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

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

PepakuynoHHasa Konnerusa

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

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

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

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

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

A. bépHep — p-p Hayk (TepmaHus)

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

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

.M. bopoouH - p-p 6ron. Hayk, npoo. (PoccusA)

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

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

T.A. [agpuneHko — a-p 6uon. Hayk (Poccua)

U. [pocce - p-p HaykK, npod. (fepmaHms)

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

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

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

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

A.M. Kyopssyes — un.-kop. PAH, a-p 6mnon. Hayk (Poccus)

W.H. Jlagpuk — p-p 6mon. Hayk (fepmaHus)

A.M. JlapkuH — kaHg. 6vion. Hayk (BenukobpuTtaHus)

XK. Jle [yu — p-p Hayk (DpaHuuA)

W.H. Jle6edes — p-p 6uon. Hayk, npod. (Poccus)

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

b. JlmemeHb6epe — p-p Hayk, npod. (Hnaepnanabi)

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

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

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

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

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

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

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

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

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

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

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

PU. Wediko - un.-kop. HAHB, a-p c.-x. Hayk (benapycb)
C.B. lllecmakos — akagemuk PAH, o-p 6uon. Hayk (Poccus)
H.K. AHkosckuli — akagemuk PAH, o-p 6uon. Hayk (Poccus)



2022 « 26 ¢ 7

Scientific Peer Reviewed Journal

Print ISSN 2500-0462
Online ISSN 2500-3259

VAVILOV JOURNAL
OF GENETICS AND BREEDING

VAVILOVSKII ZHURNAL GENETIKI I SELEKTSII

Founded in 1997
Published 8 times annually
DOI 10.18699/VJGB-22-72

Founders

Siberian Branch of the Russian Academy of Sciences

Federal Research Center Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences

The Vavilov Society of Geneticists and Breeders

Editor-in-Chief

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

Deputy Editor-in-Chief

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

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

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

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

Editorial board

O.S. Afanasenko, Full Member of the RAS, Dr. Sci. (Biology), Russia

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

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

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

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

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

N.P. Bondar, Cand. Sci. (Biology), Russia

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

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

A. Borner, Dr. Sci., Germany

M. Chen, Dr. Sci. (Biology), People’s Republic of China

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

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

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

N.E. Gruntenko, Dr. Sci. (Biology), Russia

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

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

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

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

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

A.M. Kudryavtsev, Corr. Member of the RAS, Dr. Sci. (Biology), Russia

D.M. Larkin, Cand. Sci. (Biology), Great Britain

I.N. Lavrik, Dr. Sci. (Biology), Germany

J. Le Gouis, Dr. Sci., France

I.N. Lebedev, Professor, Dr. Sci. (Biology), Russia

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

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

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

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

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

S.R. Mursalimov, Cand. Sci. (Biology), Russia

L.Yu. Novikova, Dr. Sci. (Agricul.), Russia

E.K. Potokina, Dr. Sci. (Biology), Russia

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

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

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

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

EY. Rykova, Dr. Sci. (Biology), Russia

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

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

R.1. Sheiko, Corr. Member of the NAS of Belarus,
Dr. Sci. (Agricul.), Belarus

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

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

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

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

M.1. Voevoda, Full Member of the RAS, Dr. Sci. (Medicine),
Russia

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

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

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



BABUOBCKMI XXYPHAN FEHETUKW 1 CENEKLIUM
COLOEP>XAHUWE « 2022 <26 * 7

K 135-neTuto akagmemuka H.M. BaBuoBa:

aKTyaJIbHbI€ MCC/IeJOBaHUA KOJ'IJ'[eKI_H/[ﬁ
reHeTN4YeCKX PpecypcoB pacTeHMIA.
E.K. XnecmkuHa, W.I. Jlockymos

597

leHeTMYecKme pecypcbl pacTeHUN

599
deHOTUIINUECKIIE IIpM3HaAKWU,
orpenensioniue nudoepeHIaIio
reHodoHia ropoxa (Pisum sativum L.)

I10 HaITpaBJIEHMSIM MCIIOJIb30BaHMSI.
E.B. CemeHosa, A.l1. botiko, J1.KO. Hosukosa, M.A. BuwHsakosa

609
HepCHeKTI/IBHbIe TreHeTn4YeCKre MICTOUHIKA
IJISI CeJIeKLVIU SIDOBOW TBepA 0¥ IIIIEeHUITbI
B 3anazHo CuGUPU. M., Esdokumos, B.C. FOcos,
M.H. Kupeskosa, J1.B. Mewkosa, U.B. laxomuHa,

A.A. Tnywakos

622
MuHepa/IbHbIlN COCTaB IIJIOAOB
pPeMOHTaHTHOI ManuHbl (Rubus idaeus L.).
C.M. Momuinesa, C.H. EsdokumeHko, M.A. lNodzaeuykud,

T.A. Tymaesa, F0.B. bypmeHko, H.FO. CeucmyHoaa,
/[.B. MNanuwesa, .M. Kynukos

630
MertabonmoMHble ipoduin Ribes nigrum L.
u Lonicera caerulea L. n3 xKonnekuun BUP
M. H.V. BaBuioBa B YCIOBUSIX
CeBepo-3amnaga P®. T.B. LWenerza, B.C. [onos,

A.B. KoHnapes, H.I. TuxoHoea, O.A. TuxoHosa, I0.A. Keps,
A.E. CmoneHckas, J1.J1. Maneiwes
637

TTonudenons! Perilla frutescens cemeiicTBa
Lamiaceae, uaeHTUGUIMPOBAHHbIE

C TIOMOIIIbIO TaHJI€eMHOM Macc-
CIIEKTPOMETPUN. M.I1. PazeoHosa, H.I. KoHbko8a,
A.M. 3axapeHko, K.C. fonoxeacm (Ha aHan. A3eiKe)

MonekynspHble mapKkepbl
B reHeTuKe 1 cenekumumn

645

Npentuduramnms ajaiesnei reHoB Md-Exp7
1 Md-PG1 B ceneKIIMOHHBIX (hopMax SI6/I0HM,
YCTOMYMBBIX K I1aplie. 1.4 CynpyH, C.B. Tokmakos,
E.A. Anb-Haku®6, E.B. JloboouHa

OPUTMHAJIbHOE UCCJIEQOBAHUE

BapuabenbHOCTb TeHOMAa OTeueCTBEHHBIX
COpTOB TOMarTa: naHHbvle AFLP-aHanmsa.
A.B. Kynakosa, E.A. [lesiueHko, A.B. llJeHHuKo8ad,

O.H. MbiwHas, E.A. Jxoc

652

CKOpOCIEeNoCTh ¥ MOPGOTUII COPTOB
MSITKOII MIIIeHUIIbI 3aragHol 1 BOCTOUHO
Cubupu. C.3. Cmonerckas, B.M. Epumos, 10.B. Kpyuuruna,
b.®. Hemyes, I*10. YenypHos, E.C. O84uHHuKo8a, N.A. benaH,
E.B. 3yes, Yoy YsHocu, B.B. [uckapes, H.I1. loHyapos

662

AKTyaH bHble MeTOoAbl 6unoTtexHonormm

675
KapTupoBaHue J10KyCOB, aCCOLIMVPOBAHHbBIX
C YCTONUYMBOCTDIO K IIOJIETaHUIO Y IPOBOIL
MArKoii nieHuusl (Triticum aestivum L.).
W.H. JleoHosa, E.B. A2eesa

0OBb30P

Moaundukaliyisi TeHOMOB pacTeHM:
OT MHAYIIIPOBAaHHOTO MyTareHesa
10 TeHOMHOTO peIaKTUPOBaHMSI.
A.b. lllepbaHe

684

ArpoTpaHcdopMalyis BULOB
Nicotiana glauca v Nicotiana sylvestris.
I'B. Xagpuzosa, T.B. Mameeesa

697

Hcnionb3oBaHuMe raryIONHIYKTOPOB KYKYPY3bl
KaK MHCTPYMEHTa B 6 OTEeXHOJIOTUN
CeIbCKOX03S/ICTBEHHbBIX PAaCTEHWIA.

A.B. YnesaHos, A.B. Kapnos, 3.5. Xamecos

704

© Cnbupckoe otaenexmne Poccminckoi akagemmm Hayk, 2022
© NHctnTyT umtonorum u reretrkn CO PAH, 2022
BaBMNoOBCKMI XXypHan reHeTUKn 1 cenekumm, 2022



VAVILOV JOURNAL OF GENETICS AND BREEDING
CONTENTS * 2022 26« 7

597

On the 135th anniversary

of Academician N.I. Vavilov: current studies
of collections of plant genetic resources.
E.K. Khlestkina, I.G. Loskutov

Plant genetic resources

599

609

622

630

637

Phenotypic traits differentiating the genetic
resources of pea (Pisum sativum L.)

by the type of use. EV. Semenova, A.P. Boyko,

L.Y. Novikova, M.A. Vishnyakova

Promising genetic sources for the creation
of varieties of durum spring wheat

in Western Siberia. M.G. Evdokimov, V.S. Yusov,

M.N. Kiryakova, L.V. Meshkova, I.V. Pakhotina, D.A. Glushakov

Mineral composition of repair raspberry
(Rubus idaeus L.) fruits. s.M. Motyleva,

S.N. Evdokimenko, M.A. Podgaetsky, T.A. Tumaeva,

Y.V. Burmenko, N.Y. Svistunova, D.V. Panischeva,

.M. Kulikov

ORIGINAL ARTICLE

Metabolomic profiles of Ribes nigrum L.
and Lonicera caerulea L. from the collection
of the N.I. Vavilov Institute in the setting
of Northwest Russia. TV. Shelenga, V.S. Popov,

A.V. Konarev, N.G. Tikhonova, O.A. Tikhonova, Yu.A. Kerv,

A.E. Smolenskaya, L.L. Malyshev

Polyphenols of Perilla frutescens

of the family Lamiaceae identified
by tandem mass spectrometry.

M.P. Razgonova, N.G. Kon'’kova, A.M. Zakharenko,
K.S. Golokhvast

Molecular markers in genetics and breeding

645

652

662

Identification of apple genes Md-Exp7

and Md-PG1 alleles in advanced selections
resistant to scab. I.I. Suprun, S.V. Tokmakov,
E.A. Al-Nakib, E.V. Lobodina

ORIGINAL ARTICLE

Genome variability of domestic tomato
varieties: data from AFLP analysis.

A.V. Kulakova, E.A. Dyachenko, A.V. Shchennikova,

O.N. Pyshnaya, E.A. Dzhos

ORIGINAL ARTICLE

Earliness and morphotypes of common
wheat cultivars of Western and Eastern
Siberia. S.E. Smolenskaya, V.M. Efimov, Yu.V. Kruchinina,
B.F. Nemtsev, G.Yu. Chepurnov, E.S. Ovchinnikova, I.A. Belan,
E.V. Zuev, Zhou Chenxi, V.V. Piskarev, N.P. Goncharov

Current biotechnological methods

675

684

697

704

ORIGINAL ARTICLE

Localization of the quantitative trait loci
related to lodging resistance in spring
bread wheat (Triticum aestivum L.).

I.N. Leonova, E.V. Ageeva

REVIEW

Plant genome modification: from induced
mutagenesis to genome editing.
A.B. Shcherban

ORIGINAL ARTICLE
Agrobacterium-mediated transformation
of Nicotiana glauca and Nicotiana sylvestris.
G.V. Khafizova, T.V. Matveeva

REVIEW
The use of maize haploidy inducers
as a tool in agricultural plant biotechnology.
A.V. Ulyanov, A.V. Karlov, E.B. Khatefov

© Siberian Branch RAS, 2022
© Institute of Cytology and Genetics, SB RAS, 2022
Vavilov Journal of Genetics and Breeding, 2022



OT PEOAKTOPA / FROM THE EDITOR

BaBunnoBcKnin )KypHan reHeTnkn n cenekumm. 2022;26(7):597-598
DOI 10.18699/VJGB-22-73

K 135-netuto akagemuka H./. BaBuioBa:
aKTyaJibHbIe 1CC/IeJOBaHMS KOJJIeKLIIL
reHeTUYeCKIX pecypCcoB pacTeHull

BakaeMble UuTaTeH!

25 HostOpst 2022 1. mcomusiercst 135 nmeT co THS pokae-

HUS HAIlIeTro BBIIAIOIIETOCs cooTedecTBeHHnKa Hukomas
VBanoBuya BaBunoga!

IIpennaraem BalmeMy BHUMaHHIO BBITYCK «BaBHiIoBCKOrO
JKypHaJIa TCHETUKH U CEJICKIIMM, B KOTOPOM B 4eCTh FOOMIIES
BEJIMKOT'O YYEHOT'0 IPe/ICTaBIeHbI 0030pPHBIE M OPUTMHAJIbHBIC
CTaThU B Pa3BUTHE TEX HANPABICHHI KOMIIJIEKCHOTO U pa3HO-
CTOPOHHET0 N3Y4YeHHS KyJIbTYPHBIX PAaCTCHHUH, KOTOPBIC OBbLTH
nauatsl H.W. Bapunoseim B BUP B 1920-1930-x rT. ¢ unc-
MOJTb30BAHUEM TPAANIIHOHHBIX M HOBEHIIINX METOIOB HCCIIe-
JIOBaHHSI MAPOBOT'O YPOBHSL.

CeroziHsi C IPUMEHEHNEM COBPEMEHHBIX METOIOB H MOJIXO0-
JIOB paboTy C TEHETHYIECKUMH PECYPCAMH PACTEHUH B TECHOM
corpynauuectse ¢ BUP um. H.W. BaBunosa BeneT mupokuii
KpYT HccieioBaTenei o Bceit crpane. ABTopamu crareif Te-
KYIIETO BBIITYCKa SIBISIOTCS COTPYIHUKH DenepaabHOro ue-
CJIe/IOBATEIbCKOTO 1IeHTpa Beepocceniickuii HHCTUTYT reHe-
TH4eckux pecypco pacrenuil uMm. H.W. Basuinosa (BUP) u3
Canxkr-IlerepOypra, a Taxke KpacHomapckoro kpas u [Ipu-
Mopckoro kpast (prmanst BUP), corpynanku @enepansHoro
CEJIEKIIMOHHO-TEXHOJIOIMYECKOT0 IIEHTPa CaJ0BOJICTBA U ITH-
ToMHUKOBOZICTBA (MockBa), DenepabHOTO HCCIIEI0BATEIb-
CKoro 1eHTpa «DyHmaMeHTaIbHBIC OCHOBBI OMOTEXHOIOTHI
PAH (Mocksa), ®enepaabHOro HayYHOTO LIEHTPa OBOILEBO/-
ctBa (Mockga), CeBepo-KaBkasckoro (emneparsHOr0 HayqHO-
TO IIEHTpa CaZ0BO/ICTBA, BUHOTpaiapcTBa, BuHoaeus (Kpac-
HOJIApCKUil kpaif), OMCKOTO arpapHOro Hay4HOTro IEHTpa
(Omcxkas obmacts), Cubupckoro (enepaabHOTO HAYYHOTO
nenTpa arpoonorexnonoruit PAH (HoBocubupckast o0nmacts),
Denepa’abHOTO HUCCIIEA0BATENbCKOIO IIeHTpa VHCTUTYT 11H-
tonorun 1 reHeTrkn CO PAH u ero ¢pmmmana — Cubnupckoro
HWMU pactenneBoacTBa U ceneknuy, a Takxke Kypuarosckoro
reromuoro nentpa MIul' CO PAH (HoBocubupckas 00-
nactp), CankT-IleTepOyprckoro rocyapcTBEHHOTO YHHUBEP-
cureta, CapaToBCKOTO HaIlMOHAILHOTO HCCIIEI0BATEIHCKOTO
rocyapctBeHHoro yuusepcurera um. H.I'. YepHsiieckoro,
HoBocubupckoro HalMOHAIBEHOTO HCCIIEJOBATENBCKOTO YHH-
BepcuTeTa, TOMCKOTO TOCYJapCTBEHHOTO YHHBEPCHTETA H
JlanbHeBOCTOUHOTO (he/iepaibHOrO YHUBEPCHUTETA.

ParronanbHast cTpaTerds KOMIUIEKCHOTO M3yYeHHs KOJ-
JEKIUH TeHeTHYECKUX PECypCcOB PAcTEHUIl OCHOBaHA Ha
cTpyKTypupoBanuu u auddepenunanuu renodonna. B ka-
YeCcTBE NMPHUMEPa ITOTO 3Tara KOMIUIEKCHBIX HCCIIEJOBAaHNUI
1 PAIlMOHAIBHOTO HCIOJIb30BAHMS IT€HETHYECKUX KOJIICKIIUH
MOXeT ciyXuThb pabora E.B. CemeHOBOU ¢ Kojuleramu 1o
(heHOTHTHPOBAHUIO 0OPA3IOB ropoxa B ycIoBUsIx KpacHo-
JlapcKoro Kpast Ha Ajuiepckoit onbiTHOM cranuuu BUP. Onen-
Ka reHo(oH/1a ropoxa 10 YEThIPEM Ka4eCTBEHHBIM, JECSTH
KOJIMYECTBEHHBIM M YETHIPEM (PEHOTOTHUECKUM TPH3HAKAM
B TCUEHHE TPEX JICT B HKOJIOTHYECKUX YCIOBUIX AJUICPCKOM
OIBITHOM CTAHIMU MO3BOJIMIIA AU PEPEHIPOBATh N3YUYEH-
HBIA TEHO(OH 10 HANpaBICHHUSIM HCIIOIB30BaHUS (3E€PHO-
BOE, KOPMOBOE 1 0BOITHOE). CTPYKTypHpOBaHHe TeHO()OHa 1

MPE/ICTABICHHbIE JAHHBIE, KOTOPBIE XapaKTePH3YIOT KK IbIH
o0paser] 1o KOMIUIEKCY MPU3HAKOB, OTPEEIISIONINX HAIlPaB-
JICHUE MCIIO0JIb30BaHHS, TO3BOJIIT PALIMOHAIIBHO TIOIXOANTH K
BBIOOPY KaK MCXO/IHOTO Marepuaia JUisi CeJIeKLUH, Tak ¥ 00-
pa3LoB I JalbHEUIINX TEHETUUECKUX nccienoBannid. Ee
OIHAM TIPIMEPOM KOMIUIEKCHOH (PEHOTUITMYECKONH OLCHKH
reHo()OH/a JUIsl ero AajbHEHIIero pauoHaIbHOTO HCIIOJIb-
30BaHUsA CIYXKHUT OpUrMHaNbHOE uccienosanue M.I. EBno-
KHMOBA C COaBTOPAaMH, LEJILI0 KOTOPOTO OBLIO BBISBICHHUC
MEPCICKTUBHBIX TCHETUYCCKUX MCTOYHHUKOB JJId CO3JaHUA
COpPTOB TBEPIOHl sApOBOH mIeHUIB B 3amagHoit Cubupu.
B pesynbrare BbIIe/ICHBI HCTOYHUKN XO3IHCTBEHHO LIEHHBIX
MIPU3HAKOB IO TAKUM IOKAa3aTelsiM, KaKk HaTypa M KaueCTBO
3epHa M yCTOHYMBOCTh K OCHOBHBIM 3200JI€BaHUSIM B PETHOHE
Bo31enbIBaHusl. KpoMe Toro, BeIeaeHs! 25 00pa3ioB mie-
HUIIBI, PE3UCTEHTHBIX K BO30Y/IUTEIIO CTEOIeBON PIKaBUMHEI
arpeccuBHOI yranackon pacsr Ug99.

HeorbpemiemMoii 4acThi0 KOMIUIEKCHOW OIICHKHM T€HETH-
YECKHUX PECYpPCOB PACTEHHH SBISETCS XEMOTHUIIHPOBAHUE.
Oco0yto 3HaYMMOCTh JTaHHASA OIIEHKA MMEET B CIydae H3y-
YeHUS TUIOJIOBBIX M SITOAHBIX KyJbTyp. Ilo pesynbraram mc-
cnegoBanust C.M. MoTbUIeBOH ¢ Ko/leraMH JTaHbl OLIEHKU
IUIOZIOB PEMOHTAHTHOIN MaJIMHBI IO COACPIKAaHUIO MAaKpO- U
MHKPOAJIEMEHTOB B YCIIOBHSIX BBIPAILIMBAHMS B CPETHEH TTOJIO-
ce Poccun. O6pa3siipl ¢ HanOOoJIBIIMM HAKOTIIEHHEM MaKkpo- 1
MHKPO3JIEMEHTOB B AT0JJaX PEKOMEH/JOBaHbI B KAUECTBE TCHE-
THYECKUX UCTOYHUKOB JUIS TAIbHEHIICH CEeIeKINH MaTHHBI
Ha yJyd4llleHHe MUHEpalbHOTrO cOoCTaBa IuIoJoB. B padore
T.B. lllenenru ¢ coaBTOpaMH OCYIIECTBICHO METabOJIOMHOE
npoduiIMpoBaHue TUIOAOB 00Pa3loB YEPHOH CMOPOAMHBI U
JKUMOJIOCTH C IPUMEHEHHEM Ta30’KUAKOCTHOM XpoMaTorpa-
(hum, COTIPSDKEHHON € MacC-CIIEKTPOMETPHEN. DTO TTO3BOIIHIIO
BBICKa3aTh PEKOMEH/IAIIMH 110 ICTOYHUKAM KaK JUIsl TUIIEBOTO
Ha3Ha4YCHU, TaK U U1 SKCTPAaKIIUU OMOJIOrHYECKHU aKTUBHBIX
BEIIECTB. B KauecTBe MCTOUHNKA OMOIOTHYECKH aKTHBHBIX
BEILECTB MHTEPEC NPEJICTABISCT MHOTOJIETHEE TPABSIHNUCTOE
pacrenue nepua. [Iposenennsiii M.I1. Pasronosoii ¢ coas-
TOPaMH aHATINU3 MONMN(EHOIBHBIX COETMHEHNH B JINCTHSIX pac-
TEHUH U3 TeHO(OH/1a JAHHOH KYIBTYPHI TIO3BOJIMI BBISIBUTH
HMIMPOKUH CHEKTP OMOJIOTUYECKH AKTUBHBIX COEIMHEHUH
(xymapuH ymOemmudepoH, TpUTEpIIeH CKBAJICH, CTEapHIO-
HOBasl KUCJIOTA, PSAJl BHICOKOMOJICKYJISIPHBIX KapOOHOBBIX
KHUCIIOT U JIp.).

B 1920-x rr. Huxomaii MlBanoBuY BaBmiioB opranmnsoBa
BIICPBBIC B HAIICH CTpaHe MacIITaOHbIC T€HETHYECKUE HC-
CIeZI0BaHMS KyIbTYPHBIX PACTEHHUH U UX JUKHUX poauyei. 3a
CTOJIETHE MTPOM30IIIIA KOJIOCCATbHAs TpaHChOopManus MeTo-
JIVK, WCTOJIB3YEMBIX Ul T€HETHYECKOTO aHajlin3a. 3ajadu,
nocrasieHHble H.M. BaBuiloBbIM 110 U3YUYEHUIO IE€HETHYE-
CKHX PECYpCOB PaCTCHUH, CErOfHs PEIIAI0TCS MPU TTOMOIIN
MOJICKYJISIPHBIX W T€HOMHBIX ITOJX0J0OB. J{JIsi BBISBICHUS
JIOHOPOB IIEHHBIX T€HOB, a TaK)XXe ONpPENeNeHUs XapaKkrepa
HACJIeI0BaHMsI TOTO MJIM MHOTO MPU3HAKA y N3Y9aeMBbIX COPTOB
ucnons3yrorcs guarnoctudeckue JJHK-mapkepsl. 1o 3Haun-



TEJILHO YIPOIIAET U yCKOPSAET KaK TeHETHUECKHUH aHAJIN3, TaK
1 IpeOPHUIMHTOBYIO M CEIEKIIMOHHYIO Pa0OTy 110 TIPU3HAKAM
C MOHO- U OJIMTOTCHHBIM KOHTPOJIEM.

Tak, I.W. CymipyH ¢ KoJIeraMy BBITTOITHUIN MOJICKYIISp-
HO-TeHETHUYECKYIO HICHTH(HUKALIUIO TEHOB, 1eTePMUHHUPYIO-
IIMX MPU3HAKH Ka4eCTBa IUIOA0B SI0I0HH (OTpeOUTEIbCKAS
MIPUBIIEKATEIBHOCTB, JISKKOCIIOCOOHOCTD U TPAHCIIOPTA0ETh-
HOCTb IIJIOJIOB) M yCTOHYMBOCTH K Tapiie. Brienenusie 00-
pasiibl, HeCyIIue NPUOPUTETHBIE ISl CEJISKIMN aJlIeNH UC-
KOMBIX T€HOB, SIBIISTIOTCS] KOMITJIEKCHBIMH JJOHOPAMH, a TAKKE
LIEHHBIM CEJICKIIMOHHBIM MaTepHalioM JUIs CO3[aHuUsI COPTOB
C MOBBINICHHBIMU XapaKTCPUCTUKAMU Kadye€CTBa IJIOAOB U
ycToitunBocThIO K mapire. B padore A.B. KymakoBoii ¢ co-
aBTOpamMu BbIAeNeHBI nepcrnektuBHble JJHK-Mapkepsr st
TeHOTHITUPOBAHMS COPTOB TOMATa C LEJIbI0 0TOOpa JOHOPOB
YCTOHYHMBOCTH K Pa3IHMYHBIM CTPECCOBBIM (hakTopam. Mc-
CJIe/IOBaHUE KOMMEPUECKHUX COPTOB SIPOBOI MSTKOH MIICHNIIBI
Bocrounoii u 3amaaHoit Cubupu B pabore C.3. CMoIeHCKOM
C COaBTOpPaMH IPH UCIIOIb30BAHUH METO/I0B (DEHOTHITHPOBA-
HUSI ¥ TeHOTHITpoBaHus Ha ocHoBe JJHK-mapkepos, crenn-
(DUUHBIX 1JIS1 TEHOB SIPOBU3AIIMU MSITKO MIIEHHULBI Vin, 1o-
3BOJIMJIO BBIJICNTUTH TPU TPYHIIBI COPTOB, Y KOTOPBIX SPOBOI
THIT PA3BUTHS ¥ CPOKU KOHTPOJIMPYIOTCSI IPH MTOMOIIH O/THOTO,
JIBYX U TPEX F€HOB V711 COOTBETCTBEHHO. YCTaHOBJICHHOE aJl-
JIETbHOE COCTOSTHHE TEHOB V71 ¥ CBEZICHUSI O CPOKAX CIIEIOCTH
N3y4aeMBbIX COPTOB ITO3BOJIAT B JajbHEHIIEM IieJICHAIpaB-
JICHHO BECTH MapKep-KOHTPOJIUPYEMbIi 0TOOp 1O rpymiam
CTIEJIOCTH, YTO BAXHO ISl yUEeTa 3KOJIOTHIECKOH 30HAIbHOCTH
(taiira, moxTaiira, JI€COCTEIb, CTENb) B PETHOHAX BO3/EIIbI-
BaHWJ IIIICHUIIBI.

WHble mOaX0/bl MPUMEHSIOTCSI B OTHOIIEHUH KOJIMYECT-
BEHHBIX ITpU3HaKoB. [Ipeobaaatommas yacTh JJOKyCOB, KOHT-
POJMPYIOUIMX TaKWe MPHU3HAKH, JI0 CHX MOP OCTAETCs He
n3y4eHHOH. 1 UX BBISBIEHUS IPOBOIAT IMOJIHOT€HOMHBIN
aHaJIM3 acCOIMAIMi Ha OCHOBE (DEHO- M TEHOTHUITMPOBAHUS
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reHodonga. Tak, Hanmpumep, B pabore N.H. JleoHoBo# n
E.B. AreeBoli, HalleleHHON Ha KapTHPOBaHHE JIOKYCOB, ac-
COLIMMPOBAHHBIX C YCTOMYMBOCTBIO K IIOJETAHUIO Y SIPOBOMI
MSITKOHM TIIEHUIIBI, BBIABIEHO 26 3HAYMMBIX accoLUanuil B
xpomocoMmax 1B, 2A, 3A, 3D, 4A, 5A, 5B, 5D, 6A u 7B.
[TonmyueHHBIE PE3yNBTaThl MO3BOMSIOT NMPEANOI0KHUTh, YTO
paiionsr xpomocoM 3A u 6A MOTYT COAEP)KaTh KIacTEPHI
TCHOB, BIMSIOIINX KaK HA YCTOHYMBOCTD K IOJICTAHHIO, TaK
U Ha BBICOTY pacTeHus. Pe3ynbTarel MOTYT UMETh 3HAUYCHHE
JUTS pa3pabOTKH METO/IOB CO3/IaHUSI yCTOWUNBBIX K ITOJIETaHNIO
COPTOB C ITOMOIIBIO MapKep-OpUEHTHPOBAHHOW Y TCHOMHOM
CeJIeKIIHU.

OTnenpHOE HAaIIPaBIEHUE COBPEMEHHBIX Pa0OT C TeHEeTHYe-
CKHMH pecypcaMi pacTEHUH NPE/ICTABISIOT HCCIIEIOBAHMS B
chepe OMOTEXHOJIOT MU, KOTOPBIC BKITIOUAIOT B C€0sI TPUMEHE-
HHE METO/I0B TCHHON U KJIETOYHOM MHKXEHEPHH 1 TECHOMHOTO
penaktupoBanus. [locienHuii Moaxo, Kak Moka3zaHo B 0030pe
A.B. lllepOans, no3Bossier 6onee 3pHexTHBHO BOBIIEKATH B
CEJIEKIIMOHHBIE IPOTPaAMMBI IUKHUE POJUYH KyJIbTYPHBIX pac-
TEHHH, TPUMEHSISI METOABI IOMECTUKANH de novo. BaxxHoe
3Ha4YeHUe B padoTax OMOTEXHOJIOTMYECKOTO HaNpaBJICHUS
MMeeT MOBHIeHNe 3((EKTHBHOCTH MPOIECCOB (HAIIpUMeED,
KaJLTycOo0Opa30BaHMsl, pereHepalyy, TalIONHIYKIMHU U 1p. ), C
KOTOPBIMH HaNpsIMYIO CBsI3aH yCIIeX JOCTUraeMbIX paKTHYe-
CKHUX Pe3yJIbTaTOB. DTHM BOIPOCAM ITOCBSIIECHBI ITyOIMKaIUs
I'B. Xadmuzosoii u T.B. MarseeBoii, a Takke 0030pHast CTaThbs
A.B. YabsiHOBa ¢ cCOaBTOpaMHu.

KommiekcHbIe nccneioBaHus KOJUIEKIUH TeHETHIECKIX
pecypcoB pacTeHuil, pe3yabTaTbl KOTOPBIX MPEACTABICHbI B
BBIIIYCKE, IPOBOAWINCH B pamKkax DenepalibHOM HAyYHO-TEX-
HUYECKOW IPOrpaMMBbI Pa3BUTHUS TEHETUIECKNX TEXHOIOTUI
Ha 2019-2030 rr., rpantoB Poccuiickoro Hay4Horo (oHna,
a TakXKe Hay4HO-HCCIIEI0BATEIbCKUX PadOT roCylapCTBEH-
HBIX 33J]aHU} (peiepanbHBIX TOCYJapPCTBEHHBIX OIOKETHBIX
YUPEKACHUN.

npogpeccop PAH E.K. Xnecmkxuna
npogeccop U.I" Jlockymos
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Abstract. The paper presents an analysis of the data obtained for pea accessions from the VIR collection studied at
the Adler Experiment Station in the setting of the Krasnodar Territory in 2017-2019. It was for the first time that these
accessions were studied for a set of phenotypic traits. The object of the study was a sample of 494 pea accessions
originated from 43 countries and 18 regions and territories of the Russian Federation. The work was carried out in
compliance with the methodological guidelines developed at VIR. Statistica 13.3 software was employed for statistical
data processing. An assessment of four qualitative, 10 quantitative and four phenological traits in the accessions made
it possible to differentiate them by the type of use, that is, as dry, forage and garden peas. The varieties differing in
the type of use significantly differed by the values of such traits as stem length, number of pods per plant, number of
nodes to the first flower, number of flowers in the inflorescence, the maximum number of seeds per pod, pod length,
and a narrower pod of forage pea compared to that of dry and garden peas. The average values of these traits were
recorded for the peas with different types of use. The maximum difference was noted between garden and forage pea
varieties. Dry pea varieties occupied an intermediate position. The complex of phenotypic traits identified determines
the differences between three types of pea use, which is important when selecting the initial material for breeding
appropriate varieties.

Key words: pea; VIR collection; trait variability; correlation; ANOVA; PCA.
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deHOTUIINYECKNE ITPU3HAKU, Oripegestonie auddepeHunano
reHodoHaa ropoxa (Pisum sativum L.) 110 HaripaBJIeHUSM
JICIIO/Ib30BaHUSI
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! DepiepanbHblii UCCNeROBaTENbCKUI LIeHTP BCcepoCccninckmin MHCTUTYT reHeTUYeCcKrx pecypcoB pacteHumin um. H.W. Basunosa (BUP),
CaHkT-TMeTepbypr, Poccun

2 Afnepckas onbiTHasA cTaHyua — dpunvan OefepanbHOro NCCNefoBaTeNbCKOro LieHTpa Bcepoccnincknin MHCTATYT reHeTUYEeCKMX PecypCcoB pacTeHuit
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AHHoTauusa. MofgaepkaHre X1M3HeCNOCOOHOCTM 1 N3yyeHre 0bpa3LoB Konekuymn ropoxa BIP ocylectenaetca Ha
ONMbITHBIX CTAHLMAX MHCTUTYTA B Pa3HbIX arpoKIMMaTMYECKNX 30HaxX CTpaHbl. Kaxabli obpasel, Konnekumumn BKoYeH
B TPEXNETHWI LMK NOJSIEBOTO N3YUYeHNA N0 KOMMNEKCY CENEKLMOHHO 3HaUMMbIX NPpu3HaKoB. DeHOTUNNYECKUIN CKpK-
HUHT KONMEKUUM NO3BONAET OCYLECTBUTb OLEHKY MPU3HAKOB, BbIABUTb XapakTep NX U3MEHUYMBOCTU 1 PaHXMPOBaTb
o6pasLbl MO 3HAYEHMAM NPU3HAKOB B KayecTBe MCXOAHOro MaTepuana ana cenekuum. OavH 13 OCHOBHbIX NPUHLK-
nos anddepeHumaumm reHodoHaa ropoxa — pasfeneHrie obpasLoB Mo HanpaBieHUAM UCMONIb30BaHNA: 3ePHOBOMY,
KOPMOBOMY 1 OBOLYHOMY. Kaxzoe 13 3TMx HanpasiieHui TpebyeT cneumann3mpoBaHHOrO UCXOLHOrO maTtepuana.
MeXxgy TeM YeTKO OYepPUYEHHOrO NepeyYHa Pas3NNUnn Mexxay GeHoTUNaMy pacTeHNn KaXkaoro 13 3TUX HanpasieHni
He cylecTByeT. bonee TOro, MeeTcsA MHOXeCTBO CXOAHbIX MPU3HAKOB, MOPOW 3aTPYAHALMX OTHECEHME COpTa K TOM
WAV UHOW KaTeropmmn MCnonb3oBaHus. B HacToswel cTaTbe NprBeaeHbl aHanm3 1 0606LeHne faHHbIX TpexneTHe-
ro ¢eHoTMNMPOBaHUA 06Pa3LOB KOMEKLUMN B YCNoBUAX KpacHogapckoro Kpas Ha ALfepckoi OMbITHOW CTaHLMW.
O6bEKTOM NCCNeA0BaHUA CNYKNNN 494 KONNEKLMOHHbIX 06pa3La, Nponcxoaawmnx 13 43 ctpaH 1 18 obnacrei 1 kpaes
Poccuniickon Oepepauun. O6pasLbl OLEHMBANM Mo YeTblpeM KaueCTBEHHbIM, eCATU KONTMYEeCTBEHHbIM 1 YeTbipeMm de-
HOMOrMYeckUM nprsHakam. CTaTuctuyeckas 06paboTKa AaHHbIX NMOEBO OLEHKM NMO3BONUIA BbISIBUTD, YTO 06pasLbl
03HAYEHHbIX HaNpaB/IeHMI JOCTOBEPHO Pa3nnyannch No KOMMIEKCY NPU3HAKOB: AfIMHa CTe6s; uncio 60608 Ha pac-
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Phenotypic traits differentiating
the pea genetic resources by the types of use

TEHU; YNCIIO Y3NI0B O MEPBOTO LIBETKA; YMCII0 LIBETKOB B KUCTY; MaKCUMaJIbHOE YMCIIO ceMsiH B 606e; finvHa v lWmpu-
Ha 606a. OnpeaeneHbl CpefHMe 3HAUEHVA STHX NPU3HAKOB ANA BCEX HaMpPaBieHUI UCNob3oBaHWsA. OBOLLHble copTa
MaKCMMAJIbHO OT/IMYAIOTCSA OT KOPMOBbIX. 3€PHOBbIE 3aHUMAIOT MPOMEXKYTOUHOE NMONoXKeHe. BbiiBNEeHHbIN KOMMIEKC
beHoTUNMYeCKMX NPY3HAKOB, ONPeAensaioLMi Pa3nums TPeX rpynn HanpasneHWin NCNoNb30BaHWA FOPoOXa, yNpoCTUT
paboTy C KonneKuren, B YaCTHOCTU NoA60p NCXOAHOro MaTepuana Afia celekLymn COOTBETCTBYIOLLNX COPTOB.

KnioueBble cnoBa: ropox; konnekums BUP; n3MeHUMBOCTb MPU3HAKOB; KOPPenaLUum; AUCNIEePCUOHHDIN aHanms; MeToq,

rMaBHbIX KOMMOHEHT.

Introduction

The VIR collection of peas has accumulated the global diver-
sity of Pisum sativum L. and contains more than 8 thousand
accessions from 93 countries of the world. The collection is
structured in accordance with the botanical and agroecological
classification, the status of the accessions reflecting the degree
of breeding process completeness, and is ranked in accordance
with the value of biological and agronomic traits, etc. In order
to use the gene pool of peas in the national economy, it is most
important to differentiate it according to the types of use as
dry, forage, and garden peas.

There is no clearly delineated list of differences between
plant phenotypes belonging to each of these three groups.
Moreover, there is a multitude of common, so-called “over-
lapping” traits, which sometimes make it difficult to attribute
a variety to a particular group. Breeding efforts aimed at im-
proving varieties of all types of use have common tasks, e. g.,
high yield, high protein content in seeds, resistance to lodging,
plant architectonics suitable for mechanized harvesting, and
resistance to pathogens. However, there are complexes of traits
characteristic of each group of economic use, some of which
are inherent only in one particular group.

Dry peas (P. sativum L. subsp. sativum), which are used as
a food crop, are characterized by white flowers, smooth seed
surface, mainly with a yellow and yellow-pink seed coat
(green and gray-green also possible). For good digestibility,
the seed coat must be thin (Khangildin, 1972). Dry pea breed-
ing is aimed at high seed productivity, high harvesting index
(that is, seed yield in relation to the cut pea mass), and high
protein content.

Forage pea varieties have differently colored flowers and
seeds of different color, mostly dark and speckled. The breed-
ing of mown forage pea varieties is aimed at obtaining high
green mass volume, high rate of its accumulation, plant
tallness and high leafiness, low percentage of fiber and high
protein content in the green mass (Adamova, 1975). There-
fore, when breeding forage varieties, it is better to use the
forms with the traditional leaf type and indeterminate type
of growth (Pea..., 2019). Low 1000 seed weight (less than
100 g) is desirable for forage varieties, as it makes it possible
to reduce the weight of the sown seed. Among the varieties
of dry and forage peas, there exist transitional forms, which
can be called grain-forage varieties.

Garden pea varieties are white-flowered, with brain-like
(wrinkled), predominantly green seeds, and large pods. They
are required to be uniform in flowering and fruit formation,
as well as to have a high yield of green peas in relation to the
vegetative mass, which implies a relatively low plant height.
One of the main aspects to be pursued in garden pea breed-
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ing is the improvement of the carbohydrate complex, which
determines the taste of green peas in fresh and canned form.
This is a high sugar content (6.5-8.5 %) along with a relatively
low accumulation of starch (4-5.5 %) containing a high per-
centage of amylose (Samarina, 1970; Alikina (Putina) et al.,
2016; Putina et al., 2018). Starch grains of garden peas have
a specific complex structure with the predominance of small
fragments.

A clear differentiation of pea varieties by the type of use is
crucial for the characterization of the initial material and its
targeted use. This is especially important when diverting from
the breeding of universal varieties to breeding varieties for
specific use. The identification of criteria for distinguishing
leguminous crop varieties by different types of use by phe-
notypic traits is carried out in VIR systematically (Vishnya-
kovaetal., 2011, 2013; Burlyaeva, Malyshev, 2013; Burlyaeva
etal., 2014).

The annual regeneration of accessions from the VIR collec-
tion and their phenotypic assessment in the field for a number
of biological and agronomic traits makes it also possible
to reveal the differences within the gene pool according to
a variety of parameters along with obtaining the data on the
assessed traits. The present paper was aimed at outlining the
range of traits that determine the subdivision of the gene pool
of pea (P. sativum L.) according to areas of economic use.

Materials and methods

Material. The collection accessions were studied for three
years (2017-2019) at the Adler Experiment Station, a branch
of VIR. The study included 494 accessions of peas (P. sati-
vum L.) (203 of dry, 217 of garden, and 74 of forage peas)
of various types of use introduced in the collection from
43 countries and from 18 regions and territories of the Rus-
sian Federation received in the VIR collection since 2005.
Ten countries were represented by ten or more accessions;
these are Russia (112 accessions), USA (94), France (45),
Australia (27), the Netherlands (26), Ukraine (18), China (16),
Syria (14), Germany (12), and Canada (10). Within the Russian
Federation, most of the accessions came from the Vologda
Province (19 accessions), Oryol Province (14), Tyumen Pro-
vince (14), Moscow Province (13), Krasnodar Territory (11),
and Rostov Province (10).

Methods. The accessions were studied in compliance with
the methodological guidelines (Vishnyakova et al., 2010).
The seeds were sown in the third ten-day period of March
on single-row plots 2.5 m long (~1 m?). A description of
phenological and morphological characteristics was carried
out during the vegetation period. The plants were harvested
as they matured, from early June through early August. They
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were gathered in bundles and assessed for their main mor-
phological, biological and economic traits. Some parameters
were evaluated in points, in accordance with the “Interna-
tional Comecon List of Descriptors for the Genus Pisum L.”
(Makasheva et al., 1986), while for some the measurement
was made in grams, pieces and days.

The list of the assessed traits includes:

* Qualitative indicators (points): seed color, leaf morphotype,
presence/absence of the parchment layer in the pod valve,
fusion of the seed stalk and testa;

* Quantitative traits: stem length (cm), number of flowers
per inflorescence (pcs), pod length (cm), pod width (cm),
number of nodes to the first flower (pcs), yielding ability
(seed yield per plot, g), seed productivity per plant (g),
1000 seed weight (g), number of pods per plant (pcs), re-
sistance to pea weevil (Bruchus pisorum L.) as percentage
of the healthy seeds mass out of the total mass;

* Phenologial dates (sowing, emergence, flowering, ripen-
ing). Duration has been calculated for the following in-
terphase periods (days): from sowing to emergence (SE),
from emergence to flowering (EF), from flowering to
ripening (FR), and the growing season duration — from
emergence to ripening (ER).

The results of quantitative traits assessment are given as
average values for three years. Statistical processing employed
Statistica 13.3 software. Correlations between quantitative
traits of accessions were investigated. The one-way analysis
of variance (ANOVA) was carried out for the type of use,
presence of a parchment layer, fusion of the seed stalk and
testa, and the two-factor ANOVA for the type of use and mor-
photype. For post hoc comparisons, Tukey’s test for unequal
samples was used. The sample structure was investigated by
the principal component analysis (PCA). The study adopted
a significance level of 5 %.

Weather conditions during the study. The Experiment
Station is located on the northeastern coast of the Black Sea

(QeHoTUNMYecKNne NpusHaky, onpegenaowme anddepeHuymauyno 2022
reHodpoHAa ropoxa no HamnpaefeHNAM UCNONb30BaHNA 267

in the Krasnodar Territory with a humid subtropical climate,
warm rainy winters and sunny summers. During the period
of the study (2017-2019), 2017 was the coldest and wettest
year, with the average temperature of 15.9 °C for April-June,
and 403 mm of the total precipitation. The year of 2018 was
the warmest, with the average temperature of 19.1 °C in
April-June, and the total precipitation of 119 mm. The year of
2019 was characterized by an average temperature of 18.5 °C
and precipitation of 233 mm for the above-mentioned period.
Therefore, in general, the weather conditions at the station
are quite consistent with the agroclimatic requirements for
pea growing.

Results and discussion

Phenological data
The average duration of the period from emergence to the
onset of flowering ranged from 27 to 53 days for dry peas,
from 28 to 54 for garden peas, and from 34 to 58 days for
forage pea accessions (Table 1). The earliest onset of flower-
ing (on day 27) was recorded for the dry pea variety ‘Nain
de Mai’ (k-10068) from France, and on day 28 for the garden
pea varieties ‘Salinero’ (k-9811) from the Netherlands and
‘Extra Rapide’ (k-9137) from France. For the bulk of dry pea
accessions (>80 %), the onset of flowering was recorded in
the interval of 3645 days from emergence. The distribution
of garden pea varieties according to this indicator was more
uniform. In forage pea accessions, flowering occurred later.
The most early ripening accession from the studied sample
(k-9796, ‘Alsweet’, USA) belonged to the garden pea cate-
gory and had the emergence to ripening period duration of
59 days, on an average, while the most late maturing accession
(k-10174, ‘Kormovoy-50°, RF, Altai Territory) was a forage
pea variety that matured in 84 days (Table 2). A high positive
relationship between EF and ER in the entire sample (»=0.87)
should be noted.

Table 1. Numbers of accessions with different duration of the emergence to flowering period

Type of use Emergence to flowering period, days
<3131_35 ..................... 36_40 ..................... 41_45>45 ......................... Tota| .....................
Drypeas ..................................... 4 ............................. 1 0 ............................ 5910525 ............................ 203 .......................
Gardenpeas ............................ 23 ............................ 33 ............................ 78749 ........................... 217 .......................
Foragepeas ............................. _218213374 .......................
Table 2. Numbers of accessions with different duration of the emergence to ripening period
Type of use Emergence to ripening period, days
. <60 ................. 6 0_64 ............. 6 5_69 ............. 70_74 ............. 7 5_79 ............. 8 0_84 ............. >84 R Tota| .............
. D ry . p eas ...................................... 6 ................... 4 9 ................... 8 2 ................... 57 ..................... 9 ................... O ..................... 0 ...................... 2 03 ...............
Gardenpeas41 .................... 6 3 ................... 73 ................... 36 ..................... 4 ................... O ..................... 0 ...................... 2 17 ...............
Foragepeas ................................ 3 ................... 15 ................... 18 ................... 21 .................... 134 ..................... 0 ........................ 7 4 ...............
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Table 3. Values of the studied traits in pea groups of different type of use

Trait

Direction of use

Comparison by ANOVA between groups of varieties

of different type of use

An analysis of trait values by one-way ANOVA (Table 3)
showed that the accessions of different types of use manifested
significant differences concerning the majority of the studied
traits, except for FR (p = 0.636).

The leaf morphotype is a significant trait determining suit-
ability of a variety for mechanized harvesting. Most modern
varieties are semi-leafless (with tendrillate leaf type) (afaf
genotype). In the studied sample, this morphotype was sig-
nificantly more common in dry peas (35.2 %) than in garden
(16.4 %) and forage peas (15.5 %). Such a distribution of
accessions is quite consistent with the current state of pea
breeding and the requirements to varieties of different types
of use. This feature is not relevant for forage varieties, as
was mentioned above. Large foliage that ensures abundant
vegetative mass can be better achieved with the traditional
leaf type. As for garden pea varieties, creation of semi-
leafless ones began relatively late both abroad and in this
country in comparison with cereals, and is in the process of
development (Alikina (Putina) et al., 2016). The absence of
significant innovations in the domestic breeding of garden
peas is also evidenced by the recently revealed fact that both
old and, to even a greater extent, new garden pea varieties are
phenotypically less diverse than the foreign ones (Sinjushin,
Anisimova, 2020).
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The trait of seeds non-shattering due to the fusion of the
seed stalk and testa was rarely observed in garden peas (in
1.8 % of varieties) compared with dry (20.7 %) and forage
peas (21.6 %). This is explained by the fact that the trait was
introduced into pea varieties to prevent seed shedding when
ripe pods crack as they dry out (Zelenov, 2013). This is impor-
tant for dry pea varieties used for both food and feed purposes.
Garden pea varieties are harvested at technical ripeness, long
before the possible cracking of the pods, which makes this
feature not relevant. In addition, the stalk being firmly adhered
to the seed spoils the appearance of canned peas.

The ER period duration averaged 66.2 days for all acces-
sions, while all groups were significantly different. The longest
duration of the ER period was recorded for forage varieties
(69.9 days), medium for dry (67.4 days), and the shortest for
the garden pea group (63.9 days). These figures correspond to
the purpose of the varieties: the maximum accumulation of the
vegetative mass in forage varieties requires a longer period,
and garden peas require the minimum period for achiev-
ing their technical ripeness. In our opinion, the ER period
observed by us for garden peas can be shorter. We explain it
by the fact that the sample contained quite many old garden
pea varieties. In contrast to them, modern varieties are more
early-ripening. For example, modern varieties created at the
Krymsk Experiment Breeding Station have a growing season
of 53 to 75 days, thereby providing a permanent supply of peas
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for the long-term and uninterrupted processing (Besedin, 2014;
Besedin, Putina, 2019; Putina, Besedin, 2020).

The ER period duration is associated with that of the EF pe-
riod, which averaged 40.4 days: it was significantly shorter for
garden peas (38.1 days) than for dry (41.4 days) and forage
peas (44.2 days), which did not differ significantly between
themselves. The FR period for all three groups did not differ
and averaged 25.9 days.

The seed yield per plot averaged 162.6 g; dry peas with the
highest yield (178.5 g/plot) significantly differed from garden
peas (147.3 g/plot). Forage peas had a medium yield value
of 163.7 g and did not differ significantly from other groups.
The seed productivity per plant did not differ significantly
according to Tukey’s test and amounted to 8.3 g.

The pea weevil resistance in the studied sample averaged
74.5 % of healthy seeds. The highest value was demonstrated
by garden peas (79.8 %), which was significantly higher than
that of dry (69.6 %) and forage peas (72.5 %), which did not
differ significantly between themselves. To a certain extent,
a lower susceptibility of garden peas is ensured by their early
maturity, which makes it possible to avoid the pea weevil flight
in the beetle stage. The latter is known to follow a certain
seasonal pattern.

The average 1000 seed weight (seed size) in the sample
was 166.8 g. Dry peas were found to have the largest seeds
(181.2 g), which were significantly bigger than those of gar-
den (158.9 g) and forage peas (150.2 g), which did not differ
significantly between themselves.

In addition, significant differences between the three groups
were noted for the traits listed in Table 3 such as the stem
length, the number of pods per plant, the number of nodes to
the first flower, the number of flowers per inflorescence, the
maximum number of seeds per pod, the pod length and width.

The two-factor analysis of the relationship between the
type of use and the morphotype (tendrillate/traditional) em-
ployed 116 accessions of the tendrillate and 368 ones of the
traditional morphotype. Ten accessions in the sample featured
other morphotypes of the leaf: five had acacia-like (¢/), one
dissected leaflet (af tac®), and four multiple imparipinnate
leaf morphotypes (af tl).

The tendrillate morphotype was characterized by significant
differences from the accessions with traditional leaf mor-
photype of the leaved forms, regardless of the type of use:
by a greater proportion of accessions with non-shattering
seeds (25.9 vs. 8.2 %) on an average, which can be explained
by the fact that both traits were introduced into varieties in
relatively recent times, therefore, the majority of seed shat-
tering genotypes is inherent in varieties with the traditional
morphotype. The tendrillate leaf varieties are characterized
by a lower resistance to pea weevil (70.1 vs. 75.8 %) (Fig. 1),
a shorter stem length (84.7 vs. 102.2), fewer pods per plant
(10.8 vs. 12.6), and more flowers per inflorescence (2.0 vs. 1.7,
except for the forage peas). The seed yield per plot did not
differ significantly (159.6 g for the tendrillate pea, and 163.7 g
for the traditional morphotypes).

Correlation analysis

The 3-year average values for the varieties were used to cal-
culate the correlations of the economically important traits
of the accessions with all the studied indicators (Table 4).
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Fig. 1. Characteristics of pea accessions of different type of use with
tendrillate and common leaf types.

a, emergence to ripening period; b, yield per plot; ¢, yield per plant; d, resis-
tance to pea weevil; e, 1000 seed weight.
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Table 4. Coefficients of correlation between economically important traits and other agrobiological indicators

Trait Emergence to Yield per plot Plant Resistance 1000 seed
ripening period (ER) productivity to pea weevil weight
Sowing to emergence period (SE) 0.00 -0.41% -0.36" -0.07 0.06
Emergence to flowering period (EF) 0.87% 0.01 0.05 -0.29% -0.12*
Flowering to ripening period (FR) 0.53% -0.03 0.05 -0.12% 0.01
Emergence to ripening period (ER) 1.00 -0.01 0.01 -0.31% -0.09*
Yield per plot -0.01 1.00 0.78*% -0.15% 0.33%
Seed productivity per plant 0.05 0.78* 1.00 0.00 0.29%
Resistance to pea weevil -0.31* -0.15% 0.00 1.00 -0.18%
1000 seed weight -0.09% 0.33* 0.29 -0.18% 1.00
Stem length 0.33* 0.32* 0.35* -0.27* -0.15%
Number of pods per plant 0.21% 0.28* 0.29% -0.17% -0.30%
Number of flowers per inflorescence 0.20% 0.00 -0.07 -0.20* 0.00
Maximum seed number per pod -0.06 -0.07 0.05 0.36* -0.28*
Pod length -0.01 -0.04 0.16* 0.18* 0.26*
Pod width -0.13* 0.16" 0.28* 0.00 0.57*
Number of nodes to the first flower 0.61% 0.21% 0.18* -0.44* 0.03*

* Coefficients with 0.05 significance level.

Medium and strong correlations, i.e. those with the correla-
tion coefficient () with the module greater than 0.3, have
been analyzed.

Economically important characters include such quantita-
tive traits as the growing season duration (ER), yield, seed
productivity per plant, 1000 seed weight, and resistance to pea
weevil. The relationships between traits in the groups of diffe-
rent type of use was the same for most characters, which makes
it possible to characterize the sample as a whole (see Table 4).

The yield per plot positively correlated with the productivity
per plant (= 0.78), 1000 seed weight (»=0.33), and the stem
length (= 0.32), while there was a negative correlation with
the sowing to emergence period (» = —0.41). The first three
relations are obvious, while the last is apparently explained by
the fact that the long-emerging seeds have lower germination
energy, which is an indicator characterizing simultaneousness
and uniformity of seedlings emergence, hence good uniformity
and survival of plants, which ensure their productivity.

On an average, plant productivity in the sample was posi-
tively associated with plant length (» = 0.35) and negatively
with SE (»=-0.36). However, the ways of its formation were
different in varieties of different types of use: in dry peas, the
coefficient of relationship between seed productivity and the
number of pods was = 0.31. In garden peas, the coefficient
of relationship with the stem length was » = 0.53, and 0.49
with the number of pods. In forage varieties, the coefficient
of relationship with the stem length was » = 0.40; it was 0.32
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with the number of seeds per pod, 0.48 with the pod length,
0.47 with the pod width, and » = 0.48 with 1000 seed weight.
The ER period duration correlated more with that of EF
(r=0.87) than with the FR period duration (» = 0.53).
The relationship between the stem length and the growing
season (r = 0.33) is explained by the fact that the bulk of the
varieties are indeterminate; the longer a plant lives, the longer
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Fig. 2. The emergence to ripening period duration as a function of the
number of nodes to the first flower.
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Fig. 3. Resistance to pea weevil as a function of seed number per pod (a) and number of nodes to the first flower (b).

it is. A correlation between the ER period and the number of
nodes to the first flower (NN) was found to be »=0.61, which
confirms the role of NN as an indicator of early maturity
(Makasheva et al., 1986). With an increase in NN by one node,
the ER period increases by 1.3 days (Fig. 2). This regularity
can be expressed by the formula ER =48.8+1.3 xNN.

In general, pea weevil resistance in the sample was posi-
tively associated with the number of seeds per pod (= 0.36),
and according to the type of use, » was 0.32 for dry, 0.22 for
garden, and insignificant 0.01 for forage peas. Pea weevil
resistance was negatively associated with NN (r = —0.44);
according to the type of use, r was —0.29 for dry, —0.40 for
garden, and insignificant (—0.05) for forage peas. The bigger
the number of unproductive nodes, i.e. the later a variety
ripens, the fewer the number of healthy seeds due to a greater
damage by the pest. Early ripening accessions avoid the flight
of insects; therefore, they get less damaged (Fig. 3). The coef-
ficient of relationship with the growing season duration (ER)
according to the type of use was r =—0.18 for dry peas, —0.32
for garden, and 0.02 for forage peas.

The percentage of healthy seeds was higher when seeds
were green (79.3 %), smaller for yellow seeds (68.8 %), in both
dry (73.7 vs. 68.5 %) and garden peas (80.4 vs. 71.9 %). This
was also evidenced by the fact of a stronger pea weevil resis-
tance in garden pea varieties with predominantly green seeds.

There was a positive relation between 1000 seed weight
and the pod width (» = 0.57). This dependence was observed
in accessions of all types of use and demonstrated the stron-
gest correlation, that is, with » = 0.43 for dry peas, 0.65 for
garden, and 0.71 for forage peas. With an increase in the pod
width (PW) by 1 cm, 1000 seed weight (W1000) increases
by an average of 109 g. This dependence can be expressed by
the formula W1000 = 8.7+109.0 x PW.

Seed productivity per plant is one of the most important
traits for the pea yield structure and, together with 1000 seed
weight, it determines the individual productivity of plants.
This trait is known as one of the most variable in different
crops, including peas.

The highest coefficient of year-to-year variation was ob-
served for the seed yield per plot (55.5 % per sample, on an
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average), while the yield per plant was slightly more stable
(36.6 %). The number of pods (28.4 %) and the stem length
(14.4 %) demonstrated a greater stability. The number of
flowers per inflorescence (2.2 %), NN (4.1 %), pod length
(4.4 %), pod width (4.5 %), the maximum number of seeds
per pod (7.2 %), and 1000 seed weight (10.3 %) were most
stable over the years.

Polymorphism within the sample was subjected to the
principal components analysis (PCA). According to the scree
criterion, four factors, which explain 69.6 % of the total vari-
ance, were distinguished (Table 5).

The first factor (explaining 24.5 %) is associated with the
ER period duration and such associated characters as the stem
length and the number of nodes to the first flower. It can be
called the plant vegetation factor. The second factor (18.2 %)
is associated with the yield per plot, seed productivity per
plant, 1000 seed weight, and the pod width. The third factor
(13.9 %) is the pod length, while the fourth (12.1 %) is the
maximum number of seeds per pod.

The first factor distinguishes the groups of garden and
forage type of use (Fig. 4, a), which are opposed in terms
of the ER period duration, stem length, and NN. Factors 2
and 3 determine no visual differences between types of use,
and according to the fourth factor, the garden type accessions
with the maximum number of seeds per pod are contrasted to
dry peas with the minimum number of seeds (see Fig. 4, b).

Previously, we studied a sample of 112 pea accessions from
the VIR collection in the conditions of the Leningrad Pro-
vince and carried out a discriminant analysis of the obtained
data, which made it possible to identify the traits by which an
accession can be attributed to a particular group of economic
use (Semenova, Sobolev, 2009). The traits that were most
significant for the statistical attribution of an accession to
a variety of use type were such qualitative traits as the seed
and pod shape, the presence of anthocyanin in the flower, as
well as the range of variability of such quantitative traits as
the number of pods, the number of productive nodes per plant,
and 1000 seed weight. Like in the present study, the largest
seeds were observed in dry pea varieties, smaller ones in
garden peas, and the smallest in forage varieties (195.9, 184.3
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Table 5. Four factor loadings in PCA
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Factor 1

Factor 4

Factor 2 Factor 3

Note.The highest loads of the factors are boldfaced.
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Fig. 4. Distribution of 494 pea accessions within the domain of factors 1-2 (a) and 1-4 (b).

and 150.5 g, respectively, in the current study, and 181.2,
158.9 and 150.2 g in the previous). Interestingly, the average
number of pods per plant was the same in both experiments,
i.e. 12.2 pcs, with the largest number for forage peas (14.6
in the present study and 16.5 in the cited work), medium for
dry pea varieties (12.5 vs. 11.4), and the smallest for garden
peas (11.0 vs. 8.6). Similar results with the current ones were
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obtained on the basis of the “number of seeds in a bean”,
despite the fact that the average number was calculated in the
cited work, and we have the average of the maximum number
of seeds in a bean. The highest value was noted in vegetable
varieties (5.0 in the cited and 7.2 in this work), the average
in fodder varieties (4.8 and 6.3) and the minimum in cereals
(4.4 and 6.6).
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The similarity of the results obtained from the studies
carried out in a wide range of ecological and geographical
conditions in both experiments indicated that the listed traits
can be regarded as differentiating ones when attributing pea
accessions to one or another type of economic use.

The RAPD marking of the above-mentioned phenotyped
sample of 112 accessions revealed the genetic proximity of
varieties within the limits of different types of use, and their
distance from each other. The dendrogram of genetic kinship
shows the tightly grouped garden pea varieties, and compactly
located forage varieties, while both groups were consider-
ably remote from each other. Dry pea varieties, which show
genetic affinity to both groups, were initial for both of them
(Vishnyakova et al., 2011). Like in the present study, it was
established that both dry and forage pea varieties contain
transitional forms that occupy an intermediate position and
can be called grain-fodder varieties.

In the work of French scientists who studied a sample con-
taining 148 modern pea varieties of mainly West European
origin and primitive forms using 121 protein markers and
PCR analysis, the sample was also differentiated by the types
ofuse into dry, forage, and grain fodder peas. It was possible to
trace the main tendencies in the West European breeding over
the past twenty years of the 20th century, such as an increase in
seed size, predominance of white-flowered and semi-leafless
forms, and an increase in cold resistance required for sowing
in autumn, which is widely practiced in European countries
(Baranger et al., 2004).

Conclusions

A complex of phenotypic traits that significantly differed in
pea varieties of different type of economic use (dry, forage
and garden) has been revealed. These include the stem length,
the number of pods per plant, the number of nodes to the first
flower, the number of flowers per inflorescence, the maxi-
mum number of seeds per pod, pod length, and a narrower
pod of forage peas compared to that of dry and garden peas.
The average values of these traits were recorded for peas of
all types of use. The largest number of distinctive traits was
observed in garden pea varieties, which demonstrated their
maximum difference from forage varieties. Dry pea accessions
occupy an intermediate position and have a number of traits
that overlap with those of forage ones.

A complete description of the material according to the
features listed in the article was published in 2020 in the
“Catalog of the VIR Global Collection”, issue 910 (Semenova
et al., 2020).
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Abstract. The study, expansion and preservation of the genetic diversity of the source material, and its purposeful
use in hybridization is the basis for the creation of adaptive varieties of durum spring wheat that are resistant to bio-
tic and abiotic factors of the environment of Western Siberia. The objects of research were samples of durum spring
wheat. Over the years of research (2000-2020), about 3 thousand samples were worked out from the world gene
pool of various countries and regions: from the collection of the VIR, the gene pool from Mexico (CIMMYT) within
the framework of the agreement and cooperation program (2000-2007), from 2000 to the present time under the
program of the Kazakh-Siberian Spring Wheat Breeding Network (KASIB), from other scientific institutions of Russia
in exchange activities. Using generally accepted techniques, the obtained material was studied for a complex of
traits: yield, adaptability, grain quality, resistance to diseases. In the cycle of studying the gene pool from CIMMYT,
50 genotypes were identified in terms of yield at the level of the Omskaja jantarnaja standard, 276 grains by test
weight, 131 samples by pasta color, 131 samples by resistance to hard smut, and 112 by resistance to powdery mil-
dew. Almost all samples were not affected by leaf rust. The study set showed high sensitivity to extreme conditions
and most forms of interest in quality and disease resistance were low-productive in our environment. In KASIB nur-
series, 29 samples were identified in terms of yield and adaptability, 29 samples in terms of grain quality, 21 in terms
of resistance to diseases, including 8 resistant to stem rust. In the set of varieties received from the VIR, 15 genotypes
were adaptive, 16 had high grain quality, 11 were resistant to stem rust. In the breeding material, 17 samples of the
local population resistant to stem rust (6 of them were comprehensively resistant) and 25 race-resistant to Ug99 were
identified. The genotypes identified as a result of research are of interest as sources of valuable traits.

Key words: durum wheat, breeding, variety, sample, genotype, yield, grain quality, disease resistance.

For citation: Evdokimov M.G., Yusov V.S., Kiryakova M.N., Meshkova L.V., Pakhotina V., Glushakov D.A. Promising
genetic sources for the creation of varieties of durum spring wheat in Western Siberia. Vavilovskii Zhurnal Genetiki i
Selektsii = Vavilov Journal of Genetics and Breeding. 2022;26(7):609-621. DOI 10.18699/VJGB-22-75

[lepCrieKTUBHBIE TeHETUYECKNE VICTOUHUKN
IIJISI CeIeKLIMU SIPOBOII TBeP Ol IMIIeHUIIbI B 3anaaHoi Cuompn

M.T. Espoxumos @, B.C. I0cos, M.H. Kupbsxosa, A.B. Memxosa, V1.B. [Taxotusa, A.A. [Aymakos

OMCKUiA arpapHbIN Hay4HbIn LieHTp, Omck, Poccna
® misha-emg@rambler.ru

AHHoTauusA. /I3yyeHue, paclumpeHme 1 CoXxpaHeHre reHeTNYeCKoro pasHoobpasma MCXOAHOro MaTepuana u ero Le-
NneHanpaBneHHOe NCMOoJb30BaHKe B rmbpuamsanmnm ABNATCA OCHOBOW AJ1A CO3AaHMA afanTUBHbIX COPTOB TBEPLON
APOBOW MLEHUL|bl, YCTOMUMBbIX K OMIOTUYECKUM 1 abuoTMYeCcKMM pakTopam cpefbl 3anagHorn Cnbupu. ObbekTamm
nccnefoBaHnii CTYXKUm obpasLibl TBEPAON SPOBOW NEHWLbI. 3a roabl nccnepoBaHuin (2000-2020) NpoBefeH CKpu-
HUHT 6onee 3000 06pa3LOB 13 MUPOBOTo reHohOHa Pa3HbIX CTPaH 1 PermoHoB: U3 Konnekuun BUP, 6aHka reHeTu-
yecknx pecypcos CIMMYT (Mekcurka) B pamkax foroBopa v nporpammbl COTpyaHuyectsa (2000-2007 rr.), ¢ 2000 r.
no HacToALlee Bpema No nporpamme KasaxctaHcko-Crbnpckoi cetv no ynyyleHnto aposoi nweHnubl (KACUB), ns
LPYTUX HayuHbIX yupexaeHuin Poccrm B nopsaake obmeHa cenekuMoHHbIM MaTepuanom. MonyyeHHbl MaTepuan 6bin
M3yYeH C 1CMOJIb30BaHVEM OOLLENPUHATLIX METOLMK MO KOMIIEKCY NMPU3HAKOB: YPOXKaNHOCTY, alanTVBHOCTU, Kave-
CTBY 3epHa, YCTOMUMBOCTM K 6onesHam. MNpu nccnegosanuv 8 2000-2007 rr. reHodpoHAa n3 CIMMYT no ypoaiHocTu
Ha ypoBHe cTaHfapTa OMcKas AaHTapHas 6b110 BbigeneHo 50 reHOTUMNOB, MO HaType 3epHa — 276, MO LBETY MaKapoH —
131, N0 yCTOMYMBOCTU K TBEPAOW ronosHe — 131, MyuHucTom poce — 112. MouTu Bce 06pasLibl He Nopaxanucb 6ypon
p>KaBUMHON. M3yyeHHbI Habop NoKa3an BbICOKY YyBCTBUTENbHOCTb K IKCTPEMANbHbIM YCIOBUAM; 6OMbLUNHCTBO
dopm, NpencTaBnALLLMNX MHTEPEC MO KauecTBy U YCTONUMBOCTY K 60M1e3HAM, 6blIN HU3KONPOAYKTVBHBIMY B HALLMUX
ycnosusx. B nutomHukax KACKB no ypoxaHOCTY 1 afanTUBHOCTY BbleneHo 29 06pa3LoB, No KayecTBy 3epHa — 29,
YCTOMYMBOCTM K 6one3Ham — 21, B TOM umncie K cTebneBon pxkaBunHe — 8. B Habope copToB, mocTynusLimx 3 BUP,
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Promising genetic sources for the creation of varieties
of durum spring wheat in Western Siberia

BbIAIBMIEHO 15 afanTMBHbIX FeHOTUMOB, 16 — C BbICOKM KayeCTBOM 3epHa, 11 — yCTOMUMBbLIX K CTEGNEBON pXKaBUMHe.
Mpw oLeHKe cenekLMOHHOIo MaTepurana BbleneHo 17 o6pasuoB, yCTONUMBBIX K CTEGNIEBOI PXKaBUMHE MECTHO Mo-
nynaumm (6 U3 HUX KOMMIEKCHO YCTONUMBDLI K OYpOIi, CTEGNEBON PXKaBUMHE, MyYHUCTON POCe), 1 25 pe3nUCTEHTHBIX
K pace Ug99. BoigeneHHble B pe3ynbTate UCCIef0oBaHUA reHOTUMbI NPeACTaBAA0T MHTePEC Kak MCTOYHUKM LieHHbIX

NMPN3HaKoB.

KnioueBble cnoBa: TBEpAaA nweHunua; cenekynma; copt; o6pa3eu; reHoTumn; ypO)KaIZHOCTb; KayecCTBO 3€pHa; yCTOI7IlWI-

BOCTb K 60/1€3HAM.

Introduction

Hybridization with targeted selection of parental forms
remains one of the most important ways to create durum
wheat varieties. Therefore, the study of the source material
is the main factor in successful breeding. The doctrine of the
source material was developed by K.A. Flaksberger (1934),
N.I. Vavilov (1935) and was further developed in the works
of many researchers.

The main bank of genetic resources is the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR)
with its branches and bases in various climatic zones of the
country, the number of which, unfortunately, has greatly
decreased in recent years (Lyapunova, Andreeva, 2020).
From 2000 to 2007, a large number of samples was received
from the International Center for the Improvement of Maize
and Wheat (CIMMYT, Mexico) within the collaboration
under the agreement and cooperation program; from 2000
to the present time, samples have been received under the
program of the Kazakh-Siberian Network for the Improve-
ment of Spring Durum Wheat (KASIB). At the same time,
the basis for the creation of varieties is the breeding material
obtained with the involvement of samples from CIMMYT
and exposed to natural selection in local soil and climatic
conditions.

In recent years, interest in local and ancient varieties of
durum wheat has increased (Pagnotta et al., 2005; Kan et al.,
2014; Peneva, Lyapunova, 2020), as they are characterized
by unique features and, above all, resistance to a number
of adverse environmental factors that have a major impact
on plant survival, and to some races of local populations of
fungal and bacterial diseases.

In the last century, many works were devoted to the
evaluation of the source material carried out in the condi-
tions of Siberia, the Volga region, Ukraine, Kazakhstan,
Uzbekistan and other regions of the former Soviet Union
(Evdokimov, 2006). In recent years, the trend has been
reflected in the works of domestic scientists engaged in
the directions of selection to increase yields, adaptability,
grain quality and disease resistance (Ziborov, Rozova, 2012;
Evdokimov et al., 2017; Malchikov et al., 2018; Mukhitov,
Timoshenkova, 2018; Samofalova et al., 2018; Dorokhova,
Kopus, 2020; Rozova et al., 2020; Malchikov, Myasnikova,
2021;Yusov et al., 2021).

The need to study the collection material in Siberian
conditions lies in the fact that the behavior of the genotype
in different environmental conditions is far from the same.
At the same time, the study of the source material should
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be carried out taking into account the main directions of
breeding: further increase in yield and adaptive potential,
quality of grain and pasta, resistance to diseases and stabi-
lity of agronomically important traits. For the Omsk region,
with sharp fluctuations in meteorological factors during the
growing season and by year, such stability is of paramount
importance.

Preservation, study and replenishment of the gene pool
with new forms is relevant in the purposeful screening of
source material in breeding programs (Likhenko et al.,
2014). This will make it possible to make a certain contribu-
tion to the creation of varieties that meet the requirements
of agricultural production and the implementation of the
scientific program “Bread of Russia” in 2022-2027, which
is aimed at accelerating, stabilizing the selection process and,
ultimately, ensuring the country’s food security.

The main aim is to identify promising sources of agro-
nomically important traits for the creation of varieties of
durum spring wheat in the conditions of Western Siberia.

Material and methods

The objects of research were samples from the VIR collec-
tion. From 2000 to 2007, a large number of samples was
received from CIMMY T within the collaboration under the
agreement and cooperation program, from 2000 to the pre-
sent time samples have been received through the Kazakh-
Siberian Network (KASIB). In recent years, varieties and
breeding material have been obtained from other scientific
institutions of Russia (Altai Research Institute of Agricul-
tural Sciences, Samara Research Institute of Agricultural
Sciences, Research Institute of Agricultural Sciences of
the South-East, Voronezh FASC named after Dokuchaev)
as part of an exchange.

The principle of the approach to the development of the
material was as follows: after the first year of study, samples
with low values for a set of indicators were rejected, and the
selected genotypes were further tested in the second year.
For three years, only promising samples were tested. The
number of genotypes studied was more than 3 thousand.

A significant part of the gene pool was from North Ame-
rica — Mexico, USA, Canada; Russia, CIS countries — Ka-
zakhstan, Azerbaijan; Ukraine; European countries — Italy,
Spain, Portugal, France; a small number of samples came
from the Middle East — Turkey, Israel, Yemen; Central,
East and South Asia — Iran, China, India; North Africa —
Algeria, Morocco, Tunisia, Ethiopia; South America — Chili
(Table 1). The bulk of the material from the North American
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Table 1. Volume of study of the collection material of spring durum wheat (2000-2020)

Region Years

2 0 00_2005 .................... 2 006_2010 ...........
Russ'a ......................................... 232 ................................ 219 ........................
Clscountnes ............................. 151 ................................. 50 ..........................
Eu rop .G.: ........................................ 6 .................................... 68 ..........................
MlddIEEast ................................ 5 .................................... 5 ............................
NorthAfnca ............................... 014 ..........................
NorthAmenca ........................... 2853 .............................. 569 ........................
5 OUth A me nca ........................... 0 .................................... 2 ............................
TOtaI ............................................ 3247 .............................. 927 ........................

continent came from Mexico (CIMMYT). In 2000-2007,
with an annual intake of 3 nurseries (IDYN — International
Durum Yield Nursery, EDUIT — Elite Durum Unrepricield
Yield Treals, IDSN — International Durum Screening Nur-
sery), the total volume was 2711 samples. Under the KASIB
program, 210 genotypes were studied, and 186 genotypes
were studied from the VIR revenues. In addition, samples
were studied at the final stages of the selection process
(preliminary and competitive variety testing).

To study the gene pool of durum wheat, a collection
nursery was annually laid in the breeding stationary of the
durum wheat breeding laboratory in accordance with the
guidelines of the VIR (Merezhko et al., 1999), as well as a
nursery of competitive and environmental tests according
to the GSU methodology (Methodology of State Variety
Testing..., 2019). In 2000-2008, the Omskaya jantarnaya
variety was used as a standard, and since 2009 an additional
standard has been introduced — the Jemthujina Sibiri.

Sowing was carried out on plots with an accounting area
of 2-3 m? (collection), 10 m? (competitive, environmental
test) in 2—4 repetitions with the SSFC-7 planter. Harvesting
of plots was carried out by the combine HEGE 125.

Indicators of the test weight of grain, pasta properties, sus-
ceptibility to major diseases were determined by generally
accepted methods (Kolmakov, 2007; Koishybayev, 2018). To
assess susceptibility, the CIMMYT scale was used: 0 — im-
mune, there are no signs of the disease; R — stable, chlorous
spots are formed, occupying up to 5-10 % of the leaf surface
(on the Stekman scale, 1 point); MR — medium resistance,
pustules are small, there are chlorotic zones occupying no
more than 10-25 % (2 points); MS —medium susceptibility,
pustules are small, occupy up to 40-50 % of the leaf surface
(3 points); S — high susceptibility, pustules are large, occupy
up to 50-100 % of the leaf surface (4 points).

Mathematical processing of the results was carried out
according to B.A. Dospekhov (2012) using a package of
applied statistical programs Microsoft Excel. The parame-
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Total

......... 2 011_20152016_2020

........ 227159837
........ 9157349
........ 226102
........ 41226
........ 10125
........ 88143524
........ 002
........ 4422494865

ters of ecological plasticity were calculated according to
S.A. Eberhart, W.A. Russel in the presentation of V.A. Zykin
and co-authors (Zykin et al., 2011). Analysis of principal
components (Principal compatible analysis, PCA) was car-
ried out using the R version 4.0.3 package.

Results and discussion

Yield and adaptability

The studied samples in nurseries from CIMMYT in terms
of yield were significantly inferior to the Omskaya jantar-
naya standard. The average yield in nurseries ranged from
51.6 to 87.5 %. The number of genotypes at or above the
standard level in kennels 32 IDYN, 37 IDYN, 38 IDYN,
35EDUYTwas 1-2,in 33 IDYN, 34 IDYN, 36 IDYN - 34,
in 30 EDUYT, 34 EDUYT, 36 EDUYT — 5-6, and only in
32 EDUYT - 18 samples. In nurseries 35 IDYN, 31 EDUYT,
33 EDUYT, not a single sample formed a yield at the level
of the Omskaya jantarnaya variety.

In terms of yield and adaptability in these nurseries,
Anade 1/Tarro 1//Lican (32 IDYN), Nehama 15/Brisina 2//
Plata 9 deserve attention (30 EDUYT), SN Turk MI183-84/
Nigris5; GA//2* Chen/Altar 84; Cado/Boomer 33; Dip-
per 2/Bushen 3; Himan 9/Lotus 1; Crake 10/Rissa; Chen/
Altar 84/3/Hui//Poc//Bub/Rufo/4/Fnfoot (32 EDUYT),
Cndo/Vee//7*Plata 8/3/Plata_L/Snm//Plata 9; Vanrrikse 14/
Plata 6//Green 17; Plata 22/3/Magh 72/D67.2//FGO
(34 EDUYT), Arment//Srn_3/Nigris 4/3/Canelo 9.1
(35 EDUYT), Minimus_6/Plata 16; Ajaia 16//Hora/JRO
(36 EDUYT). Among those presented in Table 2, 15 geno-
types combine yield with high nature, 5 with the color of
pasta, 8 with resistance to hard smut, 6 to powdery mildew,
25 to leaf rust.

Among the studied varieties of the VIR collection in
2000-2003, the following were identified in terms of yield:
k-59881, k-60388, k-60364, k-60366, k-60413, k-61303,
the following samples had an advantage and the color of the
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Table 2. Characteristics of the high-yielding samples from CIMMYT nurseries

Samples Yield to Test Pasta Damage, % Nursery,
standard, weight, color, ball o ear
% g/l Hard smut Powdery  Leaf rust
mildew

32 IDYN
2000-2001

30 EDUYT
2000-2001

34 IDYN
2002

32 EDUYT
2002

34 EDUYT
2004

37 IDYN
2005

35 EDUYT
2005

2007

* Average data on kennels are given.

pasta: k-59881, k-60388, k-60364. All these specimens were  tested. Due to the shortened lower internodes, they are highly
resistant to lodging, due to the optimal ratio of anatomical  resistant to lodging, their disadvantages are low drought
features of the stem. In the 2007-2008 cycle, short-stemmed  resistance and yield. However, 4 samples k-62658, k-63126,
samples from Europe, the United States and Canada were  k-63160, k-64353 formed a yield at the level of the Omskaya
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Table 3. Characteristics of the highest productivity samples from the VIR collection

Number of catalogue Origin

Omskaya jantarnaya Standard

k-59881 Russia
k59888 ..................................

k-60364 Ukraine

k-60366 Kazakhstan

k-60388 Russia

k-60413 Syria

k-61303 USA

k-61631 Canada

k-61645 Syria
k61645 ..................................

LSDgs

k-62658 USA

k-63126 France
k63160 ..................................

k-64353 Canada

LSDgs

Jemthujina Sibiri Standard

k-6386 USA

k-61619 Ukraine
k63821 ..................................

k-64953 Russia

Sladunitsa Ukraine

LSDgs

k-64488 Russia
k66294 ..................................
k66519 ..................................
k66675 ..................................
k66886 ..................................
k66887 ..................................

LSDys

Yield to Pasta color, Test weight, Long of stem, Years of study

standard, % ball g/l cm
1000 ....................... 39 ........................... 775 ............................ 900 ....................... 2000_2008 ..........
1031 ........................ 39 ........................... 768”40 ....................... 2000_2003 ..........

988 ....................... 36 ........................... 7731260 ......................
1005 ....................... 38 ........................... 7761080 ......................
1005 ....................... 34 ........................... 765 ............................ 990 ......................
1088 ....................... 37 ........................... 758”00 ......................
1088 ....................... 35 ........................... 754”80 ......................
1174 ....................... 37 ........................... 7761020 ......................
..................................................................................... 93835770600
..................................................................................... 92334762680

923 ....................... 34 ........................... 748 ............................ 680 ......................
....................................................................................... 8 401310385
1012 ....................... 34 ........................... 761 ............................ 646 ....................... 2007_2008 ..........
1043 ....................... 31 ............................ 772 ............................ 546 ......................

1054 ....................... 32 ........................... 753 ............................ 398 ......................
”85 ....................... 35 ........................... 760 ............................ 549 ......................
..................................................................................... 10201012553
1000 ....................... 32 ........................... 778 ............................ 830 ....................... 2009_2020 ..........
..................................................................................... 813337608002009_2012
1054 ....................... 30 ........................... 769 ............................ 780 ......................

877 ....................... 36 ........................... 770 ............................ 760 ......................
..................................................................................... 91929762880
..................................................................................... 91032777850
....................................................................................... 8 501015276
..................................................................................... 9594276310902019_2020

855 ....................... 35 ........................... 7941004 ......................

806 ....................... 35 ........................... 810 ............................ 958 ......................

923 ....................... 34 ........................... 769 ............................ 843 ......................

762 ....................... 33 ........................... 8131034 ......................

760 ....................... 33 ........................... 812 ............................ 899 ......................
....................................................................................... 9 8012”383

jantarnaya standard and above (with an increase of 1-18 %),
but they do not represent breeding value in terms of grain

quality (Table 3).

In 2009-2012, out of 62 genotypes, only one (k-61619)
formed a yield above the Jemthujina Sibiri standard by

18.5 %, but by the test weight of the grain and the color of
pasta, the indicators were low. When studied in 2019-2020,
the most productive forms had a yield of 92-96 % in relation
to the yield level of the Jemthujina Sibiri standard —k-64488,
k-66675.
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Table 4. Sources of high productivity and adaptability from KASIB nurseries

Variety Origin Years of Nursery Yield, Rank bi 0%d;
study Omsk, of adaptability
rank
24293 ............................................ Karaba|ykAE5 ........................... 2000 ................ KAS|B1 ................ 116161 ......... 007 .......

OmSkayaJantamayaStandard ..... OmSkASC .................................. 3 ................. 2 ............................ 070 ........ 070 .......

6430_88 ........................................ Karaba|ykAE5 ........................... 2001 ................. KAS|32 ............... 2 ................. 2+189 ........ 016 .......

Karga|a3 ........................................ AktObeAEs ................................ 315 .......................... 055 ........ 063 .......

JemthquaSIbm ........................... OmSkASC .................................. 2003_2004 ...... KAS|B4_5 ........... 3 1+ .......................... 097 ........ 013 .......

Karga|a3o ...................................... AktObeAES ................................ 1 .................. 3+ .......................... 085 ........ 013 .......

694_9_1 .......................................... OmSkASC .................................. 2005_2006 ...... KAS|B6_7 ........... 3 ................. 3+104 ........ 007 .......

G.748 FASCA 2015-2016  KASIB16-17 1 10 1.71 0.17
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Note. G - hordeiforme, Leuc. - leucurum, L - line. AES — Agricultural Experimental Station; ASC — Agrarian Scientific Center; ARI — Agricultural Research Institute;
FASCA - Federal Altai Scientific Center for Agrobiotechnology; SPC GP named after Baraev - Scientific and Production Center of Grain Farming named after

A.l. Barayev.

The Kazakh-Siberian Spring Wheat Improvement Net-
work (KASIB), established in 1999, provides for the ex-
change of genetic material and the testing of samples over
a vast territory of Russia and the Republic of Kazakhstan
(43-55° N, 55-85° E) with an annual precipitation range

0f 250-500 mm. The main advantage of this project is that
within one year when tested in different ecological points,
and there are 68 of them for durum wheat, it is possible
to evaluate genotypes by a complex of traits: adaptability,
drought resistance, stability and purposeful inclusion of them
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in the breeding process as sources of the main economically
valuable traits.

Table 4 presents the most productive varieties and lines in
the conditions of Omsk that formed a high average yield for
all points of variety testing of the KASIB network, created
in Russia and Kazakhstan. Among them, 18 have a rank
of 1-3 in terms of average yield and are adaptive forms.
According to the Eberhart—Russell test, genotypes 242.93,
(G.430-88, (Karabalyk Agricultural Experimental Station,
AES), G.97-49-1, Omskiy corall (Omsk Agrarian Scientific
Center, ASC), G.748 (FASCA) are intense — bi = 1.24—1.89,
extensive include Omskaya jantarnaya (Omsk ASC), Karga-
la 3, Kargala 30, Kargala 69 (Aktobe AES) —bi = 0.55-0.89.
Variance deviations from the regression line (c2di) indicate
that they form a stable yield (see Table 4).

Grain quality and pasta properties

Among the CIMMYT material by test weight of grain
276 samples were allocated, by the color of pasta— 131 sam-
ples. The studied set showed a high response to extreme
stressors and most of the forms of interest in grain quality
and resistance to diseases in the conditions of the Omsk
region were low-productive. Therefore, 56 genotypes are
of paramount importance in terms of grain and pasta qua-
lity. By test weight grains and pasta quality in CIMMYT
nurseries deserve attention those in 32 IDYN — Topdy 18/
Focha 1//Altar 84 (test weight 807 g/l, 4.1), Dipper 2/
Bushen 3, Rascon 37/2* Tarro 2; in 30 EDUYT — Ajata/
Bichena, Yavaus/Tez//Altar 84, Wizza 23/Cona, Fulvous 1/
Meowl 13, Dusky 12/Bushen 4, Cham 3/Comdk//Ajata;
in 34 IDYN — Dipper 2/Bushen 3, Yel/Bar/3/Garza/AFN,
Rascon 39/Tilo 1; in 32 EDUYT — Chen/Altar 4/3/Hui/...,
Eupoda 3/Suv 2//Minimus, Kucuk, SN Turk MI83-84/
Nldkls5; in 36 IDYN — Tarro 1/2* Yual 1/Ajata 13, Duck 2//
Cham 3/3/Canelo 9; in 34 EDUYT —samples Plata [/SND//
Plata 9, SN Sturk M 183-84503/Lotus 14, GS/CRA/SBA 81;
in38 IDYN - 1A.1D5+10-/2*WB881, Skest/Krm//Sla/3/...;
in 36 EDUYT — Ajaia 12/F3Local, Stot//Altar 84/ALD,
Rascon 21/3/Mque. A detailed description of the above
sources is presented in the Suppl. Material 1'.

By test weight grains and the color of the pasta, of interest
as sources are the samples from the VIR: k-59881, k-59889,
k-60388, k-60364, k-6386; by nature —k-63281, Sladunitsa;
according to color estimates, pasta — k-61117, k-62657,
k-64353, k-64355, k-64354, k-17985, k-60410.

In KASIB nurseries, grains are valuable by test weight —
Kargala 1538 (Aktobe Agricultural Experimental Station),
Altyn Dala, Sharifa (Karabalyk Agricultural Experimental
Station), Lan (Kazakh Research Institute of Agriculture
and Plant Growing), G.178-05-2, Line 250-06-14 (SPC GP
named after Baraev), G.94-24-12, G.96-160-8 (Omskaya
stepnaya), Omskiy izumrud, G.98-42-5 (Omskiy zircon),
G.00-96-8 (Omskiy lazurit), G.04-85-4 (Omskiy corall),

1 Supplementary Materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Evdokimov_27_7.pdf
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G.00-178-4 (Omskaya birjusa), G.05-42-12, G.08-67-1
(Omsk ASC), G.677,G.829, G.864 (FASCA), Line 653d-44,
L.1469d-21, G.1591-21, Line 1970d-5, Line 2021d-1 (Sa-
mara ARI), Luch 25, Line D-2165 (Research Institute of
Agricultural Sciences of the South-East), Melyana (Oren-
burg ARI). According to the pasta color assessment, Omsk
varieties and lines are allocated — G.94-24-12, Omskaya
stepnaya, Omskiy zircon, Omskiy lazurit, G.05-42-12,
Omskiy izumrud, G.08-67-1, Altai — G.677, G.864, Sama-
ra ARI — Line 653d-44, Saratov — Luch 25, Kazakhstan —
G.178-05-2 (Suppl. Material 2). Of great importance are the
genotypes of Omskiy zircon, Omskiy lazurit, G.05-42-12,
(G.864, Line 653d-44, forming a grain with a high test weight
and color of pasta.

Resistance to biotic factors

Currently, one of the directions of ecological farming is the
creation of immune varieties for pesticide-free technologies.
Selection for disease resistance is a rather time-consuming
and complex aspect since each pathogen has an extensive set
of physiological races and evolves quite quickly, often ahead
of the selection process of the new variety. Therefore, the
search for new resistance genes is one of the most important
in the strategy of plant protection.

In CIMMYT nurseries, for resistance to hard smut,
131 genotypes (0—-1.0 %) were revealed, to powdery mil-
dew — 112 (67 points). Almost all samples were not affected
by leaf rust. Among the samples that have an advantage in
other parameters, 54 were resistant to hard smut, leaf rust,
38 —to powdery mildew. The most interesting are the forms
that are resistant to 2-3 diseases. These include Srn 2//
Yavaus/Hui/3/ (36 IDYN), Malmuk 1/Serrator, Kucuk 2/
Pata 2 (34 EDUYT) that showed immunity to hard smut,
powdery mildew, and leaf rust (damage grade 0). Of great-
est interest are genotypes that combine resistance with
high rates of grain test weight and pasta color. First of all,
we should highlight the samples Dipper 2/Bushen 3, Chen/
Altar 84/3/Hui//Poc//Bub/Rufo/4/Fnfoot (32 IDYN); Lhnke/
Rascon//Cona, Fulvous 1/Mfowl 13/3/Stot//Altar 84/Ald
(30 EDUYT); Rascon 39/Tilo 1, Yel/Bar/3/Garza/AFN/
(34 IDYN); Srn 2//Yavaus/Hui/3/, Cndo/Primadur//Hai
(36 IDYN); Ajaia 4/Yebas, SN Turk MI83-84, Tarro 1/Yuan,
SN Turk MI83-84 03/Lotus, Plata 20/Fillo// (34 EDUYT)
(Suppl. Material 3). Genotypes Fulvous 1/Meowl 13//
Altar 84, Chen//Altar 84... carry resistance genes Lr23,
Sr B, Sr E transmitted from the cultivar Altar 84 (McIntosh
et al., 2008).

All the forms distinguished in terms of grain quality and
disease resistance were actively involved in the breeding
process. Only in the period from 2001 to 2006, with the
participation of Mexican forms, crosses were carried out on
215 hybrid combinations. The share of hybrid combinations
with Mexican samples in these years was 31.6-53.4 %. In
2007, a selection was made from the hybrid combination
Omskaya jantarnaya//Pod 11/Yazi (31 EDUYT), which,
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Table 5. Characteristics of isogenic lines on resistance to stem rust, 2019

Isogenic line (origin lines) Gene Degree of damage, % Infection type
Emkomsrz, .............................................. 2 0 ................................................. M R .............................................
Tmonococcum/g*LMpGGDK135,21 .............................................. 7 0 ................................................. M S .............................................
EXChangeC|126355r23 ............................................. 10 ................................................. R ................................................
Agatha(q14048)/9*|_MPG6DK16 ....................... 5 r25 ............................................. 10 ................................................. M R .............................................
E ag|e 5r26 ................................................................. 5 ,26 ............................................. 1 0 ................................................. M 5 .............................................
KotaRL4715,28 ............................................. 2 0 ................................................. M S .............................................
Se|ectlonfromwebsterF3F4#65,30 ............................................. 2 0 ................................................. M S .............................................
Sen825r37 .............................................. 10 ................................................. M R .............................................
( Benno )/S*LMP Gs . DK42 ........................................ 5 ,37 .............................................. 3 0 ................................................. M S .............................................
Tndent ....................................................................... 5 ,38 ............................................. 1 0 ................................................. R ................................................
RL57115,39 ............................................. 2 0 ................................................. M R .............................................
RL60875,40 ............................................. 2 0 ................................................. M R .............................................
F|emm95,65,245r367RSAm ............... 2 0 ................................................. M R .............................................
Chr|55,705r725,6 ............................. 2 0 ................................................. M R .............................................
Standard ofsusceptl b Ihty ....................................... _ .................................................. 9 0 ................................................. 5 .................................................

subsequently, in 2018 was transferred to the State Test under
the name of the ‘Omskiy corall’ variety, and included in the
State Register of Breeding Achievements in 2021. However,
these lines are of interest as a starting material for further
breeding process.

In Western Siberia, leaf rust, hard and dusty smut, pow-
dery mildew were common among the diseases, and until
recently there was no manifestation of stem rust. The first
foci on spring soft wheat stem rust were discovered in 2007,
from 2008 to 2014 it was observed annually to varying
degrees, but the damage did not exceed 50 %, and epiphyto-
tics of stem rust arose starting from 2015 (Rosseeva et al.,
2019). In subsequent years, stem rust on durum wheat ap-
peared regularly with a degree of damage from 70 to 100 %
(Gultyaeva et al., 2020; Yusov et al., 2021). In recent years,
epiphytotics of wheat stem rust have been noted in the north-
ern regions of Kazakhstan and in the territories adjacent to
the Omsk region of Russia. It was noted that the increase in
the frequency of epiphytotics of stem rust is associated with
the emergence of new virulent races of the causative agent
of the disease and the cultivation of susceptible varieties of
wheat (Rsaliev A.S., Rsaliev Sh.S., 2018).

The results of the evaluation of isogenic lines from the
CIMMYT International Stem Rust Trap Nursery (ISRTN)
in the field in 2019 with maximum damage showed that
genes Sr23 (Exchange), Sr25 (Agatha(CI14048)/9*NMPG-
6DK16), Sr31 (Seri 82), Sr38 (Trident) (degree of damage
10 %, infection type R—-MR) are effective against the local
stem rust population. Genes Sr21 (Einkorn), Sr26 (Eagle
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Sr26), Sr39 (RL 5711), Sr40 (RL 6087); pyramids of genes
Sr6, Sr24, Sr36, 1RS-Am (Fleming) and Sr7a, Sri2, Sr6
(Chris) inhibit the damage (up to 20 %). The remaining lines
were affected by 30—80 %, with the type of infection MS—S
(Table 5). The susceptibility standard had a lesion rate of
90 % (infection type S). The high efficiency of the Sr37,
Sr38, Sr40 genes was previously identified in the conditions
of Omsk by V.P. Shamanin and colleagues (2020). It should
be noted that the effectiveness of genes Sr21, Sr31 in differ-
ent varieties was different. The Seri 82 variety showed re-
sistance to the population, and the line (Benno)/8*L MPG-8
DK42, also carrying the Sr3/ gene, was affected. A similar
picture was observed in the effectiveness of the Sr2/ gene,
which was previously noted by L.P. Rosseeva and colleagues
(Rosseeva et al., 2017).

The racial composition of stem rust populations varies
considerably from region to region. In addition, the biotype
composition of races is not of the same type. According
to M.S. Hovmeller (2017), a comparative analysis of the
TTTTF race isolated in Omsk differs significantly from
that of the Sicilian race. This explains the differences in
the efficiency of Sr genes in territorial and temporal space
(Sochalova, Likhenko, 2013; Rosseeva et al., 2017).

Over the 19 years of the KASIB program’s existence,
210 samples have been studied. As sources for resistance
to the local population of stem rust, the following varieties
have been distinguished: G.03-20-18, Omskaya jantarnaya,
Omskiy izumrud, G.04-85-4 (Omskiy corall), G.05-42-12,
G.08-67-1, G.08-107-5 (Omsk ASC), Kargala 28, Kar-
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Fig. 1. Distribution of varieties and lines of durum wheat in the plane of
the main components by the degree of stem rust damage in the field in
2019-2020.

1, Jemthujina Sibiri; 2, Omskiy izumrud; 3, Omskiy corall; 4, Triada; 5, Odysseo;
6, Soyana; 7, G.250-06-14; 8, Line 1927d; 9, G.07-115-1v; 10, G.08-76-1;
11, G.08-107-5; 12, G.0-68-1; 13, G.09-122-1; 14, G.10-32-4; 15, G.10-33-4;
16, G.11-48-12; 17, G.12-9-3; 18, G.16-8-2; 19, G.16-8-4; 20, G.16-8-5;
21,G.16-13-2; 22, G.16-13-4.

gala 303, Kargala 1412, Kargala 1514, Kargala 1516/06
(Aktobe AES); Lines 688d-4, 1591d-21, 1560d-18 (Samara
ARI); Durum 49, G.69-08-5, G.178-05-2, Line 250-06-14
(SPC GP named after Barayev); Line No. 9 from Karabalyk
AES (Yusov et al., 2018).

Among the VIR samples, the breeding value for resistance
to stem rust is: k-6386, k-6662, k-46983, k-60410, Iride,
k-65353, k-65733, k-65734.

A comparative study of the varieties of ecological testing
and lines created in the Omsk ASC showed that there are
resistance forms, but the genetic control of resistance in
them is not due to oligogenes (genes of vertical resistance).
Varieties Omskiy izumrud, Omskiy corall, Triada, Odys-
seo, G.250-06-14, Lines 1927d, G.07-115-1v, G.08-76-1,
G.09-122-1,G.12-9-3, Lines 2016-8-2,2016-8-4,2016-13-4;
in accordance with the classification of A.A. Makarov and
colleagues (Makarov et al., 2003) these are genotypes with
high racially specific resistance, the resistance index of
which is, on average, for 2019-2020, 0.21-0.40. They have
a delayed development of the disease, and as a result, a low
value of the AUDPC (area under the disease progress curve),
which ranges from 542 in the Omskiy corall to 696 c.u.
(conventional units) in the Omskiy izumrud, with the value
of the standard variety Jemthujina Sibiri being (1626),
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Fig. 2. Analysis of the main components of the main agronomically im-
portant traits of competitive and preliminary variety trial of spring durum
wheat (in average for 2018-2020).

1,Jemthujina Sibiri; 2, Omskiy izumrud; 3, G.08-67-1;4, G.09-122-1; 5, G.09-73-1;
6, G.10-32-3-1; 7, G.10-32-12; 8, G.10-63-1; 9, G.10-71-3; 10, G.11-45-2;
11, G.11-46-3; 12, G.11-97-3; 13, G.11-98-3; 14, G.12-11-1; 15, G.12-12-2;
16, G.11-92-2; 17, G.11-75-1; 18, G.12-31-1; 19, G 13-18-3.

susceptibility standards being (2230-2873 c.u.). The mini-
mum value of the degree of stem rust damage (16.7 %) was
noted in the Line of 1927d (Fig. 1). Their yields were above
standard. These varieties have a pronounced nonspecific
resistance, which is expressed by the delayed development
of'the disease and can persist for a long time. The genotypes
of Soyana, G.08-107-5, G.09-68-1, G.10-32-4, G.10-33-4,
G.11-48-12, G.16-8-5, G.16-13-2 have moderate racial-
specific resistance.

The problem of resistance to diseases, including stem
rust, has always been given special attention in the breed-
ing programs of Omsk ASC, therefore, at present, varieties,
promising samples and lines that are of interest primarily
as sources of resistance to this pathogen have been created.
At the final stages of the breeding process, 15 genotypes
resistant to leaf rust, 11 to stem rust, 8 to hard smut, 10 to
powdery mildew were identified. Highly productive breed-
ing lines with a yield of more than 5.0 t/ha (Jemthujina Sibiri
standard — 4.5 t/ha), with complex resistance to 3—4 diseases
have been created: G.10-32-3-1, G.10-63-1, G.10-71-3,
G.11-98-3, G.11-75-1, G.12-31-1 (Fig. 2).

Along with this, there is a danger and a threat of penetra-
tion from the countries of the Middle East and Central Asia
of the malicious race of stem rust Ug99, which was first
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Table 6. Entries resistant to stem rust race Ug99 (assessment in Kenya)

Entries Origin Damage, % Infection type  Year of assessment Nursery

Duumas SPCGPnamedafterBarayev 10 ws on kASB12
6748 ........................................ FASCA ............................................. 5 ............................. MSS ........................ 2015 .................................. KAS|B16_17 ........
lavia SPCGPramedafierBarayey 10 moo

L1307d54 .............................. SamaraAle ........................... MSS .......................

6950/99 .................................. KarabalykAEs ................................ 5 ............................. MSS .......................

Omskyizumnud omskasc 10 ws o0 kAsB22
OmSkly |azu”t .......................... 10 ........................... MS _________________________

GH 773 .................................. 0 5 .......................... MS .........................

G 04358 ................................. OmSkASC ....................................... 5 ............................. RM R ....................... 20” .................................. BN3 ......................
G 04544 .................................. 5 ............................. RM R ......................

G 04413 .................................. 5 ............................. R ............................. 2 012 .................................

G 04415 .................................. 5 ............................. RM R ......................

G 05 31 .................................... 10 ........................... M ...........................

G 07 331 .................................. 10 ........................... M ...........................

G 06 53 .................................... 5 ............................. MS S ........................ 2015 .................................

G 07 2 “0 ................................ 10 ........................... MS S .......................

G 07 2810 ................................ 10 ........................... MS S .......................

G 08 555 .................................. 0 ...........................................................

G 08 943 .................................. 0 ...........................................................

G 08 1068 ................................ 10 ........................... M ...........................

G 08 1072 ................................ 10 ........................... MS S .......................

610 327 .................................. 5 ............................. MR .......................... 2016 .................................

G 07 414 .................................. 10 ........................... MS .........................

G 08 671 .................................. 10 ........................... MR .........................

G 09 5 H .................................. 10 ........................... MR .........................

G 09 682 .................................. 10 ........................... M ...........................

G 09 1221 ................................ 10 ........................... MS .........................

G 1 0 324 .................................. 10 ........................... MR .........................

G 07 1 151 ................................ 10 ........................... MR .......................... 202 0 .................................

GH 491 .................................. 0 1 ........................... MS .......................... 202 1 .................................

G 1 1 463 .................................. 1 .............................. MS .........................

G 1 1 983 .................................. 10 ........................... MS .........................

612172 .................................. 0 ...........................................................

Jemthujina Sibir standard OmskASC o wss o0 kASB22
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discovered on the African continent in Uganda and named
after the place of its first discovery (Shamanin et al., 2015).
A cause for concern is the TTKSK pathotype, which has
high virulent properties and overcomes the effectiveness of
many wheat resistance genes, including the Sr3/ gene (Singh
et al., 2015). The effectivity of Sr9e¢ durum wheat genes in
Kronos (Li et al., 2021), Sr/3 in Cirilla (Laido et al., 2015)
and Fielder (Zhang et al., 2017) in Africa and Kronos, Kofa,
Medora, Scepter varieties in Canada (Simmons et al., 2011)
have been shown. Effective under Canadian conditions,
genes Sr8 and Sr/4 have been identified in grade A9919-
BYS5C (Kumar et al., 2021).

In accordance with the program of international coope-
ration under the auspices of CIMMYT, breeding material
created in the Omsk ASC, as well as samples and lines of
KASIB, were sent to Kenya for evaluation in different years.
In the kennels of KASIB, 7 genotypes showed resistance
to the Ug99 race: Durum 49, Lavina (SPC GP named after
Barayev), G.950/99 (Karabalyk AES), G.748 (FASCA),
L.1307d-54 (Samara ARI), Omskiy izumrud, Omskiy lazu-
rit, G.11-77-3 (Omsk ASC). When evaluating the breeding
nursery, 27 numbers showed resistance to the Ug99 race.
Among the immune forms are G.08-55-5, G.08-94-3,
G.12-17-2 (Table 6).

Conclusion

Based on the studies conducted in 2000-2021, when
studying the gene pool of durum wheat from CIMMYT,
50 genotypes were identified at the level of the Omskaya
jantarnaya standard in terms of yield, 276 grains by test
weight, 131 samples by pasta color, 131 samples in terms
of resistance to hard smut, and 112 samples to powdery
mildew. Almost all samples were not affected by leaf rust.
The studied set of samples are of interest due to their grain
quality and disease resistance but have low productivity
in the conditions of the southern forest-steppe of Western
Siberia. 56 genotypes have been identified for resistance
to hard smut, 54 — to leaf rust, 38 — to powdery mildew, in
combination with other valuable features.

In KASIB nurseries, 29 samples have been selected for
high yield and adaptability, 29 for grain quality, 21 for
disease resistance, including 8 for resistance to stem rust.
Among the varieties from the VIR collection, there are
15 adaptive genotypes, 16 with high grain quality, and
11 resistant to stem rust.

In the conditions of the Omsk region, effective genes for
resistance to the local population of stem rust are Sr23, Sr25,
Sr26, Sr31, Sr38. Sr39, Sr40 genes; pyramids of genes Sr6,
Sr24, Sr36, IRS-Am (Fleming) and Sr7a, Sri2, Sr6 (Chris)
restrain the damage (up to 20 %).

A new breeding material has been created that combines
complex resistance to leaf, stem rust, hard smut, powdery
mildew with high yields and good grain quality. When
evaluating the breeding material, 17 numbers resistant to
the local population of stem rust (6 of them have complex
resistance) and 25 race-resistant to Ug99 were identified.
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The genotypes identified as a result of research are of
interest as sources of valuable traits. Part of the studied
material is included in the scientific program of the “Bread
of Russia”.

The studied gene pool of durum wheat, which includes
a large set of varietal samples of various ecological and
geographical origin, will contribute to the purposeful se-
lection of parent pairs, in accordance with the principles of
geographical remoteness and genetic divergence, developed
by N.I. Vavilov (1935), which are still relevant at the pre-
sent time.
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Mineral composition of repair raspberry (Rubus idaeus L.) fruits
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Abstract. In recent years, raspberry breeding has shifted its emphasis from agronomic performance to characteristics
related to the sensory qualities of the fruit and its potential health benefits. The therapeutic and preventive properties
of raspberries are related to their biochemical composition. In this regard, the purpose of the work was to determine
the content of macro- and micronutrients in fruits of different cultivars of repair raspberry using modern high-tech
analytical methods and the selection of genetic sources of the analyzed elements for further breeding. The objects
of the research were 17 cultivars of repair raspberry of different ecological and geographical origin from the genetic
plant bioresource collection of FSBSO ARHCBAN. It was found that the ash residue of berries contains 12 major ele-
ments, which form the following descending series: K>P>Mg=Mo>Ca>S=Ni>Zn>Mn >Se>Fe = Co. The largest
proportion of ash residue in raspberry fruits is K. Depending on the cultivar, its quantity averaged from 12.81 wt %
(Samorodok and Karamelka) to 22.37 wt % (Atlant). The minimum K content was observed in the ash of the Carolina
cultivar (5.62 wt %), while in berries of this cultivar Mg (2.91), Ca (2.62) and Zn (0.14 wt %) accumulated above aver-
age. Among the group of early maturing cultivars, the cultivar Yubileinaya Kulikova stands out with a high content of
Mo (4.63), Ca (2.19), Fe (0.25) and Co (0.21 wt %). The cultivar Pingvin is characterized by a high content of K (22.65)
and Se (0.31 wt %). The medium maturity cultivar Samorodok is characterized by a higher content of P (4.08), S (0.47),
Ni (0.51) and Zn (0.26 wt %). Among the late maturing cultivars, the cultivar Poranna Rosa stands out with the prefe-
rential accumulation of nine elements: Mg (2.98), P (4.42), S (0.36), K (20.34), Ca (1.71), Mn (0.14), Co (0.13), Se (0.21)
and Mo (3.08 wt %). Correlation relationships between the elements have been established. Samples with the highest
accumulation of macro- and microelements in berries represent genetic sources for further selection of raspberry for
improvement of the mineral composition of fruits.

Key words: Rubus idaeus L.; cultivars; mineral composition; berries; energy dispersive spectrometry.
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MuHepaabHbIN COCTaB IUVIOL0OB PEMOHTAHTHOV MaJIHBbI
(Rubus idaeus L.)

C.M. MotbiaeBa @, C.H. EBpoxumenko, M.A. TToaraeuxuit, T.A. Tymaesa, O.B. Bypmenko, H.IO. CBuctyHoBa,
A.B. ITanumesa, V1.M. Kyankos

(DepepanbHbIii HayuHbIl CENEKLIMOHHO-TEXHONOTMUYECKII LIEHTP Caj0BOACTBA 1 MMTOMHUKOBOACTBa, MockBa, Poccua
® fncsad@fncsad.ru

AHHOTauumA. B nocnegHmne roapbl akLeHT B cenekumm ManmnHbl CMeCTUCA C arPOHOMUYECKMX NOoKa3aTesiell Ha Xapak-
TEePUCTUKM, CBA3AHHbIE C CEHCOPHbIMM KayecTBaMu NJIOA0B 1 MOTeHLManbHOM NONb30M UX ANA 340poBbA. TepanesTu-
yeckme v npodunakTnyeckre CBONCTBa MasiMHbl 06YCNOBNEHbI ee BUOXMMNYECKMM COCTaBOM. B cBA3M ¢ 3TMM Uenblo
paboTbl 6bINI0 OnNpefeneHne Cofep)KaHNa Makpo- 1 MKPO3IEMEHTOB B MJI0AaxX PasfIMUHbIX COPTOB PEMOHTAHTHOM
ManuHbl C MOMOLLbIO COBPEMEHHbIX BbICOKOTEXHOMOMMYHBIX aHaIMTUYECKX METOAOB U BblAeNeH e FeHeTUYeCKnX NC-
TOYHMKOB aHanM3MpyemblX SNEMEHTOB ANs AanbHenwen cenekumm. OOGbEKTOM UCCNefoBaHNI CyXunm 17 copToB
MaJiMHbl PEMOHTAHTHOMO TVNa PasfiMYHOrO SKONOro-reorpadruyeckoro NPOUCXOXKAEHNSA 13 FeHETNYECKoN buope-
cypcHol konnekuun pacteHnii ®HL| CagoBopcTBa. YCTaHOBIEHO, UTO B 30/1bHOM OCTaTKe Arof cofepatca 12 oCHOB-
HbIX 3/1eMeHTOB, KoTopble 06pa3sytoT yobiBatowmii pag: K>P>Mg=Mo>Ca>S=Ni>Zn>Mn > Se > Fe > Co. Hanbonb-
LUYIO AOMIO 30/IbHOMO OCTaTKa B Miofax ManvHbl coctaendAet K. B 3aBMcMmMoCTy OT copTa ero KonnyecTso B CpegHem
n3meHseTca ot 12.81 mac.% (Camopopok 1 Kapamenbka) fo 22.37 mac.% (AtnaHT). MuHumanbHoe cofiepxaHue K oT-
meueHo B 3one copta Carolina (5.62 Mac.%), Npun 3TOM B Arofax 3Toro CopTa Bbllle CpeAHMX 3HaUEHNIN HaKanIMBaTCA
Mg (2.91), Ca (2.62) n Zn (0.14 mac.%). Cpepan rpynnbl COPTOB PaHHEro CpoKa CO3peBaHWA BbICOKMM cofiepKaHnem
Mo (4.63), Ca (2.19), Fe (0.25) n Co (0.21 mac.%) Bbigensaetca copt 06unenHaa Kynukosa. CopT MMMHIBMH Xapaktepusy-
eTCA BbICOKMM cofiepaHuem K (22.65) n Se (0.31 mac.%). CopT CaMopofoK CpefHero cpoka co3peBaHmMA OTIMYaeTcA
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NoBblLLEHHbIM cofiepkaHunem P (4.08), S (0.47), Ni (0.51) n Zn (0.26 mac.%). Cpean COPTOB NO3HEr0 CPOKa CO3peBaHUA
no NpenmMyLLeCTBEHHOMY HaKOMEHNIO AeBATY N1IEMEHTOB Bblgensetca copT Poranna Rosa: Mg (2.98), P (4.42), S (0.36),
K (20.34), Ca (1.71), Mn (0.14), Co (0.13), Se (0.21) n Mo (3.08 mac.%). YcTaHOBNEHbI KOPPENALNOHHbIE CBA3N MeXay
anemeHTamu. O6pasLibl C HAUGOMbLUVM HAKOMIEHEM MAKPO- 1 MUKPO3/IEMEHTOB B ATOAAX ABMNATCA reHeTUYECKAMY
VCTOYHVIKaMV AN fanbHenwen cenekymm MaamnHbl Ha ynyylleHre MyuHepanbHOro cocTaBa niofoB.

KnioueBble cnosa: Rubus idaeus L.; copTa; MHepanbHblii COCTaB; Arofbl; SHEPTrOANCMEPCUOHHAsA CMEKTPOMETPYS.

Introduction

Raspberries are one of the most popular berry crops in house-
hold farms and industrial production. In recent years, raspberry
selection has shifted the focus from agronomic characteristics
to characteristics related to sensory qualities of the fruit (Jen-
nings et al., 2016) and potential health benefits (Mazzoni et
al., 2016). At the same time, significant advances were made
in the analytical chemistry of fruits. These new tools generate
knowledge that can significantly accelerate the creation of new
cultivars that meet consumer expectations in terms of sensory
perception and the health benefits of eating fruit. In recent
years, significant researches have identified environmental,
biochemical, and genetic factors underlying the accumulation
of certain compounds in raspberry fruits (Kowalenko, 2005;
Dresler et al., 2015).

Raspberries are a source of biologically active compounds
and minerals that have a positive effect on human health
(Pereiraetal., 2018; Eremeeva et al., 2019). Minerals belong to
the vital components of nutrition (micronutrients) with a wide
variety of physiological functions. They play an important
role in plastic processes, the formation and construction of
body tissues, in particular, the bones of the skeleton. Mineral
substances are necessary for maintaining acid-base balance in
the body, creating a certain concentration of hydrogen ions in
tissues and cells, interstitial and intercellular fluids, as well as
giving them osmotic properties that ensure the normal course
of metabolism. Mineral elements have antioxidant properties,
are involved in redox processes, in carbohydrate, protein,
vitamin and fat metabolism, in the formation of bone tissue,
regulate heat and gas exchange, hematopoiesis, growth, respi-
ration, play an important role in immunobiological reactions,
affect water-salt and acid-base balance (Salmanov, Isrigova,
2004; Nile, Park, 2014; Pochitskaya et al., 2017; Makuev et al.,
2018). For example, Fe, being an indispensable component of
blood, is involved in oxygen transport and oxidative metabo-
lism (Emel’yanova, 2001). Ca is necessary for the formation
of bone and connective tissue, is involved in the transmis-
sion of nerve impulses and muscle contraction (Erdman et
al., 2012). Cu is a part of a number of important enzymes,
normalizes cellular metabolism and catalyzes some of the
reactions necessary for the normal functioning of the brains
and nervous system. Mg is vital for energy metabolism. Mg
and Mn are parts of enzymes, are involved in the metabolism
of carbohydrates, amino acids and cholesterol (Ferlemi et al.,
2016). Zn maintains an optimal concentration of tocopherol,
plays an important role in the growth and development of
plants, in the formation of the immune response, the function
of the nervous system, promotes the absorption of vitamin A
(Frassinetti et al., 2006). In the prevention and treatment of
age-related diseases, antioxidant strategies based on nutrition
are used, including the addition of antioxidants and trace ele-
ments in the prevention (Opara, Rockway, 2006).
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Significant intervarietal differences in the mineral content of
Na, K, Ca, Mg, Fe, Cu and Zn in raspberry fruits of different
colors were established by the studies of Akimov etal. (2021).
The quantitative and qualitative composition of mineral sub-
stances of fruits and berries depends on the botanical species,
cultivar, soil and climatic conditions, methods of cultivation,
etc. (Nilova et al., 2018). Despite the role of micronutrients,
they have not received as much attention as vitamins, and this
may be due to the fact that the safety range between deficiency
and toxicity of some trace elements is relatively narrow.

Nevertheless, with the spread of knowledge about rational
nutrition and the therapeutic and prophylactic properties of
fruits and berries among the population, the demand for them,
including raspberries, is growing, which is mostly satisfied by
repair cultivars (Gambardella et al., 2016; Orzet et al., 2016;
Moreno-Medina et al., 2018; Evdokimenko, 2020). Despite the
popularity of repair raspberries in industrial production, there
is only fragmentary information about the mineral composition
of its fruits in the scientific literature. Comparative studies of
the mineral composition of the repair raspberries berries of the
Federal Research Center of Horticulture collection have not
previously been conducted. Consequently, the systematization
of the content of macro- and microelements in the fruits of
repair raspberry cultivars using modern high-tech analytical
methods and the typification of samples of the Rubus idaeus L.
collection is very relevant.

In this regard, the purpose of our work was to determine the
content of macro- and microelements in the fruits of various
cultivars of repair raspberries using modern high-tech analyti-
cal methods and to isolate the genetic sources of the analyzed
elements for further selection.

Materials and methods
The research was conducted in 2021 in the Laboratory of
Biochemistry and Physiology of Plants of the Federal State
Budgetary Institution of the Federal Research Center of
Horticulture. The objects of study were the fruits of 17 repair
cultivars of raspberries (Rubus idaeus L.) of various ecologi-
cal and geographical origin, differing in terms of ripening,
color and other economic and biological signs and properties
(Table 1). The raspberries were grown on the site of the genetic
collection of the Kokinsky experimental station of the Federal
Research Center of Horticulture, located (53.154935° N,
34.123027° E), according to the generally accepted technology
with late autumn mowing of stems (Kazakov et al., 2016).

The soils were gray forest, well cultivated, medium loamy.
The depth of the arable layer was 26 cm, the humus content
was 3.2 %, P,O5 was 35 mg per 100 g of soil, K,O was 13.5 mg
per 100 g of soil, the reaction of the soil solution was slightly
acidic (pH 6.1).

The scheme of planting on the site was single-row, the
distance between the rows was 3 m, and between the plants it
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Table 1. The characteristics of the objects of the research

Mineral composition of repair
raspberry (Rubus idaeus L.) fruits

Country of breeder

Sample name

was 0.5 m. During the season, one spring nitrogen fertilization
was carried out (35 kg/ha a.i.). The intervals of the rows in the
first half of the growing season were kept under pure steam,
and after flowering under natural grassing.

A representative sample of mature raspberries with an
average weight of 200 g was dried in a drying oven at a tem-
perature of 50—60 °C. The dried samples were mineralized
in a muffle oven Naberterm (Germany) at a temperature of
450 °C in accordance with the Russian State Standard GOST
26929-94 (2002). The resulting ash was dispersed by ultra-
sound at a frequency of 18 kHz for 15 min. A uniform layer of
disperse was applied to a stage table covered with carbon tape.

The chemical composition of 12 main ash elements — Mg, P,
S, K, Mn, Co, Fe, Ca, Zn, Ni, Se and Mo — was determined by
energy dispersion spectrometry (EDS) on an analytical scan-
ning electron microscope JEOL JSM 6090 LA in accordance
with the technique (Motyleva, 2018). The resolution of the
microscope was 4 nm, the accelerating voltage was 20 kV
(image of secondary electrons). The working distance during
the elemental analysis was 10 mm. The energy-dispersive mi-
croanalysis data were presented in accordance with standard
protocols and included images of the microstructures of the
sample under study, a table of weight data and spectral lines
of the diagnosed elements. An example of an analysis report
is shown in Figure 1.

The concentration of the desired elements was determined
by the intensity of the spectral lines. The accuracy of chemical
analysis was determined as follows: at the concentration of
elements from 1 to 5 %, the accuracy was less than 10 %; at
the concentration of elements from 5 to 10 %, the accuracy
was less than 5 %; and at the concentration of elements more
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Ripening terms

Fruits color
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than 10 %, the accuracy was less than 2 %. In total, 10 sites
of each sample were examined. The local analysis was 3 mm,
and the scanning area was at least 12 pm.

The results were expressed as average values (n = 10) as
standard deviation (SD). We used the statistical analysis of
the Excel package (Microsoft Excel, v. 2016).

Results and discussion

Raspberries are known to be rich in minerals (Pereira et al.,
2018). 12 main elements that form a descending series have
been identified: K > P > Mg > Mo > Ca > S > Ni > Zn >
> Mn > Se > Fe > Co. Among the macronutrients, K has had
the highest concentration, which is observed in fruits and other
berry crops —actinidia, blackberries, strawberries, blueberries
(Motyleva et al., 2017; Pereira et al., 2018).

The highest value of K from 20.34 to 22.65 wt % was ac-
cumulated in 6 varietal samples — Poranna Rosa, Yubileynaya
Kulikova, Zhar-Ptiza, Erika, Atlant and Pingvin. The lowest
K content of 5.62 wt % was observed in the fruits of the culti-
var Carolina (Table 2). In raspberries of early and late ripening
periods, a 34 % higher accumulation of K was noted, which
may be associated with the genotype of the cultivars.

Differences in the accumulation of K in raspberries with
various fruits colors were revealed. In the berries of dark-
colored and red cultivars of raspberries, the average content
of K was 18.22 and 15.91 wt %, respectively. In light-colored
berries (3 cultivars in total), the content of K ranged from
14.71 (Maravilla) to 21.88 (Zhar-Ptiza) and in yellow-colored
berries it was 20.34 (Poranna Rosa) by weight %, respectively.
Akimov et al. (2021) also mentioned the high content of K in
yellow-colored raspberries of the cultivar Zheltuy Gigant. The

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 7



C.M. MoTtbineBa, C.H. EBgoknmeHko, M.A. MNMoaraeukuni ... MwuHepanbHbI cocTaB NnoJoB 2022
H.I0. CBuctyHoBa, [.B. MaHuwesa, .M. Kynnkos peMoHTaHTHOW ManunHbl (Rubus idaeus L.) 26.7
10 0.01
09 Element | keV mass % | Error %
08 MgK 1.253 342 0.31
o7 Mn K 5486 | 216 | 024
oM
4 061 SK 1739 | 048 | 025
% 051 PK 2013 | 1.02 | 030
5 041 KK 3312 | 2389 |om
3 . . .
() 031
FeKesc CaK 3.690 1.80 0.15
0.2 1
o1 Ni K 4.508 0.64 0.22
oo ] FeK 6398 | 023 | 028
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0
keV
JEOL
Fig. 1. The results of EDS-analysis. Spectral lines of diagnosed elements and a table of results.
keV is the energy of the X-ray radiation of the K-level; mass % is the weight part of the element; Error % - detection error recorded by the instrument.
Table 2. The content of K in the samples of Rubus idaeus L., wt % in ash
Cultivar K,wt% max min SD V, % Cultivar K,wt%  max min SD V, %
Early ripening Late ripening
Pingvin 22.65 23.75 22.16  0.531 2.344 | Zhar-Ptiza 21.88 2288 2031 0.756 3.454
Yubileynaya Kulikova  21.17 2245 19.28 1.097 5.192 | Atlant 22.39 2324 21.08 0.669 2.987
Medvezhonok 15.91 16.88 14.11 0.791 4.978 | Karamelka 12.81 1401 1215 0.603 4.694
Average 19.91 Brice 19.08 20.21 1733 0.967 5.069
Medium ripening Carolina 5.62 16.61 1488 0.658 4.207
Elegantnaya 16.81 17.98 15.384 0.601 3.582 | Poranna Rosa 20.34 2238 1925 0.894 4.398
Samorodok 12.81 13.44 12.08 0486 3.807 | Erika 22.25 2341 21.89 0.571 5.707
Poklon Kazakovu 17.18 18.21 1642 0468 2.721 | Enrosadira 16.78 17.54 1538 0.750 4.469
Evraziya 16.93 17.41 1632 0359 2.121 | Maravilla 14.71 1731 1322 1.097 7.233
Average 15.93 Heritage 17.37 1834 1623 0.781 5.079
Average 18.62

Note. Average out of 10 measurements + SD (standard deviation), V - the coefficient of variation.

content of K in raspberries of domestic and foreign selection
cultivars was on average 18.28 and 16.54 wt %, respectively.
However, the identified differences in the accumulation of K
depending on the color of the berry require further compara-
tive studies on a larger number of cultivars. The variation
coefficient of K is low (V =2.121-5.707 %), which indicates
a stable intake of this element in raspberries. In the human
body, K is necessary for the work of the heart muscle, main-
taining acid-base and water balance. In ionic form, K increases
the concentration of other ions and is found in all the organs
of the human body (Meathnis et al., 1997).

The comparative content of macroelements P, Mg and Ca
in raspberries is presented in Figure 2.

The content of P in raspberries varied from 1.59 wt %
(Poklon Kazakovu) to 5.19 wt % (Enrosadira). The average
content of P in raspberries, depending on the ripening terms,
varied within: in berries of early ripening cultivars, its con-
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tent was 4.29; of medium ripening, 3.27 and of late ripening,
4.81 wt % respectively; the differences were statistically sig-
nificant at p < 0.05. In berries of foreign selection cultivars,
P content is on average 1.5-2.0 % higher than in berries of
domestic cultivars. P is involved in many physiological pro-
cesses, including energy metabolism (in the form of ATP),
regulation of acid-base balance, is part of phospholipids,
nucleotides, nucleic acids, is necessary for bone mineraliza-
tion (Avtsyn et al., 1991).

The differences in the content of Mg in raspberries were
less expressed than in the content of P — from 1.05 wt %
(Poklon Kazakovu) to 3.31 wt % (Zhar-Ptiza). The significant
differences in the content of Mg in berries depending on the
color of the berries and origin have not been established. In
the human body, Mg is a coactor of many enzymes, including
energy metabolism, it is involved in protein synthesis and is
necessary to support homeostasis (Avtsyn et al., 1991).
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Fig. 2. The comparative content of Mg, P and Ca in Rubus idaeus L. berries.
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Fig. 4. The comparative content of Mo in the berries of Rubus idaeus L.

Ca ions are involved in blood clotting processes, as well
as in ensuring constant osmotic pressure. It is involved in
the processes of cell growth and development, it is a part of
enzymes and affects metabolism and immunity (Gins et al.,
2018). According to Jeong et al. (2008), the main elements in
the composition of raspberries are K, P and Ca.

The content of S in raspberries ranged from 0.12-0.16 wt %
(Evraziya, Zhar-Ptiza and Atlant) to 0.26—0.48 wt % (Yubiley-
naya Kulikova, Carolina, Erika, Samorodok) (Fig. 3).

Raspberries contain a group of trace elements —Mn, Fe, Co,
Ni, Zn, Se and Mo. According to the results of our research,
Mo in raspberries was contained in the concentrations compa-
rable to Ca and ranged from 1.29 wt % (Poklon Kazakovu and
Karamelka) to 4.63 wt % (Yubileynaya Kulikova) (Fig. 4). The
high content of Mo was distinguished in the cultivars Atlant
and Zhar-Ptiza — 4.01 and 4.07 wt %, respectively.

626

The content of trace elements Zn, Fe, Se and Co in rasp-
berries did not exceed 0.35 wt %. The highest content of
Se from 0.27 to 0.31 wt % was found in the berries of the
cultivars Brice, Zhar-Ptiza, Atlant and Medvezhonok. The
minimum content of this important trace element (0.04 wt %)
was noted in the berries of the cultivars Poklon Kazakovu,
Enrosadira and Maravilla (Fig. 5). The content of Zn in rasp-
berries ranged from 0.06 (Enrosadira) to 0.25 wt % (Heritage
and Samorodok).

The accumulation profiles of Fe and Co in the ash residue
of raspberry fruits coincided. The maximum accumulation of
these elements was noted in the berries of the cultivar Yubi-
leynaya Kulikova (0.25 and 0.20 wt %) and Enrosadira and
Brice (0.18 and 0.19-0.13 wt %). The average content of Fe
from 0.11 to 0.15 wt % was found in the berries of the cultivars
Karamelka, Maravilla, Heritage and Evraziya.
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The proportion of Se in the raspberries of most cultivars
was from 0.13 to 0.31 wt %. The maximum content of this
trace element was found in raspberries of the cultivars Pingvin,
Medvezhonok, Elegantnaya, Atlant, Zhar-Ptiza and Brice. The
minimum content of Se (0.4 wt %) was found in the berries
of the cultivars Enrosadira, Maravilla and Poklon Kazakovu.
Among the cultivars with a high density of berries, the cultivar
Atlant stood out, in the ash residue of which the content of K,
Mn, Fe, Se and Mo was 1.3, 1.5, 3.8, 1.8 and 1.6 times more
than in the berries of other late ripening cultivars. There is
evidence that the increase in Se in food in Finland has clearly
increased due to the use of fertilizers with the addition of Se
(Ekholma et al., 2007).

K, Mg, Ca, Fe, Zn and Mn have been noted as the main
elements that are found in red raspberries of the cultivar Wil-
lamette (Dragisi¢ Maksimovic et al., 2017). There is evidence
that Zn and other elements from the group of heavy metals
have antimicrobial effect (Daglia etal., 2011). Three key trace
minerals, the role of which in antioxidant protection gradu-
ally attracts more and more attention, are Zn, Se and Fe. Over
the past 20 years, a significant amount of evidence has been
accumulated in favor of the role of these elements as cellular
antioxidants (Powell, 2000). One of the ways in which Zn
acts as an antioxidant is the induction of metallothioneins,
a group of small molecule amino acid residues, the produc-
tion of which is induced by Zn in many tissues, including
the liver, intestines and kidneys. Metallothioneins have been
shown to scavenge free radicals and bind certain oxidants in
arelatively inert state and have been shown to act in this way
under a variety of conditions, including radiation exposure,
drug toxicity, ethanol toxicity, and mutagenesis (DiSilvestro,
2000). Se is an essential element of the antioxidant defense
system of the human body, has an immunomodulatory effect,
and participates in the regulation of the action of thyroid hor-
mones (Nutrition hygiene..., 2021).

In the raspberry fruits of all samples, a sufficiently high,
slightly varying from the genotype, content of Ni was found,
which ranged from 0.35-0.38 wt % (Poklon Kazakovu, Kara-
melka, Evraziya, Poranna Rosa) to 0.44—0.58 and 0.76 wt %
(Pingvin, Yubileynaya Kulikova, Medvezhonok, Brice and
Heritage) respectively (Fig. 6). Ni is a transitional element
widely distributed in the environment, air, water and soil.
Its accumulation can occur from natural sources and anthro-
pogenic activities. Although Ni is ubiquitous in the environ-
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Fig. 5. The comparative content of trace elements (Zn, Fe, Se and Co) in
the berries of Rubus idaeus L., wt %.

ment, its functional role as a trace mineral for animals and
humans has not yet been recognized. The phytoextraction of
Ni depends on the level of the concentration of Ni in the soil
(Nordberg et al., 2007; Genchi et al., 2020).

According to the total content of elements in the ash of
fruits, the following cultivars were distinguished: Pingvin, Yu-
bileynaya Kulikova, Medvezhonok, Elegantnaya, Zhar-Ptiza,
Atlant, Brice, Poranna Rosa, Erika, Enrosadira and Heritage,
in the ash residue of which 29-37 of weight % contained the
determined elements.

The correlation analysis allows to determine the relationship
between mineral elements (Table 3). The highest correla-
tion exists between the elements S—-Mg (r = 0.9603), Co—S
(r=10.9603), Se-Mg (» = 0.8587) and Co—Ca (r = 0.8577).
The average correlation (» = 0.61-0.73) was found between
S—-P, Mn—Ca, Co—Fe, Se—Ca and S, Mo-S, P and Fe. A low
correlation (» = 0.41-0.55) was noted between Ca—S, Mn-S,
Fe-S, Ni-Co, Zn—-Mn, Fe-Mg and Mo—-Mg. There was prac-
tically no correlation (» = 0.0085-0.0087) between Se—Ni
and Mo—Ca.

Pingvin Yubiley- Medve- Elegant- Samo-
naya  zhonok naya
Kulikova

Poklon Evraziya Zhar-
rodok Kazakovu Ptiza

Fig. 6. The comparative content of Ni in the berries of Rubus idaeus L.
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Carolina Poranna
Rosa

Erika Enrosadira Maravilla Heritage
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Mineral composition of repair
raspberry (Rubus idaeus L.) fruits

Table 3. The correlation matrix of mineral (ash) composition of Rubus idaeus L. berries

Element Mg P S Ca Mn
P ................... 05926 ......................................................................................
S ................... 093 0 6* ......... 0669 8* ...............................................................
Ca ................. 04576 .......... 00736 ............ 0 4517 ..........................................

Mn ................ 05355 ........... 03277 ............ O 5651 ........... 0 6195* ..................

Fe .................. 03355 ........... 02926 ............ 0 4719 ........... 0 3917 ....................

Co ................. 01358 ........... 02949 ............ 0 9603* ......... 0 8577* ..................

N, .................. 00501 ........... 02359 ............ 0 1558 ........... 0 4839 ....................
Zn ................. 03417 ........... 01561_03505_02”9 ....................
Se ................. 085 8 7* ......... 042 2 9 ............ 0 7237* ......... 0 6435* ..................
Mo ................ 0400 8 ........... 0707 5* .......... O 6786* ......... 0 0087 ....................

* Essential at p < 0.05.

Conclusion

In the fruits of repair raspberries, 12 mineral elements have
been identified, the content of which varies depending on the
genotype.

The genetic sources of high total accumulation of macro-
and microelements in the berries are Pingvin, Yubileynaya
Kulikova, Medvezhonok, Elegantnaya, Zhar-Ptiza, Atlant,
Brice, Poranna Rosa, Erika, Enrosadira and Heritage.

In the selection it is proposed to use the cultivars Med-
vezhonok, Zhar-Ptiza and Atlant as the sources of increased
content of Mg, Mo and Se; the cultivar Yubileynaya Kulikova
as the source of accumulation of Ca, Mo and Fe; the cultivars
Heritage, Samorodok and Atlant as the source of high con-
tent of Zn.
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Metabolomic profiles of Ribes nigrum L. and Lonicera caerulea L.
from the collection of the N.I. Vavilov Institute
in the setting of Northwest Russia
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Abstract. Recently, the trend of using fruit and berry crops as ingredients for functional and dietary nutrition, the deve-
lopment and implementation of flavors, pigments, new medicines and dietary supplements has been actualized. Be-
cause the direction of use depends on the biochemical properties of fruits, which are determined not only by species and
varietal characteristics, but also by reproduction conditions, the study of the biochemical composition of fruits grown
in various regions of the world continues to be relevant. In this regard, the collection of N.I. Vavilov Institute (VIR), which
has a wide diversity of fruit and berry crops, is of great interest for study. Ribes nigrum fruits have a balanced set of sugars,
organic acids, essential oils, microelements, a high content of vitamins, anthocyanins, pectins. Lonicera caerulea fruits
are characterized by high values of phenolic substances: bioflavonoids, hydroxycinnamic acids, flavonols, polyphenols,
anthocyanins, as well as vitamins, carotenoids, iridoid glycosides and other natural antioxidants. The investigation of
L. caerulea and R. nigrum fruit's accessions from the VIR collection using gas-liquid chromatography with mass spec-
trometry allows us to obtain new information about the biochemical characteristics of fruits, to identify L. caerulea and
R. nigrum varieties with optimal economically valuable characteristics, to determine the specificity of L. caerulea and
R. nigrum metabolomic spectra in the setting of Northwest Russia. As a result of the analysis, typical compounds of the
metabolomic profile of each culture were identified. Organic acids, phenol-containing compounds and polyols prevailed
in L. caerulea, while mono- and oligosaccharides, in R. nigrum. The qualitative composition of the black currant varieties
‘Malen’kii Printz;, ‘Dobriyi Dzhinn; ‘Tisel, ‘Orlovskii Val's, and blue honeysuckle 'S 322-4; ‘Malvina; ‘Leningradsky Velikan’
was optimal for food consumption; the varieties of blue honeysuckle ‘Bazhovskaya’ and black currant ‘Aleander’ had a
good representation of biologically active compounds, which makes samples attractive as raw materials for the produc-
tion of biologically active additives, including with the use of microorganisms’ cultures.

Key words: Ribes nigrum L.; Lonicera caerulea L.; VIR collection; nonspecific metabolomic profiling; gas-liquid chromato-
graphy; mass spectrometry; fruit crops; biologically active substances.
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MeTabosmoMHbIe npoduan Ribes nigrum L. n Lonicera caerulea L.
13 Koutekuumm BUP M. H.J. BaBuioBa
B yei1oBUSaxX CeBepo-3armnama PO

T.B. llleaenra, B.C. [Torios @, A.B. Konapes, H.I. Tuxonosa, O.A. Tuxonosa, IO.A. Keps, A.E. Cmoaenckas, A.A. Maabimes

DepiepanbHblii NCCNEROBATENBCKNI LLIeHTP BCepoCcCnincknin MHCTUTYT reHeTUYeCcKrX pecypcoB pacteHuii um. H./. Basunosa (BUP), CankT-lNeTep6bypr, Poccus
® popovitaly@yandex.ru

AHHoTauusA. B nocneaHee Bpems aKTyanm3npyoTca TeHAEHUWA UCTNONb30BaHNA MIOA0BO-ATOAHbIX KyNbTyp Kak WH-
rpefneHToB Ans GyHKUMOHANbHOTO 1 ANETUYECKOro NUTaHus, pa3paboTka 1 BHepeHrie apoMaTM3aTopoB, MUIMEHTOB,
HOBbIX JIEKAPCTBEHHbIX MPEnapaToB 1 61MONOrMYeckn akTMBHbIX O06aBOK. HanpasneHne npumeHeHns 3aBUCUT OT 610-
XUMUYECKMX XapaKTepUCTUK NIOA0B, KOTOpble 06YCNOBAEHbl He TONIbKO BUAOBBIMU 11 COPTOBbIMY OCOBEHHOCTAMM, HO
1 YCNOBUSIMY PENpPOAYKLMM, MOSTOMY NCCNIeAOBaHNe BUOXMMNYECKOTO COCTaBa MIOLOBbIX, BbIPALLEHHbIX B Pa3fnyHbIX
pervioHax mvpa, NpofomKaeT ObiTb akTyasbHbIM. B 3Tol cBA3W konnekuusa BUP um. H.W. BaBrunosa, obnagaowan wu-
POKMM pa3HOO6pa3vem NIoA0BO-ArOAHbIX KYNbTYp, NPeACTaBAeT 3HauUTeNbHbIN UHTEpeC AnA n3ydeHus. [Mnogbl Ribes
nigrum otnnyatotca cbanaHCMPOBaHHbIM HAGOPOM CaxapOoB, OPraHNYECKUX KACTOT, SGUPHBIX MACes], MUKPO3/1eMEHTOB,
BbICOKMM COfIEPKaHNEeM BUTaMUHOB, aHTOLMAHOB, NEKTVHOB. 1A nnoaos Lonicera caerulea xapakTepHbl BbICOKME 3Haue-
HUA GpeHoNCcoaep KalLyX BewwecTs: 61opIaBOHONI0B, OKCUKOPUYHBIX KNCOT, GIaBOHOMOB, NOVdEHONOB, aHTOLNAHOB,
a TakXKe BUTaMWUHOB, KapOTUHOWAOB, UPVAOUAHBIX FMMKO3VUAOB U APYTMX MPUPOLHbIX aHTUOKCUAAHTOB. ccnenoBaHue
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Ribes nigrum, Lonicera caerulea n3 konnekuuv BUP
B ycnosusax CeBepo-3anapa PO

L. caerulea v R. nigrum n3 konnekunn BVP ¢ nprmMmeHeHneM ra3oXnaKoCTHOM XpomMaTorpadum, ConpsakeHHOM ¢ Macc-
CNeKTPOMeTpKEN, MO3BONAET NOMYUYNTb HOBbIE CBefIeHNA O BNOXMMUYECKINX XapaKTepuCTMKax NioAoB, BbIAENUTL CopTa
L. caerulea v R. nigrum c onTUManbHbIMN XO3ANCTBEHHO LIEHHbIMY MPU3Hakamu, BbIABUTb crneunudurKy MeTabonoMHbIX
cnekTpoB L. caerulea n R. nigrum B ycnosuax CeBepo-3anaga Poccuiickorn ®efepauun. B pesynbrate aHanmsa ngeHtudu-
LIPOBaHbl COeAVHEHUA, XapaKTepHble s MeTabonoMHOro Npodunsa Kaxxaon ns Kynstyp. Y L. caerulea npesanvposanv
opraHnyeckme KUcnoTbl, GeHoNCoaepKaLume CoefJMHeHA, MONNoNbI, y R. nigrum — MOHO- 1 onurocaxapa. KauecTBeHHbI
COCTaB COPTOB YepHOI cMopoAMHbl «ManeHbKui MpurHLy, «4o6pbii JKMHHY, Tisel», «OpnoBckuii Banbc» 1 Kumonoctu
cuHen «C 322-4», «<ManbBuHa», «JleHUHrpaackmin BennkaH» okasanca onTrManbHbIM Ans nuweBoro ynotpebnexms. Cop-
Ta XKMMONOCTU CnHel «ba)koBCKas» 1 YepPHON CMOPOAMHbI «AneaHAp» C XOpoLUel NpeACcTaBNeHHOCTbIO 61oNornyeckn
AKTVBHbIX COeIMHEHUI NMPUBJIEKaTESTbHbI B KAUECTBE Cbipbs )1 MPON3BOACTBA OONOrMUYECKM aKTUBHbIX A063BOK, B TOM
yuncse C NCNonb3oBaHeM KybTyp MUKPOOPraHN3MOB.

KnioueBble cnoBa: Ribes nigrum L.; Lonicera caerulea L.; konnekuus BUP nm. H./. BaBunoea; Hecneuundunueckoe metabo-
NOMHOe NPodUIMPOBaHME; Fra3oXKNAKOCTHAA XpoMaTorpadus; Macc-CneKTPOMETPUA; MIIOAOBbIE KyNbTypbl; 6uonoruye-

CKWM aKT/BHbIE BeLlecTBa.

Introduction

Fruit crops represent a rich source of bioactive substan-
ces (BAS) with a broad range of properties beneficial for hu-
mans (Kylli, 2011). Recently, the trend of using fruit and berry
crops as ingredients of functional and dietary foods, as well as
for the development and introduction of flavors, pigments, new
drugs and BAS has been gaining relevance (Konarev, Khoreva,
2000; Dudnik et al., 2018; Thole et al., 2019). The application
depends on the biochemical characteristics of fruits, which are
determined not only by characteristics of a species or variety,
but also by the regeneration conditions, therefore, the study
of the biochemical composition of fruits grown in different
regions of the world maintains its relevance (Sochor et al.,
2014; Gotba et al., 2020). In this regard, the collection of the
N.I. Vavilov Institute of Plant Genetic Resources (VIR) that
contains a wide range of fruit and berry crops is of interest
for research.

Ribes nigrum is one of the most popular berry crops (Vit-
kovsky, 2003; Pikunova et al., 2011). To date, more than
1200 blackcurrant varieties have been bred and are cultivated
(Knyazev, Ogoltsova, 2004). Lonicera caerulea has attracted
attention relatively recently; its breeding has been actively
developed since the 1940s—1950s. A great contribution to the
promotion of blue honeysuckle was made by Prof. M.N. Ple-
khanova (VIR), the author of 24 varieties of L. caerulea
(Plekhanova, 1992, 2000, 2007; Plekhanova, Streltsyna,
1998). The fruits of R. nigrum have a balanced set of sugars
and organic acids, as well as a high content of vitamin C and
dietary fiber (Dudnik et al., 2018; Thole et al., 2019; Tian
et al., 2019). Honeysuckle is characterized by a high content
of phenol-containing compounds (PCCs): bioflavonoids, hy-
droxycinnamic acids, flavonols, polyphenols, anthocyanins
and other natural antioxidants. Also, the presence of iridoids
is noted in its fruits (Senica et al., 2018; Gotba et al., 2020).

The purpose of the present study was to use gas-liquid
chromatography coupled with mass spectrometry to obtain
new information about the biochemical composition of fruits
of R. nigrum and L. caerulea and to reveal the specifics of
metabolomic profiles of fruits grown in conditions of the
Leningrad Province, to identify varieties with optimal eco-
nomically important characteristics, determine the prospects
for the possible use of the selected accessions as raw material
for expanding the range of products for functional and thera-
peutic nutrition, for the production of bioactive additives, as

FEHETUYECKME PECYPCbl PACTEHWUI / PLANT GENETIC RESOURCES

well as for breeding aimed at creating varieties that combine
nutritional qualities with resistance to environmental stress
factors.

Materials and methods

The study was carried out on fruits of 20 R. nigrum and
10 L. caerulea accessions from the VIR collection grown
in 2014 at the “Pushkin and Pavlovsk Laboratories of VIR”
Research and Production Base located 30 km south of St. Pe-
tersburg. The blackcurrant varieties of Russian and foreign
origin taken into the study included ‘Azhurnaya’, ‘Mura-
vushka’, ‘Orlovskii Val’s’, ‘Orlovskaya Serenada’, ‘Malen’kii
Printz’, ‘Charovnitsa’, ‘Syuita Kievskaya’, ‘Cherechneva’,
‘Krasa L'vova’, ‘Ukrainka’, ‘Aleander’, ‘Pamyati Potapenko’,
‘Zhuravushka’, ‘Mila’, ‘Dobriyi Dzhinn’, ‘Slavyanka’, ‘Bi-
ryusinka’, ‘Volshebnitsa’, ‘Margo’, and ‘Tisel’, and those of
blue honeysuckle included ‘Avacha’, ‘Start’, ‘Leningradsky
Velikan’, S 322-4’, ‘Malvina’, ‘Morena’, ‘Bazhovskaya’,
‘Suvenir’, ‘Solovey’, and ‘838-12’. The material was grown
according to the technique of E.N. Sedov and T.P. Ogoltso-
va (1999). Meteorological conditions during the study were
assessed as favorable for the vegetation of plants.

Each accession was represented by an average 50 g sample
of fruits collected from three bushes at the stage of technical
ripeness. The fruits were crushed in a Waring 800S laboratory
blender (USA) in 100 mL of methanol (for HPLC, Vecton),
centrifuged, and the supernatant was evaporated to dryness.
The dry residue was silylated in 20 pL of bis(trimethylsilyl)
trifluoroacetamide on Digi-Block (USA) for 15 min at 100 °C.
The analysis was carried out in three analytical replications
using an Agilent 6850A chromatograph coupled with an
Agilent 5975 mass selective detector (USA) according to
a protocol by Perchuk et al. (2020).

The obtained results were processed in the UniChrom and
AMDIS programs using the NIST 2010 mass spectra libraries
and in-house libraries of the Science Park of the St. Petersburg
University and the V.L. Komarov Botanical Institute of the
Russian Academy of Sciences (Puzanskiy et al., 2018; Shtark
etal., 2019). The concentration was calculated in accordance
with the recommendations by Worley and Powers (2013). The
analytical data are presented in ppm (mg/kg) (Perchuk et al.,
2020). The data were statistically processed in Statistica 7 and
Excel 7.0 for Windows using factor analysis by the method
of principal components and one-way analysis of variance.
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Results

The analysis of metabolomic profiles (MPs) of blackcurrant
and honeysuckle has shown the presence of over 500 substan-
ces; less than 100 of them were precisely identified, and their
indicators are presented in the article. In total, blackcurrant
MPs were found to contain 88 and those of blue honeysuckle
75 components which belong to organic acids (39 and 29,
respectively), free amino acids (2 and 3), polyols (6 and 7),
free fatty acids (6 and 4), mono- and oligosaccharides (10
and 10; 4 and 5), sugar derivatives (7 and 4), and phenol-
containing compounds (14 and 11, respectively). In addition
to the above substances, honeysuckle MPs contain choline
and a purine derivative (1,2,3,6-tetrahydropurine-2,6-dione)
(Suppl. Material 1)'.

The content of organic acids (ppm) in the studied honey-
suckle fruit samples varied among varieties in the range from
78383.85 (S 322-4) to 29311.7 (Leningradsky Velikan), that
of free amino acids from 705.2 (Malvina) to 32.4 (S 322-4),
of polyols from 68035.7 (Bazhovskaya) to 36966.9 (Avacha),
of pentoses from 8454.2 (S 322-4) to 2960.3 (Morena), of
hexoses from 357246.3 (S 322-4) to 171672.8 (Avacha), of
oligosaccharides from 63824.1 (Leningradsky Velikan) to
7053.9 (Solovey), of glycosides from 3111.4 (Bazhovskaya)
to 449.5 (Start), of free fatty acids from 588.4 (S 322-4) to
130.7 (838-12), and of PCCs from 29353.3 (Bazhovskaya)
to 11001.2 (Start).

In blackcurrant fruits, the range of variability was wider
(ppm) for the following groups of compounds: from 110551.4
(Aleander) to 13743.7 (Orlovskii Val’s) for organic acids, from
72586.1 (Malen’kii Printz) to 2938.8 (Ukrainka) for polyols,
from 2865.9 (Orlovskii Val’s) to 357.5 (Volshebnitsa) for free
fatty acids, from 706650.7 (Malen’kii Printz) to 111403.2
(Aleander) for hexoses, and from 321665.0 (Tisel) to 16001.9
(Aleander) for oligosaccharides. A narrower range was re-
corded for free amino acids: from 439.4 (Dobriyi Dzhinn) to
95.2 (Slavyanka), from 5841.0 (Malen’kii Printz) to 1929.41
(Orlovskii Val’s) for pentoses, from 7087.0 (Malen’kii Printz)
to 1432.1 (Orlovskii Val’s) for PCCs, and from 4082.6 (Ale-
ander) to 1167.8 (Orlovskii Val’s) for sugar derivates (Fig. 1).

The metabolomic profiles of R. nigrum and L. caerulea
differed in terms of representation of different groups of com-
pounds. Mono-, oligosaccharides, free fatty acids, and lactone
forms of organic acids dominated in blackcurrant MPs, while
organic acids, polyols, PCCs, and free amino acids dominated
in honeysuckle (see Fig. 1, Suppl. Material 1). Sugar deriva-
tives were present in almost equal amounts in the MPs of
these berry crops (see Fig. 1). The content of organic acids
was higher in honeysuckle MPs due to significant amounts of
malic and quinic acids (see Fig. 1, Suppl. Material 1).

Malic and glucuronic acids dominated in blackcurrant
fruits (17501.9 and 4271.6, respectively), while glucono-1,4-
lactone (802.6) dominated among lactones, dulcitol and myo-
inositol (28551.3 and 1513.2) among polyols, oleic and vac-
cenic acids (213.3 and 211.2) among free fatty acids, fructose,
glucose, galactose, sorbose (192582.1, 151908.7, 20264.5,
2847.6) among monosaccharides, D-6-deoxy mannopyrano-
side-0-L galactofuranose (1526.9) among sugar derivatives,
and shikimic acid and quercetin (451.4 and 278.6 ppm) among

1 Supplementary Materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Shelenga_27_7.pdf
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PCCs. The fruits of honeysuckle showed the dominance of
malic and quinic acids (19124.6 and 12936.3, respectively),
threono-1,4-lactone (265.9), dulcitol and mannitol (27526.1
and 12983.1), palmitic acid (111.0), fructose, glucose, galac-
tose, arabinose (122033.3, 110907.9, 18046.9 and 3165.4),
2-O-glycerol-a-galactopyranoside, quinic acid and antirri-
noside (2392.3, 12936.3 and 1209.0 ppm, respectively). In
currant and honeysuckle MPs, hydroxyproline prevailed in
the group of free amino acids (203.6 and 254.6 ppm, respec-
tively), and sucrose dominated in the group of disaccharides
(139416.6 and 39660.7) (see Suppl. Material 1).

An average degree of variability (20-33 %) in blackcur-
rant MPs was established for succinic and threonic acids,
for ribose and gallocatechin, while in honeysuckle MPs it
was established for lactic, phosphoric, succinic, erythronic,
threonic, glyceric, aconitic acids, for dulcitol, erythritol,
myo-inositol, ribose, fructose, sorbose, galactose, mannose,
glucose, glycerol-3-phosphate, arbutin, and 1,2,3,6-tetra-
hydropurine-2,6-dione.

Ahigh degree of variability (33—-60 %) in blackcurrant MPs
was determined for fumaric, malic, erythronic, ribonic, quinic,
4-hydroxycinnamic, ascorbic, gallic, palmitic acids, for ery-
throno-1,4-, threono-1,4-, xylonolactones, leucine, oxyproline,
myo-inositol, galactinol, glyceroaldehyde, arabinose, fructose,
galactose, mannose, glucose, melibiose, sucrose, stachyose,
glycerol-3-phosphate, a-methyl glucofuranoside, methylru-
tinose, 6-deoxy-mannopyranoside-a-galactofuranose, cate-
chin, epigallocatechin, and quercetin. In honeysuckle, a high
degree of variability was found for fumaric, maleic, ribonic,
quinic, glucuronic, 2-keto-gluconic, caffeic, oxalic, benzoic,
palmitic, stearic acids, for chlorogenic acid and its isomers,
glucono-1,4-lactone, arabinitol, mannitol, quercetin, glycer-
aldehyde, arabinose, xylose, sucrose, rutinose, turanose, and
a-methyl glucofuranoside.

A very high degree of variability (above 60 %) in blackcur-
rant MPs was noted for lactic, nicotinic, citraconic, glyceric,
aconitic, glucuronic, 2-keto-gluconic, caffeic, galactopyruro-
nic, palmitic, vaccenic acids, for glycerol, isomers of inositol,
sorbose, 2-O-glycerol-a-galactopyranoside, a-tocopherol,
scopolin, while in honeysuckle MPs it was noted for pyruvic,
nicotinic, citraconic, malic, protocatechuic, a-ketoglutaric,
pipecolic, linoleic, oleic acids, for threono-1,4-lactone, gluco-
no-6-phosphate, galactinol, raffinose, maltose, a-methyl glu-
cofuranoside, 2-O-glycerol-a-galactopyranoside, catechin,
and antirrhinoside.

The main part of the blackcurrant MP components had
a high degree of variability, while the honeysuckle MP com-
ponents split into almost equal groups with a slight margin
in favor of those with a coefficient of variation (CV) above
33 % (Suppl. Material 2).

The metabolomic profiles of black currant and honeysuckle
differed from each other in a number of parameters. The MPs
of blackcurrant demonstrated significantly higher (p = 0.05)
values of organic acids (pyruvic, phosphoric, nicotinic, fu-
maric, threonic, 4-hydroxybenzoic, maleic, arabic, ribonic,
shikimic, gluconic, 4-hydroxycinnamic, ascorbic, and gallic
acids), of lactone forms of arabic and xylonic acids, erythro-
no-1,4-lactone, threono-1,4-lactone, 1,4-3-ols (gallocatechin,
epigallocatechin), flavonols (quercetin), and oxycoumarins
(scopoline). In the honeysuckle MPs, significantly higher
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Fig. 1. Main groups of compounds identified in the metabolomic profiles of fruit samples of R. nigrum and L. caerulea from the VIR collection.

values were observed for succinic, erythronic, glyceric, aco-
nitic, oxalic, protocatechuic, quinic, benzoic, a-ketoglutaric,
chlorogenic stearic, and pipecolic acids, for isomers of
chlorogenic acid, glucono-6-phosphate, polyols (erythritol,
arabinitol, mannitol, myo-inositol), monosaccharides (glyc-
erol-3 phosphate, arabinose, mannose), oligosaccharides
(rutinose, maltose, and turanose), sugar derivatives (a-methyl
pentafuranoside and 2-O-glycerol-a-galactopyranoside),
flavonoids (catechin and kaempferol), glycosides (arbutin,
antirrinoside, ammonium base of choline), and purine deriva-
tive 1,2,3,6-tetrahydropurine-2,6-dione. A lower degree of re-
liability (0.1 > p > 0.05) was demonstrated by the differences
between MPs of R. nigrum and L. caerulea in terms of lactic,
citraconic, galactopyranuronic acids, glyceraldehyde, sorbose,
glucose, and a-tocopherol (see Suppl. Material 2).

Quantitative and qualitative differences in the MPs reflect
the peculiarities of metabolism in the fruits of R. nigrum and
L. caerulea. The process of accumulation of ascorbic acid,
glucuronic acids, monosaccharides, especially of pentoses,
fructose, mannose, galactose, as well as metabolism of free
fatty acids, the Krebs cycle, glycolysis and pentose phos-
phate cycle are more intense in blackcurrant. The conversion
of lysine along with the accumulation of pipecolic acid,
the glyoxylate pathway, the exchange of phosphoric acid
(phosphotransferase system) and purine bases, the synthesis
of secondary metabolites (phenylpropanoids, flavonoids:
flavones and flavonols) are more intense in honeysuckle. The
latter is confirmed by an increase in the fraction of secondary
metabolites in honeysuckle MPs up to 4.1 % compared to that
in currant MPs (less than 0.5 %).

The sugars to organic acids ratio in blackcurrant and ho-
neysuckle fruits was 15 and 7, respectively, i. e., the sugar-acid
index of R. nigrum is optimal for food consumption. Honey-
suckle is distinguished by high values of bioactive com-
pounds, which makes the crop attractive as a raw material for
the production of BAS, including the use of microorganism
cultures.

Blackcurrant fruits contain more bioactive lactone forms
of acids, mono- and oligosaccharides, which affect the taste
quality of berries. The group of PCCs in blackcurrant has
a better representation of 4-hydroxybenzoic, gallic, shikimic,
and hydroxycinamic acids, of epigallocatechin, quercetin,
a-tocopherol, scopolin, while in blue honeysuckle these are
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benzoic, protocatechuic, quinic, and chlorogenic acids, iso-
mers of chlorogenic acid, catechin, arbutin, antirrinoside and
kaempferol. Phenol-containing substances are anti-stress fac-
tors that constitute a part of the antioxidant defense system of
plants. Most of the identified osmoprotective polyols are cha-
racteristic of honeysuckle MPs, while oligosaccharides with
similar properties are typical of blackcurrant MPs. Free fatty
acids can also be an evidence of protective mechanisms, since
they indirectly reflect the activity of lipid synthesis, which are
part of the membrane complex. The honeysuckle MPs were
found to contain such an anti-stress factor as a non-protein
pipecoline amino acid. A relatively low content of organic
acids and the high content of sugars in the MPs of blackcur-
rant fruits, which influences the palatable attractiveness of
fruits, may be associated with the breeding process aimed at
improving the nutritional qualities of the created varieties.

The canonical discriminant analysis of the obtained results
confirms the difference between R. nigrum and L. caerulea
species at the MP level. The most ‘informatively valuable’
traits that confirmed the individuality of MPs of R. nigrum and
L. caerulea with an accuracy up to 98 %, were indicators of
phosphoric, nicotinic, succinic, 4-hydroxybenzoic, glyceric,
arabic, ribonic, protocatechuic, ascorbic, gallic, caffeic, oxa-
lic, benzoic acids and glyceraldehyde. These compounds
are involved in the main reactions of primary and secondary
metabolism in plant tissues, i. e. the Krebs cycle, redox reac-
tions, glyoxylate cycle, glycolysis, and shikimate pathway of
PCC biosynthesis (Fig. 2, Suppl. Material 3). The histogram
of the canonical variable eigenvalues distribution shows that
the value approaches —100 for R. nigrum accessions and 200
for L. caerulea (see Fig. 2, Suppl. Material 3).

The cluster analysis using the Ward method, taking into
account all the identified compounds, showed that the honey-
suckle accessions were divided into two clusters (Suppl. Ma-
terial 4, a). The first one consisted of two subclusters, one of
which included accessions with a predominance of polyols
and oligosaccharides in the MPs (‘Leningradsky Velikan’ and
‘838-127), while the other included those with a predominance
of free amino acids (‘Avacha’, ‘Start’, ‘Suvenir’, ‘Malvina’,
and ‘Morena’). The next cluster was formed by honeysuckle
varieties with high levels of organic acids, pentoses, hexo-
ses, glycosides, free fatty acids, and PCCs (‘Bazhovskaya’,
‘S 322-4’, and ‘Solovey’). Black currant varieties with high
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Fig. 2. Histogram of R. nigrum and L. caerulea fruit samples distribution
according to the magnitude of the eigenvalues of the canonical variable.

levels of organic acids and sugar derivatives (‘Aleander’,
‘Orlovskaya Serenada’, and ‘Charovnitsa’) were included in
the same cluster with blue honeysuckle accessions. The other
blackcurrant varieties formed their own cluster, divided into
two subclusters. The first included the bulk of the accessions
with a high content of free amino acids, free fatty acids, pen-
toses, hexoses, polyols, and PCCs (‘Mila’, “Volshebnitsa’,
‘Malen’kii Printz’, ‘Azhurnaya’, ‘Zhuravushka’, ‘Orlovskii
Val’s’, ‘Muravushka’, ‘Krasa L’vova’, ‘Cherechneva’, ‘Bi-
ryusinka’, and ‘Slavyanka’), while the second one united
accessions with high values of free amino acids and oligo-
saccharides (‘Dobriyi Dzhinn’, ‘Margo’, ‘Syuita Kievskaya’,
‘Pamyati Potapenko’, ‘Tisel’, and ‘Ukrainka’).

A more precise separation of R. nigrum and L. caerulea
accessions was achieved by taking into account the results
of the PCC group (Suppl. Material 4, b). Blackcurrant and
blue honeysuckle accessions formed two separate clusters,
each of which, in turn, was divided into two subclusters. The
first subcluster consisted of honeysuckle accessions with
high levels of flavones and phenylpropanoids (‘Leningrad-
sky Velikan’, ‘Solovey’, and ‘838-12’); while the second
one included those with high levels of glycosides, flavan-
3-ols, flavanones, and benzoic acid derivatives (‘Avacha’,
‘Start’, ‘Suvenir’, ‘Malvina’, ‘Morena’, ‘Bazhovskaya’, and
‘S 322-4”). A separate subcluster was formed by blackcurrant
varieties with high values of all the identified PCCs (‘Tisel’,
‘Charovnitsa’, ‘Margo’, ‘Pamyati Potapenko’, ‘Cherechneva’,
and ‘Malen’kii Printz’).

The study has identified blue honeysuckle varieties with
a high content of certain groups of compounds: ‘Bazhov-
skaya’ (PCCs), ‘S 322-4’ (organic acids, free fatty acids and
monosaccharides), ‘Leningradsky Velikan’ (oligosaccharides),
‘Malvina’ (free amino acids), and blackcurrant varieties:
‘Malen’kii Printz’ (monosaccharides, PCCs, and polyols),
‘Dobriyi Dzhinn’ (free amino acids), ‘Tisel” (oligosaccha-
rides), ‘Orlovskii Val’s’ (free fatty acids), and ‘Aleander’
(organic acids and sugar derivates).

Discussion

We compared our data with the results of other studies. The
current experiment confirmed that the total content of phe-
nolic compounds in honeysuckle fruits is higher and their
qualitative composition is different from other crops, which
was previously established by VIR researchers (Streltsina
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et al., 2005-2007). It was also noted in the mentioned works
that the high content of phenolic compounds in honeysuckle
is due to its recent inclusion in the breeding process and the
great similarity of the created varieties of this crop with its
wild relatives. This is also confirmed by our data.

In contrast to the results obtained by Sochor et al. (2014)
and Gotba et al. (2020), according to which hydroxycinnamic
acids and flavonols dominate among the PCCs of L. caerulea,
quinic acid was best represented in this group of compounds in
our study, and the content of chlorogenic acid and its deriva-
tives was significantly lower. The data on the iridoid glycoside
(antirrhinoside) identified in the honeysuckle fruits studied
in the present work are consistent with the results of Senica
et al. (2018) and Gotba et al. (2020), but contradict those of
Sochor et al. (2014). We identified only hydroxyproline and
leucine in the group of free amino acids, which disagrees with
the study by Sochor et al. (2014). The composition of organic
acids and sugars in the honeysuckle fruit samples studied by us
corresponds to the data from the works by Rop et al. (2011),
Sochor et al. (2014), Senica et al. (2018), Gotba et al. (2020),
and Jurikova et al. (2020).

The publications of VIR researchers (Streltsina et al., 2005;
Tikhonova, Streltsina, 2009, 2012; Streltsina, Tikhonova,
2010; Tikhonova et al., 2015) report on such economically
important features of blackcurrant as the optimal sugar-acid
index and high pectin values, which is confirmed by our re-
sults concerning the ratio of sugars and acids in the fruits of
R. nigrum and L. caerulea, and the presence of uronic acids in
the MPs of R. nigrum. According to Lee etal. (2015), and Tian
et al. (2019), fructose, galactose, and glucose predominate
among monosaccharides at the technical ripeness stage. Simi-
lar results were obtained in our work. According to H.J. Lee
and colleagues, malonic acid dominated in the group of acids,
sorbitol in the group of polyols, and quercetin and kaempferol
in that of phenolic substances (Lee et al., 2015). However, this
is inconsistent with our data. The paper by Tian et al. (2019)
names citric and malic acids as the main organic acids in black-
currant fruits, anthocyanins and flavanols as the main phenolic
compounds, and hydroxycinnamic acids as the main phenolic
acids. It was established by P.H. Mattila and colleagues that, in
addition to anthocyanins, the dominant phenolic compounds
in black currant are such flavonols as mirecetin and quercetin
(Mattila et al., 2016). Concerning the samples studied in the
present research, malic and glucuronic acids predominated in
the group of organic acids, hydroxycinnamic acids and their
derivatives (chlorogenic acids) in the group of phenolic acids,
and shikimic acid and flavonol quercetin dominated among the
PCCs. A comparative analysis of the data obtained by us with
the results of other researchers revealed a number of discrepan-
cies associated with differences in conditions for the material
regeneration and methodological approaches chosen for the
study. In the papers mentioned above, the authors underline
the dependence of the biochemical composition of fruits on
growing conditions (region), which confirms the relevance
of our work (Rop et al., 2011; Sochor et al., 2014; Lee et al.,
2015; Mattilaetal., 2016; Senica et al., 2018; Tian et al., 2019;
Golba et al., 2020; Jurikova et al., 2020).

The study of R. nigrum and L. caerulea accessions from
the VIR collection within the framework of the joint interna-
tional BacHBerry project confirmed the use of honeysuckle
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as a donor of genes controlling the biosynthesis of secondary
metabolites to be promising for the creation of microbiological
producers of natural bioactive substances (Thole et al., 2019).

Conclusion

The performed work made it possible to define features of
metabolomic profiles of R. nigrum and L. caerulea berry crops
grown in conditions of the Leningrad Province, to identify
varieties with economically important traits, suitable for ex-
panding the range of functional, therapeutic and prophylactic
food products (‘S 322-4’, ‘Leningradsky Velikan’, ‘Malvina’,
‘Malen’kii Printz’, ‘Dobriyi Dzhinn’, ‘Tisel’, and ‘Orlovskii
Val’s”), for producing bioactive supplements and medicines
based on natural bioactive substances (‘Bazhovskaya’, ‘Alean-
der’), and for breeding aimed at creating varieties that combine
nutritional advantages with resistance to environmental stress
factors (‘Bazhovskaya’, ‘S 322-4’, ‘Leningradsky Velikan’,
‘Malen’kii Printz’, ‘Tisel’, and ‘Aleander”).
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Polyphenols of Perilla frutescens of the family Lamiaceae
identified by tandem mass spectrometry
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Abstract. Perilla frutescens is mainly cultivated as an oilseed crop. Perilla seeds contain 40-53 % of oil, 28 % of protein.
The growing season is 100-150 days. In Russia, perilla is grown in the Far East, where the yield is 0.8-1.2 t/ha. Perilla of
different geographical origin has its own special, sharply different features that characterize two geographical groups:
Japanese and Korean-Chinese. These groups differ from each other in the length of the growing season, the height of
plants, the color of the stem, the surface and the size of the leaves, the shape of the bush, the shape and size of the
inflorescences, the size of the cups, the size and color of the seeds. P. frutescens contains a large number of polyphenolic
compounds that are biologically active components. The purpose of this research was a metabolomic study of extracts
from leaves of P. frutescens obtained from the collection of Federal Research Center the N.I. Vavilov All-Russian Institute
of Plant Genetic Resources, grown on the fields of the Far East Experiment Station — Branch of Federal Research Center
(Primorsky Krai, Russia). To identify target analytes in extracts, HPLC was used in combination with an ion trap. Prelimi-
nary results showed the presence of 23 biologically active compounds corresponding to P. frutescens. In addition to the
reported metabolites, a number of metabolites were newly annotated in P. frutescens. There were hydroxycoumarin
Umbelliferone; triterpene Squalene; omega-3 fatty acid Stearidonic [Moroctic] acid; higher-molecular-weight carboxylic
acid: Tetracosenoic acid and Salvianic acid C; lignan Syringaresinol and cyclobutane lignan Sagerinic acid, etc. A wide
range of biologically active compounds opens up rich opportunities for the creation of new drugs and dietary supple-
ments based on extracts of perilla of the family Lamiaceae, subfamily Lamioideae, tribe Satureji and subtribe Perillinae.
Key words: Perilla frutescens; HPLC-MS/MS; tandem mass spectrometry; phenolic compounds; triterpene acids; lignans.
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ITonudgenonsl Perilla frutescens cemerictBa Lamiaceae,
NOeHTUGUIMPOBAHHbIE C TOMOUIbIO
TaHJEeMHOI MacC-CIIeKTpPOMeTpUI

M.IL. Pasronosal 2, H.I. Konbkopal! @, A.M. 3axapenko® 4, K.C. Toaroxsactl 2 3 4

! DepepanbHbIi nCciegoBaTeNbCKMil LIEHTP Bcepoccnickuin VNHCTUTYT reHeTUYecKnx pecypcoB pacteHunin um. H.W. Basunosa (BUP), CaHkT-MeTepbypr, Poccua
2 lanbHEBOCTOUHbI depepanbHbIi yHBepcuTeT, Bnagusoctok, Poccns

3 CubupcKknii beaepanbHbI HayuHbIN LIEHTP arpoGIOTeXHONOTMI POCCUIICKON akageMn Hayk, p.n. KpacHoo6ck, Hoocubupckas obnacts, Poccus

4 Tomcknin rocynapcTeeHHbIit yHuBepcuTeT, Tomck, Poccus

@ ninakonkova.1@mail.ru

AHHoTauus. Perilla frutescens nonyunna npyMeHeHNe B OCHOBHOM Kak Mac/iMyHas Kynbrypa. CemeHa nepunsbl cogep-
xart 40-53 % macna, 28 % 6erka. BeretaunoHHbI nepuop coctasnsaeT 100-150 gHeir. B Poccun nepunny Bbipalyusatot
Ha [lanbHem BocToke, rae ypoxaiiHocTb gocturaeT 0.8-1.2 T/ra. OTo pacTeHne KOPOTKOro AHsA, MO3TOMY GOMbLIVHCTBO
bopm He LBeTET B yCNoBUAX cpeaHeit nonocbl Poccuu. Mepunna pasnnyHoro reorpadryeckoro NpomncxoxaeHna umeet
CBOU OCOBEHHbIE, PE3KO OT/IMYHbIE MPU3HAKM, XapaKTepusyolne ABe reorpaduuyeckne rpynbl: AMOHCKYIO U KOpei-
CKO-KUTaNCKY0. TV rpynrbl pa3nnyatoTca AANHON BereTaLMoOHHOIo Nepuoga, a Takke rno BbiCOTe pacTeHuI, oKpacke
CTebnA, NOBEPXHOCTY 1 BEJIMUMHE NIMCTbEB, PopMe KycTa, GopmMe 1 pasmepy COLBETUI, BENNUYNHE YalleyeK 1 LiBETY
cemaH. Perilla frutescens coneput 60sblLIOe KONMYECTBO NONUGEHONbHBIX COEANHEHWNI, KOTOpble ABNAIOTCA B1ono-
TMYECKN aKTUBHBIMU KOMMOHeHTamu. Llenb faHHOW paboTbl cocTosna B METAaOONOMHOM UCCIefOBaHNM KCTPAKTOB
13 nuctbes P. frutescens, NONYYEHHbIX U3 KOMEKLMN BCepoccMinckoro MHCTUTYTa reHeTUYECKUX PeCcypcoB pacTeHui
um. H./. BaBunoBa u BbipallieHHbIX Ha nonax ero [JanbHeBOCTOYHOM onbITHOW cTaHuuu (Mpumopcknia Kpai, Poccun).
Ona npeHTndurKaumm LeneBbix aHaIMTOB B SKCTPAKTax MCMONIb30BaNN METOA BbICOKOIGPEKTUBHOM »KNJKOCTHOMN XPO-
MaTorpadum B COYETaHUN C MOHHOW NOBYLWKON. MpeaBapuTenbHble pe3ynbTaTbl NMOKasanu Hanuuve 23 6uonornyeckm
aKTUBHbIX COEANHEHWNIA, COOTBETCTBYIOLWMX BUAY P. frutescens. B gononHeHme K yroMAHY TbIM MeTabonvTaM, B SKCTPaKTax
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Polyphenols of Perilla frutescens of the family Lamiaceae
identified by tandem mass spectrometry

P. frutescens 6bin BriepBble 0OHaPY»KeH pAf COeANHEHWIA. DTO KyMapuH ymM6ennndepoH; TpUTepreH CKBaseH; CTeaprao-
HOBasA KUCNOTa; BbICOKOMONEKYNAPHbIE KapOOHOBbIE KACNIOThI: TETPAKO3aHOBasA KMUCIOTa U canbBraHoBas Kucnota C;
NIUTHAH CYPUHrape3nHoN; LMKNoOyTaHOBbIN NUIHAH careprHoBas Kucnota v ap. Lnpoknii cnektp Gruonornyeckn ak-
TUBHbIX COEAUHEHWI OTKPbIBAET 60raTble BO3MOXHOCTU 1A CO34aHNA HOBbIX TEKAPCTBEHHbIX CPEACTB 1 O1MoNornyeckm
AKTMBHbIX O6ABOK Ha OCHOBE 3KCTPAKTOB NMepuibl cemelictBa Lamiaceae, noacemerictea Lamioideae, Tpubbl Satureji

1 noaTpwu6ei Perillinae.

KnioueBble cnosa: Perilla frutescens; BOXX-MC/MC; TaHAeMHas Macc-CneKTpoMeTpusi; GeHONbHbIe COefUHEHNS; TPUTEpP-

NMeHOoBble KNCOTbl; INTHAHbI.

Introduction

This research presents a detailed study of the metabolomic
composition of Perilla frutescens leaves. Perilla frutescens L.
is an annual plant belonging to the mint family Lamiaceae,
subfamily Lamioideae, tribe Satureji and subtribe Perillinae
(Zhou et al., 2014). Perilla is widely cultivated in Asian coun-
tries such as China, Japan, South Korea and India for its oils
and leaves used in cooking. Perilla has also been cultivated in
Russia in the Far East since the 1930s to obtain high quality oil.

Perilla is a heat-loving and moisture-loving plant. It requires
fertile soils. Perilla is a short-day plant, so most forms do not
bloom in the conditions of Central Russia or bloom only in
late autumn. Perilla of different geographical origin has its own
special, sharply different features that characterize two geo-
graphical groups: Japanese and Korean-Chinese. These groups
differ from each other in the length of the growing season, the
height of plants, the color of the stem, the surface and the size
of the leaves, the shape of the bush, the shape and size of the
inflorescences, the size of the cups, the size and color of the
seeds. Perilla leaves are commonly used for their antioxidant,
anti-allergic, antimicrobial, anti-tumor and anti-cancer effects
due to the presence of phenolic compounds including rosemary
acid, essential oil and vitamins (Ahmed, 2019).

The fatty acid composition of perilla oil is characterized by
the presence of five main fatty acids. On average, perilla oil
contains (% of the total fatty acids): palmitic acid — 5.9, stearic
acid — 1.8, oleic acid — 15.3, linoleic acid — 12.4, a-linolenic
acid — 61.9. The increased content of polyunsaturated fatty
acids — up to 90 % — indicates a high biological activity of
perilla oil. By their properties, these acids are close to vitamins
(vitamin F), which are not synthesized in the human organism.
In terms of the sum of these acids, perilla oil even exceeds
many varieties of flax and hemp. It is important to observe
the ratio of ®-3 and ®-6 fatty acids in the diet. The optimal
ratio of ®-3 and ®-6 fatty acids is 1:4 (Banno et al., 2004; Gu
et al., 2009; Meng et al., 2009). Since unsaturated fatty acids
and o-linolenic acid are thought to have various beneficial
effects on the human health, such as lowering serum choleste-
rol and triglyceride levels, reducing the risk of colon cancer,
and preventing overgrowth of visceral adipose tissue (Long-
vah et al., 2000), perilla seed oil is considered to be of high
quality.

Many bioactive compounds from various chemical groups
have been identified from the leaves and seeds of extract of
P. frutescens. P. frutescens is used as a spice as well as in
medicine and consists of several chemotypes that refer to
the essential oils chemical composition. A chemotype con-
taining perillaldehyde is a major component of the essential
oil that is most effective as a sedative in China’s traditional
medicine. Honda et al. (1986) fractionated MeOH extract of
P, frutescens to presence of stigmasterol and perillaldehyde.
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Also, several studies showed the presence of other flavonoids
such as apigenin and luteolin, and phenolic compounds such
as caffeic acid and rosmarinic acid (Lee et al., 2013; Kauft-
mann et al., 2016).

Thus, we isolated and investigated the structure of phenolic
compounds and triterpenic acids from P. frutescens leaves.
Actotal of 23 biologically active compounds: 13 phenolic com-
pounds, omega-3-fatty acids, lignans, sterols and triterpenic
acids were identified using tandem ion trap mass spectrometry.

Materials and methods

Perilla frutescens leaves served as the object of the study.
The variety ‘Novinka’ from the collection of Federal Re-
search Center the N.I. Vavilov All-Russian Institute of Plant
Genetic Resources (VIR) was grown on the fields of the Far
East Experiment Station — Branch of VIR, Primorsky Terri-
tory (N 43°21'34" E 132°11'19"; yellow-brown soil). This is
the only perilla oilseed variety listed in the State Register of
the Russian Federation. The variety ‘Novinka’ is a medium-
ripened variety of the Korean-Chinese ecological group with
a growing season length of 106 days and an oil content of
49 %, the yield is 0.8—-1.2 t/ha.

The leaves were harvested at the end of August, 2020.
Weather conditions were favorable for the perilla growth
and development. The average air temperature in August
was 20 °C, the amount of precipitation was 250 mm. All
samples morphologically corresponded to the pharmacopoeial
standards of the Pharmacopoeia of the Eurasian Economic
Union (2020).

Chemicals and reagents. HPLC-grade acetonitrile was pur-
chased from Fisher Scientific (Southborough, UK), MS-grade
formic acid was obtained from Sigma-Aldrich (Steinheim,
Germany). Ultra-pure water was prepared from a SIEMENS
ULTRA clear (SIEMENS water technologies, Germany), and
all other chemicals were analytical grade.

Fractional maceration. To obtain highly concentrated
extracts, fractional maceration was applied. In this case, the
total amount of the extractant (ethyl alcohol of reagent grade)
was divided into 3 parts and was consistently infused on
perilla with the first part, then with the second and third, cor-
respondingly. The infusion time of each part of the extractant
was 7 days. Fractional maceration technique was applied to
obtain highly concentrated extracts (Azmir at al., 2013). From
300 g of the fresh sample, 50 g of leaves of P. frutescens were
selected for maceration. The total amount of the extractant
(ethyl alcohol of reagent grade) was divided into three parts
and consistently infused to the leaves with the first, second and
third parts. The solid—solvent ratio was 1:20. The infusion of
each part of the extractant lasted 7 days at room temperature.

Liquid chromatography. HPLC was performed using
Shimadzu LC-20 Prominence HPLC (Shimadzu, Japan)
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equipped with a UV-sensor and a Shodex ODP-40 4E reverse
phase column for multicomponent mixtures separation. The
gradient elution program was as follows: 0.01—4 min, 100 %
C,H;N; 4-60 min, 100-25 % C,H;N; 60-75 min, 25-0 %
C,H;N; control washing 75-120 min 0 % C,H;N. The entire
HPLC analysis was done with a UV detector at wavelengths
of 230 and 330 nm; the temperature corresponded to 17 °C.
The injection volume was 1 ml.

Mass spectrometry. MS analysis was performed on an
ion trap amaZon SL (BRUKER DALTONIKS, Germany)
equipped with an ESI source in negative and positive ion
mode. The optimized parameters were obtained as follows:
ionization source temperature: 70 °C, gas flow: 4 I/min,
nebulizer gas (atomizer): 7.3 psi, capillary voltage: 4500 V,
end plate bend voltage: 1500V, fragmentary: 280V, collision
energy: 60 eV. An ion trap was used in the scan range m/z
100-1.700 for MS and MS/MS.

Data collection was controlled by Windows software for
BRUKER DALTONIKS. All experiments were repeated three
times. A four-stage ion separation mode (MS/MS mode) was
implemented.

Results and discussion

Five of the most EtOH extracts of P, frutescens were selected.
All of them had a rich polyphenolic and triterpene composi-
tion. High accuracy mass spectrometric data were recorded
on an ion trap amaZon SL BRUKER DALTONIKS equipped
with an ESI source in the mode of negative/positive ions. The
four-stage ion separation mode (MS/MS mode) was imple-
mented. All the chemical profiles of the samples were obtained
by the HPLC — ESI — MS/MS method. A total of 300 peaks
were detected in the chromatogram (Fig. 1).

The combination of both ionization modes (positive and
negative) in MS full scan mode is giving certainty to the mo-
lecular mass determination. The negative ion mode provides
the highest sensitivity and results in limited fragmentation
making it most suited to infer the molecular mass of the
separated polyphenols especially in cases where concen-
tration is low. A tentative identification of compounds was
carried out using comparisons of the m/z values, the RT and
the fragmentation patterns with the MS? spectral data taken
from the literature (Banno et al., 2004; Vallverdu-Queralt et
al.,2012; Zhou et al., 2014; Spinola et al., 2015; Cirlini et al.,

Intens.
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2016; Pandey et al., 2016; Sharma et al., 2016; Marzouk et al.,
2018; Sun L. et al., 2019; Goufo et al., 2020; etc.) or the data
bases (MS2T, MassBank, HMDB). A unifying system table
of the molecular masses of the target analytes isolated from
the EtOH-extract of P. fiutescens was compiled for ease of
identification (see the Table). The 23 compounds are shown
in the Table. Some of them belong to different polyphenolic
families: anthocyanidins, flavones, hydroxycinnamic acids,
hydroxybenzoic acids, lignans.

In addition to the reported metabolites, a number of metabo-
lites were newly annotated in P, frutescens. The newly anno-
tated metabolites were hydroxycoumarin Umbelliferone; tri-
terpene Squalene; omega-3 fatty acid: Stearidonic [Moroctic]
acid; higher-molecular-weight carboxylic acids: Tetracosenoic
acid and Salvianic acid C; cyclobutane lignan Sagerinic acid;
sterol 7-oxo-beta-sitosterol [3-Hydroxystigmast-5-en-7-one];
flavone Vicenin-2 [Apigenin-6,8-Di-C-Glucoside].

A total of 13 polyphenol compounds have been identified
(see the Table). The flavones Chrysoeriol, Diosmetin, Api-
genin 7-O-glucuronide, Scutellarin, Vicenin-2 have already
been characterized as a component of P. frutescens. This
identification was satisfactory according to the studied refe-
rences in P. frutescens (Yamazaki et al., 2003; Gu et al., 2009;
Meng et al., 2009; Zhou et al., 2014), Triticum aestivum L. (Di
Loreto et al., 2018), apple (Sanchez-Rabaneda et al., 2004),
rice (Chen W. et al., 2013), Mentha (Xu et al., 2017), Cirsium
Japonicum (Zhang et al., 2014), etc.

The CID-spectrum (collision induced dissociation spec-
trum) in negative ion modes of Apigenin-7-O-glucuronide
from extracts of P, frutescens is shown in Figure 2. The [M—H]~
ion produced three fragment ions at m/z 269.02, m/z 341.00,
m/z 175.03 (see Fig. 2). The fragment ion with m/z 269.02
yields two daughter ions at m/z 225.04, and m/z 149.04. The
fragment ion with m/z 225.04 yields three daughter ions at
m/z 224.03, m/z 183.00, and m/z 132.08. It was identified in
the bibliography in extracts from P. frutescens (Yamazaki et
al., 2003), pear (Sun L. etal., 2019), Hedyotis diffusa (Chen X.
et al., 2018), Coriandrum (Hussein et al., 2018), Thymus
vulgaris (Justesen, 2000).

The anthocyanin Shisonin [Cyanidin 3-O-(6-O-para-cou-
maroyl) glucoside-5-O-glucoside] was found in extracts of
P, frutescens (Fig. 3). The Shisonin CID-spectrum in negative
ion mode is shown in Figure 3.
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Fig. 1. Chemical profiles of the P. frutescens sample (Primorsky Territory, Russia) represented in a total ion chromatogram from EtOH-extract.
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Polyphenols of Perilla frutescens of the family Lamiaceae
identified by tandem mass spectrometry
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Fig. 2. CID-spectrum of Apigenin-7-O-glucuronide from extracts of P. frutescens, m/z 445.08.
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Fig. 3. CID-spectrum of [Cyanidin 3-O-(6-O-para-coumaroyl) glucoside-5-O-glucoside] from extracts of P. frutescens, m/z 756.02.

The [M—H] ion produced five fragment ions at m/z 397.03,
m/z 432.90, m/z 594.99, m/z 359.14, and m/z 235.02 (see
Fig. 3). The fragment ion with m/z 397.03 yields five daughter
ions at m/z 216.99, m/z 309.23, m/z 353.11, m/z 179.08, and
m/z 135.11. The fragment ion with m/z 216.99 yields two
daughter ions at m/z 204.63 and m/z 134.19. These results were
in agreement with bibliography of P, frutescens (Yamazaki et
al., 2003; He et al., 2015).

Conclusions
The extracts of P, fiutescens from the N.I. Vavilov All-Russian
Institute of Plant Genetic Resources contain a large number of
polyphenolic complexes, which are biologically active com-
pounds. For the most complete and safe extraction, the method
of maceration with EtOH was used. To identify target analytes
in extracts, tandem mass spectrometry, HPLC and the ion trap
were used. The preliminary results showed the presence of
23 bioactive compounds corresponding to P. frutescens. In
addition to the reported metabolites, a number of metabolites
were newly annotated in P. frutescens leaves. There were hy-
droxycoumarin Umbelliferone; triterpene Squalene; omega-3
fatty acid Stearidonic [Moroctic] acid; higher-molecular-
weight carboxylic acids: Tetracosenoic acid and Salvianic
acid C; lignan Syringaresinol and cyclobutane lignan Sagerinic
acid; sterol 7-oxo-beta-sitosterol [3-Hydroxystigmast-5-en-
7-one]; benzenepropanoic acid Ethyl rosmarinate; flavones
Diosmetin and Vicenin-2 [Apigenin-6,8-Di-C-Glucoside].
The findings may support future research into the pro-
duction of various pharmaceutical and dietary supplements
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containing P. frutescens extracts. A wide variety of bioactive
compounds opens up rich opportunities for the creation of
new drugs and bioactive additives based on extracts from
mint family Lamiaceae, subfamily Lamioideae, tribe Satureji
and subtribe Perillinae. In continuation of the study, we are
planning to determine the quantitative content of the identi-
fied substances.
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Identification of apple genes Md-Exp7 and Md-PG1 alleles
in advanced selections resistant to scab
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Abstract. The creation of apple varieties with a high level of flesh firmness and long shelf life is one of the important
goals in breeding. Among the genes controlling these traits, the role of the endogenous ethylene biosynthesis control
gene, Md-ACS1, the expansin gene, Md-Exp7, and the polygalacturonase gene, Md-PG1, has been established. The use
of DNA marker analysis to solve problems in breeding for fruit quality traits allows one not only to track several target
genes simultaneously, but also to cull plants with undesirable alleles at the early stages of development. In order to se-
lect complex donors of breeding traits, molecular genetic identification of the genes that determine the quality traits
of apple fruits Md-Exp7 and Md-PG1 was performed in 256 breeding selections carrying the scab resistance gene Rvié
and valuable allelic variants of the Md-ACS-1 gene, which determines the endogenous synthesis of ethylene in fruits:
90 samples with the Md-ACST allele (2/2) and 166 samples with Md-ACST (1/2). As a result of the study, an allelic com-
bination for the Md-Exp7 and Md-PG1 genes was established. Analysis of the parental cultivars (Renet Simirenko, Modi,
Smeralda, Renoir, Fulzhion and Granny Smith) used to obtain hybrid selections revealed three alleles 198,202, 214 bp
according to the DNA marker of the Md-Exp7 gene. The SSR marker for the Md-PG1 gene amplified three alleles (289,
292, 298 bp) on the abovementioned cultivars. Within the 256 breeding selections samples that have the most prio-
rity for breeding alleles of the desired genes in combination with the Rvié6 gene and/or with selection-priority allelic
variants of the Md-ACS-1 gene were identified. Of the most valuable for breeding, 46 accessions carrying the combi-
nation Md-Exp7 (202:202) + Md-ACS1 (2/2) were distinguished. Hybrids with alleles Md-PG1 (292:292) + Md-ACS1 (2/2)
are also most valuable for use in breeding and as donors of selection-valuable alleles; 21 samples were identified. Ac-
cessions with a complex of breeding-valuable target alleles are valuable complex donors, as well as valuable breeding
material for creating varieties with improved fruit quality characteristics and scab resistance.
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complex donors; gene pyramiding.
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AHHoTayusa. Co3gaHne copToB A65I0HM, 0611aaloLLMX BbICOKUM YPOBHEM MAOTHOCTU MAKOTMN 1 NIEXKOCNOCOBHOCTM
NnofoB, ABMAETCA OQHON 13 BaXKHbIX 3afay B cenekuymnn. Cpefn reHoB, KOHTPONMPYIOLWMX AaHHbIE NPU3HAKY, YCTaHOB-
NEeHa PoJib reHa KOHTPONs BMOCKMHTE3a SHLOreHHOro tuneHa Md-ACST 1 reHoB 3kcnaHcHa Md-Exp7 n nonvranak-
TypoHa3sbl Md-PG1. NMpumeHeHne JHK-mapKkepHOro aHanvsa ana peLleHns 3afay B cenlekumy Ha NpU3HaKky Kayectsa
N/10A0B NO3BOJIAET He TOJIbKO OTC/IEXMBaTb OAHOBPEMEHHO HECKONbKO LieNeBbIX FeHOB, HO V1 MPOBOANTb BbIOPaKOBKY
pacTeHnii C HeXXenaTenbHbIMK aNNENAMN, He LOXUAAACh BCTYMNEHNA TMOPUAOB B NMNOLOHOLIEHVE, 6narogaps yemy
MOXHO YCKOPWTb MpoLiecc 0T6opa CeNeKLUMOHHO LieHHbIX GopM. B Lienax oTbopa JOHOPOB MO KOMMIEKCY CeneKkum-
OHHO MPUOPUTETHDIX annenen C NCronb3oBaHnem mynbtTunnekcHol MNLP 6bina BbinonHeHa MoeKynApHO-reHeTnYe-
cKkas npeHtTndukauna reHos Md-Exp7 n Md-PG1y 256 cenekUMOHHbIX GOpPM, KOTOpble coaep»KaT reH yCTONUMBOCTY K
napliue Rvi6é n annenbHble BapuaHTbl reHa Md-ACS-1: 90 obpasuos — Md-ACST (2/2) n 166 o6pasuos — Md-ACST (1/2).
AHanm3 poamTenbCcKmx copToB A6M0oHN (PeHeT CumupeHko, Mogu, Cmepanbaa, Peryap, OymxkumoH u MpeHn Cmur), nc-
NOMb30BaHHbIX MPU MOAYYEHUN TMOPUAHLIX GOPM, BbIABU TPK annensa gnnHon 198, 202, 214 n.H. no AHK-mapkepy,
paspaboTtaHHoMy ana reHa Md-Exp7. SSR-mapkep ana reHa Md-PG 1 amnnnduumuposan Tpu annens (289, 292, 298 n.H.)
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Identification of apple genes Md-Exp7 and Md-PG1 alleles
in advanced selections resistant to scab

B F€HOME POAUTENbCKMX COPTOB. [EHOTUMMPOBaHMNE MMOPYAHLIX GopM AGOHN NMO3BONWIIO OBHAPYKNUTb 06Pa3sLibl,
cofleprkallme coyeTaHne NpMopuTeTHbIX annenen reHoB Md-Exp7, Md-PG1 n Md-ACS-1. B KauecTBe JOHOPOB LIEHHbIX
annenei otobpaHo 46 06pasLioB, HecyLnx kKombuHauuo Md-Exp7 (202:202) + Md-ACST (2/2). Cpean U3yyeHHbIX r-
6pupos obHapyxeH 21 obpaseL, copepxalmnin annenun reHos Md-PG1 (292:292) n Md-ACS1 (2/2). O6pa3upl ¢ pas-
NNYHBIM COYETaHNEM CENEKLMOHHO LieHHbIX annenei reHoB Md-Exp7, Md-PG1, Md-ACS-1 v Rvié pekomeHaytoTca ana
CO34aHNA COPTOB C BbICOKNM YPOBHEM NEXKOCMOCOOHOCTY MIOAOB 1 YCTONUYMBOCTbIO K NapLue.

KnioueBble cnoBa: A6NMOHSA; ceneKkuyus; Mapkep-onocpefoBaHHbI OTOOP; KauecTBO MIOAOB; YCTOMYMBOCTD K NapLue;
Md-Exp7; Md-PG1; Md-ACS1; Rvi6; KOMNneKcHble JOHOPbI; MMPaMULMPOBAHNE FEeHOB.

Introduction

Some of the most important traits of fruit quality in an apple
are the flesh firmness and long shelf life of fruits. These traits
not only form consumer attractiveness, but also provide an
increase in the economic efficiency of the apple fruits produc-
tion industry by improving storability of the fruits and their
transportability. In this regard, the creation of varieties that
have a firm texture of the flesh and preserve it during storage is
an important direction in breeding. The change in the structure
of the fruit flesh during fruit ripening and storage is regulated
by various physiological and biochemical processes, among
which an important role belongs to the process of endogenous
synthesis of ethylene, an increase in the intensity of which
leads to softening of the flesh due to the activation of various
enzymatic systems that affect the density of the cell wall (Ji,
Wang, 2021).

Among the genes controlling the biosynthesis of endoge-
nous ethylene, in the apple, the key role belongs to the
Md-ACS1 and Md-ACOI genes encoding the enzymes 1-ami-
nocyclopropane-1-carboxylate synthase (ACC-synthase-1)
and 1-aminocyclopropane-1-carboxylate oxidase (ACC-oxi-
dase-1), which sequentially, in a chain of reactions, convert
S-adenosyl-methionine to ethylene (Dong et al., 1991, 1992;
Kende, 1993). These genes have been mapped, the effect of
allelic variants of genes on the level of endogenous ethylene
synthesis in fruits and, accordingly, on the storage quality of
fruits, has been established, and effective DNA markers for
identifying alleles have been developed (Sunako et al., 1999;
Oraguzie et al., 2004; Costa et al., 2005). Using these markers,
allelic combinations in the breeding material and collection
samples of the apple tree were assessed in the world (Oraguzie
et al., 2007; Zhu, Barritt, 2008; Nybom et al., 2012; Suprun,
Tokmakov, 2013; Savel’ev et al., 2014b; Lyzhin, Savelyeva,
2020; Shamshin et al., 2020). The influence of the Md-ACS3a
gene on the synthesis of endogenous ethylene in fruits was
also revealed (Bai et al., 2012). However, the contribution of
this gene to the formation of this trait is lower than that of
Md-ACS1 (Dougherty et al., 2016).

Along with the abovementioned genes, the expansin gene —
Md-Exp7 and the polygalacturonase gene — Md-PG1 play an
important role in the control of physiological and biochemical
processes associated with the formation of the flesh structure
and the preservation of its density during storage in the apple
tree. Expansin is a protein involved in the enzymatic rearrange-
ment of cell walls by breaking noncovalent bonds between
the hemicellulose matrix and cellulose microfibrils, which
increases the susceptibility of this structural polymer to the
action of other enzymes (Cosgrove, 2000). The activity of the
ethylene-dependent enzyme polygalacturonase contributes to
the destruction of the structure of the cellular pectin polymer
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by biochemical catalysis of the hydrolytic cleavage of (1-4)
galacturonan (Brummell, Harpster, 2001).

In genetic studies of the Md-Exp7 and Md-PG1 genes, mi-
crosatellite markers cosegregating with them were identified.
For the microsatellite marker Md-Exp7SSR of the Md-Exp7
gene, localized in the first linkage group, it was found that
an increase in the size of the amplification product correlates
with the level of fruit flesh softening during storage: for a frag-
ment of 198 bp characterized by a lower level of softening,
for 202 bp — medium and for 214 bp — the highest (Costa et
al., 2008). H. Nybom (Nybom et al., 2012) made a prelimi-
nary conclusion about a possibly more significant effect of
the allele with the size of the amplification product at the
Md-Exp7SSR microsatellite locus of 202 bp in comparison
with the 198 bp allele. The polygalacturonase gene — Md-PG1,
mapped at a distance of 37 cM from the Md-ACO! gene in
linkage group 10, has a more pronounced contribution to the
phenotypic variation in the change in flesh density during
storage of fruits at temperatures close to room temperature,
and not in refrigerators in the temperature range 2—4 °C
(Costa et al., 2010). This is of great importance for commer-
cial attractiveness of the fruits stored during transportation
without compliance of the temperature regime, in temporary
warehouses of shopping malls, and in logistics centers. The
studies revealed a number of DNA markers closely linked
to this gene (Costa et al., 2010), including the microsatellite
marker Md-PG1,, 4, which is the most informative (Longhi
etal.,2013b). Analysis of allelic variants of this DNA marker
showed that the presence of an allele with a fragment size of
298 bp is undesirable for breeding varieties with improved
flesh density retention without special storage conditions. At
the same time, the homozygous variant for the allele 298 bp is
the least promising for use in breeding (Longhi et al., 2013a).

It is noteworthy that a high level of influence on the phe-
notypic manifestation of the trait was found at temperatures
close to room temperature not only for the Md-PG1 gene
(Costa et al., 2010), but also for the Md-ACSI gene. When
comparing data on allelic variants of the Md-PG1, Md-ACS1
and Md-ACOI genes and the level of fruit flesh density in
108 apple varieties at the stage of harvesting maturity and
after 20 days of storage (at a temperature of 20-25 °C) after
harvesting, a relationship was established between the allelic
variants of the Md-PG1 and Md-ACSI genes and the degree of
reduction in fruit flesh density (Kwon et al., 2020). Using the
DNA markers of the Md-PG1 and Md-Exp7 genes, a number
of studies were carried out to identify their alleles, including
cultivars and species specimens of the genus Malus (Costa et
al., 2008; Longhi etal.,2013a, b; Nybom et al., 2013; Savel’ev
etal., 2014a; Shamshin et al., 2018; Savelyeva, Lyzhin, 2019;
Dolzhikova et al., 2020), for the purposes of breeding and as
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part of the study of the allelic diversity of these genes within
the genus Malus. For the Md-PG1 and Md-ACS1 genes,
allele-specific SNP markers were also developed and further
integrated into the SNP-array for MAS-selection — Interna-
tional RosBREED SNP Consortium OpenAtray v1.0, which
allows for the total detection of alleles of 11 genes (Chagné
etal., 2019).

Obviously, the presence of DNA markers for genes that
determine such economically valuable traits as flesh density
and preservation of its characteristics during storage makes
it possible to increase the efficiency of the breeding process,
as well as to conduct pre-breeding work for more efficient
selection of parental pairs for crossing. Especially relevant
is the issue of using DNA markers for the analysis of the
allelic composition of genes that determine quality traits in
connection with the polygenic control of this trait and the dif-
ferent contribution to the phenotypic manifestation of the trait
depending on the combinations of alleles of different genes:
Md-ACS1, Md-ACO1, Md-PG1 and Md-Exp7. An important
advantage of using marker-assisted selection is the ability to
simultaneously track several genes that control not only one,
but several traits, including resistance to pathogens.

As part of our previous work, using DNA marker analysis,
we created a wide range of apple breeding selections carrying
the Rvi6 scab resistance gene in combination with various
alleles of the Md-ACS1 gene. Expansion of the set of priority
genes, the alleles for which will be identified in the created
breeding selections, will make it possible to select the most
valuable material for breeding. In this regard, in the presented
study, the task was to identify the alleles of the Md-PG1 and
Md-Exp7 genes in apple samples carrying the Rvi6 gene
and selection-valuable variants of the Md-ACS1 gene alleles
(1/2, 2/2) to create apple varieties that combine a complex of
economically valuable traits.

2022
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NpeHtndurkauyma annenei reHos Md-Exp7 n Md-PG1
B CENEKLMOHHbIX GopMax ABMOHNM, yCTONUMBBIX K NapLue

Material and methods

The object of research was 256 apple selections obtained
in six combinations of crossing: (1) Renet Simirenko/Modi
(62 pcs); (2) Renet Simirenko/Smeralda (65 pcs); (3) Renet
Simirenko/Renoir (33 pcs); (4) Renet Simirenko/Fujion
(22 pcs); (5) Renoir/Granny Smith (9 pcs); (6) Modi/Granny
Smith (65 pcs). The hybrids were obtained earlier as part of
amarker-assisted breeding program aimed at the development
of apple scab-resistant varieties with improved fruit quality
characteristics. The presence of the scab resistance gene Rvi6
(Suprun et al., 2018), as well as breeding-valuable alleles of the
Md-ACS1 gene, was previously determined by DNA-marker
based analysis.

For DNA extraction, a CTAB-based method was used (Mur-
ray, Thompson, 1980). Molecular genetic identification of the
alleles of the Md-PGI and Md-Exp7 genes was performed
using microsatellite markers Md-PGl,, ; and Md-Exp7SSR,
respectively (Costa et al., 2008; Longhi et al., 2013b). The
analysis was carried out by two markers simultaneously in
one PCR reaction, which included: 20 ng of DNA, 1.5 mM
dNTPs, 10 pM of each primer, 1 u. Taq polymerase and
2.5 mM 10xstandard PCR buffer. PCR program: 94 °C—150s,
32 cycles: 60 °C —455s,72°C—-60s,94 °C —30s; 1 cycle
72 °C — 10 min. Electrophoresis of PCR products was carried
out on an automatic genetic analyzer Nanofor 05. Analysis
of the results was performed using the GeneMarker V3.0.1
program.

Results

The absence of overlapping in the size ranges of the ampli-
fied fragments by the used DNA markers (198-214 bp for the
Md-Exp7SSR marker and 289-302 bp for the Md-PG1, 4
marker) made it possible to apply multiplex identification

(Fig. 1).
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Fig. 1. Multiplex fragment analysis of amplification products for DNA markers of the Md-Exp7 (1) and Md-PG1 (2) genes.

The electropherogram shows examples of the results of the analysis of a sample homozygous for Md-Exp7SSR and heterozygous for Md-PG1,¢,q (a); hetero-
zygous for Md-Exp7SSR and homozygous for Md-PG1,,4 (b) and simultaneously heterozygous for two target loci (c).
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Table 1. The size of DNA marker amplification fragments
for the Md-Exp7 and Md-PG1 genes in parental apple cultivars

Parental variety Md-Exp7SSR Md-PG1, g
Rene t Slmlre nko ............. 202 ............. 202 ............. 298 ............. 298 ..........
MOdI ................................. 202 ............. 214 ............. 292 ............. 292 ...........
Smeralda ......................... 202 ............. 202 ............. 292 ............. 292 ...........
Reno ,r .............................. 202 ............. 202 ............. 289 ............. 298 ...........

Analysis of the parental cultivars used to obtain apple
selections revealed three fragments, 198, 202, 214 bp in size
by the marker of the Md-Exp7 gene, while fragments of 289,
292, 298 bp in length were identified by the SSR marker of
the Md-PG1 gene (Table 1).

DNA marker-based analysis of hybrid plants revealed vari-
ous combinations of alleles. Taking into account the fact that
for the Md-Exp7SSR marker in the parental cultivars the allele
with the size of the amplified fragment of 202 bp was most
common (represented in all varieties, wherein in the varieties
Renet Simirenko, Smeralda and Renoir in the homozygous
state), its presence was detected in all hybrid samples, with
the exception of 21 hybrids from combination No. 6 (Modi/
Granny Smith), carrying the allelic combination 198:214. At
the same time, the allele 202 bp in the homozygote was pres-
entin 113 samples. Allelic combinations 198:202 and 202:214
were found in seven and 115 hybrid plants, respectively. Iden-
tification of the alleles of the Md-PG1 gene marker revealed
that the most common was the allele with a product size of
292 bp, while in 65 samples it was found in the homozygote.
Along with the allelic variant 292:292, allelic combinations
289:292 were identified (7 samples); 292:298 (129 samples);
289:298 (38 samples) and 298:298 (17 samples).

Discussion
Molecular genetic analysis of parental cultivars based on DNA
markers of the Md-Exp7 and Md-PGI genes made it possible
to identify allelic combinations for a number of cultivars for
the first time, as well as confirm the already available scien-
tific information for the Granny Smith and Modi cultivars.
According to S. Longhi et al. (2013b), cultivar Granny Smith
has an allele of 292 bp in homozygote for the DNA marker
of the Md-PG1 gene. A similar allelic variant was previously
identified in the Modi variety (Longhi et al., 2013a). Accord-
ing to the DNA marker Md-Exp7SSR for the Granny Smith
cultivar, the presence of an allelic variant 198:202 bp is known
(Costa et al., 2008), which was also confirmed in our study.
Among the cultivars that were used as parental forms for
the production of hybrid plants, the genotypes with the most
breeding-valuable combinations of allelic variants of two
genes simultaneously are the Smeralda and Granny Smith
cultivars. According to the Md-PG1,, ; marker, the least valu-
able allele is 298 bp; it was identified in the Renoir cultivar —
289:298 and in Renet Simirenko —298:298. At the same time,
according to the Md-Exp7 gene marker, an allelic variant was
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identified in them, which is valuable for selection 202:202,
which can probably compensate for the negative effect of al-
lelic variants for the Md-PG1 gene. This is supported by the
fact that the Renet Simirenko variety, although inferior to the
Granny Smith variety in terms of storability, however, exhibits
a fairly high level of this trait. At the same time, it is characte-
rized by a sharp decrease in the density of the fruit flesh with
an increase in storage temperature, which cannot be said about
the Granny Smith variety, which is the variety with the highest
fruit keeping quality (Prichko, 2018; Prichko et al., 2019). It
can be assumed that in this way the Renet Simirenko variety
showed a negative effect of the 298:298 allelic variant by the
DNA marker of the Md-PG1 gene, because, as mentioned
above, this gene has a more pronounced contribution to the
phenotypic variation in the change in flesh firmness during
storage of fruits at temperatures close to room temperature
(Costaetal., 2010). In general, the availability of information
about allelic combinations of DNA markers of target genes
makes it possible to correct pairs of crosses to increase the
yield of hybrids with the most valuable allelic combinations.

Considering the distribution of alleles of the DNA marker
of the Md-Exp7 gene, we can note hybrid progenies No. 2
and 3, in which all hybrid accessions are homozygous for
the 202 bp allele, which corresponds to the allelic variants
of the parent varieties (202:202 in all parental forms in these
combinations). In hybrid combination No. 5, for which nine
plants were analyzed, allelic variants 198:202 and 202:202
were identified, which corresponds to the alleles of the pa-
rental varieties. A small sample size does not allow to reliably
estimate the deviation of the distribution from the expected
1:1—-(198:202) : (202:202). Specific distribution was observed
in progenies No. 1, 4 and 6. Plants with the 214 bp allele
predominate in these hybrid populations (allelic variants
202:214 and 198:214) (Table 2). However, taking into account
the alleles for the DNA marker of this gene in parental varie-
ties, the ratio of plants carrying the 202:214 allele variant to
plants with the 202 allele in the homozygote (i.e. 202:202)
in hybrid combinations No. 1 and 4 should be close to a 1:1
distribution, and in the sample of plants obtained in combi-
nation No. 6, the expected distribution is 1:1:1:1 for allelic
combinations 198:202, 198:214, 202:202, 202:214. Obvious-
ly, there is a significant predominance of plants carrying the
214 bp allele.

The reason for the deviation in the distribution of allelic
variants is the fact that the Md-Exp7 gene and the Rvi6 scab
resistance gene are located on the first chromosome, while
the distance between them is about 9 ¢cM (Costa et al., 2008).
In this study, mapping of the Md-Exp7 gene was carried out
using a hybrid population obtained in a combination of cross-
ing varieties Prima (202:214), Rvi6rvi6/Fiesta (202:202),
rvi6/rvi6, which made it possible to establish the distance
between these genes.

In our study, in hybrid combinations No. 1, 4 and 6, the
Modi variety with an allelic combination of 202:214 bp
by DNA marker Md-Exp7SSR was used as a donor of the
scab resistance gene. Taking into account the fact that in the
presented work, the analysis of plants carrying the dominant
allele of the Rvi6 gene was carried out, we can speak about
the regularity of the result obtained and the confirmation of
the genetic distance between the Md-Exp7 and Rvi6 genes.
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Table 2. Allelic combinations of DNA markers of the Md-Exp7 and Md-PG1 genes in combination with alleles of the Md-ACST gene

Md-ACST*

Md-Exp7SSR Md-PG1,g4

Number of samples (progenies number)

a b
80 100
60 80
60
40

40
20 20
0 0

o < o~ <t o e} o ee] o]

o — o — [} [} (o)) (o)} [}

N N N N N N N N N

o] o] (o] (] [} [} o o =<}

(o)) (o)) o o 0 e} (o)) [} [}

— — o~ ('] o~ o~ o~ (3] o~

c d
50 60
40
2 40
20 20
10
0 0
< o < o e} o ee] [ee]
— o — [} [=} (=)} (o)) (o)}
N N N N N N N N
e} o o [} [} o o =<}
[} o o 0 e} (o)) (o)) [}
— o~ o~ o~ o~ o~ (o'} (3]

Fig. 2. The correlation of allelic variants of the Md-Exp7 (a, ¢) and Md-PG1 (b, d) genes in hybrid plants with different allelic variants of the Md-ACST gene:

1/2 (a, b) and 2/2 (c, d).

The summation of all plants from three hybrid combinations
No. 1, 4 and 6 shows that out of 149 plants, an allele of 214 bp
is present in 136 plants, and the total number of plants without
it is 13 (about 9 % of the total number of plants), which is
consistent with the genetic distance between the Md-Exp7
and Rvi6 genes.

For additional verification of the absence of erroneously
interpreted results, on the example of the largest hybrid family
of the three for which there was a deviation of the observed
distribution of alleles from the expected — hybrid family
No. 1, a molecular genetic analysis was performed using the
Md-Exp7SSR DNA marker for all hybrid plants, regardless
from the presence of a dominant allele of the Rvi6 gene. It
was found that out of 231 hybrid plants, 113 have the 202:214
allelic variant, and 118 plants have the 202:202 allelic vari-
ant. Thus, there is no significant deviation from the 1:1 ratio
(2 (1:1)=0.11 at 2, = 3.8).

The distribution of alleles for the DNA marker of the
Md-PG1 gene corresponds to allelic variants in parental cul-
tivars: in combinations No. 1, 2, 4 and 6, the hybrid progeny
is uniform and has allelic variants 292:298, 292:298, 289:298
and 292:292, respectively. In hybrid combinations No. 3 and 5,
two types of allelic combinations are present, consistent with
the allelic variants of the parent varieties.

Considering combinations of allelic variants of the Md-Exp7
and Md-PG1 genes with alleles of the Md-ACSI gene present
in the studied apple hybrid accessions, the predominance of
the 202:202 bp allelic variant is seen by the DNA marker of
the Md-Exp7 gene and 292:298 by the DNA marker of the
Md-PG1 gene both in the sample of hybrids with the 1/2 allele
variant and in the sample of homozygous for the allele 2 of
the Md-ACS1 gene hybrid samples (Fig. 2).

It is also necessary to note a rather high share of plants
with an allele set of 202:214 for the DNA marker of the
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Md-Exp7 gene and 292:292 for the DNA marker of the
Md-PGI gene.

The samples carrying the combination Md-Exp7(202:202) +
Md-ACSI (2/2) have the highest value for breeding. 46 such
accessions were identified. Accessions carrying combinations
of alleles Md-PG1 (292:292) + Md-ACSI (2/2) are also the
most valuable for use in breeding and as donors of selection-
valuable alleles — 21 accessions were identified.

However, given the fact that no homozygous samples for
the 214 allele of the Md-Exp7 gene marker were found, and
for samples with the allele variant 298:298 (the least priority
for selection) for the DNA marker of the Md-PG1 gene, an
insignificant number was detected — 17 samples out of 256
of plants included in the study sample, we can talk about the
presence of a wide list of breeding forms that are valuable both
for further breeding and for use as donors of scab resistance
(Rvi6 gene) and a complex of breeding-valuable alleles of
several genes simultaneously that determine flesh density —
Md-Exp7, Md-PG1 and Md-ACS1. This is supported by the
fact that among modern industrial cultivars that are actively
used in world horticulture, allele variants that determine the
average level of phenotypic expression of the target trait are
quite widespread (Costa et al., 2008, 2010; Nybom et al.,
2012; Longhi et al., 2013a, b), which is apparently due to the
polygenic control of the trait, in which the presence of alleles
“average” in terms of selection value simultaneously at the loci
of several genes gives the desired phenotypic effect.

Conclusion

Thus, the performed study made it possible to identify groups
of apple breeding selections with different combinations of
alleles of the Md-Exp7 and Md-PGI genes among acces-
sions carrying the Rvi6 scab resistance gene and possessing
selection-valuable allelic variants of the Md-ACS1 gene. The
information obtained made it possible to identify donors with
a complex of priority alleles that are of high value for use in
breeding in order to create new generation varieties that are
resistant to apple scab and have a high level of fruit storability.
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Abstract. Tomato Solanum lycopersicum L. is one of the main vegetable crops, accessions and cultivars of which are
characterized by a low level of genomic polymorphism. Introgressive tomato breeding uses related wild Solanum spe-
cies to improve cultivars for stress tolerance and fruit quality traits. The aim of this work was to evaluate the genome
variability of 59 cultivars and perspective breeding lines of S. lycopersicum and 11 wild tomato species using the AFLP
method. According to the AFLP analysis, four combinations of primers E32/M59, E32/M57, E38/M57, and E41/M59,
which had the highest PIC (polymorphism information content) values, were selected. In the process of genotyping a
collection of 59 cultivars/lines of S. lycopersicum and 11 wild tomato accessions, the selected primers revealed 391 frag-
ments ranging in size from 80 to 450 bp, of which 114 fragments turned out to be polymorphic and 25 were unique.
Analysis of the amplification spectra placed wild tomato accessions into separate clades. Sister clades included culti-
vars of FSCV breeding resistant to drought and/or cold and, in part, to late blight, Alternaria, Septoria, tobacco mosaic
virus and blossom end rot, as well as tomato accessions not characterized according to these traits, which suggests
that they have resistance to stress factors. In accessions of distant clades, there was clustering on the basis of resistance
to Verticillium, cladosporiosis, Fusarium, tobacco mosaic virus, gray rot, and blossom end rot. The combination of ac-
cessions according to their origin from the originating organization was shown. The primer combinations E32/M59,
E32/M57, E38/M57 and E41/M59 were shown to be perspective for genotyping tomato cultivars to select donors of
resistance to various stress factors. The clade-specific fragments identified in this work can become the basis for the
development of AFLP markers for traits of resistance to stress factors.

Key words: Solanum lycopersicum; tomato cultivars; genomic polymorphism; AFLP markers; clustering.
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BapumabenbHOCTh F'eHOMAa OT€UYeCTBEHHBIX COPTOB TOMaTa:
naHHblie AFLP-aHanmsa

A.B. Kyaakosa! @, E.A. Apsuenxol, A.B. lllennnkosal, O.H. IMeimnas?, E.A. Axocl 2

1 NHcTuTYT 6ronHxeHepun, OepepanbHblii ccnefoBaTenbCkuii LeHTp «DyHAamMeHTabHble OCHOBbI 6MOTEXHONOMNY POCCUIACKON akagemMmn Hayk,
MockBa, Poccua

2 (DepepanbHblii Hay4YHbI LLEHTP oBOLLeBOACTBa, noc. BHUNCCOK, MockoBckas obnacTb, Poccus

@ kulakova_97@mail.ru

AHHoTayus. TomaT Solanum lycopersicum L. ABNA€TCA OOHOW 13 OCHOBHbIX OBOLLHbIX KyNbTyp, 06pasLibl U copTa KOTo-
oW1 XapaKTepU3yTCA HU3KMM YPOBHEM FEHOMHOTO nonMmopdusma. B MHTporpeccrBHOM cenekuyum TomaTa UCnosb-
3y10T POACTBEHHbIE AVKOPACTYLMeE BUAbI Solanum AnA ynydLeHnsa COPTOB MO NPU3HaKaM YCTOMYMBOCTY K CTPECCOBbIM
dakTopam 1 KayecTtBa nnopos. Llenbto paboTbl 6bina oueHKa BaprabenbHOCTU reHOMa 59 COPTOB U NePCNeKTUBHbIX
CeneKUMOHHbBIX NMHWIA S. lycopersicum n 11 gukopacTyLmx BULOB TOMaTa ¢ nomolybto Metofa AFLP. Mo gaHHbim AFLP-
aHanm3a 6bino BbIGPaHO yeTbipe KoMbuHaumm npaimepos E32/M59, E32/M57, E38/M57 n E41/M59, koTopble oTnu-
Yanucb Hanbonee Bbicokumm nokasatenamu PIC (polymorphism information content). B npouecce MmapKupoBaHus
Konnekuun s 59 coptos/nunHui S. lycopersicum n 11 gukopacTywmx o6pasLos ToMaTa 0TO6paHHbIMY NpaiMepamu
BbiABeH 391 ¢pparmeHT pa3mepom oT 80 f0 450 n.H., 13 KoTopbix 114 dpparMeHTOB OKa3anncb NOAUMOPOHBIMU 1 25 —
YHUKanbHbIMU. AHanM3 cnekTpoB amnandrKauuy Bbigennn AnKopacTyLyre obpasLbl TomaTta B OTAeNbHble Knagbl. Ce-
CTPUHCKME Knafbl BKIloYanu copta cenekumnn GegepasnbHOro Hay4yHoro LieHTpa OBOLLEBOACTBA, YCTONUMBbIE K 3acyxe
W/Vinn Xonogy U, YaCTUUYHoO, K GUTOGTOPO3Y, anbTepHapPUO3yY, CENTOPMO3Y, BUPYCY TabauHOM MO3anKN 1 BEPLIVHHON
THUAN N0JAQ, @ TaKXKe He OXapaKTepU30BaHHbIE MO JaHHbIM MPU3Hakam 06pasLibl TOMaTa, YTo NO3BONIAET NPEeANoso-
KWTb HanNMuMe y HUX YCTOMYMBOCTU K CTPECCOBbIM dpakTopam. Y COPTOBbIX 06Pa3L0OB OTAANIEHHbIX KNag NpUCyTCTBYET
KnacTepusaumsa no npusHakam yCToNuMBOCTY K BepTULMANE3y, Knagocnopuosy, dysaprosy, Bupycy TabauHomn mosan-
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BapuabenbHOCTb reHOMa OTeYeCTBEHHbIX COPTOB TOMaTa:
naHHble AFLP-aHanuza

K1, CEPOV THUMN 1 BEPLUMHHON rHUNM nnopa. MokasaHo o6bearHeHne 06pa3LioB COrMacHO UX MPONCXOXKAEHUIO OT Op-
raHu3sauum-opurmHatopa. NpoaemMoHCTprpoBaHa NepPCnekTVBHOCTb NpaiMepHbIX KomouHauuin E32/M59, E32/M57,
E38/M57 1 E41/M59 pna reHOTUNUPOBaHUA COPTOB TOMaTa C Lienbio 0T6opa JOHOPOB YCTOMYMBOCTUA K Pa3finNyHbIM
cTpeccoBbiM dakTopam. BbiABneHHble B HacToAwWeln paboTte KnagocneyudunyHble dparmeHTbl MOTYT CTaTb OCHOBOW
ana paspaboTkm AFLP-mapkepoB and Npr3HaKkoB YCTOMYMBOCTU K CTPECCOBbIM pakTopam.

KnioueBble cnoBa: Solanum lycopersicum; copta TomaTa; reHOMHbI nonumopdunsm; AFLP-mapkepbl; kKnactepusayms.

Introduction

The assessment of genetic diversity, considering the pedigrees
of crop cultivars and associations with important traits, is one
of the foundations of modern breeding. Various methods of
molecular genome analysis are used in the selection of parental
genotypes, as well as in identifying the level of variability both
within a variety and between varieties (Nurmansyah et al.,
2020; Sheeja et al., 2021). Both the entire plant genome and
its particular regions (gene families, specific loci, individual
genes) are subjected to DNA genotyping. Polymorphism data
are used, for example, to develop molecular DNA markers
linked to important traits. Markers are used to search for do-
nors of the corresponding genotypes, as well as to certify va-
rieties and lines (Semagn et al., 2006; Swiecicka et al., 2009).

One of the commonly used methods for assessing plant
genome variability is the AFLP (Amplified Fragment Length
Polymorphism), which is based on the assessment of unique
and moderately repetitive genome sequences, but does not
require the determination of the sequences themselves (Vos et
al., 1995; Karp et al., 1997; Despres et al., 2003). The evalu-
ation is based on selective PCR amplification of restriction
fragments from a total genomic DNA digest (Vos et al., 1995).
The use of AFLP markers is applicable to all species, highly
reproducible, and highly efficient in determining genetic dis-
tances and phylogenetic relationships in taxonomy (Kardolus
etal., 1998; Mba, Tohme, 2005; Arifet al., 2010). The method
has been successfully applied to study wild and endangered
plant species (Zawko et al., 2001; Ronikier, 2002; van Ee et
al., 2006; Manoko et al., 2007; Elameen et al., 2008; Li et al.,
2008; Sanchez-Teyer et al., 2009; Tatikonda et al., 2009). In
addition, AFLP is popular in modern plant breeding and is
used to determine pedigrees, variability, homogeneity, and the
degree of introgression and hybridity of varieties, as well as
to search for molecular markers associated with economically
valuable traits (Mba, Tohme, 2005; Swiecicka et al., 2009; Arif
etal., 2010). Such studies have been carried out, for example,
on wheat (Hassan et al., 2018), barley (El-Esawi et al., 2018a),
peas (D’iachenko et al., 2014; El-Esawi et al., 2018b), pep-
per (Kochieva, Ryzhova, 2009) and potato (McGregor et al.,
2002; Jacobs et al., 2008; Bamberg, del Rio, 2014; Bryan et
al., 2017; Dyachenko et al., 2020).

The AFLP has also been used for genotyping tomato (Sola-
num lycopersicum L.). Thus, with this method, an intraspecific
map of the tomato genome was obtained (Saliba-Colombani
et al., 2000), the transcriptional response of tomato to nema-
tode infection was studied (Swiecicka et al., 2017), and DNA
markers linked to resistance to tomato bacterial wilt (Miao
et al., 2009) and cladosporiosis (Thomas et al., 1995) were
identified. The use of AFLP for comparing the response of

heat-tolerant and heat-sensitive tomato genotypes to mode-
rate heat stress conditions revealed a number of differentially
expressed constitutive genes, presumably determining heat
tolerance and differences in genotype adaptation to elevated
temperatures (Bita et al., 2011).

The phylogenetics and genogeography of crop wild relatives
are effective approaches to understanding their evolutionary
patterns and unlocking their potential to improve crops. AFLP
genotyping against geographic and climatic indicators has
contributed to the study of the spatial genetics of wild tomato
species S. lycopersicum, S. pimpinellifolium (Nakazato, Hous-
worth, 2011) and S. peruvianum (Nakazato et al., 2012). The
S. lycopersicum and S. pimpinellifolium evolutionary patterns,
including demographic history, dispersal patterns, interspecific
divergence and hybridization, have been shown to be closely
related to the complex geographic and ecological conditions
in the Andes (Nakazato, Housworth, 2011). An AFLP study
of 19 natural populations of S. peruvianum revealed a mode-
rate degree of population differentiation, probably reflecting
partial geographic isolation between tomato species (Nakazato
etal., 2012).

In addition to solving taxonomic and phylogenetic prob-
lems, the AFLP method is used to determine the variability
of tomato varieties. Various DNA marking systems showed
low efficiency for studying the genetic diversity of tomato
cultivars with limited genetic variability. The use of AFLP
in combination with SSR markers to characterize 48 closely
related Spanish tomato varieties made it possible to obtain a
unique fingerprint for each analyzed accession (Garcia-Mar-
tinez et al., 2006).

Cultivated varieties and lines of tomato belong to the species
S. lycopersicum. Compared to wild related species (section
Lycopersicon of the genus Solanum) (Peralta et al., 2008), their
genomes are significantly less polymorphic (20 or more times)
(The 100 Tomato Genome Sequencing Consortium et al.,
2014). Hundreds of genes and loci of quantitative traits linked
to resistance, yield, flower and fruit characteristics, and plant
architecture have been mapped in the genome of wild spe-
cies (Foolad, 2007). Due to the relative ease of crossing with
S. lycopersicum, wild species are actively used in introgressive
tomato breeding to improve economic traits associated with
stress resistance, yield and quality (Hajjar, Hodgkin, 2007;
Labate, Robertson, 2012). For example, sources of varying
degrees of resistance to bacterial wilt are L. pimpinellifolium
(=S. pimpinellifolium) P1127805A, L. esculentum var. cerasi-
forme (=S. lycopersicum var. cerasiforme) CRA66, L. pimpi-
nellifolium P1129080 and L. esculentum AS52 (Chellemi et al.,
1994). In cultivars with purple fruits, the trait of anthocyanin
biosynthesis in the fruit was obtained by introgression from
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the genomes of wild species S. chilense and S. cheesmaniae
(Povero et al., 2011; Maligeppagol et al., 2013).

Thus, the low level of genomic polymorphism of tomato
varieties is combined with introgressive genes/loci associ-
ated with economically valuable traits. Therefore, multilocus
genome mapping methods can presumably separate cultivars
according to useful traits.

Despite the importance of varietal certification and assess-
ment of intervarietal genome variability, there are few studies
on marking the genotypes of tomato cultivars in Russia, and
these are mainly works on genotyping using already known
markers (Shcherban, 2019). For example, a collection of to-
mato varieties and hybrids from the Michurinsky State Agra-
rian University was screened using the P7 molecular marker
to identify donors of cladosporiosis resistance (Shamshin et
al., 2019).

In this study, using the AFLP method, we assessed the
genomic variability of tomato S. lycopersicum cultivars and
lines of domestic and foreign breeding from the collection of
the Federal Scientific Vegetable Center (FSVC) in comparison
with wild accessions of tomato species.

Materials and methods

For the study, 59 tomato S. lycopersicum cultivars and per-
spective breeding lines of domestic and foreign breeding from
the FSVC collection were selected (Table 1). 11 wild tomato
species were used as an outgroup (see Table 1). 34 varieties
of the sample (~58 %) are included in the State Register of
Breeding Achievements Approved for Use of the Russian
Federation for 2022 (https://reestr.gossortrf.ru/). Seeds of
accessions were germinated under standard greenhouse condi-
tions (23 °C/25 °C, 16 h/8 h — day/night). Genomic DNA was
isolated from freshly harvested 5-6 day old seedlings using
the CTAB method (Puchooa, 2004).

Data on drought and cold resistance, resistance and sus-
ceptibility to diseases (late blight, Fusarium, Verticillium,
cladosporiosis, alternariosis, Septoria, tobacco mosaic virus,
gray rot, blossom end rot) were partially taken from the State
Register of Breeding Achievements (http://reestr.gossortrf.
ru/), as well as kindly provided by the originators of the va-
rieties and Ph.D. I.A. Engalycheva.

AFLP analysis was carried out according to the standard
protocol: hydrolysis of 350 ng of genomic DNA of each ac-
cession with restriction enzymes EcoRI and Msel followed
by ligation with EcoRI and Msel adapters (Vos et al., 1995).
Selective amplification was performed in two stages: (1) pre-
amplification (denaturation at 94 °C for 30 s, primer annealing
at 56 °C for 30 s, synthesis at 72 °C for 1 min, 24 cycles) with
adapter primers EcoRI+1 and Msel+1 (Vos et al., 1995) with
one selective nucleotide (A) at the 3’ end; (2) amplification
with primers EcoRI+3 and Msel+3 with three selective nucleo-
tides at the 3’ end. The results were visualized in a denaturing
6 % polyacrylamide gel using a LI-COR 4300 gel analyzer
(LI-COR operator manual; LI-COR, USA). The experiment
was carried out in one repeat for each combination of primers.
The polymorphic information content (PIC) index for each
primer combination was calculated according to Botstein et
al. (1980) and Krishnamurthy et al. (2015).
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Molecular panels of AFLP fragments were documented in
the form of binary matrices (Excel program). Based on the
constructed spectra and matrices, variety-specific DNA mar-
kers were identified, coefficients of pairwise genetic similari-
ty/difference between accessions (GS) and genetic distances
(GD=1-GS) were calculated, cluster analysis was performed
(Neighbor Joining method; method of principal coordinates,
PCA) and groups of genetically similar accessions were de-
termined (PAST software package) (Hammer et al., 2001).
Analysis of the genomic structure of the population of the
studied accessions was carried out using the Structure v.2.3.4,
which makes it possible to identify common genetic blocks
and their ratio in each accession (Pritchard et al., 2000; Hubisz
et al., 2009).

Results

Since up to 80 % of the standard AFLP spectrum can serve as
markers for the detection of genetic polymorphisms, and the
effectiveness of AFLP depends on primer combinations (Vos
et al., 1995), primer/enzyme combinations were selected and
tested for multilocus AFLP analysis of tomato accessions.
On a sample of five tomato accessions, seven combinations
of primers EcoRI+3/Msel+3 were tested, differing in the
composition of selective nucleotides at the 3" end: E32/M59
(E-AAC/M-CTA); E32/M57 (E-AAC/M-CGG); E38/M57
(E-ACT/M-CGGQG); E41/M59 (E-AGG/M-CTA); E32/M61
(E-AAC/M-CTQG); E38/M47 (E-ACT/M-CAA); E38/M59
(E-ACT/M-CTA). It was shown that the use of combina-
tions of E32/M59, E32/M57, E38/M57 and E41/M59 gives
a polymorphic, well-differentiated spectrum with an optimal
number of fragments.

Four selected primer combinations were used to label
59 8. lycopersicum cultivars/lines and 11 wild tomato ac-
cessions. As a result, 391 fragments 80—450 bp in size were
detected, of which 114 (29.2 %) fragments turned out to be
polymorphic (Table 2). The primer combination E41/M59
was the most effective: 47 out of 67 obtained fragments
were variable. At the same time, the E32/M59 combination
corresponded to the largest number of fragments unique for
individual accessions (11 out of 25 found) (see Table 2). In
case of the combinations E32/M61, E38/M47, and E38/M59
(the number of obtained fragments was 31, 24, and 41, respec-
tively) no polymorphic and unique fragments were identified.
The PIC value ranged from 0.367 (E32/M57) to 0.658 (E41/
M59) (see Table 2) with a mean value of 0.504, indicating
that a large number of polymorphisms can be detected using
the E41/M59 primer pair.

Based on the results of the AFLP analysis, a dendrogram
that clearly divided the tomato accessions into clusters I and I1
was constructed (Fig. 1).

Wild tomato accessions were grouped into two clades of
cluster I: accessions 1 to 7 (including representatives of wild
tomato species and a wild accession of S. lycopersicum) were
separated into clade A; accessions 8—11, including wild ac-
cessions of cultivated species (S. lycopersicum var. succentu-
riatum, var. humboldtii, var. cerasiforme and var. pyriforme)
fell into clade C. Clade C was sister to clade B, consisting
of seven S. lycopersicum cultivars (accessions 12—15, 17, 18,
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Table 1. Tomato accessions used for AFLP analysis and their resistance to various stresses

Accession (species, cultivar or line; Cold / Late blight/ Blossomendrot/ Verticillosis/  Alternaria /
cat number TGRC (LA), VIR (k) or SBR¥) Drought Fusarium Gray rot Cladosporiosis  Septoria / TMV
1S. peruvianum LA1278;2S. cheesmaniae LA0421; 3S. galapa- R/R n/n n/n n/n n/n/n

gense LA1044; 4S. pimpinellifolium var. racemigerum LA2348;
5S. pimpinellifolium LA1578; 6S. pimpinellifolium k-1018

7S. lycopersicum LA1673; 8S. lycopersicum var. succenturiatum S/S n/n n/n n/n n/n/n
k-732; °S. lycopersicum var. humboldtii k-2912; 1°S. lycopersicum
var. cerasiforme k-342; 11S. lycopersicum var. pyriforme k-2911

20sennia Rapsodia 8153507* R/R S/n RR/n n/n n/RR/RR
TMagnat 9154078, “Charovnica 9553320 R/R  RR/n RR/n nin RR/RR/RR
8Chernomor 9553287% "Raduzhnaia vdova 9154081%

24perst 9608141%

15Do|gon05,k8456311# ...................................................................... R/R .......... RR/n .............. RR/n ........................ RR/n .................. RR/RR/RR .......
16Revansh 9705233%; “Monah 9154082% Gurman 9900616%; R/R  S/n RR/n nin RR/RR/RR
2%Shtambovyi Alpatieva 905a w/n*

17Yunonag359147# ............................................................................. R/R .......... RR/RR ............ S/n .......................... RR/n .................. RR/RR/RR .......

zoGela 9608 133# .................................................................................. R/R .......... RR /n .............. RR/n ........................ n/n ..................... RR/RR/S ..........

21-|-a|,5m an97052 3 5# ........................................................................... R/R .......... RR /n .............. RR/n ........................ n/n ..................... S/ 5/5 ...............

22R05,nka9359149# ............................................................................. R/R .......... RR/R .............. RR/n ........................ R/n ..................... RR/RR/RR .......

zsArgoggmgoz# .................................................................................. R/S ........... S/n ................. S/n .......................... n/n ..................... RR/RR/S ..........
Gruntovyi Gribovski 4500237% 'Otradnyi 8006741¢ R/R S/n RR/n nin RR/RR/S
27Kam ela 9900640# ............................................................................. R/R .......... R/n ................. RR/n ........................ n/n ..................... RR/RR/ R R .......

30Dubravag401288# ........................................................................... R/R .......... MR/MR .......... RR/n ........................ n/n ..................... RR/RR/S ..........

323ych,e5erdce9810228## ................................................................. 5/5 ........... S/n ................. S/n .......................... n/n ..................... RR/RR/S ..........

33H0h| Oma 9609982 e S/S ........... RR /RR ............ S/n .......................... n/n ..................... n/n/n ..............

34RosovylBUt0n8355731#”## ............................................................. S/S ........... S/n ................. S/n .......................... n/n ..................... n/n/n ..............

35Me d ova,a Kaph a8262258#### ......................................................... n/n .......... RR /n .............. RR/RR ..................... n/s ..................... n/n/RR ............
plaiskii Oranzhevyi 94639316 R/R n/n RR/RR n/RR n/n/n
37BOka”8262335# ............................................................................... R/R .......... n/n ................. RR/S ........................ n/RR .................. n/n/n ..............
38Rozovylna5hw/n# ............................................................................ R/R .......... n/n ................. RR/S ........................ n/s ..................... n/n/n ..............
3950dru2hestv08456314# .................................................................. R/R .......... RR/n .............. RR/S ........................ n/n ..................... RR/RR/RR .......
00rganza 9350003% 127020 RIN/rin) w/n® R/R n/RR RR/S n/RR n/n/RR
41Komee\/5k"8262334# ...................................................................... R/R .......... n/n ................. RR/S ........................ n/s ..................... n/n/RR ............
“2Malinovyi Silach 8653837%%; “Garmoshka 85569475%  R/R  n/RR s;s nis n/n/RR
“Kopilka Zheltaia w/n*

45LM29819W/n# ................................................................................ R/R .......... n/RR .............. n/RR ....................... RR/RR ................ n/n/RR ............
461P-296-19 w/n'; 7G-67-19 F, win; ¥G-68-19F, wnt; R/R n/RR n/s RR/RR n/n/RR
49G-69-19 F, w/n*

soV,km99253767# ............................................................................... R/R .......... S/n ................. RR/n ........................ n/n ..................... RR/n/n ............
52CherryUkramSk|eW/n# .................................................................... R/R .......... n/RR .............. RR/RR ..................... n/RR .................. n/n/RR ............
SiCherry Zhelto-oranzhevye w/n': Red Cherry w/n®; R/R n/RR RR/RR RR/RR ninin
>Black Cherry LA4451

56CherryRoseW/n#### ......................................................................... R/R .......... n/RR .............. RR/S ........................ n/RR .................. n/n/n ..............
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Table 1 (end)

Accession (species, cultivar or line; Cold/ Late blight/ Blossom end rot/ Verticillosis/  Alternaria /
cat number TGRC (LA), VIR (k) or SBR®) Drought  Fusarium Gray rot Cladosporiosis  Septoria / TMV
57|nd IQORoseW/n#### .......................................................................... R/R .......... n/RR ............. RR /RR ...................... n/ RR .................. n/n /n ..............

58TrOI a L RR /RR ...... S/S ................ 5/ R R ......................... S/ RR ................... n/n /n ..............

sgopE F16 W/n s R/R .......... n/n ................ RR /n ........................ n/n ..................... n/n /n ..............

602emb38262336# .............................................................................. R/R .......... n/RR ............. RR/RR ...................... n/RR .................. S/n/RR ............

GlDeBara O . O ranzhevy|98033 2 7##### .................................................. R /R ........... M R/n ............. S / S ........................... n / 5 ..................... R R/ n /RR .........

62L27120W/n# .................................................................................... n /n ........... n /n ................ R R/RR ....................... n /RR ................... R R/n/RR .........

63MoneymakerLA2706 ........................................................................ n/n ........... RR/n .............. R R/RR ....................... n /RR ................... n /n/RR ...........

64A1 ”ou ndLA2463 ............................................................................. n /n ........... n /n ................ R R/n ......................... n / RR ................... n / n/RR ...........

65Ma Zerom . 1 ”:2 W/n#### .................................................................... n /n ........... n /n ................ R R/ RR ....................... n / RR ................... n / n/n .............

66WhlteBeau tYLA24 6 4A ..................................................................... n /n ........... n /n ................ R R/n ......................... n / RR ................... n / n/n .............

67Hemz17063 GLA4345 ..................................................................... R /R ........... n /n ................ R R/n ......................... n / n ..................... R R/ n /n ...........
Black-Jack 8457464"" SPaul Robeson LA4450; n/n n/RR RR/RR RRR RR/n/n

70Christmas Blueberry w/n*

Note. Abbreviations: w/n — without number; n — no data; R - resistant (<0.5 score), RR - relatively resistant (0.5-1.0), MR — moderately resistant (1.1-2.0);
S - sensitive (>2.0). Late blight (Phytophthora infestans de Bary A); Fusarium (Fusarium oxysporum (Schlecht.) f. sp. lycopersici (Sacc.)); Verticillosis (Verticillium
alboatrum and V. dahliae); Cladosporiosis (Cladosporium fulvum Cooke); Gray rot (Botrytis cinerea Pers); Alternaria (Alternaria solani Sorauer); Septoria (Septoria
lycopersici Speg); TMV - Tobacco mosaic virus.

* According to SBR (State Register of Breeding Achievements; http://reestr.gossortrf.ru/), TGRC — Tomato Genetic Resource Center (https:/tgrc.ucdavis.edu/)
or VIR (The N.I. Vavilov All-Russian Institute of Plant Genetic Resources).

1-70Numbering of accessions (used in Fig. 1-3).

# FSVC; #* LLC ‘Agrofirm Poisk’; ### LLC ‘Research Institute of Vegetable Breeding, LLC ‘Agrofirma GAVRISH’; #### LLC ‘Breeding company GAVRISH’;
##H### || C ‘Breeding and seed-growing company ‘Gisok’; LLC Agrofirma ‘Demetra-Sibir’; & MONSANTO HOLLAND B. V.; &L C ‘Agrofirma Aelita’; 4&&& || C ‘Pre-
mium seeds.

Table 2. Results of AFLP analysis of tomato species, cultivars, hybrids and lines

Primer combination PIC Number of fragments

Tota| ....................................... po|ym Orp hlc pcs (%) ............ Umqu e ..................................
E32/M59 ..................................... 0481109 ......................................... 20(180)” ...........................................
E32/M57 ..................................... 036714216(”2) ................................. 9 ............................................
E38/M57 ..................................... 05” ....................................... 73 ........................................... 31(425) ................................. 2 ............................................
E41/M59 ..................................... 0658 ...................................... 67 ........................................... 47(701) ................................. 3 ............................................
Tota| ............................................ I 391”4(355) ............................... 25 ..........................................

and 29; see Table 1, Fig. 1). Clade D (intermediate position
between A and B+C) combined 14 tomato varieties/lines.
The two clades of cluster II, in turn, were divided into two
subclades each (see Fig. 1).

On the graph constructed by the method of principal com-
ponents, the analyzed cultivars formed three diffuse pools of
genotypes, where, as in the dendrogram, a group of wild ac-
cessions stood out, and tomato varieties/lines were clustered
in a similar way (Fig. 2). There was a clear division between
clusters I and II (according to the dendrogram). Wild acces-
sion 11 (S. lycopersicum var. pyriforme) was the closest to
subclade B varieties/lines.

656

It was interesting to analyze the possible relationship
between the clustering of cultivars and accessions obtained
from AFLP data and resistance to various biotic and abiotic
stresses.

Varieties/lines of tomato included in cluster I (clades B, D)
are the result of breeding by the FSVC (except accession 34).
All of them are resistant to cold and/or drought, while acces-
sion 34 is susceptible. A similar situation is observed in the
case of resistance to blossom end rot, Sepforia and Alternaria.
All clade B accessions are resistant to tobacco mosaic virus, as
are half of clade D accessions (the other half are susceptible).
Six accessions of clade D and five accessions of clade B are
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Fig. 1. Dendrogram based on AFLP data for cultivated and wild tomato accessions.

According to Table 1, the accessions are numbered (1-70), and resistance to late blight (LB), Fusarium (FU), Verticillium (VE), cladosporiosis (CL), alternariosis (AL),
Septoria (SE), tobacco mosaic virus (TMV), gray rot (GR), blossom end rot (BR), cold (C) and drought (D) is indicated. The degree of resistance of the accessions
is given according to Table 1: n - no data, S - susceptible, R - resistant, RR - relatively resistant, MR — moderately resistant. Boxes mark accessions: wild (green),
foreign breeding (pink), breeding of LLC ‘Breeding company GAVRISH’ (blue); the rest are breeding of the FSVC.
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Fig. 2. PCA plot of AFLP data for 70 cultivated and wild tomato accessions.

The numbers correspond to the numbering of accessions in Table 1. The distribution of accessions by clades is shown in accordance with the
dendrogram in Fig. 1: clades A and C are highlighted in green, B in black, D in lilac, E in dark blue, F in orange, G in blue, H in pink.
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Fig. 3. Genomic structure of 59 cultivated and 11 wild tomato accessions according to AFLP analysis (k = 3).

According to Table 1, the accessions are numbered (1-70), and the resistance to late blight (LB), Fusarium (FU), Verticillium (VE), cladosporiosis (CL), alterna-
riosis (AL), Septoria (SE), tobacco mosaic virus (TMV), gray rot (GR), blossom end rot (BR), cold (C) and drought (D) is indicated. The degree of resistance of the
accessions is given according to Table 1: n — no data, S - susceptible, R - resistant, RR - relatively resistant, MR - moderately resistant. Boxes mark accessions: wild
(green), foreign breeding (pink), breeding of LLC ‘Breeding company GAVRISH’ (blue); the rest are breeding of the FSVC.

resistant to late blight; the remaining accessions of these clades
are susceptible to this disease.

Accessions of subclades E and H, with the exception of
one uncharacterized accession (62), are characterized by re-
sistance to cold and drought; in subclades F and G, four and
three accessions are resistant, respectively. Subclades E and F
are distinguished by resistance to blossom end rot, gray mold
and cladosporiosis (except for single susceptible or uncharac-
terized varieties). About half of subclade E accessions are
resistant to Verticillium and Fusarium. Most of subclade H ac-
cessions, as well as two groups of the subclade F, are resistant
to Fusarium. Subclade G accessions have resistance to late
blight (see Fig. 1). Almost all subclade H accessions originated
from the FSVC. Accessions of foreign breeding (except for 55
and 40) stand out in subclade F, clustering together with ac-
cessions of breeding of LLC ‘Breeding company GAVRISH”.

The study also included an analysis of the population struc-
ture of 70 tomato accessions, which revealed common genetic
blocks and their ratio in each accession. This distributed the
analyzed accessions into clusters. In total, 16 options for the
number of subgroups (k) from 3 to 18 were analyzed. The best
result (LnLike =—12363.6) was obtained for k= 3.

On the graph, the genomic structure of the studied 70 tomato
accessions is presented in the form of various ratios of three
blocks (Fig. 3). All accessions of wild species, including ac-
cessions of S. lycopersicum, fell into cluster II. An analysis
of the correlations between the distribution of accessions by
clusters and the traits under consideration (see Table 1) showed
atendency to combine accessions in terms of resistance to gray
rot, blossom end rot, Fusarium, cladosporiosis, and Septoria
(cluster I). Cold and drought resistant accessions are presented
in large numbers in all three clusters. Resistance to Alternaria,
Septoria, and TMV proved to be the most typical for cluster I
(see Fig. 3). Also, half of the varieties in cluster II are resistant
to blossom end rot, and a third of the accessions are resistant
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to late blight. Cluster III accessions were characterized by
different variants of resistance; we can assume clustering
on the basis of resistance to TMV (11 out of 16 accessions),
as well as susceptibility to gray rot. Except for accession 40
(cluster III), all tomato accessions of foreign breeding were
identified in cluster I. The accessions of the LLC ‘Breeding
company GAVRISH’ were distributed similarly (four acces-
sions — cluster I, three accessions — cluster I1I) (see Fig. 3).

Discussion

In this study, using the AFLP method, we analyzed 11 wild and
59 cultivated (S. lycopersicum) tomato accessions, mainly of
domestic breeding (see Table 1). It should be noted that data
on resistance to various diseases (Gossortreestr, originators)
are unknown for some analyzed cultivated and wild accessions
studied. The species S. lycopersicum (wild accessions 7—11
in Table 1) comes from the humid tropics of South America
and is a classic example of a cold-sensitive crop (Rick, 1976).
The remaining wild species used (accessions 1-6 in Table 1)
grow in different climatic zones of South America, from the
tropics of the Amazon basin to deserts along the coast and the
cold high mountains of the Andes (Nakazato et al., 2010). This
suggests that accessions 1-6 are resistant to cold and drought,
and accessions 7—11 are sensitive to these stresses.

Each of the 70 accessions was characterized by a specific
range of fragments obtained using a combination of four
primer pairs (see Table 2). The efficiency obtained (391 frag-
ments, including 114 polymorphic fragments) was compa-
rable with the results of other studies. For example, an AFLP
analysis of 21 tomato varieties with four primer combinations
revealed 298 fragments, including 159 polymorphs (Suliman-
Pollatschek et al., 2002). The percentage of polymorphic
fragments obtained by us (29.16 %) also fit into the known
data on different crops — in a number of studies it varies from
17.4 to 78.3 % (Kim et al., 1998; Vetelainen et al., 2005).
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Analysis of the obtained AFLP data using various bioinfor-
matic methods distributed the studied tomato accessions in
a similar way (see Fig. 1-3). Wild tomato accessions isolated
themselves into a separate group (see Fig. 2, 3) or divided into
clades within cluster I (see Fig. 1). In the dendrogram, acces-
sions 1-6 (tomato species except S. lycopersicum) constituted
a separate clade A, and 8-11 (various wild S. lycopersicum
accessions) constituted clade C (see Fig. 1). At the same time,
accession 7 (S. lycopersicum LA1673) did not combine with
811, but entered the subclade with red-fruited accessions 3—6
(S. pimpinellifolium, S. galapagense), which may indicate
a probable interspecific introgression. Sister clades B and D
consisted of S. lycopersicum cultivars, for which resistance to
drought and/or cold was shown (see Fig. 1). This, on the one
hand, confirms our assumptions about the possible resistance
of wild accessions 1-6 taken for analysis to drought/cold, and
also suggests this trait in accessions 7—11. Cold/drought resis-
tance in more than half of the samples of clusters [ and II (see
Fig. 1) allows us to assume the presence of such resistance in
varieties for which there are no data. In addition, the results
may indicate the presence of traits of resistance to abiotic
stresses introgressed from wild tomato species in the genome
of varieties of both clusters.

A fairly clear grouping of accessions by origin shows the
effectiveness of the analysis and, at the same time, helps to
trace possible links in the pedigree of varieties both from one
originator and between breeding centers.

Conclusion

Thus, using AFLP genotyping of selectively neutral regions
of the genome of S. lycopersicum cultivars/lines and wild
tomato species, clustering of accessions was shown accord-
ing to resistance to biotic and abiotic stress factors, as well
as according to origin from different breeding centers. The
prospects of AFLP with the set of primer combinations chosen
in this study for genotyping tomato varieties in order to select
cultivars with resistance to various stresses were demonstrated.
The obtained clade-specific fragments can become the basis
for the development of specific molecular markers associated
with economically important traits. Sequencing polymorphic
AFLP fragments that underlie differences between accession
clusters, mapping them on the genome, and assessing the
variability of such regions among the analyzed varieties may
be promising for obtaining STS markers.
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Earliness and morphotypes of common wheat cultivars
of Western and Eastern Siberia
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Abstract. The global and local climate changes determine the producing of highly-adaptive common (bread) wheat
commercial cultivars of a new generation whose optimal earliness matches the climatic features of the territory where
the cultivars are farmed. Principal component analysis involving our own and published data has been applied to inves-
tigate 98 commercial common wheat cultivars from Western and Eastern Siberia comparing their morphotypes; cultivar
zoning time; length of the vegetation period; 1000-grain weight, and inheritance of spring growth habit. It demonstrated
that the dominant Vrn gene polymorphism determining the spring growth habit of the Siberian cultivars was minimally
polymorphic. In 75 % of the tested cultivars, the spring growth habit was controlled by digenic, namely dominant Vrn-A1
and Vrn-B1 genes. In 25 % of them (24 cultivars), spring growth habit is controlled by a single gene. In 19 and 5 of these
cultivars spring growth habit is controlled by only one dominant gene, Vrn-B1 or Vrn-A1, respectively. In cv. Tulun 15, a tri-
genic control was identified. A conclusion about the optimality of the digenic control for the climatic conditions of both
Western and Eastern Siberia has been confirmed. However, since none of the tested cultivars had the dominant Vrn-D1
gene typical of the regions of China and Central Asia bordering Siberia, it can be considered as an additional argument in
favor of the European origin of Siberian common wheat cultivars. The revealed high frequency of the Vrn-Bic allele in the
Western Siberian cultivars and the Vrn-B1a allele in the Eastern Siberian cultivars suggests their selectivity. The analysis
also confirmed the dominance of red glume (ferrugineum, milturum) and awned spike (ferrugineum, erythrospermum) va-
rieties in the Eastern Siberian cultivars, and white glume and awnedless spike (lutescens and albidum) ones in the Western
Siberian cultivars. Small grain size cultivars are more typical of Eastern than Western Siberia. The retrospective analy-
sis based on the cultivars’ zoning time included in the “State Register for Selection Achievements Admitted for Usage”
brought us to the conclusion that the earliness/lateness of modern Siberian commercial cultivars was not regionally but
rather zonally-associated (taiga, subtaiga, forest-steppe and steppe zones).

Key words: common wheat; Vrn genes; commercial and local cultivars; earliness; morphotype; breeding.
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CKopoCnenocTb 1 MOPGOTUM COPTOB MAFKON MLIEHUL|bI
3anagHoi 1 BoctouHon Cnbupn

HbIX JaHHbIX 1 pe3yNbTaToB, ONy6MKOBaHHbIX APYTMMUN UCCNefoBaTeNAMM, NPOBEJEHO CpaBHEHNe 98 cenekLMOHHbIX
KOMMepPYECKMX COPTOB APOBOIN MArKOW MieHWLbl 3anafgHol 1 BoctouHoi Cnbvpn no MoppoTumny, BpeMeHr panoHu-
poBaHuA, ANVHe BereTauMoHHoro nepuopa, macce 1000 3epeH 1 xapaKkTepy Hac/ieJoBaHWA APOBOro Tuna pa3suTuA. [o-
NUMOpPPY3M Mo JOMUHAHTHBIM FreHam Vrn, KOHTPONMPYIOLWMM APOBOCTb Y CENEKLMOHHbIX COPTOB CnbUPK, MUHUMANEH.
Y 75 % "3 HUX OH KOHTPONUPYETCA ANreHHO JOMUHAHTHbIMK Vrn-AT n Vin-B1;y 25 % — MOHOr€HHO JOMUHAHTHbIMU Te-
Hamu (y 24 copToB, U3 HUX Y 19 1 5 COOTBETCTBEHHO TOJIbKO OJHUM JOMUHAHTHbBIM reHoM — Vrn-AT1 nnn Vrn-B1). Y ogHoro
copTa, TynyH 15, onrcaH TpUreHHbli KOHTPOsb. MoaTBEPXKAEH BbIBOA 06 ONTUMANbHOCTY AN KIIMMATUYECKNX YCIOBUIA
Kak 3anafiHol, Tak 1 BoctouHoi Cbrpu KOHTPONA APOBOCTM IBYMA AOMUHAHTHbIMU reHamu Vrn. Hu'y ogHoro us coptos
He 0OHapyXeHO XapaKTepPHOro AnA npurpaHnyHbix ¢ Cnbupbto obnactelt Kutas u LleHTpanbHol A3uy fOMUHAHTHOTO
reHa Vrn-D1. [laHHOe HabnogeHne MOXKET CNY>KUTb AONOMHUTENbHBIM apryMeHTOM B MOJb3y FMNoTe3bl eBPONenckoro
NpoucxoXaeHna coptumeHTa Cnbrpu. BoiaBneHa NoBblleHHasA YacToTa BCTpeyaeMocTy annena Vrn-Bicy coptos 3a-
nagHon Cnbupwn n annena Vrn-Bla 'y coptoB BoctouHoi Cnbupu, 4to No3BonseT roBoputb o6 nx cenekTnsHocTy. Mop-
TBepXKAeHo npeobnafiaHne KpacHokonocbix (ferrugineum, milturum) n octucTbIx (ferrugineum, erythrospermum) pasHo-
BMAHOCTeN B BocTouHomn Cnbupu, 6e3ocTbix 1 6enokonocsbix (lutescens n albidum) — B 3anagHoi Cnbrpu. ns BoctouHom
Crbrpm xapakTepHbl 6onee MenKko3epHble copTa. BbinonHeHHas peTpocneKkTrBa No rofam paioHNPoBaHNA (BKIOUYEHNA
B «[0CYapCTBEHHbIN peecTp CeNeKUMOHHbIX JOCTUXKEHWI, AOMYLLEHHbIX K MCnosib3oBaHmio» PO) no3BonaeT oTMeTUTb,
YTO CKOPOCNENIoCTb/MO3AHECNENOCTb COBPEMEHHBIX COPTOB CMOMPU He NMEET APKO BbIPaXXeHHOW PervioHanbHol KoM-
NMOHEHTbI, @ ABNIAETCA 30HaNbHON (Talra, NoATaiira, necocTenb, CTenb).

KnioueBble cioBa: MArkas niueHnLa; reHbl Vrn; cenekumoHHbIe 1 MeCTHble COpPTa; CKOPOCNeNoCTb; MOPOTUM; cenekums.
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Introduction

Wheat is one of the three most wide-spread crops in the
world, but, unlike rice and corn, both its winter and spring
cultivars are widely cultivated. Spring common (bread)
wheat, in this respect, mains a crucial crop for the regions
of South and North America, Australia, Central and South-
East Asia as well as for those of Northern Asia which have
harsh continental climate (Morgounov et al., 2018; Garcia
etal., 2019; Rivelli et al., 2021).

In the Russian Federation, these are mainly the winter and
spring cultivars of common wheat (7riticum aestivum L.)
and the spring cultivars of macaroni ones (7. durum Desf.)
that are farmed. Only insignificant areas are taken to grow
winter macaroni (Fomenko, Grabovets, 2016) and Indian
dwarf wheat (7. sphaerococcum Perciv.) (Bespalova et al.,
2015) cultivars as well as emmer (7. dicoccum Schrank. ex
Schiibler) (Temirbekova et al., 2020). The “State Register
for Selection Achievements Admitted for Usage (National
List)” also includes two cultivars of Rivet wheat (7. turgi-
dum L.) and one of spelt (7. spelta L.) (State Register...,
2021)". Among the mentioned ones, the common wheat
species the backbone of Russia’s crop farming, dominating
not only over other species of genus 7riticum L. but overall
crops cultivated in the country.

Along with Southern Urals and the Volga region, Eastern
and Western Siberia are main territories of spring common
wheat farming in Russia. The global and local climate
changes determine the producing of highly-adaptive com-
mon wheat cultivars of a new generation with optimal ear-
liness to match the climatic features of the territory where
they are farmed, including the harsh continental areas of
Western and Eastern Siberia.

The duration of vegetation period (earliness) in wheat,
as the most important adaptive trait (Lozada et al., 2021),

T For the last two species, the “State Register...” indicates no type of growth
habit (spring vs. winter). Moreover, the State Commission for Breeding
Test System and Protection uses the wheat taxon names nonrelated to the
Russian scientific tradition (Dorofeev et al., 1979; Goncharov, 2011).

determines not only plant productivity (yield) but also affects
its resistivity to such external environmental stress factors
as drought, low temperature, insects, diseases, etc. (Zotova
etal.,2019). Moreover, farming spring cultivars of different
earliness enables one to control harvesting times to reduce
peak loads on agricultural machinery and yield losses due
to overmature (Belan et al., 2021). Duration of vegetation
period in wheat is a complex trait whose extent is mainly
determined by the allele diversity of the Vrn genes control-
ling the type growth habit (spring vs. winter) and response
to vernalization and by that of the Ppd genes controlling
response to photoperiod (Kiseleva, Salina, 2018). Currently,
a set of VRN loci (Vin-A1, Vin-Bl, Vin-D1, Vin-B3, and
Vrn-D4 genes) (Goncharov, 2003; Yan et al., 2003, 2004,
2006; Kippes et al., 2014) and at least two PPD loci (Ppd-B1,
Ppd-D1 genes) (Welsh et al., 1973; Beales et al., 2007;
Diaz et al., 2012) have been identified in hexaploid wheat
species.

In wheat, the molecular basis of genetic control of earli-
ness is being intensively investigated (Royo et al., 2020), but
there is still considerable uncertainty when it comes to its
phenotypical manifestations determined by the interaction
of Vrn and Ppd gene alleles. Some experts claim Vin genes
control up to 75 % of the variability related to the duration
of the vegetation period (earliness), while Ppd genes ac-
count for only 20 % of them (Stelmakh, 1981). However, in
the spring cultivars and when winter and spring wheat are
cultivated northward of 55° N and southward of 55° S, the
influence of these genes on the trait manifestation changes
significantly. The results of the correlation analysis of the
vegetation period duration in the wheat cultivars with yield
have been contradictory (Vedrov, 2006; Meng et al., 2016;
Piskarev et al., 2018; Rigin et al., 2018; Sidorov, 2018;
Kuz’min et al., 2019; among others) and, due to their im-
portance, call for comprehensive study.

The current diagnostic molecular markers have been
developed to identify the alleles of the J7n and Ppd genes.
They have made it possible to detect the presence/absence of
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dominant Vrn and Ppd genes in both local and commercial
(cultivated) wheat cultivars from the countries of Europe,
Asia, North and South America, Africa and Australia (Zheng
etal.,2013; Gomezetal.,2014; Cho etal., 2015; Shcherban
et al., 2015; Whittal et al., 2018; Royo et al., 2020). It has
been shown that the most early-maturing cultivars possess
at least three dominant Vrn genes (Zhang et al., 2008; Rigin
etal., 2019, 2021a, b), among which some authors include
the rare dominant Vn-B3 allele (Zhang et al., 2008). It is
noteworthy that this allele has been detected in the only one
Russian cv. Tulun 15 being most early maturing among those
permitted for cultivate in Siberia (Lysenko et al., 2014). A
new dominant }n-43 gene controlling the early maturity
in the accession TN26 of T. dicoccum has been described
(Nishimura et al., 2018). It is assumed that the early ma-
turity is caused by the GATA-box element found in this
gene, while this locus as well as the VRN-2 one described
in 7. monococcum L. (Tan, Yan, 2016) is not functional in
hexaploid wheat cultivars.

Genogeographic studies have been performed in our coun-
try to investigate the Vrn genes in spring wheat landraces
(Genotypes..., 1985; Goncharov, Shitova, 1999; Moiseeva,
Goncharov, 2007) as well as in the Russian commercial cul-
tivars (Genotypes. .., 1985; Catalogue. .., 1987; Shcherban et
al., 2012b; Lysenko et al., 2014; etc.). The other investigated
cultivars were spring common wheats from Siberia (Fait,
Stelmakh, 1993; Dzhalpakova et al., 1996; Likhenko et al.,
2014; etc.); the local cultivars of seven hexaploid wheat
species from different regions of Eurasia (Dragovich et al.,
2021); macaroni wheat cultivars (Dzhalpakova et al., 1995;
Konopatskaia et al., 2016), and emmer landraces (Rigin et
al., 1994). As an earliness donor, Aegilops squarrosa L. (syn.
Aegilops tauschii Coss.) the D genome donor of polyploid
wheats has been suggested (Goncharov, Chikida, 1995).

The search for Vrn gene polymorphisms and studying its
influence to the earliness expression has been one of the key
directions of the Russian wheat breeding programs, includ-
ing Eastern and Western Siberia since dominant Ppd genes
are not that widespread in Siberian cultivars (Likhenko et
al., 2014; Balashova, Fait, 2021).

The purpose of the present study was to compare the
bred (commercial) cultivars of spring common wheat from
Western and Eastern Siberia for their dominant Vrn alleles
and morphotypes to investigate their effect on the earliness,
yield and cultivar zoning time.

Materials and methods

Biological material. Only cultivars of common wheat in-
cluded in the “State Register for Selection Achievements
Admitted for Usage (National List)” (State Register...,
2021) were studied in our investigation. Information on
inheritance of them spring growth habit included in the
was either obtained in this investigation or taken from pub-
lications (Dzhalpakova et al., 1996; Likhenko et al., 2014;
Lysenko et al., 2014, etc.) (Supplementary Material). The

2 Supplementary Material is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Smolenskaya_27_7.pdf
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data about morphotypes, duration of vegetation period and
1000-grain weight were taken from the official publica-
tions of The State Commission for Breeding Test System
and Protection (Guidelines..., 1928, 1937; among others)3,
“Catalog...” (2009), since they provided information on trait
fluctuations for all state agricultural facilities in a region,
and these data were necessary for obtaining integral estima-
tions. In total, the information about 98 commercial spring
common wheat cultivars from Eastern and Western Siberia
(zoning time from 1929 through 2021) was collected as well
as the information concerning four our breeding lines was
used (see Supplementary Material).

In case of incomplete data, a cultivar was removed from
analysis, such as the cvs Soanovskaya 4 and Khludovka.
In addition, the cultivars produced in Siberian agricul-
tural institutions but zoned in other regions such as Perm
(cv. Tayezhnaya) or the Far East (cv. Priobskaya) were re-
moved. Since the local cultivar data were mainly represented
by East Siberian cultivars (Goncharov, Shitova, 1999) and
Tuva landraces (Moiseeva, Goncharov, 2007), they were
used only in discussion.

PCR amplification conditions and total DNA isola-
tion protocol. The total DNA isolation and PCR amplifica-
tion conditions were carried out as described in (Konopats-
kaia et al., 2016). For PCR amplification were used the
primers specific for the Vin-A1, Vin-BI and Vin-D1 genes
(Konopatskaia et al., 2016).

Data. The information about the genotypes and pheno-
types of on such biological traits as botanical varieties, the
duration of vegetation period (earliness), 1000-grain weight
and Vrn gene alleles presented in Supplementary Material.
Note that the cultivar botanical varieties were first studied as a
whole, e. g., ferrugineum and lutescens, and then subset into
their element traits such as spike color, awnedness/awned-
lessness, etc. according their spike and grain traits (Table 1).

Statistical analysis. For statistical processing, quantita-
tive and qualitative characteristics of cultivars were used.
Both quantitative (mean duration of vegetation period,
1000-grain weight) and binary traits (awnedness/awnedless-
ness, spike and grain color, Vin-A1 gene alleles) were aligned
and normalized in a way the sum of squares for each of them
was equal to one. Every qualitative character, whose grada-
tion exceeded three (Vrn-B1 gene alleles, morphotypes), was
coded using a binary number in which one marked belonging
to this particular gradation, and zero — to all other gradua-
tions used. Since this population still represented just a single
trait, it was aligned and normalized for its sum of squares
to be equal to one as well. In such a way all the traits were
equally weighted. To estimate the principal components for
all the investigated biological traits, a Euclidean distance
matrix was built and the principal coordinate method was
applied (Gower, 1966).

3 As it has been mentioned earlier, the vegetation period grades of the
different cultivars studied in different sites almost never change (Goncharov,
Efimov, 1990; Smiryaev et al., 1992). For that reason, in our study we followed
E.S. Kuznetsova's (1929) approach who considered that studying a cultivar
core collection set enabled one to obtain proper information about the
whole species polymorphism.
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Table 1. Reduced classification of the most important common wheat botanical varieties

(from: Plotnikov et al., 1937)

Grain color Spike glume
Naked glumes

White albidum Al.

Red lutescens Al.

White alborubrum Korn.

Red milturum Kérn.

White graecum Korn.

Red erythrospermum Korn.

White erythroleucon Korn.

Red ferrugineum Al.

Red caesium Al.

PC A

PC1 3.17
PC2 1.27
PC3 1.11
PC4 0.77
PC5 0.52
PCé 0.37
PC7 0.32
PC8 0.28
PC9 0.10
PC10 0.04
PC11 0.04

A\ % Sum Sum, %
39.6 3.17 39.6
159 4.44 555
13.9 5.55 69.3
9.6 6.32 79.0
6.5 6.84 85.5
4.6 7.21 90.1
4.0 7.53 94.1
35 7.81 97.6
1.3 791 98.9
0.5 7.96 99.5
0.5 8.00 100.0

Note. PC - the principal components.

Results

The results of the statistical data processing for the culti-
vars biological traits and their agronomical characteristics
(see Materials and methods) can be seen in Tables 2 and 3,
Fig. 1-3. The contributions of the first three principal com-
ponents gave 69.3 % in total (see Table 2) that comprised
around 70 % of the total dispersion.

A cultivar agronomical characteristics are included its
farming region and the zoning time, i.e., the year it was
included in “State Register for Selection Achievements
Admitted for Usage (National List)”. In our study, these
characteristics were considered as external ones and for
that reason were excluded from the principal component
estimation. For biological interpretation of the obtained com-
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ponents, it was enough to calculate their correlations with
any qualitative traits including biological and agronomical
ones (see Table 3).

Cultivar position determined, first-hand, by the their
morphotypes, namely, lutescens, erythrospermum and mil-
turum varieties take the upper left-hand (LEM group), mor-
photypes ferrugineum and caesium (FC group) — the upper
right-hand, and albidum and pyrothrix (AP group) — lower
left-hand corner. Thus, the primary component is determined
by the differences between groups LEM and FC, and the
secondary — between groups LEM and AP (see Fig. 1).

The agronomical characteristics farming region and
cultivar zoning time correlated only with the PC1, giving
r=10.392 and » =—0.585, respectively. The biological traits
correlating with the PC1 included the awnedness, spike
color, duration of vegetation period, 1000-grain weight,
Vrn-Bla allele presence, var. ferrugineum and lutescens.
A direct correlation was discovered between Vrn-Bla and
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a - morphotype-based cultivar zoning time against PC1; b - spike color and awnedness against PC1; ¢ - region-based against 1000-grain weight; d - region-based

duration of vegetation period against PC1.
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Fig. 3. Scatterplot of Vrn-B1a allele and Vrn-B1c allele against: (a) - principal component (PC1); (b) - zoning.

Fig. 4. The gel electrophoresis of the PCR fragments contained the first
intron of the Vrn-B1 gene in the tested cultivars.

1 - Baganochka; 2 - ANK; 3 - k-39218 T. gestivum var. lutinflatum Zhuk.;
4 - k-30234 T. araraticum Jakubz,; 5 - Barnaulskaya 32. The arrow marks
the resulted fragments of 709 bps in size.

1000-grain weight (» = —0.354), i.e., the presence of this
dominant allele resulted in 1000-grain weight reduction.
At the same time, the presence of any dominant Vrn gene
alleles did not affect the other biological traits. In other
words, they correlated only against one another, forming a
separated group of principal components from PC3 to PC6.

Hence, the biological meaning of the PC1 (see Fig. 2
and 3) is the early cultivar zoning time, spike awnedness and
color of the cultivars from Eastern Siberia as well as their
reduced duration of vegetation period, 1000-grain weight
and var. [utescens, and increased Vrn-Bla allele frequency
and var. ferrugineum.

At the same time, small-grained cultivars are typical
for Eastern Siberia than for Western Siberia (» = —0.262),
while large-grained cultivars are typical for Western Siberia
(r=0.377) (see Table 3, Fig. 2, ¢).
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Cultivar zoning time. As Fig. 2, a demonstrates, before
the 1990th, breeding in Eastern Siberia mainly produced
awned varieties, but this tendency has changed since then.
Hard to say why.

Vrn genes. An important consideration of our study was
the presence/absence in the tested cultivars of VRN-1 lo-
cus multiple alleles that control the duration of vegetation
period. An important in the study was the identification
of alleles of the VRN-1 locus and the assessment of their
influence on duration of vegetation period. The polymor-
phism of the dominant Vn genes controlling cultivar spring
growth habit in the 98 investigated cultivars was minimally
expressed (see Supplementary Material). It demonstrated
that the dominant }7n gene polymorphism determining the
spring growth habit of the Siberian cultivars was minimally
polymorphic. In 75 % of the tested cultivars, the spring
growth habit was controlled by digenic, namely dominant
Vrn-A1l and Vrn-BI genes. In 25 % of them (24 cultivars),
the spring growth habit of control is monogenic. In 19 and 5
of these cultivars spring growth habit is controlled by only
one dominant gene Vin-A1, Vrn-B1, respectively. In cv. Tu-
lun 15, a trigenic control was identified. A conclusion about
the optimality of the digenic control the climatic conditions
of both Western and Eastern Siberia has been confirmed.
However, since none of the tested cultivars had the dominant
Vin-D1 gene typical for the regions of China and Central
Asia bordering Siberia, it can be considered as an additional
argument in favor of the European origin of Siberian com-
mon wheat cultivars. Two alleles of the dominant Vrn-41
gene were detected. While the frequency of the Vin-A1b
allele comprised less than 2 %, the V¥n-A41a allele presented
in the most of the tested cultivars. The exception is a num-
ber of cultivars of Omsk breeding, such as cvs Omskaya 9,
Omskaya 12, etc., the spring growth habit of which is de-
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termined by the monogenic by dominant gene Vrn-Bl, but
their number does not exceed 5 % of the assortment (see
Supplementary Material).

The Vin-B1 gene has three alleles, namely the dominant
Vin-Bla, Vin-Blc alleles and recessive vrn-B1 allele, i.e.
neither Vin-Bla nor Vin-Blc. An increased frequency of
occurrence of the Vrn-Blc allele was revealed for Western
Siberia (see Table 3, Fig. 3, b) and Vin-Bla (see Fig. 3, a)
for Eastern Siberia.

Fig. 4 presents gel electrophoresis of the PCR fragments
contained the first intron of the Vin-B1 gene in the tested
cultivars. The amplification fragment of 709 bps marks the
presence of the Vrn-Bla allele controlling a cultivar spring
growth habit.

Discussion

Morphotype. Plant breeders are commonly interested in
complex analysis of the phenotypes of produced cultivars.
For that reason, it was important for us to consider the setting
significant volume accessions from 98 cultivars released in
terms of morphotype difference between the cultivars from
Western and Eastern Siberia and their dynamics during the
last 100 years of scientific breeding during 1929-20214. For
the purposes of the present study, a morphotype, i.e., the
approbation (classification) traits of a common wheat culti-
var, had been divided into two groups such as 1) awnedness/
awnedlessness and spike color that are known to affect the
earliness (Pisarev, 1925); 2) grain color as a neutral para-
meter for there are no mentions about its effect in the publi-
cations. The results of data analysis presented at Table 3 and
Fig. 2, b allow to conclude that the maximum contribution
in the PC1 came from the region (both Eastern and Western
Siberia), awnedness (r= 0.859) and spike color (»= 0.893).
Another conclusion is that red spike ( ferrugineum, miltu-
rum) and awned ( ferrugineum, erythrospermum) varieties
prevailed in Eastern Siberia ( = 0.863).

While other main morphotypes were distributed more
or less equally with a little prevalence of white spike
and awnedless varieties (lutescens) in Western Siberia
(r = 0.321). The main contribution in the PC1 came from
the spike color and its awnedness. Our study has confirmed
the multiple conclusions made about the prevalence of red
spike ( ferrugineum, milturum) and awned ( ferrugineum,
erythrospermum) varieties in Eastern Siberia, and of white-
spike awnedless varieties (/utescens) in Western Siberia (see
Fig. 2, a, b).

1000-grain weight. This trait is correlated with yield
(Melnikova et al., 2020) and milling quality parameters
(Pototskaya et al., 2019). Our study demonstrated that the
cultivars of Eastern Siberia were more small-grained than
those from Western Siberia (see Table 3, Fig. 2, ¢). Earlier
it had been demonstrated that the cultivars grown in the
North Kazakhstan were also more small-grain than those
farmed in Western Siberia (Moskalenko, 2007), so a conclu-

4 Preliminary zoning of agricultural crops in the State Breeding Test System
and Protection was carried out in 1924 (Guidelines..., 1928).
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sion can be made that more continental climatic conditions
determine the small size of the grain. The trait “1000-grain
weight” is correlated with the duration of vegetation period
(r=0.410).

Estimating the correlation between the region and the two
the most important traits such as earliness and 1000-grain
weight using the methods of multivariate statistics brought
us to the conclusion that the first was related to the regional
component and the second — to that of polymorphism of trait
“1000-grain weight”.

Vrn genes. The results obtained in our study make it pos-
sible to say that spring growth habit-related polymorphism
in the Siberian cultivars of common wheat is supported only
by the alleles of two dominant Vin genes: Vin-A1 and Vin-B1
(see Supplementary Material). Furthermore, in 95 % of
studied local cultivars and landraces of Siberia (Goncharov,
Shitova, 1999) and Tuva (Moiseeva, Goncharov, 2007) this
polymorphism is determined by two dominant }7n genes.

For the dominant Vrn-A1 gene, the presence of two al-
leles, Vrn-Ala and Vin-Ab, was shown (Lysenko et al., 2014;
Efremova et al., 2016; etc.). The last allele is rather rare in
Siberian cultivars and in our study was found only in 2 % of
all tested ones (see Supplementary Material). It is possible
that another allele of this gene can be found in the cultivars
of North Kazakhstan, a territory that borders Western Siberia
(Koval, Goncharov, 1998).

At the same time, allelism at the VRN-B1 locus is wide-
spread in the Siberian cultivars (Shcherban et al., 2012a).
Herewith, the Vrn-Blc allele prevails in the cultivars with
monogenic spring growth habit control from Western Siberia
and Northern Kazakhstan (Shcherban et al., 2012b). The
same authors consider that in absence of the epistatic effects
of the dominant Vin-41 gene, this allele provokes earlier
earing if compared to Vrn-Bla allele, which enables these
plants to evade first autumn frosts. However, the cases of
monogenic control in Western Siberian cultivars are quite
rare: in the past 70 years only two such spring cultivars have
been registered that comprises 2 % of the spring cultivar sets
in Siberia. At what, both cultivars were produced in today’s
Omsk Agricultural Research Center.

Increasing the number of tested commercial cultivars
and applying the principal component method for process-
ing the genogeographic data has enabled us to demonstrate
the non-random distribution of the dominant Vrn-BI al-
leles in the cultivars of Western and Eastern Siberia (see
Fig. 3, a and b). And, if earlier it was concluded that it is
selective only for late-ripening varieties of Western Siberia
and Northern Kazakhstan with monogenic control by Vin-B1
(Shcherban et al., 2012a, b), our study detected the digenic
control of highly-frequent Vin-Blc (Western Siberia) and
Vrn-Bla (Eastern Siberia) alleles (see Supplementary Mate-
rial, Fig. 3, a, b). These findings make it possible to conclude
that such digenic control is an optimal combination for the
climatic conditions of Western and Eastern Siberia and
confirms a possible breedability of multiple Vrn-BI alleles
in the cultivars with digenic control.
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Using published data also allowed us to compare the
frequencies of the genotypes with different dominant Vrn-1
alleles in the cultivars of Siberia and its neighboring regions
(Moiseeva, Goncharov, 2007; Efremova et al., 2016). The
analysis demonstrated that none of the considered cultivars
had the dominant Vrn-DI gene typical for the neighboring
regions of China and Central Asia. This observation may be
an additional argument in favor of the European origin of
the modern Siberian cultivars.

The only cultivar to have trigenic spring growth habit
control was cv. Tulun 15 (Lysenko et al., 2014), which is
probably too many for a Siberian cultivar. Indirectly, this
has been confirmed by the results of investigation into ultra-
early-ripening common wheat lines Rico, Rimax, Fori, Rifor
from the north-west of Russia, whose spring growth habit
was controlled by Vrn-A1, Vin-Bl1, Vin-D1 and Ppd-Dia
genes (Riginetal.,2019,2021a). At the same time, Tulun 15
has a different dominant Jrn gene than theirs, namely,
Vin-B3 typical of Chinese wheat (Zhang et al., 2008). Its
other dominant gene is Ppd-D1a (Berezhnaya et al., 2021)
that is alien not only for Siberia but for Russia as well (Ba-
lashova, Fait, 2021). Note the Prilenskaya cultivar zoned in
Siberia also has a dominant Ppd-D1a gene (Lysenko et al.,
2014). However, the photoperiodic sensitivity of Siberian
cultivars was beyond the scope of our investigation.

We believe that increasing the spring growth habit-related
polymorphism of common wheats requires either intro-
gressing the dominant Vrn alleles from their wild relatives
(Goncharov, Chikida, 1995; Goncharov, 1998) or using the
rare alleles available in the gene pool of commercial cultivars
(Stelmakh, Avsenin, 1996; Koval, Goncharov, 1998) that are
understudied and have rarely been used in breeding. Whether
the dominant Vrn-B3 gene can be used in breeding remains
an open issue that requires further investigation. For the time
being, only the Vrn-A1 and Virn-B1 have shown the multiple
alleles affecting the earing period. It is noteworthy that the
donor of the A* T. urartu Thum. ex Gandil. genome provides
no new mutations for spring common wheat (Golovnina et
al., 2010) as well as using 7. monococcum L. (Gonchrov et
al., 2007) will never prove worthy.

Fig. 4 presents gel electrophoresis of the PCR frag-
ments contained the first intron of the VrnlB gene in the
tested cultivars demonstrates the diagnostic product of the
Vin-B1 gene. It is 709 bps in size and was obtained from
the Barnaulskaya 32 (Ozimka) spring cultivar. It is said to
be produced by transformation of a winter cultivar into a
spring one (Catalog..., 2009). In the sequence presents the
standard deletion characteristic for other Siberian cultivars.
Probably Barnaulskaya 32 is not a result of transforma-
tion, so its mutation cannot be used to extend Vrn poly-
morphism.

Cultivar zoning time. Changes of cultivar morphotypes
in dynamic is another interesting topic and a subject of vivid
discussions among breeders (Goncharov N.P., Goncha-
rov P.L., 2018). Until the 1990s, breeding for awned and
red-spike cultivars was clearly maintained in Eastern Sibe-
ria (see Fig. 2, a) (Catalog..., 2009). Since 1990 this ten-
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of Western and Eastern Siberia

dency has changed due to disbanding a number of scientific
and research facilities that carried out planned breeding
and provided scientific supervision (Goncharov, Kosolapov,
2021).

It is a well-known fact that before starting to breed a
new cultivar, a breeder should set strategic goals and find
the ways of their achievement taking into account that in
15-20 years the requirements for the cultivar can change
drastically due to changes in the economic situation, farm-
ing and processing techniques. However, within a properly
organized breeding process, producing a new cultivar should
not be a problem for it is what happens on regular basis and
new cultivars being the products of the breeding programs
started earlier are regularly sent to the State Commission
for Breeding Test System and Protection. The only problem
with this approach is to carefully preserve succession that
refers both to the people and plants. In this respect, it would
be interesting to investigate what germplasm materials had
entered Siberian fields since the interregional program of
the Kazakhstan-Siberian network for wheat improvement
(KASIB) was launched (Kuz’min et al., 2019).

It goes without saying that cultivar replacement is crucial
for crop farming in the Siberian Federal District. However,
a cultivar must be cultivated as long as it can provide a suf-
ficient yield of high quality.

Duration of vegetation period. Comparing the obtained
data against the results for local cultivars highlighted the
absence of sufficient changes in the frequencies of V71 genes
in the commercial cultivars of Siberian common wheat at
least during the last 100 years (see Supplementary Material).
The first preliminary zoning of wheat cultivars in our coun-
try was performed by V.V. Talanov in 1924 (Guidelines...,
1928), while the first Soviet Unione State Cultivar Zoning
Register was produced only in 1929.

Duration of vegetation period is one of the main breeding
parameters to characterize a cultivar or a sample in terms of
their ripeness (from early- to late-ripening thorough middle-
early, middle-ripening, middle-late, etc.) (Goncharov N.P.,
Goncharov P.L., 2018). This scale varies is for different spe-
cies, but earliness and lateness remain the most expressed
characteristics of any agricultural species. The results ob-
tained in our study and presented in Table 3 do not permit to
make firm conclusions since the contributions of traits into
their own vectors and dispersions included in the correspond-
ing principal components were too small. Moreover, such
traits as red spikes (» = 0.893) and awnedness (» = 0.859)
were those that correlated with the primary component, i.e.,
they had smaller joint duration of vegetation period.

Another important thing was that the earliness trait did not
include a regional component (see Table 3). So, despite the
fact that a number of cultivars were zoned as in Eastern as
in Western Siberia, their percentage was rather small even
in the recent years when one started to zone wheat cultivars
not by regions but by bigger federal districts.

When producing new cultivar, breeders proceed from the
concept of matching the duration of vegetation period to the
conditions of the proposed farming area. The retrospective
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analysis of the most perspective trends of common wheat
breeding demonstrated that the earliness/lateness of modern
cultivars had no longer been related to a region but rather to
an ecological zone (taiga, subtaiga, forest-steppe and steppe),
which raises a question of its latitudinal/longitudinal compo-
nents that have never been previously studied (Goncharov,
Rechkin, 1993; Rechkin, Goncharov, 1993), for geographic
sowing defiantly showed the non-latitudinal character of the
trait expression (Goncharov, Rechkin, 1993). At the same
time, N.I. Vavilov (1928) and E.S. Kuznetsova (1929) in-
sisted on having two groups of plants for geographical sow-
ing: the first is to limit the seedling — ripening period from
the South to North, and the second — to extend this period.
Today, only two spring common wheat cultivars from Siberia
have a Ppd-D1a gene (Lysenko et al., 2014; Berezhnaya et
al., 2021). The absence of a close relationship (correlation)
between the duration of vegetation period in spring common
wheat and them yield has been repeatedly shown (Vedrov,
Chalipsky, 2009; Piskarev et al., 2018).

It is also noteworthy that the accumulated perennial data
has enabled us to see the retrospective that is crucial con-
sidering the reduced level of scientific supervision of crop
research both in Siberia and Russia.

Conclusion

Breeding for earliness is one of the important directions
of spring wheat breeding in Siberia. The accumulated
perennial data has made it possible to apply the methods
of multivariate statistics to extract the meaningful insights
they contain. The simplicity and representability of the
approach make it a useful tool for decision taking when
it comes to including a new cultivar into the “State Register
for Selection Achievements Admitted for Usage (National
List)”.

The present study investigating the geographical distribu-
tion of dominant Vrn genes has allowed us to estimate the
advantages of the cultivars with certain alleles of those genes
for specific territories of Siberia. It has been found that the
digenic spring growth habit control is an optimum solu-
tion for the harsh climatic conditions of both Western and
Eastern Siberia. The performed retrospective analysis has
made it possible to indicate the most perspective breeding
trands and revealed that the earliness/lateness trait of many
modern spring common wheat cultivars no longer regionally
related to either Western or Eastern Siberia. Nevertheless,
the Eastern cultivars mainly have the Vrn-Bla allele, and
the Western one — Vrn-Blc allele.
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Localization of the quantitative trait loci related
to lodging resistance in spring bread wheat (Triticum aestivum L.)
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Abstract. The yield and grain quality of spring and winter wheat significantly depends on varieties’ resistance to lodg-
ing, the genetic basis of this trait being quantitative and controlled by a large number of loci. Therefore, the study of the
genetic architecture of the trait becomes necessary for the creation and improvement of modern wheat varieties. Here we
present the results of localization of the genomic regions associated with resistance to lodging, plant height, and upper
internode diameter in Russian bread wheat varieties. Phenotypic screening of 97 spring varieties and breeding lines was
carried out in the field conditions of the West Siberian region during 2017-2019. It was found that 54 % of the varieties
could be characterized as medium and highly resistant to lodging. At the same time, it was noted that the trait varied
over the years. Twelve varieties showed a low level of resistance in all years of evaluation. Plant height-based grouping
of the varieties showed that 19 samples belonged to semi-dwarfs (60-84 cm), and the rest were included in the group
of standard-height plants (85-100 cm). Quantitative trait loci (QTL) mapping was performed by means of genome-wide
association study (GWAS) using 9285 SNP markers. For lodging resistance, plant height, and upper internode diameter,
26 significant associations (-log p > 3) were found in chromosomes 1B, 2A, 3A, 3D, 4A, 5A, 5B, 5D, 6A, and 7B. The results
obtained suggest that the regions of 700-711 and 597-618 Mb in chromosomes 3A and 6A, respectively, may contain
clusters of genes that affect lodging resistance and plant height. No chromosome regions colocalized with the QTLs as-
sociated with lodging resistance or upper internode diameter were found. The present GWAS results may be important for
the development of approaches for creating lodging-resistant varieties through marker-assisted and genomic selection.
Key words: spring wheat; lodging; plant height; upper internode diameter; GWAS; QTL.
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KapTupoBaHue JIOKYCOB, aCCOLINNPOBAHHBIX C YCTONUYMBOCTHIO
K I10JIETaHUIO Y IPOBOV MATKOM mineHuisbl (Triticum aestivum L.)
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AHHOTaLuMA. YPOXKaNHOCTb 1 KauyeCTBO 3epHa APOBOW 1 03UMOW MIUEHWLbl B 3HAUMTENbHOW CTEMNEHW 3aBUCAT OT YCTOW-
YMBOCTU COPTOB K NOseraHunto. [eHeTUYeCKNn KOHTPOsb YCTONYMBOCTY K MOJIEraHNI0 HOCUT KONMYECTBEHHbIN XapakTep
N KOHTpONMpyeTcA 60bLUMM YACIIOM FeHHbIX JIOKYCOB, MO3TOMY M3yUYeHMe reHeTUYeCKON apXUTEKTYPbl JaHHOTO Npu-
3HaKa HeobXoAVMO ANs CO3AaHMSA 1 YCOBEPLLEHCTBOBAHMS COBPEMEHHbIX COPTOB. B paboTe npeacTaBneHbl pesynsTtatbl
MO BbIAABNEHMIO FEHOMHbIX PalOHOB, aCCOLMMPOBAHHbBIX C YCTONYMBOCTbBIO K MONEraHuIo Y COMPAMKEHHbIMU C HUM MpW-
3HaKaMM «BbICOTa PACTEHUAY» U «ANAMETP BEPXHErO MeXAO0Y3NnsA» Y POCCMNCKMX COPTOB APOBOIN MATKON MLueHuLbl. Qe-
HOTUNUYECKNIA CKPUHUHF 97 APOBbIX COPTOB 1 CENEKLMOHHBIX IMHWUIA MATKOW NLeHWLbl Oblf IPOBeAEH B MONIEBbIX YC/IO-
BUAX 3anagHo-Cnbupckoro pervioHa B 2017-2019 rr. YcTaHOBMEHO, UTO 54 % COPTOO6PA3LL0B MOXKHO OXapaKTepr30BaTb
KaK CpefHe- 1 BbICOKOYCTOMYUYMBbIE K MOJIeraHunio, Mpy 3TOM OTMeYeHO BapbrpOBaHve NpusHaka no rogam. [lseHaguatb
COPTOB NPOABAANN HU3KUIA YPOBEHb YCTONYMBOCTY BO BCE rofibl MPOBefeHnA NCnbiTaHui. [pynnupoBKa pacteHnin no
BbICOTE NMOKasana, Yto 19 06pa3sLoB OTHOCATCA K NonyKapankam (60-84 cm), ocTanbHble BOLUN B FPYNNy HU3KOPOCbIX
pacteHuii (85-100 cm). KapTupoBaHme NOKyCoB Obl1o NPOBEAEHO C MOMOLLbIO MOIHOrEHOMHOIO accouuaTeHoro (GWA)
aHanusa c ncnonb3oaHnem 9285 mapkepos SNP. [1na npr3HaKkoB «yCTONYMBOCTb K NMOJMIEraHMIO», «BbICOTa PAaCcTeHUA» 1
«AVIAMETP BEPXHEro MeXXA0y3uaA» HalAeHo 26 3HauMMblx accoumaumin (-logp > 3) B xpomocomax 1B, 2A, 3A, 3D, 4A, 5A,
5B, 5D, 6A 1 7B. MonyuyeHHble pe3ynbTaTbl NO3BONAIT NPEANONIOXKNTb, YTO panoHbl 700-711 1 597-618 Mb xpomocom 3A
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Localization of the quantitative trait loci
to lodging resistance in bread wheat

1 6A COOTBETCTBEHHO MOTYT COflepPKaTb KlacTepbl reHOB, BAVAIOLMX HA YCTOMYMBOCTb K MOJIEraHuIo U BbICOTY pacTeHUA.
He o6Hapy»eHO palfiloHOB XPOMOCOM C KOJIOKanv3aumei NOKYCOB, acCOLMMPOBaHHbIX C YCTOMUYMBOCTBIO K MONEraHnio 1
LMaMeTpOM BepxHero mexxaoy3nus. JaHHble GWA aHanvsa MoryT MMeTb 3HaueHre Ana pa3paboTKy MeTOAOB Co3faHuA
YCTOMUMBBIX K MOJIEFaHNIO COPTOB C MOMOLLbIO MapKep-OPUEHTUPOBAHHOW 11 FEHOMHOW CeneKkuum.

KnioueBble cnoBa: ApoBas MiUeHNLa; MoeraHne; BbiIcOTa pacTeHUs; AMaMeTp BepxHero mexaoysnua; GWAS; QTL.

Introduction

Spring bread wheat (7riticum aestivum L.) is one of the main
food crops grown in Western Siberia taking about 40 % of
all agricultural lands (5.5 mln ha). According to the Russian
Statistics Agency, the wheat yield has been growing recently in
the region, comprising in different years from 21 to 28 cwt/ha!.
Lodging is one of the important factors resulting in a serious
yield loss and reducing the technological quality of the grain.
In lean years, early lodging in spring soft wheat can lead to
a yield loss of up to 20-50 % in the milky ripeness phase,
and up to 15 % — in the wax ripeness phase (Stapper, Fischer,
1990; Zhuchenko, 2004; Khobra et al., 2019). Lodging com-
plicates mechanized harvesting, which results in additional
yield loss. The weather conditions monitoring carried out in
Western Siberia from 1976 to 2016 has shown that the regional
climate has become more extreme, so its increased frequency
of gales, showers and thunderstorms significantly reduces the
yield (Kharyutkina et al., 2019). Considering this unfavorable
weather conditions, it becomes essential to create the wheat
varieties that are resistant to lodging.

Lodging resistance is a trait that depends on a number of
features, the most important of them being the stem’s ana-
tomical and morphological properties. So far, it has been
found that the plant height is crucially important for the trait
in question. Discovering the genes of reduced height (Rht)
as well as introduction of the most effective genes and their
alleles (Rht-B1b, Rht-D1b, Rht8) into the wheat genome
have resulted in creation of the varieties resistant to lodging
(Khobra et al., 2019; Liu et al., 2022). Meanwhile, a number
of studies have demonstrated that reducing the plant’s height
below a certain value leads to reduced grain size, 1000-grain
weight and a worse yield in general (Miralles, Slafer, 1995;
Flintham et al., 1997; Li et al., 2006). In unfavorable weather
conditions, the alleles of the Rht-B1b and Rht-D1b can have
anegative effect on the plant’s coleoptile length and root size
preventing proper rooting and reducing drought resistance
(Rebetzke et al., 1999; Ellis et al., 2004; Yan, Zhang, 2017).
The undesirable effects of the RAt gene alleles also include
reduced nitrogen content in grain and a longer heading time,
resulting in worse yield and grain quality (Casebow et al.,
2016; Sukhikh et al., 2021). Apart from the stem’s height, its
other parameters are of crucial importance, e. g., it has been
found that the culm’s diameter, wall thickness and weight,
number of vascular bundles and mechanical tissue sizes may
determine wheat resistance to lodging (Berry et al., 2003;
Zakharov et al., 2014).

Being of quantitative character, lodging is controlled by
a large number of genes that complicates the creation and se-
lection of resistant genetic lines using the methods of classical
breeding and phenotyping. Many researchers believe pheno-
typic assessment of lodging resistance may be controversial
since lodging occurs at different stages of plant development

1 Agriculture in Russia. https://rosstat.gov.ru/folder/210/document/13226
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and its degree is affected by certain external factors (Atkins,
1938; Hai et al., 2005). On the other hand, marker-based
analysis and identification of the genome regions associated
with lodging may be used for indirect selection of the varieties
unsusceptible to lodging.

The modern technologies for mapping of genes and quan-
titative trait loci (QTL) enable one to determine the chromo-
somal and genomic localization of target loci and the archi-
tecture of their quantitative traits. For the time being, genome-
wide associated studies (GWAS) have become one of the
most commonly applied approaches for mapping the QTLs
of agronomically important traits. The effectiveness of the
technique has been confirmed to detect and localize the loci
responsible for wheat resistance to biotic (Aoun et al., 2021;
Kokhmetova et al., 2021) and abiotic (Wang N. et al., 2019;
Pshenichnikova et al., 2021) stress factors and their effect on
the yield capacity (Lujan Basile et al., 2019; Gahlaut et al.,
2021), grain protein content, and baking quality (Battenfield
etal., 2018; Leonova et al., 2022).

Currently, there have been just a few studies using GWAS
for mapping the loci correlating with lodging resistance or
responsible for related stem characteristics in the wheat (Ce-
ricola et al., 2017; Malik et al., 2019; Akram et al., 2021), so
the objective of the present study was (1) to perform com-
parative screening of spring soft wheat varieties for lodging
resistance, plant height, and upper internode diameter; (2) to
detect the potential genome regions associated with lodging
or its related stem characteristics using the association map-
ping technique.

Materials and methods

Plant material and phenotyping. A collection of 97 varieties
and breeding lines of spring soft wheat (7. aestivum L.) from
different breeding centers of the Russian Federation that have
been recommended for cultivation in Western Siberia was used
in this study. Detailed information on the plant material can
be found in Suppl. Material 12,

The plant material was grown in the field of Siberian Re-
search Institute of Plant Production and Breeding, a Branch of
the Institute of Cytology and Genetics of the Siberian Branch
of the Russian Academy of Sciences (Novosibirsk Region,
54.9191° N, 82.9903° E) for three seasons (2017-2019). The
samples were sown manually following the systematic method
in two replications in plots of 1 m wide, 60 seeds in a row, and
25 cm between rows. The plants’ lodging was estimated during
the wax ripeness phase according to the grading scale (Shama-
nin, Truschenko, 2006): 1 = very strong lodging, mechanized
harvesting impossible; 2 = strong lodging; 3 = medium lodg-
ing, the stems are at 45° to the soil surface; 4 = weak lodging,
the stems are barely inclined; 5 = no lodging. Height-based
grouping was carried out as indicated in the methodological

2 Supplementary Materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Leonova_27_7.pdf
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recommendations of the N.I. Vavilov All-Russian Institute of
Plant Genetic Resources (VIR) (Guidelines for Studying...,
1987). To measure the upper internode diameter, stem cross-
sections were fixed in ethanol (96 %) and dyed in 1 % safranin
solution (Safranin O, LLC ‘Dia-M’) to be photographed using
a stereoscopic microscope Altami CM0655 (LLC ‘Altami’)
equipped with a camera Altami UCOS5100KPA. For statistical
processing of the results, at least 10 plants of every sample
were used.

The weather conditions within the years of investigation
were, in general, favorable to yield formation (Suppl. Mate-
rial 2). In the summer of 2017, 278 mm of precipitation was
registered, in 2018 —380.3 mm and in 2019 — 194.7 mm, the
long-run annual average being 220 mm. According to the data
of the Ogurtsovo agrometeorological station, the 2017 vege-
tation period was characterized by temperature fluctuations
and often rains. In May and June of 2017, the temperature
regime exceeded its long-run annual average, and there were
not enough rains in the third decade of May and the second
decade of June (10.5 mm, 65 % of the normal rate). The pre-
cipitation rate in July was 101 mm, the first decade being most
rainy (49 mm). Selyaninov’s Hydrothermic Coefficient (HTC)
comprised 0.9. The meteorological conditions in August re-
mained within the normal rates, the third decade being cha-
racterized by insufficient precipitation (9.3 mm, 40 % of the
normal rate). The average temperature during the summer
months was 18.2 °C, which exceeded the long-run annual
average by 0.6 °C.

The 2018 vegetation period was marked by lower tem-
peratures in May (averagely, 5 °C below the normal range)
and excessive precipitation in May—June if compared to the
other seasons. During these two months, the precipitation rate
comprised 211.4 mm being 80 % of the seasonal precipita-
tion rate. May’s HTC was 10.2 and it reduced to 2.8 in June,
whose temperature regime and precipitation level matched the
long-run annual average. In August, precipitation deficiency
was observed (-33.3 mm, HTC = 0.4).

The 2019 vegetation period was marked by unstable
weather conditions due to uneven precipitation fallout, and
temperature fluctuations in the second half of the period. The
weather in May and July was rainy (HTC = 2.3 and 1.4, re-
spectively). In June and August, a small drought was observed
(HTC = 0.7 and 0.5, respectively).

DNA extraction, genotyping and GWAS. DNA was ex-
tracted from 57 day-old seedlings following a modified pro-
tocol as per Kiseleva et al. (2016). For the purposes of geno-
typing, the obtained DNA samples were purified in Bio-
Silica microcolumns as per the manufacturer’s instructions.
DNA concentrations were detected using a NanoDrop M2000
spectrometer (Thermo Scientific). Genotyping was carried
out using a Triticum aestivum (wheat) genotyping Illumina
Infinium 15K chip comprised of 13006 SNP markers by the
TraitGenetics company (Germany, www.traitgenetics.com).

The number of the polymorphic markers included in GWAS
comprised 9235. Before the study, the markers were filtered
and those with allele frequency of less than 5 % or not ampli-
fied in 20 % or more samples were excluded from the analysis,
which was performed using a mixed linear model (MLM) in
the TASSEL v. 5.2.70 software (Bradbury et al., 2007). The
analysis considered population structure (Q-matrix) and ge-
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netic kinship (K-matrix), the first calculated using a Bayesian
algorithm implemented in the STRUCTURE 2.3.4 software
(Pritchard et al., 2000). The probable subscluster number was
estimated using the Delta K (AK) statistics (Evanno et al.,
2005) in the Structure Harvester web program (Earl, vonHoldt,
2012). The K-matrix was calculated using TASSEL v. 5.2.70.
To find statistically reliable associations, the Benjamini—
Hochberg method (1995) and FDR control at p <0.001 were
applied. The chromosomal localization of the SNP markers
was determined as per The IWGSC RefSeq v1.0 annotation
(https://triticeactoolbox.org) and the consensus maps of wheat
chromosomes (Wang S. et al., 2014).

Statistical analysis of the obtained results was carried out
in the STATISTICA v. 10 software (http://statsoft.ru/). To
estimate the statistical reliability between the averaged values
of two sampled populations, Student’s ¢-test was applied. The
relation between lodging resistance, plant height and upper
internode diameter was determined using Spearman’s cor-
relation. The contributions of genotype and environment to
trait manifestation were estimated using the ANOVA, whose
statistical reliability was assessed through F-test. The herita-
bility (H?) was calculated based on the following formula:

2
H2 — % ,
2 X
G

where 0(2}, GéxE, csg are the mean square deviations (SDs) of
the genotype, genotype/environment interaction and residual
variance, respectively, and ng is the number of vegetation
seasons.

Results

Phenotyping

Estimating the varieties’ resistance to lodging within a 3-year
period demonstrated that 53 out of 97 varieties could be related
either to moderate or resistant kinds (>3.5 out of 5 points),
and the trait varied from year to year (Table 1, Fig. 1, a). The
highest degree of lodging was observed in 2018, which was
related to the high precipitation level in the summer period, so
the year did not produce a single variety with the highest level
of resistance (5 out 5). Eight varieties (Novosibirskaya 29,
Novosibirskaya 67, Novosibirskaya 91, Krasnoyarskaya 90,
Vesnyanka 8, Mariinka, Salimovka, and Aleshina) demon-
strated a high level of lodging resistance (4—5 points) in every
year of the experiment. Unlike the above mentioned, twelve
varieties (Saratovskaya 29, Saratovskaya 42, Lutescens 62,
Altayskii prostor, Rosinka 2, Tulaikovskaya stepnaya, Lute-
scens 85, Surenta 6, Lutescens 840, Kinelskaya 40, Latona,
and Volgouralskaya) had low lodging resistance (1-3 points)
within the years of experiment.

The plants’ height and upper internode diameter varied from
54 to 105 cm and from 1.26 to 2.46 mm, respectively, and
depended on a vegetation season (see Table 1, Fig. 1, b, ¢). In
the years 2018/19, the height varied less than in 2017, which
means the characteristic depended on the soil and climate
conditions. Grouping the plants by their height as per VIR
Methodological Recommendations showed 19 varieties were
semi-dwarfs (60—84 cm) while the others comprised a group
of dwarf plants (85-100 cm).
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Table 1. Characteristics of spring soft wheat varieties in relation to lodging resistance,
plant height and upper internode diameter based on trait assessment in years 2017-2019

Trait 2017

MeaniSD* ......... Range ...............
LOdgmg . res,stancel p0|nt547io75 .............. 1_5 ...................
p|anthe , g ht, Cm .................................... 8 25i94 .............. 5 40_10 14 .......
Upperintemode diameter,mm  1.68+0.17  126-232
.S. D _ Stan d a rd dewa tlo n ...................................................................................
a
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Fig. 1. Histograms and boxplots to illustrate the distribution of spring soft

wheat varieties relative to their (a) lodging resistance, points; (b) plant
height, cm; (c) upper internode diameter, mm.
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2018 2019
Meani SD* ......... Range ................... M eani SD* .......... Range .................
26110 ................ 1_4411086 .............. 2 _5 .....................
e 818 i 7 91 ............. 6 20_973 ............. 9 10 i6 85 ............ 7 19_1046 .........
171i0 1 7 ............ 137_246 ............. 179 i01 2 ............ 148_217 ...........

The ANOVA demonstrated that it was the genotype (G),
environmental factors (E) and their interaction (G x E) that sta-
tistically contributed to the phenotypical manifestation of the
said traits (Suppl. Material 3). The heritability was high for the
plant height (78 %), while for the lodging resistance and upper
internode diameter it comprised 51 and 59 %, respectively,
which confirms the significant effect of the environmental
factors on the phenotypical manifestation of the traits. Since
none of the traits had normal distribution, their correlations
were analyzed using Spearman’s rank correlations that showed
statistically significant negative correlations between the
lodging and height (» = —0.48***) and positive — between
the lodging and upper internode diameter (» = 0.35%**), The
correlations between the height and the diameter were found
to be weak (r = 0.20*%*).

GWAS

The data analysis performed in the STRUCTURE software
enabled us to subdivide the investigated varieties into five
subclusters including 22, 7, 20, 25 and 23 genotypes, respec-
tively (Fig. 2). It is noteworthy that this clustering did not
match the plants’ origins as described by their originators
(see Suppl. Material 1).

To detect genetic-marker associations with the considered
characteristics, 9235 polymorphic SNP markers were used.
The numbers of the markers mapped in the chromosomes of
genomes A, B and D differed significantly, the smallest one
registered for the chromosomes localized in homoeological
group 4 (Suppl. Material 4). For 607 markers, data on their
localization on the genetic and physical maps of wheat chro-
mosomes were absent. The GWAS based on the estimation
results of three vegetation seasons found 26 SNP markers that
were significantly (p < 0.001) associated with lodging resis-
tance, plant height and upper internode diameter (Table 2).
Eleven markers (GENE-3066_ 157, BS00076772 51,
RACS875 ¢103443 475, BS00011514 51, Tdurum_con-
tig97342 274, BS00068710 51, Excalibur ¢96921 206,
Ex c69054 723, Ra c6429 1217, BobWhite ¢12261 130,
Excalibur_c8931 432) sustained the association for several
seasons (see Table 2).

For the lodging-resistance trait, eight true SNP markers
were detected in the five loci located in chromosomes 1B,
2A, 3A, 3D and 6A as per the physical mapping of refe-
rence bread wheat variety sequence IWGSC RefSeq v1.0.
Highly significant (p < 0.00002) associations were observed
for loci QLdg.icg-1B and QLdg.icg-24 in chromosomes 1B
and 2A, respectively (see Table 2). The presence of favor-
able alleles, on average, increased the lodging resistance by

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 7



W.H. leoHoBa KapTupoBaHue fI0KyCcoB YCTONYMBOCTM K MOSIEraHmio 2022
E.B. AreeBa Y MAFKOW MLUeHLbl 26.7

0.8
06
04

021

0

Fig. 2. Population structure of the spring soft wheat varieties based on their SNP-marker genotyping results.
The vertical axis marks the coefficients assigning a sample to a certain subcluster. Cluster compositions can be found in Suppl. Material 1.

Table 2. List of the SNP markers associated with lodging resistance,
upper internode diameter and plant height in spring soft wheat varieties

Trait Marker® Chromosome Position, Mb Allele** Locus p R? (%)
lodging  wsnp_JD_rep c63201 40318622 1B 13413276 TIC Qldgicg18  169E-06 148
GENE3066.157* A 7605008 < Qudgicg2A 187606 228
GENEOS38 1119 a 78071406 AC SO7E-05 206
Bsooo7e772 s+ W 71202028 A Qldgicg3A  868E-05 158
Bxcalibur 19658127 o 1253733 AG Qldgicg3D  230E-04 187
Kuki 244881603 o 1270574 @A 391604 158
Tdurum contig75700 411 A s08635440  GIA Qldgicg6A  241E-04 132
RACE7S 103443 475" A so6003227  AG 132604 142
Upper  Bs0O11s14.51+ 8 2547109 TC QSdicg 58 301E-06 214
INLEINOdE et it e
diameter  Tdurum_contig97342_274* 5B 558.118788 T/C 149E-05 223
Bsooos710.51* A sssi2000  TC 230604 161
D_GDS7/LZNO23SS4 251 s s48942211  AG QSdicgsD  801E-05 151
Bsoo022267 51 s ssostiors T 067605 140
Bsooo2s017.51 s ss1os08  TC 157604 108
Kuki 15823 196 w o 615446891  TIC QSdicg4A  280E-04 125
Bxcalibur 30378 344 w e1543720  &T SOlE-04 121
RACE7S 21489908 R 634387700 TIC QSdicg78 172604 176
Plant Tmoot128127%6 W ssierr o QHticg3A1 325E-04 202
NN pcalbur cso77. 400 W s7siese GT 267604 167
Bxcalibur 96921 206" W 700946020  AG QHticg3A2 202E-04 128
BS00022209 51 A 67974008 TG QHticgSA  436E-04 167
Bceo0sa 723 A 600452024 T QHticg6A  491E-04 162
Racoa20 12175 A e1atea207 T s37E-04 161
BobWhite_c12261. 130" A e17ass04 T s37E04 161
Bcalibur 8931 432 R 638710248 T QHticg7B  668E-04 175
\wsnp_Ex_c45195 51056617 R 645131391 GA saE04 173

* Markers are indicated for which associations have been established from the data at least two growing seasons.
**The favorable allele is highlighted in bold.
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Table 3. The lodging resistance, upper internode diameter and plant height traits in spring wheat varieties

and their dependance on the locus/allele status

Locus SNP Allele
Qldgicg-18  wsnp_JD_rep_c63201_40318622 T
. C ................
QLdg ,ngA ............ GENE3066_1 5 7 ......................................... C .................
. -|- .................
. QL dg ,Cg3A ............ BS 00 076772_5 1 .......................................... C .................
. A .................
QLdg ,Cg3D ........... Exca||bur_c19658_ 1 2 7 .............................. A .................
. G .................
Qldgicg6A  Tdurum contig75700 411 c
A

Lodging resistance, Plant height, Upper internode

points cm diameter, mm
. 44i0 2 8 SRR 897i 48 ................... 1731013 ......................
. 37i0 6 5 ............................. 8561, 5 3 ................... 1751012 .....................
41i044** ......................... 8921,51 ................... 1751010 .....................
37i073 ............................. 8951,52 ................... 1731013 ......................
. 39i0 5 3** ......................... 8721, 3 6 R 174i013** ..................
31i078 ............................. 9041,41 ................... 163i007 .....................
. 38 i 0 5 6 s 8981, 48 ................... 174i 01 3** ..................
3110 9 3 ............................. 8841 48 ................... ]64i010 .....................
381067** ......................... 871145* ................. 1721012 .....................
331071 ............................. 902138 ................... 1731013 ......................

Note. Means + standard deviation (M + SD) calculated on trait evaluation in 2017-2019. An asterisk indicates the significance of differences between trait para-

meter for different alleles, * p < 0.05; ** p < 0.01; *** p < 0.001.

0.4-0.8 points depending on a locus (Table 3). For the loci in
chromosome 3A (711.20 Mb region) and in chromosome 6A
(596.90-598.63 Mb), it was found that the increased resistance
to lodging of the varieties containing favorable alleles led to
their reduction in height by 3 cm. Locus QLdg.icg-3D was
mapped in the region of 1.25—1.27 Mb of chromosome 3D, and
8 varieties (Saratovskaya 29, Saratovskaya 42, Lutescens 62,
Tulaikovskaya belozernaya, Volgouralskaya, Lutescens 80,
Albidum 73, Ilinskaya) carried the unfavorable alleles of
markers Excalibur c¢19658 127 and Kukri ¢24488 1603,
whose presence led to statistically significant reduction of the
lodging resistance and upper internode diameter (see Table 3).

Nine SNPs significantly associated with the upper internode
diameter were found in the four loci of chromosomes 5B, 5D,
4A and 3A (see Table 2). The GWAS performed demonstrated
that the favorable alleles of positive loci were detected in no
more than 10 % of studied varieties. For the plant height the
most valuable associations were identified in chromosomes
3A, 5A, 6A and 7B (see Table 2). In chromosome 3 A, two loci
were found, one of which, QHt.icg-34-1, was localized in the
577.58 Mb region and the other — in the 700.94 Mb region.
The QHt.icg-34-2 locus was of particular interest because it
did not only significantly reduce the plant height (by 7.3 cm
on average) but also increased the lodging resistance. The
favorable alleles of the loci in chromosomes 5A, 6A and 7B
were found in the genomes of 11, 90 and 12 % of varieties,
respectively and led to plant height reduction by 4 to 5 cm
on average.

Discussion

In the present study, we searched for the genetic factors deter-
mining resistance to lodging in a collection of the spring soft
wheat varieties selected in Russia. Currently there have been
limited number of publications covering the detection of the
genetic determinants of this trait due its multigenic character
and excessive dependance on environmental factors and plant
development stages. Nevertheless, the last two decades have
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seen the QTLs identified as for lodging resistance as for the
stem’s morphological and anatomical parameters that can
affect the trait in question.

The classical genetic mapping have enabled one to detect
both major and minor loci associated with lodging resistance
in the most of the chromosomes of soft wheat such as 1B, 2A,
2D, 3A,4A,4B,4D, 5A, 5B, 6A, 6B, 6D, 7B, 7D (Keller et al.,
1999; Hai et al., 2005; Berry P.M., Berry S.T., 2015; Dreccer
et al., 2022) as well as the markers located in the vicinity of
the target locus. At the same time, it is noteworthy that the
detected regions are quite extended due to the limited number
of markers that were used while mapping (Borner et al., 2002;
Verma et al., 2005).

Genome-wide association mapping has proved to be a more
effective method for searching target loci since it requires
samples of higher genetic diversity than biparental mapping
populations. Moreover, its higher SNP marker coverage enable
for more accurate locus mapping and narrower localization
regions. In our study, GWAS made it possible to detect five
loci in chromosomes 1B, 2A, 3A, 3D and 6A associated with
lodging resistance. For the time being, there have been only
a few publications, whose authors pursued a similar approach
for investigating the genetic factors associated with the trait
and with the stem’s anatomical parameters. GWAS has enabled
to detect the determinants of lodging resistance in chromo-
somes 1B, 2A, 3A, 3D, 4B, 5B, 6D and 7A (Cericola et al.,
2017; Singh et al., 2019; Akram et al., 2021). According to
P.L. Malik et al. (2019) the manifestations of QTLs and their
localization in a chromosome also depends on a stage of plant
development, so mush so that in early stages (earing), marker—
trait associations have been found in chromosomes 1B, 4B,
5B and 7A; and in late stages (maturing) — in chromosomes
1B, 2A, 3D, 4B, 5B and 6D.

Summarizing the published results of genetic and asso-
ciation mapping, a conclusion can be made that the most
significant associations for resistance to lodging have been
found in chromosomes 3A, 2A and 1B, which matches the
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data obtained in our study, the only difference being QTL
positioning in the chromosomes that depend on the genetic
background of the variety material used in the studies. Based
on our results, an assumption can be made that the regions of
700-711 and 597-618 Mb of the physical maps of chromo-
somes 3A and 6A, respectively, can contain clusters of the
genes responsible for the plant’s height and their resistance
to lodging (see Table 2).

The fact that the loci associated with lodging resistance
can have the same localization as those associated with the
anatomic parameters has been observed by other authors.
According to P.M. Berry and S.T. Berry (2015) the region of
53-82 cM of the genetic map of chromosome 3A contains
a genetic cluster associated with lodging resistance, plant
height, internode length/diameter and stem thickness. In other
publications a colocalization of the loci associated with lodg-
ing resistance and plant height has been noted (Keller et al.,
1999; Verma et al., 2005; Malik et al., 2019). Currently, the
Catalogue of Gene Symbols for Wheat includes the 25 RAt
genes determining plant height (https://shigen.nig.ac.jp/wheat/
komugi/genes/symbolClassList.jsp). Genes Rht-B1, Rht-D1,
Rht-8 and their alleles resulting in significant plant height re-
duction have been mapped in chromosomes 4BS, 4DS, 2DS,
respectively (Gale et al., 1975; Korzun et al., 1998; Peng et
al., 1999; Chernook et al., 2019). In the present study, the
most significant association for the plant-height trait have been
found in chromosomes 3A, 5A, 6A and 7B, making it possible
to assume that the genomes of the investigated varieties lack
highly effective dwarfing genes.

The fact that chromosomes 3A, 5A and 7B contain the loci
associated with plant height has been confirmed by different
authors through genetic mapping and GWAS (Ain et al.,
2015; Gao etal., 2015; Akram et al., 2021; Muhammad et al.,
2021). Several such genes have been identified in chromo-
some 6A, some of them (Rht14, Rht16, Rht18, Rht25) found
in the short arm, and gene Rht24 — in the long arm (Vikhe et
al., 2017; Wiirschum et al., 2017; Ford et al., 2018; Mo et
al., 2018). Genome-wide mapping of the RA¢ loci in chromo-
some 6A found genes RA¢18 (Ford et al., 2018) and Rht24
(Wiirschum et al., 2017) in the region of 416550 Mb of the
physical map of the pseudomolecule, which corresponds to
the approximate localization of the Qht.icg-6A locus in our
study. Unfortunately, there have been no detailed data on the
allele composition of dwarfing genes in Russian spring varie-
ties. To verify a correlation between some alleles of the RA¢
genes and lodging resistance, additional investigations have
to be carried out, including those to detect the presence of the
Rht genes in the considered variety collection using specific
molecular markers.

The found relation between upper internode diameter and
lodging resistance is ambiguous. Some authors claim both the
length and diameter of both upper and lower internodes in
wheat matters for the plant’s resistance to lodging (Berry P.M.,
Berry S.T., 2015; Packa et al., 2015; Demina, 2019). Others
insists this correlation is only valid for the lower internode or
absent completely (Zakharov et al., 2014; Zaytseva, Shchen-
nikova, 2020). In the present study, no colocalizations of the
loci associated with upper internode diameter and lodging
resistance have been detected. It is noteworthy that the cor-
relations between the two traits have been weak, which is
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probably due to the fact that for the investigated varieties the
upper internode diameter plays no significant role for their
resistance to lodging.

Conclusion

Hence, the present study has demonstrated that GWAS is
an effective tool for investigating the genetic architecture of
a complex trait. Using this method, we have been able to
identify several markers associated with lodging resistance,
plant height and upper internode diameter in a collection of
Russian spring wheat varieties. The obtained results, on the
one hand, confirm the conclusions made by other authors about
the most critical chromosomes containing the loci responsible
for lodging resistance. On the other hand, these results may
be important for detecting the samples combining the alleles
favorable for several traits for their inclusion into breeding
programs.
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Abstract. The snowballing growth of scientific data obtained using modern techniques of genome editing (GE) calls
for their critical evaluation and comparison against previously applied methods such as induced mutagenesis, which
was a leading method of genome modification for many decades of the past century, and its application has resulted
in a huge diversity of cultivars. However, this method was relatively long and included a number of stages from induc-
ing multiple mutations using different mutagenic factors to crossing and selecting the most valuable cultivars for
several generations. A new technology of genetic engineering and transgenesis enabled us to radically reduce the
time required to obtain a new genetically-modified cultivar to one generation and make the modification process
more effective and targeted. The main drawback of this approach was that an introduced transgene might uncontrol-
lably affect the other genes of a recipient plant, which led to the limitations imposed on transgenesis application in
many countries. These limitations have been effectively surmounted thanks to the development of GE techniques
allowing for a precise modification within a single gene that in many characteristics make it similar to a natural allele
(especially when it comes to ribonucleoprotein complexes), which has paved the way for wide application of GE in
routine breeding. The paper reviews the main stages of GE development in its application in plants. It provides short
descriptions of different GE techniques, including those using protein editors such as zinc-finger and transcription
activator-like effector nucleases (TALEN) , and the CRISPR/Cas9 technology. It lists a number of achievements in using
GE to produce new cultivars of higher yield that are resistant to unfavorable factors and have good nutritional proper-
ties. The review also considers the de novo domestication approach, which allows for faster obtaining of new cultivars
from natural varieties. In the conclusion, the future ways of GE development are discussed.

Key words: induced mutagenesis; transgenesis; genome editing; nucleases; CRISPR/Cas9; pathogen; resistance; yield.
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MopauduKals reHOMOB pacTeHU: OT MHAVIIIPOBAHHOTO
MyTareHesa JIo TeHOMHOTI'O peJaKTPOBaHMSI

A.B. lllep6anpl 2@

T MepepanbHbIit CCNea0BaTENbCKMI LEHTP VIHCTUTYT LUTONOTUN 1 reHeTykn CUBUPCKOTo oTAeNeHNs POCCUIICKON akafeMin Hayk,
Hosocnbupck, Poccusa
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® atos@bionet.nsc.ru

AHHoTayusA. JTaBMHOOGPA3HbIA POCT HAYUHbIX AAaHHbIX, MOSYYEHHbIX C MOMOLLbIO COBPEMEHHbIX METOLOB FrEHOMHO-
ro pepaktnpoBaHus (IP), obycnaBnmBaet akTyanbHOCTb X KPUTUYECKOTO OCMbIC/IEHMS 1 COMOCTaBNIEHNA C Npefbl-
JyWw1Mn MeToaaMun mogmdurkaummn reHoma. B 063ope aaHa xapaKTepucTiKa OCHOBHbIX 3TanoB pa3BUTVA METOAOB
MoAMOVKaLMM reHomMa MPUMEHUTENBHO K PacTUTENIbHbIM 06bekTam. TeXHONOorms MHAYLMPOBAaHHOTO MyTareHesa
nuaMpoBana B TeYeHVe MHOTVX AeCATUNETUA MPOLWIOro BeKa, C €e MOMOLLbI0 MOyYEHO OFPOMHOE pa3HoOobpasme
COPTOB KyJNbTYPHbIX pacTeHnin. OfHaKO 3TOT NpoLEecc Obil JOBONbHO AAUTENbHbBIM 1 BKIKOYaN LENbIV pag CTaguii: ot
VNHAYKLUN MHOMXECTBEHHbIX MyTaLMiA C MOMOLLbIO MyTareHHbIX $aKTOpPOB [0 3TanoB CKpeLimBaHus 1 oTbopa Hanbo-
nee LieHHbIX GOPM Ha NPOTSXKEeHUM Psda NOKoNeHW. MpuieaLwas Ha CMeHy TEXHOJOT S TeHHOW UHXeHepun (TpaHc-
reHesa) No3BOJINA PAaAMKaNbHO COKPATUTb BPEeMs MOyUYeHUs HOBbIX FEHETUYeCK MoandnUMpPOoBaHHbIX Gopm Ao
O[IHOTO MOKOJEHNSA, CAeNaTb NpoLecc MoandrKaumm 6onee 3GPeKTUBHbBIM U LieneHanpasieHHbIM. Ho Hapagy ¢ 3Tum
OHa MMena rMaBHbIM HEAOCTAaTKOM BO3MOXHOCTb HEKOHTPONMPYEMOrO BIUAHWSA BBOLMMOIO TPAaHCreHa Ha Apyrue
reHbl PaCTeHUA-PELMNNEHT], YTO MPUBENO K CYLIECTBEHHBIM OrPaHNYEHVAM NMPUMEHEHWS TPAHCreHe3a BO MHOMMX
CTpaHax. 3TV orpaHNYeHns B HaCcTOALLEE BPEMA YCMELLHO NPeOOIEBAOTCA C pa3BMTMEM MeTofoB [P, no3BonsoLmx
OueHb TOUHO, B pefienax O[HOro reHa, OCyLecTBAATb MOAKMKALMIO, KOTOPas MO CBOMM CBOMNCTBAM NMPaKTUYECKMN He
OT/IMYAETCA OT NPUPOAHOrO annens reHa (0cobeHHO B Clyuae UCMOSb30BaHKA PYOGOHYKIEONPOTENHOBbIX KOMMIIEK-
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Mogundurikauma reHOMOB PacTEHNIA: OT MHAYLVPOBAHHOTO
MyTareHe3sa [0 FEHOMHOIO peflaKTVpPOBaHMWsA

COB), YTO AaeT BO3MOXXHOCTb 136eXKaTb OrpaHUYeHNii Ha NPYIMEHEHVEe STOM TEXHOSIOTUN B MPAKTUYECKON CeneKkumn.
MprBefeHa KpaTKas XapaKTepuUCTrKa pasnnyHbix MeToaos P, BKoyas ncnonb3oBaHne 6eNKOBbIX pefakTopos, ZF-u
TALEN-HyKneas, a Takke Hanbonee nepcnekTrBHbIN metof — CRISPR/Cas9. MepeuncieH pag HayyHbIX pe3ynbTaTos no
CO3/4aHMIO C MOMOLLbIO STUX METOLOB HOBbIX GOPM PacTEHUIA: YCTOMYMBBIX K HEGNAronpuATHbIM GpakTopam, C NOBbI-
LIEHHOW YPOXKaNHOCTbIO 1 LIeHHbIMU NUTaTeIbHbIMU CBONCTBaMU. B pamkax 0630pa paccmaTpmBaeTCA HOBbIV NOAXOA
«[OMeCTKaLMA de Novo» C LIeNblo YCKOPEHHOTO NoyUYeHNA KybTYPHbIX PacTeHUI 13 NprupofHbIx dpopm. Ob6cyxaa-

10TCA JanbHenwme nyTn pa3sutua metogonorum P.

KntoueBble cnoBa: MHAYLMPOBaHHbIA MyTareHes; TpaHCreHes; reHOMHoe pefakTupoBaHue; Hykneasbl; CRISPR/Cas9;

naToreH; yCTOMYMBOCTb; YPOXKaNHOCTb.

Introduction

Continuous accumulation of spontaneous mutations is the
foundation of evolution in living organisms. Mutation fre-
quency depends on the features of a creature’s genetic appara-
tus and varies from 10~ to 102 nucleotides/cell generations.
Mutations commonly occur due to disrupted key biological
processes such as DNA replication, reparation and recombi-
nation (Jonczyk et al., 1988; Banerjee et al., 1990), and only
their insignificant part becomes involved in the evolutionary
process while others are eliminated during selection. The
mutations induced by chemical agents, radiation and other
factors are random but of high frequency that provokes a huge
number of mutation events in a genome (Sakuraba et al., 2005).
However, selecting useful alleles and their combinations is a
long-term process that involves crossing with wild genotypes
and cultivating necessary ones for several generations. Never-
theless, significant number of modern cultivars have resulted
from the breeding programs using induced mutagenesis that
were launched in the beginning and middle of the 20th cen-
tury, in other words, they are partially a subproduct of nuclear
technology development.

The second method for obtaining new versions of genes
lies with genetic engineering and transgenesis. The main
advantage of this approach, if compared to induced mutage-
nesis, is that is allows for fast and dedicated effect on a certain
trait through an induced alien transgene, which significantly
reduces the time required to obtain a genetically modified
organism (GMO) (Khush, 2012). However, along with the
advantages, the method has certain drawbacks that will be
discussed in a separate section below.

The further advancement of genome modification tech-
nologies is related to improved dedicated delivery of vector
molecules so they could directly affect certain genetic loci,
which has been implemented in the gene targeting strategy
(Hall et al., 2009). The strategy allows one to overcome the
main disadvantage of transgenesis that is a possibility for a
transgene to introgress into different genomic regions, makes
the expected effect more targeted and prevents off-target edit-
ing of other genes. Its foundation was initially based on the
phenomenon of homologous recombination between a vector’s
DNA sequence and a genomic DNA sequence homologous
to it (Smithies et al., 1985; Capecchi, 1989). The process re-
sults in either deletion of a gene or its part so the gene loses
its functionality (gene knockout); or insertion of additional
sequence; or modification of certain base pairs (point muta-
tion). Genetic targeting is widely used in human and animals.
In particular, it is applied to study the genetic diseases in cell

AKTYAJIbHbIE METObl BUOTEXHONIOT W / CURRENT BIOTECHNOLOGICAL METHODS

lines for which a knockout or a modification of a potentially
pathogenic gene can be performed in vitro (Sur et al., 2009).
Together with homologous recombination, the genomes of
eukaryotic organisms employ non-homologous end joining
(NHEJ) that may generate unpredictable frequent mutations
during DNA repair (Guirouilh-Barbat et al., 2004).

Another big advancement that has significantly increased
the efficacy of genetic targeting has become the development
of artificial endonucleases such as meganucleases, zinc-finger
(ZF), transcription activator-like effector (TALEN) and Cas9
site-specific nucleases. It is the use of those nucleases that
has given birth to a new specific term “genome editing (GE)”
although today it refers to any methods of gene modification
(Bak et al., 2018).

ZF and TALEN nucleases are used in combination with
targeting proteins such as ZF domains and the proteins similar
to TAL effectors, respectively. In case of Cas9 nucleases, it is
CRISPR RNA that gave birth to the CRISPR/Cas9 technology
that has revolutionized GE being the least laborious, relatively
inexpensive and most precise and effective technology to the
date. For the time passed since its introduction in 2012, it has
been applied for editing of a huge number of living organisms
from humans to yeast (Khlestkina, Shumny, 2016).

In what follows, the results obtained in plants with different
genome modification techniques will be considered.

Induced mutagenesis

The effect radiation has on heredity was first demonstrated by
Russian botanist Georgy Nadson (Nadson, Philippov, 1925)
and American genetic scientist Hermann J. Muller (Muller,
1927). Their discovery fostered multiple genetic studies that
went in parallel with the development of wave and nuclear
physics. Among such studies were those carried out by promi-
nent Russian scientists including A. Sapegin who studied
radiation-induced mutagenesis in common wheat (Sapegin,
1930), and N. Timofeev-Resovsky who started a new direction
in radiation genetics (Timofeeff-Ressovsky, 1929). At the same
time, chemical mutagenesis was studied by N. Koltsov and
his disciple I. Rapoport whose achievements became crucial
for applying the method in plant selection (Rapoport, 1946).

Since the 1930th, both radiation and chemical mutagenesis
techniques have been used all over the world to produce more
than 3200 cultivars of 200 species (https://mvd.iaea.org).

In this respect, Russia takes the fourth place (6.7 % of mu-
tagenic cultivars) after China, India and Japan (Ahloowalia et
al., 2004). In our country, the mutant plants have been used to
obtain the cultivars of winter/spring wheat, barley, soybeans,
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lupin, oat, beans, etc. For instance, common wheat cultivar
Novosibirskaya 67 was created using the radiation technique
and became the fruit of the joint efforts of the breeders of
Novosibirsk Experimental Station and Institute of Cytology
and Genetics of Siberian Branch of the USSR Academy of
Sciences (Cherny, 1982). For a long time, the cultivar had
remained the leading crop of Western Siberia in terms of
planted areas for it combined high productivity, excellent bak-
ing properties and was resistant to a number of diseases. The
scientists of Research Institute of Oil Crops (Krasnodar) used
chemical mutagenesis to produce Pervenets, a new sunflower
cultivar whose oil quality was comparable to that of olive trees
(Russian Solar Flower, 2007).

The dwarfism mutation was used by N. Borlaug to breed
the cultivars of non-lodging high-yielding common wheat
that paved the way for the so-called green revolution in the
middle of the last century (Gaud, 1968). E. Sears and F. Elliot
used experimental mutagenesis in combination with long-term
hybridization to transfer the loci of resistance to rust and smut
from the wild varieties of goat and wheat grass to common
wheat (Kilian et al., 2011). G. Stubbe (DRG) applied 5-time
X-ray irradiation and selection in several generations of small-
fruited wild tomato to increase its fruit to the size commonly
observed in cultivated tomato (Stubbe, 1957).

Transgenesis

The next technology to obtain new gene versions that came
onto stage was genetic engineering or artificial transgenesis.
In its essence the technology is introduction of an alien gene
(transgene) into a living organism that facilitates the last to
obtain predictable and inheritable traits. In plants, transgenes
are delivered using the specialized vectors created using the
tumor-inducing (Ti) plasmids of agrobacteria (Weising et al.,
1988). Since all plant species have similar genetic code, it
means a transgenic organism is able to express alien genes.

This approach had multiple advantages if compared to
induced mutagenesis. First, it significantly widened the pos-
sibility for dedicated modification of living organisms because
transgenes could have the traits untypical for a recipient, so
they could not be obtained using mutagens (e. g., synthesis
of pharmaceutical, insecticide and other agents in plants).
Second, the technology significantly reduced the scale and
duration of selection especially after such markers as antibiotic
resistance and reporter genes were introduced into vector DNA
and allowed for fast and effective identification of genetically
modified organisms (GMO). In terms of fundamental science,
transgenic organisms became a convenient model for study-
ing the functions of a particular gene and their phenotypical
manifestations.

Genetic engineering has been used to obtain multiple gene-
tically modified cultivars of corn, rice, soybean, cotton, rape,
potato and others whose farming areas take hundreds of mil-
lions of hectares all over the world (Genetically Engineered
Crops..., 2016). One of the examples of transgenic plants is
Golden Rice that has high content of B-carotene, a precursor
to vitamin A whose deficiency leads to xerophthalmia, a wide-
spread eye condition in South-East Asia. To obtain this culti-
var, a gene of phytoene synthase (Narcissus) was introduced
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into a local variety using the bioballistics technique (Burkhardt
et al., 1997). Another example of successful transgenesis in
agriculture is transgenic soybean.

Its cultivars are widely represented on the market and are
known for their resistance to different herbicides such as
Roundup (glyphosate), glufosinate, Dicamba. Others contain
the gene of Bacillus thuringiensis (BT), whose toxin make
them resistant to insects (https://www.isaaa.org/gmapproval
database).

An analogous transgene was introduced to cotton and
made it resistant to the cotton budworm, a common pest for
this species (Wu et al., 2008). Genetic engineering has also
produced the transgenic varieties of cotton, maize and rape
resistant to herbicides (Tan et al., 2005; Karthik et al., 2020),
and that of maize resistant to insects (Lundmark, 2007) and
many others.

All these examples prove the technology has been success-
fully applied in the agricultural sector of such countries as
the USA, China, India, Argentina, Canada and others where
industrial agriculture and transgenic plants were permitted un-
like the majority of countries where the using and growing of
GMOs was prohibited or unlike Russia that only allowed for
import of GMOs as food products, forage, and research objects
(Dudin, 2020). Although, most of GMO-related concerns
have been due to prejudices or the rivalry of agrochemical
companies, it is still cannot be stated that all such concerns
have been completely ungrounded. GMOs present a certain
danger for ecosystems, e.g., if we have produced herbicide-
resistant plants, how can we be certain that these genes will
not be transferred to weeds by pollen while cross hybridization
(Schiitte et al., 2017).

There is also a risk that a transgenic plant can affect non-
target organisms such as plants possessing BT-toxin genes
can kill non-hazardous insects (Marvier et al., 2007). The
long-term consequences of transgenesis remain unclear since
a transgene can enter different regions of a genome and ruin
other genes’ expression. As for their direct harm to human
health, multiple scientific research has shown that GMOs
and their products are of no more harm than traditional crops
(Konig et al., 2004).

Genome editing
The basis of GE is dedicated changing of a limited gene region
that may be achieved in different ways. Considering the early
days, the first experiments were applying oligonucleotides
for DNA editing, e. g., two genes (defective green fluorescent
protein and acetolactate synthase) of tobacco and corn were
edited using chimeric RNA/DNA oligonucleotides in 1999
(Beetham et al., 1999; Zhu et al., 1999). In the last case, the
editing resulted in a low-frequent resistance to imidazoline
and sulfonylurea. This study was followed by analogous works
to alter these and other species of plants (Zhu et al., 2000;
Kochevenko, Willmitzer, 2003; Okuzaki, Toriyama, 2004),
but the effectiveness of the techniques remained comparable
to that of spontaneous mutagenesis (Ruiter et al., 2003).
Single-stranded DNA oligonucleotides proved to be of a
bit higher efficacy (Dong et al., 2006), but it still was not high
enough. Moreover, selecting edited plants became a problem
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that could not be resolved without using vectors. For that
reason, the perspectives of this direction remain questionable.

Another direction of GE is related to using endonucleases,
special enzymes provoking double-stranded ruptures ina DNA
molecule. Repairing the ruptures may occur either through
recombination with a homologous DNA fragment that has
been placed into a vector and transformed into a cell nucleus.
The first endonucleases used for this purpose were homing en-
donucleases recognizing DNA regions of 12—45 nucleotides.
The specificity of these regions varied and depended on a type
of nuclease, e. g., using the I-Ceul homing endonuclease and
the 35S promoter, the har gene was precisely inserted into a
site of a corn genome to make the plant resistant to phosphi-
nothricin (D’Halluin et al., 2008).

Analogous site-specific insertion was carried out in a cotton
genome (genus Gossypium) to provide the last with genes Appd
and epsps making the plant resistant to glyphosate (D’Halluin
et al., 2013). The I-Scel homing endonuclease was used to
replace a region in a barley genome to a homologous one
delivered in a vector with a functional gene of resistance to
hygromycin (Watanabe et al., 2015).

Protein editors: ZF and TALEN nucleases

In the GE techniques based on protein editing, one uses
chimeric nucleases. These are complex proteins containing
two structural components, one of which binds specifically
with certain nucleotide sequencies of genome DNA, directing
at them the second component, a nuclease catalyzing DNA
splitting. These proteins are delivered into a plant’s genome
using expression vectors.

The first such vectors were ZF nucleases that typically
contained three “zinc fingers” as a directing structure. The
fingers are protein domains binded with one or two ions of
zinc and capable of recognizing and specifically binding with
a certain nucleotide triplet in DNA sequence. In some case,
the number of these domains were increased to 6, so their spe-
cificity level raised to 18 DNA nucleotides (Liu et al., 1997).

For the first time, ZF nucleases were applied for genome
editing in plants in 2005 when a corresponding vector was
inserted in Arabidopsis so indels of different length, mostly
deletions (78 %), were found (Lloyd et al., 2005). Since then,
a lot of analogous projects have been performed in tabaco,
soybean, corn, tomato, apple and fig trees (Shukla et al., 2009;
Townsend et al., 2009; Curtin et al., 2011; Peer et al., 2015;
Hilioti et al., 2016). However, the technique has turned out
to be quite laborious and expensive for it requires a unique
protein structure of ZF nuclease to be created for each indi-
vidual sequence of target DNA. Additionally, the technique is
not precise in recognizing nucleotide triplets, which results in
a large number of DNA splits in off-target regions. For these
reasons, the technique is quite rarely applied these days.

TALEN chimeric nucleases have proved to be more effec-
tive. The protein domains serving as their directing structures
are the prototypes of the natural TAL effectors of certain
bacteria, and each of them recognizes only one nucleotide. In
this case, the DNA recognition mechanism is more unambi-
guous than that of ZF nucleases and allows for relatively easy
creation of a structure that specifically recognizes a required
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DNA sequence. The last is binded with an enzyme splitting
the DNA (commonly, Fok I endonuclease) and enables for a
theoretically very precise double-stranded rupture within any
genome region.

In 2011, the technique was recognized as the most per-
spective GE approach. By 2017, it had been used to edit
12 plant genomes including those of such domestic plants
as rice, wheat, corn, tobacco, barley, potato, sugar cane, soy-
bean, tomato, and of model plants such as Arabidopsis and
Brachypodium. In total, in these plants, more than 50 genes
have been edited (mostly knocked out) (Malzahn et al., 2017),
e. g., to increase bioethanol output in the sugar cane, TALEN
nucleases were used to knock out its genes responsible for
high lignin content (Jung, Alpeter, 2016). To exclude potato
sweetening while storing in cold, vacuolar invertase catalyzing
the sucrose splitting into fructose and glucose was knocked
out (Clasen etal., 2016). Using the TALEN and CRISPR/Cas9
approaches it became possible to knock out the alleles of
powdery mildew resistant loci in every three subgenomes of
allohexaploid common wheat Triticum aestivum L. (genome
BAD; 2n=42) (Wang et al., 2014). To improve the quality of
soybean oil, the genes of desaturase enzymes were mutated
(Haun et al., 2014).

To facilitate the TALEN technique, a number of software
solutions have been developed to search for edited sites, create
vector structures and detect off-target sites such as TALEN-
designer (http://talen-design.de).

CRISPR/Cas9: leading GE technique

Unlike the chimeric nucleases, in the CRISPR/Cas9 techno-
logy, DNA-recognizing structures are not proteins but short
RNAs that, first, are far more precise due to their comple-
mentarity and, second, are much easier and chipper to syn-
thesize. The theoretical foundation of the technology was laid
while studying the mechanism bacteria use to get protected
from pathogenic viruses (bacteriophages) (Savitskaya et al.,
2016). There have been published many reviews devoted to
CRISPR/Cas9 (Khlestkina, Shumny, 2016; Zlobin etal., 2017;
Strygina, Khlestkina, 2020). In plants, the technology was
first applied in 2013 (Li et al., 2013; Nekrasov et al., 2013;
Shan et al., 2013).

The simplified vector included the genes of the Cas9 pro-
tein, a guide RNA (gRNA) analogous to bacterial CRISPR
RNA and an additional sequence coding a nuclear localiza-
tion signal (NLS). The vector was introduced in plant cells
using either agrobacterial transformation or bioballistics. As
a result, cellular DNA were transcripted by the intercellular
RNA polymerase III. From the RNA template encoding
Cas9, a protein is translated on ribosomes, which then enters
the nucleus via NLS. In the nucleus the gRNA and Cas9 got
united to bind with its target site following the principle of
complimentary interaction.

An important element that, in many ways, determined the
specificity of the binding was a protospacer adjacent motif
(PAM), a nucleotide triplet (commonly NGG) placed near
the 3'-end of the target site. The catalytic domains of the
nuclease provoked single-stranded breaks near the PAM to
activate a repair mechanism that could act in two ways: non-
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homological end joining (NHEJ) being prone to the errors
producing the indels of one or several nucleotides that shift
the reading frame of the coded protein and disrupting its
functionality to the degree of a knockout. The second way is
homology-dependent repair (HDR) that edits the target site
or introduces a new sequence that can be undesirable for an
experiment, but the last is only possible if such a fragment of
donor DNA has already presented in the region being edited.

The key element leading to successful genome edition via
CRISPR/Cas9 has been selecting a gRNA for a target gene.
The site of interaction with gRNA does not usually exceed
30 bp. The presence of PAM at the 3'-end of this region is an
important condition for selecting a site to be edited. Another
important criterion for gRNA selection is the number and
localization of the sites for off-target editing, whose search in
a genome is performed individually for each particular gRNA
using special software solutions like those available on http://
crispr.mit.edu/.

Lately, the GE technique using ribonucleoprotein (RNP)
complexes has been actively developed. In this case, the
transforming agent is not a vector (plasmid RNA) but a ready-
to-use complex including Cas9 and a gRNA. This approach
has proved its efficacy when editing the genomes of corn,
wheat and potato via bombarding the embryonal cells with
gold microparticles (Martin-Ortigosa et al., 2014; Woo et al.,
2015; Svitashev et al., 2016; Liang et al., 2017; Andersson
etal., 2018).

It is noteworthy that this alternative to using an agrobacte-
rium, which by itself can cause an undesirable genetic effect,
allows CRISPR/Cas9 to go beyond the GMO approach and
overcome the forbiddance against its application in the agri-
cultural industry. Its other advantage is the reduced likelihood
of DNA cutting in off-target sites because the lifetime of a
delivered RNP complex is much shorter than its DNA expres-
sion. At the same time, employing bioballistics for delivering
RNP complexes has a number of drawbacks related to the tech-
nique’s excessive traumaticity for plant tissues, complexity of
transformation and regeneration, and low editing frequency.
For that reason, vector-based agrobacterial transformation still
remains a leading approach to CRISPR/Cas9.

Using CRISPR/Cas9 for producing new cultivars
Genome editing is a technology that can serve both applied —
obtaining plants with new useful properties — and fundamen-
tal — studying the functions of genes — purposes. The funda-
mental tasks are solved using the methods of inverted genetics
when scientists manipulate genetic sequencies knocking out
this or that gene to see what consequences it will cause in the
phenotype.

As for applied problems they are quite diverse and in what
follows, the main directions of CRISPR/Cas9 application for
breeding will be considered.

Resistance to pathogens

The Table displays the studies aimed at creating the plants
resistant to different pathogens. For instance, in rice (Oryza
sativa L.) applying CRISPR/Cas9 resulted in its resistance to
three pathogens: bacterial blight, tungro spherical virus and
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blast fungus. In the first case, the resistance was achieved after
knocking out one of the S genes responsible for sensitivity
to bacterial blight (sucrose transportation gene OsSWEET13
being a target for a bacterial TAL effector (Zhou et al., 2015).
In the second case, the host’s e/F4G gene was knocked out
whose product controlled the initiation of viral RNA trans-
lation (Macovei et al., 2018). And finally, in case of fungal
pathogen, it was the OsERF922 gene that was knocked out
and it led to the reduction in ethylene hormone level in the
cells and increased resistance (Wang et al., 2016).

In T aestivum, fungal pathogen Blumeria graminis f. sp.
tritici causes the so-called powdery mildew that signifi-
cantly reduces the yield of common wheat in many regions.
Currently, the S genes responsible for the sensitivity to the
fungus have been edited. In one of such studies, the MLO
genes were knocked out (Wang et al., 2014), in another — the
EDRI1 (enhanced disease resistance) genes (Zhang et al.,
2017). It has been shown that in both cases, a knockout of
all three homoelogical copies of the gene is to be achieved
since knocking out only one or two copies has only resulted
in partial resistance to the disease.

In Solanum lycopersicum L., application of CRISPR/Cas9
has made it possible to obtain tomato cultivars resistant to
bacterial speck, yellow leaf curl virus and powdery mildew.
In the first case, to enhance the barrier preventing bacterial
infiltration in the cells, the SIJAZ2 gene to control stoma clo-
sure was mutated to foster the gain of function (Ortigosa et al.,
2018). In the case of viral disease, these were the pathogen’s
genes that were targeted, namely, the viral envelope (CP)
and replicase (Rep) genes. As a part of T-DNA, their short
sequencies were built in the plant’s nuclear genome to enable
their constitutive expression as RNA molecules, which in
combination with Cas9 could effectively interfere the viral
DNA (Tashkandi et al., 2018).

Resistance to abiotic stress

A number of studies aimed at developing the cultivars resistant
to abiotic stresses are listed in the Table. For instance, applying
the protoplast technique in wheat led to mutating two genes
related to drought stress (7uDREB2 and TaERF3) (Kim D. et
al., 2017). A similar study was performed in soybean (Glycine
max L.) in which two genes related to the plant’s resistance
to drought and salinity (Curtin et al., 2018).

In this field, not only applied but also fundamental research
has been performed. Hence, it was found out that mitogenic-
activated protein kinase (MAPK) reacted to drought by pro-
tecting a cell membrane from oxidation and regulating the
transcription of other genes. The role of one of MAPK genes
was determined using CRISPR/Cas9 for creating the knockout
mutants of this gene (Wang et al., 2017). In a similar way, the
effect of three genes on rice resistance to abiotic factors was
determined. It turned out, the genes coded MAPK (OsMPK?2),
phytoene desaturase (OsPDS) and betaine aldehyde dehydro-
genase (OsBADH?) (Shan et al., 2013).

Yield
The studies applying CRISPR/Cas9 to increase a plant’s yield
are listed in the Table. The kernel size and thousand-kernel
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Species

Target gene

Trait study

Editing result

Delivery technique

Reference

Resistance to X. oryzae
(bacterial blight)

Agrobacterium-mediated
transformation

Resistance to tungro
spherical virus

Agrobacterium-mediated
transformation

Resistance
to Magnaporthe oryzae
(blast fungus)

Agrobacterium-mediated
transformation

Resistance to Blumeria graminis
(powdery mildew)

Agrobacterium-mediated
transformation

Resistance to Blumeria graminis
(powdery mildew)

Agrobacterium-mediated
transformation

Resistance to Pseudomonas
syringae (bacterial speck)

Mutation
“gain of function”

Agrobacterium-mediated
transformation

CP-and

Resistance to yellow leaf
curl virus

Interference
with virus DNA

Agrobacterium-mediated
transformation

Resistance
to Oidium neolycopersici
(powdery mildew)

Agrobacterium-mediated
transformation

Agrobacterium-mediated
transformation

Gossypium
hirsutum

Resistance to Verticillium dahliae
(verticillium wilt)

Agrobacterium-mediated
transformation

Resistance to Xanthomonas citri
(citrus canker)

Agrobacterium-mediated
transformation

Agrobacterium-mediated
transformation

Chandrasekaran
etal., 2016

TaDREB2,
TaDREB3

PEG-mediated
transformation

Agrobacterium
rhizogenes-mediated
transformation

Agrobacterium-mediated
transformation

OsMPK2,
OsPDS,
OsBADH2

Agrobacterium-mediated
transformation

Agrobacterium-mediated
transformation

Agrobacterium-mediated
transformation

Agrobacterium-mediated
transformation
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End of table
Species Target gene Trait study Editing result Delivery technique Reference
Yield
T. aestivum TaGW2 Grain weight Knock-out Particle bombardment WangW. et al., 2018
T. aestivum TaGW7 Grain weight Knock-out Agrobacterium-mediated Wang et al., 2019
transformation
T. aestivum CKX2-1,GLW?7,  Grain yield Knock-out Agrobacterium-mediated Zhang Z. et al., 2019
GW2,GW8 transformation
O. sativa OsAAP3 Number of shoots Knock-out Agrobacterium-mediated Luetal., 2018
transformation
O. sativa OsDEP1,0sGS3, Panicle size, grain size, Knock-out Agrobacterium-mediated LiS.etal., 2016
OsGnla grain yield transformation
O. sativa GW5 Grain weight Knock-out Agrobacterium-mediated Liu etal., 2017
transformation
O. sativa OsGRF4 Grain size Overexpression  Agrobacterium-mediated Li M. etal, 2016
transformation
Zea mays ARGOS8 High yield under drought Overexpression  Particle bombardment Shietal., 2017
Nutritional value
Zea mays ZmIPK Decreased phytic acid Knock-out Agrobacterium-mediated Liang et al., 2014
transformation
Zea mays PPR, RPL Increased lysine and tryptophan ~ Knock-out Agrobacterium-mediated Qi etal., 2016
transformation
T. aestivum a-gliadin Low gluten Knock-out Particle bombardment Sanchez-Ledn et al.,
2018
T. aestivum a-gliadin, Low gluten Knock-out Agrobacterium-mediated Jouanin et al,, 2019
y-gliadin transformation
O. sativa Waxy Decreased amylose Knock-out Agrobacterium-mediated Zhang J. etal., 2018
transformation
O. sativa SBEIIb Increased amylose Knock-out Agrobacterium-mediated Sun et al., 2017
transformation
S. tuberosum GBSS Decreased amylose Knock-out PEG-mediated Andersson et al.,
transformation 2017
Glycine max FAD2-1A, Increased oleic acid Knock-out PEG-mediated Kim H. et al.,, 2017
FAD2-1B transformation
Sorghum bicolor k1C genes High lysine content and protein Knock-out Agrobacterium-mediated LiA.etal, 2018
digestibility transformation
Brassicanapus ~ FAD2 Increased oleic acid Knock-out Agrobacterium-mediated Okuzaki et al., 2018
transformation
S. lycopersicum  ncRNA1459 Long shelf life Knock-out Agrobacterium-mediated LiR.etal, 2018
transformation
S. lycopersicum  SGR1, LCY-E, Increased lycopene Knock-out Agrobacterium-mediated LiX.etal, 2018
Blc, LCY-B1 transformation
S.lycopersicum  SIGAD2, Enhance y-aminobutyric acid Knock-out Agrobacterium-mediated Nonaka et al., 2017
SIGAD3 transformation
Glycine max GmMGOLSTA, Decreased raffinose in beans Knock-out Agrobacterium-mediated Le et al.,, 2020
GmGOLS1B transformation
Glycine max F3H1,F3H2, Increased isoflavonoid Knock-out Agrobacterium-mediated Zhang P.etal,, 2019
FNSII-1 compounds transformation
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weight in common wheat were increased by provoking non-
sense mutations in the homeological copy of the G2 gene
being a negative regulator of these traits. The degree of the
increase was determined by a portion of mutated homoeologi-
cal genes (Wang W. et al., 2018). Later, the same authors could
change the size and weight of a wheat kernel by mutating the
sequence of another gene to belong to the same group: GW7
in subgenomes B and D (Wang et al., 2019).

The number of kernels in an ear was increased by editing
four target genes: CKX2-1, GLW7, GW2 and GWS8 (Zhang A.
et al., 2019). In this case, the line homozygotic to the large
deletion in the CKX2-/ gene demonstrated the maximum
increase of the ear kernel number as well as maximum ear
density, which has confirmed the gene is a negative regulator
affecting the number of kernels in an ear.

A whole set of genes was knocked out in rice. These were
negative regulators of controlling such traits as tiller number
(OsAAP3), ear size (OsDEPI), kernel weight (OsGW5) and
size (OsGS3, OsGRF4) and the number of kernels in an ear
(OsGnla) (Li M. et al., 2016; Li S. et al., 2016; Liu et al.,
2017; Lu et al., 2018). Additionally, the rice model has been
applied to integrate whole-genome sequencing, genealogy
analysis and CRISPR/Cas9 for full-scale identification of
the target genes that affect quantitative traits including yield
(Huang et al., 2018).

At the first stage, the genealogy analysis detected multiple
quantitative trait loci (QTL) associated with yield to carry out
their association mapping. Comparison of the obtained map
against the rice’s whole-genome sequence enabled for select-
ing candidate genes to be knocked out using CRISPR/Cas9
for estimating their phenotypical effect. As a result, a whole
set of the genes crucial for yield was found.

A study to preserve the yield in presence of stress fac-
tors by mutating the ARGOSS gene was carried out in corn
(Zea mays L.) by J. Shi et al. (2017). The authors applied
CRISPR/Cas9 to replace this negative regulator of ethylene
response by a promotor of another gene to increase ARGOSS
expression. Field studied have demonstrated that the CRISPR-
edited plants had higher yield in drought condition than their
parents.

Nutritional value

High amounts of phytic acid present in the grains of cereal,
legume and oil crops. This acid is antinutrient and cannot be
digested by animals with single-chamber stomach and can
cause environmental pollution. To reduce the acid’s content
in corn, CRISPR/Cas9 was applied to knock out the gene of
the enzyme catalyzing the stages of phytic-acid biosynthesis,
so its production was blocked in the mutant line (Liang et al.,
2014). The same corn was used to obtain cultivars with higher
level of essential amino acids — lysin and tryptophane — by
knocking out the genes having a negative effect on their bio-
synthesis (Qi et al., 2016).

Changing gluten content and composition in wheat has been
another topical issue due to the high spread of gluten intole-
rance in people. The results of two studies using CRISPR/Cas9
and aimed at reducing in wheat the content of a- and y-gliadins
causing pathological reactions have recently been published.
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One group obtained the mutant lines with significantly reduced
a-gliadin content (Sanchez-Leon et al., 2018). The other group
created lines with low a- and y-gliadins (Jouanin et al., 2019).
The obtained wheat lines may become a start for new elite
wheat cultivars to produce low-gluten products.

In rice, application of CRISPR/Cas9 has led to the plant’s
improved nutritive and culinary qualities. It was achieved by
mutating the Waxy gene to change the amylose/amylopectin
ratio in starch in the favor of amylopectin (Zhang J. et al.,
2018). This component determines the waxlike (sticky) quali-
ties of starch in rice grains, which is very important for making
sushi. In another study, the opposite result was obtained, so
the gene responsible for suppressing amylose synthesis was
knocked out (Sun et al., 2017).

In potato (Solanum tuberosum L.), the gene encoding
granule-bound starch synthase (GBSS) was knocked out, so
the obtained lines demonstrated a reduced level of amylose
(Andersson et al., 2017).

To improve the quality of soybean oil, CRISPR/Cpfl was
used to knock out genes FAD2-1B and FAD2-14 and produce
high-yield soy plants with high content of oleic acid (Kim H.
etal., 2017).

In sorgo (Sorghum bicolor L.), GE techniques were applied
to knock out the genes responsible for improper digestibility
and essential amino acids suppression (Li A. et al., 2018).

Using CRISPR/Cas9 the cultivars of rape (Brassica na-
pus L.) were obtained with high content of oleic acid (Okuzaki
etal., 2018) as well tomato cultivars with increased storability
(LiR. etal., 2018) and increased content of lycopene, a vita-
min A precursor of powerful antioxidation effect (Li X. et al.,
2018). These and many other studies are listed in the Table.

De novo domestication

The essence of the de novo domestication approach is speeding
up a domestication process for a wild relative of an agricul-
tural plant. The wild relatives are widely used in selection
as donors of the genes responsible for a plant’s resistance to
biotic and abiotic stresses. However, a simple crossing with
a wild species only produces ‘half-cultivars’ that often lose
the features of a cultural plant as well as the many qualities
useful for humans.

Studies into the genes of wild and domestic plants have
found the so-called ‘domestication genes’, in other words,
mutations that transform a wild plant into one applicable for
farming.

The idea behind de novo domestication is dedicated intro-
duction of necessary genes into the domestication genes of
a cultural plant’s wild relative. Such boosted domestication
made the headlines in 2018, when CRISPR/Cas9 was applied
to convert a wild tomato into an almost cultural plant in a singe
generation. To do so, a list of genes to be modified to obtain
the plant’s de novo version had been composed (Zs6gon et
al., 2017).

Comparing the genetic sequences in both wild and cultural
tomato enabled one to determine the structural modifications
to be implemented in the wild plant. At the final stage of
the experiment, multiplex editing of four genes (SP, SP5G,
SICLV3 and SIWUS was performed. These genes controlled
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the plant’s architecture (transition to the determinate type),
heading time and fruit size (Li T. et al., 2018).

Another example of such research is changing the morpho-
logy of a barley ear. The naked kernel, unlike the rough one,
has always been a sign of the crop’s domestication. Naked
barley is a traditional food and currently considered as a
dietary component of functional nutrition. In nature, this
transition from chuffy to naked kernel was determined by
the NUD gene losing its function due to deletion of 17 kb in
a corresponding locus. Using CRISPR/Cas9, a naked-barley
cultivar has been produced experimentally by knocking out
NUD in a wild rough variety (Gerasimova et al., 2020).

Thus, de novo domestication opens huge perspectives for
selective breeding, enabling one to obtain the results of hun-
dreds and thousands of years of evolution in one generation.

Conclusion

Intensely developing GE technologies will soon see lifting
many of the limitations for their wide practical application.
The development goes in the direction of higher modification
specificity and off-target effects elimination by using new-type
nucleases such as the Cas9 orthologs interacting with different
PAMs (Fonfara et al., 2014) or completely new nucleases such
as Casl2a (Zetsche et al., 2015).

Moreover, there are approaches that go beyond gene knock-
outs and include other modifications as changing a nucleotide
or a whole sequence. This method has proved effective when
editing a single DNA base to perform cytosine/thymine or
adenine/guanine replacement. Such changes have become
possible thanks to using specific enzymes being a combina-
tion of cytosine deaminase, adenosine desaminase and nickase
(Zong et al., 2017; Li C. et al., 2018).

Another technique that is developing fast is homological
recombination when an expressing vector is delivered in a
cell together with a donor DNA flankered by the sequencies
homologous to the site where endogenous DNA is replaced
by a donor’s one (Jasin, Haber, 2016).

In addition, transformation techniques are developing since
the classical methods such as agrobacterial transformation
and particle bombardment in many ways produce low output
of transformants. Hence, a possibility to use modified viral
genomes has been demonstrated for transition of expression
cassettes, geminiviruses in particular, and proved effective
for a number of cultures (Baltes et al., 2014; Cermak et al.,
2015; Butler et al., 2016).

Along with technological advancements, the development
of bioinformatic approaches, in particular, enlargement of
genetic databases and enhancing of genetic network analysis
will become the basis for multiplex GE to modify several
traits at once.
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Abstract. Agrobacterium-mediated transformation is the most popular approach for obtaining transgenic plants
nowadays. There are plenty of protocols developed for different plant species. These protocols usually include the
medium composition, the technology for preparing plant explants and cultivation conditions, as well as the choice
of agrobacteria strains. Nicotiana tabacum, or cultivated tobacco, was one of the first successfully transformed plant
species. Nicotiana tabacum is a model object in plant genetics, particularly due to its ability for transformation and
regeneration. N. tabacum is a naturally transgenic plant since its genome contains a cellular T-DNA acquired from
Agrobacteria. The significance of cT-DNA for plants has not yet been established. Some assume that cT-DNA can in-
crease the ability of plants to regenerate due to some of the genes they contain. For example, rolC has been shown to
affect the hormonal balance of plants, but the molecular mechanisms underlying this have yet to be found. Rol/Cis also
somehow involved in the secondary metabolism of plants. Like N. tabacum, Nicotiana glauca produces a wide range of
secondary metabolites and contains an intact rolC gene in its genome. At the same time, unlike N. tabacum, N. glauca
is a diploid species, which makes it more suitable for genetic engineering approaches. Nicotiana sylvestris is one of
the ancestral species of N. tabacum and does not contain cT-DNA. The aim of this work was to develop a protocol for
transformation and regeneration of N. glauca and N. sylvestris. We managed to find an optimum ratio of auxins and cy-
tokinins that promotes both active callus formation and organogenesis in N. glauca and N. sylvestris leaf explants. The
developed technique will be useful both for fundamental research that includes the N. glauca and N. sylvestris species,
and for practical application in the pharmaceutical industry and biosynthesis.

Key words: agrobacterium-mediated transformation; regeneration; Nicotiana.
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ArpoTrpaHchopmaliuisi BUJOB
Nicotiana glauca n Nicotiana sylvestris
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! DepiepanbHblii NCCNIEROBATENBCKNI LLIeHTP BCepoCcCnincknin MHCTUTYT reHeTUYeCcKrX pecypcoB pacteHuii um. H./. Basunosa (BUP), CankT-MNeTepbypr, Poccus
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AHHoTayuma. ArpobaktepranbHas TpaHcpopmMaLmsa — Hambonee NONyNAPHbLIA METOA NONyYeHUA TPAHCreHHbIX pac-
TeHWI. [na MHOTVX BMLOB pacTeHUiA pa3paboTaHbl MPOTOKOSIb, BKOYAIOLME OMNUCaHNe YCIOBUI TpaHChopmMaLuu,
COCTaB NMUTATENIbHbIX Cpef, METOAMKY MOLArOTOBKM PAaCTUTENbHbIX SKCMIAHTOB M BbIOOP LITaMMOB arpobakTepuid, a
TaK>Ke COOTHOLLEHVE PacTUTESNIbHbIX FOPMOHOB, HEOOXOAUMbIX AA NoCeAyoLWeln pereHepaumm 3KCnaaHTos. OgHUM
13 MepBbIX YCMelwHo TPaHCGOPMMPOBaAHHbIX BULOB CTan KynbTypHbI Tabak, Nicotiana tabacum, KoTopbln cerogHa
CNYXUT MofenbHbIM 0O0BbEKTOM reHeTukn pacteHuin. Nicotiana tabacum s¢deKkTBHO TpaHchopMUpyeTCa 1 Nerko
pereHepupyer, 4To fenaet ero ygobHbIM ASiA reHHO-MHXXeHepPHbIX MaHunynauuin. Mpwu atom N. tabacum oTHoCKTCA K
NPVPOLHO-TPAHCTEHHbIM BUAAM, NMOCKOJbKY COLEPXKUT B CBOEM FreHOME MOC/e0BaTENbHOCTM arpobakTepuanbHoro
npouncxoxaeHus, knetouHyto T-AHK, 3HaueHre KOoTopon Ana pacTeHUn Noka He yctaHoBneHo. OfHUM 13 NPefKOBbIX
Bupos ana N. tabacum asnaetca N. sylvestris, reHom KoToporo He cofepxut KnT-OHK. Mpegnonaratot, uto kKnT-AHK
MOET MOBbILWATb pPereHepaLoHHble CMOCOBHOCTM PAacTeHNA 3a CYET reHOB, BXOAALLMX B €€ COCTaB, TaKMX Kak, Ha-
npumep, rolC. Ana rolC pencTBUTENbHO NOKa3aHo BAMAHME Ha 6anaHC pacTUTesibHbIX FOPMOHOB, OfHAKO CToALMe 3a
3TM MOJNeKyNAPHble MeXaHU3Mbl OCTalOTCA HeM3BeCTHbIMU. MoMmmo yyactna B mopdoreHese, rolC BnnseT Ha 6mo-
CUHTE3 BTOPUYHBIX MeTabonnToB B pacTeHun. Bug N. glauca, kak n N. tabacum, cunTaeTcs NpUPOAHO-TPaHCTEHHBIM,
HeceT B KNT-OHK rHTaKkTHbIN rolC 1 cOOepXUT LUMPOKMIA CNEKTP BTOPUYHbLIX MeTabonutos. MNpu 3Tom, B OTAInUME OT
N. tabacum, N. glauca -gunnovgHbIn B, YTO fienaeT ero ropasfo 6onee yno6HbIM 06bekTOM A1 NPOBeAeHWsA FreHHO-
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Agrobacterium-mediated transformation
of Nicotiana glauca and Nicotiana sylvestris

VHXeHepHbIX paborT. Llenbto aaHHOM paboTbl Gbina pa3paboTka NPOTOKoNa TpaHCPOpMaLmMn 1 pereHepaumn ans Bu-
noB N. glauca v N. sylvestris. Ha oCHOBaHWW y»ke N3BECTHbIX MPOTOKONOB ANA APYrvx npefcTaButenein poaa Nicotiana
Hamu 6bl1/10 NOAO6PAHO TaKOEe COOTHOLLEHWE aYKCUHOB U LIUTOKMHUHOB, MPU KOTOPOM NIMCTOBbIe 3KcnnaHTbl N. glauca
n N. sylvestris nepexofAT K akTUBHOMY Kanlycoobpa3oBaHuio, a 3aTeM K opraHoreHesy. C ncnonb3osaHvem paspabo-
TaHHOW METOAVKM NOMYyYEeHbl TPaHCreHHble pacTeHnA 3TMX BUAOB. PaspaboTaHHana meToguka TpaHcdhopmauuy 1 pere-
Hepauuu nonesHa Kak Ana yHhaMeHTanbHbIX MCCnefoBaHunii, 3aTparusatolmx Buabl N. glauca v N. sylvestris, Tak n ana
NpPaKTNYeCKoro NprYMeHeHNs B 06nactyi GapMUHAYCTPUM U BUOCHHTE3a.

KnioueBble cnioBa: arpobaktepuanbHas TpaHchopMauus; pereHepauus; Nicotiana.

Introduction

Agrobacterium-mediated transformation has been the main
approach for obtaining transgenic plants in laboratories for
over 30 years (Sawahel, Cove, 1992). To date, transformation
protocols have been developed for many plant species repre-
sented by various life forms, such as herbs, shrubs, and trees
(Wang, 2015). The main differences between these protocols
are determined by the choice of the agrobacterium strain, the
vector, the type of plant explant and the way to prepare it for
transformation. It is also necessary to select certain conditions
of inoculation and co-cultivation processes, such as their
duration, as well as lighting and temperature values. Due to
various modifications of the protocols, it was possible to sig-
nificantly increase the efficiency of agrobacterium-mediated
transformation of various plant species, including economi-
cally important crops (Cheng M. et al., 2004). The process
of plant regeneration that usually follows transformation also
requires specific conditions for each particular species.

Nicotiana tabacum is one of the first transformed spe-
cies. Development of the transformation and regeneration
protocols for N. tabacum led to the first transgenic tobacco
plants resistant to antibiotics (Herrera-Estralla et al., 1983).
To date, N. tabacum is a classic model object of plant genetics
and is widely used in genetic engineering. Since N. tabacum
is a valuable agricultural crop, it is well studied, and a high-
quality reference genome is available in the open database
(Edwards et al., 2017). The N. tabacum species includes
many cultivars that differ in a number of ways, including the
efficiency of the regeneration process (Ali et al., 2007), which
allows researchers to choose the most suitable ones for the
transformation process.

The genome of N. tabacum contains DNA sequences ac-
quired from Agrobacteria. These sequences, homologous to
the agrobacterial T-DNA, are called cellular T-DNA (cT-DNA)
(White et al., 1983). Plants that carry cT-DNA are considered
natural transgenic species or natural genetically modified
organisms (nGMOs) (Matveeva, 2018). To date, the list of
nGMOs includes more than 40 genera of angiosperms (Mat-
veeva, 2021). The function of cT-DNA for plants has yet to be
established. Several hypotheses are discussed in the literature,
such as increasing the adaptive capacity to arid conditions,
impact on the microbial communities of the rhizosphere,
enhancing regenerative abilities and resistance to subsequent
agrotransformation (Chen, Otten, 2017; Matveeva, Sokor-
nova, 2017). In addition, an increased sensitivity of natural
transgenic plants to agrobacterium-mediated transformation is
assumed. The experimental data obtained for different nGMO
species do not add up to a unified picture. However, to date,
only five natural transgenic species belonging to the genus
Nicotiana have been studied for the transformation efficiency
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(Matveeva, Sokornova, 2017). Expanding the list of studied
species may clarify this issue.

Some of cT-DNA genes have retained their activity in
natural transgenic species for generations, suggesting the
importance of these genes for the plant. One of these genes
is 7olC in the cT-DNA of N. tabacum (Chen et al., 2014) and
N. glauca (Intrieri, Buiatti, 2001). The ro/C gene activity
is known to affect morphogenetic processes, as well as the
secondary metabolism of plants, although the molecular
mechanisms underlying its effects have not yet been elucidated
(Khafizova, Matveeva, 2021). For studying gene activity, va-
rious approaches can be used. Silencing and controlled gene
activation are the most popular among them. However, they
require developed methods of transformation and regeneration
under in vitro conditions for specific plant species.

This work is devoted to the development of transformation
and regeneration methods for the N. glauca and N. sylvestris
species. N. glauca, like N. tabacum, is a natural transgenic
plant carrying an intact 70/C in its cT-DNA. And, like N. taba-
cum, it contains a wide range of secondary metabolites (Long
et al., 2016). At the same time, N. glauca is a diploid, which
makes it a much more convenient object for genetic engineer-
ing manipulations comparing to allotetraploid N. tabacum.
N. sylvestris is one of the ancestral species of N. tabacum and
its genome does not contain cT-DNA (Yukawa et al., 2006).
Like N. glauca, N. sylvestris is a diploid species.

Two plasmids were constructed in this work: the first con-
tains 7o/C under an inducible promoter to create N. sylvestris
plants with controlled expression of 70l/C. The second plasmid
contains a CRISPR/Cas9 cassette with 2 guide RNAs targeting
rolC aiming to “turn off” this gene in N. glauca. However,
protocols for the transformation and regeneration of N. syl-
vestris and N. glauca have not previously been developed.
Therefore, it was necessary to design such protocols based
on existing ones. The possibility to create transgenic N. syl-
vestris and N. glauca plants will expand the range of research
involving these species. For example, N. glauca mutants for
various genes in biosynthesis pathways will contribute to the
study of the molecular mechanisms of secondary metabolism.
N. glauca plants with inactivated ro/C and N. sylvestris plants
carrying rolC, obtained in this work, will be further used to
investigate the functions of the ro/C gene, contributing to
fundamental studies in horizontal gene transfer from agro-
bacteria to plants.

Materials and methods

Aseptic plants Nicotiana glauca (var. 359 from the Federal
state budget scientific institution “All-Russian Scientific Re-
search Institute of Tobacco, Makhorka and Tobacco Products”
collection) and Nicotiana sylvestris (obtained from the Federal
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state budget scientific institution “All-Russian Scientific Re-
search Institute of Tobacco, Makhorka and Tobacco Products”
collection) were used in this work. Plants were grown in vitro
and maintained by cuttings on Murashige—Skoog (MS) me-
dium (Murashige, Skoog, 1962) with 20 g/L sucrose at 23 °C
and a photoperiod of 16 hours day/8 hours night.

For the transformation of N. glauca plants, a pHSE401 roC
vector was prepared. It contained a cassette for the ro/C
gene editing: 2 guide RNAs and Cas9 under the control of
CaMV 35S; as well as kanamycin and hygromycin resis-
tance genes. For the transformation of N. sylvestris plants,
the pPB7WG2D_PdexA4rolC vector was prepared. The
pB7WG2D PdexA4rolC vector contained the r0/C gene se-
quence from 4. rhizogenes under a dexamethasone-inducible
promoter along with spectinomycin and glufosinate resistance
genes.

Vector design. The sequence of the ro/C gene and the
dexamethasone-inducible promoter was obtained from trans-
genic plants previously created by colleagues (Mohajjel-Shoja
etal.,2011). PCR was carried out in a volume of 20 pL using
DreamTaq PCR master mix (Thermo Scientific) according to
the prescription into a Tertsik amplifier (DNA-technology) by
the following program: 95 °C — 5 minutes, 40 cycles (95 °C —
20 sec, 60 °C —30 sec, 72 °C — 90 sec), 72 °C — 5 minutes. To
obtain the sequence “promoter + r0/C”, the following primers
were used, DexF: CGCTACTCTCCCAAAACCAA, DexR:
GGCCAGTGAATTCTCGACTC. Primers were synthesized
by Evrogen. The resulting sequence was placed into the
pENTR/D-TOPO cloning vector (https://www.addgene.org/
vector-database/2519/), which was used to transform E. coli
Top10 strain. Bacteria grew on LB medium with kanamycin
(100 mg/L) at 37 °C for 14 hours. Isolation of plasmid DNA
from the resulting colonies was carried out using a Plasmid
Miniprep Kit (Evrogen). PCR with primers DexF and DexR
was performed to detect the insertion of r0/C with an indu-
cible promoter. The insert was then cloned into the destination
vector pB7WG2D (https://gatewayvectors.vib.be/collection/
pb7wg2d) using the Gateway system (Invitrogen, USA). The
resulting plasmids were tested by PCR with primers DexF and
DexR. After plasmid verification, the Agrobacterium EHA105
strain was transformed with pPB7WG2D_PdexA4rolC.

The pHSE401 roC vector was created using the pHSE401
plasmid (https://www.addgene.org/62201/), according to the
protocol described by Xing (Xing et al., 2014). The pHSE401
vector was kindly provided by the senior researcher of the De-
partment of Genetics and Biotechnology, St. Petersburg State
University, Tvorogova V.E. The NgrolC gene (Acs. X03432.1;
145-687) was chosen as a target. The selection of 19-nt target
sequences and the final verification of the vector by PCR and
restriction methods were carried out according to the proto-
cols described by Xing (Xing et al., 2014). After verification,
pHSE401 roC was used to transform the Agrobacterium
strain AGL1.

Plants transformation. For plant transformation, over-
night cultures of agrobacteria were prepared. Young leaves
(3—4 upper leaves) were selected from aseptic plants in laminar
box. Along the perimeter of the leaf blade, incisions 2—-3 mm
long were made with a sterile scalpel. The cuts crossed the
leaf vein. The leaves were then placed in a mixture of liquid
Murashige—Skoog medium (MS without agar) and overnight
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bacteria culture in a ratio of 1:1 for 2 hours. At the end of
cultivation, the liquid from the leaves surfaces was removed
with sterile filter paper, and the leaves were transferred to a
solid MS medium.

Plants regeneration. Plates with leaf explants were kept
for 2 days at 23 °C in the dark. Then the explants were trans-
ferred to MS medium containing 250 mg/L of cefotaxime,
2 mg/L of 6-benzylaminopurine (BAP), and 1 mg/L of naph-
thylacetic acid (NAA). Every 8-10 days the explants were
transplanted onto a fresh medium containing hormones and
an antibiotic. After the formation of organogenic calli and the
initiation of shoot formation (4-6 weeks from the moment
of transformation), the calli were placed on a hormone-free
MS medium containing an antibiotic. The grown shoots
were separated from the calli and placed on the MS me-
dium with a mixture of antibiotics: 50 mg/L of cefotaxime,
10 mg/L of a selective antibiotic. Cefotaxime was used to kill
agrobacteria. A selective antibiotic was used to select trans-
formants.

Hygromycin was used for N. glauca because pHSE401 roC
contains the HygR gene providing hygromycin resistance.
For N. sylvestris, glufosinate was used as a selective anti-
biotic, since the pPB7WG2D PdexA4rolC vector contains
the BAR gene.

Transformants analysis. Those shoots that remained
green on the selecting medium were checked by PCR for the
presence of a transgenic insert. DNA was isolated using the
CTAB method (Murray, Thompson, 1980). For N. glauca,
PCR analysis was carried out with primers pHSE401RolCF
(5'TGTCCCAGGATTAGAATGATTAGGC) and
pHSE401Ro0ICR (5'AGCCCTCTTCTTTCGATCCATC
AAC) to a CRISPR cassette. PCR was performed in a volu-
me of 20 pL using DreamTaq PCR master mix (Thermo Sci-
entific) according to the prescription in the Tertsik amplifier
(DNA-technology) by the following program: 95 °C — 5 mi-
nutes, 40 cycles (95 °C — 10 sec, 58 °C — 30 sec, 72 °C —
30 sec), 72 °C — 5 minutes. The amplicons were visualized
and separated on a 1 % agarose gel in TAE buffer.

Validation for N. sylvestris was performed by real-time
PCR with primers for the BAR gene contained in the vector
(BarF: AGCCCGATGACAGCGACCAC; BarR: CGCCGAT
GACGCGGGACAA). The DNA of the transgenic N. tabacum
plant containing the r0o/C gene was used as a positive control.
A sample without DNA was used as a negative control. PCR
was performed in a volume of 20 uL using Fast SYBR Green
master mix (Thermo Scientific) according to the prescription
in ANK-32-M amplifier (Synthol) by the following program:
95 °C — 5 minutes, 40 cycles (95 °C — 10 sec, 58 °C — 30 sec,
72 °C—30 sec), 72 °C — 5 minutes. Primers were synthesized
by Evrogen.

Results

Transformation and regeneration protocols for N. sylvestris
and N. glauca were developed by optimization of existing
protocols for different Nicotiana species. We conducted a pre-
liminary experiment to evaluate the regeneration efficiency
of N. sylvestris and N. glauca explants. The explants were
put on media with different hormone ratios: 2 mg/L. BAP
and 1 mg/L NAA, 1 mg/L BAP and 1 mg/L NAA, 0.1 mg/L
BAP and 1 mg/L NAA. At first, all explants actively formed
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Fig. 1. Results of a preliminary experiment on the regeneration of N. sylvestris and N. glauca leaf explants.

Fig. 2. Regeneration of shoots from leaf explants after co-cultivation with
agrobacteria, N.sylvestris (a) and N. glauca (b).
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Fig. 3. Confirmation of transgenic inserts in regenerated plants:

a, N. sylvestris (9 — positive control, 10-15 — regenerated plants, 16 — negative
control); b, N. glauca (1-6 - regenerated plants).
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callus, no differences were observed on various media at this
stage. However, upon transition to organogenesis, the amount
of cytokines began to affect the efficiency of regeneration
(Fig. 1). While 100 % of explants of both N. sylvestris and
N. glauca formed shoots on a medium with a high content of
cytokinins, only 50 % of explants of N. sylvestris and 10 %
of N. glauca switched to organogenesis on 1 mg/L BAP and
1 mg/L NAA medium. Shoots did not develop on the medium
0.1 mg/L BAP and 1 mg/L NAA.

Thus, in a preliminary experiment, we noted active rege-
neration and shoot formation processes on leaf explants when
2 mg/L BAP and 1 mg/L NAA were added to the medium.
For comparison, the traditional medium for the induction
of callus formation in N. tabacum contains 0.5 mg/L BAP
and 2 mg/L NAA (Draper et al., 1991), and the medium for
N. benthamiana contains 1 mg/L BAP and 0.1 mg/L NAA
(Hasan et al., 2014). Analyzing the literature, we also noticed
different ways of preparing explants: in the classic version of
“leaf disk transformation” cut out fragments of the leaf blade
that do not contain veins are used (Wang, 2015). There are
also options for cutting the leaf blade into pieces (Draper et al.,
1991) and the deep vein incision method. We used the cutting
method and the deep vein incision method in the preliminary
experiment. The way of the explant preparation did not affect
the efficiency of transformation.

Using the developed protocols we performed the transfor-
mation of N. sylvestris and N. glauca leaf explants, 500 for
each species. As a result, regenerated plants were obtained
from 498 N. sylvestris explants and 491 N. glauca explants
(Fig. 2). Several explants (2 and 9, respectively) were con-
taminated during transplantation and removed from the
experiment. Thus, the results obtained on a large sample are
consistent with the results of the preliminary experiment.

The shoots formed on the medium with BAP and NAA were
transplanted onto the medium with a selective antibiotic. For
N. sylvestris, 15 plants were obtained on the medium with
glufosinate, and 12 plants for N. glauca on the medium with
hygromycin, which is 3 and 2.4 % of the regenerated explants.
Plants that remained green and rooted on the selective me-
dium were tested for the presence of the transgenic insert.
Positive results were obtained for all N. glauca regenerants
and 12 N. sylvestris regenerants (Fig. 3). For N. sylvestris,
real-time PCR was used to detect a signal in transgenic plants,
indicating the presence of the BAR gene contained in the vec-
tor (see Fig. 3, a). In the case of V. glauca, 423 bp sequences
corresponding to the fragment of the CRISPR cassette were
obtained (see Fig. 3, b).
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Therefore, N. sylvestris plants with the ro/C gene under
a dexamethasone-inducible promoter were created, as well
as N. glauca plants carrying a CRISPR cassette for “turn-
ing off”” the rolC gene. Currently, some plants are planted in
a greenhouse and some are grown in vitro. Next, they will
be used to study the function of the ro/C gene by controlled
activation of its expression in N. sylvestris and by gene silenc-
ing in N. glauca.

Agrobacterium-mediated transformation and regeneration
protocols for N. sylvestris and N. glauca were developed in
this study. We have shown transformation efficiencies of 3
and 2.4 % for these species, respectively. The efficiency can
be increased by adding acetosyringone to the medium. How-
ever, the described protocol is sufficient to obtain transgenic
N. sylvestris and N. glauca plants, which was successfully
demonstrated in this work.

Discussion

Agrobacterium-mediated transformation is the most com-
mon way to obtain transgenic plants today. For many plant
species, protocols for transformation and regeneration have
been developed (Wang, 2015). While some species regene-
rate easily through the stages of organogenic callus and shoot
development, other species show low regeneration efficiency.
For example, in Pisum sativum, less than half of the somatic
embryos develop into plants (Loiseau et al., 1995).

Many Nicotiana species regenerate easily and can also be
grouped according to their tendency to shoot formation or
root formation when regenerating (Matveeva, Sokornova,
2017). N. tabacum actively forms both roots and shoots. At
the same time its ability to form callus on media with dif-
ferent ratios of hormones is of particular interest. There are
protocolos describing N. tabacum callus formation on both
auxin-dominated media (Draper et al., 1991; Ali et al., 2007)
and cytokinin-dominated media (Horsch et al., 1985; Otten,
Helfer, 2001). Researchers note the active formation of calli
on explants, regardless of the protocol chosen. A similar pic-
ture is shown for V. rustica, which equally forms both roots
and shoots during regeneration (Gill et al., 1979; Furze et al.,
1987; Tinland et al., 1992). For other Nicotiana species, this
feature has not been noted in the literature.

Cellular T-DNA was named as a possible explanation of
the increased ability to regenerate, since T-DNA contains
genes that affect the plant hormonal balance (Ichikawa et
al., 1990). At the same time, those genes, which are called
plast genes, differ in their effects (Otten, 2018). Therefore,
it is important which plast genes carry cT-DNA and whether
their reading frames remain intact. The N. tabacum genome
holds three cT-DNAs of different composition, containing
plast genes with intact frames (Chen et al., 2014). How-
ever, the N. rustica genome lacks cT-DNA (Intrieri, Buiatti,
2001). Our results also refute this hypothesis. Likewise, we
did not confirm the assumption about the increased sensitiv-
ity of natural transgenic species to agrotransformation. The
transformation efficiency turned out to be about the same for
N. glauca containing cT-DNA and for N. sylvestris that does
not contain cT-DNA in the genome. A similar trend was noted
at the stages of callusogenesis and subsequent organogenesis.
While N. glauca contains an intact ro/C gene, which affects the
balance of cytokinins in the plant (Schmulling et al., 1988),
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and N. sylvestris does not contain cT-DNA (Intrieri, Buiatti,
2001), regeneration in these species is triggered by the same
ratio of hormones.

At the same time, differences in the efficiency of regene-
ration were noted at the intraspecific level. For example,
N. tabacum cultivar SPTG-172 regenerates better on a me-
dium containing 0.2 mg/L BAP and 2 mg/L. NAA, while for
cultivar K-399, the ratio of 0.2 mg/L BAP and 1 mg/L NAA
is preferable. But even on a more suitable medium, K-399
forms less callus and shoots than SPTG-172 (Ali et al., 2007).
Ali and colleagues explain such differences by the genotype
influence. The effect of genotype on callusogenesis and or-
ganogenesis has already been shown for peas (Lutova et al.,
1994; Saschenko, 2014) and cruciferous plants (Ockendon,
Sutherland, 1987; Narasimhulu, Chopra, 1988). Particular
qualities of the genotype, which determine the response to
the medium and cultivation conditions, are often called the
main factor that affect the regeneration efficiency (Pang et al.,
2000). Ali and colleagues also noted that auxin-rich media
are preferred for some tobacco cultivars, while cytokinin-rich
media are preferable for others (Ali et al., 2007). In order to
confirm or refute this hypothesis, it is necessary to conduct a
study on a larger number of N. tabacum cultivars.

Despite a significant number of developed protocols for
regeneration and studies on this topic (Wang, 2015), the
genetic mechanism responsible for morphogenetic reactions
remains unknown. In an attempt to establish it, geneticists
and biochemists are actively studying both the biosynthesis
pathways of plant hormones and their signaling, as well as
the mutual influence of various hormones on regeneration
processes in different plant species (Su, Zhang, 2014). More
and more specific points of hormones interaction are being
identified. For example, it has been shown that a participant
in the auxin signaling pathway ARF3 (AUXIN RESPONSE
FACTOR3) directly suppresses cytokinin biosynthesis during
shoot regeneration by binding the A#/PT5 gene promoter
(Cheng Z.J. et al., 2013). However, the questions of why some
plants regenerate more easily than the others, and what fac-
tors directly affect these processes, have yet to be answered.

The techniques we have developed for N. glauca and N. syl-
vestris expand our knowledge of the regeneration conditions
of various Nicotiana species. In the case of N. glauca, this
technique can contribute to the development of the pharma-
ceutical industry, since it allows to create various mutants for
studying the biosynthesis of secondary metabolites. Both the
transgenic N. glauca and N. sylvestris created in this work
will advance fundamental studies of horizontal gene transfer.
Despite the fact that the species N. glauca and N. sylvestris
are not closely related (Clarkson et al., 2004), the same ratio
of hormones triggers the induction of callusogenesis and re-
generation. In this regard, the proposed technique can become
a starting point for the development of new protocols based
on it, as was described in this article.

Conclusion

A technique for agrobacterium-mediated transformation and
effective regeneration of N. glauca and N. sylvestris species
has been developed. On its basis, it is possible to create pro-
tocols for other Nicotiana species by varying the ratio of the
main exogenous plant hormones added to the medium. The
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technique includes agrotransformation of plant explants using
the leaf disk method, followed by cultivation on MS nutrient
medium containing antibiotics as well as plant hormones in
the amount of 2 mg/L BAP and 1 mg/L NAA. The choice of
antibiotic is determined by the resistance genes in the vector
used for the transformation. On this medium, leaf explants
of N. glauca and N. sylvestris actively regenerate with the
formation of first callus mass, and then with the develop-
ment of shoots. The designed protocol will be useful both for
fundamental research involving N. glauca and N. sylvestris
species and in practical areas. For example, to study the phe-
nomenon of horizontal gene transfer and related changes in
the plant genome, as well as in the researches related to the
biosynthesis of various metabolites, a wide range of which is
synthesized in N. glauca.
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Abstract. The discovery of the ability of some mutations to stimulate haploidy during hybridization made it possible to
create one of the most promising and sought-after trends in the field of reproductive biology. Haploid inducers created
on their basis are capable of increasing the frequency of haploidy up to 15 %. The improvement of the existing haploid
inducer lines and the search for new genes that contribute to a high frequency of haploidy are underway. Along with
these studies, the field of application of haploid inducers in genetics and plant breeding is expanding. Haploid induc-
ers carrying R1-nj genes for anthocyanin pigmentation of the seed and embryo are able not only to mark the hybrid
embryo and identify haploid genotypes, but also to detect genes that suppress the anthocyanin color of the grain,
like C1-I, C2-Idf, and In1-D. Depending on their quantity, the phenotypic manifestation of the gene in the seed varies.
Haploidy is widely used for accelerating hybrid breeding and obtaining both new maize lines with improved traits and
their sterile counterparts. By introducing certain genes into the genome of the improved line, breeders can use the
doubled haploid (DH) breeding technology to accelerate the creation of pure lines carrying the desired gene. Haploid
inducer maize lines and their tetraploid analogs are used in the selection of rediploid maize lines by their resynthesis
from tetraploid genotypes. In 2019, Syngenta Company synthesized a haploid inducer maize line carrying a CRISPR/cas
construct capable of simultaneously stimulating haploidy and editing the genome at a specified DNA site. Thanks to
this technology, it became possible to improve haploid inducers by introducing various CRISPR/cas constructs into the
haploid inducer genome for editing any DNA site. Maize haploid inducers are widely used in doubled haploid wheat
breeding. The first experiments showed that the most effective haploid inducer for stimulating haploidy in wheat is
maize pollen. Researchers are intensively searching for other ways of using maize haploid inducers in plant breeding.
Key words: maize; haploidy; haploid inducer; haploid; doubled haploid; tetraploid; rediploid.
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VCI10/1b30BaHMe rarlJ/IONHAYVKTOPOB KYKYPY3bl KaK MHCTPYMEHTA
B OMIOTEXHOJIOTUI CEeJIbCKOXO03SI/iICTBEHHbBIX PACTEHU
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L DepepanbHblii MCCNeROBaTENbCKUI LIEHTP BCepoCcCUnCKmin MHCTUTYT reHeTUYeCKX pecypcoB pacteHunin um. H.W. Basunosa (BUP),
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2 CapaToBCKUI HaLMOHaNbHbIV NCCIeA0BaTENbCKUI rocyAapCTBeHHbIN YH1BepcuTeT um. H.I. YepHbiwesckoro, CapaTos, Poccua
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AHHoTayusa. Vicnonb3oBaHue raniouHAYKTOPOB B rMOPUAHOM CeNeKLMN pacTeHNI ABNAETCA OOHUM U3 NepCrneKTyB-
HbIX 1 BOCTPe6OBaHHbIX HampaBsieHW B obnacty penponyKTMBHou 6uonorun. MNpoponxkaetca coBeplUeHCTBOBaHMe
yKe CyLecTBYOLWMX IMHUA-FanIoOUHAYKTOPOB 1 MOUCK HOBbIX FreHOB, CMOCOOCTBYIOLMX MNOBbILIEHMWIO YaCTOTbI ranioun-
Ann. HapaBHe C 3TMK nccnejoBaHNAMM paclunpaeTca 061acTb NPYMEHeHNA ranioHAYKTOPOB B reHeTUKe 1 ceneKkumm
pacteHni. fannonHayKTOpbl, Hecylme reHbl R1-nj, KOTOpble MapKNPYIOT aHTOLIMAHOBYIO OKPACKy BEPXYLLK/ 3€PHOBKM
1 3apOofblLl, NCMOJb3YIOTCA HE TOMbKO ANsA BblABEHWA TMOPUAHbLIX 3apoableit (OKpaLUEHHbI 3apOoAbILL) U raniongHbIX
reHOTVNOB (HEOKPALLEHHbIN 3apoApblLu), HO U A1 0OHaPYKeHWA reHOB, PenpPeccUpyoLLMX aHTOLMAaHOBYO OKPacKy 3ep-
Ha, TaKnx Kak Kak C1-I, C2-Idf, In1-D. B 3aBUCMMOCTMN OT KONMYECTBa FeHOB M3MeHAETCA UX peHoTUNYecKoe NposBne-
HMe B 3epHOBKe. fanionamna WMpoKo NPUMEHAETCA ANA YCKOPEHWA TMOPUAHON cenekummn 1 NonyYeHna HOBbIX IMHNIA
KYKYpPy3bl C YyULLIEHHbIMW MPU3HaKamMy 1 UX CTePUIIbHbIX aHanoros. BBogA Te nnm nHble reHbl B reHOM ynyyllaemom
JIMHUN, CeNeKLMOHEPbI MOTYT YCKOPUTb CO3AaHMEe YACTbIX IMHWIA, HECYLLMX HYKHbIN FreH, MeToAoM gurannougHon (DH)
ceneKkuymn. FannonHayKTOpHbIE MIMHKM KYKYPY3bl U X TETPaniouaHble aHaiorn NCnosb3yoTca B cenekuuy peguniona-
HbIX TMHUA KYKYPY3bl METOOM pecnHTe3a 13 TeTpamionaHbix reHoTunos. ®upma Syngenta B 2019 r. cMHTe3mpoBana
rannovHAYKTOPHYIO JIMHMIO KYyKypY3bl, HECYLLYI0 B CMepMUAX MblibLeBoro 3epHa koHcTpykuuio CRISPR/cas, kotopas
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Mcnonb3oBaHure ranionHAyKTOPOB KyKypy3bl Kak MHCTPYMeHTa
B OMOTEXHONOMY CENbCKOXO3ANCTBEHHDIX PAaCTEHWI

CnocobHa K OAHOBPEMEHHOMY CTVMYSIMPOBAHMIO FAMNAIOVAUN 1 PEfAKTUPOBAHMNIO reHOMa Ha 3afjlaHHOM yvacTke JHK.
Bnarofaps 3To TEXHONOMMM CTaNI0 BO3MOXHbIM COBEPLLIEHCTBOBaHME NINHWIA FanioNHAYKTOPOB KYKYpYy3bl C MTOMOLLbIO
BBe[EHUA Pa3NNYHbIX KOHCTPYKLMiA CRISPR/cas B ee reHOM A peflakTpoBaHuA Ha lobom yyacTke [AHK. lannonHayk-
TOPbI KYKypY3bl LIMPOKO NPYMEHAIOTCA B CENEKLMUM AUraniIongHON nweHuubl. Mlepsble onbiTbl MOKasanu, 4To Hanbonee
3bPeKTUBHBIM ranIoOUHAYKTOPOM AA CTUMYSIMPOBAHMWA ranionammn Ha NileHrLe ABNAeTCA Mnbiiibla KyKypy3bl. Mccne-
foBaTenv BefyT MHTEHCUBHBIV NOVCK [PYTrMX BO3MOXKHOCTEN MCMNONb30BaHUA ranjioMHAYKTOPOB KYKYpPYy3bl B CeNeKLmm
pacTeHnin. B faHHOM 0630pe pacCMOTPEHO COBPEMEHHOE COCTOAHME B TEXHONOMMN FanouHAYKLUN Y pacTeHUI.
KntoueBble cnoBa: KyKypy3a; rannongus; ranfiouHayKTop; ranions; Auraniouns; Tetpannovg; peguniouna.

Introduction

The creation of inbred lines is the main goal of hybrid maize
breeding. As a result of long-term self-pollination, breeders
obtain homozygous lines for using them as parents in hybrid
combinations. This part of the breeding work is the longest
and most labor-consuming. Doubled haploid (DH) maize
lines are usually created in vivo by crossing with haploid
inducers that are able to stimulate the formation of haploid
embryos in a fraction of the seeds of the mother plant, which
serves as a donor of genetic material for the future doubled
haploid line. The obtained haploid plants are subjected to
the chromosome number doubling to diploid, as a result
of which homozygous doubled haploid seeds are formed
in the cob. This method made it possible to quickly obtain
completely homozygous lines, which, in turn, significantly
reduced the time and means spent by breeders on creating
a hybrid combination.

The existing haploid inducer lines are characterized by
a low frequency of haploid induction and require additional
research to improve this trait. The research on improving
the frequency of haploid induction in haploid inducer lines
has caused interest in the mechanism of this phenomenon
and the study of its genetics. The area of haploid inducers
and haploidy application has stepped far beyond the limits
of only obtaining doubled haploid lines; new technologies
in genetics and plant breeding are being elaborated on this
basis.

The present paper discusses various applications of maize
haploid inducers and haploid induction, which are important
for research in the field of basic and applied genetics of maize
and other crops. Also, the paper explains their genetic basis,
lists known genes and quantitative traits loci, and discusses
different approaches to breeding for developing haploid
inducer application technologies.

Progress in the maize haploid inducer breeding

The rapid development of hybrid maize seed production
since the middle of the 20th century has contributed to the
development of breeding inbred lines with the maximum
genome homozygosity. An effective method for improving
the quality of seed production and for the accelerated pro-
duction of inbred lines, as well as for breeding for economi-
cally valuable traits, to this day is, and remains, the use of
haploid induction for the creation of doubled haploid lines.
For along time, inbred breeding has been the most common
method of obtaining inbred lines. This method had many
disadvantages, one of which is the impossibility of achieving
complete homozygosity of all allele loci in an inbred line

AKTYAJIbHbIE METObl BUOTEXHONIOT W / CURRENT BIOTECHNOLOGICAL METHODS

even after 10 inbreeding rounds. A high degree of homozy-
gosity is necessary to achieve maximum uniformity of all
traits of importance for breeding (uniformity of emergence,
dates of flowering and ripening, of grain quality, etc.) and
improvement to perfection of the seed production quality,
the manufacturability of hybrid combinations obtained on
its basis and, accordingly, improvement of the commercial
products quality. A breeder spends 10 years to create lines
with a fraction of homozygotes equal to 99.90 %, and up
to 14 years of breeding work (inbreeding) to achieve the
fraction of 99.99 %. For the resulting heterotic hybrids, it
is very important to achieve a high degree of homozygosity,
since it determines the uniformity of phenotypic traits, the
synchronism in the onset of phenophases in plant develop-
ment and maturation, which, in turn, affects their manufac-
turability in seed production and industrial production of
marketable products.

The introduction of the first haploid inducers into breeding
practice made it possible to obtain inbred maize lines with
complete homozygosity for all gene loci in a short time.
Thanks to making hybrid breeding a common breeding prac-
tice, the United States quickly occupied a leading position
in the world in the production of hybrid maize in the middle
of the 20th century. In addition to improving seed quality in
seed production, haploid inducer breeding is widely used for
creating inbred maize lines. The rapid production of pure
doubled haploid maize lines within 2-3 years allows bree-
ders to qualitatively evaluate more lines and genotypes in a
shorter period of time than the previously used inbreeding
method (Seitz, 2005; Ravi et al., 2011). Along with that, the
possibilities of selecting valuable gene alleles and their rapid
introduction into the genome of inbred genotypes have been
broadened. The use of doubled haploid breeding technology
allows breeders to use haploidy inducer (HI) lines each year
to produce millions of recombinant plants based on DH lines
derived from F, or F, generations. This makes it possible
to avoid six or more generations of self-pollination, which
are usually required to obtain inbred lines used not only in
hybrid breeding, but also for genetic mapping, identifica-
tion of trait introgression, and genetic studies of quantita-
tive traits (Chang, Coe, 2009). In addition, the technology
for obtaining DH lines broadens the possibilities for both
improving the quality of selection during breeding and for
more accurate phenotyping at different stages of inbreeding
(Yan et al., 2017).

Haploid induction methods are widely used in many
areas of breeding not only maize, but also other crops. The
phenomenon of haploidy has been studied insufficiently
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and raises many questions, which researchers have to
answer — from understanding the mechanism of haploidy
to exploring all the possibilities of its use in genetic and
breeding research.

The first description of haploidy was made by Dorothy
Bergner in 1922 on Jimson weed (Datura stramonium)
(Blakeslee et al., 1922). Some time later, haploid geno-
types were found in wheat (Gains, Aase, 1926) and tobacco
(Clausen, Mann, 1924). Still later, haploidy was described
in all major cultivated plants, i. e. wheat, rye, maize, rice,
barley, sorghum, potato, tobacco, cotton, flax, beet, cab-
bage, cucurbits, cucumber, tomato, as well as in such forage
grasses as bluegrass, brome grass, timothy, alfalfa, vetch, etc.
(Kirillova, 1966). Haploids were also found in many other
plants, but the frequency of haploidy remained insignificant
(0.001-0.01 %) for its use in breeding.

Haploids can be produced experimentally by disrupting
androgenesis or gynogenesis, the fertilization mechanisms
of flowering plants (Asadova et al., 2020). The progeny
obtained via androgenesis is characterized by haploid or
doubled haploid germplasm and inherits only paternal traits
(Astaurov, 1977; Darevsky et al., 1985; Golubovsky, 2000).
An organism obtained by means of gynogenesis carries the
haploid or doubled haploid material of the mother plant
and inherits only the characteristics of the mother form
(Astaurov, 1966; Strunnikov, 1998). An organism formed
by apomixis carries the haploid or doubled haploid material
of the mother plant and inherits only characteristics of the
mother form (Takhtadzhyan, 1980; Batygina, 2000).

Serious progress in haploid induction technology was
made only 40 years after the discovery of haploidy in plants
by Guha and Maheshwari, who obtained haploids of Jimson
weed (Datura stramonium) in vitro through anther culture
(Guha, Maheshwari, 1964). A real breakthrough in the breed-
ing of hybrids and their parental lines was made thanks to
the creation of the first haploid inducers and doubled haploid
maize lines, which were first obtained by S. Chase (Chase,
1949). In his studies, he established that the occurrence of
haploid plants in crops of commercial inbred maize lines
has a frequency of 0.1 % (Chase, 1947). He supposed that
diploid pure lines can be obtained with the help of haploids;
this suggestion could not but attract interest of breeders and
geneticists.

When Chase published the results of his research, work
began around the world on the search for maize lines capable
of stimulating haploidy with a certain frequency and the
development of haploid inducers with anthocyanin marker
genes on their basis. The first haploid inducer of this kind,
Stock 6, was obtained in 1959 by Ed Coe, and it had a ha-
ploid induction frequency of 2—3 %, which at that time was
a sufficiently high value to start its introduction into breeding
practice and for its commercial use in hybrid maize breeding
(Coe, 1959). Subsequently, breeders managed to increase the
haploidy frequency up to 7-15 % in newly created haploid
inducers derived from Stock 6 by various breeding methods
(Eder, Chalyk, 2002; Xu et al., 2013; Asadova et al., 2020).
The first studies on maize haploid induction were started in
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the USSR by V.S. Tyrnov and A.N. Zavalishina at the Sa-
ratov University under the guidance of Prof. S.S. Khokhlov
(Khokhlov et al., 1976; Tyrnov, Zavalishina, 1984). They
created the first domestic haploid inducer maize lines based
on the AT-1 line, which served as a source for the creation
of most domestic haploid inducers. The number of effective
haploid inducers used in the world for producing maize ha-
ploids varies within 50-60 lines, most of which were created
on the basis of Stock 6 (Hu et al., 2016).

Physiological mechanisms

of haploid induction in maize

Much research has been devoted to exploring the mechanism
of haploidy manifestation in plants, which showed that it
is based on the phenomenon of parthenogenesis (Shishkin-
skaya, Yudakova, 2009; Yudakova, 2017), or gynogenesis,
when seeds form an embryo that develops from an unfer-
tilized egg, with a triploid endosperm, resulting from the
fusion of the sperm with the central cell of the embryo sac
(Takhtadzhyan, 1980; Batygina, 2000). The method of ob-
taining haploids based on the in vitro gynogenesis is used
in the breeding of onion (4/lium cepa L.) (Campion et al.,
1992), sugar beet (Beta vulgaris L.) (Doctrinal et al., 1989),
and some trees in vivo (Borodina, 1982). In onions (4. cepa),
gynogenesis occurs in the culture of flower buds or ovaries
(Keller, 1990). It should be noted that the temperature regime
in which the donor plant grows before flowering, plays a
decisive role for the induction of gynogenesis (Michalik
et al., 2000).

Haploidy in maize under natural conditions can result
from the disruption of one of the two sperms fusion with the
egg, or their elimination after penetration into the embryo
sac during fertilization (Tyrnov, Khokhlov, 1974, 1976).
The mutations accumulated in the genome, which disrupt
the fertilization process in maize, contribute to an increase
in the frequency of haploidy both in own and in hybrid cobs
during cross-pollination. A search for such mutations and
identification of their sources are essential for creating ha-
ploid inducer maize lines (Khokhlov et al., 1976). It has been
established that haploid embryos can form during distant
hybridization (Kasha, Kao, 1970; Laurie, 1990).

The mechanisms of haploids appearance during fertili-
zation of the embryo sac in flowering plants are still being
elucidated, nevertheless in most cases, normal double fer-
tilization occurs with the formation of a zygote and endo-
sperm, but several subsequent mitotic divisions lead to the
elimination of paternal chromosomes, both in the zygote
and endosperm cells (Chaikam et al., 2019). To explain
this process in the haploid inducer lines obtained from
Stock 6, two hypotheses have been proposed, namely the
single fertilization hypothesis and the chromosome exclu-
sion hypothesis. The former was put forward first (Sprague,
1929, 1932). According to this hypothesis, one of the sperms
cannot fuse with the egg, which triggers the development
of the haploid embryo. Bylich and Chalyk found that about
6 % of the pollen in the haploid inducer ZMS (Zarodyshevy
[Embryo] Marker Saratovskiy) line had sperms of different
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size. The scientists supposed that one of the sperms suc-
cessfully fertilized the endosperm or egg, while the other
was incapable of fertilization due to its abnormality (Bylich,
Chalyk, 1996). B. Chen et al. found that poorly developed
eggs of immature embryo sacs do not develop a well-defined
embryo despite normal endosperm formation, which sug-
gests a single fertilization by only one of the two sperms
(Chen B. et al., 2016; Tian et al., 2018).

According to the second hypothesis, which adheres to
the theory of chromosome elimination, double fertilization
occurs normally, but the haploid inducer chromosomes are
eliminated during several zygotic divisions. This hypothesis
is corroborated by several facts, one of which is the ap-
pearance of several micronuclei in some ovules that were
fertilized with haploid inducer pollen followed by elimi-
nation of haploid inducer chromosomes (Wedzony et al.,
2002; Fischer, 2004; Li L. et al., 2009). Later, X. Li et al.
showed that chromosome elimination is directly related to
the induction of the haploid genotype in the embryo, and
the elimination process occurs gradually, so they proposed
two models for the mechanism of haploid induction in maize
according to the importance of chromosome elimination
in both sperms (Li X. et al., 2017). Model I suggests the
fusion of normal or slightly defective sperms with normal
eggs to form diploid hybrid kernels in the cob. According
to Model 11, haploids can be formed only when the sperm
fertilizes the egg and undergoes further elimination of chro-
mosomes, while fertilization of the central cell by the same
sperm leads to formation of abortive seeds.

Genetic mechanisms

of haploid induction in maize

An important step in the study of haploid induction was
the determination of the localization of a group of genes
promoting haploidy, which was carried out on the Stock 6
haploid inducer line. It was found that the most frequently
used genes in modern maize haploid inducers are the ones
located in the ghirl, ghirll, and ghiri2 regions of chromo-
some 1 (Hu et al., 2016). However, an assessment of the
haploid induction frequency in genotypes containing the
qhirll and ghirl2 subregions showed that only ghirll has
a significant effect on haploid induction (Nair et al., 2017).
In the ghiril region, the gene encoding phospholipase A has
been identified as responsible for haploid induction by three
independent research groups and named MATRILINEAL
(MTL) (Kelliher et al., 2017), NOT LIKE DAD (NLD) (Gilles
etal.,2017)and ZmPLAI (Liu C. etal.,2017). It was shown
that the mutant gene MTL/NLD/ZmPLAI has a 4 bp insert
in exon 4 (CGAG), which, in turn, has a haploid induction
effect. It turned out that this insert shifts the reading frame,
thereby changing the sequence of 20 nucleotides and form-
ing a premature stop codon, which shortens the protein by
29 amino acids in comparison with the protein derived from
the wild-type gene. This insert was present in all maize
haploid inducer lines that originated from Stock 6 (Liu C.
et al., 2017). It should be noted that this mutation was not
found in teosinte, the ancestral form of maize, which sug-
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gests that this mutation appeared after maize domestication
(Liu C. et al., 2017).

Another equally interesting discovery is that some gene
editing and knockdown events increase the frequency of ha-
ploidy, thus indicating the possibility of creating an inducer
with a higher haploid induction frequency by modifying the
MTL gene. This gene encoding patatin-like phospholipase
is expressed in maize pollen (Gilles et al., 2017; Kelliher et
al., 2017; Liu C. et al., 2017). In turn, the altered phospho-
lipase affects both the rate of pollen germination on maize
stigmas and the growth of pollen tubes to the embryo sacs,
significantly slowing down their germination (Kim et al.,
2011), which explains the haploid inductive ability of maize
(Xuetal.,2013; Kelliher et al., 2017). However, the mecha-
nisms of haploidy based on single fertilization (Sarkar, Coe,
1966) or postzygotic genome elimination (Qiu et al., 2014;
Li X. et al., 2017) still leave many questions unanswered
and remain unclear.

Recent studies by Chinese scientists of the factors af-
fecting the frequency of haploidy have characterized the
membrane protein DUF679 (ZmDMP) in a line that is not
related to the Stock 6 haploid inducer (Zhong et al., 2019).
The researchers established that this gene is localized on
chromosome 9 in the ghir§ region. It was proven that a
mutation in this gene in combination with a mutant haploid
induction MTL/ZmPLA1/NLD gene (containing a 4 bp in-
sert) significantly enhances haploid induction. At the same
time, the authors noted that the ZmDMP gene mutation
itself without interaction with mlt/plal/nld does not cause
an increase in the frequency of haploid induction. A wild-
type ZmDMP knockout resulted in a haploid induction
frequency of 0.1-0.3 % in the absence of a mutation in the
MTL gene, while in combination with such a mutation it led
to a 5-6-fold increase in the frequency of haploid induc-
tion. The results show that a mutation in the M7L gene is
critical for the high frequency of haploids induction due to
the effect of ZmDMP. The mechanism by which the MTL
gene determines haploid induction and how the interaction
of this gene with ZmDMP increases the haploid induction
frequency remains to be elucidated.

The use of maize haploid inducers

for marking haploid seeds in genotypes

with colored and non-colored seeds

In 1949, S. Chase (Chase, 1949) proposed to introduce ge-
netic markers for haploid inducer maize lines, the meaning
of which was in the possibility to observe the phenotypic
manifestation of dominant traits in hybrid offspring from
such crosses, and of recessive ones in matroclinic haploids
(Gutorova et al., 2016). The use of dominant markers in
haploid inducer maize lines greatly simplifies the work of
culling hybrid diploid seeds and improves the quality of
selection of haploid ones, which lack these markers. Thanks
to the haploid inducers labeling method proposed by Chase,
a variety of created haploid inducers has significantly in-
creased the effectiveness of this technology (Nanda, Chase,
1966; Greenblatt, Bock, 1967; Chase, 1969).
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Most of the phenotypic markers used to distinguish ha-
ploid seeds from diploid ones are represented by dominant
genes with the effects of anthocyanin (purple) markers on
various parts of the seed and plant. In the most popular
haploid inducer maize lines, the visual differentiation of
haploid and diploid seeds is based on the marker of purple
color of the embryo, which is encoded by the R/ — navajo
gene (R1-nj), and the absence of a dominant allele blocks the
synthesis of anthocyanins in the aleurone layer of the seed
(Ford, 2000). It should be noted that the expression of the
R1-nj anthocyanin marker in hybrid maize seeds can vary
significantly depending on the genotype of the maternal line
used in the hybrid combination, the genotype of the haploid
inducer itself, and environmental factors (Chase, 1952;
Rober et al., 2005; Kebede et al., 2011; Prigge et al., 2011).

For a more reliable selection of haploid genotypes, other
genes controlling anthocyanin biosynthesis (purple color)
were used in addition to the R/-nj gene; these are A1, A2,
C2, Bz, Bz2, and another regulatory gene C/, the expres-
sion of which was based on the inhibition of anthocyanin
synthesis in homozygotes of recessive alleles of any of these
genes, i.e.of A1, 42, C2, Bz, or Bz2 (Chase, Nanda, 1965;
Geiger, Gordillo, 2009). In addition, the dominant antho-
cyanin synthesis inhibiting genes CI-1, C2-1df, and In1-ID
can influence the purple seed color phenotype (Coe, 1994;
Eder, Chalyk, 2002). The studies conducted at CIMMYT
suggested that the expression of the purple seed pigmen-
tation by the R/-nj gene is inhibited in 8 % of crosses of
haploid inducers with various maize genotypes (Rdber et al.,
2005; Prasanna et al., 2012). The P/I (Purplel) gene causes
the light-dependent production of anthocyanins in roots.
This effect provides an additional way to distinguishing
between haploid and diploid genotypes. If the anthocyanin
synthesis inhibitor genes (C1-I, C2-1df, and In-ID) caused
the incorrect classification of seeds in the R/-nj marker,
the effect of the P// gene makes it possible to distinguish
hybrid seeds by the presence of purple pigmentation in the
primary (embryo) roots of the putative haploid maize seeds.
However, the roots of seedlings of some genotypes can turn
purple when exposed to light, which in such a case makes
the classification based on P!/ erroneous. A combination of
Pl1 with the B1 (Boosterl) genes leads to the production of
anthocyanins in the coleoptile of the seedling, leaf tip, and
primary root. Plants homozygous for alleles of the B/ and
PII genes develop a dark purple color on the cob and stem
envelope (Coe, 1994), but these markers are effective for
genotypes that do not contain pigments in the aleurone layer
or various parts of the recipient maize plant.

With the advent of the possibility of analyzing the chemi-
cal composition of grain by IR spectrometry, the possibilities
of labeling haploids have expanded. In 2007, V. Rotarenco
suggested using the oil content in the seed embryo as a
marker of haploid seeds (Rotarenco et al., 2007, 2010).
The analysis of the chemical composition of the embryo
by NMR showed significant differences in the oil content
in diploid and haploid seeds, which amounted to 5.26 and
3.42 %, respectively (Chen S., Song, 2003). Based on these
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results, L. Li et al. crossed a high-oil line with the Stock 6
line and used the resulting hybrid for creating the haploid
inducer CAUHOI with a haploid induction frequency of
up to 2 %, and an oil content in the seed of up to 7.8 %
(Li L. et al., 2009). This haploid inducer makes it possible
to significantly broaden the use of haploid inducer lines for
obtaining haploids of various maize genotypes, characte-
rized by the presence of purple color in various parts of the
plant and seed, or inhibitors of the phenotypic manifestation
of the R/-nj genes. Studies by Z. Liu et al. (2016) proved
that the oil content in the seed embryo makes it possible to
identify haploid genotypes with an accuracy of at least 90 %
(Liu Z. et al., 2016).

The use of maize haploid inducers

for the resynthesis of maize polyploid genotypes
The creation of effective haploid inducers made it possible
to shape a new direction in breeding, i. e. the creation of re-
diploid maize using the resynthesis of polyploid genotypes.
This method was first proposed for maize by Shatskaya and
Khatefov in 2009. The authors of this method proposed
two ways for breeding rediploid maize lines (Khatefov,
Shatskaya, 2009). The first option suggested resynthesis
from hybrid triploid seeds without the use of a haploid in-
ducer. It was a very cumbersome and laborious technique,
which did not find wide application in breeding. The second
method proposed the use of diploid and tetraploid analogs
of haploid inducer lines in a scheme of crossing with tet-
raploid sources. This method was much simpler and more
convenient to use, provided that a breeder had a tetraploid
analog of the haploid inducer line. The use of the method of
rediploidization of tetraploid genotypes made it possible to
create a series of rediploid maize lines from the tetraploid
synthetic population MRPP20.

The further testing of the breeding value of the collection
of rediploid lines obtained by the resynthesis from tetraploid
populations showed their high effectiveness in hybrid maize
breeding (Khatefov, Matveeva, 2018; Khatefov et al., 2019,
2021). The use of this method for the resynthesis of natural
tetraploid genotypes and populations of cultivated and wild
maize relatives opens up great prospects for broadening the
genetic polymorphism of the initial breeding material and
maize breeding improvement.

The use of maize haploid inducers for creating
sterile analogs of CMS maintainer lines

Along with the spread of the method for creating doubled
haploid lines for hybrid maize breeding, the problem of
creating their sterile analogs has appeared over time. This
is a complex problem to solve, because a sterile analogue is
created from the sterile (S) cytoplasm, which is the maternal
form in the hybrid maize breeding. It is obtained through
a series of backcrosses of the nuclear material source of
normal (N) cytoplasm from a maintainer line serving as the
paternal form. In this breeding scheme, it becomes impos-
sible to use a haploid inducer line to obtain a sterile analog
by the traditional way, when the haploid inducer serves as
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the paternal form, since the doubled haploid analog obtained
from sterile cytoplasm will be sterile and impossible to
propagate after doubled haploidization.

A method for creating sterile analogs of maize lines
through androgenesis using CMS-ig haploid inducers car-
rying the ig/ mutation was found at the P.P. Lukyanenko
National Grain Center (Kermicle, 1969, 1971, 1994). The
method is based on the principle according to which the
sperm nucleus replaces the egg nucleus. The proposed
method stipulates the fusion of one of the sperms from the
source of the rfrf genes with the egg of the haploid inducer
line, which serves as the maternal form created on the basis
of M- and S-type CMS. Similar to the haploid inducer lines
used as a source of pollen, the haploid inducer maternal
lines carry alleles of the ig/ genes in combination with
the RI-nj, Pll, and Bl genes. Maternal forms of haploid
inducers, homozygous for the ig/ mutation, exhibit a long
phase of nuclear-free divisions, which ends with the forma-
tion of nuclear-free eggs (Evans, 2007). When hybridizing
the paternal form, which carries homozygotes of alleles of
the rfrf nuclear genes (maintainer) and a source of sterile
cytoplasm (maternal form), a sterile analog of the paternal
line with complete sterility is formed in seeds which set
in the cobs of the maternal haploid inducer line (Chumak,
1977; Shatskaya, Shcherbak, 1999). To multiply the sterile
analogue in future, only the paternal line, which served as
a source of pollen for haploid induction, is used as a pol-
linator. Thanks to this method, the Maize Department of the
P.P. Lukyanenko National Grain Center has been creating
sterile analogs of maize lines for two years, it being much
more efficient than the traditional method of saturating
crosses, which takes 8 or more years of breeding work.

CENH3-mediated haploid induction
In 2010, Ravi and Chan reported that a CENH3 mutant gene
can induce haploidy in crosses with wild-type Arabidopsis
thaliana (Ravi, Chan, 2010). This CENH3 mutant was
created by replacing the endogenous N-terminal (N-ter) tail
of CENH3 with a fluorescent GFP protein fused with the
N-ter tail of a normal histone 3.3, which partially comple-
ments the lethal phenotype of the cen/3 null mutant. Pollina-
tion of this GFP-tailswap transgenic line with the wild-type
pollen resulted in the induction of ~30 % haploid embryos
with only male (wild-type) genome. GFP-tailswap-tagged
female chromosomes are lost during early zygote divisions,
creating a high frequency of paternal haploid embryos along
with aneuploid (~30 %) and normal diploid embryos. In the
future, this scheme of haploid induction can be applied to
other important agricultural crops (Tek et al., 2015).
Attempts to edit the N-terminal (N-ter) tail of CENH3
have been successful with maize (Tek et al., 2015), tomato,
and rice (Kalinowska et al., 2019). Although the rate of
natural haploid induction was relatively low (0.065-0.86 %
in maize, 0.2-2.3 % in tomato, and 0.3—1.0 % in rice), these
experiments demonstrated the feasibility of haploid induc-
tion by changing the N-terminal tail of CENH3 in cultivated
monocots. Sanei et al. (2011) found that CENH3 of H. bul-
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bosum is inactive and/or CENH3 of H. vulgare could not be
introduced into the paternal form in a classical barley cross
(H. vulgare x H. bulbosum) because it leads to the forma-
tion of haploids with the maternal genome only. Studies by
Zhao et al. (Zhao et al., 2013) reported that CENH3 does
not directly contribute to the ability to induce haploids.
This finding is consistent with the QTL mapping analysis
(Prigge, Melchinger, 2012). However, the authors suggest
that CENH3 may influence the elimination of chromosomes
of the haploid inducer line during the formation of haploids
in maize. The authors did not find any differences in the cod-
ing sequence and the level of mRNA expression between the
inducer and non-inducer lines, while the regulatory levels
of CENH3 (splice variants, translation, modification, etc.)
may differ. The results of the study showed that CENH3 acts
epigenetically in plants (Han et al., 2009; Ravi, Chan, 2010;
Sanei et al., 2011). This new knowledge opens up broad
prospects for researchers involved in the development of
haploid inducer lines for agricultural crops for which it is
difficult to create haploid inducers using classical breeding
methods.

The use of the CRISPR/cas system

for generating edited dihaploid lines

Over the past decade, the use of the CRISPR/cas method in
agriculture has expanded significantly. To obtain pure lines
with an edited genome, various haploid inducers, including
those of maize, are widely used, which allows scientists
to accelerate the breeding process and create plants with
the desired traits in a short time. In 2019, two groups of
scientists from America and China led by Kelliher and
Wang, respectively, independently of each other decided
to combine the CRISPR/cas editing method and in planta
haploid induction. They used two HI-Edit haploid inducers
(Kelliher et al., 2019) and IMGE haploid inducer (Wang
et al., 2019). They conducted studies on their transforma-
tion with Agrobacter carrying a vector that contained the
CRISPR/cas sequence. The transformed haploid inducer
lines were crossed with elite maize lines. When the hybrid
seeds matured, the isolated haploid seeds were tested for
the presence of mutations (transformation event markers) in
the aimed (target) region of the gene. The studies intended
to demonstrate that the CRISPR/cas tool can be expressed
or present in the zygote before the elimination of the ha-
ploid inducer genome, and carry the transgene necessary
for editing the non-transgenic haploid genome of the elite
line. Further studies of the mechanisms of the CRISPR/cas
system transfer through haploid inducer lines will serve for
improving them and expanding the possibility of their use
as an effective tool for editing the genome of maize and
other agricultural crops. The fact that some maternal haploid
plants were modified with the help of a haploid inducer
suggests that the sperm fuses with the egg and delivers the
CRISPR/cas system there, but the subsequent elimination
of male chromosomes leads to the formation of a haploid
plant with the edited genome (Kelliher et al., 2019) using the
IMGE approach (Wang et al., 2019). The method developed
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by the authors makes it possible to obtain doubled haploid
lines with the genome edited regarding the target genes
during one reproduction cycle.

It is also possible to obtain haploids through interspecific
crossing with subsequent elimination of haploid inducer
chromosomes. In barley breeding, the method of chromo-
somes selective elimination is widely used to obtain ha-
ploids when crossing H. vulgare L.x H. bulbosum L. (the
‘bulbosum’ method). For the first time this interspecific
hybrid was obtained back in 1934. It was later established
that the appearance of maternal-type haploid plants resulted
not from parthenogenesis, but from the selective elimination
of H. bulbosum chromosomes (2n = 2x = 14) in the alien
cytoplasm of H. vulgare (2n = 2x = 14) within 9 days from
the date of crossing (Gernand et al., 2006). As a result of
this process, the wild-type chromosomes are eliminated and
a haploid embryo is formed, while the endosperm remains
underdeveloped. Therefore, 12—14 days after pollination
the embryo should be transferred to the in vitro culture,
and the resulting haploid regenerated plants should be col-
chicine-treated for double haploidization. The studies by
A.P. Ermishin (Ermishin, Voronkova, 2015) described a me-
thod for obtaining dihaploids of cultivated potato Solanum
tuberosum L. (2n = 2x = 24) by using a primitive cultivated
potato species S. phureja (2n = 2x = 24) as a haploproducer.
The method is based on the phenomenon of pseudogamy,
in which both sperms of a pollen grain of a diploid species
(n=x=12) fuse with the central nucleus of the S. tuberosum
embryo sac (2n = 4x = 48), which leads to the formation
of a hexaploid endosperm. In this case, the unfertilized egg
(n=2x=24) begins to differentiate; the forming viable seed
combines a hexaploid endosperm with a diploid embryo
(Ermishin, Voronkova, 2015).

A rather original use of the haploid induction method
in breeding was found in the propagation of the dioecious
asparagus (Asparagus officinalis) to increase the propor-
tion of genotypes with low fiber content in the stem in the
offspring. To this end, female (XX) and male (XY) geno-
types were crossed, and the progeny showed a segregation
of female fibrous and male low-fiber genotypes in the
1:1 ratio. Haploid induction in male genotypes followed
by doubled haploidization of haploid genotypes results in
doubled haploid super-male (YY) and female (XX) plants.
The use of super-male genotypes as pollinators of female
genotype makes it possible to obtain all-male (XY) plants
in the F, progeny (Bhojwani, Razdan, 1996). Haploidy is
also used in a similar way to obtain same-sex genotypes for
papaya (Carica papaya), but with a difference that these
are female plants that are of commercial value. In this case,
the anther culture method is used to obtain doubled haploid
lines, which greatly facilitates the production of female pure
lines (Rimberia et al., 2000).

In the doubled haploid wheat (Triticum aestivum L.)
breeding, pollen from other cereal crops, such as maize,
sorghum, teosinte, ornamental millet, and wild barley H. bul-
bosum, is used as a pollen source, however the most effec-
tive haploid inducer for wheat and oats (Avena sativa L.)
remains maize pollen (Laurie, Bennett, 1988; Dziurka et al.,
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2022). Cytological studies have shown that maize pollen
successfully germinates on the stigma of wheat, reaches
the embryo sac, in which the wheat egg is fertilized by
sperm from the maize pollen grain, and a zygote contain-
ing 21 wheat chromosomes and 10 maize chromosomes
is formed (Laurie, 1989). The resulting hybrid zygote is
karyotypically unstable, since maize chromosomes do not
get attached to the division spindle and are eliminated. This
process provided a basis for the original method developed
by Syngenta, which used it to edit the wheat genome. To
this end, a maize line NP2222 was transformed with a vec-
tor expressing Cas9 and gRNA targeting putative wheat
orthologs GRASSY TILLERI TaGTI-4A4, TaGTI-4B, and
TaGTI1-4D. As a result, two of the 292 CMS haploids were
edited, and the sequencing of the target genes showed that
the JSWER30A422 gene had a 97 bp deletion in 7aGTI-4B
(Kelliher et al., 2019). This success evidences that the Hi-
edit editing method can be applied in the future to wheat for
simultaneously obtaining haploid embryos with an already
edited genome, which, in turn, will significantly accelerate
breeding for wheat improvement (Kelliher et al., 2019).

Conclusion

The development of applied genetics and breeding tech-
nologies opens new areas of haploid induction technique
application using maize haploid inducer lines. The range
of objects for the study and practical application of haploid
inducers is expanding, involving not only representatives
of the genus Zea, which includes its own six species, but
also interspecific crosses with representatives of the genera
Triticum and Avena. The first haploid inducer lines served
as sources for creating many more effective haploid inducer
lines due to the inclusion of various mutations that enhance
the haploid induction frequency and marker properties due
to the introduction of genes for anthocyanin pigmentation
of grain and plants, as well as genes that control the high
content of some biochemical components in the embryo.
The use of maize haploid inducers for expanding the genetic
polymorphism of the initial breeding material has allowed
researchers and breeders to develop new technologies and
methods for obtaining doubled haploid lines not only from
diploid varieties, populations and synthetics, but also from
polyploid maize genotypes and its wild tetraploid rela-
tives. This method significantly accelerated hybrid maize
breeding by creating new haploid inducer lines from sterile
cytoplasm of S- and M-type CMS to create sterile doubled
haploid maize lines. The improvement of the CRISPR/cas
method using haploid inducer lines opens up great pros-
pects in editing the maize genome, when it becomes pos-
sible to combine two elements in one breeding operation,
namely genome editing by CRISPR/cas and obtaining a
completely homozygous doubled haploid line carrying
these genetic changes. The research in the field of maize
haploid inducer breeding has long overgrown the bounda-
ries of application in hybrid breeding for obtaining doubled
haploid lines, and every year witnesses an improvement and
expansion of the area of application in applied genetics and
breeding.
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