyYEHHOM OT ITUX KE NALUEHTOB,
nH OOJIBINIETO YKCiIa 00pa3IoB HOPMaTbHOH TKaH!. OTHAKO
9TH MyTallud MOTYT OBITh AEHCTBUTEIHHO ACCOLMUPOBAHBI
C MATOTE€HE30M KapOTHUIHBIX ITaparaHriiioM, TaK Kak JUIs
JpYTUX BHUJOB OIyXOJEH MOKa3aHO y4acTHE BBIIBICHHBIX
HaMU TeHOB B KaHIIEpOTeHe3€e, B YaCTHOCTH, BCIIEACTBHE TO-
SIBJICHUS] OHKO-aCCOLMMPOBAHHBIX MyTalMii. MasioBeposiTHO,
YTO 0OHAPYKEHHbBIE MYyTallUH ABJIAIOTCS CIIEICTBUEM OMINOOK
CCKBCHUPOBAHMS.

Taknum 00pa3oM, MFHCTPYMEHTBI U aJITOPUTMBI, UCIIOIB3YI0-
myecs T aHAJIN3a YaCTOThI MyTallli, IMEIOT OIIPE/IEIICHHbIE
HenmoctaTku. B 6a3ax qanabix 1000 Genomes Project u EXAC
MOT'YT OBITh OLIMOKH aHHOTAIMH. | eHBbI, pacrosaraionmecs B
HE0CTaTOYHO XOPOIIO aHHOTHPOBAHHBIX 00JIACTIX TEHOMA,
M0-BHMMOMY, OIIIMOOYHO MTOTIA/IAI0T B CIIMCOK I'€HOB C BBICO-
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KOM yacToToM MyTauuil. Ha nonyuaemsIx pe3ysnbraraXx MOIyT
TaKKe CKa3aThCsI HEAOCTATOUHOE TTOKPBITHE TIPH CEKBEHUPO-
BaHWU OIIPE/ICIICHHBIX TCHOB MJIN OIIMOKN CEKBEHHPOBAHUSL.
[TosToOMy HEOOXOAMMO COBEPILICHCTBOBATH METOAMKH JUJIS
BBISIBJICHNS] OHKO-aCCOIIMMPOBAHHBIX T'€HOB U MAaTOTEHHBIX
myTanuii. [To-BuauMoMy, BBISIBICHHBIE HAMH HECKOJIBKO 00-
nacteill ¢ omuboyHON aHHOTaLMel B 6a3ax nanHbx 1000 Ge-
nomes Project u ExAC HecymecTBEHHO BIUAIOT HA CPETHIN
yposenb MH, paccuntannstii s KIII. HeoObranas dopma
rpaduka npu aHaJIM3e KapOTHIHBIX ITaparaHriIioM OKa3anach
apTe(akToM, U ITPU STOM THUIIE OITyXOJIEei TeHbI PA3IHIAIOTCS
10 YacTOTe MyTalMi He3HaYUTeNbHO. OJHAKO PsII UICHTH-
¢unmpoBanHbIX MyTanmid B renax CDC27, CTBP2, HYDIN
u KMT5A, xoTopble TpeicKa3aHbl Kak MPEaIOI0KUTEIFHO
MaTOTeHHbIC, a TAKXKE OOJBIIOE KOJIMYECTBO JAHHBIX 00 MX
BOBJICYEHHOCTH B JOPMHUPOBAHUE U TIPOTPECCUIO APYTUX TH-
OB OIYXOJIEH MO3BOJIAIOT CUUTATH ITU TCHBI MOTCHIIMAIBHO
cBsi3aHHbIME ¢ TaroreHe3oM KIIT™ 1 TpeGyroT 00paTnTh Ha HUX
0co00e BHUMaHKE B JAJIbHEHILINX HCCIIEIOBAHHSIX.
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Small and unique Buryat and Altai cattle breeds of Turano-
Mongolian origin are well adapted to harsh conditions

of the continental climate to be their habitat. However,

the population-genetic structure of the breeds has been
poorly studied. This paper presents the results of analysis

of polymorphisms GH17 (AC_000176.1: BTA 19, exon 5,
rs41923484, g.2141C>G, L127V), GHR (AC_000177.1:

BTA 20, exon 10, rs109300983, g.257A>G, S555G) and PRL
(AC_000180.1: BTA 23, exon 3, g.35108342A>G) in the samples
of Buryat cattle breed of Russia, China and Mongolia, and
indigenous Altai cattle breed (Russia) that belong to Turano-
Mongolian cattle. The Russian sample of Buryat breed was
differentiated from the Mongolian sample based on pairwise
G-test and F, values for the PRL-Rsal polymorphism and from
the Chinese sample - based on pairwise G-test values for

the GH1-Alul polymorphism. All the three samples of Buryat
breed clearly differed from the sample of Altai breed based on
pairwise G-test and F, values for the GHR-Alul polymorphism
as well as on the base of F; values for the joint polymorphism
of the three genes. Nei's genetic distances calculated from
the three gene polymorphisms also confirmed the difference
between the two breeds. The results of AMOVA demonstrated
that GHR gene variability (16 %) gave the largest contribution
to the differentiation that was confirmed by F_, values
(0.12-0.27). The STRUCTURE software enabled us to reveal
four clusters, with a specific ratio for each sample, in the
Chinese and Mongolian samples of Buryat breed, and in the
sample of Altai breed, while the Russian sample of Buryat
breed had only three clusters. The differences within the breed
level were determined based on the GH7-Alul and PRL-Rsal
polymorphisms, while at the inter-breed level - based on

the GHR-Alul polymorphism. Linkage disequilibrium analysis
demonstrated significant linkage of the following pairs of
genes in the Buryat breed: GH1-GHR, GH1-PRL, GHR-PRL.

Key words: Bos taurus turano-mongolicus; Buryat cattle; Altai
cattle; population genetics; gene polymorphism; GHT; PRL;
GHR.
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leHeTn4yecKasi NUSMEHUYMBOCTb
OVYPSITCKOI U ajITaliCKOI MOPOT,
KPYITHOT'O pOraToro CKOTa, OlleHeHHas
Ha OCHOBe€ aHa/u3a nojaumop@usma
reHoB GH1, GHR u PRL

M.B. Aase6buas! @, A.B. Hep‘Isz, B.B. AxacapaHOB3,
O.E. Aase6uspiit?, 10.A. CroanoBckuitl

1 MHCTUTYT 06Lien reHeTnky um. H./. BaBunosa Poccuiickoii akagemumn
Hayk, MockBa, Poccua

2 DepiepanbHbIil LIEHTP OXpaHbl 3[0POBbA XKIBOTHBIX, Bnagummp, Poccusa

3 O6wecTBO C OrpaHNUEeHHON OTBETCTBEHHOCTbIO «LLIynyyTa,
Pecny6nuka BypaTus, Ynan-Yn3, Poccus

4 WHcTuTyT 6ronorum passutna nm. H.K. Konbuosa Poccuiickoi
aKkagemun Hayk, Mocksa, Poccua

ManouncneHHble yHUKanbHble bypATCKas 1 anTackas no-
popabl KPYMHOro poraToro CKoTa TypaHO-MOHIONIbCKOrO KOPHSA
XOPOLLO aanTMPOBaHbl K CYPOBbIM YCIIOBUAM KOHTVHEHTaSTb-
HOro KnyMaTa permoHa obutaHus. igopmaums o nonyns-
LIMOHHO-TEHETNYECKOW CTPYKTYPEe STUX MOPOA NPAKTUYECKN
oTCyTCTBYET. B HacToAL e paboTe BbINOMHEH aHaNM3 reHe-
TUYECKON N3MEHUMBOCTY CleflyoLWmMX reHOB-KaHANAaTOoB:
GH1 (AC_000176.1: xpomocoma 19, 3K30H 5, rs41923484,
g9.2141C>G, L127V), GHR (AC_000177.1: xpomocoma 20,

3Kk30H 10, rs109300983, g.257A>G, S555G), PRL (AC_000180.1:
XpomMocoma 23, 3K30H 3, g.35108342A>G) B BbibopKax OypAT-
CKOW Nopofbl U3 Tpex conpefenbHbiX rocyfapcTs — Poccuu,
Kutas n MoHronuu, a Takxe abopurreHHon anTanckon nopoabl
(Poccua), oTHOCALLMXCA B COOTBETCTBMM C MPOUCXOXKAEHW-

€M K TYPaHO-MOHIoNbCKOMY KOpHI0. Poccuiickas Bbibopka
6ypATCKOro ckoTa AnddepeHLMpyeTca OT MOHIOIbCKOM Bbl-
60pKM 3TOI NOPOAbI HA OCHOBE NOMaPHbIX 3HaYeHN G-TecTa
1 Fgr no nameHumsocTy Rsal-nokyca reHa PRL v oT KnTalckom
BbIOGOPKM — Ha OCHOBE 3HaueHui G-Tecta Ana Alul-nokyca reHa
GH1. Mpu 3ToM Bce BbIGOPKIM BYpATCKOro CKOTa BeayT cebn
COrNMacoBaHHO B OTHOLUEHMI anTalickor NOpPoAbl, YETKO OT-
NNYaAcb OT Hee Mo faHHbIM G-TecTa 1 Fgr ANA nokyca reHa GHR
1 N0 3HaYeHUAM Fgr ANA Komnnekca Nokycos reHos PRL, GH1

1 GHR. TeHeTnuyeckme pacctoaHna Hea Ha ocCHOBe KoMMnekK-
ca reHOB TaKXe oTAenAloT OYPATCKYIO U anTancKyo nopoay.
Hanbonblunii BKnag B MexxnopofHyto anddepeHumaluio asyx
nopop BHOCUT U3MeHUMBOCTb reHa GHR, uTo 3apuKcMpoBaHo
B pe3ynbratax AMOVA (16 %) n Fs7(0.12-0.27). KnactepHbin
aHanus, BbiMnonHeHHbIV B nporpamme STRUCTURE, BbisiBun
yeTblpe KnacTepa B anTalickor mopoge KPynHoro poratoro
CKOTa, KUTANCKOW 1 MOHFONIbCKOW BbIOOpKax OypATCKOro cKo-
Ta, KOTopble NpefAcTaBeHbl cneundruUHO B KaxJoln BbibopKe.



HOW TO CITE THIS ARTICLE:

Y poccuinckoro 6ypATCKOro CKoTa OTCYTCTBYET OUH Knactep,
€ro yacToTa B pyrux Bblbopkax gocturaet 15 %. Paznnums Ha
BHYTPUNOPOAHOM YPOBHe y BypATCKOM NopoAbl onpeaens-

10T NIOKYCbl reHoB PRL 1 GH1, Ha MeXNOpOAHOM C anTanckon
nopoaon — nccnefoBaHHbIN NOKYyC reHa GHR, uTo oTpaxkaeT
HEO[MHAKOBbIN BKNaA Pa3HbIX JIOKYCOB. AHaNn3 Ha HepaBHO-
Becye Mo CLernieHnto reHoB JoKa3asn JOCTOBEepHOe cLenneHne
cnefylowWmx nap reHoB y bypaTtckoi nopogbl: GH1-GHR, GH1-
PRL, GHR-PRL.

KntoueBble cnosa: Bos taurus turano-mongolicus; 6ypAaTcKuin
KPYMHbIV POraTblll CKOT; anTaiCKUI KPYMHbIV poraTblil CKOT;
nonynsAUMOHHaA reHeTuKa; nonnmopdunsm reHos; GH1; PRL;
GHR.

Lazebnaya I.V., Perchun A.V,, Lhasaranov B.B., Lazebny O.E., Stolpovskiy Yu.A. Analysis of GH1, GHR and PRL gene polymorphisms
for estimation of the genetic diversity of Buryat and Altai cattle breeds. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of
Genetics and Breeding. 2018;22(6):734-741. DOI 10.18699/VJ18.417

from European buffalo Bos primigenius primigenius

(Hiendleder et al., 2008), Buryat and Altai cattle are
of Eastern Asian origin, and based on craniological data and
their horn structure, belong to B. taurus turano-mongolicus
subspecies Kolesnik, 1936, which also includes Kirgiz,
Yakutian, Siberian, Soyot, Mongolian, and Manchurian
breeds (cited by: Kantanen et al., 2009).

As of today, Kalmykian and Yakutian cattle have been
preserved in Russia, along with Buryat and Altai cattle.
These breeds are well adapted to harsh conditions of the
continental climate and specific habitat features and are
characterized with high physical endurance, minimum
human involvement in their management, year-round free
grazing regime and abilities to maintain viability under
low-caloric and deteriorating forage base in certain times of
year, digest coarse forage and find it under the snow. These
features are facilitated by physiological and morphological
adaptations from specific features of digestive system
structure and metabolism to developing longer and thicker
fur in winter (Lazebnaya et al., 2010).

Lactation yield in Buryat and Altai cattle is not
specifically high. According to M.N. Balkov (1962), milk
yield in 114 cows in a 305-day lactation period, the number
of calvings being four or above, was on average 911 kg
with a fat percentage of 4.58. However, the simplicity and
low cost of management for these breeds, as well as their
high stability against diseases, make it possible to consider
them not only unique, but irreplaceable for conventional
breeding regions in terms of solving problems of providing
environmentally healthy nourishment, preserving historical
traditions of the local population, including technologies
of making traditional dishes and clothing, and developing
agro- and ecotourism. In addition, cattle breeds of such
an ancient origin with aforementioned features are rare
even on global scale, which makes it possible to consider
them an important object for scientific investigation with
an opportunity for finding possible uses for their genetic
potential in present and future (Dmitriev, Ernest, 1989;
Ukhanov et al., 1993; Moiseeva et al., 2006; Mwai et al.,
2015; Shabtay, 2015).

Q s opposed to a majority of European breeds originated

leHeTMKa XKMBOTHbIX

Despite the facts above, the genetic features of breeds
of Turano-Mongolian origin are rather understudied.
Individual candidate genes are investigated in Yakutian
and Kalmykian breeds, whose SNPs are associated in cattle
with productivity attributes of selection value (Lazebnaya
etal., 2010, 2013; Gorlov et al., 2014). Polylocus (ISSR)
and monolocus (SSR) DNA markers were used to study
a variety of breeds, including Yakutian, Kalmykian, and
Mongolian ones (Tapio et al., 2010; Stolpovsky et al.,
2011). Whole genome SNP-analysis has been performed
recently for a series of Russian breeds, which also included
Buryat breed, to investigate their origin, phylogeny, and
differentiation (Yurchenko et al., 2017).

Diversity in somatotropic axis genes, which are candidate
genes to be associated with milk and meat yield traits, is
well researched in individual commercial cattle breeds.
Correlation is established between gene polymorphism
in growth hormone (GH1), its receptor (GHR), and
prolactin (PRL) and growth and development, weight
gain rate, meat quality, and protein and fat content in milk
(Mitra et al., 1995; Chung et al., 1996; Chrenek et al., 1999;
Dybus et al., 2004; Di Stasio et al., 2005). The best-known
SNPs for the listed genes are as follows: the ones of GH1
Alul (L127V, exon 5) (Dybus et al., 2004) and GHR Alul
genes (AF140284: g.257A > G, exon 10, Ser/Gly) (Di
Stasio et al., 2005), and the ones of PRL Rsal gene (A> G,
103 codon, exon 3) (Mitra et al., 1995). Comparative data
on the diversity of the listed genes in Buryat and Altai cattle
are not available.

The objective of the presented study was to assess the
genetic structure in samples from two breeds of Turano-
Mongolian origin, specifically Buryat breed from the
neighboring territories of China, Mongolia, and Russia
to discover diversity patterns within the same breed, and
indigenous Russian Altai cattle based on polymorphism
analysis for PRL, GHI, and GHR genes.

Materials and methods

Buryat cattle blood samples from three neighboring states,
specifically Russia (Ltd. Shuluuta, Buryatia, n = 51),
Northern Mongolia (Hubsugul aimak, n = 25), and China
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(Inner Mongolia, n = 13), were studied, along with Altai
cattle blood from Russia (Yazula rural area, Ulagan district,
Altai Republic, n =21).

Polymorphism in Alul of GHI (AC_000176.1: chromo-
some 19, exon 5, rs41923484, ¢.2141C > G, L127V) (Dy-
bus et al., 2004) and GHR genes (AC_000177.1: chromo-
some 20, exon 10, rs109300983, g.257A > G, S555G) (Di
Stasio et al., 2005) and Rsal of PRL gene (AC_000180.1:
chromosome 23, exon 3, 2.35108342 A> G) (Lewin et al.,
1992) in cattle was analyzed using PCR RFLP with the fol-
lowing reagent kits: DIAtom™ DNA Prep (IsoGene Lab.,
Moscow, Russia) for isolating DNA from whole blood,
GenPakR PCR Core (IsoGene Lab., Moscow, Russia) for
amplification of the analyzed gene segments, restriction
endonuclease provided by Thermo Fisher Scientific (USA):
Alul for GHI and GHR genes and Rsal for PRL gene (Mi-
tra et al., 1995; Dybus et al., 2004; Di Stasio et al., 2005;
Hradecka et al., 2008).

The data were statistically processed using the
GenAlEx 6.503 (http://biology-assets.anu.edu.au/GenAlEx/
Download _files/GenAlEx %206.503 %20Download.zip),
and STRUCTURE 2.3.4. software (https://web.stanford.
edu/group/pritchardlab/structure _software/release ver-
sions/v2.3.4/html/structure.html). Benjamini—Hochberg
multiple comparison correction was introduced (Benjamini,
Hochberg, 1995) to estimate the confidence of pf. , pi » and
P2 values. Gene linkage was assessed using linkage (D)
and correlation (r) coefficients. The confidence of linkage
disequilibrium was estimated by the %2 test using the Ben-
jamini—Hochberg multiple comparison correction. Cluster
analysis of genetic structure based on the complex of stud-
ied genes was performed using the STRUCTURE 2.3.4
software. Here, the basic set of models was analyzed with
genetic admixture and allele frequency correlation both
taken and not taken into account.

Models were analyzed in two modes, i. e. LOCPRIOR
and without considering the general matrix division into
studied samples. Nine hypotheses on population structure
were tested within each model with K varying from 1 to 9.
For each K, the simulation was repeated 10 times to collect
the required statistical data on likelihood function logarithm
values and its average variance. The quantity of possible
populations was tested by 1 000 000 burn-in iterations with
the first 100 000 iterations being discarded.

Results

Allele frequency distributions for the studied GHI, GHR,
and PRL gene loci are presented in Table 1, along with
chi-square test results with probability values for each
of three candidate genes studied in the cattle samples of
Buryat and Altai breeds considered. According to Table 1,
allele frequency L of GHI gene prevails in all samples
and varies within the range of 0.654 in Buryat breed
from China and up to 0.863 in the Russian sample of the
breed. Allele 4 of PRL gene is also represented with high
frequency in all samples of both breeds, frequency interval
is 0.620 for Buryat breed from Mongolia and up to 0.814 in
Buryat breed from Russia. Allele frequency distribution for
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Table 1. Allele frequencies of GH1, GHR and PRL genes
and HWE for Buryat and Altai cattle breeds

Gene Allele  Altai, Buryat Buryat Buryat
n=21 (China), (Mongolia),  (Russia),
n=13 n=25 n=>51
GH; ....... L .............. 0857 ............. 0654 ............ 0800 ............... 0863 .........

V .............. 0143 ............. 0346 ............ 0200 ............... 0137 .........

Xz ............. 0583 ............. 0294 ............ 00001510 .........

p .............. 0445 ............. 0588 ............ 1000 ............... 0219 .........

GHR ....... A .............. 0881 ............. 0577 ............ 0380 ............... 0441 .........

G .............. 0119 ............. 0423 ............ 0620 ............... 0559 .........

xz ............. 0383 ............. 0138 ............ 1868 ............... 3047 .........

p .............. 0536 ............. 0710 ............ 0172 ............... 0081 .........

PRL ........ A .............. 0690 ............. 0731 ............. 0620 ............... 0814 .........

B .............. 0310 ............. 0269 ............ 0380 ............... 0186 .........

X21018 ............. 0007 ............ 0”0 ............... 0045 .........

p .............. 0313 ............. 0935 ............ 0741 ................ 0831 .........

Notes:n - number sampled, ¥2- chi-square criterion, p - probability.

GHR gene differs from the ones described above for GH1
and PRL genes, i. e. allele frequency A4, 0.88, prevails in
the Altai breed sample and allele frequencies G, 0.62 and
0.559, in Buryat breed samples from Mongolia and Russia
respectively. It should be noted that the genotype frequency
distribution observed showed no deviation from the one
expected based on Hardy—Weinberg equilibrium for all
GHI, GHR, and PRL gene loci in all samples.

Pairwise G-test values for the studied samples with the
corresponding probability values are presented in Table 2.
According to the Benjamini—-Hochberg multiple comparison
correction, probability values that fit condition p <0.025 are
significant. According to Table 2, differences between the
Russian breed sample and Chinese and Mongolian samples
were discovered in A/ul locus of GHI gene and Rsal locus
of PRL gene, respectively. The difference between the Altai
breed and Buryat breed samples was found in A/ul locus
of GHR gene regardless of origin.

Differentiation between the considered Buryat and Altai
cattle breed samples was estimated using pairwise values
of Wright’s fixation index (Fg;) for individual genes and
their complexes (Table 3). Confident F'y; values given
the Benjamini—Hochberg multiple comparison correction
(p < 0.025) were identified by the considered GHR gene
locus for Altai breed sample paired with Buryat breed
samples from China (F'¢;=0.117), Mongolia (F ;= 0.269),
and Russia (Fg¢; = 0.216). This regularity stands for this
parameter in case of gene complexes as well. In addition,
Russian Buryat breed sample is differentiated from the
Mongolian sample (<, = 0.046) by the studied PRL gene
locus.

The analysis of Table 3 also shows that significant

Animal genetics
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Table 2. The pairwise G-test and corresponding probability values
for each genetic marker

Cattle breed (Region) Altai (Russia) Buryat (China) Buryat (Mongolia) Buryat (Russia)
.............................................................................................................................................. GH1gene
A|ta|(Russ|a) .................................................................................... 0052 .................................... 0469 .................................... 1000 ...................................
Buryat(Chma) .................................... 3769 ................................................................................. 0169 .................................... 0020 ...................................
Buryat(Mongoha) .............................. 0525 .................................... 1893 ................................................................................. 0326 ...................................
. Buryat (Ru SS,a) .................................... 0000 .................................... 5424 .................................... 0964 ................................................................................
.............................................................................................................................................. GHRgene
A|ta,(Russ|a) .................................................................................... 0004 .................................... 0000 .................................... oooo ...................................
Buryat(Chma) .................................... 8”3 ................................................................................. 0101 ..................................... 0216 ...................................
Buryat(MongO“a) .............................. 26088 .................................. 2682 ................................................................................. 0472 ...................................
Buryat(Russ|a) .................................... 26191 ................................... 1533 .................................... 0518 ................................................................................
PRLgene ...................................................................................
A|ta,(Ru55,a) .................................................................................... 0722 .................................... 0479 .................................... 0114 ...................................
Buryat(Chma) .................................... 0126 ................................................................................. 0329 .................................... 0360 ...................................
Buryat(Mongo“a) .............................. 0502 .................................... 0952 ................................................................................. 00” ....................................
Buryat(Ru55|a)25050836 .................................... 6465 ..............................................
Notes: pairwise G-test values for the considered samples are given below the diagonal, the corresponding probability values are above the diagonal.
Table 3. Pairwise genetic differentiation of Buryat and Altai breed samples on the basis

of Wright's F-statistics (F,) and corresponding probability values given separately for the studied loci

of GH1, GHR and PRL genes and for a complex of the genes

Cattle breed (Region) Altai (Russia) Buryat (China) Buryat (Mongolia) Buryat (Russia)
.............................................................................................................................................. GH19ene
A|ta,(Ru55,a) .................................................................................... 0085 .................................... 05761000 ...................................
Buryat(Chma) .................................... 0056 ................................................................................. 0292 .................................... 0051 ...................................
Buryat(Mongc)ha) .............................. 0006 .................................... 0027 ................................................................................. 0393 ...................................
Buryat(Russ|a) .................................... 0000 .................................... 0060 .................................... 0007 ................................................................................
.............................................................................................................................................. GHRgene
A|ta,(Ru55,a) .................................................................................... 0011 ..................................... 0001 ..................................... 0001 ...................................
Buryat(Chma) .................................... 0117 ................................................................................. 0123 .................................... 0312 ...................................
Buryat(MongOha) .............................. 0269 .................................... 0039 ................................................................................. 0493 ...................................
Buryat(Ru55|a) .................................... 0216 .................................... 0018 .................................... 0004 ................................................................................
PRLgene ...................................................................................
A|ta,(RUSS,a) .................................................................................... 0790 .................................... 0544 .................................... 0148 ...................................
. Buryat(Ch ma) .................................... 0002 ................................................................................. 0449 .................................... 0427 ...................................
Buryat(MongO“a) .............................. 0005 .................................... 0014 ................................................................................. 0024 ...................................
Buryat(Russ|a) ................................... 0020 .................................... 0010 .................................... 0046 ................................................................................
................................................................................................................................. GH;/GHR/andpRLgenes
A|ta,(RUSS,a) .................................................................................... 00” .................................... 0001 ..................................... 0001 ...................................
Bu,—yat(Chma) .................................... 0053 ................................................................................. 0130 .................................... 0118 ...................................
Buryat(MongOha) .............................. 0108 .................................... 0027 ................................................................................. 0075 ...................................
Buryat(Russ|a)009800280019 ..............................................
Notes: the pairwise values of the F; coefficient are given below the diagonal, the corresponding probability values are above the diagonal.
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Fig. 1. Principal coordinates analysis (PCoA) of pairwise Nei's genetic
distances (Nei, 1978) from the three polymorphisms typed in four
samples.

differentiation of Altai breed from Buryat breed samples
from various regions is primarily determined by GHR gene
diversity, which is further confirmed by AMOVA results.
Thus, diversity between populations by three genes studied
was rather high at 8 %, however for GHR gene it was
16 % and for GHI and PRL genes — 2 %. Ordination of
the studied samples in the first two principal coordinates
based on pairwise Nei’s genetic distance (Nei, 1978) for
the gene complex is shown in Fig. 1.

The amount of diversity in the first principal component
is 92.33 %, and in the second — 7.67 %. All the studied
samples of both breeds are differentiated from each other.
The distance from Altai breed to Buryat breeds by samples
increases as follows: China, Russia, and Mongolia. Here,
the calculations show that average pairwise Nei’s genetic
distance inside the group formed by Buryat breed samples
from various regions (Dy; = 0.071) is over three times as
small as average pairwise Nei’s genetic distance between
Altai breed and each Buryat breed sample from China,
Mongolia, and Russia (Dy,;= 0.222).

Cluster analysis of genetic structure on the dataset,
including the complex genotypes of GHI, GHR, and PRL
genes in the Buryat breed samples from three regions,
and Altai breed from Russia, was performed using the
STRUCTURE software. After various models had
been tested taking posterior probability into account, a
model with genetic material admixture but with no allele
frequency correlation was selected. Based on average
likelihood function logarithm values and variances of its
estimates obtained in 10 simulation runs with a specified
set of respective parameters, the optimum number of
clusters (K) turned out to be four.

It follows from Fig. 2 and Table 4 that each sample
has its own cluster distribution. Most samples show all
types of clusters, apart from Buryat breed from Russia,
in which one cluster shown in blue in Fig. 2 and present
in Table 4 under no. 3 is lacking, whereas its frequency
in other samples does not exceed 0.154. In Buryat cattle
from China, the presence of cluster 2 shown in green is
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Fig. 2. Bayesian genotypic cluster analysis of the four samples in Buryat
and Altai breeds based on the three polymorphisms (GH1, GHR, and PRL)
at various values of K.

X-axis: 1 — Altai cattle breed, 2 - Buryat cattle breed from China, 3 - Buryat
cattle breed from Mongolia, 4 - Buryat cattle breed from Russia; each cluster
designated with particular color (description in the text).

high at 0.403, and it is only higher in Altai breed, in which
it is vastly prevailing (0.820). Buryat breed sample from
China is characterized by the most uniform distribution of
various clusters. Buryat and Altai breeds from Russia show
the significant prevalence of one cluster, namely clusters
1 and 2 (see Table 4) highlighted in red (0.800) and green
respectively.

GHI, GHR, and PRL genes in B. taurus specimens
are localized on different chromosomes, 19, 20, and 23,
respectively, however linkages between individual loci
remain a possibility. The performed analysis of pairwise
linkage in studied loci of three genes in accordance
with Benjamini—Hochberg correction showed confident
probability values (p <0.025) for loci of the following gene
pairs: GH1-GHR in Buryat breed from Russia (D = 0.051,
r=0.297, p=0.003) and Mongolia (D = 0.076, r = 0.391,
p=0.006), GHI-PRL genes in all Buryat breed sample pairs
(D=0.033-0.099, r=0.248-0.470, p = 0.012—0.020), and
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Table 4. Percentage of the clusters identified in samples Table 5. Complex genotypes of GH1, GHR and PRL genes
of Altai and Buryat cattle breeds with linkage disequilibrium in Buryat cattle breed
Cattle breed (Region)  Sample  Cluster GH1-PRL q GHI-GHR g GHI1-GHR-PRL q
VOIUIM@ et i
1 2 3 4 China Mongolia Russia
Altai 21 0.088 0.820 0.025 0.067 LL-AA 0.308 | LL-AA 0.080 | LL-AA-AA 0.196
Buryat (China) 13 0.286 0.403 0.154 0.157 LL-AB 0.154 | LL-AG 0.400 | LL-AA-AB 0.039
Buryat (Mongolia) 25 0.551 0.093 0.095 0.260 LV-AA 0.154 | LL-GG 0.160 | LL-AG-AA 0.176
Buryat (Russia) 51 0.800 0.139 0.000 0.061 LV-AB 0.231 | LV-AG 0.200 | LL-AG-AB 0.039
VV-AA 0.077 | LV-GG 0.120 | LL-GG-AA 0.176
VV-BB 0.077 | W-GG 0.040 | LL-GG-AB 0.118
GHR-PRL genes in Buryat breed from Russia (D =0.063, RS e RUSS - tbeess 000
r=0.324, p = 0.001). Complex genotypes based on two ;.4 0549 | LL-AA 0235 | LV-AA-AA 0.020
and three genes f‘or Samples, in Wthh dlsequlllbrlum gene ......................................................................................................................
linkage is established, are presented in Table 5. According M8 0196 [LLAG 0216 | WFAGAA 009
to the provided complex genotype frequencies for GHI- LL-BB 0.020 | LI-GG 0314 | LV-AG-AB 0.059
PRL genes’ the lll’lkage betweel’l L_allele Of GH[ gene With ......................................................................................................................
A-allele of PRL gene may be assumed in all Buryat breed A 0.118 |tvAa ! 0020 |LV"GG-BB 0020
samples. In addition, according to maximum complex  [V-AB 0.059 | LV-AG 0.157 | W-GG-AB 0.039
genotype frequencics for GHI-GHR genes, Loallele of - o i oo
. . LV-BB 0.020 | LV-GG 0.020
GH1I gene is also linked to 4- and G-alleles of GHR gene .= . o L
in Buryat breeds from Russia and Mongolia. These  w-4B 0.039 | W-GG 0.039
regularities are also reflected in high complex genotype ™" Mono|a .........................................................................................
. . . |
frequencies for three genes, in which L-allele of GHI gene, ... S NS
A- and G-alleles of GHR gene, and A-allele of PRL gene  LL-AA 0.280
are present in Russian Buryat breed sample. L1AB 0.320
Discussion LL-BB 0.040
Samples of two breeds of Turano-Mongolian origin, i. c. LVAA ............. (.). 120 ...................................................................................
Buryat breed from China, Mongolia, and Russia and Altai .00 0 ererrees et e e
breed from Russia have been compared for the first time  LV-AB 0.120
in the present paper. In none of these samples the observed LVBB ............. (.). 080 ...................................................................................
genotype frequency distribution deviates from the one ...l et et sns st sttt
expected based on Hardy—Weinberg equilibrium. Russian ~ VV-88 0.040

Buryat breed sample is differentiated from the Mongolian
sample of the same breed based on pairwise G-test and ',
values regarding diversity in Rsal locus of PRL gene and
from Chinese sample — based on G-test values for A/ul
locus of GH1 gene. Here, all Buryat breed samples match in
their behavior with respect to Altai breed, i. e. they clearly
differ from it based on G-test and F, data for GHR gene
locus and F; values for locus complexes of PRL, GHI,
and GHR genes. Nei’s genetic distances based on gene
complexes also isolate the group of Buryat breed samples
from Altai breed, which is indicated by the relationship
between average pairwise Nei’s genetic distance inside
the Buryat breed group and average pairwise Nei’s genetic
distance for Buryat breed samples from China, Mongolia,
and Russia and Altai breed. The largest contribution to
differentiation between the two breeds is given by GHR
gene diversity, which is reflected by AMOVA (16 %) and
Fgpresults (0.12-0.27).

Differences in the genetic structure of studied samples
were demonstrated by cluster analysis performed using the
STRUCTURE software. Four clusters identified in Altai

leHeTMKa XKMBOTHbIX

Note. g is the frequency of the complex genotype.

breed, as well as Chinese and Mongolian Buryat breed
samples are present in a specific fashion in each sample.
However, one cluster with relatively low frequencies
in other samples is lacking in Russian Buryat breed.
Presence of the same clusters in Buryat and Altai breeds
may indicate the unity of origin expressed by belonging
to Turano-Mongolian root breed, however their lengthy
independent existence affected their genetic structure in
the form of prevalence of one of clusters in Altai breed
sample. In addition, differentiation within the breed may
be observed in Buryat cattle. Note that differences within
the breed in Buryat cattle are determined by PRL and GH1
gene loci and differences from Altai breed by the studied
GHR gene locus, which reflects unequal contributions of
various loci to differentiation depending on the level of
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comparison. To clarify whether the identified diversity
pattern is maintained, when the dataset is expanded,
larger-scale research needs to be carried out. However,
the results obtained show the necessity of taking diversity
in subpopulations into account, while preserving small
breeds.

Disequilibrium linkage analysis of the genes considered
performed in the paper confidently showed its presence for
the following gene pairs in Buryat breed: GHI-GHR, GH -
PRL, GHR-PRL. The use of primarily the same servicing
bulls could be considered a possible explanation for the
discovered similarity in disequilibrium linkage between
alleles of the mentioned genes in all studied cattle samples,
however our samples represent independent herds, which
makes their mixing impossible. Thus, the discovered
similarity in disequilibrium linkage between alleles of the
mentioned genes is most likely to result from direct or
indirect natural and-or artificial selection. Disequilibrium
linkage of GHI and PRL genes with GHR gene does not
contradict with the available data on possible competition
between prolactin and growth hormone genes for linkage
with the latter’s receptor (Inoue et al., 2001).

Maintaining genetic diversity and preventing inbreeding
are especially important for small indigenous breeds in a
critical state. Allele variety of genes subjected to strong
selection pressure in commercial breeds may lead to
significant allele frequency deviation in one direction or
another up to their fixation, which may have a negative
effect on their viability under changing climatic and
agrobiocenotic conditions. Moreover, genetic potential of
indigenous breeds well adapted to harsh ecological and
geographical conditions, which also preserve stability
against diseases most common for their habitat, may
be desired in both conventional livestock breeding and
developing new breeds. Given the fact that artificial
insemination is rarely practiced in free grazing breeds,
it is necessary to develop in situ and ex situ preservation
strategies taking into account DNA marker monitoring. The
data obtained are the first population-genetic characteristics
of Buryat and Altai breeds based on candidate gene
diversity.
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Evaluation of current gene pool of Kholmogor
and Black-and-white cattle breeds based on whole
genome SNP analysis
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Conservation of local cattle genetic resources is an important
strategy for achieving Russia’s food security. During last
decades, in the Russian Federation, local livestock populations
were either crossbred or replaced by highly productive
imported breeds, which led to a loss of the major part of
original breeds identities. The objective of our study was

to identify genetic differences between the populations of
Kholmogor and Black-and-white cattle with varying degrees
of admixture with the Holstein breed. The aforementioned
breeds were studied using their whole-genome single
nucleotide polymorphism (SNP) genotypes. The Kholmogor
breed was subdivided into three groups: purebred (KHLM,

n = 3), admixed with Holsteins (KHLM-HLST, n = 4) and
representatives of old-type breed (KHLM-INTA, n = 15). Black-
and-white was subdivided into four groups: purebred (BLWT,
n=29), with a low (BLWT-75, n = 8) and a high (BLWT-HLST,
n=10) level of admixture with Holstein, and represented

by archival samples from the 1970s and 1980s (BLWT-OLD,

n = 15). The Holsteins genetic profiles (HLST, n = 27) were
taken as a comparison group. PLINK 1.07, Admixture 1.3,
SplitsTree 4.14.6 and R package StAMPP were used to infer
genetic relationship between the studied groups. After
quality control, 29 688 SNPs were selected for analysis.
Multidimensional scaling (MDS), Admixture analysis and a
dendrogram constructed using the Neighbor-Net method,
revealed the presence of three clusters belonging to the
Kholmogor, Black-and-white and Holstein breeds. The first
one included KHLM and KHLM-INTA, the second — BLWT and
BLWT-OLD, and the third — HLST, KHLM-HLST and BLWT-HLST.
The BLWT-75 samples were placed between HLST and BLWT.
Thus, our results showed that currently the populations of
native cattle breeds with valuable genotypes still exist. The
populations with a high level of admixture with Holsteins
could be considered neither as the Kholmogor nor as Black-

and-white breeds, and would rather be referred as the Holstein

breed of local breeding.

Key words: cattle; SNP; markers; whole-genome analysis;
genetic resources conservation.

O1eHKa COBPpEMEHHOT'0 COCTOSTHIUS
reHO(OHIa XOJIMOTOPCKOM 1 YepHO-
IIeCTPOIi ITOPO1, KPYITHOT'O pOraToro
CKOTa Ha OCHOBe II0JIHOT€HOMHOTI'O
SNP-ananmusa

A.B. ,A,oueB1 ®, AA. CepMHrI/IHl, A.B. laxun!,
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T DepepanbHbIit HayUHbIN LEHTp XUBOTHOBOACTBA — BUXK
M. akagemmka J1.K. SpHcTa, MockoBcKas obnacTb, MNoponbek, Poccus
2 Bcepoccmincknin HayuyHo-nccnefoBaTebCKMn MHCTUTYT FeHETUKN
1 pa3BefeHnA CeNbCKOXO3ANCTBEHHbIX XKUBOTHbIX — drnvan
DepepanbHOro Hay4yHoro LeHTpa XMBOTHOBOACTBA — BUXK
M. akapgemmka J1.K. SpHcta, CaHkT-MeTtepbypr, MywkuH, Poccua
3 YHCTUTYT reHOMHOW 610NIOTUM VIHCTUTYTa BUONOTN AOMALLHIX
XKUBOTHbIX JlenbHuua, lymmepctopd, lepmanua
4 WHCTUTYT )KMBOTHOBOZACTBA U FeHETUKI BeTePrHAPHO-MeANLIMHCKOTO
yHuBepcuTeTa, BeHa, ABcTtpua

CoxpaHeHue reHodoHa OTeYeCTBEHHbIX MOPOS KPYMHOIo
poraTtoro ckoTa ABNAETCA BaXKHOW 3apaven ansa obecneyeHms
NPOAOBOMbCTBEHHOWN 6€30MacHOCTY HaceneHus. B nocnegHue
rogpl B Poccuiickon ®epepanm mecTHble MONyNALMM CKOTa
Nn60 3aMeLLaloTCs BbICOKONPOAYKTUBHBIMU UMMOPTHBIMMA
nopogamu, NM6o NPOVNCXOANT UX MeTU3aLNs, B pe3yfbTaTe
KOTOPOW OT MCXOQHOW NOPOAbI OCTAETCA NINLLUb HE3HAYNTESb-
HaA YyacTb reHoB. Llenbto Hawweln paboTbl 6bin0 BbiABNEHME
reHeTUYeCKUX Pasinymi Mexay nonynauuamm Xonmorop-
CKOFO M YepHO-NEeCTPOro CKOTa C Pa3HOMN CTeNeHbIo KPOoB-
HOCTW MO rONLWTUHCKOM nopoge. Hamu BbINONHEH aHanms
nonHoreHoMHbIx SNP-npodwunein (SNP — ogHOHYKNeoTUAHbIN
nonnMopdr3M) XNBOTHbIX BblLLieyKa3aHHbIX NOPOJ. XOIMO-
ropckas 6blia nogpasaeneHa Ha TP rpynnbl: YACTONOPOAHbIE
(KHLM, n = 3), ronwtrHusnposaHHble (KHLM-HLST, n =4) n
npeactasutenu ctaporo Tuna (KHLM-INTA, n = 15); uepHo-ne-
CTpas — Ha yeTblpe rpynmnbl: yuctonopogHble (BLWT, n=9), ¢
nonen KpOBHOCTU FOMILUTMHCKOIO CKOTa oT 6 o 25 % (BLWT-75,
n = 8),0t1 80 8o 99 % (BLWT-HLST, n = 10) n npeacTaBneHHble
apxmBHbIMK 06pa3suamm 1970-1980-x rr. (BLWT-OLD, n = 15).
B KauecTBe rpynnbl CpaBHEHUSA ObINN NCMONb30BaHbI XNBOT-
Hble ronwTnHcKomn nopoabl (HLST, n = 27). O6paboTKy AaHHbIX
1 pacyeTtbl nposoaunnu B nporpammax PLINK 1.07, Admixture
1.3, SplitsTree 4.14.6 1 R naket StAMMP. MNocne npoBefeHua
KOHTPONA KauecTBa 4N1A aHanm3a 6binm otobpaHbl 29 688 SNP.
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MHoromepHoe wkanuposaHue (MDS), KnacTepHblii aHanm3
1 AeHAporpaMma, NOCTPOeHHasA Mo MeTOAY «CeTb cocefjein»
(Neighbor-Net), BbisiBUAN Hannyre Tpex KNactepos, OTHO-
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CoBpeMeHHOe COCTOAHME reHOdOH/Aa XONIMOroOPCKOI 1 YEPHO-MECTPOi
NMopoA KPYMHOro poraToro CKoTa Ha OCHOBe NosiHoreHomHoro SNP-aHanu3a

HOW TO CITE THIS ARTICLE:

CALMXCA K XOIMOrOPCKON, YePHO-NECTPOW 1 FONLUTUHCKOM
nopopam. B nepsbint nonann KHLM 1 KHLM-INTA, Bo BTopon —
BLWT v BLWT-OLD, B Tpetuit — HLST, KHLM-HLST 1 BLWT-HLST.
O6pasLbl, oTHOCALWMeCA K rpynne BLWT-75, 3aHanu npome-
XKyTouHoe nonoxeHuve mexgy HLST n BLWT. Takum o6pasom,
HallW pe3ynbTaTbl MOKasann, YTo B HaCTOALLee BPeMA CoXpa-
HUANCb NONYAALMN C YHUKAbHbIMU FeHOTUNaMM1 oTeYeCcTBeH-
HbIX MOPOA, KOTOPble HEOBXOAMMO COXPaHATb. Monynauun
XKMBOTHBbIX, FONIUTUHU3NPOBaHHbIe Ha 80 % v 6onee, Henb3A
paccmaTpuBaTb B KayecTBe XOSIMOrOPCKON 1 YepHO-NeCcTpon
nopof, NpasusibHee NX OTHOCUTb K FOJILLITUHCKON nopofe oT-
eyeCTBEHHOW cenekumu.

KnioueBble cnioBa: KPyMnHbI poraTtbiii CKOT;
OLHOHYKNEOTUAHbIV MONMMOPGU3M; MapKepbl;
NOSIHOreHOMHbIV aHaNn3; cCoXpaHeHne reHodpoHza.
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environmental and climatic conditions have been

forming in various regions around the world. Artificial
and natural selection led to fixation of traits meeting the
economic needs of people, while making animals better
adapted to the environmental conditions. Conservation of
these genetic resources is a basis for effective livestock
breeding in the future, since the availability of a rich gene
pool may be used for deriving new breeds and improving
the already existing ones.

There is a series of valuable breeds in the Russian
Federation, which combine high productivity, adaptiveness
to local climatic conditions, resistance to various diseases,
and simplicity of handling. In particular, these include the
Kholmogor and Black-and-white breeds.

The Kholmogor breed was established in late 17th century
in Kholmogor District of Arkhangelsk Oblast due to
favorable feeding conditions and selection of the best
individuals for breeding. Following the decree by Peter
the Great, several dozens of animals of Dutch breed were
imported after 1725 to improve the Kholmogor breed. Cattle
import from Holland, Holstein, and England continued
from 1765 to 1898 (Ernst et al., 1977). Special breeding
efforts to improve the breed were also undertaken in the
1920s (Kuznetsov, 2016). The studbook of Kholmogor
breed was issued in 1927 and 1934 saw the establishment
of'the state breeding center. To improve the breeding stock,
Holstein bulls were introduced in the 1980s (Dmitriev,
Paronyan, 1994).

The Black-and-white breed was established in the
USSR in the 1930-1940s by crossing local breeds with
the Dutch ones and was consolidated in 1959. Breeding
bulls imported from Germany, Holland, Estonia, Lithuania,
and Sweden were a major influence on breed formation.
Since the consolidation of the breed occurred on a large
territory with local cattle involved, five populations were
distinguished for the following regions: Central (middle-
Russian), Baltic, Ural, Siberian, other regions of the
USSR (Ukraine, Belarus, Central Asia, and Transcaucasia)
(Dmitriev, 1978; Kuznetsov, 2016). High milk yield and

For centuries, groups of cattle well adapted to local
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good adaptive capacities have made the Black-and-white
one of the widest spread in the country (Ernst et al., 1977).
Along with other breeds, the cattle have been subjected to
large-scale admixture with Holstein breed since the 1980s.

Genetic research is a critical step in preserving the gene
pool of farm animals’ breeds. Simultaneous analysis of several
tens of thousands single nucleotide polymorphisms (SNPs)
distributed throughout the whole genome currently appears
to be the best suited method for this research (Decker et al.,
2009; Kuehn etal., 2011; McTavish et al., 2013). The studies
on genetic variety and population structure of Russian
cattle breeds performed using genome-wide SNP scanning
showed uniqueness of their allele pool (Zinovieva et al.,
2016; Sermyagin et al., 2018; Yurchenko et al., 2018).

The objective of the present study was to identify genetic
differences between the Kholmogor and Black-and-white
cattle breed populations having varying degrees of admix-
ture with the Holstein breed.

Material and methods

Cattle biological material samples (sperm and blood) from
the Kholmogor, Black-and-white and Holstein breeds were
studied. The Kholmogor breed individuals were divided
into three groups: purebred bulls (KHLM, n = 3), bulls
admixed with Holsteins (KHLM-HLST, n = 4), with the
degree of admixture with original breed varying from 1 to
20 %, and representatives of old-type breed from the “Inta”
breeding farm from Komi Republic (KHLM-INTA, n=15).
Black-and-white breed individuals were divided into four
groups: purebred bulls (BLWT, n=9), bulls with degrees of
admixture with Holsteins varying from 6 to 25 % (BLWT-
75, n = 8) and from 80 to 99 % (BLWT-HLST, n = 10),
and represented by archival samples from the 1970-1980s
(BLWT-OLD, n=15). The Holstein breed specimens were
used as a reference group (HLST, n=27).

Genomic DNA was isolated using the Nexttec columns
(Nexttec Biotechnology GmbH, Germany) in accordance
with the manufacturer’s instructions. Genome-wide
SNP screening was performed using Bovine SNP50
BeadChip (Illumina Inc., USA) and the GGP HD150K
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chips (Neogene/GeneSeek, USA). To carry out all the
analyses, common loci for these chips were used, which
were genotyped in at least 90 % of individuals with minor
allele frequencies of at least 5 % and fulfilling the Hardy—
Weinberg equilibrium (p > 1e—6). SNPs with an unknown
position, SNPs that are localized on sex chromosomes and
SNPs that are being in a linkage disequilibrium (LD) were
excluded as well. A ratio of successfully genotyped SNPs
in all individuals was at least 90 %.

The PLINK 1.07 software was used to search for mark-
ers fulfilling the requirements above (Purcell et al., 2007).
The same software was used to perform multidimensional
scaling (MDS) based on identical-by-state distances (IBS).
MDS was visualized using R software package ‘ggplot2’
(Wickham, 2009). Cluster analysis to identify population
structure was carried out using the Admixture 1.3 software
(Alexander et al., 2009) and visualized using R package
‘pophelper’ (Francis, 2017). Pairwise values of fixation
index (F;) were calculated using R package ‘StAMMP’
(Pembleton et al., 2013). F values obtained were used
to plot a phylogenetic tree based on the Neighbor-Net
algorithm in SplitsTree 4.14.5 software (Huson, Bryant,
2006). The initial files were created in R 3.5.0 software
environment (R Core Team, 2012).

Results
Following the quality control, 29 688 SNP were selected
for further analysis.

MDS results showed that all the groups under study were
divided into three clusters corresponding to the Kholmogor,
Black-and-white, and Holstein breeds (Fig. 1, a). Here, a
distinction between domestic breeds (C <0) and the Holstein
breed (C > 0) was observed in terms of first component C1,
which accounts for 9.71 % of variability. Black-and-white
breed individuals with Holstein admixture were localized
between two parent forms in accordance with the degree of
admixture, i. e. BLWT-75 cluster overlapped with BLWT,
and BLWT-HLST cluster — with HLST. The purebred re-
presentatives of the Black-and-white breed (BLWT) were
clustered together with archival samples (BLWT-OLD).
A dividing of the latter breeds was only observed in the
third component (Fig. 1, b). No significant differences were
observed between the KHLM and KHLM-INTA groups.
Individuals of Kholmogor breed with Holstein admixture
(KHLM-HLST) were assigned to HLST cluster.

Population structure analysis (Fig. 2) showed different
historical origin of the Holstein and Russian breeds. Here,
the Kholmogor and Black-and-white breeds separated from
the Holstein breed at K = 2, while the differences between
two Russian local breeds were observed at K = 3. The
percentage of Holstein genomic component in the purebred
Kholmogor and Black-and-white breeds (KHLM, KHLM-
INTA, BLWT and BLWT-OLD) was insignificant. At the
same time, Russian breeds with high degree of Holstein
admixture (KHLM-HLST and BLWT-HLST) were almost
identical to purebred Holstein breed specimens.

It should be noted that, according to the cross-
validation (CV) error calculations, the most probable
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Fig. 1. Genotypic variability in the Kholmogor, Black-and-white, and
Holstein cattle populations based on MDS results.

number of clusters in the studied sample was three (Fig. 3).

The results of cluster analysis were validated with
calculations of pairwise values of fixation index (Fj,),
according to which no differences were found between the
HLST, KHLM-HLST, and BLWT-HLST groups. Among
the Kholmogor breed groups, KHLM-INTA had slightly
higher genetic distance from Holstein breed than KHLM:
Fy, = 0.101 and 0.087, respectively. Genetic distances
between BLWT and BLWT-OLD Black-and-white breed
groups and the Holstein breed were similar (£ = 0.081
and 0.084) and were higher than for the BLWT-75 group
with Holstein admixture (F, = 0.059).

To visualize pairwise values of fixation index, a den-
drogram for this parameter based on the Neighbor-Net
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Fig. 2. Population assignment of purebred Kholmogor and Black-and-white cattle breeds and those
with admixture of Holstein breed evaluated using the Admixture 1.3 software.

algorithm was constructed (Fig. 4). Here, a clear distinction between three
branches corresponding to the Kholmogor (KHLM, KHLM-INTA), Black-and-
white (BLWT, BLWT-OLD, BLWT-75), and Holstein (HLST, KHLM-HLST u
BLWT-HLST) breeds was observed.

Discussion

In recent years, active efforts have been made in the Russian Federation to
improve domestic cattle breeds by crossbreeding with foreign commercial
breeds, primarily the Holstein one. These animals typically strongly outperform
‘not-improved’ individuals in terms of milk yield, which is why stock breeders
keep increasing the degree of Holstein admixture even up to 99 % (Saksa,
Barsukova, 2013; Ruhlova et al., 2014). Thus, productivity of indigenous cattle
is in fact improved due to its replacement by imported breeds. As a result, the
valuable gene pool formed for centuries in indigenous breeds that allowed cattle
to adapt to harsh local natural and climatic conditions can be lost (Baranov,
2011; Matyukov, Zharikov, 2012; Matyukov et al., 2013, 2018).

It should be noted that overuse of imported foreign cattle breeds took place as
early as late 19th century. For example, academician A.Sh. Middendorf believed
that the primary way to improve cattle was to replace indigenous breeds with
imported stud breeds or use crossbreeding on a large scale (Vereshchagin, 1889).
At the same time, a major team of scientists headed by N.V. Vereshchagin and
Av.A. Kalantar believed that it would be more reasonable to improve indigenous
breeds, while providing better feeding and maintaining. They stated in their
works that this way, although lengthier, was more reliable (Kalantar, 1927a, b).

Advances in genetics in the 21st century after cattle genome sequencing in
2009 (Elsik et al., 2009; Zimin et al., 2009) made it possible to carry out whole
genome studies based on SNPs. This method makes it possible not only to
investigate the origin of breeds and evaluate genetic links between them, but
also to perform genome-wide association studies (GWAS) to reveal the links
between genetic variants and phenotypic traits. Thus, an opportunity arises to
identify valuable alleles in domestic breeds that are associated with stability
against disease, simplicity of maintaining, etc. This information will be useful
for developing preservation and improvement programs for Russian cattle popu-
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Fig. 3. Most probable number of clusters in the
studied sample determined based on CV error
calculation.
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Fig. 4. Dendrogram based on pairwise genetic
distances (F;) constructed using the Neighbor-
Net algorithm.

lations. The present paper is the first
step towards solving these problems.

In our study, we used about 30 thou-
sand genetic markers to show that
Kholmogor and Black-and-white
breed individuals with high degree of
Holstein admixture formed a common
cluster with purebred Holstein breed
animals in MDS plot, with no differ-
ences revealed by cluster analysis
using the Admixture software and
calculations of pairwise F, values.
In addition, purebred Kholmogor and
Black-and-white cattle groups had
their own separate clusters. It shows
that there still are individuals carrying
unique alleles. Distinction between the
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indigenous breeds studied and the Holstein breed in the first
component (C1) of the MDS analysis and their common
structure at K = 2 in the Admixture plot shows that the
Kholmogor and Black-and-white breeds are genetically
closer to each other than to the Holstein breed, which is
probably caused by their common origin from the northern
Great Russian cattle.

Thus, we believe that the Kholmogor and Black-and-
white breed individuals whose degrees of admixture with
the Holstein breed equals 80 % and more, cannot be con-
sidered as representatives of the aforementioned breeds.
It seems more reasonable to attribute them to the locally
bred Holstein cattle. To preserve the gene pool of Russian
breeds, it is necessary to evaluate them using whole genome
SNP analysis and identify herds that managed to preserve
their authenticity. Improvement of indigenous breeds with
foreign ones is to be implemented in accordance with
breeding programs, which imply the use of genome-based
techniques. This approach will make it possible to preserve
adaptive advantages of local cattle, along with valuable
alleles of the improving breed.
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