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OT PEOAKTOPA / FROM THE EDITOR

[IsgTasg MmexXayHapoaHas HayvuHast KoHpepeHus PlantGen2019

oporue ynratenu! CeapMoil BBIYCK JKypHaIa TeMa-

TUYECKU, OH nocBsieH [1aTol MexayHapoaHol Ha-

yuHOH KoH(pepeHun «leHernka, reHoMHKa, ONOWH-
(hopmatuka u 6moTexHonorus pacrenuin» (PlantGen2019),
KoTopas cocrositack 24—29 urons 2019 . B HOBocnOUpcKkom
Axkanemropojke. Oprannzaropamu KOH(QEPEHIUH BBICTY-
nui DenepalibHbIl UCCIeN0BaTeNbCKUN HeHTp MHCTUTYT
uTONIOTHH ¥ TeHeTHkn CrOupcekoro otaeneHus Poccuiickoi
akajeMuu Hayk, HoBocnOMpCKUii rocynapcTBeHHBIH yHU-
BEpCUTET, MUHUCTEPCTBO HAyKH M BBICIIETO 00pa30BaHUS
Poccuiickoit @eneparum, MexXperuoHaibHast 00IICCTBCHHAS
opranuzaiys «BaBuiIoBcKoe 00IIECTBO TEHETHKOB M CelleK-
uoHepoBy, HoBocnbupcekast obmactHas oOmiecTBeHHAS Op-
ranu3anys « BaBuioBckoe 0011ecTBO TEHETHKOB 1 CENEKIINO0-
HepoB», EUCARPIA (European Association for Research on
Plant Breeding — EBponetickas acconuanys o HCCIIeTOBAHHUIO
CeNeKnuy pacTeHuit). B pabore koH(epeHIny MpruHsHM yJac-
tue okono 300 y4eHsIx u3 19 ctpan.

BonpmmHCTBO M0KIa10B TIepBoii kKoH(peperntnu PlantGen
(HoBocubupck, 2010 r.) OBUTO MOCBSIICHO MIIICHUIE — UC-
KJIFOYUTENIFHO BayKHOI [T YeI0BeYeCcTBa 3epHOBOM KYJIBTYPE.
370 00YCIIOBINBATIOCH PE3YIBTATAMH, IOy YEHHBIMHU COTPY/I-
HUKaMH VIHCTHTYTa INTOIOTHN ¥ TEHETHKH 110 TAHHOHU TeMe,
1 BXOX/IEHHEM HHCTUTYTA B KPYITHBIN MEKIyHAPOIHbII KOH-
COPIIYM IO cekBeHnpoBaHuio renoMa mmeHnisl (IWGSC).

Ceituac, ciycTs AecsATHIETHE IporpaMma KOH(EpeHINH
CYIIECTBEHHO pacIIupUiIach. B mieHapHBIX U KITIOYEBBIX J10-
KJIaJax Ha TEMAaTHUECKUX CEKIMAX OBIIM pacCMOTPEHbI HO-
BEHIIINE TOCTHKEHNMS B 00JIaCTH N3YYEHHUS CTPYKTYPHO-(DyHK-
LMOHAJIBHOM OpraHu3aluy reHoMa paCTCHUM U IPUMEHEHUS
MOJTYYCHHBIX JAHHBIX ISl PEIHICHUS] MPAaKTHYECKHUX 3azad
pacteHneBoscTBa. [Ipo3Bydann cooOmIEHNUs, TOCBSIIICHHBIC
CaMbIM Pa3HBIM CEJIbCKOXO3AMCTBEHHBIM KyJIbTypaM MU HX
UCTIONIb30BAHUIO B CEJICKINN U (DYHKIIMOHAIBHOM TTHTaHNH,
OILICHKE YCTOMYMBOCTH PACTEHHH K OMOTHYECKUM M aOHO-
THYECKUM CTpeccaM, Pa3BUTHIO OMOTEXHOJIOTHH PacTeHUH
B IIOCTTEHOMHYIO 3Dy, CHCTEMHOW OMOIOTHH pacTeHUH U
I (GPOBBIM TEXHONOTHSIM. /151 IeTaabHOTO 00CYKICHUS OT-
JIeTIbHBIX METOJIOB UCCIIE/IOBAHUL, B TOM UHcie d(QHEKTUBHBIX
TIO/IX0/10B, HATIPABJICHHBIX Ha COMPOBOX/ICHUE CEJIEKIINOHHO-
TO Tporiecca, ObUIN OPraHN30BaHbI JIOTIOTHUTEIBHBIC CEKIINU
1o cenexuuu pacreHuil B XXI B., IUTOreHETUKE PacCTEHUN B
TEHOMHYIO M ITOCTTEHOMHYIO 3Dy, aCCOIIMAaTUBHOMY KapTH-
POBAHUIO.

Ha cexuun «I'eHeTnueckue pecypcol paCTeHUM 17151 CeJeK-
MY ¥ (PyHKIIMOHATIBHBIX IPOIYKTOB MMUTAHH» 00CYKAaTI0Ch
COBPEMEHHOE COCTOSHHE HMCCIICTOBAaHUN 110 XPAHCHHUIO U
M3YYCHUIO KOJUIEKLUH pacTeHHd B Pa3iIM4YHbIX I'eHOaHKax.
OCHOBHO aKIICHT OB C/IeJIaH Ha aKTyaJIbHbIEC HAIIPABICHUS
M3Y4YEHUs KOJUIEKIUH JUT PEIICHNs] TeHeTUYEeCKNX 3a/1ad, a
TAKKE X MCIIOIb30BAHUE B CEJICKIMHU U TIPH CO3JaHUH (PyHK-
IIMOHAJBHBIX MTPOJYKTOB MUTAHUSI.

B uenTpe BHHMaHHUS CEKUUU «YCTOMYUMBOCTBH pacTeHUI
K (uTOnaroreHaMm M JpyruM OMOTHYECKHM CTpeccam» OKa-
3aIMch pabOoThl MO MOUCKY HOBBIX T'€HOB YCTOWYMBOCTH K
O6uornueckuM (hakropam BHeMIHEH cpeabl. MexaHu3Mel (op-

dutheit/

MUPOBaHUsl YCTOMYMBOCTH PACTEHUM K 3acyXe, MOpO3aM U
MOHIKEHHBIM TEMIIepaTypaMm, 3aCOJICHHIO M yCTOWYNBOCTH
pacTeHHi K TOKCHYECKHM MeTajlaM OBIIM MpeaCTaBICHBI
B JIOKJIagax cekiun «[eHeTnyeckne n SMUTreHEeTHYECKHe
MEXaHU3Mbl YCTOHYHUBOCTHU PAaCTEHUH K aDMOTHYECKHIM CTpec-
cam». AKTyaJIbHOH 3a/1auei IPU3HAH IOMCK TeHETHYECKUX 1
SMHUI'€HETHYECKUX (PaKTOPOB, ONPEIEISIONINX YCTOHYHBOCTh
pacTeHuil K abMOTHYECKOMY CTpECCY.

B OnortexHonmorun pacteHnii, HaPaBICHHON Ha CO3/IaHNE
HOBBIX ()OPM pacTeHHH C yITyUIlIEHHBIMU IIPU3HAKAMH, MOYKHO
BBIJIETINTH HECKOJIBKO MOAX0/10B. [IpemeToM paccMoTpeHust
Ha ceKInu «BHOTEeXHOJOTHS pacTeHUI B MOCTTEHOMHYIO
9py» OBUIM COBPEMEHHBIE MOIXObI, CBSI3aHHBIE C HCIIOIB30-
BaHMEM METOJI0B T€HETUYECKOI, XpPOMOCOMHOM U KJIETOUHON
MHKEHEPHUH, a TAK)KE TEHOMHOTO PEJaKTUPOBaHMS. bombIioit
MHTEPEC BBI3BAIM MCCIIEJOBAHMS, HAIIEJICHHbIE HA YCKOPEHUE
CO3JIaHUS PACTEHUH C 3apaHee 3a/laHHBIM TE€HOTHUIIOM C TI0-
MOIIIBI0 KOMOWHHPOBAHHBIX OMOTEXHOJIOTMYECKHX ITOXO0/I0B.

Cekuust «CuctemMHasi OMOJIOTHsI paCTeHUH U LUPPOBBIE
TEXHOJIOTHI) ObLIa MOCBAIIEHA TEHOMHBIM U TIOCTEHOMHBIM
METO/IaM aHAJIN3a CTPYKTYPHO-(DYHKIIMOHAIBHONW OpraHn3a-
U T€HOMAa U UHTCTpalu MOJYYCHHBIX 3HAHUHU B CUCTEM-
HyI0 Omonornu pacteHuil. B pamkax cexiuu o0Cyxnainch
BOIIPOCHI MO Pa3pabOTKEe M HCIIOIB30BAHUIO TCHETHYECKUX
MOJICIICH IS PeLICHHUS 33a]1a4 CUCTEeMHOM Orostoruu. OcoObiit
AKIIeHT CJIeNIaH Ha METOo/1aX OMOMH(OPMATHIECKOTO aHAJH3a U
cOopku de NOVO ceKBEeHHMPOBaHHBIX TCHOMOB pacTeHHi. B mo-
CJIEJTHUE TOIbI CYILIECTBEHHO PACLIMPUIICS KPYT PACTUTEIILHBIX
0OBEKTOB, AJIsI KOTOPBIX IOJY4€HBI JaHHBIE TIOTHOTEHOMHOTO
CEKBEHHPOBAHUSI, M BCTAET BOIIPOC, KAK YCIICITHO HHTETPHPO-
BaTb 5TU JAaHHBIC B CUCTEMHYIO 6I/IOJ'IOFI/IIO, JJIA TOT'O ‘-ITO6]:-I
BIJIOTHYIO ITOJOWTH K IOHHMAHUIO 3aKOHOMEPHOCTEN opra-
HHU3aIuH ¥ QYHKIIMOHUPOBAHUS TEHOMA PacTeHUH, pean3y-
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€MOT0 B ITPOLECCE PA3BUTHUS U B3aUMOAEUCTBHSI OpraHu3Ma ¢
OKpy>Karolle cpenoil. Jljis peleHus NoCTaBIeHHOro BOIpoca
OBLIO PACCMOTPEHO HCIIOJIB30BAaHUE METOJI0B CHCTEMHOM
OMOJIOTHH y PACTHTEIIFHBIX OPTaHU3MOB, PA3IHUYAIOIINXCS
110 pasMepaM U IJIOUJIHOCTHU T€HOMOB.

B nacrosmiee BpeMsi FTeHETUYECKNAE TEXHOJIOTMH AKTHBHO
BHEZIPSIIOTCS B CENEKIMOHHBIE poliecchl. Ha mapannensHoi
ceknun «Cenekius pacrenuit B XXI Beke» 00Cy)Ianuch
HACYIIIHBIE 331a4M CENEKIUH PACTEHUN M BO3MOKHOCTH MX
pelIeHus C IOMOLIBIO METOJOB MapKep-OpHUEHTUPOBAHHOM
1 T€HOMHOM CCJICKIIUH, a TaKKE€ COBPEMCHHBIX IMMOAXOO0B B
TEHOMHOM PEJAKTHPOBAHHUH.

Ha cexuun «AccouuaruBHoe KapTUPOBAHHUE IJIsI AHUC-
CCKIIUU IMPU3HAKOB U BBIABJICHUC I'CHOB-KaAHANUIATOB) 6])1.]13
MOKa3aHa aKTyallbHOCTh JAHHOTO METOAMYECKOTO MOAXOMAa
JUISL U3Yy4EHUs] TEHETUYECKUX OCHOB XO3SIHCTBEHHO LIEHHBIX
ITPU3HAKOB. Texnomorus I/IILCHTI/I(I)I/IKaL[I/II/I T€HOB, KOHTPOJIN-
PYIOIIMX XO35ICTBEHHO LIEHHBIE IPU3HAKH PACTEHUMH, pa3HO-
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ob6pasHa. Jlokmaunky npeacTaBmim Hanoonee 3 peKTHBHbIE
METOJIbl aCCOLMATUBHOIO KapTUPOBAHUS AJISl T€HOMa pac-
TEHHUH U TOAXO/bI, MOBBIIIAIOMINE YPOBEHD TOCTOBEPHOCTH
TIOJTyYCHHBIX PE3YJIbTaTOB.

B cBsi31 ¢ MacCOBBIM IIUPOKOMACIITAOHBIM CEKBEHUPOBA-
HHEM I'€HOMOB PacTEHNUH CyIIECTBEHHO N3MEHUIINCH HAIIPaB-
JICHUS] TIPUMEHEHUSI METOJIOB IIUTOTCHETUKHU JUTS W3yUCHUS
reHOMa PacTeHH. DTH aKTyaJIbHbIE BOIIPOCHI ObUIN ITOCTAB-
JeHbl Ha cekimu «lluToreHeTnKa pacTeHUH B TEHOMHYIO U
MOCTICHOMHYIO 3py» C y4ETOM COBPEMEHHBIX TEXHOJOTHH
M3YYEHUs TEHETHUECKOTO MaTepralla i HOBBIX METO/IMK aHa-
nr3a IA(POBBIX H300pakeHHI.

[TomMuMo n0KIIa/10B, BAXKHOW 4acThI0 pabOTHI Ha KOH(EpeH-
UM sIBIIsieTCsl He(hopMasibHOE OOLIeHHE YYEHBIX, KOTOPOE He-
PEIKO BBUIMBAETCS B COBMECTHBIE HCCIIEA0BATEIBCKHE TIPO-
exThl. He crana nckmouennem n kongepenuns PlantGen2019,
10 UTOT'aM KOTOPOM JIOCTUTHYT PsiJi B)KHBIX JIOTOBOPEHHO-
CTel MeXIy €€ yIaCTHUKAMH.

A.B. Kouemos,

unen-koppecnonoenm PAH, oupexmop HI{ul”’ CO PAH,
npedcedamens konpepenyuu PlantGen2019

E.A. Canuna,

npogheccop, enasuwiii Hayumnwviil compyorux ULul” CO PAH,
conpedcedamens kongpepenyuu PlantGen2019

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 - 7
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The increasing availability of Single Nucleotide Polymorphisms (SNPs) discovered by Next Generation Sequencing
will enable a range of new genetic analyses in crops, which was not possible before. Concomitantly, researchers
will face the challenge of handling large data sets at the whole-genome level. By grouping thousands of SNPs into
a few hundred haplotype blocks, complexity of the data can be reduced with fewer statistical tests and a lower
probability of spurious associations. Owing to the strong genome structure present in breeding lines of most crops,
the deployment of haplotypes could be a powerful complement to improve efficiency of marker-assisted and ge-
nomic selection. This review describes in brief the commonly used approaches to construct haplotype blocks and
some examples in animals and crops are cited where haplotype-based dissection of traits were proven beneficial.
Some important considerations and facts while working with haplotypes in crops are reviewed at the end.
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leHeTMUYeCKNII aHA/JIM3 HAa OCHOBE ralJIOTUIIOB:

HpO6JIeMbI N ITEePCIIEKTNBbI

A. Ceraa®, C. Apeitauraxep

MexxayHapogHbIl LeHTpP ynyuleHusa Kykypysbl 1 nwenutpbl (CIMMYT), Tekcoko, Mekcrka

® e-mail: d.sehgal@cgiar.org

Bo3pocuaa AOCTYNHOCTb OAHOHYKNEOTUAHbIX nonumopdusmos (SNP), pazpaboTaHHbIX C MOMOLLbIO TEXHONOMUIA
CeKBEeHMPOBaHWA HoBoro mnokoneHuna (NGS), no3BonAeT NPOBOANUTb FEHETMYECKUE WUCCIeA0oBaHUA KYSbTYPHbIX
pacTeHuii, KoTopble paHee 6blIN HeBO3MOXHbI. OfHOBPEMEHHO C 3TVM YUeHble CTaJIKUBAOTCA C HEOOXOAUMOCTbIO
06paboTKM 60bLIMX MAaCCMBOB JaHHbIX, MOMYYEHHbIX Ha OCHOBE MNOJIHOrEHOMHOIO CKPUHKMHIa. CNOXHOCTb 06pa-
6OTKM 1 UHTEpPRpeTaLUM SKCNEPUMEHTaNbHbIX AaHHbIX MOXET ObITb YMEHbLUEHa 3a CYET COKPaLLEHNA Yncna cTa-
TUCTNYECKMX TECTOB U CHXXEHUA BEPOATHOCTU JIOXKHbIX accoumaumin nyTem rpynnupoBKu Toiciy SNP B HECKONIbKO
coTeH 6510KOB rannoTunoB. bnarogaps ycTolumMBON CTPYKType reHoMa B CeneKUMOHHbIX TUHMAX GoMbMHCTBA
KyNbTYp, NOCTPOEHME FransioTUINOB MOXKET CTaTb MOLLHbIM AOMOMHEHMEM /1A NOBbIWeHNA 3bPeKTUBHOCTI MapKep-
OPVIEHTUPOBAHHOWN 1 reHOMHOW cenekuymmn. B HacTosALem 0630pe KpaTKo nepeynciieHbl Noaxoabl, TPaAUUMOHHO
nprYIMeHAEMble /1A KOHCTPYMPOBaHWA ranioTUMNHbIX 6/10KOB, a TakXe NprBefeHbl ycrnellHble NpruMepbl NCCneao-
BaHWi, MPOBEAEHHbIX Ha KYJIbTYPHbIX PAaCTEHMAX U KMBOTHbIX, MO ANCCEKLMMN XO3ANCTBEHHO BaXXHbIX NPU3HAKOB
Ha OCHOBe ranaoTUNHOro aHanu3a. MNpencTaBneHbl BbIBOABI Y BaXkKHbIE 3aK/IOUEHUA, CAeNaHHble NO pe3yfibTaTam
N3yYeHUA reHOMa Ky/bTYPHbIX pacTeHUI C UICMOSIb30BaHMEM MOAX0AA, OCHOBAHHOIO Ha aHann3e ranioT1ros.

Key words: rannotun; GWAS; reHomHas cenekums; SNP.

Introduction

Advances in Next Generation Sequencing (NGS) technologies
by whole genome (Berkman et al., 2012; Chia et al., 2012),
transcriptome (Cavanagh et al., 2013), reduced-representation
(Elshire et al., 2011; Poland et al., 2012) and/or exome se-
quencing (Winfield et al., 2016) have led to new levels of
Single Nucleotide Polymorphisms (SNPs) discovery. Hence,
a paradigm shift from marker-based to sequencing-based ge-
notyping of breeding populations and diversified germplasm
panels has been observed in the post-genome sequencing era.
These developments have facilitated development of high-
density maps, identification of Quantitative Trait Loci (QTL)
and discovery of new genes in several crops, thus assisting the

© Sehgal D,, Dreisigacker S., 2019

breeding process (Sehgal etal., 2016,2017; Singh etal., 2016;
Pandey etal.,2017; Suetal., 2017). Especially polyploid crops
such as wheat have benefited from these advances, as marker
number and density were major gaps in conducting in depth
genetic analyses. Dense sets of SNPs now available from
different marker platforms [90K Illumina iselect, Genotyping-
by-Sequencing (GBS), Diversity Array Technology Sequenc-
ing (DArTseq), high-density A ffymetrix Axiom® genotyping
array] have significantly upgraded the genetic toolkit available
in wheat. Therefore, rapidly growing numbers of breeding
lines are being genotyped at low cost (Poland, 2015). In ad-
dition, whole genome sequence (>15 Gb) of wheat is now
available, by combining next generation (short [llumina reads)
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and third generation sequencing data (long Pacific Biosciences
reads), which will make cloning of genes feasible (Shi, Ling,
2018).

With upsurge in dense marker data sets coming from dif-
ferent genotyping platforms leading to more markers than
observations, scientists will face the challenge of handling
large data sets at the whole-genome level for both reliable
gene discovery and genomic predictions. Therefore, new ap-
proaches will be required to deal with cumbersome data and
to make analysis easier. Constructing haplotypes from SNPs is
one of the options to deal with bulky datasets. Being multial-
lelic, haplotypes are more informative than SNPs and allow
more powerful and less exhaustive genome-wide scan. In this
review, we have first defined what haplotypes are and what
approaches are available to make haplotypes. Many examples
are cited in animals and crops where haplotypes-based analysis
have yielded better results than using SNPs in Genome Wide
Association studies (GWAS), Genomic Prediction (GP) and
in candidate gene identification.

What are haplotype blocks?

A haplotype block defines a region in the genome that com-
prises a set of neighboring SNPs, whereby their phased alleles
are likely inherited together with little chance of contempo-
rary recombination (Fig. 1). Mainly, three approaches are
used to construct haplotype blocks: (1) user-defined length,
(2) sliding-window, and (3) linkage disequilibrium (LD).
Any of these three methods can be used depending on the
skills of the user and/or on the objective of the research. The
user-defined fixed length of haplotype blocks (2 to 15 bp) is
the easiest approach; however, generated haplotypes do not
reflect any biological phenomenon such as LD (Gabriel et al.,
2002) or shared evolutionary history (Templeton et al., 2005).
The sliding-window approach is the most widely used, and
has been used intensively for building haplotypes in GWAS
for quantitative or qualitative traits. In this method, a genomic
region under study is divided into windows, either of uniform-
size or variable-size (Tang et al., 2009), and a multiple-marker
association test is performed for each window. This approach
is easy to use and handle, however, when adjacent SNPs are
in strong LD, it provides redundant information thus making
the sliding-window approach no more informative than a SNP.
Similarly, when LD pattern vary over large genomic regions,
it is difficult to determine window-size for a genome-wide
scan. The LD-based approaches are the most advantageous be-
cause they focus directly on the detection of historical recom-
bination in a given population and LD coefficients are easy to
visualize.

Today most genomic analyses such as GWAS or GP use
bi-allelic SNP markers. However, SNPs can be combined into
short, multi-allelic haplotypes to overcome bi-allelic problem
and to perform a powerful and less exhaustive genome scan.
By using haplotype blocks, information on multiple markers
jointly can be used and hence local epistatic interactions can
be naturally modelled, and the reduced number of parameters
enables a range of genomic analyses including GWAS, GP,
and/or detection of selection signatures. Further, haplotype
blocks can be coded in a simple numeric (binary) form to be
used in different R codes or Java-based programs. Figure 2
shows how a haplotype block composed of two adjoining
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SNPs and having four alleles (AC, GT, AT and GC) can be
converted to a simple binary 1-0 format.

Case studies in animals and humans

GWAS studies based on haplotypes are common in animals
and humans (Grapes et al., 2004; Hayes et al., 2007; Calus
et al., 2009; Shim et al., 2009; Khankhanian et al., 2015;
Jonas et al., 2016; Sato et al., 2016). Studies have generated
plethora of evidences to establish that multi-allelic haplotypes
significantly improve the power and robustness of association
as compared with individual SNPs. A common observation
in SNP-based GWAS is the large gap between the variance
explained by the identified SNP-associations and the total
variance, termed as the ‘missing heritability’. J. Yang et al.
(2010) showed that a part of the ‘missing heritability’ could
be attributed to a lack of LD between SNP markers and caus-
ative variants. Combining neighboring SNPs into haplotype
blocks is a simple way to generate a more complete LD. It
has been shown that the use of haplotype-based methods
have reduced the heritability gap in many cases compared
with SNP-based methods when both were applied to the
same dataset. P. Khankhanian et al. (2015) investigated the
genetic basis of Multiple Sclerosis (MS), a complex genetic
disorder in humans controlled by a major histocompatibility
complex (MHC) on the short arm of chromosome 6. Haplo-
types of various lengths (from 1 up to 15 contiguous SNPs)
were constructed at each of the 110 previously identified,
MS-associated, genomic regions. The results based on hap-
lotypes outperformed the results using individual SNPs by
at least three orders of magnitude. Moreover, when 932 MS-
associated haplotypes (identified from 102 genomic regions)
were included as independent variables into a logistic linear
model; the amount of MS heritability was 38 %, while with
individual SNPs it was 29 %.

Simulations based on the LD and population history of
livestock have shown that haplotypes can provide greater
QTL detection power and mapping accuracy than single
markers (Hayes et al., 2007; Calus et al., 2009). Use of hap-
lotypes have also led to the discovery of new genetic regions
of interest, which have not been identified by a SNP-based
GWAS (Lu et al., 2003; Hagenblad et al., 2004; Shim et al.,
2009). W. Barendse (2011) showed that haplotype analysis
improved evidence for candidate genes for intramuscular fat
(IMF) percentage in cattle as they explained around 80 %
more of the phenotypic variance for the five genes that showed
some evidence of association to IMF compared to individual
SNP analyses. Further studies in animal breeding have also
accumulated evidences that integration of haplotypes or
haplotype-tagged QTL in genomic selection models can im-
prove GP accuracies for complex traits (Boichard et al., 2012;
Cuyabano et al., 2014, 2015a, b; Jonas et al., 2016; Hess et
al., 2017; Jiang et al., 2018).

Case studies in crops

Although only a few case studies have been reported in crops,
results have been encouraging towards haplotype-based analy-
ses. A.J. Lorenz et al. (2010) used a sliding window approach
and explored the utility of haplotype blocks over individual
SNPs for GWAS in barley. They used heading date collected
on a large set of barley germplasm from the Barley Coordi-
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Fig. 2. Strategy to convert haplotypes to binary format to be used in well known R scripts and Java-based platforms for genetic analysis.

nated Agricultural Project. Three associations were found
for heading date, two of which were detected by haplotype
analyses only. Further, the authors determined the effect of
three sets of QTL simulations. The power of individual SNP-
based analysis was superior to that of haplotypes when the
causal SNP was present in genotyping data. In the absence of
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causal SNP, haplotypes-based GWAS was more powerful to
detect QTL than SNPs. In the latter case, however, the type
of method used to construct haplotype blocks affected power
ofthe GWAS. Y. Ma et al. (2016) studied the effect of marker
preselection on the prediction accuracy in soybean on plant
height and yield per plant. The three strategies tested were
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(a) a random SNP sampling method (RSM), (b) a haplotype
block analysis-based sampling (HBA), and (c) even SNP
sampling method (ESM). They found that for grain yield,
prediction accuracy increased by approximately 4 % based on
HBA-based approach compared with RSM and ESM.

Y. Lu et al. (2012) conducted comparative LD mapping
using SNPs and haplotype blocks to identify QTL for plant
height and biomass under drought stress in maize. They used
a 10 kb sliding-window approach accounting for the average
length of LD to construct haplotype blocks. Using haplotype-
based LD mapping, three and 12 significant haplotypes were
identified for plant height and biomass, respectively, of which
six haplotypes contained at least one SNP that was also sig-
nificantly associated with the specific trait revealed by SNP-
based LD mapping. The haplotype-based analysis explained
higher phenotypic variation (on average 2.9 %) than SNPs
for both traits.

A few genetic studies have attempted to model the effect
of interactions between haplotypes (epistasis) on quantita-
tive traits in crops. Some examples include the vernalization
response in barley (Cockram et al., 2007) and chlorophyll
content in rapeseed (Qian et al., 2016).

Studies in wheat (published and ongoing)

In wheat, studies are so far very few where haplotypes-based
genetic analysis have been conducted. K. Voss-Fels et al.
(2017) explored molecular interactions connecting root and
shoot development and growth in European elite wheat germ-
plasm to investigate plant’s demand for water and nutrients
along with its ability to access them. They mapped two highly
significant haplotypes for root biomass in close proximity to
amajor locus known to affect spike development. It was con-
cluded that possibly, strong selection for a haplotype variant
controlling heading date, has eliminated a specific combination
of two flanking, highly conserved haplotype variants whose
interaction confers increased root biomass. Breeders could
reverse this consequence of selection to recover root diversity
that may be useful under stress environments.

N’Diaye et al. (2017) conducted a SNP- and haplotype-
based GWAS of semolina and pasta color in elite durum wheat
lines. They combined SNPs within a window size of 5.3 cM
(based on average LD decay) on the same chromosome to
form haplotype blocks. Haplotype-based GWAS resulted in
an increase of the phenotypic variance explained (50.4 % on
average) and the allelic effect (33.7 % on average) compared
to SNP-based GWAS.

In the past decade, various high-throughput genotyping
platforms have been adopted by CIMMYT including the
20K and 90K Illumina iselect SNP arrays, the Breeders’ 35K
Axiom® array (Affymetrix), DArTseq GBS. As a result, large
data sets have been generated on different sets of germplasm.
Several SNP-based GWAS studies have been performed
(reviewed in Dreisigacker et al., 2019) and haplotype-based
GWAS has been initially tested. A latest example include
haplotype-based quantification of exotic (landrace, synthetics,
etc.) genome imprints in pre-breeding germplasm (Singh et
al., 2018). A set of 984 pre-breeding lines (PBLs) generated
by a three-way cross (exotic/elitel//elite2) were genotyped
with DArTseq and phenotyped for a range of agronomic traits
under stress environments. Haplotype blocks, generated using
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the LD approach, identified 361 and 367 blocks in PBLs and
exotics, respectively. Haplotype block-by-block comparison
on each chromosome revealed that 58 (16 %) blocks identi-
fied in PBLs were exotic-specific. Further, a rare and favor-
able haplotype (GT) was identified on chromosome 6D that
minimized grain yield (GY) loss under heat stress without
penalty under irrigated conditions.

A large GWAS using haplotypes and individual SNPs
was performed for GY and superiority index Pi (measure
of GY stability) using a large set of advanced bread wheat
lines (4,302), which were genotyped with GBS markers and
phenotyped under contrasting (irrigated and stress) environ-
ments (unpublished work). The average R? explained by
haplotypes and SNPs showed a 6.1 to 9.9 % higher variation
with the haplotype-based GWAS as compared to the individual
SNP-based GWAS for GY and Pi (Sehgal et al. personal
communication). We further explored whether integrating
haplotype-tagged QTL for GY as fixed variables in prediction
models improved prediction accuracy. It was observed that
the model accounting for the haplotype-based GWAS results
as fixed effects led to up to 9 to 10 % increase in prediction
accuracy, whereas it was only 4 to 5 % with SNP-tagged
QTL. Similarly, haplotype-based GWAS conducted for
thousand-grain weight identified four major loci in CIMMYT
germplasm; all the four loci showed higher p values than the
associated individual SNPs on chromosomes 4A and 6A.

Considerations and challenges

Due to the growing availability of SNP datasets in crops,
haplotype-based approaches for genomic analyses is likely
to increase markedly. However, the power of analyses using
haplotypes vs. SNPs must be evaluated on a case-by-case
basis, as risk factors are common for both approaches. For
example, under certain disease models (simple Mandelian or
complex multi-gene additive or epistatic inheritance) and cer-
tain LD patterns one method outperforms the other, so different
architectures of QTL and LD patterns interact with marker
characteristics to influence power in GWAS. Similarly, bottle-
necks are known to increase LD and shift allele frequency
spectra toward higher minor allele frequencies. Hence, after
a bottleneck, SNPs are more likely to be in LD with QTL and
haplotypes might provide little advantage. Marker ascertain-
ment is another important criterion and is a characteristic of
SNP chips. In the standard method of developing a SNP chip
or an array, a small SNP discovery panel is used, which means
that low frequency mutations often go undetected and SNPs
occurring at intermediate to high frequencies dominate in such
chips or arrays. This over-sampling of mutations at interme-
diate frequencies results in lower levels of LD than if SNPs
were selected randomly. For GP, haplotype-based prediction
approaches are favored only if alleles at QTL are more closely
linked to the haplotype than to individual SNPs. Finally, map
order errors can play a significant role in determining the safe
and best approach for analysis. For example, SNP analysis is
unlikely to be affected by ordering errors and hence is the best
approach when map order is doubtful.
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The state of the art in the evolution of plant viruses allows the genetic foundations of antiviral immunity in higher
(including the most important crops) plants to be categorized as one of the most pressing issues of genetics and
selection. According to the endosymbiotic theory, mitochondria descended from alphaproteobacteria that had
been absorbed but not degraded by the host cell. The discovery of CRISPR-Cas systems (clustered regularly inter-
spaced short palindromic repeats (CRISPR)-associated proteins), which implement the adaptive immunity func-
tion in prokaryotes, raises the question whether such a mechanism of antiviral protection could be caught up by
evolution and used by representatives of eukaryotes (in particular, plants). The purpose of this work was to analyze
the complete sequences of nuclear, mitochondrial, and chloroplast genomes of Arabidopsis thaliana in order to
search for genetic elements similar to those in CRISPR-Cas systems of bacteria and archaea. As a result, in silico
methods helped us to detect a locus of regularly intermittent short direct repeats in the mitochondrial genome
of A. thaliana ecotypes. The structure of this locus corresponds to the CRISPR locus of the prokaryotic adaptive
antiviral immune system. The probable connection between the locus found in the mitochondrial genome of the
higher plant and the function of adaptive immunity is indicated by a similarity between the spacer sequences in
the CRISPR cassette found and the genome of Cauliflower mosaic virus affecting Arabidopsis plants. Sequences of
repeats and spacers of CRISPR cassettes in Arabidopsis C24 and Ler lines are perfectly identical. However, the loca-
tions of the CRISPR locus in the mitochondrial genomes of these lines differ significantly. The CRISPR cassette in the
Col-0 line was found to be completely broken as a result of four deletions and one insertion. Although cas genes
were not detected in the mitochondrial genome of the studied Arabidopsis ecotypes, their presence was detected
in the nuclear genome. Both cas genes and numerous CRISPR cassettes were found on all the five chromosomes
in the nuclear genome of the Col-0 ecotype. The results suggest the existence of a system of adaptive immunity in
plants, which is similar to the CRISPR immunity of bacteria and archaea.
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CoBpeMeHHbI YPOBEHb 3HaHMI B 061aCTU SBOMIOLMN PACTUTENbHBIX BUPYCOB MO3BOMAET OTHECTU Npobnemy
reHeTNYeCcKrX OCHOB MPOTUBOBMPYCHOTO MMMYHUTETA BbICLUMX PACTEHUI (B TOM UMCIE BAXKHENLUMX CENbCKOXO-
3AMCTBEHHDBIX KyNbTYp) K pa3pagy Hambonee akTyasbHbIX NpobiemM reHeTVKN 1 cenekumn. B cootBeTcTBum ¢ aHAO-
CUMOVOTMYECKOI TEOPUEN NMPUHATO CYMTaTb, YTO MUTOXOHAPWM NPOU3OLWN OT anbda-NpoTeobaKkTepuil, KOTo-
pble 6biV NOrNOLLEHbI, HO He MOABEPTHYTbI JECTPYKLNM KNETKON-XO35MHOM. B CBA3M C OTKPbITYEM Y NPOKApMOT
CRISPR-Cas (clustered regularly interspaced short palindromic repeats — CRISPR-associated proteins) cuctem, Bbi-
NMoNHALWNX d)yHKLWIIO afanTUBHOIO MMMYHUTETA, BO3HUKAET BONPOC, MOT J1n nO,qO6HbII7I MeXaHN3M NMpPOTUBOBU-
PYCHOM 3aluThl GbITb NMOAXBAUEH IBOJIOLMEN U NCMONIb30BaH NPEACTaBUTENAMYI 3YKapuOoT, HaNnprMep pacTeHus-
MW. 3apadeid HacToALel paboTbl O aHany3 NOMHbIX NOCNeAOBaTENIbHOCTEN AfEPHOIO, MUTOXOHAPWANILHOTO 1
X/10pOMNacTHOro reHomoB Arabidopsis thaliana c Lenbio NoMcKa reHeTUYeCKNX SEMEHTOB, CXOAHbIX C TAKOBbIMY B
CRISPR-Cas cuctemax y 6akTepuii 1 apxeii. B pesynbtate metogamu in silico B MUTOXOHAPVANbHOM reHOME 3KOTU-
noB A. thaliana obHapy»xeH NoKycC perynsapHo nepemexaroLinxcs KOPOTKMX MPsAMbIX MOBTOPOB, COOTBETCTBYIOLLM
no csoe opraHusaumm CRISPR-nokycy agantnsHoro CRISPR-Cas nmmyHuTeTa NpokaproT. Ha BepoATHYi0 CBA3b
06OHapy»KeHHOro B MUTOXOHAPWANbHOM FreHOME BbICLLEro PacTeHNA NIOKYyca C GyHKLMen aaanTMBHOrO UMMyHUTETa
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Detection of CRISPR cassettes and cas genes
in the Arabidopsis thaliana genome

yKa3blBaeT Hanvume y CrericepHbix nocnefoBaTenibHOCTelN B cocTaBe HangeHHon CRISPR-kacceTbl romonorum c
reHOMOM BMpYCa MO3aWKy/ LIBETHOW KanycTbl, MOpa)KalowWwero pacteHusa apabugoncuca. Y nuHuin apabrugoncuca
C24 v Ler nocnepgoBatenbHOCT NoBTOPOoB U cnericepoB CRISPR-KkacceTbl MOMHOCTbIO AEHTUYHbIL. B TO e Bpe-
M nokanusauma camoro CRISPR-noKyca B MUTOXOHAPWANIbHOM FeHOME 3TUX JIMHUIA CYLLeCTBEHHO Pa3fiyaeTcs.
YctaHoBneHo, yto y nuHun Col-0 B pe3ynbTate ueTbipex geneuunin n ogHo nHcepumm CRISPR-kacceTa nonHocTbio
HapyLUeHa. XOTsA reHbl €ds B MUTOXOHAPUaNbHOM FreHOME UCCefyeMblX SKOTUMOB apabugoncuca He 6binm Halae-
Hbl, YCTAaHOBJIEHO UX Hannyne B AfepHOM reHome. B agepHom reHome skotuna Col-0 Ha Bcex NATU Xpomocomax
06Hapy»KeHbl reHbl cas 1 MHoroumcneHHble CRISPR-kacceTbl. MonyyeHHble pe3ynbTaThl TO3BONAT NPELNONOKUTb
CYLLeCTBOBaHME Y PAaCcTEHU CUCTEMbBI aAANTVBHOTO UMMYHMUTETA, aHanornyHoro CRISPR-umMMyHWTETY GakTepuii

1 apxen.

KnioueBble cnosa: Arabidopsis thaliana; 3KoTvnbl; MUTOXOHAPWANbHBIA reHOM; AfepHbIn reHom; CRISPR-kacceTa;
reHbl cas; romonorua CRISPR-cnencepoBs; reHoM pacTUTENbHOrO BUPYCa; aganTUBHbIN nMMyHUTeT; PHK-nHTep-

depeHuuma.

Introduction

The acquisition of alphaproteobacteria (which subsequently
gave rise to mitochondria) as endosymbionts by the archaeal
host is how unquestionably accepted to be one of the most
important events in the nascence of the eukaryotic cell (Ar-
chibald, 2015). In recent years, methods of phylogenomics
provided fundamentally new data demonstrating the pos-
sibility of several evolutionary scenarios for the genesis of
the eukaryaotic cell, including “late” or “early” acquisition of
mitochondria by the host cell (Poole, Gribaldos, 2014; Pittis,
Gabaldon, 2016). The discovery of the CRISPR-Cas adaptive
immunity system based on the phenomenon of RNA inter-
ference in a significant percentage of bacterial and archaeal
species (Jansen et al., 2002; Mojica et al., 2005; Makarova et
al., 2006; Barrangou et al., 2007; Lander, 2016) poses the ques-
tion whether such a protective system may exist in eukaryotic
mitochondria, organelles that have an obvious evolutionary
relationship with their bacterial ancestors. In this regard, mi-
tochondria of higher plants, which have an extremely large
genome compared to the genomes of animals and yeast, are
of particular interest.

The mitochondrial genome of plants is also characterized
by unusual dynamism, which manifests itself as a high re-
combination rate caused by repetitive sequences (Gualberto,
Newton, 2017). The recombination activity results in the
formation of a set of subgenomic forms and high genomic
variability even within the same species. Such changes in
the genomic structure lead to the rapid evolution of the plant
mitochondrial genome. Moreover, the mitochondrial genome
of higher plants is tightly involved in horizontal gene transfer
processes, where it can act as both a donor and an acceptor of
the gene (Kleine et al., 2009; Zhao et al., 2018).

Another important feature of the mitochondrial genome of
higher plants is the presence of species-specific sets of linear
and circular plasmids in these organelles of many plant spe-
cies studied in this regard. The composition of the sets within
the species can vary significantly (for example, in fertile and
sterile forms) (Esser et al., 1986; Thomas, 1986). The origin
of mitochondrial plasmids is still unknown. Double-stranded
plasmids are believed to be introduced into the cells of higher
plants by a symbiotic or pathogenic pathway (Douce, Neu-
burger, 1989). This hypothesis is supported by the fact that
mitochondrial linear plasmids are associated with a protein at
their 5'-ends that resembles the structure of some viral nucleic
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acids (Douce, Neuburger, 1989). Moreover, the detection of
genes in linear plasmids S1 and S2 of maize mitochondria
encoding viral-type nucleic exchange proteins speaks for their
probable viral origin (Kuzmin, Levchenko, 1987; Kuzmin et
al., 1988). In recent years, a significant progress has been made
in the study of mitoviruses, viruses with the simplest RNA
genome that specifically infect fungal mitochondria (Shahi et
al., 2019). However, there is also evidence for the existence
of plant mitoviruses, which are believed to have arisen as a
result of horizontal transfer events of the corresponding genes
from plant-infecting fungi (Marienfeld et al., 1997; Bruenn
et al., 2015; Nibert et al., 2018). Thus, if to compare bacteria
and plant mitochondria, it can be said that the latter, like pro-
karyotes, also badly needed the protection against infectious
nucleic acids of viral and/or plasmid origin during evolution.

Nevertheless, data on the existence of a similar mechanism
of protection against pathogenic DNA among representatives
of eukaryotes have not been obtained until recently, with the
exception of the single detection of a typical CRISPR locus
on the mitochondrial plasmid of the higher plant Vicia faba in
(Mojica et al., 2000). However, that study has gone nowhere
in the search for cas genes in the mitochondrial, chloroplast,
and nuclear genomes of this plant species. In addition, no data
on the existence of genetic elements of the CRISPR-Cas im-
munity in the nuclear plant genome has been obtained thus far.

Considering the evolutionary origin of mitochondria and
the plant mitochondrial genome structure, search for genetic
elements similar to those of CRISPR-Cas systems of bacteria
and archaea in the mitochondrial, chloroplast, and nuclear
genomes of the model plant Arabidopsis thaliana has been at-
tempted by in silico methods. Taking into account the high dy-
namism of the plant mitochondrial genome, the genome-wide
analysis of the mitochondrial genomes of three A. thaliana
ecotypes (C24, Ler, and Col-0) was carried out with the pur-
pose of searching for elements presumably associated with
adaptive CRISPR-Cas immunity.

Materials and methods

The complete sequences of the nuclear (Col-0 ecotype), mi-
tochondrial (C24, Ler, Col-0 ecotypes), and chloroplast (Ler,
Col-0 ecotypes) genomes of the model plant Arabidopsis
thaliana (L.) Heynh. were examined. DNA sequences were
taken from the GenBank database (accession numbers of the
nuclear genome: NC_003070, NC_003071, NC_003074,
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NC_003075, NC_003076; of the mitochondrial genome:
JF729200, JF729202, NC_037304; of the chloroplast genome:
KX551970, NC_000932.) The sequences were first analyzed
with the UGENE program (Okonechnikov et al., 2012). The
same program was used to build illustrations (together with
the Inkscape vector graphics package).

To seek elements of CRISPR-Cas systems in genomes, the
CRISPROne online service was used (Zhang, Ye, 2017). To
determine the origin of the detected CRISPR spacers, a search
through the NCBI BLAST database (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) with the default parameters for viral taxa was
carried out. Cases of coincidence with the numbers of mis-
matches fewer than 3 nucleotides were subsequently selected.

Sequence alignment of CRISPR loci in the mitochondrial
genomes of A. thaliana ecotypes was carried out with the
programs Matcher (paired) (Rice et al., 2000) and MUSCLE
(multiple) (Edgar, 2004). The analysis of CRISPR spacer
similarity to the genomes of species-specific viruses was car-
ried out as in (Mihara et al., 2016) (according to Virus-Host
DB https://www.genome.jp/virushostdb/3702).

Results and discussion

To date, the CRISPR locus, upstream leader sequence, and
cas genes have been convincingly shown to be the critical
components of CRISPR-Cas systems in bacteria and archaea
as a general matter (Jansen et al., 2002; Richter et al., 2012).
Resting on the known evolutionary relationship between
mitochondria and bacteria, we searched for elements of the
CRISPR-Cas system in the mitochondrial genome of three
ecotypes of A. thaliana using approaches and methods of
bioinformatics that are widely used in studying CRISPR-
Cas systems of prokaryotes nowadays (Jansen et al., 2002;
Makarova et al., 2006, 2015; Grissa et al., 2007; Zhang, Ye,
2017; Couvin et al., 2018).

The context analysis of the complete mitochondrial genome
sequence of A. thaliana (C24 and Ler ecotypes) revealed a
site whose structure is fully consistent with the organization
of CRISPR cassettes of prokaryatic origin. The features of the
nucleotide organization of the CRISPR-like locus in the mi-
tochondrial genome of these ecotypes are shown in Fig. 1, a.
As seen from the data presented, the CRISPR cassette found
in the plant mitochondrial genome is formed by three 20-bp
perfect direct repeats separated by two spacer sequences of
42 bp and 33 bp, respectively. By contrast, the genome-wide
analysis of the Col-0 ecotype mitochondrial DNA showed that
the CRISPR cassette structure is completely broken there as
a result of four deletions and one insertion in the repeat unit
(see Fig. 1, b).

In our opinion, a noteworthy result of the analysis of the
ecotype-specific features of the mitochondrial CRISPR cas-
sette is the fact that the localization of the CRISPR cassette
(and its damaged variant) in the mitochondrial genomes of
Arabidopsis C24, Ler, and Col-0 lines varies significantly with
the complete match of the succession of repeats and spacers
(Fig. 2). Such changes in the localization of the CRISPR cas-
sette in the mitochondrial DNA of the studied Arabidopsis
ecotypes are most likely to result from intense rearrangements
in the mitochondrial genome due to high recombination activ-
ity, which is characteristic of the mitochondrial genomes of
higher plants (Gualberto, Newton, 2017).
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Aspecial search revealed the presence of numerous CRISPR
cassettes in the nuclear genome of A. thaliana (Fig. 3). Their
sizes and arrangement on chromosomes are presented in
Supplementary Material®. The total number of spacers pres-
ent in 110 nuclear CRISPR cassettes is 330. We have not
performed a detailed analysis of the similarity of the spacers
of nuclear CRISPR cassettes to the genomes of plant viruses.

The results of the analysis of spacer sequences ina CRISPR
cassette localized in Arabidopsis mitochondrial DNA with
reference to the database of plant viruses are summarized in
Table 1. The detected spacers were found to contain sections
of nonrandom homology to the genomes of three strains of
caulifiower mosaic virus able to infect A. thaliana plants.
Moreover, regions of homology to mismatching genome units
of different strains of this virus were identified in individual
spacers (data not shown).

Search of the mitochondrial genome of the A. thaliana
C24, Ler, and Col-0 ecotypes detected cas genes neither in the
sequences immediately adjacent to the CRISPR locus nor in
the rest of the genome. By contrast, sequences of individual
cas genes were found in the nuclear genome (Table 2).

The in silico search of three Arabidopsis chromosomes
(chromosomes 1, 2, and 3, respectively) made it possible to
map the cas5 gene, which is part of the effector module of
type | CRISPR-Cas systems according to the existing clas-
sification of CRISPR-Cas systems (Makarova et al., 2015;
Koonin et al., 2017). The csm6 gene is located on the same
chromosome 3 as the cas5 gene. This gene encodes RNAse
I11-A, associated with the CRISPR-Cas system and involved
(in prokaryotes) in the implementation of immunity against
phages through degradation of phage transcripts (Jiang et al.,
2016). The csa5 gene, whose protein product is a universal
component of type 1-A CRISPR-Cas systems, was detected on
chromosome 4 (Daume et al., 2014). This protein is believed to
participate in the R-loop stabilization during the interference
stage (Daume et al., 2014). Finally, chromosome 5 contains
three regions of different lengths corresponding to the gene
previously annotated in the Arabidopsis nuclear genome as
DEDDNh, which is a representative of the 3'—5' exonuclease
gene family involved in the metabolism of small noncoding
RNAs (Chen et al., 2018). The attribution of this gene to the
cas family may mean that its protein product can perform
several functions in vivo, including plant protection from the
nucleic acids of viruses and plasmids.

The reverse transcriptase (RT) genes associated with type |
and I11 CRISPR-Cas systems were found to be represented on
all the five Arabidopsis chromosomes by a significant number
of copies (43 in total) (see Table 2). Presently, these enzymes
are assigned a particularly important role in the functioning
of type 111 CRISPR-Cas systems, which is to incorporate new
spacers into the existing CRISPR cassette, both with the direct
RT participation and with the participation of the RT Casl
fusion protein (Silas et al., 2016; Toro et al., 2017).

Thus, for the first time ever, our search for elements of
CRISPR-Cas systems in the mitochondrial and nuclear
genomes of A. thaliana made it possible to detect the main
genetic elements of prokaryotic adaptive immunity, including
CRISPR loci and cas genes, in the genome of this plant. With

T Supplementary Material is available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx18.pdf
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a C24 86224 AACTCGACTGAAAGGAGAGGTTGTGAACACAAACTCGACTGAAAGGAGAG 86273
CELTETEELEEEE T e e e e e
Ler 163198 AACTCGACTGAAAGGAGAGGTTGTGAACACAAACTCGACTGAAAGGAGAG 163247
C24 86274 GTTGTGAACACAAACTCGACTGAAAGGAGAGGTCCAAGGTAATTTATTAC 86323
FEEEEEEEEEr e e et e e e e e e e e
Ler 163248 GTTGTGAACACAAACTCGACTGAAAGGAGAGGTCCAAGGTAATTTATTAC 163297
. S T T oo
Ler 163298 TCTTATAAAAGAGGGAACTCGACTGAAAGGAGAGG 163332
8 C24 AACTCGACTGAAAGGAGAGGTTGTGAACACAAACTCGACTGAAAGGAGAGGTTGTGAACA
Ler AACTCGACTGAAAGGAGAGGTTGTGAACACAAACTCGACTGAAAGGAGAGGTTGTGAACA
Col-0 -ACTC---------- AGAGATCAGGA- - - -AAACTTGATAGAAAG- - - - - - - CCCTAGCT
KKKk KKKk K *k skokokok Kk KRRk K * %
C24 CAAACTCGACTGAA- - - - - - e e - - AGGAGAGGTCCAAGGTAATTTATTACTC
Ler CAAACTCGACTGAA----------mm - - AGGAGAGGTCCAAGGTAATTTATTACTC
Col-0 CTAACTTGATAGAATGCCCCAGCAATGGCCATCGGAGAGGTCCAACGTAATTTATTACTC
* okkokk Kk kokok KKK KKK KK ROk oK KoK oK K K KK
C24 TTATAAAAGAGGGAACTCGACTGAAAGGAGAGG

Ler TTATAAAAGAGGGAACTCGACTGAAAGGAGAGG
Col-0 TTATAAAAGAGGGAACTCGACTGAAAGGAGAGG

Sk >k >k K ok >k >k ok >k ok ok >k ok ok ok ok ok ok ok ok ok >k >k ok >k ok ok ok skook ok kok

Fig. 1. (a) Pair alignment of the CRISPR loci in the mitochondrial genomes of the C24 and Ler ecotypes. Repeats are shown
in boldface. (b) Multiple alignment of the CRISPR loci in the mitochondrial genomes of A. thaliana ecotypes.
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Fig. 2. Localization of the CRISPR cassette in the mitochondrial genomes of A. thaliana ecotypes.
The positions of the CRISPR cassette are indicated by black boxes above the C24 and Ler lines. The position of the damaged CRISPR cassette in the mitochondrial

genome of the Col-0 line is indicated by open box.

the exception of the CRISPR cassette found in the mitochon-
drial genome, the structural elements of the system are locali-
zed in the nuclear genome. In general, in accordance with the
classification proposed in (Makarova et al., 2015; Koonin et
al., 2017), the still incomplete list of genes (casb, csm6, csabs,
cd06127, and RT) associated with CRISPR-Cas immunity
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of prokaryotes found in the A. thaliana genome allows the
system found in this plant to be assigned to class 1 systems,
which have a multi-subunit effector module.

However, during our study, we failed to find any structure
corresponding to the characteristics of leader sequences of
the prokaryotic type in the mitochondrial or nuclear genomes
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of A. thaliana (Alkhnbashi et al., 2016). Our attempt to
seek elements of CRISPR-Cas systems in the chloroplast
genomes of A. thaliana Ler and Col-0 ecotypes was unsuc-
cessful as well.

It is the first finding of such canonical elements of CRISPR-
Cas systems of prokaryotic origin as CRISPR loci and cas genes
in a higher eukaryote, namely, the model plant A. thaliana.
Only a single CRISPR cassette, whose spacer sequences
exhibit nonrandom homology with the cauliflower mosaic
virus genome, was found in the mitochondrial genome of
Arabidopsis (see Table 1). The ability of this virus to infect
plants of the species under investigation is of special impor-
tance. The Arabidopsis lines studied are characterized by a
significant difference between the C24 and Ler ecotypes in
the genomic localization of the CRISPR locus. In the Col-0
ecotype, the CRISPR cassette structure is completely broken
as a result of four deletions and one insertion in the region
of direct repeats (see Fig. 1, b). This fact points to intense
mitochondrial genome reorganization in higher plants, which
manifest itself as a rapid occurrence of interline differences
at the level of mitochondrial DNA.

From the evolutionary point of view, the possible existence
of CRISPR-Cas immunity in plants seems quite justified
since DNA-containing plant organelles — mitochondria and
chloroplasts — are obviously attractive targets for viruses and
plasmids of alien origin. Plant mitochondria are particularly
vulnerable in this regard due to the existence of mitoviruses
that attack this type of organelles (Marienfeld et al., 1997,
Bruennetal., 2015; Nibert et al., 2018) and the natural ability
of plant mitochondria for DNA uptake (Koulintchenko et al.,
2003). In general, with regard to the currently available data,
it seems premature to form any hypotheses on the evolution-
ary origin of CRISPR-Cas system elements in the Arabidopsis
genome. However, it should be noted that a lot of experimental
data for reconstructing the scenarios of the origin and evolu-
tion of CRISPR-Cas systems in prokaryotes have already been
reported (Koonin, Makarova, 2019). When trying to consider
the issue of the origin of CRISPR-Cas systems in plants in
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Fig. 3. Quantitative distribution of CRISPR cassettes over nuclear
chromosomes of A. thaliana.

the context of eukaryogenesis, the data may be useful (Koo-
nin, 2015; Lopez-Garia et al., 2017). In this case, it should
be taken into account that similar protection systems against
pathogenic nucleic acids might have been present in both the
alpha-proteobacterial symbiont that gave rise to mitochondria
and the archaean host of the protomitochondrial endosymbi-
ont. Notionally, in evolutionary terms the presence of such a
protective system cannot be ruled out for the cyanobacterial
ancestor of modern chloroplasts either.

At the current stage of Arabidopsis CRISPR-Cas systems
research, we were unable to identify a set of prokaryotic cas
genes whose products would form the adaptation and effector
modules of a class 1 CRISPR-Cas system and thus support the
stages of adaptation, expression, and interference (Koonin et
al., 2017). With regard to the known data on the wide variety of
CRISPR-Cas systems found in bacteria and archaea (Westra et
al., 2016; Koonin et al., 2017; Koonin, Makarova, 2019), it is
natural to expect that the plant adaptive immunity mechanism
can differ significantly from that in prokaryotes. Therefore,

Table 1. Alignment of the CRISPR spacers found in the A. thaliana mitochondrial genome

with the cauliflower mosaic virus genome

Alignment™® Isolate NCBI
GenBank
identifier
Spacer 1 TCCAAGGTAATTTATTACTCTTATAAAAGAGGG Cabb B-JI KJ716236
-1 1- -1

KJ716236 7512 AAGGGAAATTAGGGTTCTTATA 7533

Spacer 1 TCCAAGGTAATTTATTACTCTTATAAAAGAGGG D/H M10376
I I A e R AN

M10376 3301 TACAAGAAAAAATATAAGGCTTATAAA 3327

Spacer 2 TTGTGAACACAAACTCGACTGAAAGGAGAGGTTGTGAACACA TUR239 AB863182

L-DEEREEer 1-1eet-1l
AB863182 1782 ATAAACTCGA-TCAAAGAAG 1800

* Numerals indicate the localization of the regions of homology in the virus genome.
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Table 2. Description of cas genes detected in silico in the nuclear genome of A. thaliana

Chromosome

Gene

Type of CRISPR-
Cas system

Detection of CRISPR cassettes and cas genes
in the Arabidopsis thaliana genome

Start-End
of ORF*

9481429-9481962
9482093-9482377
9482399-9482647

11916164-11916466
11916554-11917162

10826-12517

17624-20293

23971-25653

30408-31532

3223463-3224872
3224999-3225685
3228729-3230522
5235099-5235800
5241327-5241869
5241873-5242298
5600424-5602496
5602506-5603024
5619463-5619846
5619956-5620156

9435745-9436644

9436766-9437260

9444515-9444907

9445029-9445523

10341391-10343106
10343111-10343806
12021817-12022311
13167127-13168218
13174969-13175118
13175226-13175606
13467703-13469727
13469756-13470868
13476637-13477317
15489669-15490154
15490132-15490506
15493988-15496318

3296005-3296457
3303483-3304247
3304260-3305717
3744233-3746887
3749914-3752901
3754635-3756176
5071003-5071551
5081577-5082176

14576286-14579228
14582070-14582471
14582509-14584656

Cas gene identification according
to the classification (Makarova et al., 2015;
Koonin et al., 2017)

pfam00078

* ORF, open reading frame.

it is obvious that only the use of a comprehensive approach,
including transcriptomics and proteomics techniques along
with genomics ones, will allow getting a more complete idea
of the genes and their protein products that form the plant
adaptive immunity system.

Conclusions

For the first time ever, such elements of the CRISPR-Cas
system of prokaryotes as CRISPR cassettes and cas genes
were detected in silico in the genome of the higher plant
A. thaliana. This finding can provide a staging ground for
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further detailed genomic, transcriptomic and proteomic studies
of a wider set of plant species (including the most important
crops) in addition to Arabidopsis in order to determine groups
of genes whose expression may be associated with the acti-
vity of the natural adaptive plant immunity mechanism. The
applied relevance of the expected scientific results on the
molecular nature of adaptive plant immunity can hardly be
overestimated.
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Fifty-three species of perennial grasses in the genus Elymus L. (Poaceae), which are widespread in Russia, are gene-
rally assumed to have three haplome combinations: StH, StY and StHY. The StH-genome species, endemic to Russia,
remain the least studied. R. Mason-Gamer and co-authors have previously shown in a series of studies that a mo-
lecular phylogenetic analysis of the low-copy gene waxy (GBSST) sequences significantly complements cytogenetic
data on the genomic constitution and evolutionary relationships among both North American and Asian species of
the genus Elymus.To determine the species’genomic constitution and to evaluate the level of phylogenetic differen-
tiation, we examined the GBSST gene in 18 species of Elymus from Siberia and the Russian Far East, including the fol-
lowing 14 endemics:E. charkeviczii,E. jacutensis, E. kamczadalorum, E. komarovii, E. kronokensis, E. lenensis, E. macrourus,
E. margaritae, E. subfibrosus, E. sajanensis, E. transbaicalensis, E. peschkovae, E. uralensis, and E. viridiglumis. PCR ampli-
fication products of GBSST gene fragments (including exons 9-14) were cloned and 6-8 clones per accession were
sequenced. It appears that all the species studied have St and H subgenomic gene variations. The most significant
differences between the subgenomic variants St and H were found in intron 13. The H subgenome contains a
21-bp-long deletion in intron 13 in all Elymus genotypes, probably derived from a common ancestor of the H and
P genomes. Instead of this deletion, all St subgenomes have a relatively conservative sequence similar to that of the
genus Pseudoroegneria, whose ancestor is considered to be the donor of the modern St subgenome for all Elymus
species. Cluster phylogenetic analysis revealed differentiation in St and H subgenome sequences into two evolu-
tionary variants: St; vs. St;and H, vs. H,, respectively. Variants of the St and H subgenomes were found homologous
to various modern species of the ancestral genera Pseudoroegneria and Hordeum: St, to P. strigosa, St, to P. spicata,
H, to H. jubatum, and H, to H. californicum. The details of the relationships between Russian and North American
species of the genus, as well as a number of microevolutionary interconnections in the group of boreal endemic
species of Siberia and the Russian Far East were revealed. The new results obtained here are essential for the deve-
lopment of a phylogenetically oriented taxonomic system for the genus Elymus.
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SIIEPHOT'O TeHa waxy
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B Poccnmn pacnpocTtpaHeHbl 53 Buga MHoroneTHUx Tpas poaa Elymus L. (Poaceae) npeanonoXuntenbHo Tpex ran-
NOMHbIX KOM6UHauuia: StH, StY n StHY. HanmeHee nsyuyeHHbIMU ocTatoTcst 6opeanbHble StH-reHoMHble BUAbI — H-
femukn PO. PaHee R. Mason-Gamer c coaBTopamu B cepun UCCiefoBaHnin GbIno NoKasaHo, YTO MONEKYNAPHO-
dbunoreHeTNYECKNIN aHaNN3 NOCNIE[OBATENIbHOCTEN HU3KOKOMUIHOIO reHa waxy (GBSST) cylwecTBEHHO JOMNONHAET
uMTOreHeTMYeckne AaHHble Mo reHOMHOM KOHCTUTYLMWU W SBOMIOLMOHHBIM B3aMMOOTHOLLUEHUAM Kak Cpean ce-
BEepOaMepUKaHCKNX, TaK U Cpefmn asnmatckux Bugos poaa Elymus. Mbl uccnegosanu reH GBSSTy 18 sugos Elymus
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Genome constitution and differentiation of subgenomes
in Siberian and Far Eastern Elymus species

n3 Cnbupwu v [anbHero Boctoka Poccum (BKntoyas 14 sHAEMUYHDBIX), YTOObI OMpeAenuTb X FEHOMHYIO KOHCTU-
TYLMIO U OLEHUTb YPOBHU dunoreHeTuueckon auddepeHunauun: E. charkeviczii, E. jacutensis, E. kamczadalorum,
E. komarovii, E. kronokensis, E. lenensis, E. macrourus, E. margaritae, E. subfibrosus, E. sajanensis, E. transbaicalensis,
E. peschkovae, E. uralensis, E. viridiglumis. NMpopykTbl MUP-amnandurkauun dparmeHTos reHa GBSST (obnactb k-
30HOB 9-14) 6bINN KIOHUPOBaHbI N CEKBEHMPOBaHbI (Mo 6-8 KNOHOB Ha obpaseL). Bce n3yyeHHble BUAbI BKO-
Yanu cybreHomHble Bapuauuu St n H. Hanbonee cywectBeHHble pa3nnumsa mexagy cybreHomMHbiMy dparmeHTamm
St n H obHapy»KeHbl B MHTPOHe 13. OTOT UHTPOH B cybreHome H copeput aeneuuto B 21 n.H. BO BCEX r€HOTU-
nax Elymus, BeposTHO, yHacnefoBaHHy OT obLiero npeaka reHomos H 1 P. BmecTto 3Toit feneunmn Bce cybreHo-
Mbl St UMEIOT OTHOCKTENIBHO KOHCEPBATVBHYIO MOCe[0BaTeNIbHOCTb, 6/IM3KyI0 MO HYKNEOTVAHOMY COCTaBy K Ta-
KoBOW y popa Pseudoroegneria, npefoK KOTOPOro ABMAETCA JOHOPOM COBPEMEHHOro cybreHoma St Bcex BMOOB
Elymus. KnacTepHbiin punoreHeTmyeckunin aHanus BoiABun AnpdepeHumaumio nocnefoBaTeslbHOCTEN Kaxkaoro ns
cy6reHomoB St 1 H Ha ABa 3BOJIIOLMOHHbIX BapuaHTa — YyCnoBHO St; u St,, H; 1 H,. YcTaHoBREHO, 4TO BapuraHThl
cybreHomoB St 1 H romoreHHbl ¢ pasnMuHbIM COBPEMEHHBIMU BUAAMU NMPefKoBbIX POAOB Pseudoroegneria v
Hordeum: St, - P. strigosa, St, - P. spicata, H, - H. jubatum, H, - H. californicum. BbiaBneHbl 0CO6EHHOCTN B3aMMO-
OTHOLUEHUI MeXAY POCCUMCKUMMN 1 CeBEPOAMEPUKAHCKMUN BUAAMM POAA, a TakkKe PAA MUKPOIBOJTIOLMOHHbIX
CBA3eN B rpynne SHAEMUYHbIX 6opeanbHbix BuaoB Cnbmpn n OanbHero BocTtoka. MonyyeHHble HOBble AaHHble
Heo6XOAVMbI AN NOCTPOEHWs GUNOTreHETUYECKU OPUEHTUPOBAHHON TaKCOHOMMYECKON cucTeMbl pofa Elymus.

KnioueBble cnoBa: Elymus; dunoreHuns; anfiononmnionapbl; reHoOMHasa KOHCTUTYLMsA; GBSST.

Introduction

The genus Elymus L. (wildrye) is the largest genus of
the tribe Triticeae Dumort in the family Poaceae Barn. It
contains exclusively amphiploid self-pollinating perennial
grasses (Dewey, 1984; Love, 1984). Species of the genus
are widespread on all continents from the Holarctic to the
subtropics, with more than half populations growing in Central
Asia (Lu, 1994). The genomic constitution of all species
formed by haplomes from the ancestors of several modern
genera: Pseudoroegneria (Nevski) A. Léve (St haplome),
Hordeum L. (H haplome), Agropyron Gaertn. (P haplome)
and Australopyrum (Tzvelev) A. Léve (W haplome), as well
as the Y haplome from an unknown ancestor. The St haplome
is common for all species of the genus. After institution and
recognition of the genomic classification system for the tribe
Triticeae (Dewey, 1984), a taxonomic system began to spread,
in which the genus Elymus in the broadest sense is divided
into several separate genera on the basis of the genomic
composition of the species (Baum et al., 2011): Elymus L.
(StStHH genome), Roegneria C. Koch (StStYY genome),
Campeiostachys Drobov (StStHHY'Y genome), and Kengylia
C. Yen & J.L. Yang (StStYYPP genome), Douglasdeweya
C. Yen, J.L. Yang et B.R. Baum (StStPP genome). According
to the current concepts, the genus Elymus within Russia is
divided into four sections: Turczaninovia (Nevski) Tzvelev
(includes 4 species), Goulardia (Husn.) Tzvelev (includes
42 species), Elymus (includes 6 species), and Clinelymopsis
(Nevski) Tzvelev (includes 1 species) (Tsvelev, Probatova,
2010). This system was built according to the traditional
criteria (comparative-morphological and ecological-geogra-
phical) and ensures the integrity and consistency of the
genus, but the same sections include species with different
genomic constitutions.

Nowadays it becomes evident that a balanced integrated
approach is required to construct a phylogenetically oriented
system of taxa of the genus Elymus. The main difficulty here is
in combining two entirely different methodologies in botany:
traditional taxonomy with the priority of morphological crite-
ria and molecular genomics based on the modern molecular
technologies. Significant results on the use of molecular

markers were obtained by R. Mason-Gamer with collaborators
(Helfgott, Mason-Gamer, 2004; Mason-Gamer, 2001, 2004,
2008, 2013; Mason-Gamer et al., 1998; 2010a, b). In particu-
lar, their studies have shown that comparative data on nucleo-
tide sequences of the low-copy gene waxy (granule-bound
starch synthase 1, GBSS1) are consistent with cytogenetic
data in regard to the genomic constitution and evolutionary
origin of North American (Mason-Gamer, 2001) and Asian
(Mason-Gamer et al., 2010a) species of the genus Elymus.

We have analyzed the applicability of the nuclear low-copy
genes bmy2 and waxy, as well as ITS rRNA clusters as genetic
markers for the assessment of phylogenetic relationships
between species of the genus growing in Siberia and in the
Russian Far East (Shmakov et al., 2015). We confirmed that
comparative analysis of selected locus sequences in combina-
tion with other molecular markers allow phylogenetic relation-
ships between taxa to be reconstructed. Moreover, our studies
proved that data on the genomic constitution of species and
their microevolutionary relationships are to be taken as a fun-
damental basis to construct phylogenetically-oriented genus
systematics for the species grown in Russia. The availability
of numerous GBSS1 gene sequences in the NCBI Nucleotide
database (http://www.nchi.nIm.nih.gov/nuccore) enables a
more detailed assessment of the relationships between a large
number of genotypes of each species in comparative studies.

Here we present a comparative analysis of nucleotides
sequences of an ~1300-bp-long fragment of the GBSS1 gene
including exons 9 to 14 in 18 Elymus species (including
14 endemics) growing in Siberia and in the Russian Far East
in order to establish or confirm their genomic constitution and
to assess the evolutionary differentiation levels of subgenomes
in different species. This information is essential for the con-
struction of a phylogenetically oriented taxonomic system of
the genus species growing in Russia.

Materials and methods

The analyzed accessions included genus Elymus species
widespread in the Asian part of Russia, mainly with unknown
or unconfirmed genomic constitutions (Supplementary
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Material 1)!. Known GBSS1 gene sequences of the St, H and
Y genomes deposited in the NCBI database were used as
references for comparative analysis (Supplementary Mate-
rial 2). Genomic DNA was extracted from fresh or dried
leaves as previously described by Khanuja et al. (1999)
with modifications, or by using Nucleospin Plant II kits
(Macherey-Nagel, Germany) according to the manufacturer’s
recommendations.

The previously described (Mason-Gamer et al., 1998)
primers F-for (TGCGAGCTCGACAACATCATGCG) and
M-bac (GGCGAGCGGCGCGATCCCTCGC) were used
for PCR-amplification of an ~1300-bp-long GBSS1 fragment
overlapping gene exons from 9 to 14. The PCR reaction
mixture of a total volume of 15 pl contained Taq buffer,
0.2 mM of each dNTP, 1.5 mM MgCl,, 1 uM of each primer,
20 ng genomic DNA, and 1.0 unit of HS Taqg DNA polymerase
(Eurogen, RF). The following temperature profile was used
(a C-1000 thermal cycler, Bio-Rad, USA): primary dena-
turation for 4 min at 94 °C, then 38 three-step cycles with
denaturation for 25 sec at 94 °C, annealing for 30 sec at 65 °C
and elongation for 1 min at 72 °C, followed by final elongation
for 20 min at 72 °C to enhance the terminal non-matrix addition
of deoxyadenosine at the 3’-end of the PCR product (Mason-
Gamer et al., 1998). Amplification products were analyzed by
1.7 % agarose gel electrophoresis in TAE buffer at an electric
field strength of 4 V/cm.

Since allopolyploid Elymus genomes contain at least two
subgenomic variations of the GBSS1 gene, amplification was
performed in three replicates to minimize the “PCR drift”
effect due to stochastic fluctuations at the initial stages of
PCR (Wagner et al., 1994). The combined PCR product was
ligated into vector pAL2-T (Eurogen, RF) and then cloned
in chemically competent XL1-Blue E. coli cells. Positive
colonies containing recombinant plasmids with a GBSS1
insert were selected by blue/white coloring of E. coli grown
on Amp(+) LB-Agar containing X-gal/IPTG. Twenty white
colonies for each accession were tested for an insert of the
expected length by PCR-amplification with universal M13
primers (Eurogen, RF) followed by electrophoresis analysis.
At least 6 colonies containing pALT2 with an insert of the
expected size (~1300 bp) per each accession have been grown
in 4 ml LB liquid medium for 16 hours at 37 °C and 220 rpm.
Plasmid DNA was isolated with a Plasmid Miniprep Kit
(Eurogen, RF) according to the manufacturer’s instructions.

The Sanger sequencing reaction in a total volume of
40 ul contained 0.7 pg of plasmid DNA with a total length
of ~4300 bp, 20 pmol of primer M13F or M13R, 1.8 pl of
reagent BigDye v. 3.1 (ABI, USA), 7.2 ul of 5X sequencing
buffer (ABI, USA) and water up to the final volume. The
temperature profile for the Sanger reaction included primary
denaturation for 2 min at 95 °C, then 50 three-step cycles with
denaturation for 30 sec at 95 °C, then annealing for 10 sec
at 55 °C and elongation for 4 min at 60 °C. Sanger reaction
products were purified from excess of BigDye components by
gel filtration through micro columns containing 600700 pl
of prepared Sephadex G-50 (GE Healthcare) with liquid
removal from the dead volume by centrifugation for 2 min
at 900 g and subsequently analyzed on an ABI 3130XL

T Supplementary Materials 1 and 2 are available in the online version of the
paper: https://vavilov.elpub.ru/jour/manager/files/SupplAgafonov_engl.pdf
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automatic gene analyzer (ABI, USA) at the Genomics Core
Facility SB RAS. DNA sequences obtained were assembled
into contigs overlapping GBSS1 from exon 9 to 14, including
5 introns, by using Unipro UGENE v1.31.0 (Okonechnikov
et al., 2012). Finally, at least 6 clones of GBSS1 per each of
22 Elymus accessions have been sequenced. Additionally,
42 nucleotide sequences from the NCBI GenBank were used
for comparative analysis.

Multiple sequence alignment was performed using the
T-Coffee program (www.tcoffee.org) and refined manually.
The alignments of the GBSS1 fragment were used to generate
phylogenetic trees using the maximum likelihood (ML)
method on the IQ-TREE web server (Trifinopoulos et al.,
2016). For each exon and intron, the best models of nucleotide
substitutions were determined in PartitionFinder version 2.1.1
(Lanfear et al., 2016) with the following parameters: the AICc
selection model, “greedy” search algorithm and related (linked)
lengths of the branches (Lanfear et al., 2012). The previously
proposed (Mason-Gamer, 2004) sequence of Bromus tectorum
AY362757.1 from the NCBI GenBank was used to root the
dendrograms. The statistical support of topology in IQ-TREE
analysis was evaluated using 1000 replications produced by
SH-aLRT (Guindon et al., 2010) and UFBoot (Minh et al.,
2013) methods.

Results and discussion

The results obtained using reference accessions carriers of the
genus Elymus ancestor genomes, St (genus Pseudoroegneria
species) and H (genus Hordeum species), clearly indicated
the presence of only the St and H genomes in all the studied
species from Siberia and the Russian Far East, thus confirming
that these species belong to the tetraploid StH genome group.
Obviously, the center of species diversity for the StH genome
group is shifted to the north from the center of origin of most
StY genome species located in China (Lu, Salomon, 1992).
Interestingly, the allotetraploid group of Elymus species of
North America is also represented mainly by StH genome
species (Mason-Gamer, 2001). Only rare individuals of several
alien Asian StHY and StY genome species were reported there
(Barkworth et al., 2007).

The most notable differences between the St and H subge-
nomic fragments are located in intron 13 (Fig. 1). The H subge-
nome sequences of this intron in all Elymus genotypes analyzed
contained a 21-bp-long deletion, most likely coming from a
common ancestor of the H and P subgenomes, since it is also
present in modern representatives of related monogenomic
species from the genera Hordeum and Agropyron. However,
all St and Y subgenomes had at the very site of this deletion
a relatively conservative sequence, which largely matches a
sequence in the genus Pseudoroegneria, whose ancestor is
believed to be the donor of the modern St genome. Small dele-
tions are also common for other regions of this intron, but are
less frequent in the other GBSS1 fragment regions analyzed.

In addition, our analysis of the accessions did not confirm
the previously published data on the existence of conserva-
tive sites that are absolutely specific to the H and St haplomes
(Shmakov et al., 2015). This was true only partially of some
sequences belonging to different haplomes.

Cluster analysis of the whole GBSS1 region from 9 to 14
exon sequences, as well as separate sequences of introns or
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Fig. 1. H and St subgenome differences in intron 13 of the GBSST gene nucleotide sequences among Elymus species from the Asian part of Russia
in comparison with the sequences of the reference species of Eurasia.

exons, showed common patterns with certain nuances of  dulinus, but also in P. strigosa accession Pl 499637 from the
phyletic connections both within and between related groups  northeastern part of China.
of the Elymus taxa analyzed. The analysis of the most conser- The subgenomic group St, was formed by a larger part
vative sites (exons 9—14) showed uniformity within the same  of the species, including both strictly local (E. komarovii,
subgenomes and at the same time distinction among different  E. uralensis, E. sajanensis, E. margaritae) and widely vi-
subgenomes (Fig. 2). carious (E. caninus, E. sibiricus) species. This fact is clearly
In the species studied the two subgenomes were found illustrated by nucleotide sequence peculiarities in different
clearly differentiated. For instance, the sequences of the  regions of the gene, as shown in Fig. 3. Remarkably, accession
St subgenome were divided into two groups: St; and St,.  AUK-0650 of the Altai species E. margaritae contained both
The sequences of the St; subgenome for Siberian species are  variants of the St subgenome. At the same time, in the set of
probably older since they were found not only in the northern 8 sequences for each E. komarovii accession GAR-0501 and
biotypes E. macrourus, E. jacutensis, E. kamczadalorumand  E. margaritae accession GUK-1709 the sequences belonging
more southern StY genome species E. gmelinii and E. pen-  to the St subgenome were not detected.
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Fig. 2. The maximum likelihood tree constructed from multiple alignment of all exon (9-14) sequences of the GBSST gene of the St and H subgenomes
in Elymus species from the Asian part of Russia in comparison with the sequences of the reference species of Eurasia (St, H and Y subgenomes).

SH-aLRT (%)/UFboot (%) support values are shown.

Sequences of a greater number of the Elymus species from  North American species. The sequences of the St subgenome
North American natural accessions initially were subdivided including exons 9 to 14 with introns were used. The results

according to the same principle (Mason-Gamer, 2001), there-  are shown in Fig. 4.
fore we have built a dendrogram that included the endemic In this version of the dendrogram, Asian species were also
species of Asian Russia in comparison with some sequences of  distributed among two clades with the same composition as in
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Fig. 3. Differentiation of St subgenomes on the basis of differences in nucleotide sequences in different parts of the GBSST gene
in Elymus species from the Asian part of Russia in comparison with sequences in reference accessions of the Eurasian species.

the dendrogram constructed using exons alone. Some of the
North American species (marked by dots on the dendrogram)
together with the Asian species P. strigosa formed a joint clade
with the group of the St, subgenome, while the others met in
the St, group along with all accessions of the North American
species P. spicata. GBSS1 sequences of the Y subgenome in
E. gmelinii and E. pendulinus showed a closer relationship
with the St, group, which does not contradict the data on the
evolutionary origin of this subgenome (Mason-Gamer et al.,
2010a).

The H subgenome showed a similar pattern of differentia-
tion. Figure 5 shows a dendrogram constructed from complete
sequences of the H genome introns and exons from Russian
and North American species (the latter are marked with dots
in the figure). Two perennial Hordeum species (marked with
asterisks) were taken as references. Gene copies from the
H genome appeared to be divided into two main clades (de-
signated as H, and H,). Clade H, included exclusively Russian
species, while clade H, was formed by Russian northeastern
and all North American species. Each of these clades has its
own ancestral taxon from the contemporary genus Hordeum:
widespread in Eurasia H. jubatum for the Russian H, group
and North American H. californicum Covas & Stebbins for
the H, group.
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Russian species from clade H, showed significantly greater
differentiation than the species from heterogeneous clade H,.
Clade H, appeared to be divided into 3 subclades. Primarily
three clones of the northeastern species E. kronokensis and
E. peschkovae went to a separate group. This fact indirectly
confirms the significant isolation of the latter from Siberian
E. confuses, although they are similar in spike morphology.
E. confusus, in turn, clustered most closely with the reference
H. jubatum. The most distant cluster was formed by all acces-
sions of E. caninus with an addition of the clone of South Ural
endemic E. uralensis. The largest cluster was formed by the
Siberian mountain species E. komarovii, E. transbaicalensis
and E. margaritae, which an addition of a pair of reference
clones of E. sibiricus and, as the most unexpected fact, a clone
of E. subfibrosus accession from Chukotka. Remarkably, the
different reference accessions of E. mutabilis fell into different
H subgenome clades.

Mixed clade H, included not only all North American clones
of Elymus species together with H. californicum, but also
clones from different regions of Russia: E. kamczadalorum
and E. charkeviczii (species from the Kamchatka Peninsula),
E. macrourus, E. jacutensis, E. lenensis (northern accessions
from the Taymyr Peninsula), E. sajanensis (a Siberian moun-
tain species) and two of three E. mutabilis (reference Chinese
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Fig. 4. The maximum likelihood tree constructed from multiple alignment of St subgenome GBSST intron and exon (9-14)
sequences in Elymus species from the Asian part of Russia in comparison with sequences in Eurasian and North American (marked
by dots) reference species (St and Y subgenomes). Asterisks indicate Pseudoroegneria species carriers of the St genome.

SH-aLRT (%)/UFboot (%) support values are shown.

mut_5279 H and South Ural ABZ06_2). The third reference,
mut_9330_H E. mutabilis, from Altai fell into clade H,.
Thereby, only some tendency toward relations between the
North American accessions and northern or eastern accessions
of Russian species can be derived from the H subgenome
sequence analysis. The close relationship between American
and Kamchatka species is easier to understand, taken into ac-
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count the historical connections of these flora with each other,
as well as with the species from the wide northern distribution
areas of E. macrourus and E. jacutensis. It is more difficult
to explain the close proximity of Chinese and South Ural ac-
cessions of E. mutabilis to this group.

Nevertheless, GBSS1 gene variability provides a tool to
trace evolutionary relations of species and local geographical
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in Siberian and Far Eastern Elymus species
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Fig. 5. The maximum likelihood tree constructed from multiple alignment of H subgenome GBSST gene intron and exon (9-14)
sequences in Elymus species from the Asian part of Russia in comparison with sequences in Eurasian and North American (marked
by dots) reference species. Asterisks indicate the carriers of the H genome: the North American species Hordeum californicum and

the widely distributed species of Asian origin H. jubatum.
SH-aLRT (%)/UFboot (%) support values are shown.

races from Siberia and the Russian Far East. If we consider
the relative position of the accessions inside the clades of the
subgenomes, we will see that the clusters combined the species
accessions according to their perceived relationship. E. jacu-
tensis and E. macrourus species, for instance, united into the
common clusters in both H and St clades (see Fig. 2), as well as
on separate dendrograms of these subgenomes (see Fig. 4, 5),
thereby confirming the earlier assumptions about E. jacutensis
being an aristate subspecies of E. macrourus (Tsvelyov, 1964).
This fact is consistent with data on comparative morphological
and peptide electrophoretic analyses and hybridization of these
species’ particular biotypes (Agafonov, 2008).

A comparative sequence analysis confirmed the isolation of
E. kamczadalorum from the Kamchatka species E. charkeviczii,
which was previously established using data on compara-
tive morphology, electrophoresis of seed endosperm storage
proteins, sexual hybridization (Agafonov, Gerus, 2008) and
molecular ISSR analysis (Kobozevaet al., 2017). The species
E. komarovii and E. transbaicalensis formed indistinguish-
able branches inside clade H, together with the Altai species
E. margaritae, while E. transbaicalensis and E. margaritae
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clones were grouped inside clade St,. The phylogenetic prox-
imity of the first two species has been repeatedly experimen-
tally confirmed previously (Agafonov et al., 2019), while the
degree of E. margaritae isolation is currently being studied
using biosystematic methods. The most unexpected data were
obtained regarding the relationships in the group of South
Ural biotypes of E. uralensis, E. viridiglumis, E. caninus,
and E. mutabilis. These data are currently being verified in
the field and laboratory experiments.

Conclusion

Therefore, despite a complicated reticulate evolution in paral-
lel with various related allopolyploid genera and constantly
ongoing active microevolutionary transformations, basic ge-
nomes seem to have retained unique ancestral features. This
makes it relatively easy to identify the genomic composition
and to classify modern species within the framework of a
phylogenetically oriented taxonomic model of the genus. In
our opinion, the integrity of the genus ought to be preserved,
because some species in the independent genus Roegneria
with the genomic formula StY (Baum et al., 1991) are similar
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in morphology to species in the newly proposed genus Cam-
peiostachys with the genomic formula StHY (Baum et al.,
2011), the species of which are significantly different from
each other in morphology. The St genome originating from
the ancestors of the genus Pseudoroegneria seems to be an
anchoring constant for a genetic unification of all members
of the genus.

We suppose that differentiation of the genus should be based
on a model of microevolutionary complexes representing an
aggregate of taxa evolving through hybridization and intro-
gression. The degree of taxa relationship within the complex
should be confirmed using biosystematic methods with the
obligatory determination of the ability to cross, i. e. taking into
account the position in the system of recombination (RGP) and
inrogressive (IHP) gene pools (Agafonov, Salomon, 2002). In
fact, the microevolutionary complex is a projection of the RGP
collection onto the taxonomic model of the genus, considering
the genomic constitution of the species. Each microevolution-
ary complex should be thought of as a branched system of
different ranks of taxa (species and subspecies), remaining
therefore a phylogenetically confirmed structure.

In the future, it is necessary to determine the taxonomic
rank of microevolutionary complexes, which can be sections
or aggregates of the same species in a broad sense, as shown
by the example of a revision of Pendulini (Nevski) Tzvelev
sub-section of the Goulardia (Husn.) Tzvelev section (Ko-
bozeva, Agafonov, 2015).
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CuHTeTnyeckan ¢opma RS7 (BBAAUS), y KoTopoli nepBble fBa reHoma, A 1 B, MponcxoaaT oT MArkom niueHunubl, a Tpe-
TMiA cocTouUt 13 xpomocom Aegilops speltoides (S) n A. umbellulata (U), nonyyeHa OT cKpelMBaHWA CUHTETUYECKNX
dopm Aepogec (BBAASS) n Asponata (BBAAUU). OT 6EKKPOCCOB C BOCMPUUMUYMBBLIMUA K JINCTOBOW PXKaBUMHE, XKeSl-
TOW pXKaBUMHE U MyYHUCTON poce copTamMm MArkow nweHuubl KpacHoaapckasa 99, ®uwTt n PocTtucnas 6binv co3gaHbl
yCTOMYMBbIE K 3TUM 60/1e3HAM UHTPOrpeccmBHble NMHMK. MLP-aHann3 nokasan Hannuve amnanduKaumm GparmeHToB
¢ Mapkepom SCS421, cneundunuHbiM ana rexa Lr28, y nuumum 4991n17. Lutonornueckoe nsyyenue (C-banding u FISH)
14 NUHWIA BBIABUMIO XPOMOCOMHbIE MEPECTPONKN Y 12 U3 HUX. B BONbLIMHCTBE C/lyyaeB IMHUM HECYT TpaHCIoKaLmm
ot Ae. speltoides, yctaHoBneHHble B xpomocomax 1D, 2D, 3D, 2B, 4B, 5B u 7B. bbinn naeHTMoMLMpPOBaHbI TakxKe u-
HUW C 3ameLleHHbIMK Xpomocomamu 1B (1S), 4D (4S), 5D (5S) n 7D (7S). OTobpaHbl NMHUK, HECYLLie OAHOBPEMEHHO
reHeTn4Yeckuin matepuan ot Ae. speltoides n Ae. umbellulata. ¥ nuHun 3379114 naeHTMOUUMPOBaHbI TPAHCIOKALMN:
T7US-7DS.7DL — B KOpOTKOM Mneye xpomocombl 7D oT Ae. umbellulata n B xpomocomax 5BL, 1DL, 2DL ot Ae. speltoides.
B nnHumn 4626n16 onpeneneHbl TpaHcnokaumm: 2DS.2DL-2UL ot Ae. umbellulatanT7SS.7SL-7DL ot Ae. speltoides. TpaHc-
nokauumn T1DS.1DL-1SL, T3DS.3DL-3SL ot Ae. speltoides n T2DS.2DL-2UL, T7DL.7DS-7US ot Ae. umbellulata BbisaBneHbl
Bnepsble. CAenaHo NPeAnonoXeHne, YTo IMHUN MOTFYT HECTW HEMAEHTUOULMPOBaHHbIE PaHEee reHbl YCTONYMBOCTA K
rPUBHBIM 60NE3HAM, B YaCTHOCTM K JINCTOBO pKaBumMHe, oT BMOOB Ae. speltoides n Ae. umbellulata.
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Synthetic recombination form RS7 (BBAAUS), in which the first two genomes, A and B, originate from common wheat,
and the third recombinant genome consists of Aegilops speltoides (S) and Ae. umbellulata (U) chromosomes, was
obtained from crossing synthetic forms Avrodes (BBAASS) and Avrolata (BBAAUU). Resistant to leaf rust, yellow rust
and powdery mildew, introgression lines have been obtained from backcrosses with the susceptible varieties of com-
mon wheat Krasnodarskaya 99, Fisht and Rostislav. PCR analysis showed the presence of amplification fragments with
marker SCS421 specific for the Lr28 gene in the line 4991n17. The cytological study (C-banding and FISH) of 14 lines
has revealed chromosomal modifications in 12 of them. In most cases, the lines carry translocations from Ae. speltoides,
which were identified in chromosomes 1D, 2D, 3D, 2B, 4B, 5B and 7B. Also, lines with the substituted chromosomes
1S (1B), 4D (4S), 5D (5S) and 7D (7S) were identified. Lines that have genetic material from Ae. speltoides and Ae umbel-
lulata at once were revealed. In the line 3379n14, translocations in the short arm of chromosome 7D from Ae. umbellu-
lata and chromosomes 5BL, 1DL, 2DL from Ae. speltoides were revealed. The line 4626p16 presumably has a transloca-
tion on the long arm of chromosome 2D from Ae. umbellulata and the T7SS.7SL-7DL translocation from Ae. speltoides.
The T1DS.1DL-1SL and T3DS.3DL-3SL translocations from Ae. speltoides, and T2DS.2DL-2UL and T7DL.7DS-7US from
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Ae. umbellulata have been obtained for the first time. These lines may carry previously unidentified disease resistance
genes and, in particular, leaf rust resistance genes from Ae. speltoides and Ae. umbellulata.
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BBepeHune
Msrkas nmenuna (Triticum aestivum L.) — BaxxHe#mast mpo-
JIOBOJILCTBEHHAs Ky/lbTypa. ['eHeTHueckuil noTeHnuail ee
MIPOAYKTUBHOCTH B HACTOSIIIEE BPeMs MPAKTUUECKH HCUep-
MaH, ¥ yPOXKaHHOCTh BO MHOTOM 3aBHCHT OT YCTOWYHNBOCTH
BO3/ICJIBIBAEMBIX COPTOB K HEOIaronpusTHEIM a0HOTHYECKUM
u OmoTHuecKuM (akTopaM cpefsl. [ eHeTHUECKUX pecypcoB
caMoil MATKOW IMIIEHHIBI HEOCTATOYHO JUISl PEHICHHS dTHX
mpo6ieM. B 0co6eHHOCTH 3TO KacaeTcs FeHOB YCTOHYNBOCTH
K 00JIe3HSM, OTpaHUIEHHOE Pa3HO00pa3He KOTOPHIX SBISETCS
OJIHUM M3 OCHOBHBIX JINMUTUPYIOIINX (DAKTOPOB CENCKIINH.
3HAYUTENBHBIA Pe3epB TeHOB, KOHTPOJIUPYIONUX XO3Sii-
CTBEHHO IICHHBIC IPU3HAKN, HAXOAUTCS B TCHO(OH 1€ MHOTO-
YHCIICHHBIX POJICTBEHHBIX MSATKOW MIIEHHIIE BUOB U POOB.
MHor#ue 13 HUX ObUIN C yCIIEXOM HCIIOIb30BaHbI JUIsl PEILICHUSI
aKTyaJIbHBIX 33129 CeIeKInH MATKoi mmeruts (Knott, 1987;
Friebe etal., 1996). B nactosiiee Bpemst 3HaUUTEIbHAS YaCTh
3¢ HEeKTHBHBIX TEHOB YCTOHYMBOCTH K OOJIC3HSIM IIPOUCXOAUT
u3 storo renodonaa (Mclntosh et al., 2013). Onua u3 3 dek-
TUBHBIX METOJIOB MIEPEAauH ICHHOT'O TEHETHYECKOTO MaTepua-
JIa OT JIMKHX COPOJINYEH — CO3/IaHKe 1 HCTIOJIb30BAaHNUE CUHTE-
THYECKUX FCHOMHO-3aMEILCHHBIX 1 T€HOMHO-I00aBICHHBIX
(hopM B KauecTBE «KMOCTHUKOBY JIUISI TIEpEIaul TeHETHIECKOTO
Marepuaia B KyJIbTypPHYIO MIIEHHUILY OT JUKHX COPOANYCH.
B Hanmonamsaom nientpe 3epra (HLL3) um. ILI1. JIykbsHeH-
KO pa3paboTaH OpUTrHHAIBHBIH TTOIX0/I, TO3BOJIMBIIIN CO3/1aTh
CHHTETHYECKHE T'eHOMHO-3aMelleHHble (GopMbl ABpojec
(BBAASS), Aposuc (BBAAS"SsM), Apponara (BBAAUU),
Asporara (BBAAN"N"™), Aspoasie (BBAARR), y koTopsIix
reHoM D MSTrKo# mIeHuIbl ObLI 3aMeIeH, COOTBETCTBEHHO,
Ha renomsl Ae. speltoides, Ae. sharonensis, Ae. umbellulata,
Ae. uniaristata u S. cereale (OKupos u zip., 1984). D11 hopmsr
OBUIM MCIIOJIL30BAHBI IS IIEPeladl XO3SHCTBEHHO LIEHHBIX
TEHOB B MATKYIO IIICHHUILY, a TAKXKE JJIsI TOJYYEHHS «BTOPHY-
HBIX» CHHTeTHYeCcKUX GopM (aBostH u ip., 2012). OcHOBHOI
bopmoit 11 cozmaHusl peKOMOMHAHTHBIX CHHTETHKOB ObLlTa
cuHTeTHueckas popma ABponec. OHa o0OnagaeT nomydeHHOH
ot Ae. speltoides criocoGHOCTBIO CTUMYIHPOBATH TOMEOJIO-
THYHYI0 KOHBIoTaruio xpomocoM (Tsatsenco et al., 1993).
Kpowme storo, cuaTeTHYeCKast popmMa ABpPOIEC MPOSBIACT
BBICOKYIO YCTOIYMBOCTB K JIMCTOBOM prkaBumue (Puccinia
triticina Eriks.), »ernroii pxxapuanae (Puccinia stiifomis West.),
MmyuHucTOM poce (Blumeria graminis f. sp. tritici), a Taxxke
OTJIMYAETCs MOBBINICHHBIM coiepkanneM oesnka. [Ipenmnona-
rajoch, 4To o01He 1yisi BceX popM reHoMbl BA Msrkoii miire-
HUIBI MOTYT CTaTb OCHOBOM [UIS BO3MOXXHOTO PEKOMOMHA-
IIMOHHOTO ITPOIIecca MEXK/Ty XPOMOCOMaMH JIBYX Pa3IMYHBIX
TeHOMOB JIMKUX BUOB. Takue hopMbl MOXKHO HCIIOIB30BATh
JUTSL TIOTYYEHHUSI MHOXXECTBEHHBIX MHTPOTPECCUH, HOBBIX
TPAHCIIOKAIUil, OHM CHOCOOCTBYIOT B OT/EIBHBIX CIy4asx
nepeade reHeTH4ecKoro Marepuasa oJJHOBPEMEHHO OT JIBYX
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JKopacTyiux BuioB. Ot ckperuBanus Gopmbl ABpojec ¢
JPYTUMH T€éHOMHO-3aMEeIeHHBIMHU (pOpMaMHU ObIITH Oy IEHBI
cunrernaeckne Gopmsl (RS-dopmbl), y KOTOPBIX NEpBbIe
JIBa TeHOMa, A U B, mpoucxoaar ot MArKOH MIIEHUIIBI cOpTa
ABpopa, a TPEeTHil TEHOM COYEeTaeT XPOMOCOMBI TeHOMa S
ot Ae. speltoides ¢ xpomocomamu Ipyrux AUKUX BUIOB:
Ae. umbellulata (U), Ae. sharonensis (S!), Secale cereale (R)
(HaBosH 1 1p., 2012).

B Hacrosimeit pabore npuBeseHB! pe3yabTaThl CO3/1aHMS,
MOJIEKYJISIPHO-LIUTOJIOTMYECKOT0 aHAIN3a U OIIEHKH T10 YCTOi-
YUBOCTH K TPHUOHBIM OOJIE3HAM HHTPOTPECCUBHBIX JTHHUH
MSITKOHM TIICHHIBI, TOJyYSHHBIX C HCIOIb30BAHUEM CHHTE-
tnueckoit popmsl RS7 (BBAASU) (ABponara x ABpoznec).

Matepwuanbl n metogbl

HcxoaHbIM MarepraioM ObLIIH HHTPOTPECCUBHBIC JIMHUH MSIT-
xoii muennns! (BC,F,—BC,F;), nonyuennsie oT nocnenosa-
TEJILHBIX CKPEIINBaHNN cUHTeTHUecKor (opmbl RS7 ¢ Boc-
[IPUMMYMBBIMU K JIMCTOBOU prKaBUMHE, XKEJITOM PiKaBUUMHE
U MYYHHCTOH pOCE COpPTaMM MSTKOHM MIIEHUIBI CEJIEKIIUH
HII3 um. ILIL Jlykesnenko: Kpacnonapckas 99, @umr u Poc-
tucnas. Copt Poctrcias Hecet B cebe paxaHyto TPaHCIOKALUIO
IRS.1BL. Copt ®umr nmeet Tpanciokaruio SBS.5BL-5GL
 3aMeteHHbie Xxpomocombl 1D(1DY) u 6D(6DY), monyueHHbIe
or BuzmoB T. militinae, Ae. tauschii yepe3 cuHTeTHUECKYIO
dopmy T. miguschovae.

Konproranmio xpomocom B Metadase I meiioza uzydanu
Ha JaBJIEHBIX Mpenaparax, OKPAIICHHbIX YKCYCHOKHCIBIM
TEMaTOKCHUIIMHOM. {11 MIPUTOTOBIEHHUS MaTOYHOTO PacTBO-
pa reMaToKCHIIMHA Opayiu 4 T TTIOPOIIKa FeMaTOKCHIINHA, | T
JKeJle30-aMMHUa4YHbBIX KBacioB, goBoauiand 10 100 mia 45 %
YKCYCHOH kmcioToi. PeakTuB co3peBan B TeueHue 160 u
B TEMHOTe B TepMmocTare npu noporpese 1o 40 °C. Ilomy-
YEHHBII pEaKTUB YEPHOTO I[BeTa (PUIIBTPOBAIIN C IIOMOIIBIO
CKJIaA4aToro (puibTpa W OCTaBISIM B TEMHOW OyThUIKE Ha
XpaHEHHE B XOJOMWIbHUKE. J[IsI OKpammBaHHs KOJIOCKOB
IILIEHHIBI, B3ATBIX B CTaJMH IIPOXOXKACHHS MeH03a, PEaKTHB
pas0asisum 45 % ykcycHol kucioroi B 1.5-2 pasa. [Ipensa-
puTespHO 3aduKcupoBaHHbIe B (hukcatope KapHya Komochs
(ITaymea, 1974) okpamuBaiy pa30aBjIeHHbIM PacTBOPOM
TeMaTOKCHINHA B TepMocTare pH 25 °C B Teuenne 1-2 cy-
TOK. B Mefio3e moacunTeiBany yucio Ou-, yHU- U MyJIbTHBA-
JIEHTOB.

3apakeHHe W OIEHKY 0 YCTOWYMBOCTH K OOIE3HSIM pac-
TEHUH BO B3pOCIIOH CTa IH NPOBOAMIIN B TIOJIEBBIX YCIOBHUSX.
[Tomynauuro MMHUAN 3apakajau CMECHIO YPEILOCIIOP JKEITOU U
JIMCTOBOM PXKABUMHBI, COOPAHHBIX C PA3HBIX COPTOB MIIECHNIIBI
B (hazax BEIX0OJa B TPYOKy M TpyOKa—KOJIOIIEHHE COOTBET-
CTBEHHO. YCTOMYMBOCTb K JKEJITOM PKaBUMHE OIPEACIIIN
o mkaie ['accuepa u lItpaiiba B a3y MomodHOI cienoctn
3epHa (Gasner, Straib, 1934). Yder nmopaxeHus JIMCTOBOMH
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Table 1. PCR conditions and primers used for identification of genes for leaf rust resistance

Gene Primers Annealing temperature, °C

erscs421570R .................. 6 o ....................................................
Cs421570L ................

Lr35 ................. B CD260F1 ...................... 5 9 ....................................................
35R2 ............................

Lr47 ................. P S1OR ............................ 6 1 .....................................................
Ps1o|_ ..........................

Lr5153013|_ ......................... 5 2 ....................................................
AGA77 5 9R .................

Lr9 ................... F “3/1 ............................ 6 3 ....................................................
F“3/2 ..........................

PKaBYMHOW MPOBOIMIHN B (pasy MOJIOYHO-BOCKOBOI cIieno-
CTH 3€pHa 10 MeXyHapoIHO wwKkane Maitnca u [xekcona
(Mains, Jakson, 1926). K ycToWYHBBIM OTHOCHIIM PAaCTEHUS
¢ TunoM peaknnu 0 (MMMyHHBIE), | (BBICOKOYCTOHYMBEIC) U
2 (ymepeHHO ycToW4uBBI€). PacTeHHS ¢ MPOMENKYTOUHBIM
oM peaknnd ot 0 10 1 (eqMHUIHBIE OYeHb MENKHE ITyCTY-
JIBI C HEKPO30M) o6o3Hadanmm 6amiom 01. K BocipunmMunBeiM
OTHOCHJIM PacTeHHus ¢ TUNoM peakuuu 3—4. OLeHKy yCToii-
YMBOCTH K MYYHHCTOH pOce MPOBOIMIN HA €CTECTBEHHOM
nH(EKINOHHOM (oHe B (a3y KoomeHus 1o mkaie [emene
(ITepecwinkun, 1979). Pactenus co cTeNeHbIO MOPaXKEHUS
My4HUCTOH pocoit 0-20 % cunTanuch yCTONUUBBIMH.

JHK Bbinensuin u3 5—7-AHEBHBIX STHOIUPOBAHHBIX MPO-
POCTKOB IMIIEHHIIBI 110 MeToy [Lnarike ¢ komteramu (Plaschke
et al., 1995). Unentuduxannio reHoB LI ocymiecTusm ¢
MTOMOIITBI0 METO/Ia IoTmMepasHoii ermHor peakiuu (ITHP) ¢
npaiimepamu, Mmapkupyromumu ressl Lr9, Lr28, Lr35, Lrd7,
Lr51 u Lr66. [paiimeps! mogabupaii Ha OCHOBAHHH JINTEPa-
TYPHBIX JaHHBIX, UX HAa3BaHUS M yCIOBUS aMIUTM(UKAINU
NpUBE/CHBI B Ta0. 1.

Peaxrmonnas cMech 066eMoM 25 MK comeprkana 1 x Gydep
qutst Tag-AHK-omamepassr (50 MM KCl, 20 MM tpuc-HCl,
pH 8.4, 2-5 mM MgCl,, 0.01 % TtBuEH-20), 2 MM MgCl,,
mo 0.2 MM kaxmoro dNTP, 12.5 MM kaxxmoro mpaiimepa,
50 ur IHK u 1 en. Tag-nonumMepassl. AMITIH(UKAINIO BEIH
COIVIACHO YCJIOBUSIM, NPUBEJICHHBIM B Taln. 1, ¢ He3Hauu-
TenpHBIMA Moandukarwsiva. [Ipoxgykrsr TP pasmemnsimu ¢
HCIIONIb30BaHNeEM AMekTpoopesa B 1.8 % arapo3nom rerne ¢
0.5% 0ydepom TBE. I'estn okpamniiBain OpoOMHUCTHIM STHIHEM
1 oTorpagupoBaIU B yIETPAPHOIETOBOM CBETE C TIOMOIIIBIO
(oroboxkca Infiniti 1000.

B kauecTBe IOJOKUTEIBHBIX KOHTPOJIEH UIsi orpesneste-
HHSI TEHOB OBbIIM UCIIOJIB30BAHBI TIOYTH N30T €HHBIE JIMHHIHU COp-
ta Thatcher ¢ reHaMu yCTOHYMBOCTH K JINCTOBOH prkaBUMHE
Lr9 (TcLr9) u Lr35 (TcLr35), B kauecTBe OTpUIIATEIBHOTO
KOHTPOJISA OBIT BOCHPUMMYHBBIN K JINCTOBOH paKAaBUNHE COPT
ABpopa.

Juddepennunansroe okpamuBanue xpomocom (C-banding)
ocymectBisua B HCTHTYTE 001I1ei reneTnku nM. H.U. Ba-
BHJIOBA 110 METOANKE, pa3paboTaHHOIi B Taboparopuu (pyHK-
LIMOHAIBHOM MOpostorkn XxpomocoMm MHCTUTYTa MOJIEKYIISIp-
Hoii 6nonormm uM. B.A. Durensrapara PAH (Badaeva et al.,
1994).

Amplicon size, Reference

bp

570 Cherukuri et al., 2005

931 Seyfarth et al., 1999

224 Dubcovsky et al., 2000

422 Helguera et al., 2005

1100 Schachermayer et al., 1994

dnyopecueHTHyto in Situ rudpuanzaumnto (FISH) nposo-
nuu B MacTuTyTe niutonoruu u renetuku CO PAH no panee
omybnukoBanHON Metozuke (Salina et al., 2006) ¢ mpumeHe-
HreM 30H10B pScl19.2 (Bedbrook et al., 1980) u pAs1 (Ray-
burn, Gill, 1986) mnst naenTudukannu xpomocoM (Schnei-
deretal., 2003), Speltl (Salina et al., 2004) — 1151 BBISIBIEHUS
reHeTnyeckoro mMarepuana Ae. speltoides B uccienyembix
JIMHUSIX.

Pe3ynbratbl

Cunrernyeckasi popma RS7 nposiBiisiia BBICOKYIO yCTOWYH-
BOCTb K JINCTOBOH U JKEJITOM prkaBUMHE U MyUYHHUCTOM poce, HO
OblTa MOJTHOCTBIO CTepHIIbHA. [IJ1s Iepeiadn yCTOHYMBOCTH U
BOCCTaHOBJICHHS ()ePTHIILHOCTH 3Ty (POPMY HOCIIEI0BATEIILHO
CKPEIIMBAIIH C BOCIIPUUMYHMBBIMHU K 3TUM OOJIE€3HAM COPTaMHU
Msrkod muenunsl Kpacuopapekas 99, @uwr u Pocrucnas.
[lepBoe mokojeHUE THOPUIHBIX PACTCHUI OBLIO YACTHYHO
(hepTUIABHBIM JTHOO TTOTHOCTBIO CTEPUIIBHBIM U TaKXKe Ipo-
SBISUIO YCTOHYMBOCTD K KOMIUICKCY OOJIE€3HEH IIICHUIIBI.
B 3aBucuMocTu OT ypoBHSI (epPTHIIBHOCTH 3THUX PACTECHUIA
TIPOBOAMIIN OEKKPOCCHUPOBAHNE MATKOHM MeHwuieil or 1 no
3 pa3, HO B OOJNBIIMHCTBE CIy4acB ISl €€ BOCCTAHOBICHUS
OBLIO TOCTATOYHO JIBYX OckkpoccoB. [lomydyeHHbIC OT OEK-
KpoccoB pacterns umenn oT 40 10 42 xpomocom. Pesynbrars
IIUTOJIOTMYECKOTO M3YYCHUSI XPOMOCOMHBIX aCCOLMALNN B
metadase | Meiiosa npuBeieHs! B TaoI. 2.

B nepBBIX MOKONIEHHUSAX PACTEHMH, MOIYUYEHHBIX OT OEK-
KPOCCOB € MSTKOH MIIeHUIEeH, HabmroaaeTcst 00IpIIoe Ko-
JIMYECTBO pacTeHuid ¢ MysbruBanieHtamu (80 %), kotopoe
CYIIECTBEHHO yMeHbInaeTcs (710 8.2 %) o Mepe yBeIndeHUsI
yrciaa 6EKKpoccoB U 0TOOpa (epTHIIBHBIX PacTeHUH ¢ HyX-
HbIMM IIPU3HAKaMU B CJIEAYIOLIUX MOKOJIeHUsAX. [Ipumepsl
KOHBIOTAITNH XpoMocoM B MeTadase | melio3a y THOPHIHBIX
pacTeHuil Moka3aHbl Ha puc. 1.

B pesynbrare otr60pa 42-XpOMOCOMHBIX PACTEHHIA CO CTa-
OMIIBHBIM NPOTEKAaHWEM MeH03a U3 MOy THOPUIHBIX
pactenuit RS7xT. aestivum noxonenns BC,F.~BC,F; no-
aydeHo 130 nunwmii. B HacTosmel craThe MpencTaBiIeHBI
pe3ynbTaThl n3ydeHus 14 auHuH, Hanboliee MHTEPECHBIX 10
CBOMM MOP(]0-0HOIOTMYECKUM TIPH3HAKAM.

[Tockonbky rmaBHOM 3amadelt ABJsUIach mepeaada ot RS7
MSITKOH MIIEHUIIE YCTOWIMBOCTH K OOJIE3HSIM, JIMHUH OL[CHU-
BAJICH 110 yCTOMYMBOCTH K HanOoJIee pactpoCTpaHEHHBIM 1

LUMTOTEHETUKA PACTEHUI / PLANT CYTOGENETICS 829



R.O. Davoyan, |.V. Bebyakina, E.R. Davoyan ...
1.G. Adonina, E.A. Salina, A.N. Zinchenko

Table 2. Presence of multivalents at Ml of meiosis
in hybrid plants F, and BC, F,-BC; F, of RS7 X T. aestivum

The development and study of common wheat
introgression lines derived from the synthetic form RS7

Table 3. Resistance to diseases
in RS7 x T. aestivum introgression lines (2017-2018)

Generation Numbers of plants Numbers (percentages)
examined of plants with multivalents
T » 2060%*
BCGF, e 3(683%)
BCFBGF, 75 5(333%)
BGF-BGF, 134 ne2%

* Percent from total number of plants.

Line Resistance to
leaf rust, yellow rust,  powdery
reaction reaction mildew, %
type, score type, score
4572p16 2 2 20
3379p14 01 2 15
4581p16 01 01 15
4586p16 2 1 20

Fig. 1. Chromosome pairing at metaphase | of meiosis in hybrid plants:

a, F; RS7xKrasnodarskaya 99 (12+6!+1Vil+1V); b, BC3 (RS7xKrasno-
darskaya 99) x Rostislav (16l1+ 51+ 1V). Arrows indicate of multivalents.

BPEIOHOCHBIM OOJIE3HIM — JIMCTOBOH M JKEITOH prKaBUMHE U
MYYHHUCTOH poce. B Tabmn. 3 nmpuBeneHa nx XxapakTeprucTHKA
3a2017-2018 rr. Bee 14 nunuii ObUTH yCTONYMBBI K JINCTOBOM
prkaBunHE. BBICOKYIO pe3UCTEHTHOCTH ¢ THIIOM peakimn 01
u 1 umenu 6 nmuauii: 3379u14, 4581116, 4662116, 4665116,
4991117 u 5026117. OcranbHble IMHUK 00JIa 1Al CpeaHei
YCTOWYHMBOCTBIO K 3TON OO0NIe3HU. PE3UCTEHTHOCTh K YKel-
TON pKaBUMHE HECNIH Takxke Bce 14 nuHui, 3 U3 KOTOPBIX,
4581m16, 46231116 u 4626116, UMEIOT TUI peakluu Ha 3a-
paxkenue 01. YCTOHYMBOCTD K MyYHHCTOH pOcCe MPOSBIIIN
12 nunwuii.

Oco0y10 LIEHHOCTD JUIsl CEJIeKLUH TPEJCTABISIOT JIUHUH,
YCTOIYMBBIE K KOMIUIEKCY Oose3Hei. [IBe muuum, 4665116 n
4670mn16, nmenu rpynmnoByr0 yCTOMYMBOCTh K AByM U 12 mu-
HUIl KO BceM Tpem Oosie3HsM. Clenyer OTMETUTh JIMHUU
3379114, 4581116 1 4991117, obnagaroniue BEICOKOI pe3u-
CTEHTHOCTBIO KO BCEM TpeM OOJIe3HsIM.

Pa3Hb1ii THI peaknyy JIMHUHA [0 yCTOWYMBOCTH K IMCTOBOM
P’KaBUMHE MOXKET CBHETEILCTBOBATH O PA3IMYHBIX HHTPO-
TPECCHSIX UY)KEPOJHOTO IeHETHYECKOr0 Marepraia B TeHOM
MSITKOM MIIeHUIbI. 715t Toro 4ToObl BBISCHUTH IIPUPOAY I1e-
peIaHHOro Marepuaa oT CHHTeTHIecKoi popmbl RS7, Ob11r
ckpemensl 10 n3ydaeMbIX JUHUHM C OJHUM M3 Hanboiee
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MEHOTHYECKH CTaOMIBHBIX COPTOB MATKOH mieHuIbl Kpac-
Hojapckas 99 u u3ydeH mMeiio3 y rubpunos F, (tabm. 4).

Accolmarys XpoMocoM y rHOpHIHBIX pactennii F, 2011+2!
n 191+4! Moxer cBHIETENHCTBOBATH O 3aMEIICHUN OIHOI
WJTH JIBYX TIap MIICHUYHBIX XPOMOCOM Ha "yepo/Hble. Takne
3aMeIleHNs] MOTYT ObITh y 8 nuHui 13 10 aHATU3UPpYyeMbIX —
3379m14, 4581m16, 4586116, 46231116, 46261116, 4635116,
4662116 1 4671116. Hanmmune MyasTHBAICHTOB y THOPHIOB
¢ muausmu 3379m14 (0.5 %); 4626116 (1.7 %); 4635116
(2.9 %); 4662116 (2.3 %) n 467116 (1.9 %) cBunerens-
CTBYET O TOM, YTO 3TH JINHUU MOTYT HECTH TPAHCIOKAIIUK OT
cunreruka RS7 u coproB @umrt n Poctucnas.

Jnst uneHTuUKAIK IEPECTPOEK XPOMOCOM U H3MEHe-
HUH B TEHOME Y MHTPOI'PECCUBHBIX JIMHUH HaMHU OBbUIN HC-
M0JIb30BaHbl METO/IbI AN (PEPEeHINATBHOIO OKpAIINBAHUS
xpomocom (C-banding) u ¢myopecrienTHoi in Situ rubpu-
muzanun (FISH). [pumenenne metona nuddepennnansHoi
OKpacKu XpoOMOCOM Jis AByX JuHuM, 5026117 n 4991mul7,
C TEHETHYIECKNUM MaTrepraioM RS7 o3BoHIIO BBIIBUTE Y HUX
HEHM3BECTHBIC paHee MePECTPONHKH U 3aMELICHUSI XPOMOCOM
(puc. 2). Jluaus 5026117, kpoMe U3BECTHON TPAHCIOKAIIUN
1RS.1BL, mvmeet 3amemieHre XpoMocoMbl 5D Ha Xpomocomy
5S or Ae.speltoides. Junust 499117 necer 3amemenus 7D
(7S) ot Ae. speltoides u 6D (6D2®) ot gpyroro Buaa Aegilops.
IIpennonoxuTensHo, 3amenienue 6D (6D®) mpoucxoaut ot
copra-penunuenTa OuiT, KOTOpHIi, B CBOIO OYepeb, IO-
JyduI 9To 3amenieHue ot T. miguschovae (GGAADD), B ko-
TOpOii pucyTcTByeT reHom D ot Ae. tauschii (JlaBosia u sip.,
2012).
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Table 4. Analysis of meiosis at Ml in F, hybrids obtained by crossing cytologically stable RS7 x T. aestivum lines to cv. Krasnodarskaya 99

Hybrid Numbers of 21" 9%
cells examined
4s72pi6XKOS* 68 895
3379p14><|<99 ............................ Lo Lo
4531p16xK99 ............................ ; 26667 ....................
4586p16><|<99 ............................ 173693 ....................
o 7p1 s s o
4623p16><|<99 ............................ ; 56456 ....................
462 6p1 6><K99 ............................ 3 05 ................................. ; 96 ....................
o 5p1 o L o
4662p16x|<99 ............................ 3 34674 ...................
4671p16><|<99 ............................ 3 12465 ....................
Krasnodarskaya99 m2 910

20"+2', % 19"+4', % Cells with multivalents, %
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Fig. 2. Karyotype of introgression lines: (a) 5026p17 and (b) 4991p17 C-banded with genetic material from RS7 synthetic forms.

C ucronp3oBanreM MeTosia (HIyopecIieHTHOH in Situ Tro-
puaM3anMK MpoaHanu3upoBaHo 12 muHuit (Tabdn. 5). Xpo-
MOCOMHBIE MepecTpoiku 3aTpoHyau 10 u3 12 u3ydeHHBIX
JIMHUHI. Y4dacTue XpoMOCOM reHoMa A B IepecTpoiKax He
ycraHoBieHo. [lepectpoiikn xpomocom reHoma B ompene-
neHsl y 8 nmuHuil U reHoma D — 11 nunmii. Hanbonee yacto
MIEPECTPONKH 3aTparuBaroT XpoMocoMsl 5B (6 nmunawuit) u 2D
(4 nuaum). B OONBIIMHCTBE CIy4YacB JMHUH HECYT TPAHC-
nokaruu ot Ae. speltoides. Tparciaokaluu OT 3TOro BHja
UACHTUPHUIHUPOBAHBI Ha Xxpomocomax 1D, 2D, 3D, 5D, 7D,
4B, 5B. BpIsIBII€HBI TaK)Ke JTUHUH € 3aMELLIEHUEM XPOMOCOM
MIIeHuIBl Ha XpoMocombl Ae. speltoides: 1B(1S) u 4D(4S).

JIuHMiA, HeCYIMX TPAHCIOKALUMH U 3aMELLIEHHBIE XPOMOCO-
MbI TonbKo oT Ae. umbellulata, He oGHapy»xeHo. B To xe Bpems
JIBE JIMHUM HECYT OJJHOBPEMEHHO F€HETHYECKUI MaTepua OT
Ae. speltoides u Ae. umbellulata. B murnu 3379114 (puc. 3, a)
onpenenensl Tpanciaokauuu: T7DL.7DS-7US B kopoTkom
wiede xpomocomer 7D ot Ae. umbellulata u nHa mueuax
xpomocom SBL, 1DL, 2DL ot Ae. speltoides. Kpome storo,
y 9TOW JTMHNU OOHAPYKEHO 3amelieHne xpomocomsl 4D Ha

xpomocomy 4S Ae. speltoides. JTurus 4626116 (cm. puc. 3, 6),
MPEANONIOKUTENBHO, UMeeT TpaHcsokanuto T2DS.2DL-2UL
Ha JUIMHHOM Iutede xpomocombl 2D ot Ae. umbellulata u
TpaHciokauio B xpomocome 7D ot Ae. speltoides. B weit
MOTYT NPHCYTCTBOBATH TAKKe TpaHcIokanuu ot Ae. speltoides
Ha xpomocoMax 5B u 7B. Crnenyer oTMETHTh, UTO TpaHC-
nokamuu T1DS.1DL-1SL, T2DS.2DL-2UL, T7DL.7DS-7U
U XpOMOCOMHOE 3amertieHue 4D (4S) momydeHs! BIiepBEIC.

BbIsSIBICHHBIC HHTPOTPECCUBHBIC JTHHUU TPEICTABISIFOT
0COOBIi MHTEpEC KaK BO3MOXKHBIE TOHOPHI HOBBIX I'€HOB
YCTOIYMBOCTH K OOJIE3HSAM, B YACTHOCTH K JIICTOBOMH prKaB-
JrHe, mepeaHHbIX oT BuoB Ae. speltoides u Ae.umbellulata.
B HacTosIIee BpeMst B KaTajgor I'eHHBIX CHMBOJIOB ITLICHH-
bl BHECEHO LIECTh FCHOB YCTOWYHMBOCTH, MEPEAAHHBIX OT
Ae. speltoides: Lr 28, Lr 35, Lr36, Lr47, Lr51, Lr66 u ogun
ren, Lr9, or Ae. umbellulata (MclIntosh et al., 2013).

J7st HOCTYINSAILMY TEHOB YCTOMYMBOCTH K JIUCTOBOW PrKaB-
YMHE B TCHOME MOJYYCHHBIX HAMHU JIMHHHA HCIOIB30BaH
JHK-mapxepsr. Panee (HaBosia u 1p., 2012) 6511 mpoBeacH
aHaJM3 CUHTETHYECKOi (GopMbl ABpojec Ha MPHUCYTCTBHE
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Table 5. Results of the analysis of RS7 x T. aestivum introgression lines by in situ hybridization (FISH)
Line Source Revealed translocations and substitution

4572p16  Ae. speltoides The full number of chromosomes of wheat. No chromosomal reorganizations are detected
Ae. umbellulata

3379p14  Ae. speltoides T1RS.1BL; T1DS.1DL-1SL; T2DS.2DL-2SL; T5BS.5BL-5SL; 45(4D); a translocation or deletion in 6DL
Ae. umbellulata T7DL.7DS-7US

4581p16 Ae. speltoides 1B(1S), T5BS.5BL-5SL
Ae. umbellulata Not detected

4586p16  Ae. speltoides T1RS.1BL; T3DS.3DL-3SL
Ae. umbellulata Not detected

4607p16  Ae. speltoides The full number of chromosomes of wheat. No chromosomal reorganizations are detected

Ae. umbellulata

4623p16  Ae. speltoides T1RS.1BL; T5BS.5BL-5SL
Ae. umbellulata Not detected
4626p16  Ae. speltoides T7DL-7SL.7SS; T5BS.5BL-55L
Ae. umbellulata T2DS.2DL-2UL
4635p16  Ae. speltoides T1RS.1BL; T2DS.2DL-2SL; T5BS.5BL-55L
Ae. umbellulata Not detected
4662p16  Ae. speltoides T1RS.1BL; T5D
Ae. umbellulata Not detected
4665p16  Ae. speltoides T5BS.5BL-55L
Ae. umbellulata Not detected
4670p16  Ae. speltoides T1RS.1BL. Putative translocation from Ae. speltoides on the long arm of an unidentified
A genome chromosome
Ae. umbellulata Not detected
4671p16  Ae. speltoides T1RS.1BL; T2DS.2DL-2SL; T4BS (origin unknown); T5BL (origin unknown)
Ae. umbellulata Not detected

pSc119.2

Fig. 3. Hybridization in situ (FISH): a, with the probes Spelt1 (red) and pSc119.2 (green) on metaphase chromosomes of line
4581p16; b, with the probes pAs1 (green) and pSc119.2 (red) on metaphase chromosomes of line 4626p16.

T€HOB YCTOHYMBOCTH K JINCTOBOW prkaBumue Lr28, Lr35, YcTaHOBIIEHO, UTO CHHTETHYECKast popma ABpojieC UMeeT
Lr47, Lr51 u popmbr ABponata — Ha Hamune TeHa Lr9. Ten w3 mepeurcneHHBIX reHoB ToabKo Lr28, Lr35 u Lr51. B cuH-
ycroitunBocTy Lr36 B aHamu3 He ObLT BKIIIOUEH B CBSI3U C OT-  TeTHYecKol (hopMe ABposiara ObUIO MOATBEPIKICHO HATHYHE
cytcTBUeM 3((HEeKTHBHOIO MOJIEKYJISIPHOTO Mapkepa k Hemy.  reHa Lr9. Vcxoms U3 3Toro, nosnyueHHbIe HHTPOTPECCHBHBIE
Wnentudukanmio rera Lr66 Ha raHHOM 3Tare He IPOBOAWIN.  JIMHWH aHAIN3UPOBAJIH TOJIBKO Ha HAIW4ne y HUX 3 dexTus-

832 BaBunoBckuii XXypHan reHeTuku n cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 .7



P.O. laBosiH, U.B. bebskunHa, 3.P. laBosAH ...
W.I. AooHuHa, E.A. CanuHa, A.H. 3MHYeHKOo

570 bp
—

2019
23.7

Co3flaHue 1 n3yyeHne NHTPOrpeccUBHbIX TMHWUIA MATKON
MNLWEeHULbI, NOyYeHHbIX Ha OCHOBE CUHTETUYeCKo dopmbl RS7

Fig. 4. Amplification products with primers CS421570-R and CS421570-L to the diagnostic marker linked to the leaf rust resistance

gene Lr28.

1, molecular weight ladder; 2, TcLr28; 3-74, introgression lines; 9, line 4991p17; 15, Avrolata; 16, Avrodes; 17, cultivar Avrora.

HBIX TEHOB YCTOMYMBOCTH K JINCTOBOW prkaBunHe Lr9, Lr28,
Lr35u Lr51.

B ananm3 6pu10 BKITIOYEHO 12 TMHUHA, KpOMe ABYX JIMHUH,
4572116 14607116, B KOTOPBIX, IO Pe3yNbTaTaM UTOIOTU4e-
CKOTO aHaJI13a, He OBbUIO BBISIBIICHO YY)KEPOIHBIX HHTPOrpec-
cuii. Tonpko y omHOM TrHAN, 49911117, ycTaHOBIEHA aMITITH-
¢ukanus dpparmenta st Mapkepa SCS421, criennpuaHoro
quist rera Lr28 (puc. 4). B ocTajibHBIX JINHUSIX HCKOMBIC T€HBI
MapKepHbIM aHAJIU30M HE OOHAPYKEHBI.

O6cyxpeHue

OCHOBHOI#1 MPaKTHYECKOH 3a1a9eii IPH CO3IaHUN 1 HCTIONTB30-
BaHWY CUHTETHYECKOH (opMbI RS7 Oblita BO3MOXKHOCTE TIepe-
naun ot Ae. speltoides u Ae. umbellulata msirkoii meHwue HO-
BBIX T€HOB yCTOWYHMBOCTH K Oone3HsaM. Takas paboTa ocCHOBa-
Ha Ha IOJTyYeHUH HHTPOTPECCUBHBIX JIMHUH C TeHETHYECKUM
MaTepuatoM OT 3TUX BUAOB. AHAIN3 KOHBIOTALIUU XPOMOCOM
B MeTadase | Meiioza y rTHOPHIHBIX pacTeHHUH, MOTYyYSHHBIX
oT ckpemmBaHus RS7 ¢ Msrkol TieHUIEH, BRITBIII OOJTb-
1I0€ KOJIMYECTBO pacTeHuii ¢ mynsTusanenTamu (80 %) B F,
KOTOpOE TI0 Mepe YBEIMYEHHUS Yrcia OEKKpPOCCOB M 0TOOpa
(hepTUIBHBIX PACTEHUH C HYKHBIMU TIPU3HAKAMH B CIICYIO-
IIMX MOKOJEHUSIX CYHIECTBEHHO YMEHBIIHIOCH (10 8.2 % B
BC,). IIpu nomxydyeHuH peKOMOMHAHTHBIX CHHTETHYECKHUX
(hopM reHOMHO-3aMereHHas (hopMa ABpPOJIEC HCIOIB30BaHa
HaMU He TOJIbKO KaK HCTOUHHK IIEHHBIX T€HOB YCTOWYNBOCTH
K OOJIE3HSIM, HO 1 KaK ITPOMOTOP TOMEOJIOTMYHOI KOHBIOTAIIN]
XpoMOcoM. MOXHO TIPEIONIOKNTh, YTO Hanboiee aKTUBHO
TOMEOJIOTHYHAsT KOHBIOTAIMSI XPOMOCOM OCYIIECTBIISUIACh B
MEPBBIX MOKOJCHUSAX. B MOMynsayuy ruOpuIHBIX pacTeHUi
MIPONCXO/IMII €CTECTBEHHBIH 0TOOp, CTAOMIM3UPYIOIINHA KO-
JIMYECTBO XPOMOCOM U UX aCCOIMALIUIO B MEH03€ B CTOPOHY
MArko# muenunpl. Takum oOpasom, B nokosnennsx BC,—BC,
MO>KHO OBUTO MPOBOANTH 0TOOP (pepTHIILHBIX PACTEHHH C TIO-
JIE3HBIMU NPU3HAKAMHU.

OrobGpanuble st nzyuerns 14 muamit RS7 x T. aestivum
noxonenus BC,F—BC;F; pasnnuanuce mo ycToiuMBOCTH K
JIMCTOBOY U YKEJITON pKaBUMHE U My4YHUCTOU poce. BrLasie-
HBI JIMHUW C TATIAMH PEAaKIHU K JTUCTOBOH pikasumue 01, 1
u 2, k kentoi pxasurne 01, 1 1 2, co cTeneHblo NopaxeHus
My4yHHCTON pocoit 15 u 20 %. JIuHNM OTIHNYaOTCs TakxkKe Mo
YCTOMYMBOCTH K KOMIUIEKCY ITEPEUHCICHHBIX Oone3Heil. Pa3-
HOOOpa3ue JIMHUH 110 YCTOWIMBOCTH K OOJIC3HSIM MOXKET CBH-

JICTEITLCTBOBATD O PA3TMYHBIX HHTPOTPECCUSIX TeHETHIECKOTO
Matepuaia RS7 B reHoMe MSTKOM MIIEHUIIBI M BO3MOXKHOMN
nepeaade HOBOTO TeHa(0B) YCTOMIHUBOCTH.

Huronornueckuii ananu3 (C-banding u FISH) BersiBun
XPOMOCOMHBIE iepecTpoiku y 12 u3 14 qunuil. YcTaHoBiIeHo,
YTO TEeHETHUYECKUI MaTeprall OT CHHTeTH4IecKoi popmer RS7
B M3YYCHHBIX JIMHUSX TPECTaBICH Kak B GpopMe TpaHCIIo-
Kalluii, TaKk ¥ B BUJI€ 3aMELIEHHbIX XpoMocoM. HecMoTps Ha
HEOOJIBIIOE KOJIMUECTBO U3yUCHHBIX JIMHUI, OBUIO BBISIBICHO
12 XpoMOCOM C HHTPOTPECCUSIMH, TIPH 3TOM B OCHOBHOM TIepe-
CTpolKamH OBUTH 3aTPOHYTHI XpPOMOCOMBI reHOMOB B (4 xpo-
Mocomsbl) 1 D (7 xpomocom) msrkoi rimeHus!. [lomydennsre
pe3ynbTaThl BIOJHE 0kuaaeMbl. OHM 0OBSICHSIIOTCS, BO-TIEp-
BBIX, TEM, UTO B CHHTeTHYEeCKHX (popmax ABponec (BBAASS)
n ABpomnata (BBAAUU) renom D MsTKOH NIIICHATIHI 3aMETIEH
Ha reHoMbI S Ae. speltoides u U ot Ae. umbelllata, Bo-BTopbIx,
Ae. speltoides siBrsieTcst BepOSITHBIM JIOHOPOM reHoma B u,
B-TPETBUX — CHOCOOHOCTBIO CHHTETHKAa ABPOJIEC CTHUMYIIHU-
pOBaTh FOMEOJIOTHYHYIO KOHBIOTAINIO XpoMocoM (Tsatsenco
etal., 1993). Oco0o ciemayeT OTMETHTh OOHAPYKCHHBIC BIIEP-
BbIe Y MATKON MIIeHUIsl Tpancmokanun: T1DS.1DL-1SL,
T2DS.2DL-2UL, T3DS.3DL-3SL, T7DL.7DS-7U, Tak xax
OHU MOTYT OBITh BEPOATHHIMH MCTOYHUKAMU HOBBIX T'€HOB
YCTOMYMBOCTH K OOJIE3HSIM, B YACTHOCTH K JIICTOBOI piKaB-
YHHE.

Y HEKOTOPBIX JIMHUHI PE3yabTaThl LUTOJIOrMYECKOTO aHa-
JIM3a U OIIEHKH 110 yCTOHYMBOCTH K OOJIE3HAM HE COBIAJAIOT.
Tak, HanpumMep, y auHMK 4623116 MeTomom rubpuansa-
uu in Situ UACHTHOUIIMPOBAHO BCETO JBE TPAHCIOKAIIMH:
T1RS.1BL u TSBS.5BL-5SL. B 10 5ke Bpems aHanm3 Meio3a
B Metadase I y rubpnyios F,, moaydeHHBIX OT CKpelMBaHUs
9TOoM nuHUK ¢ copToM KpacHomapckas 99, cBuieTenscTByeT
0 HAJUYHMH B HEH OOIBIIET0 KOTMYECTBA WHTPOTPECCHM.
B orHOcuTensHO ycToiunBbIX auHUAX 4572116 u 4607116
XPOMOCOMHBIE IIEPECTPONKU HE BBIABIEHBI. BeposdTHO, B
3THUX JMHUAX IPUCYTCTBYIOT IIEPECTPOHKH, KOTOPBIE HE OTIpe-
nesttorest metonoM FISH. B wactHOCTH, 9TO MOTYT OBITH 3a-
memenus: 1D(1DY) u 6D(6DY), noyuennsie ot copra Ouit.
B nameii padore 3amernienune 6D(6DY) y munun 49911117 6110
YCTaQHOBIJICHO METOAOM JH(dhepeHInaIbHOr0 OKpanBaHus
xpomocoMm (C-banding).

Or Buza Ae. speltoides msrkoii TimeHuIIe IepeaaHbl TeHbI
YCTOWYMBOCTH K JIUCTOBOM prkaBumne Lr28, Lr35, Lr36, Lr47,
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Lr51 u Lr66 (Mclntosh et al., 2013). 3Tu rers! ObuTH TICpE-
HECEHBI B XpOMOCOMBI MATKOH mieHnIIs! 4A, 2B, 6B, 7A, 1B
n 3A (Friebe et al., 1996; Dubcovsky et al., 2000; Helguera et
al., 2005; Marais et al., 2010). Kpome atoro, .I'. AnonuHna ¢
kosuteramu (2012) oxapakTepru30Baji HOBYIO TPAHCIOKAIIHIO
T5BS-5BL-5SL ot Ae. speltoides ¢ addexTuBHBIM reHOM,
o0o3HaueHHBIM Kak LrASP5. Hecmotpst Ha 10BOJIBHO 00JTB-
II0€ KOJIMYECTBO TEPEAAHHBIX T€HOB, HE UCKIIIOUYEHO, UTO y
Ae. speltoides MoryT nprcyTCTBOBATh APYTHE TEHBI yCTOHYH-
BOCTH K JINCTOBOH PXKaBUMHE, O YEM TAKIKE CBH/ICTEILCTBYIOT
MOJy9YCHHBIC HAMH paHee pe3ynbratsl ([JaBosH u ap., 2017).

Ot Ae. umbellulata mepesan enuHCTBEHHBIN TeH YCTOWYH-
BocTHu Lr9, nokanuszoBanHslii B xpomocome 6B (Sears, 1956).
W3 mepedrciIeHHbIX TEHOB B CEIEKIMN B OCHOBHOM HCIIOJIB3Y-
toTcsi reHsl yeroanBoctu Lr9, Lr28, Lrd7, Lr ASP5 (Friebe et
al., 1996; Anonuna u ap., 2016). Ha ocHoBaHMM MapKepHOTO
aHaIM3a C/IeJIaHO MPETIOI0KEHNE, UTO CHHTETHYECKast (hopMa
ABpojiec IMeeT N3 EPEeUUCICHHBIX TeHOB TOJIBKO TpH: LI28,
Lr35 u Lr51 ([laBosin u 1ip., 2012). B cunreTnyeckoit hopme
ABponara noarepikaeHo Hanuuue reda Lr9 (lasosia u ap.,
2012). Y3 npoanaM3MpOBaHHBIX 14 JIMHUI TOJIBKO y OTHOM
nuHun, 4991117, nneHTudUnupoBaH TMarHoCTHYECKUi (par-
MeHT amruTuduranun Mapkepa SCS421, paspaboTaHHOTO IS
uaeHTUUKanuy reHa Lr28. B ocTanbHBIX TUHHUSIX HCKOMBIC
I'eHbl HE YCTaHOBJICHBI.

Wnentndukamms resa LrAspS ve mpoBommmace. B 1o xe
Bpems TpaHcnokanus TS5BS SBL-5SL BelsBreHa y mecTu u3
MOJIy4eHHBbIX Hamu nuHui: 3379m16, 4581n16, 4623m16,
4626116, 4635116, 4665116. BO3MOKHO, 9TH JTUHHH TAKKE
MOT'YT HMETh I'eH ycToitunBoctr LrASp5 ot Ae. speltoides.

3aknioyeHune

TakuMm 00pa3oM, HCIOIE30BaHUE CHHTETHYECCKOM (hopmbI RS7
TIO3BOJIMIIO TIOJTYYHTh OOJIBIIIOE Pa3HO0Opa3ue HHTPOI PECCHB-
HBIX JINHUH, YCTOMYMBBIX K JJMCTOBOM U JKEJITOM prKaBUMHE U
MYYHHUCTOW poce. BBISBIIEHBI JIMHUK ¢ HOBBIMH TPAaHCIIOKa-
UsiMu 1 3amertenusiMu ot Ae. speltoides u Ae. umbellulata,
KOTOpPBIE MOTYT HECTH HOBBIE T€HBI YCTOMYHBOCTH K TPHOHBIM
OoIe3HIM.
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Identification of univalent chromosomes
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The lack of clear morphological markers of cotton chromosomes contributed to the development of an uncon-
ventional method for marking chromosomes using translocations. Today, tester translocation cotton lines re-
present the most complete set of cytological markers. The results of cytogenetic analysis of F, hybrids obtained
from crosses of monosomic cotton lines with translocation lines with identified chromosomes are presented.
Cytogenetic identification and numbering of univalent chromosomes in 25 monosomic lines of the cytogenetic
collection of the National University of Uzbekistan allowed us to establish the following univalent occurrences:
chromosome 2 in four monosomic lines, chromosome 4 in 15 lines, chromosome 6 in four lines, chromosome 7
of the Ai-subgenome in one line and chromosome 18 of the Dy-subgenome in one line. The remaining 21 lines
were duplicates of three non-homologous chromosomes. All monosomic lines identified were characterized by
differences in univalent sizes, meiotic index, number of tetrads with micronuclei, pollen fertility, frequency of
monosomy in the progeny, and a complex of morphological characters associated with the monosomy of the
chromosome identified. Despite differences in the genotypic environment and methods for producing mono-
somics in the two cotton collections, there is a surprising coincidence of data suggesting a higher frequency of
chromosomes 2, 4 and 6 occurring as monosomics, while the other chromosomes of the set occur as monoso-
mics at a much lower frequency, and eight nonhomologous chromosomes (5, 8, 13 of the Ai-subgenome and 14,
15,19, 22 and 24 of the D;-subgenome of cotton) never do.

Key words: cotton; Gossypium hirsutum L.; cytogenetic analysis; cotton cytogenetics; monosomic lines; chromo-
some identification.
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MaeHTUUKaLVS VHUBAJIE€HTHBIX XPOMOCOM
YV MOHOCOMHBIX JIMHUN XJI0MMYaTHMKA Gossypium hirsutum L.
C IIOMOIIBIO IIUTOT€HEeTUYECKMX MapKepPOB

M.®. Canambsiu @, 1ILV. BoboxyskaeB

HauunoHanbHbIn yHuBepcuTeT Y3bekuctaHa um. M. Ynyréeka, TawkeHT, Y3bekuctaH
&) e-mail: sanam_marina@rambler.ru

OTCyTCTBUE YeTKMX MOPDONOrMYECcKMX MapKEPOB XPOMOCOM XJTOMUYaTHMKa CMOCOOCTBOBANIO pa3paboTke He-
TPaANLIMOHHOTO MeToAa MapKMPOBKM XPOMOCOM C NMOMOLLbIO TPaHC/IOKaLMI. TecTepHble TPaHCIOKaLMOHHbIe
JIMHUW XJIOMYaTHUKA Ha CerofHALWHUIA AeHb NPefCTaBasioT coboi Harbonee MONMHbIN HAbOP LUTONOrMYECKX
MapKepoB. MpuBefieHbl pe3ynbTaTbl LMTOrEHETUYECKOro aHanm3a rubpraos F,, MosyyeHHbIX OT CKpeLymBaHuii
MOHOCOMHbIX IMHWI XA0NYaTHNKA C TPAHCIOKALMOHHBIMU IMHUAMU C MAEHTUOULMPOBAHHBIMY XPOMOCOMaMM.
LinToreHeTnueckasa naeHTMdUKaLMa N Hymepauma YHUBANEHTHbIX XPOMOCOM Y 25 MOHOCOMHbIX JIMHWUIA LUTO-
reHeTMYecKor Konnekumn HaumoHanbHOro yHuBepcuTeTa Y36eKkucraHa Mo3Bovila yCTaHOBUTb, YTO YeTblipe
MOHOCOMHbI€ INHUW UMEIOT YHUBANIEHTHbIE XPOMOCOMbI MO XPOMOCOoMe 2, 15 nnHMI — Mo Xxpomocome 4, yeTbipe
JIMHUW — MO XPOMOCOME 6, OfjHa NIMHUA — MO Xpomocome 7 A-CybreHoma v OfiHa IMHWA — Mo XpomMocome 18
D-cybreHoma xnonuyatHuka. OctanbHasa 21 nuHMA 6bina Ay6MKaToM TPex HEeroMosIorMyHbIX XPOMocoMm. Bce
NAEHTUPULMPOBaHHbIE MOHOCOMHbIE JIMHUN XapaKTePU30BaIUCh PasNNYMAMU B pa3Mepax yH1BaNeHToB, Beu-
YMHe MeoTUYECKOro MHAEKCA, YnCna TeTpaa ¢ MuKpoagpamu, GepTuabHOCTM MblbLibl, 4aCTOTbl BOCMPOMN3BOS-
CTBa MOHOCOMHOTIO COCTOAHMA B NMOTOMCTBE 1 KOMIIeKca MOPPONOrnyecknx Npu3Hakos, acCOLMNPOBAHHDBIX C
MOHOCOMMEN MO NAEHTUOULMPOBAHHON XPOMOCOMe. HeCMOTpsA Ha pa3nnymsa B reHOTUNNYECKON cpefie U MeTo-
[ax MoslyyeHVisi MOHOCOMUKOB B ABYX KOEKLMAX XNTONUYaTHVKa, HabloAaeTca yauB/TENIbHOE COBMNaAeHe fAaH-
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NpeHTndrKayma yHMBaNeHTHbIX XPOMOCOM Y MOHOCOMUKOB
Gossypium hirsutum L. c NOMOLLbI0 LIUTOFEHETUYECKNX MapKepoB

HbIX MO 6osbLUe YacToTe NOABIEHVA MOHOCOMUKOB MO XPOMOCOMaM 2, 4 11 6, Torga Kak MOHOCOMMKM MO APpYrm
XPOMOCOMaM Habopa NOABATCA C KyZla MEHbLUEN YacTOTOM, a MO BOCbMM HEFrOMOJTOTMYHbIM XpoMocomam (5, 8,
13 A-cy6reHoma u 14, 15, 19, 22 n 24 D,-cybreHoma) Boo6LLe HUKOrfa He BbIABNAIOTCA.

KntoueBble cnoBa: xionyaTHuK; Gossypium hirsutum L.; UMTOreHeTUYeCKNn aHanmns; TPaHCIOKaLMOHHbIE IMHUN;

MOHOCOMHbI€ NNHWIK; Vl,D,eHTVId)VIKaLI,VIﬂ XPOMOCOM.

Introduction

The need for a karyological study of cultures with weakly
morphologically differentiated chromosomes has contributed
to the development of non-traditional methods for marking
chromosomes using translocations. Work on the creation of
translocation tester sets that were obtained in five plant species
was widespread: maise (Burnham, 1954), barley (Burnham
et al., 1954), pea (Lamm, Miravalle, 1959), rye (Sybenga,
Wolters, 1972) and tomato (Gill et al., 1980). The problem of
identifying individual chromosomes of a set in species such
as horse beans, beans, and soybeans was partially solved
by obtaining translocation lines for some non-homologous
chromosomes of the genome (Sjodin, 1971; Ashraf, Bassett,
1986; Mahama et al., 1999).

As is known, cultivated cotton species Gossypium hir-
sutum L. is an allotetraploid (2n = 52) and includes two
subgenomes (the Ai-subgenome and the D;-subgenome).
Brown M.S. et al. (1980) received 62 translocation lines
of G. hirsutum cotton using X-, v, Bikini radiation and fast
neutron irradiation of seeds or pollen of various varieties, as
well as several lines. In 58 of these lines, two non-homologous
chromosomes were involved, in three — three chromosomes,
and in one —four. To identify and number chromosomes, stud-
ies were carried out to classify translocated chromosomes as
subgenomes. As a result of identification, it was found that the
26th chromosome was not involved in any of the translocations
and was determined by the exclusion method, since for all
years of research it was not possible to obtain a translocation
involving this chromosome (Stelly, 1993). All these transloca-
tions include the most complete set of cytological markers for
studying cotton genomes (Menzel, Brown, 1978).

In decision the problem of identifying small chromosomes,
high hopes were associated with the use of the differential
staining method, however, attempts to obtain differential
chromosome banding sufficient to identify non-homologous
chromosomes did not lead to the desired result (Turkov et
al., 1980; Escalant, Schwendiman, 1984; Wang, 1985). The
staining of prometaphase cotton chromosomes using BrdU-
Hoechst-Giemsa and a special analysis system made it pos-
sible to detect from 2 to 9 main blocks on the chromosome
that corresponded to early replicating DNA (Muravenko et
al., 1998; Muravenko, Zelenin, 2009).

Due to the fact that cultivated cotton G. hirsutum is an al-
lotetraploid and includes two subgenomes, it is tolerant to the
loss of individual chromosomes. However, the creation of a
series of monosomic lines in the United States characterized
by the loss of individual chromosomes (2n = 51) has been
went on for many years (Endrizzi, Brown, 1964; Endrizzi et
al., 1985). So, until 1985, only 15 of the 26 non-homologous
chromosomes of G. hirsutum were isolated and identified in
the United States. To date, the cotton cytogenetic collection

created in the USA is characterized by the absence of any
types of deficiencies for three chromosomes (13, 19 and
24), whereas for five non-homologous chromosomes (5, 8
As-subgenome and 14, 15, 22 D-subgenome), in collection
have deficiencies only individual chromosome arms (Saha et
al., 2012). However, this does not prevent their use for the
chromosome localization of marker genes and the production
of a series of substituted lines that are created simultaneously
with the participation of three tetraploid species (Saha et al.,
2004, 2006, 2013).

For many years, studies on the induction of cotton plants by
chromosomal aberrations using various methods of induced
mutagenesis have been conducted at the National University
of Uzbekistan (Sanamyan, 2003, Samanyan, Rakhmatullina,
2003). As a result, a unique cytogenetic collection of cotton
was created, including monosomic, monotelodisomic, and
translocation lines, which place second in the world in terms
of the number of lines after a similar collection created in the
USA (Sanamyan et al., 2010, 2014).

The aim of the work is the unified identification of univalent
chromosomes in previously obtained monosomic cotton lines
using a set of cotton tester translocation lines with identified
chromosomes.

Materials and methods

The research material was hybrid monosomic cotton plants
obtained by crossing monosomic lines of different origin from
the cytogenetic cotton collection G. hirsutum of the National
University of Uzbekistan (NUUZz) (Sanamyan et al., 2014),
with translocation lines with identified chromosomes of the
American cytogenetic collection (Stelly, 1993). Monosomic
cotton lines grow year-round in the cellophane envelopy green-
house of NUUz, which are monitored and all agricultural
activities are carried out. Cytogenetic markers of a set of
lines with identified translocations were kindly provided by
Professor David Stelly (Department of Soil and Crop Sciences,
Texas A&M University, College Station, TX, USA) through
the ARS-USDA exchange program.

Cytological analyzes examined metaphase I (MI) meiosis
in pollen mother cells (PMCs) by fixed 2-3 mm buds in
alcohol-acetic acid (7:3). Then, PMCs were stained with iron-
acetocarmine. The metaphases of the first division of meiosis
were analyzed on temporary pressed preparaty under a light
microscope and the nature of chromosome pairing, the number
of uni-, bi-, tri- and multivalents were taken into account.

All cytological observations were carried out using micro-
scopes Laboval, AxioScopeAl (Carl Zeiss, Germany) and
Biomed (Leica, Switzerland) with a magnification of 10x,
100x%, binocular lens 1.6% and GF 12.5 x 120 and 10x eye-
piece. Microphotography was performed using a Mikroskop
kamera AxioCamERCc5s digital camera. When exposure was
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used green filter 3C-11-3. The plants and their parts were
photographed using a CanonA-610 digital camera.

Results and discussion

The cytogenetic analysis of F, hybrids obtained from crosses
of cotton monosomic lines with the translocation lines iden-
tified in accordance with the international nomenclature al-
lowed identification of univalent chromosomes of monosomic
lines of the cytogenetic collection of cotton of NUUz. It is
known that the identification of pollen in mother cells in the
metaphase | of meiosis in hybrid translocation monosomics
of quadrivalent and univalent indicates the non-homology
of the univalent and chromosomes involved in translocation
(Endrizzi, Brown, 1964). If trivalents are found in hybrid
translocation monosomics in the PMCs, this indicates the
homology of the univalent and one of the chromosomes in the
translocation. In this case, crosses of this monosomic plant are
carried out with other translocation lines, in which one of their
chromosomes in translocations was the same as that of the
first line. Analysis of chromosome associations in monosomic
hybrids allows us to identify the univalent chromosome as a
specific chromosome of the set.

The analysis was carried out for all hybrid offspring ob-
tained from crosses of cotton monosomic and translocation
lines with identified chromosomes, however, only those vari-
ants that shared common chromosomes were included in the
table for pairing of chromosomes (Table 1).

As aresult of the analysis of cotton monosomic lines using
a series of translocation lines with identified chromosomes, it
was possible to identify univalent chromosomes in a number
of lines. Thus, homology of univalent chromosomes was
established in four monosomic lines (Moll, Mo16, Mo19
and Mo093) and one of the translocated chromosomes in
crosses with six translocation lines — TT2L-6R, TT2L-3Lb,
TT2R-3La, TT2R- 8Ra, TT2R-8Rb, and TT2R-14R, since
24 bivalents plus one trivalent were observed in monosomic
translocation hybrids in the meiosis metaphase I (Fig. 1, see
Table 1). Since six translocation lines share one common
chromosome 2, then the univalent chromosome lines in mono-
some Mol1, Mo16, Mo19, and Mo093 are chromosome 2 of
the A subgenome of cotton and, as four monosomic lines are
duplicates. Molecular genetic analysis of four monosomic
interspecific F1 hybrids with the participation of the lines
Moll, Mol6, Mol19 and Mo093 confirmed these data (Sa-
namyan et al., 2016).

Plants of the initial primary monosomics of all four
monosomic cotton lines with deficiencies on chromosome 2
were obtained by pollination of irradiated pollen at doses
of 10-25 Gy. All of them were characterized by an medium
size of univalents, a high meiotic index (from 92.50+0.31
to 98.25+0.22), an increased number of tetrads with
micronuclei (up to 3.00+0.20%) and high pollen fertility
(from 91.54+0.48 t0 96.41+0.42 %), as well as a reduced
frequency of transmission of the monosomic state in the
progenies (from 19.35 to 44.44 %) and a reduced trans-
mission frequency of n —1 gametes. Moreover, once in the
progeny of the monosomic line Mo19, the appearance of a
monotelodisomic plant was noted, which indicated cases of
incorrect (transverse) division of the centromere univalent
in this monosomic line.

838

Identification of univalent chromosomes in monosomic lines
of cotton (Gossypium hirsutum L.) by means of cytogenetic markers

Table 1. Cytogenetic analysis of F, hybrids obtained
from crosses of monosomic lines with translocation lines
of the test set

Subgenome Chromosome  Hybrids

Ai-subgenome 2
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Mo19xTT2R-8Ra

Mo34 x TT3L-6L Mo67 xTT6L-7L

Mo27 xTT1L-7L Mo48 x TT7L-18R

Fig. 1. Critical configuration of the chromosomes at the meiotic metaphase | in cotton monosome hybrids F;, obtained from the

crosses.

Monosomic lines on chromosome 2 were characterized by
a similar set of characteristic phenotypic characters (Table 2,
Fig. 2), low seed set (up to 54.84 %) compared with the
original inbred line L-458 (89.81 %). This decrease in seed
set occurred due to the presence of a large number of unfertil-
ized ovules in the form of uluks in the monosomic bolls, the
presence of which, along with a decrease in the number of
seeds, led to a decrease in the size of the bolls.

When analyzing hybrids obtained by crossing seven mono-
somic lines of cotton (Mo31, Mo70, Mo72, Mo73, Mo75,
Mo76, M089) with two TT4L-19R and TT4R-15L tester
translocation lines, the homology of the univalents of these
seven lines with one of the translocated chromosomes was es-
tablished, since monosomic translocation hybrids in the meta-
phase | of meiosis showed 24 bivalents plus one trivalent (see
Table 1, Fig. 1). In the TT4L-19R tester line, chromosomes 4
and 19 are involved in the translocation, and in the TT4R-15L
line, chromosomes 4 and 15, therefore, one of these three
chromosomes is homologous to the univalent chromosome
in the monosomic lines Mo31, Mo70, Mo72, Mo73, Mo75,
Mo76, Mo89. Since one common chromosome 4 is involved
in both translocation lines, the mean univalent chromosomes

of the monosomic lines Mo31, Mo70, Mo72, Mo73, Mo75,
Mo76, Mo79 are chromosome 4 of the A¢-subgenome cotton,
and these monosomic lines are duplicates. Molecular-genetic
analysis of monosomic interspecific F; hybrids with the
participation of the lines Mo31, Mo70, Mo72, Mo73, Mo75,
Mo76, Mo89 confirmed these data (Sanamyan et al., 2016).
In the study of hybrids obtained by crossing eight monosomic
cotton lines (Mo7, M038, M058, M059, Mo60, Mo69, Mo71
and Mo81) with one of two translocation lines — TT4L-19R
or TT4R-15L, the homology of the univalents of these eight
lines with one from translocated chromosomes was detected,
since monosomic translocation hybrids in the meiotic meta-
phase | observed 24 bivalents plus one trivalent (see Table 1,
Fig. 1). Since one common chromosome 4 is involved in
both translocation lines, it can be assumed that the univalent
chromosomes of the monosomic lines Mo7, Mo38, Mo58,
Mo59, Mo60, Mo69, Mo71, and Mo81 are chromosome 4
of the A-subgenome cotton, and these monosomic lines are
duplicates. The final cytological confirmation of this fact will
be obtained after studying hybrids from the crossings of these
eight monosomic lines with a different than the already studied
translocation line involving chromosome 4. However, the lo-

LMTOTEHETUKA PACTEHUI / PLANT CYTOGENETICS 839



M.F. Sanamyan Identification of univalent chromosomes in monosomic lines
Sh.U. Bobokhujayev of cotton (Gossypium hirsutum L.) by means of cytogenetic markers

Table 2. The origin and some characters of monosomic lines of cotton G. hirsutum L.

Monosomic Origin Year __g_hl_'.(_)'r.r_w.g.s_gmg _________________________________ Morphological characteristics
line of obtaining Size Identity
Pollen irradiation 1991 Medium A2 Small narrow leaf, shortened sympodial
1991 branches, small round bolls
99T
2007

Medium A4 Thick lush plant, elongated leaf blades, long
bracts and pedicels, elongated ribbed bolls

_ Pollen irradiation A6 Sympodial branches, hard stem, small round
bolls, late flowering

Heterozygous for

................................. translocation .

MO9S ] Pollenirradiation 2012 e
Mo27 Pollen irradiation A7 Short sympathies, thick bracts and leaves,

......................................................................................................................... smallbolls
Mo48 D18 Small leaves, long column and stigma,

sympodial branches, round bolls

Fig. 2. Features of the cotton monosomic lines on chromosome 2:

a, bush; b, configurations of the chromosomes (25! +11); ¢, leaf; d, flower; e, petal; f, bract; g, staminate column; h and i, green bolls; k, boll
with peduncle; |, open boll.
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Fig. 3. Features of the cotton monosomic lines on chromosome 4:

a, bush; b, configurations of the chromosomes (25! +1!); ¢, leaf; d, flower; e, petal; £, bract; g, staminate column; h and i, green bolls;

k, boll with peduncle; I, open boll.

calization of chromosome-specific SSR markers on Fy hybrids
involving the lines Mo7, M038, M058, M059, Mo60, Mo069,
Mo71, and Mo81 confirmed this data (Sanamyan et al., 2016).

Unfortunately, the third translocation line of the test set,
TT4L-5, could not be used in a study to identify univalent
chromosomes due to our discovery of two quadrivalents in
“critical cells”, apparently because of the homozygosity of
both translocations simultaneously. Earlier M.S. Brown (1980)
reported that two or more cytological aberrations were present
in the initial plants of ten of the 62 translocation lines of cotton
G. hirsutum, however only one translocation was obtained in
a homozygous state later on their translocation lines.

The initial plants of six monosomic cotton lines (Mo7,
Mo31, Mo38, Mo75, Mo76, Mo81) with deficiency of
chromosome 4 were obtained as a result of pollination with
irradiated pollen at doses of 10-25 Gy, while the original
plants of nine monosomic lines (Mo58, M059, M060, Mo69,
Mo70, Mo71, Mo72, Mo73, Mo89) were found in the progeny
of desynaptic plants. All of the above lines were characterized
by medium size of univalents, a high meiotic index (from
90.50 + 0.72 to 98.46 + 0.20), small number of tetrads with
micronuclei (up to 2.07 + 0.14 %) and high pollen fertility
(from 90.67 + 0.88 to 97.53 + 0.35 %), as well as a reduced
frequency of transmission of the monosomic state in the
progeny (from 16.67 to 42.86 %), which led to a decrease
in the frequency of transmission of haplo-deficient gametes.

Monosomic lines on chromosome 4 were characterized by
similar phenotypic differences, which sharply distinguished

them from other monosomic lines (Fig. 3, see Table 2), as
well as a higher seed set (up to 72.22 %), with the exception
of the Mo76 monosomic line (32.61 %).

When studying four monosomic cotton lines (Mo13,
Mo34, Mo67, Mo095) using some of the four translocation
lines—TT3L-6L, TT6L-7L, TT6L-10R, TT6L-14L, homology
of univalent chromosomes was established for these four
monosomic lines and one of the translocated chromosomes in
the above translocations, since 24 bivalents plus one trivalent
were observed in monosomic translocation hybrids in the
meiosis metaphase | (see Table 1, Fig. 1). Since one common
chromosome 6 is involved in four translocation lines, then the
univalent chromosomes in monosomic lines Mo13, Mo34,
Mo67, Mo95 are chromosome 6 A-subgenome cotton, and
these monosomic lines are duplicates. Molecular-genetic
analysis of four monosomic interspecific F; hybrids with the
participation of the monosomic lines Mo13, Mo34, Mo67,
Mo95 confirmed these data (Sanamyan et al., 2016).

The initial plants of three monosomic lines of cotton
(Mo13, Mo34, Mo095) with a deficiency of chromosome 6
were obtained by pollination with irradiated pollen at doses
of 20-25 Gy, while the original plant of the monosomic
line Mo67 was found in the progeny of a plant heterozygous
for translocation with a desynaptic effect. All these lines were
characterized by a large univalent size, high meiotic index
(from 94.13 £ 0.38 to 96.82 £ 0.49), a small number of tetrads
with micronuclei (up to 2.07 £ 0.23 %) and reduced pollen
fertility (from 88.46 + 1.28 to 94.34 + 0.51 %), as well as a
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Fig. 4. Features of the cotton monosomic lines on chromosome 6:

Identification of univalent chromosomes in monosomic lines
of cotton (Gossypium hirsutum L.) by means of cytogenetic markers

a, bush; b, configurations of the chromosomes (25!!+11); c-e, parts of the stem; f, leaf; g, flower; h, petal; i, bract; j, staminate column;

kand /, green bolls; m, boll with peduncle; n, open boll.

low frequency of transmission of the monosomic state in the
progeny (from 9.38 to 14.29 %), which significantly reduced
the frequency of transmission of haplo-deficient gametes.

Monosomic lines with a deficiency of chromosome 6 were
characterized by a whole complex of morphological characters
associated with monosomy on this chromosome (Fig. 4, see
Table 2), as well as lower seed set (from 38.78 to 57.45 %),
compared with line L-458.

In the study of the Mo27 monosomic line in four variants
of the crossings — Mo27xTTI1L-7L, Mo27xTT7L-12R,
Mo27xTT7R-11R and Mo27xTT7R-21R, homology of the
univalent chromosome Mo27 and one of the translocated
chromosomes was observed, since the monosome chromosome
was observed 24 bivalents and one trivalent (see Fig. 1).
In the TT1L-7L tester line, the involved chromosomes 1
and 7 are involved in translocation, in the TT7L-12R line,
chromosomes 7 and 12, in the TT7R-11R line, chromosomes
7 and 11, and in the TT7R-21R line, chromosomes 7 and 21,
therefore, one of these chromosomes is homologous to the
univalent chromosome of the monosomic Mo27 line. Since

842

one common chromosome 7 is involved in four-translocation
lines, the univalent chromosome of the monosomic line Mo27
is chromosome 7 of the A¢-subgenome of cotton.

The initial plant of the monosomic cotton line Mo27 with a
deficiency of chromosome 7 was obtained by pollination with
irradiated pollen at a dose of 20 Gy. This line was characte-
rized by an medium univalent size, a high meiotic index
(95.81+0.38), a small number of tetrads with micronuclei
(1.77+0.25 %) and reduced pollen fertility (89.88+0.83 %),
as well as a low transmission rate of the monosomic state in the
progeny (22.23 %), which significantly reduced the frequency
of transmission of haplo-deficient gametes. The monosomic
line with a lack of chromosome 7 was also characterized
by a complex of morphological characters associated with
monosomy (Fig. 5, see Table 2), as well as reduced seed
binding (65.10 %), compared with the L-458 line.

When studying the Mo48 monosomic line in one variant
of crossing with the TT7L-18R translocation line in the
meiosis metaphase |, 24 bivalents plus trivalent were found
(see Fig. 1), which testified to the homology of the uni-
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Fig. 5. Features of the cotton monosomic line on chromosome 7:

a, bush; b, configurations of the chromosomes (25! + 11); ¢, part of the stem; d, leaf; e, flower; f, bract; g, staminate column; h and i, green

bolls; k, boll with peduncle; /, open boll.

valent chromosome in Mo48 and one of the translocated
chromosomes in the translocation line. Since chromosomes
7 and 18 are involved in the translocation of the TT7L-18R
test line, it can be assumed that the univalent chromosome
in the monosomic line of Mo48 is homologous to one of the
two chromosomes. Unfortunately, in the test set of lines with
identified chromosomes, there is no second translocation line
involving chromosome 18. Therefore, to determine which of
the two chromosomes of this translocation, the homologous
univalent chromosome of the Mo48 monosomic line was
used earlier, we used chromosome-specific microsatellite SSR
markers that were amplified by standard PCR. Molecular-
genetic analysis of the monosomic interspecific hybrid F,
(Mo48xPima 3-79) revealed the presence of polymorphic
alleles only from the species Gossypium barbadense L., which
indicated the localization of the specific SSR marker BNL3280
chromosomes in the aforementioned hybrid (Sanamyan et
al., 2016). Since this marker was previously located on the
chromosome of the 18 D-subgenome of cotton, we can assume
that the monosomic line — Mo48 of the collection of NUUs has
amonosomy along the chromosome of the 18 Di-subgenome.

The initial plant of the monosomic cotton line Mo48 with
a deficiency of chromosome 18 was obtained by pollination
with irradiated pollen at a dose of 25 Gy. This line was
characterized by a small univalent size, a high meiotic index
(95.68 £ 0.50), a small number of tetrads with micronuclei
(0.86 = 0.26 %) and a high pollen fertility (95.23 £ 0.74 %),
and also low transmission rate of the monosomic state in the
progeny (18.19 %), which significantly reduced the frequency

of transmission of haplo-deficient gametes. The monosomic
line with a deficiency of chromosome 18 was characterized by
a set of morphological characters associated with monosomy
(Fig. 6, see Table 2), as well as by high of seed set (85.64 %).

Conclusion

Thus, the use of translocation lines with identified chromo-
somes allowed us to bring the numbering of univalent chromo-
somes in the monosomic lines of our collection in accordance
with the generally recognized nomenclature. Cytogenetic
identification and numbering of univalent chromosomes in
25 monosomic lines of the cytogenetic collection of NUUs
made it possible to establish that the four monosomic lines
have univalent chromosomes on the chromosome 2, 15 lines
on chromosome 4, the four lines on chromosome 6, the one line
on chromosome 7 of A;-subgenome and one line on chromo-
some 18 of D;-subgenome of cotton. The predominant major-
ity of monosomic lines were detected by the most frequently
recorded cotton monosomics — chromosomes 2, 4, and 6.

A comparative analysis of the first 20 identified cotton mono-
somics obtained in the USA revealed similar trends, since the
study revealed seven monosomics on chromosome 2, seven on
chromosome 4, three on chromosome 6, and one on chromo-
somes 1, 17 and 18 (Brown, Endrizzi, 1964). The similarity of
the data obtained in the study of different collections indicates
that, despite differences in the genotypic environment and
methods for producing monosomics, cotton has an amazing
coincidence of data on the higher frequency of monosomics
on chromosomes 2, 4 and 6, while monosomics on other the
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Fig. 6. Features of the cotton monosomic line on chromosome 18:

Identification of univalent chromosomes in monosomic lines
of cotton (Gossypium hirsutum L.) by means of cytogenetic markers

a, bush; b, configurations of the chromosomes (25! +11); ¢, leaf; d, flower; e, petal; f, bract; g, staminate column; h, green boll; i, boll with

peduncle; k and /, open boll.

chromosomes of the set appear with a much lower frequency,
and on eight non-homologous chromosomes (5, 8, 13 A -
subgenome and 14, 15, 19, 22, and 24 Dy-subgenome of cotton)
they were never detected at all (Saha et al., 2012). Apparently,
the centromere regions of certain chromosomes are more prone
to breakage and the genome as a whole remains tolerant of
the loss of large A-subgenomic chromosomes without a large
effect on viability and fertility, while the chromosomes of
some small Di-subgenomic chromosomes are not subject to
any changes due to incompatibility with vitality.

A comparative analysis of the cytogenetic features of cotton
monosomics from the two collections is not possible, since
the literature contains only fragmentary information regard-
ing misdivision of univalents and the frequency of transmis-
sion rate of the monosomic state in some monosomics of the
American collection. However, the difficulties of creating a
series of monosomic lines in tetraploid cotton and the obvious
fact that certain chromosomes of the A-subgenome are more
common in the monosomic state than the chromosomes of
the Di-subgenome do not diminish the value of the studies in
view of the need for further development of molecular genetic
studies and the creation of substituted cotton lines.
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CosgaHue u XapaKTepUCTUKA JIMHUI MSITKOJ TTIIeHLbI
C IIeHTpuuecKou TpaHorokanei T2DL.2RL
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Co3aaHre HTPOrpPeccMBHbLIX GOPM MATKOW MLIEHULIbI C YYXKEPOLHbIM reHeTUYeCK/M MaTepPMaioM OT KyJIbTYPHbIX
1 OUKUX BUAOB Tpurbbl Triticeae aBnaeTca 3GPeKTUBHBIM METOLOM ANA pacliMpeHns reHopoHAa NeHnLbl, Heob-
XOLAMMOTO ANA CeNeKUMOHHbIX paboT. K HacToAwweMy BpemMeHW NoyYeHbl MHOTOUMCIIEHHbIE KOSINEKLMU JINHWIA C
VNHTPOrpeccMamMmn B BUAe 3amelleHnin 1 MogndurKaLmnii XpoOMOCOM, OfHAKO CO3AaHve 1 usyyeHne GopMm MileHn-
Libl C HOBbIMY LIeHHbIMY MPY3HAaKaMU OCTalOTCA aKTyallbHbIM HanpaBneHeM COBPEMEHHbIX HayUHbIX pPa3paboTok.
Poxb Secale cereale L., Ubrt XpOMOCOMbI HECYT FeHbl, KOHTPOMPYIOLLME LieHHbIe SKOHOMUYeCKNe 1 bruonornyeckme
XapaKTepUCTUKN N CBOMCTBA, LWUMPOKO NCMOMb3yeTCA ANA NoSTyYeHnA HOBbIX popM. B aaHHOM paboTe oxapaktepu-
30BaHa NIMHYA MUEeHNLbl C TPAHCIOLMPOBAHHOWM XPOMOCOMO, KOTopas Obina NofyyeHa npu 6eKKpoCccrpoBaHU
[NCOMHO-3aMeLLeHHON MLeHNYHO-pXkaHol nnHum 2R(2D), coptom HoBocnbupckasa 67. C ncnonb3oBaHmem ¢nyo-
pecueHTHON in situ rnbpugmsaumn (FISH) n metoga C-oKpalumBaHWsa n3yYeH XPOMOCOMHbIA COCTaB KapUOTUMOB
nnHUI. NoeHTndrumpoBaHbl ABe LIeHTpUYeCcKme MNeHNYHO-pXKaHble TPaHCIoLMPOBaHHbIE XPOMOCOMbI, 06pa3o-
BaHHble 3 ABYX ANNHHbIX niey xpomocom 2D 1 2R, T2DL.2RL. OcTanbHble 40 XpOMOCOM MLIeHNLbl He MOABEPIANCH
CTPYKTYPHbIM U3MeHeHUAM. Melno3 NMMHWIA XapaKTepun3oBasncsa cTabunbHocTbio. Xpomocombl T2DL.2RL dopmumpo-
Bany 61BaneHTbl BO BCEX MeoLUTax, YTO NMOATBEPXKAAET X FOMONOrMYHOCTb. 1o Mopdonornyecknm npusHakam
konoca nuHuA T2DL.2RL He otnnyanack oT copta HoBocmburpckan 67. NpoBefeH CpaBHUTENbHBIM aHann3 nokasa-
Tenen aneMeHTOB NPOAYKTUBHOCTU Y MIMHMK € TpaHcokaumen T2DL.2RL n pogutenbckux popm, copta HoBocnbup-
cKkasA 67 N AUCOMHO-3aMeLLeHHON MeHNYHO-pPxaHor NnHnK 2R(2D),. Mo pe3ynbTatam cpaBHeHuA, nuHna T2DL.2RL
[LOCTOBEPHO ycTynaeT copTy HoBocnbrpckasa 67 no Bcem nokasatenam C pasfivyHON CTeNeHblo [JOCTOBEPHOCTU.
MokasaTtenu NpoayKTMBHOCTU NMHKUK 2R(2D), npeBocxoannmn 1mbo He OTAMYANKCL OT NOKa3aTenen IMHUK C TPaHC-
nokaument T2DL.2RL, ogHako macca 1000 3epeH 6bina 4OCTOBEPHO MeHblue. OOHapyXeHO TaKXe BNAHME TPaHC-
nokaumun T2DL.2RL Ha npur3HaK «BblCOTa pacTeHrA». ITOT NoKasaTtesb Obin JOCTOBEPHO HUXKe, YemM y HoBocmbup-
cKkom 67, B ycnoBuax AByx Beretaumii. CnegoBatenbHo, TpaHcnokauma T2DL.2RL BnuAeT Ha ymeHbLUeHne BblCOTbl
pacTeHuid, a Tak>Ke Bbl3blBaeT OTpuULaTeNbHbIA 3GPeKT Ha 31eMeHTbl NPOAYKTUBHOCTY.

KnioueBble cnoBa: uyxkepofHasa nHtporpeccus; FISH; C-okpaluvBaHue; LeHTpryecKme TpaHCIoKaLmy; BblicoTa pac-
TEHWU; NPOAYKTUBHOCTL; POXb Secale cereale L.; markaa nwenwuua Triticum aestivum L.

Onsa yntuposaHus: Visanosa tO.H., Conosen J1.A,, JlornHosa [.6., MupolwHukosa E.E., lyboseu H.W., Cunkosa O.T.
Co3paHune 1 XxapakTepucTKa IMHUM MATKON MLEHULbI C LleHTpuyeckon TpaHcnokaumven T2DL.2RL. BaBunosckui
KypHan reHeTnkm n cenekuyun. 2019;23(7):846-855. DOI 10.18699/VJ19.558

The creation and characterization of the bread wheat line
with a centric translocation T2DL.2RL
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The development of bread wheat introgressions with alien genetic material from cultural and wild Triticeae species
is an effective method for expanding the wheat gene pool necessary for breeding. To date, numerous collections
of introgressions as substitutions and chromosome modifications have been obtained; however, the creation and
study of wheat with new valuable traits still remain an important line of research. Rye Secale cereale L., whose
chromosomes carry genes that control valuable economic and biological characteristics and properties, is widely
used to produce new wheat forms. In this study, a wheat-rye translocation obtained by backcrossing the wheat-rye
disomic-substitution line 2R(2D), with the variety Novosibirskaya 67 was characterized. The chromosomal compo-
sition of karyotypes was studied using fluorescent in situ hybridization and C-banding. Two centric translocations,
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Co3fjaHue 1 XxapaKTepucTuKa MHUN MATKON NWeHWL bl
C LUeHTpuyeckon TpaHcnokauuer T2DL.2RL

derived from two long arms of chromosomes 2D and 2R, T2DL.2RL, were identified, the remaining 40 wheat chro-
mosomes did not undergo modifications. Meiosis in the lines was stable. Chromosomes T2DL.2RL formed bivalents
in all meiocytes, which confirmed their homology. The morphological characteristics of the spike in the T2DL.2RL
line and Novosibirskaya 67 did not differ. A comparative analysis of productivity between the T2DL.2RL transloca-
tion line and the parental forms, Novosibirskaya 67 and the 2R(2D), line, was carried out. The T2DL.2RL line is inferior
to Novosibirskaya 67 in all characters with different confidence levels. The productivity characters of the 2R(2D), line
exceeded or did not differ from those of T2DL.2RL, however, the mass of 1000 grains was significantly lower. The
results showed the effect of the T2DL.2RL translocation on the trait “plant height”. This character was significantly
lower than that of Novosibirskaya 67 in two vegetation periods. Consequently, the T2DL.2RL translocation reduces
plant height and productivity.

Key words: alien introgression; FISH; C-banding; centric translocations; plant height; productivity; rye Secale
cereale L.; bread wheat Triticum aestivum L.
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BBepeHune

Misirkas mmenuia Triticum aestivum L. — 1o crparernyeckast
MIPOJOBOIBCTBEHHAS KyJAbTYypa MHUPOBOTO 3HAYCHUS, BO3-
nenbiBaeMas 6osiee yem Ha 200 MITH Ta ¥ 00eCIeurnBaromias
MUTAHUEM TPETh HacesieHus 3eMHoro mrapa (Rasheed et al.,
2018). 3HauMMBIM TIEPUOJOM B CEJCKIMH IIICHHUIEI ObLIa
«3enenas pesoitouus» (1967-1970 rr.), Bo Bpemst KOTOpoi
yIaJI0Ch TOCTUTHYTh 3HAYMTEIIBHOTO MPOrpecca B yBEInde-
HUH YPO)KaHHOCTH ITOH KYIBTYPHI B Pa3BHBAIOIINXCS CTPa-
HaX. YCIIeX «3€JICHOU PEBOJFOIUIY CTaJl BO3MOKCH Ollaronapst
HCIOJIBb30BAHUIO TCHOB KapJIMKOBOCTU, HCUYBCTBUTECIIBHOCTH
K (hOTOTIEPHOY B YCTOHYHBOCTH K cTeOIeBOI p>kaBunHe. Ee
MOCIICICTBUEM OBLIIO 3HAYUTEILHOE COKPAIICHUE TCHETHYC-
CKOT'O Pa3HOOOpa3us B COpTaxX MATKOH mieHuIbl. OTCyTCTBHE
AJIENFHOTO Pa3HO00pa3 sl OrPAaHUIHBAJIO YITYUIICHAE TAKIX
MIPHU3HAKOB, KaK YPOXKAHHOCTh, KAYECTBO 3€PHA, a TAKXKE CIIC-
JIAJIO TIIICHHUILY 00JIee yA3BUMOM K OMOJIOTHYSCKIM U 3KOJIOTH-
YECKUM CTpeccaM. B CBSA3M ¢ 3TUM BO3HHKIIA HEOOXOAUMOCTh
B Oosiee 3pPCKTUBHOM HCIOIH30BAHUHU B CEIICKIIMOHHBIX
MporpaMMax YHHUKaJIbHOTO FEHETHYECKOTO pa3HOoOpasus,
COOpPaHHOTO B KOJUTEKIIUSIX ITIICHUII X €€ POJICTBEHHBIX BUIOB
(Rasheed et al., 2018).

HI/IKI/IC 1 KYJIBTYPHBIC BHU/IbI, & TAKXXE MECTHBIC COpTa I10-
MIPEKHEMY OCTAIOTCS HEeNCUEPIIaeMbIMA XPaHIJIHIIIAMU T'eHe-
TUYECKOTO pa3HO00pa3us, a OTHAICHHAS THOPUIN3AIINS SIB-
JISIETCS I UM CIIOCOO0M TS TIEpeIadu 3TOT0 pa3HO00pas3us
(Jiang et al., 1994; Friebe et al., 1996; Feuillet et al., 2008;
Mujeeb-Kazi et al., 2013). B kauecTBe MCTOYHMKA HOBBIX
IIPU3HAKOB IMHUPOKO MPUMEHAIOT BUbI-TOHOPLI Cy6FeHOMOB
MSTKOH HmeHupl Triticum monococcum, Aegilops tauschii
u T. dicoccoides, a Taxxe Gonee OTJaleHHBIE JUKHE BHUJIBI
pomos Triticum, Aegilops, Haynaldia, Thinopyrum u Bua
KyJIETHBHpYeMoii psku Secale cereale L.

Hcnonp3oBanue (opM MIICHULBI ¢ UHTPOTPECCUCH dy-
KEPOJHOro XpoMmaTuHa (aM(UIUIUION/IbI, JTONOJHEHHBIE,
3aMeIICHHBIC W TPAHCIOMPOBAHHBIC JIMHNAMN) IS CO3JaHUS
MPEeOPUAMHTOBOTO MaTepraia UMEET CBOU MIPEUMYIIICCTBA B
CPaBHEHUH C MEXBHUJIOBOI 1 MEXPOJIOBOH rHOpuan3aIuei.
OnHO U3 HUX — 3TO BO3MOKHOCTH OOBEKTUBHO OIICHUTH d(-
(hekT YyKEepOIHOI MHTPOTPECCHU B PA3IMYHBIX BapUaHTaX
TeHOTUITMYCCKOM cpenpl mieHuIsl (Jiang et al., 1994; Friebe
etal., 1996; Rasheed et al., 2018). FI3BecTHO, 4TO HETaTHBHBIC
3¢ deKThI, HAOMIONAeMbIC P HHTPOTPECCHH TEHOB, MOTYT
BO3HHMKaTh HE TOJIBKO B CBSI3U C IIPUCYTCTBUEM (DParMeHTOB

Yy>KEPOJHOTO TCHOMA, HO 1 B PE3YJIbTaTe BIUSHNS T€HOTUIIH-
4eCcKol cpenbl copra-perunuenTa (Jleonosa, 2018).

JIuHuy nieHunsl ¢ UHTPOrPECCUEH UyKEpOAHOro Mare-
puana B Buae (PparMeHTOB XPOMOCOM DPA3IMYHON BEITHUH-
HBI, BKJIFOYEHHBIX B XPOMOCOMBI IIICHUIIBI (TPAHCIIOKALINH),
OBUIN TOJTy4YEHBI PA3HBIMHU CIIOCOOAMM: ITyTEM BO3/ICHCTBUS
PaIoaKTUBHOTO M3JIyYCHHUS, HHAYKIMEH TOMEOJIOTHIHOTO
CIIapuBaHUs C MCHOJIb30BaHUEM cucteMbl Ph sokyca, pas-
JIeJIeHHEM YHHBAJICHTOB I10 LIGHTPOMEpE, a TaKKe CIIOHTaH-
HO (Zhang et al., 2007). Takum 00pa3oM B T€HOM MSTKON
MIICHUIBI ObUI MepeiaH IeHeTHYSCKU MaTepHual BHOB
Aegilops, T. timopheevii, Thinopyrum, S. cereale (Friebe et
al., 1996; Fu et al., 2012; Liu et al., 2013; Timonova et al.,
2013; Leonova, Budashkina, 2017). B 0630pe (Friebe et al.,
1996) onucanbl 57 TpaHcaoKaiuii. JlecsaTh U3 HUX SBISIFOTCS
PoGepTconoBcknMu, y 45 TpaHCIOKAIMA Ty>KEPOTHBIE CET-
MEHTBI XPOMOCOM PACIOJIOKEHBI TUCTAIBHO Ha XPOMOCO-
Max IMUIEHHUIBl, 1 2 TPAHCIOKAlUU HUMEIOT MHTEpPKaJSIpHbIE
BCTaBKH. J{JIsl IMPOKOTO MCHONB30BaHUS (POPM MIEHUIIBI C
TPAHCIIOKAIMSMHU BaYKHO MECTO JIOKAJIM3ALUH TY>KEPOIHOTO
(hparmMeHTa Ha XPOMOCOME IIIEHHIIbI, CHHTEHHUS XPOMOCOMBI
JIOHOpa XpPOMOCOME PELUINEHTA, 00ECTICINBAIOIIAS XOPOIITYIO
KOMITCHCAIIMOHHYIO CITOCOOHOCTH XPOMOCOMBI JOHOPA, a TaK-
K€ HOpMaJlbHasl iepeiadya HHTPOTPeCCUPOBAHHOTO MaTepua-
J1a IOTOMCTBY, JKE€JIaTeNIbHO 110 3akoHaM Menzens. Hecmotps
Ha TO 4TO B TeHOaHKaX MHpPa B OOJIBIIIOM KOJIMYECTBE CO3/1aHbI
W XPAHSTCS JIMHUY TIICHHULBI C TPAHCIOKAIMSIMH, JIMIIb Ma-
J1ast 4aCTh KOJJIEKIINH UCTIONIb3YETCs B KaUECTBE MPEOPHINH-
roBoro marepuana (Friebe et al., 1996; Jleonona, 2018). Bo
MHOTUX CJIy4asiX 9TO OOBSICHSETCS OTCYTCTBHEM KOMIICHCA-
IIUOHHOW CHOCOOHOCTH 4yKepoaHoi mHTporpeccuu. OmHO
13 TpeOOBaHMH IS TMHUH C TPAHCIIOKAUSIMH — BKITIOUCHHUE
HeOOoIbIIOro ()parMeHTa YyKEepoJHOTO XpoMaruHa B Xpo-
MOCOMY TIIEHUIIBI, YTO MPEAIOoNaraeT IeJIeBOH MepeHoc He-
00X0IMMOro y4JacTka XpoMocoMmbl. OZHAKO CIIOHTaHHbBIC
neHnYHo-pkanble Tpanciaokauu 1BL.1RS and 1AL.1RS
SIBJISTIOTCSI IPUMEPOM TeHEeTHUYEeCKH cOaaHcupoBaHHbBIX Po-
0epTCOHOBCKUX TPAHCIIOKAIHMI, KOTOPbIE CTAJIM CAMBIMH yC-
NEIHBIMU CPEIY MIIEHUYHO-UY)KEPOJHBIX TPAHCIOKALNH,
MCTIONB30BAaHHBIX B CEJEKINH MIIeHUIH (Jiang et al., 1994;
Rasheed et al., 2018). [To-BuauMomy, repeaada afanTHBHBIX
CLCTUICHHBIX JIOKYCOB B IOJIMIUIONUHBIA T€HOM MSTKOM IIiie-
HUIIBI MOKET OBITH O0JIee IOAXOAIINM CIIOCO00M, YeM Tepe-
Jlavya eIMHUYHBIX TeHOB. [IImeHnYHO-pkaHast TpaHCIOKalus
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1RS.1BL HeceT npu3HaKH yCTOMYMBOCTH K MyHIHUCTOI poce,
Oypoif, >kenToi M cTebIeBOI prKaBUMHE, YBEINIUBACT YPO-
JKaWHOCTh M HE YXY/IIAEeT Ka4YeCTBO 3€pPHA B ONPEICIICHHBIX
coproBsix reHotunax (Friebe et al., 1996; Belan et al., 2015).
Tpancnoxarws 1 RS.1BL BXoauT B TeHOMBI MHOTHX COBPEMEH-
HBIX KOMMEPYECKHX COPTOB SPOBOM M O3MMOM MSITKOI Iiire-
uutpl (CtenoukuH u ap., 2012; Belan et al., 2015). Co3nanbr
ayioriasMarindeckue pekombuuanTusie uanu (H. vulga-
re) — T. aestivum ¢ tpanciokanueii 1RS.1BL, xotopsie mo-
Ka3aJIn NPEUMYIIECTBO 110 CPABHEHUIO C COpPTaMU-CTaHIap-
TaMH{ 10 YCTOMYMBOCTH K Oypoi M cTebIeBOW prkaBUMHE,
YPOXXafHOCTH, KauecTBy 3epHa. Ha MX OCHOBE MOITydeHBI
copTa sIpoBO MsTKoM mieHuns Curma, YpanocuOupcekas 2
n Ummmckast 11 (Pershina et al., 2018).

Pabots1 1o nepenade qyKepoAHOTO TEHETHYECKOTO MaTe-
puajia B rCHOM IMUIICHUIbI HE TEPAIOT CcBOCH AKTYyaJIbHOCTH,
(hOpMBI TIITEHUIIB! C HOBBIMH LIEHHBIMHU IIPU3HAKAMH CO3/1af0T-
Cs1 BO MHOTHX JJA0OPaTOPHsIX MUpPa, a TIOTEHIINAN TeHO(OH 12
P?KH1 KaK UICTOYHUK XO3SIMCTBEHHO LCHHBIX ITPU3HAKOB JAJICKO
He ucuepmnad (An et al., 2013; Ren et al., 2017; Schlegel,
2019). B xauecTBe HCTOYHUKA BAXKHBIX ITPU3HAKOB UCIIONIB3Y-
I0TCA JIMHUU C NIIEHUYHO-PKaHbIM 3aMCIICHUEM XPOMOCOM
2R(2D), u LeHTPUIECKMMH TPAHCIOKALUMAMH, B CTPYKTYPY
KOTOPBIX BKJIIOYEHO JJIMHHOE TUIEY0 XpPOMOCOMBI poku 2RL.
OHU XapaKTepHU3yl0TCs YCTOWIMBOCTBIO K TECCEHCKON MyXe
(Friebe et al., 1990), myunucToii poce, Oypoii, cTrebneBoit u
enrtoit p>kaBunHaMm (Heun, Friebe, 1990; Mclntosh et al.,
1995; Merker, Forsstrom, 2000; Hysing et al., 2007; Lei et
al., 2011; Li et al., 2018). ITpucyrcteue 2RL yBenmnumBaet
coziepkanne apaOMHOKCHIIaHa B 3€PHE, KOTOPBIH BIUSET Ha
XJ1e00NeKapHOe U MHIIIEBOE KauecTBO 3epHOBLIX (Boros et al.,
2002). Xpomocoma 2R yBenmnunBaet 3P (PpeKTHBHOCTD UCTIONb-
30BaHUsI BO/IBI M YKOPEHEHHUS! PACTCHUH IPH BBIPAIINBAHUHT
ux B 3acyuutuBbix yciosusix (Ehdaie et al., 2003).

Henpro qaHHOM pabOTHI OBIIIO H3YYUTH XPOMOCOMHBIN CO-
CTaB, MCHOTHYECKYIO0 CTAOMIBHOCTD Y JIMHUI C HHTpOTpec-
cueil xpomocombl pxu 2R B copre HoBocubupckas 67, a
Takke omrcath MophoOnoIormuecKkrne MpU3HAKH KOJIoca U
MIPOBECTH OLICHKY JIEMEHTOB IPOYKTUBHOCTH PACTCHHH.

MaTepman n metogbl

PacturtenbHsblii MaTepuan. B pabore ObUIN HCTIONB30BAHBL:
JMHUU COPTOB MATKOM mimenuisl T. aestivum L., Caparos-
ckas 29 (C29), Hoocubupckas 67 (H67), mmeHnaHO-pkaHas
JIMCOMHO-3aMenleHHas muausd 2R(2D), (2n = 42) (Cunkoa 1
np., 2006). Panee B UL{ul" CO PAH nonyuens! qucomHo-3a-
MermieHHbIe (2N = 42) mmenudHo-pkansle JuanH (I1lamosa,
Kpasuosa, 1990). Bce nununu, xpome 2R(2D),, 2R(2D),,
2R(2D),, co3nanbl Ha reHeTHYECKOH 0cHOBE copra Caparos-
ckas 29 (Cunxosa u 1p., 2006). ¥ nurnu 2R(2D), npouentHoe
cojiep)KaHHEe JIOKYCOB C aJUIeNIsIMH, OTIHMYHBIME 0T C29 n
xapaxTepHbIMU 171 copTta H67, coctaBuio 13.7 % (Cunkoa
u ap., 2006). ns cozmanus 3amemenHo# tuamn 2R(2D) Ha
copre H67 nposeneHo Gekkpoccuposanue auHuu 2R(2D),
coprom H67 (puc. 1). B moromerse BC, nszyuen xpomocom-
HBIA cocTaB y 21 pacteHus ¢ momomsio C-OKpantiBaHus,
y Tpex pactenuit 26-11, 26-12, 26-13 obnapyxeHO 1O 0A-
HOW MOAM(DUIIMPOBAHHOM XPOMOCOME PKH, KOTOpas Oblia
naeatudunuposana kak T2R.2DL (cm. puc. 1) (Kpacunosa
u ap., 2011). Iocne nmocnexyromero OEKKpOCCUPOBAHUS
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BC,
2R(2D), x H67

A
BC,
BC, xH67
C-banding, three plants with a translocation of chromosome 2R:
26-11,26-12,26-13

Y
BC;
BC,(26-11, 26-12) xN67
C-banding, 13 plants with a translocation of chromosome 2R
detected. In BC3(26-12xH67) three plants 2n = 40W +2T2R.2DL:
12-2,12-5,12-10

Fig. 1. Development of plants with translocation T2R.2DL.

Table 1. Plant material studied in the work

Plants Plot no. (number of BC5F,)

BGC, BC; BC;F,, Summer Winter-
autumn- 2018 spring 2019
winter 2017

9TUX PACTEHUH NPOBEIEH AHAIU3 KAPUOTUIIOB y IIOTOMKOB.
B noromcree BC; (26-12xH67) BBIABIEHO TPU pacTEHHS C
JIBYMsI MOTU(UITMPOBAaHHBIME XpoMocomMamu 2R (cm. puc. 1).
IToToMCTBO 3TUX TPEX PACTEHUI U3y4aJIOCh B HACTOSALIEH pa-
6ore (tabm. 1).

Pacrenus BeIpanBay B yCIOBUSX THAPOIIOHHOM TETUTHIIBI
Bereraimu ocenb—3uma 2017 1., 3uma—Becna 2019 r. (;1abopa-
TOPUS UCKYCCTBEHHOTO BbIpatuBanus pacrenuit @UL UL ul"
CO PAH), pexxuM ocBeneHus JAeHb:HOUL — 16:8, a Taxke
netom 2018 1. Ha sKcTIepuUMeHTaTbHOM 1oie CelleKIIMOHHO-
renernyeckoro komruiekca GUILL UIul” CO PAH.

®duyopecuentnas in situ ruépuamsanusa (FISH). Mu-
ToTHYecKue U Melorumueckue npenaparsl 11t FISH roro-
BIJIM TIO OMTUCaHHOM panee metonuke (Silkova et al., 2018).
MpuToTHUYECKHE TperapaThl TOTOBHIIM M3 KOPEIIKOB BEreTH-
pyromx pactenuii BC;F,. Konocks nius meiotrueckoro ana-
nusa $ukcuposanu y pacrenuit BC,F,. Ananusuposanu
MEHONMTHI Ha CTAAMSX TNaKuHe3a, Metadassl I, anadassl [ n
tenodaser I1. B pabore ucnonp3osanu: mpody Aegilops taus-
chii pAet6-09, ciermpuaHyO IS IEHTPOMEPHBIX TIOBTOPOB
XPOMOCOM pHca, IMIICHUNbI, p>ku U stumens (Zhang et al.,
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2004); pAWRc, cieuuduyHyo is IEHTPOMEPHOTO OBTOpa
xpomocom pxku (Francki, 2001), u reromayto THK pxu. O6-
pasusl JJHK moBTopoB pAet6-09 u pAWRC mo6e3Ho mpero-
crasiieHbl 1-poM A. Lukaszewcki (YausepcureT Pusepcaii,
Kamudopuamsa, CIIA). Learpomepo-cnennduaasie mpoos!
meTwi oOnotuHoM 16-dUTP wnum murokcurennaom 11-dUTP
IIpU ToMoIIM nonuMepasHoit nenHoit peakuu (I11P). Cym-
Mapayto JTHK pku METHITH HUK-TpaHCISIIIAEH ¢ OMOTHHOM
16-dUTP nmm muroxcurenuHom 11-dUTP. TIpoGsr ncmos-
30BaJI COBMECTHO B Pa3IMYHBIX MIPOMOPIHMIX U CMELINBAIIN
¢ 6noxupyromieit mmenanunoi JJHK. ITpemapars! 3aximodanu
B cpeny Vectashield antifade solution (Vector Laboratories),
3aMeJUISIONIYIO BbIIBETAaHHE (hIIyOPECLEHIINH, COAEPIKALILY IO
1 mxr/ma DAPI (4',6-diamidino-2-phenylindol, Sigma-Ald-
rich, CIIIA) mist okpammBaHus XpoMaTtruHa. Bee mpemapatsr
aHaJIM3UPOBAIIM TIPH TIOMOILM MHKpockona Axio ImagerM1
(KarlZeiss, I'epmanns). N300paxxeHnss pernucTprupoBaIn Ka-
Mepoii ProgRes MF (Meta Systems, Jenoptic) 8 LIKII mukpo-
CKOMMUYECKOro aHaym3a ouosorunyeckux oobekroB CO PAH u
00pabaTkIBalIy C UCTIOIB30BaHUEM IIPOTPAMMHOTO o0ecriede-
Hust Adobe Photoshop CS2.

C-nuddepennnanbHoe okpamupanue (C-banding)
kapuotunos BC;F, nposoauin no panee onmyOIMKOBaHHON
Mmetonuke (Badaeva et al., 1990). Mutotudeckue mpemnapars
TOTOBIJIM M3 KOPEIIKOB MPOPOIIEHHBIX 3epHOBOK. IIpema-
paThl aHAIM3UPOBATH C TIOMOINBIO MHUKpockoma Amplival
(Karl Zeiss, 'epmanus). neHTH(UKAINIO HHIWBHTYaTBHBIX
xpomocoMm TeHoMoB A, B, D u R ocymecteisuin cormacHo
00001IeHHON BUAOBOW mamorpamme nudQepeHnnantbao
OKpalIeHHBIX xpoMmocoM (Badaeva et al., 1990).

AHaJIN3 X03511iCTBEHHO eHHBIX MPU3HaKoB. [Ipoananu-
3HPOBAHBI CJICAYIOIINE SIEMEHTHI TPOTYKTUBHOCTH: BBICOTA
pacTeHHs, JJIMHA COJIOMHHBI, IPOAYKTHBHASI KyCTHCTOCTB,
JUIMHA TIIAaBHOTO KOJIOCa, KOJIMYECTBO 3€PEH ITIaBHOTO KOIoca,
Macca 3epeH IIIaBHOTO KOJIOCa, KOTMYECTBO 3€PEH C paCTEHHS,
Macca 3epeH ¢ pacrenus, macca 1000 3epen. CraTucTuyeckuit
aHayu3 npoesieH 1o t-kpureputo CThIOEHTA.

2019
23-7

Co3fjaHue 1 XxapaKTepucTuKa MHUN MATKON NWeHWL bl
C LUeHTpuyeckon TpaHcnokauuer T2DL.2RL

PesynbTatbl 1 06CyxaeHne

MoneKkynapHO-LUTOreHeTUYeCKNin aHanms

cocTaBa XpOMOCOM 11 MeiOTUYECKOro fieNeHnn

Y IHNIA C TPAHC/IOLMPOBAHHOWN XPOMOCOMO

Juis uaeHTuduKanum Moau(GUIUPOBAHHONW XPOMOCOMBI U
aHaJIM3a XPOMOCOMHOTO COCTaBa y JIMHUI MPOBEICHO OKpa-
myBaHue xpomMocoM ¢ ucrnoib3oBanneM FISH n C-banding.
FISH-ananu3 kapuotumnos ¢ 3ou70M o6tmeit JJHK pxxu u nient-
pomepo-crierupuaHsIMA ToBTOpamMu pAWRce u pAet6-09
BBISIBUJI JIBE TPAHCIIOIIMPOBAHHBIE XPOMOCOMBI (puc. 2).

Ha oaHOM miiede XpoMOCOMBI JIOKQJIM30BaH 30H] 00IIei
JHK pxu (cMm. puc. 2, a, 6), a B IEHTPOMEPHOM palioHE —
noBTopsl pAWRC (@) 1 pAet6-09 (6). CaenoBarenbHO, OIHO
UICYO BMECTE C LIEHTPOMEPHBIM PailOHOM y ATHX XPOMOCOM
MPUHAAISKUT XpoMocome pxku 2R (a). Takum oOpazom, B
pesyabrare pa3psiBoB XpomocoM 2R u 2D B npuiieHTpoMep-
HOM paifoHe 1 MOCIJIETYIOLIETO CIMSHUS I1JIeY XPOMOCOM PIKH
1 MIIEHAIB! ObUIa 00pa30BaHa IEHTPUUECKAst TPAHCIOKALHS
T2DL.2R.

C moMOIIBI0 OKPAIIUBAHUSI XPOMOCOM Y KapHOTHUIIOB
pacrenuit BC,F, (cm. tabn. 1) metonom C-banding BeisBiIeH
TIOJTHBIN HA0OP XPOMOCOM ITIICHUIIBI, KpOME XpoMOcoMbI 2D.
W3y4yeHHbIe KapUOTHIIBI OKA3aJIMCh MICHTUYHBIMU. Moju-
(unupoBaHHas XpoMocoMa MICHTH(UIIMPOBaHA KaK ICHT-
pudeckasi MIIEHUYHO-pKAaHasl TPAHCIIOKAIMS, COCTOSIIas
U3 IBYX JUIMHHBIX Iuted xpomocoMm 2D u 2R — T2DL.2RL
(puc. 3).

W3BecTHO, 4TO mEeHTpUYeckue uin PobeprcoHoBckue
TPaHCJIOKAIMK YacTo 00pa3yloTCsi B OTOMCTBE JIBOMHBIX
MIIeHUIHO-pKaHbIX MoHOcoMuKoB (Lukaszewski, 1993;
Marais G.F., Marais A.S., 1994; Liu et al., 2013). Mexaxusm
(hopMHpOBaHUS LIECHTPUUECKUX TPAHCIOKALIMIl BBISBICH B
Melo3€e ABOWHBIX MOHOCOMUKOB 1 A-1H! (Msrkas nmenuna —
Elymus trachycaulus) (Friebe et al., 2005). Xpomocomsr 1A
u 1H'He SBIAIOTCS TOMOJIOraMH, IO3TOMY B Me03€ OHH HE
(hopMupoBaM OMBAIEHT U N3-32 AHOMAJIBHOTO PACXOXKICHUS

pAet6-09

Fig. 2. Karyotypes of plants with centric wheat-rye translocation: (a) 16-1 and (b) 17-4. Rye DNA is stained (a) green and (b) red.

The DNA of chromosomes is stained blue (DAPI).
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Fig. 3. C-banding of the chromosome karyotype of the translocation
line T2DL.2RL.

B IIEPBOM JITICHUN Mei03a MOTIIM Pa3pBIBaTHCS B IICHTPOMEP-
HOM paiione. OObeAMHEHHE TIET XPOMOCOM ITPOUCXOINIIO BO
BpeMs HHTEPKHHE3a, TaK KaK YK€ BO BTOPOM JIeIeHUH Meio3a
unenTuduumposanacs Tpanciokanus T1A.1TH!. Xpomoco-
Ma 2R ¢ U3MEHEHHOU CTPYKTYPOH B MOHOCOMHOM COCTOSIHUU
ObL1a 0OHApy:KeHa HaMU B KapuoTunax pactenuit BC,, koro-
pble ObLIM TTOJTyY€eHBI B pe3ynbTare Oekkpocca pactenuii BC,,
SIBJISIFOIIUXCST IBOMHBIMU MOHOcOMHKaMu 2R-2D. Anamnus
Melo03a y ABOWHBIX MOHOCOMUKOB 2R-2D ¢ ncrnonb3oBaHuemM
TEHOMHOI N Situ rHOpHUaM3auK MOKa3aj, 9YTO B PE3YJIbTaTe
pa3pbIBa B IIEHTPOMEPE XPOMOCOMEI 2R TemoneHTpuku Mo-
I'yT 00pa30BBIBaTHCS HE TOJIBKO BO BTOPOM, HO M B IIEPBOM
nenennu Mmeriosa (CuikoBa u np., 2014). CrnenoBarensbHo,
MeXaHu3M (OPMHUPOBAHHS IEHTPUICCKOW TPAHCIOKAIIUN
T2DL.2RL moxeT ObITh aHAIOTHYHBIM OITMCAHHOMY B padoTe
(Friebe et al., 2005).

HWccrnenoBanus mo mepeaavye qyKepoqHOTO MaTepraia B
T€HOM MSITKOH MIIEHUIBI TOKA3BIBAIOT, YTO CO3/[aHHbIE ()OPMBI
1 JIMHAW MOTYT XapaKTePU30BaThCsl HU3KOH (PePTUITEHOCTHIO U
norepei naTporpeccuii (Jiang et al., 1994). OqHoit u3 mpuanH
SIBIISIETCS MEHOTHYECKast HeCTaOMITBHOCTD U3-3a T€HETUYECKON
HECOBMECTHMOCTH F'€HOMA MATKOH MIIEHHIIBI C 9yKEePOJHBIMI
HHTPOTPECCUsIMU. B CBS3H C ’TUM HaMU U3yUYCHO MTOBEICHHE
XpPOMOCOM B M€W03€ y IMHUH ¢ TpaHciaokanuen. s ananusa
MTOBEJICHNST HEMIOCPEICTBEHHO TPAHCIOINPOBAHHBIX XPOMO-
coMm ucnonb3oBancs FISH ¢ 3onmamu odmeit JJHK pxu u
LEHTpOMEpO-crieuduuHoro nmosropa pAet6-09. OcHoBHOM
XapaKTePUCTHKON CTaOMIILHOCTH Mei03a SIBISIETCSI POPMHUPO-
BaHNC OMBaJICHTOB Ha craanu MeTadassl 1. [To pesynbraram
aHajm3a, BO BCeX MeHoIuTax Ha CTaiusxX JuakuHesa (puc. 4)
u metadassl | (puc. 5, a, 6) 6uBaIeHTH POPMUPYIOTCS Kak
XpPOMOCOMaMH MIICHUIIBI, TaK U TPAHCIOIMUPOBAHHBIMU
xpoMocomamH (Tab:. 2). ['oMonoruuHas mpupoaa XpoMocoM
T2DL.2RL moarBepkmaercst TeM, 4TO OHH (HOPMHPOBATH
OMBAaJICHTHI BO BCEX MEHOIIUTAX.
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The creation and characterization of the bread wheat line
with a centric translocation T2DL.2RL

Fig. 4. Formation of a ring bivalent by translocated chromosomes at the
stage of diakinesis.

Arms of chromosomes 2RL are stained red, arms of wheat chromosomes 2DL
are blue, and centromeric regions are green.

Fig. 5. Behavior of translocated chromosomes in meiosis. a, Formation
of a ring bivalent at metaphase I. b, Formation of a rod bivalent at
metaphase . ¢, Correct segregation of the translocations at anaphasel.
d, Translocated chromosomes are incorporated in each of the four
microspores at the tetrad stage.

Arms of chromosomes 2RL are stained red, arms of wheat chromosomes 2DL
are blue, and centromeric regions are green.

Xpomocomsl T2DL.2RL nipaBHIIBEHO pacripeessuTich MexK-
Iy TIOJIFOCAMH B TICPBOM JICJICHUH (CM. PHUC. 5, 6), a B KOHIIC
MEHOTHYECKOTO JIEJICHUS BKIIIOYAJIUCh B MHUKPOCIIOPHI (CM.
puc. 5, 2). Takum 0Opa3oM, TUHUH XapaKTEPHU30BATHICH CTa-
OMITBHOCTBIO.
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Table 2. Frequency of ring and rod bivalents formed by translocated chromosomes T2DL.2RL in meiosis of lines

Plant designation,
summer 2018

Number of meiocytes
examined

Percentage bivalents

g 10 n

8

T2DL.2RL ]

12 13
n 1n

n

4

¢ il

|

\‘;\‘\\

2R(2D),

Fig. 6. Spikes of Novosibirskaya 67 variety, translocation line T2DL.2RL, and wheat-rye substitution line 2R(2D);.

Mopdonornuyeckas xapakrepucruika

Konoca pacteHui nuHum T2DL.2RL

Konoces nmenn4no-p:xanoii 3amemmennoi muuuu 2R(2D),,
copra H67 u nunum ¢ tpancnokamueir T2DL.2RL umerot
OJIMTHAKOBBIE MOP(OIOTHIECKIE TPU3HAKH: KOJIOC BEPETEHO-
BUJIHBIN, 0€30CTHIH, OEbIH; MIIOTHOCTH KOJIOCA CPE/HSIS; KO-
JIOCKOBAsI YeIIysl SIMIEeBUIHAS, CPEIHETO pa3mepa, Co caboi
HepBaIueil; 3y0er KOpOTKUH, TYIIOH, clieTka KITFOBOBUIHEIH;
IJIeY0 HIMPOKOE, MPSIMOE, B BEPXHEW UacTHU MPUIOTHATOE;
KWJIb IIAPOKUH, XOPOIIO BhIpakeHHBIH. OCOOCHHOCTHIO KO-
noca y muHud 2R(2D), Ob110 Goltee MI0THOE PacookeHHe
KOJIOCKOB Ha BEpILIMHE KOJIOCA, 3TU KOJOCKH XapaKTepru30Ba-
JIUCh TOHMKEHHOU (PePTHIILHOCTRIO (pHC. 6).

AHanus 351eMeHTOB NPOAYKTNBHOCTU

Ponurensckue popmel TpaHcnonuposaHHbIX auHuH (BC,)
BEIPAIIEHBI B YCIOBHUAX THAPOTIOHHOH Terumire 2017 ., Be-
reTanusl OCCHb—3uMa. Y pacTeHUH ObLUTH U3yUYCHBI DJICMCHTBI
MIPOAYKTUBHOCTH: BBICOTA PACTEHUSI, ITIMHA ITIABHOTO KOJIOCA,
TIPOAYKTHBHAS KyCTHCTOCTD, KOJIMYECTBO 3€PEH C PACTEHHUS,

Macca 3epeH ¢ pactenus, macca 1000 3epen (tadmn. 3). Pacte-
HUSI XapaKTEePU30BaINCh HU3KOPOCIOCTBHIO (BBICOTA Bapbu-
poBaiia ot 85.5 10 93 cm), Xopouie NpOoIyKTUBHOM KyCTHC-
TOCTBIO ((POPMHUPOBAIH OT TPEX IO CEMH CTeOneil C BRI3pEB-
MM 3€PHOM B KOJIOCHSIX), BEICOKMMH 3HAYEHUSIMH MacCChI
1000 3epen (33.14-37.89 1).

CpaBHEHHE 3JIEMEHTOB NPOAYKTUBHOCTU y JIHUHHUU
T2DL.2RL u coproB H67 u C29, BbIpallleHHBIX B MOJIEBBIX
ycnoBuax 2018 r., mokasaso, 4To TPaHCIOIMPOBAHHAS TMHUS
JIOCTOBEPHO ycTymaeT copty H67 1o BceM mokasatessiM, HO He
ormuaercs ot copra C29 (tadm. 4). [Tokazarenu npogyKTHB-
HocTH y pacteHuit muHuu T2DL.2RL Takke oka3anuch HIKE,
YeM y POIUTENBCKUX PACTEHWH, BBIPAIICHHBIX B YCIOBHAX
THPOTIOHHOH TeIUTHIEI (cM. Tabm. 3).

[To TakuMm mpu3HaKaM, KaK YUCIIO KOJOCHEB M YHUCIO KO-
JIOCKOB B INIABHOM KOJIOCE, JOCTOBEPHBIX Pa3IMUUil MEXKIY
TpPaHCIOLUUPOBAHHON MHHUEH 1 coproM H67 He BBIABIEHO.
B Gonbiiieii cTenenn pa3inyainch 3HaYSHUs 110 KOJINYECTBY
3€pEH C NIABHOTO KOJI0Ca M C PACTEHMS, @ TAKXKE 110 MACCe 3€-
peH ¢ pactenus u macce 1000 3epen. CpaBHUTENBHBIN aHATH3
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Table 3. Productivity components in parental plants (autumn-winter 2017)

Character Plants

161 ............. 162 ............ 164 .......
p|anthe,ghtcm893793 ...........
Pmductwetl”erm9636 .............
Ma,nsp,ke|engthcm676 .............
Total number of grains perplant 118 66 128
Tota|massofgramsg402231454 .......
moogrammassg340735003547 .....

Table 4. Comparison of line T2DL.2RL and varieties Saratovskaya 29 and Novosibirskaya 67

in productivity components (summer 2018)

T2DL.2RL

Character

17-3 17-4 17-5 18-3 18-6 18-9
855919390587 ................ 9 1 ...............
45373 .................. 7 ................
8568757 .................. 8 ................
89 ............... 10252 ................ 13668 ................ 156 ............
325338 ............. 197497253 ............. 5 36 ...........
36523314378936543721 ........... 3 436 .........

C29 H67

*p <0.05 "% p<0.001.

aneMeHToB npoayktuBHocTH JuHuu T2DL.2RL ¢ copramu
H67 u C29, a taxxke ¢ 3amereHHol murueil 2R(2D),, mpo-
BE/ICHHBIN B YCIIOBHSAX T'MAPOMIOHHON TETIIHIBI BO BpeMs Be-
retanuu 3umMa—BecHa 2019 r., mokazan, uro uaus T2DL.2RL
JIOCTOBEpHO ycTymaeT copTy H67 1o BceM mokasarensMm ¢
Pa3IUYHON CTETICHBIO JOCTOBEPHOCTH (CM. Tad. 4).

HaunbGonee nocrosepubie orianuus (p < 0.001) nunumn
T2DL.2RL ot copra H67 momydeHB! I MPU3HAKOB «KO-
JIMYECTBO KOJIOCKOB Ha IJIABHOM KOJIOCE», «YUCIIO 3€PEH C
pacTeHus», «Macca 3epeH ¢ pacteHus» (Tadi. 5). Pactenus
copta C29 mocrosepHo (p < 0.001) mpeBocxonumn pacTeHUs
muaun T2DL.2RL TONBKO MO YEThIpEM MOKa3aTesIM: YHCII0
3€pEH C IIIaBHOT'O KOJIOCA U C PACTEHHMsI, Macca 3epeH C IJ1aB-
HOTO KOJIOCA M € pacTeHusd. 3amelleHHas nuHus 2R(2D), ¢
BBICOKOH JIOCTOBEPHOCTHIO MTPEBOCXOANIIA JIMHUH € TPAHCIIO-
karert T2DL.2RL no npu3HakaMm «IMHA TIIaBHOTO KOJIOCa»,
«IIOTHOCTH KOJIOCA», KOJIMYECTBO KOJIOCKOB B TJIABHOM
KOJIOCE», «Macca 3epeH C ITABHOTO KOJIOCa», OIHAKO Macca
1000 3epeH OblIa JOCTOBEPHO MEHBIIE (CM. Ta0II. 5).

Taxkum obpazom, muaus T2DL.2RL mo 3meMeHTam mpo-
JYKTHBHOCTH JIOCTOBEpPHO ycrynana copty H67 B obenx
BEreTalusx, a Takke copty C29 npu BeIpaluBaHuy B THAPO-
moHHOM Terutnie. OcoOEHHO ATH pa3uyHst ObUTH BBIPAKEHBI
Y pacTeHHH, BEIPALICHHBIX B TOJICBBIX YCIOBHAX. OHIM U3

852

(hakTOpOB, OTPHUIIATEIHHO MOBJIMSBIINX Ha MOKA3aTENH IIPO-
JyKTUBHOCTH KOJIOCA (YUCIIO ¥ Maccy 3€peH), MOTYT OBITh re-
Hetnueckre ocodbenHocTr coptoB H67 u C29, a Tarxke JIMHUT
T2DL.2RL. BeposiTHO, B [10JIEBYIO BET€TAIUIO YCIOBUS MTPO-
n3pacTaHus (TeMIepaTypHBIN U BOIHBINA PEKUMBI) PACTCHUAN
Ha 8—11-M sramax opraHoreHesa, KOr/ja pOUCXOHT 3aKiIa Ka
TeHEPATHBHBIX OPraHOB, OIBIJICHHE, 3aBA3bIBAHNE U HAJIUB
3epHOBKH (barbiruna, 2014), ObTH HEOTATONPUATHBIMH TS
copra C29 u muuuu T2DL.2RL B cpaBHeHuu ¢ coprom H67.
Ha npoayKTHBHOCTB MIIEHUIIBI MOKET MOBIUATH U PEAKIIUS
pactenuit Ha quHY cBeToBoro A (lymerus u ap., 2015).
VY copra C29 obOHapyxeH peueccuBHbiid red Ppd-D1b, o0y-
CJIOBJIMBAIOIINIT UyBCTBUTEIILHOCTD K poTornepuony (Pait u
Ip., 2014), a orcyreTBue mwieda 2DS, Ha KOTOPOM JTOKaJTH30BaH
reH Ppd-D1, MOIIo MOBIMATE HA HHTEHCUBHOCTB MPOLIECCOB
oHrtoreresa y nuauu T2DL.2RL, npuBess k motepe npoayk-
TuBHOCTH. Pactenns mmennist copra H67, paitonnpoBanHO-
TO B JIECOCTEITHOH 30He tora 3amaanoii CuOUpH, HaNPOTHB,
SIBIISTIOTCSL PACTEHUAMH JUIMHHOTO JHS. OJTHAKO B YCIOBHUSIX
BBIPAIIMBAHNS B THPOIIOHHON TEIHIE C (PUKCHPOBAHHOMN
MPOIOJKUTENIBHOCTBIO CBETOBOTO JIHS, MOCTOSHHOW MHTEH-
CUBHOCTBIO (JOTOCHHTETUYECKU aKTHBHOW Paivallvy U O/IU-
HAKOBBIM CIIEKTPOM H3ITyYEHHs CBETA JJOCTOBEPHBIX PA3TNINH
O 3JEMEHTaM NPOJYKTUBHOCTU Mex Ty copramu C29 u H67
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2019
23.7

Co3fjaHue 1 XxapaKTepucTuKa MHUN MATKON NWeHWL bl
C LUeHTpuyeckon TpaHcnokauuer T2DL.2RL

Table 5. Comparison of line T2DL.2RL, varieties Novosibirskaya 67 and Saratovskaya 29,

and substitution line 2R(2D) in productivity elements (spring 2019)

T2DL.2RL

Character

*p<0.05 % p<0.01; " p<0.001.

He OBUIO MOTyYEHO, HO ITOKA3aTeIH IPOAYKTUBHOCTH Y JINHUT
T2DL.2RL Takxe ObUTH TOCTOBEPHO HIIKE.

Ha ocHOBaHMM MOJYYEHHBIX PE3YJbTATOB C/IEJIaH BBIBOJ
00 orpumarensHOM BiusHUM TpaHciokamuu T2DL.2RL Ha
MPU3HAKK MPOIYKTUBHOCTH. B apyrux paborax mokasaHo,
YTO Ha U3MEHEHUE/COXPaHEHHE arPOHOMUYECKUX ITPU3HAKOB
y TIIEHUIIBI BIUSIOT KOHKPETHBIE XPOMOCOMBI, 00pa3yromne
TPAHCIIOKAINIO, U NPOUCXOKICHHE POAUTEIBCKUX (HOpM
TpaHcIoUMpoBaHHbIX HUI (May, Appels, 1984; Hysing et
al., 2007). Pactenus nuanu ¢ Tpancnokanuen T2BS.2RL xa-
PaKTEpU3YIOTCSI CXOKHMH C POTUTEINBCKOM TMHUEH ToKa3are-
ssimu ipoxykruBHoctH (Hysing et al., 2007), a TpaHciokanus
T2RS.2BL BBI3BIBa€T JETATBHOCTH MPOPOCTKOB B OMpEe-
JICHHBIX TE€HOTHITaX JOHOPOB MeHuIs! (May, Appels, 1984).

OTIUUNTENBHON XapaKTEePUCTUKOM JIMHUI C TpaHCIIOKa-
et T2DL.2RL crana HU3KOpPOCIOCTh. B MONeBBIX yCIoBHIX
Cpe/Hsis BhIcoTa pacTeHui Obiita Ha 23.65 1 28.6 cM Hibke pac-
tenuii copra H67 u C29 coorBercTBeHHO (CcM. Tab. 4). B yc-
JIOBUSIX BBIPAIIMBAHUS B THPOIIOHHON TEIUTUIIE PACTEHHS C
TpaHCIIOKalMel TaKkke MMETH JIOCTOBEPHO OoJiee HU3KYIO
BbICOTY B cpaBHeHHU ¢ H67 u C29 u ¢ 3aMereHHoN TuHH-
eii 2R(2D), (cm. tabn. 5). Beicora pacrenuii muaun 2R(2D),
ObLIa TOCTOBEPHO BBILIE IO CPABHEHUIO C COPTAMH. DTH JaH-
HbIE TPEAIOJIAraloT HHYI0 PEryJsIMI0 MPU3HAKA «BBICOTA
pacrenus» y nuanii T2DL.2RL u 2R(2D),, 4eM y copToB.

[Tpn3Hak KOPOTKOCTEOSTBHOCTH Y MIIEHHUIIBI ¥ PXKH KOHT-
ponupyercsi TeHaMu KapiiukoBocTd. Hamboubliee pacmnpo-
CTpaHEHUE B COPTaX MIIEHMIbI MOJTYYMIN T€HBI «3EICHOH
pesomony Rht-B1b (Rhtl) u Rht-D1b (Rht2), noxanu3o-
BaHHbIE HAa XpoMocoMax 4B u 4D cOOTBETCTBEHHO, a TaKXKe
red Rht8, mokanuzosanusiii Ha xpomocome 2DS (Borner et
al., 1996). I'en Ppd-D1a, 00ycioBinBaroIuii HeUyBCTBUTEIb-
HOCTb pacTeHUH K OTONEPUO/LY U JTOKATM30BAHHBIN TOXKE Ha
2DS, neszasucumMo ot Rht8 okasbiBaeT BlIMsgHNE HA CHYKEHUE
BeIcOTHI (Borner et al., 1993). OnHako MoneKyssIpHbIH aHa-
JIM3 HU3KOPOCIBIX 00pa3loB IeKCAIUIOWAHBIX TPUTHKAJE C
3aMerieHneM xpomocoM 2R/2D He BBISBHI aMIUTH(UKAIIN
npaiiMepos k ayutessim Rht8c v Ppd-D1a, Ha OCHOBaHHUH Y€To

ObUI cliesiaH BBIBOJ O BIMSHUU XPOMOCOMBI 2D Ha yMeHb-
menne BoicoTHl pacteHuil (Kopmrynosa, 2015). Yuactue
XpOMOCOMBI 2D B perynsiuu BBICOTHl PaCTEHHUH MOKa3aHO
TaKke B pabOTe 10 aHAIN3y arpOHOMHYECKHUX MPU3HAKOB y
03UMOH rexcarutonHol Tputukane (Bazhenov et al., 2015).
VY nuHU# ¢ 3aMerieHueM xpomocoMsl 2R xpomocomoit 2D
oOHapy»xeH 00paTHbIH 3¢ (heKT: CHIKEHNE BBICOTHI PACTCHUN
(Bazhenov et al., 2015).

3aknioyeHune

TakuM 00pa3oM, yBeIHMUCHHE BHICOTHI PACTEHUH Y JIMHUH
2R(2D), MOkKeT ObITH CIEACTBHEM 3aMELIEHUS XPOMOCOM
2R/2D. B nanHOM citygae XxpoMocoma pxu 2R He KoMITeHCH-
PYET OTCYyTCTBHE XpOMOCOMBI 2D, BO3MOXHO ITOTOMY, 4TO Ha
xpomocoMe 2R pacronokeH pereccuBHbI I'eH KapJInKOBO-
cru dw2 (Borner et al., 1996). CumkeHne BEICOTHI paCTCHHIA
y nuHuu ¢ TpaHcnokanuedl T2DL.2RL, BeposTHO, MOXeT
OBITH BBI3BAHO APYTruMHr HEU3BECTHBIMU B HACTOAILEC BPEMSL
TeHaMH, Haxomsamumucs Ha xpomocomax 2DL u 2RL wnn
JPYTHX XPOMOCOMAX IMIEHUIBI. [IJIsi BBISBICHHSI HCTHHHON
IIPUYUHBI HeO6XOZ[I/lMI)I ﬂaﬂbHeﬁmHe HCCJIICAOBAHU.
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Effect of the host-specific toxin Sn'TOX3
from Stagonospora nodorum on ethylene signaling
pathway regulation and redox-state in common wheat
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The fungus Stagonospora nodorum Berk. is the causative agent of Septoria nodorum blotch (SNB) of wheat. The
most important factors of Stagonospora nodorum virulence include numerous fungal necrotrophic effectors (NEs)
encoded by SnTox genes. They interact with the matching products of host susceptibility genes (Snn). SnTox-Snn
interactions are mirror images of classical gene-for-gene interactions and lead to the development of disease. We
have studied the SnTox3-Snn3 interaction, resulting in the development of infection on leaves and formation of
extensive lesions. The mechanism of SnTox3 action is likely to be linked to the regulation of redox metabolism
and the influence on ethylene synthesis in the wheat plants, although the molecular mechanisms are not fully
unveiled. To characterize the SnTox3-Snn3 interaction, we used S. nodorum isolates differing in the expression
of the NEs genes SnTox3 (SnB (Tox3*), Sn4VD (Tox3")) and two soft spring wheat (Triticum aestivum L.) cultivars,
contrasting in resistance to the SNB agent and differing in the allelic composition of the susceptibility locus
Snn3-B1:Kazakhstanskaya 10 (susceptible) and Omskaya 35 (resistant). We carried out a comparative assessment of
the transcriptional activity patterns of genes responsible for ethylene biosynthesis (TaACS1, TaACO) and signaling
pathway (TaEIL1, TaERF1) by real-time PCR and estimated the redox state of wheat plants infected with different
isolates of S. nodorum by spectrometry. The induction of ethylene biosynthesis and signaling has been shown to
result from gene-for-gene interaction between Snn3-B1 and SnTox3. The results of plant redox status estimation
showed that ethylene inhibited accumulation of hydrogen peroxide in SnTox3-sensitive genotypes by regulating
the operation of various pro-/antioxidant enzymes at the transcriptional and posttranslational levels. Our results
suggest that NE SnTox3 influences ethylene biosynthesis and signaling, thereby regulating redox metabolism in
infected wheat plants as necessary for successful host colonization at the initial phases of infection, which ultimately
leads to extensive lesions due to fast pathogen reproduction.

Key words: Stagonospora nodorum; Triticum aestivum; polymerase chain reaction; real-time polymerase chain
reaction; necrotrophic effectors; ethylene; redox-metabolism; gene-for-gene interaction; nonspecific resistance.
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BausiH/e X03sSIMH-CIIelndIHOro TokcruHa SnTOX3
rmaToreHa Stagonospora nodorum Ha CUTHAJIbHBIN IIYTh 3TUJ/I€HA
I peJOKC-CTAaTyC paCTeHMI MSTKOW SIPOBOM ITIIIEHUIIbI

C.B. Beceaosa @, I.®. Bypxanosa, T.B. Hyxwuas, C.A. Pymsuies, 1.B. Makcumos

VHCTUTYT 61OX1MIN 11 reHeTUKI — 060Co6NIeHHOe CTPYKTYpHOE noppasaeneHme YOUMCKOro defepanbHOro NcciefoBaTenbckoro LeHTpa
Poccuiickoit akapemun Hayk, Yéda, Poccua
® e-mail: veselova75@rambler.ru

BaxHenwunin GpakTop BUPYNEHTHOCTN BO3OYANTENA CeNnTopro3a nieHuLbl Stagonospora nodorum Berk. - MHoroumc-
neHHble HeKpoTpodHble 3dppekTopbl (H) rpmba (SnTox), B3aumoaencTByoLme C TPoAyKTaMmy reHOB BOCMPUMMUYNBO-
CTW x034arHa (Snn). B3anmopencTama SnTox-Snn ocyLecTBAAIOTCA MO TUMNY reH-Ha-reH 1 BeAyT K pa3BuTMio 6onesHu.
B HacToAwel paboTe 13yyeHo B3anmonencTame SnTox3-5Snn3, pesynbTaTom KOTOPOro ABNAETCA pa3BuUTne nHbeKum
Ha INCTbAX C 06pa3oBaHNeM OBLIMPHBIX 30H NopaxeHuaA. NpeanoNoXNTeNbHO, MexaHn3M AencTBmna SnTox3 cBA3aH
C perynaunein pefokc-metabonmsma v BAMAHNEM Ha CUHTE3 STUSIEHa Y PacTeHWI NLLeHNLbl, OAHAKO MONeKynAap-
Hble MeXaHM3Mbl A0 KOHLA He pacKkpbITbl. [InA xapakTepucTUKy B3aumopencTena SnTox3-Snn3 B pabote 6binn mc-
MoJIb30BaHbl U30MATLI S. nodorum, pasfMyatowmecs no skcnpeccun reHa SnTox: Snb (Tox3%) n Sn4B[ (Tox37), n aBa
copTa MArkom ApoBon niweHuubl (Triticum aestivum L.), KOHTPaCTHble MO YCTOMYMBOCTU K BO3OyAMTENtO cenTopriosa
1 pasnuualoLmeca no annesbHOMy COCTaBy JIOKyca BocnpummumnocTy Snn3-B1: KasaxctaHckaa 10 (Bocnpunmym-
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Bnnanune SNTOX3 Ha cUrHanbHbIN NyTb 3TUNEHA
N pefoKC-CTaTyC pacTeHUN NeHNL bl

BadA) 1 Omckasa 35 (yctonumsas). MpoBeaeHa cpaBHUTENbHAA OLIEHKA XapaKTepa TPaHCKPUMLMOHHOW aKTUBHOCTW
reHoB 6uocuHTesa (TaACS1, TaACO) n curHanbHoro Nyt stuneHa (TaklL1, TaERF1) meTogoM NonMMepasHom LenHom
peakuuu (MLIP) B peanbHOM BpeMeHY 1 OLleHeH pefoKC-CTaTyC PacTeHUI MLeHNLbl, UHGULIMPOBAHHbBIX Pa3SINYHbIMMK
nsonAatamu S. nodorum C MOMOLLbIO CNEKTPOPOTOMETPUYECKNX MeTOAOB. MoKa3aHo, YTO UHAYKUMA BUOCUHTe3a 1
CYTHaNbHOrO NyTW 3TUJIEHa NPOMNCXOAMNA B pe3ynbraTe B3aMOLENCTBUA MO TUMY reH-Ha-reH Snn3-B1-SnTox3. Pe-
3yNbTaTbl OLEHKM PeAoKC-CTaTyca pacTeHUI NOKasanu, YTo STUIEH NOAABAN HaKoMNeHne nepokcraa Bogopoaa B
UyBCTBUTENbHBIX K SNTOX3 reHOTMMNax 3a cYeT perynsaumnm paboTbl pasfivyHbiX GepMeHTOB NPO-/aHTUOKCAAHTHOM
CUCTEMbI Ha TPAHCKPUMLUOHHOM 1 MOCTTPAHCAALVOHHOM YPOBHAX. TakuM 06pa3om, NoslyyeHHble pe3ynbTaThl npes-
nonaratot, uto H3 SnTox3 BAvsAN Ha GUOCUHTES U CUTHANBHBIM MY Tb STUMEHA C LieSIblo Perynsauum pefokc-MeTabonms-
Ma MHOULMPOBAHHBIX PAaCTEHMWIA NMILEHULbI ANA YCMELIHON KONIOHN3ALMM XO3ANHA Ha HayanbHbIX 3Tanax nHGUUMpo-
BaHWA, YTO BMOCNEACTBUV MPUBOZUIIO K OBLLIMPHBIM 30HaM MOPaXKeHA 3a CUET ObICTPOro Pa3MHOXKEHMS NaToreHa.

KntoueBble cnoBa: Stagonospora nodorum; Triticum aestivum; nonvmepasHas LenHas peakums; nonvmepasHas uen-
Has peaKuuA B peasibHOM BpeMeHU; HEKPOTPOPHbI SPdeKTOp; STUNEH; PefOKC-MeTabonn3M; B3aMMOAENCTBYE reH-

Ha-TeH; HecneLmduyeckan ycToinunBoCTb.

Introduction

Wheat, a staple crop, has been attacked by various kinds of
leaf spot diseases in recent decades, and Septoria nodorum
blotch (SNB) ranks among the most injurious ones. It is caused
by the fungal pathogen Stagonospora nodorum Berk. Yield
losses inflicted by this pest reach up to 30 % in susceptible
wheat cultivars under permissive environmental conditions
(Bertucci et al., 2014). Studies of SNB have been intensively
conducted over the past three decades, but there is still no
clear understanding of the mechanisms that underlie wheat
resistance/susceptibility to infection, on the one hand, and
pathogen virulence, on the other hand (Fraaije et al., 2002;
Bertucci et al., 2014; Winterberg et al., 2014; Phan et al.,
2016; Shi et al., 2016).

It has been shown that among the most important factors
of virulence of S. nodorum are the numerous necrotrophic
effectors (NEs), formerly referred to as host-specific (selec-
tive) toxins (Phan et al., 2016; McDonald, Solomon, 2018).
The interaction in the wheat-S. nodorum pathosystem is of
the gene-for-gene type (McDonald, Solomon, 2018). These
relationships are confirmed by the fact that products of the
pathogen virulence genes (=host-specific toxins) (SnTox)
cause compatibility, i. e. disease expansion, when interact-
ing with products of the host plant susceptibility genes (Snn)
(Phan et al., 2016). The effect of each SnTox-Snn interaction
is incomplete and is complemented by other interactions. To
date, eight SnTox-Snn interactions are known, while only three
genes encoding NEs (SnToxA, SnTox1, and SnTox3) have been
cloned from the pathogen, and only two susceptibility genes
(Tsnl and Snnl) have been cloned from wheat (Phan et al.,
2016; Shi et al., 2016).

The genetics of the relationship between wheat and S. nodo-
rum is very complex, race-specific resistance explaining only
about 40 % of phenotypic manifestations (Shi et al., 2016). In
addition, it was shown in the last four years that some of the
characterized SnTox-Snn interactions causing susceptibility
are aimed at manipulating nonspecific plant defense pathways
associated with redox metabolism, secondary metabolism and
pathogenicity-related proteins (Winterberg et al., 2014; Phan
etal., 2016; Shi et al., 2016).

The Snn3-B1-SnTox3 interaction plays a significant role
in SNB development (Shi et al., 2016; McDonald, Solomon,
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2018). It is assumed that the result of this interaction is the
development of infection on leaves with the formation of
extensive lesions, which is associated with the influence of
SnTox3 on the generation of reactive oxygen species (ROS);
unfortunately, the mechanism underlying this effect remains
obscure (Winterberg et al., 2014). Nevertheless, a recent study
shows that SnTox3 induces methionine accumulation and
ethylene synthesis in wheat plants within 24 h after infection
(Winterberg et al., 2014).

One of the earliest plant responses to the penetration of a
pathogen is known to be local ROS generation, which plays
an important role in the development of systemic resistance
(Barna et al., 2012). Currently, the mechanisms regulating
apoplastic ROS synthesis during immune response are in-
tensively studied but still insufficiently understood. Recent
studies have shown that the pro-/antioxidant state of plants
is under the strict control of plant hormones involved in the
formation of defense reactions during stress (Barna et al.,
2012). They include ethylene, whose role in biotic stress is
complex and depends on the type of pathogen and plant species
(Vleesschauver et al., 2010; Barna et al., 2012). Earlier, we
showed the negative role of ethylene in the development of
wheat plant resistance to S. nodorum (Veselova et al., 2016).
Unfortunately, the mechanisms of action of plant hormones,
including ethylene, on ROS generation under biotic stress are
poorly known (Barna et al., 2012).

In this regard, the aim of this work was a comparative as-
sessment of the transcriptional pattern of genes involved in
ethylene biosynthesis and signaling pathway genes and of
the redox state of wheat plants infected with Stagonospora
nodorum isolates differing in NE SnTox3 expression.

Materials and methods

The objects of the study were two cultivars of soft spring wheat
(Triticum aestivum L.) contrasting in resistance to S.nodorum
Berk.: susceptible cv. Kazakhstanskaya 10 (Kaz10) and re-
sistant cv. Omskaya 35 (Om35). The pathogen objects were
two isolates of the fungus S. nodorum: Sn4VD (Republic of
Belarus) and SnB (Republic of Bashkortostan). Fungi were
grown on potato-glucose agar (PGA). Plants were hydroponi-
cally grown on 10 % solution of Hoagland—Arnon nutrient
medium in a KS-200 SPU growth chamber (Russia) at
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20/24 °C (night/day) at the irradiance 146 W/m? FAR (Osram
lamps L 36 W/77) and the 16-h photoperiod for seven days. The
assessment of seedling resistance of cultivars was carried out
by the lawns method, as described in (Veselova et al., 2016).
The resistance/susceptibility of cultivars was assessed from
the lesion area seven days after inoculation with S. nodorum
isolates. The development of SNB symptoms on wheat leaves
was photographed with an SP-800UZ Image Stabilization
camera (Olympus, Indonesia). The lesion area was measured
with ImageJ program (rsbweb. nih.gov/ij/download.html) and
expressed as percent leaf area infected. The degree of damage
was also assessed according to the International scale based
on the percentage of the affected area of plant organs: RR
(0-5 %) — caltivars with very high and high resistance; R (up
to 10—15 %) — resistant caltivars; M (up to 25 %) — slightly
susceptible caltivars; S (up to 40—65 %) — susceptible cal-
tivars; SS (over 65 %) — caltivars with very high and high
susceptibility.

DNA was isolated from wheat seedlings and 7-day fungus
culture by the phenol-detergent method (Maniatis et al., 1984).
SnTox3 gene (FJ823644) identification in S. nodorum isolates
was performed by PCR with gene-specific primers (5'— 37):
F-CGAGCTGATATCCCGTTTGA; R-GGGACAGT-
GACAATAGGTAAGG (Winterberg et al., 2014); primers
for the housekeeping gene tubulin (S56922) (Fraaije et al.,
2002) being used as an internal control for the presence of
fungal DNA. Analysis of SnTox3 gene expression in differ-
ent isolates of S. nodorum during inoculation of wheat plants
was performed with the same primers using semi-quantitative
PCR. Total RNA was isolated with Trizol reagent (Sigma,
Germany) according to manufacturer’s recommendations
from leaves of susceptible wheat cv. Kaz10 and resistant cv.
Om35 fixed in liquid nitrogen after their inoculation with a
pathogen. To obtain cDNA based on RNA from the studied
samples, reverse transcription reaction was performed us-
ing reverse transcriptase in accordance with manufacturer’s
protocol (Synthol, Russia). PCR with the cDNA template
was performed in a TP4-PCR-01-Tertsik type PCR machine
(DNK-Tekhnologia, Russia).

The allelic state of the Shn3-B1 locus was determined by
PCR with primers for the Xcfd20 and Xgwm234 microsatel-
lite markers (Bertucci et al., 2014). The sequences of prim-
ers Xcfd20 (5'—3"): F-TGATGGGAAGGTAATGGGAG;
R-ATCCAGTTCTCGTCCAAAGC; of primers Xgwm234
(5">37"): F-GAGTCCTGATGTGAAGCTGTTG; R—-
CTCATTGGGGTGTGTACGTG (Bertucci et al., 2014). In
all cases, PCR products were resolved in 7 % PAAG stained
with ethidium bromide using the Gene Ruler DNA Ladder
(Fermentas). Gels were photographed using a GelDoc XR
documenting system (Bio-Rad, USA).

To reveal the effect of SnTox3 on the biosynthesis and sig-
naling pathway of ethylene, part of the wheat seedlings were
treated with 1.5 mM solution of ethephone (ET) (2-chloroethyl-
phosphonic acid), an ethylene-releasing compound (Sigma,
Germany) (Veselova et al., 2016), 24 h before inoculation with
various S. nodorum isolates, while the remainder of the wheat
seedlings were treated with 50 uM aminoethoxyvinylglycine
(AVG), ethylene biosynthesis inhibitor (Sigma, Germany).
After the treatment, the vessels were closed and kept in the
dark. The content of hydrogen peroxide (H,0,) and the ac-
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tivities of peroxidase enzymes (PO), oxalate oxidase (0XO),
and catalase were measured 24 and 72 h after inoculation
with S. nodorum isolates as previously described (Veselova
etal., 2018).

Total RNA was isolated from control and experimental
wheat leaves with Trizol reagent according to manufacturer’s
(Sigma, Germany) recommendations. Prior to the isolation, the
leaves were fixed in liquid nitrogen 24 h after their inocula-
tion with S. nodorum. Analysis of the expression of genes for
oxidoreductases and genes involved in the biosynthesis and
signaling pathways of ethylene was performed by quantitative
real-time PCR with an iCycler iQ5 Real-Time PCR Detec-
tion System (Bio-Rad, USA) and SYBR Green I intercalating
dye (Sintol, Russia). To normalize the expression results of
the studied genes, primers for the RLI gene for constitutively
expressed RNA inhibitor protein (RNase L inhibitor-like)
(AY059462) were used (Gimenez et al., 2011). Changes in the
expression of the gene of interest were estimated by the level
of normalized gene expression calculated with the iCycler
1Q5 Real-Time Detection System Software (Bio-Rad, USA).
Primers for the genes encoding NADPH oxidase (TaRboh,
AY561153) (Giovanini et al., 2006), superoxide dismutase
(SOD) (TaSod, JX398977.1) (Giovanini et al., 2006), anionic
peroxidase (TaPrx, TC151917) (Maksimov et al., 2014),
aminocyclopropane synthase (ACC synthase — TaACS1,
U35779) (Subramaniam et al., 1996), aminocyclopropane oxi-
dase (ACC oxidase — TaACO, KF900072) (primer sequences
(5'>3"): F-TGTCCATCGCCTCCTTCTA; R-CGAACA-
CGAACCTTGGGTAT,; transcription factor of the ethylene
signaling pathway EIN3-LIKEl (ETHYLENE INSENSI-
TIVE3-LIKEI (EIL1)—TaEIL1, KU030837, Arabidopsis or-
thologue gene AtEIN3) (Liu et al., 2016) and the transcription
factor of the primary response to ethylene ERF1 (ETHYLENE
RESPONSE FACTORI1 — TaERF1, EF583940) (Dong et al.,
2010) were used in this study.

All experiments were carried out three times with three bio-
logical and three analytical replications (n=9 in total), except
for the measurements of infected area, which were performed
in not less than 30 biological replications (n = 90 altogether).
The Figures 1-3 and Tables 1-3 report mean values and their
confidence intervals calculated from their standard errors.
Significance of differences between experimental variants was
estimated by Student’s t-test at the confidence level p <0.05.

Results

SnTox3 gene and Snn3-B1 susceptibility locus. Two S. nodo-
rum isolates, SnB and Sn4VD, were tested for the presence/
absence of the SnTox3 gene by PCR. The gene was found in
both (Fig. 1, a).

However, analysis of the transcriptional activity of this NE
gene showed no expression in the avirulent Sn4VD isolate
and accumulation of SnTox3 transcripts after inoculation of
the susceptible cv. Kaz10 and the resistant cv. Om35 with the
virulent isolate SnB (see Fig. 1, b). PCR diagnostics of the
allelic state of the Snn3-B1 locus was performed in two soft
spring wheat cultivars, Kaz10 and Om35. For this purpose,
specific primers for two Xcfd20 and Xgwm234 microsatellite
markers flanking the Snn3-B1 locus were used (Bertucci et
al., 2014; Shi et al., 2016). The null allele was not found in
these varieties. However, the cultivars differed in the allelic
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composition of the Snn3-B1 locus (see Fig. 1, ). In particular,
the Xcfd20 marker was represented by two alleles in both cul-
tivars, and Xgwm234 was represented by one allele in Om35
and by two in Kaz10 (see Fig. 1, c).

Cultivar/isolate combinations. It was shown previously
that cv. Om35 was the most resistant among several cultivars
of soft spring wheat, whereas Kaz10 was the least resistant
to the hemibiotrophic fungus S. nodorum (Veselova et al.,
2016). Those observations were made using isolate SnB. In
this work, the following cultivar/isolate combinations were
studied: Kaz10/SnB (S/Tox3"), Kaz10/Sn4VD (S/Tox3"),
Om35/SnB (I/Tox3*), Om35/Sn4VD (I/Tox3"), where S is
the Tox3-sensitive cultivar, I is the Tox3-insensitive cultivar,
Tox3™* is the isolate expressing the toxin gene, Tox3~ is the
isolate not expressing the toxin gene.

A complete compatibility reaction was detected in the
S/Tox3* cultivar/isolate combination (Kaz10/SnB), where
inoculation with the pathogen led to the formation of large
lesions covering up to 80 % of the total leaf area (Table 1).
Resistance reactions were observed in the remaining cultivar/
isolate combinations (Om35/SnB, Kaz10/Sn4VD, Om35/
Sn4VD) (see Table 1). Pretreatment of both Tox3-sensitive
(Kaz10) and Tox3-insensitive (Om35) plants with ET in-
creased their susceptibility only to the SnB isolate (Tox3") but
did not affect the susceptibility to the Sn4VD isolate (Tox3")
(see Table 1). Pretreatment of Tox3-insensitive plants (Om35)
with ethylene biosynthesis inhibitor AVG did not affect their
defense response, regardless of the isolate that was used
for plant inoculation: SnB (Tox3*) or Sn4VD (Tox3") (see
Table 1). Treatment of Tox3-sensitive plants (Kaz10) with
AVG increased their resistance to the SnB isolate but did not
affect the resistance to the Sn4VD isolate (see Table 1).

The biosynthesis and signaling pathway of ethylene
in infected plants. Analysis of the transcriptional activity
of ethylene biosynthesis genes (TaACS for ACC synthase
and TaACO for ACC oxidase) and signaling pathway genes
(TaEIL1 and TaERF1) showed an increase in the mRNA
contents of these genes during the compatibility reaction
developed in susceptible plants (Kaz10/SnB) and in plants
treated with ET (Kaz10/SnB+ET, Om35/SnB+ET) (Table 2).
In Tox3-sensitive plants (Kaz10), the transcripts contents

Bnnanune SNTOX3 Ha cMrHanbHbIN NyTb 3TUNEHA 2019
1 pefoKC-CTaTyC pacTeHNI NeHNLbl 23.7
c
SnB Sn4VD SnB  Sn4VD Xcfd20 Xgwm234

Fig. 1. Identification of the SnTox3 gene in two S. nodorum isolates: SnB
and Sn4VD (a); analysis of transcriptional activity of the SnTox3 gene in
infection of two soft spring wheat cultivars (b); identification of alleles of
the Snn3-B1 locus in these cultivars using primers for SSR markers (Xcfd20
and Xgwm234) by PCR (c).

Lanes: 1 - Kazakhstanskaya 10; 2 - Omskaya 35; M - DNA molecular weight
ladder 100-1000 bp.

of the ethylene biosynthesis genes and the gene coding for
TaERF1 (transcription factor involved in the primary response
to ethylene) increased about three to four fold, and the mRNA
content of the TaEIL1 gene (coding for the main regulatory fac-
tor of the ethylene signaling pathway) increased 14—18 times
on the 24th hours after inoculation (see Table 2). However,
in Tox3-insensitive plants (Om35/SnB + ET cultivar/isolate
combination), the accumulation of mRNAs of the genes re-
sponsible for biosynthesis and signaling pathway of ethylene
was lower than in other cultivar/isolate combinations, which
led to a compatibility reaction (see Table 2).

When the incompatibility reaction developed in Tox3-
insensitive plants in the Om35/SnB, Om35/Sn4VD cultivar/
isolate combinations, suppression or absence of the accumula-
tion of transcripts of genes involved in ethylene biosynthesis
and signaling pathway was found regardless of ET or AVG
treatments (see Table 2). When the incompatibility reaction
developed in Tox3-sensitive plants, either inoculated with
Sn4VD isolate (Tox3") (Kaz10/Sn4VD, Kaz10/Sn4VD +
AVG, Kaz10/Sn4VD + ET) or with SnB isolate (Tox3*)
(Kaz10/SnB + AVQG), there was no accumulation of mRNAs
of the TaACS, TaACO, or TaERF1 genes and the accumula-

Table 1. Reaction of two wheat cultivars with different allelic states of the Snn3-B1 locus
to inoculation with S. nodorum SnB (Tox3™) and Sn4VD (Tox3") isolates

Kazakhstanskaya 10

Cultivar/isolate Damage area, % Group*
Kaz10/SnB 80.0+3.0 SS
Kaz10/SnB+ET** 949+23 SS
Kaz10/SnB+AVG*™* 18.6+2.2 M
Kaz10/Sn4VD 84+22 R
Kaz10/Sn4VD+ET 8.1+1.8 R
Kaz10/Sn4VD+AVG 6.5+2.6 R

Omskaya 35

Cultivar/isolate Damage area, % Group®
Om35/SnB 109+25 R
Om35/SnB+ET 57.2+26 S
Om35/SnB+AVG 9.1+1.9 R
Om35/5n4VD 1.6+0.5 RR
Om35/Sn4VD+ET 1.9+1.1 RR
Om35/Sn4VD+AVG 1.6+0.5 RR

*RR (0-5 %) - cultivars with very high and high resistance; R (5-15 %) - resistant cultivars; M (15-25 %) - slightly susceptible cultivars; S (25-65 %) — susceptible

cultivars; SS (65-100 %) - cultivars with very high and high susceptibility.

** Plants were treated with either ethephon (ET) or ethylene biosynthesis inhibitor (AVG) 24 h before inoculation with S. nodorum.
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Table 2. Transcriptional analysis of ethylene biosynthesis and signaling pathway genes measured in Kazakhstanskaya 10
and Omskaya 35 wheat cultivars contrasting in SNB resistance 24 h after inoculation with S. nodorum isolates

Variant of treatment Gene
TaACS TaACO TaEIL1 TaERF1
Kazakhstanskaya 10
Kaz10 100 100 100 100
Kaz10/SnB 311+£60 237+30 1400+200 356+70
Kaz10/SnB+AVG 143+23 77+3 389+0 100+20
Kaz10/SnB+ET 350+34 223+10 1810+£270 450+ 34
Kaz10/Sn4VD 128+28 110+10 322+10 102+10
Kaz10/Sn4VD+AVG 117+9 63+15 390+60 146+10
Kaz10/Sn4VD+ET 121+10 65+6 375+20 107+7
Omskaya 35

Om35 100 100 100 100
Om35/SnB 86+10 47+10 776 92+10
Om35/SnB+ET 169+8 190+ 15 325+54 262+35
Om35/SnB+AVG 102+20 54+10 115+20 178+40
Om35/Sn4VD 97+10 143+10 133+20 54+2
Om35/Sn4VD+ET 125+6 95+7 156+10 199+2
Om35/Sn4VD+AVG 108+20 206+20 129+20 134+5
a = 60 b * Control

E **.{):** % B Sn

gu * . o % B Sn+AVG

g 40+ % %y B Sn+ET

> o as

c I : I I I

g 20 [** wxll

v

S,

T

0 . . . .
24 7| 24 72 72 | 24 72
SnB Sn4VD SnB Sn4VD

Fig. 2. Hydrogen peroxide contents in leaves of cultivars Kazakhstanskaya 10 (a) and Omskaya 35 (b) 24 and 72 h after inoculation with S. nodorum

SnB (Tox3+) and Sn4VD (Tox3-) isolates.

Control - uninfected plants; Sn - infection with S. nodorum isolates; Sn + AVG - infection + AVG treatment; Sn + ET - infection + ET treatment. Asterisks show
statistically significant differences from the control group, and different numbers of asterisks indicate differences between the variants significant at p < 0.05.

tion of TaEIL1 mRNA was low as compared to control plants
(see Table 2).

Redox state of infected plants. We studied the components
of the pro-/antioxidant system in order to elucidate the role
of SnTox3 in the regulation of redox metabolism in the host
plant via the biosynthesis and signaling pathway of ethylene
in suppressing defense reactions in infected plants. The com-
patibility reactions in susceptible plants (Kaz10/SnB) and in
plants treated with ET (Kaz10/SnB+ET, Om35/SnB+ET)
were characterized by a decrease in H,0, content (Fig. 2, a, b)
due to elevated activity of catalase (CAT) (Fig. 3, e, f), reduced
peroxidase (PO) (see Fig. 3, a, b) and oxalate oxidase (OXO)
(see Fig. 3, c, d) activities, and lack of transcript accumula-
tion of the genes encoding oxidoreductases NADPH oxidase
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(TaRbohF), SOD (TaSod), and PO (TaPrx) (Table 3). However,
in Tox3-insensitive plants (Om35/SnB + ET cultivar/isolate
combination), the suppression reaction of oxidative burst
was less pronounced than in other combinations leading to a
compatibility reaction (see Fig. 2, 3, Table 3).

The incompatibility reactions in the Om35/SnB, Om35/
Sn4VD, Kaz10/Sn4VD cultivar/isolate combinations and in
AVG-treated plants from all combinations were character-
ized by an increase in H,O, generation (see Fig. 2, a, b) due
to a decrease or absence of increase in CAT activity, a drastic
increase in the activity of PO and OXO (see Fig. 3), and the
accumulation of TaRbohF, TaSod, and TaPrx transcripts at
the early stage of infection (24 h) (see Table 3), which led to
the development of a hypersensitive-type response and arrest
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Fig. 3. Enzyme activities in leaves 24 and 72 h after inoculation with S. nodorum SnB (Tox3*) and Sn4VD (Tox3-) isolates: (a, b) peroxidase;
(c, d) oxalate oxidase; (e, f) catalase; (a, ¢, e) cv. Kazakhstanskaya 10; (b, d, f) Omskaya 35.

Designations follow Fig. 2.

Table 3. The results of transcriptional analysis of oxidoreductase genes registered 24 h after inoculation with S. nodorum
isolates in wheat cultivars Kazakhstanskaya 10 and Omskya 35 characterized by different levels of resistance to the disease

Variant Pathogen isolate
of treatment™ SnB (Tox3+) """"""""""""""""""""""""""""""""""""""""""""""""""" S n4VD(Tox3‘) """""""""""""""""""""""""""""""""""""""""""""""
Gene ..................................................................................................................................................................................................
TaRboh TaSod TaPr TaRboh TaSod TPk
....................................................................................................... Kazakhstanskayam
Control 00 w00 w00 w00 00 00
s 783 8810 71%3 160+21 144x8 23:20
SneAVG 1m0 169+20 163830 145840 mos3 210450
Sn+ET 5.1 8147 104820 152637 14s2 51450
OmSkya35 ..............................................................................................................
“Control - 00 00 00 00 00 00
K. 12610 264420 365426 160+20 196+9 264420
SneAVG 13620 22440 M3z 120610 178+18 170420
SneET g+10 1gr9 136+15 132630 159£10 181£34

*Treatment options are designated as in Fig. 2.

YCTOWNYNBOCTb PACTEHU K BUOTUYECKUM OAKTOPAM / RESISTANCE OF PLANTS TO BIOTIC FACTORS 861



S.V.Veselova, G.F. Burkhanova, T.V. Nuzhnaya
S.D. Rumyantsev, I.V. Maksimov

of pathogen growth (see Table 1). Treatment with ET did
not affect the nature of the response to inoculation with the
Sn4VD isolate in either Tox3-sensitive or insensitive plants
(see Fig. 2, 3, Table 3).

Discussion

At present, it is known that S. nodorum produces eight NEs
associated with the virulence of pathogen isolates (Phan et al.,
2016; Shi et al., 2016). The main NEs are SnToxA, SnTox1,
SnTox3 toxins, which are considered to be the key factors
of the virulence of pathogen strains and isolates, as shown
in experiments with mutant S. nodorum strains and different
wheat lines sensitive and insensitive to these effectors (Phan
et al., 2016; Shi et al., 2016).

In our study, high transcriptional activity of the SnTox3
gene was found in the virulent isolate SnB (Fig. 1, b). The
avirulent isolate Sn4VD did not express this gene (see Fig.
1, b), which may be indicative of SnTox3 inactivation in this
isolate (Tan, Oliver, 2017). Here we studied two cultivars of
soft spring wheat contrasting in resistance to S. nodorum and
differing in the allelic composition of the Snn3-B1 locus (see
Fig. 1, ¢). This difference is presumed to be associated with
their sensitivity and insensitivity to NE SnTox3 (Shi et al.,
2016). In the referred study, two BG220 and Sumai3 wheat
lines carrying different alleles of the Snn3-B1 locus showed
different degrees of sensitivity to NE SnTox3. Despite the fact
that the Snn3-B1 null allele was not detected in cv. Om35, this
cultivar was insensitive or weakly sensitive to SnTox3. This
may indicate a large deletion in the locus between the Xcfd20
and Xgwm?234 markers, which is in agreement with the litera-
ture data (Shi et al., 2016). Thus, out of 17 Sumai3 mutants
insensitive to SnTox3, the Snn3-B1 null allele was detected
only in 5 of them: two lines harbored null alleles for three
microsatellite markers, Xgwm234, Xmag705 and Xcfb306,
and three lines had a null allele for one microsatellite marker
Xcfb306 (Shi et al., 2016). Thus, four different cultivar/isolate
combinations were selected with two isolates of S. nodorum
SnB (Tox3*) and Sn4VD (Tox3") and two cultivars of spring
common wheat with different genotypes to study the role of
SnTox3 in the development of infection.

On the one hand, the main function of NE SnTox3 is the
formation of lesion zones on the wheat leaves of sensitive
genotypes by hijacking host’s nonspecific signaling defense
pathways and manipulating them for pathogen growth and
propagation (Winterberg et al., 2014). Furthermore, SnTox3
has been shown to increase ethylene synthesis in infected
plants (Winterberg et al., 2014).

To elucidate the role of SnTox3 in ethylene biosynthesis
and signaling pathways, we treated part of wheat plants of
two cultivars, Kazl10 and Om35, with ethylene chemical
precursor ET and ethylene biosynthesis inhibitor AVG. The
results showed that both the elevated susceptibility of the
ET-treated plants to S. nodorum and elevated resistance of
the AVG-treated plants depended on the pathogen genotype:
Tox3* in SnB or Tox3~ in Sn4VD (see Table 1). This obser-
vation suggests that NE SnTox3 acts as a virulence factor
and affects the plant defensive system by regulating ethylene
biosynthesis and signaling pathways. It has been shown that
ethylene production by some pathogens is closely associated
with their virulence (Ma K.-W., Ma W., 2016). For instance,
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the XopD effector of the pathogenic bacterium Xanthomonas
euvesicatoria manipulates the ethylene signaling pathway, af-
fecting transcription factor ERF4 (Ma K.-W., Ma W, 2016),
and the necrotrophic fungus Cochliobolus miyabeanus in-
duces the ethylene signaling pathway in rice to produce and
secrete ethylene as an effector to accelerate infection (Shen
etal., 2018).

In our work, the analysis of the transcriptional activity of
the genes controlling the biosynthesis and signaling pathway
of ethylene also showed that the activation of genes involved
in this pathway in infected plants depended on the pathogen
isolate genotype and the sensitivity of the wheat genotype
to NE SnTox3 (see Table 2). These results suggest that the
biosynthesis and signaling pathway of ethylene are induced in
the gene-for-gene interaction between Snn3-B1 and SnTox3.

Interestingly, in SnTox3 insensitive plants (Om35/SnB+ET
cultivar/isolate combination), ET treatment increased plant
sensitivity to this NE (see Table 3), suggesting that such a
reaction could result from a mutation in genes regulated by the
Snn3-B1-SnTox3 interaction (Shi et al., 2016). However, the
activation of genes for ethylene biosynthesis and the signal-
ing pathway in the Om35/SnB + ET combination was weaker
than in case of the compatible interaction in plants sensitive
to SnTox3 (Kaz10/SnB, Kaz10/SnB+ET) (see Table 2). This
suggests that resistant plants possess a mechanism for efficient
suppression of ethylene biosynthesis and signaling pathway to
induce defense responses that are inhibited by ethylene. For
example, ethylene inhibited salicylic acid (SA) biosynthesis
and suppressed the expression of the SA-mediated signaling
pathway marker genes PR-1 and PR-2 in Arabidopsis plants
infected with Pseudomonas syringae (Chen et al., 2009), as
well as in wheat plants infected with S. nodorum (Veselova et
al., 2016). Silicon blocked ethylene production by the patho-
gen C. miyabeanus, which improved the resistance of rice
plants (Shen et al., 2018). Thus, the obtained results prove
the influence of SnTox3 on the biosynthesis and signaling
pathway of ethylene in the course of Snn3-B1-SnTox3 in-
teraction according to the gene-for-gene type with ultimate
suppression of the defense reactions of wheat plants to
facilitate colonization.

Our previous studies showed that ethylene provided com-
fortable conditions for the penetration and development of
S. nodorum in wheat plant tissues at the initial stage of infec-
tion due to the regulation of redox metabolism and reduction
of H,O, generation (Veselova et al., 2016, 2018). On the
contrary, the accumulation of ROS in wheat plants at the initial
stage of infection with the pathogen S. nodorum determined
the resistance of the cultivar, inducing the expression of the
genes encoding pathogenicity-related proteins (Veselovaetal.,
2016, 2018). The change in the redox state of infected wheat
plants in our experiments completely depended on the activa-
tion or inhibition of the biosynthesis and signaling pathway
of ethylene, and this effect was due to the Snn3-B1-SnTox3
interaction of the gene-for-gene type (see Fig. 2, 3). Our
results demonstrate that ethylene suppresses H,O, accumula-
tion in plants sensitive to SnTox3 via increasing CAT activity,
reducing PO and OXO activities, and lowering the transcript
contents of genes encoding NADPH oxidase and SOD, in
consistency with literature data (Golemiec et al., 2014; Ma
et al., 2017) and our earlier results (Veselova et al., 2018).
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Formerly, it was shown that NE SnTox3 regulated genes
involved in redox metabolism and the formation of necrosis
(Winterberg et al., 2014), but the mechanisms effecting the
influence of SnTox3 on ROS generation remain obscure. It is
known from the literature that specific effectors of pathogens
can induce hypersensitive response in plant cells and suppress
the oxidative burst in plants during the infection process in
various ways (Jwa, Hwang, 2017). For example, two cytoplas-
mic effectors of Phytophthora sojae interact with catalases to
regulate H,0O, concentration. The Pep! effector of U. maydis
interacts with POX12 maize peroxidase in vivo and suppresses
early immune responses in maize (Hemetsberger et al., 2012).

Conclusion

The results of our work suggest that the pathogen effector
SnTox3 influences biosynthesis and signaling pathway of
ethylene in order to regulate the redox metabolism of infected
wheat plants in the way promoting successful colonization
of the host at initial stages of infection, which subsequently
gives rise to extensive damage lesions due to fast pathogen
reproduction.
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The greenbug aphid Schizaphis graminum Rond. causes a significant loss of the grain harvest. Therefore, to improve
plant resistance to aphids is one of the topical tasks. The problem of creating varieties resistant to phloem-feeding
insects is quite urgent, since the mechanisms procuring the resistance of plants to insects are not fully understood.
Nevertheless, modern literature describes some mechanisms associated with changes in the redox state of colo-
nized plants. Besides, attention is being increasingly focused on the study of mechanisms that underlie inducible
resistance to aphids in wheat and are regulated by hormonal signaling systems. To detect connections among the
redox status, indicators of resistance (antibiosis and endurance) of wheat plants to the pest, and induction of the
jasmonate (JA) and salicylate (SA) signaling pathways, we studied accessions of three species of wheat plants - Triti-
cum aestivum L., T. monococcum., and T. timopheevii Zhuk.- infested with S. graminum greenbugs by physiological,
biochemical, and molecular methods. Analysis of antibiosis and endurance showed that T. timopheevii k-58666 and
T. monococcum k-39471 were resistant to S. graminum, the latter accession being the most enduring. High hydro-
gen peroxide contents and high peroxidase activities were detected in the resistant plants. We investigated the
expression of genes encoding PR proteins, including markers and regulators of the salicylate (TaRboh, TaPAL, Tapr1,
TaPrx) and jasmonate (TaPl, TaLOX, TaPrx) signaling pathways. At the early stage of infestation in the susceptible
T. aestivum variety Salavat Yulaev, the expression of only jasmonate-dependent genes was activated in response to
plant damage. In the resistant T. timopheevii accession k-58666, expression of only salicylate-dependent genes was
activated, while the aphid reproduction was practically absent. In the resistant T. monococcum accession k-39471,
expression was activated in both the salicylate-dependent and jasmonate-dependent gene groups. We assume
that the oxidative burst in the resistant forms of wheat was induced via the activation of the SA signaling pathway,
which was of crucial importance in the further cascade of chemical reactions leading to the development of resis-
tance.

Key words: Schizaphis graminum Rond.; Triticum aestivum L.; T. monococcum L.; T. timopheevii Zhuk.; polymerase
chain reaction; plant immunity; redox metabolism; hormonal signaling systems; gene expression.
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MHAOyIpoOBaHHAas VCTOMUMBOCTD IIpecTaBuTesne poaga Triticum
K OOBIKHOBEHHOII 3/71aKOBOII Tie Schizaphis graminum Rond.

C.A. Pymsanues @, C.B. Beceaosa, I.®. Bypxanosa, V1.B. Makcumos

NHCTUTYT GMOXMMIM 1 FeHETUKM — 060CObNIeHHOE CTPYKTYpHOe nofpasaeneHne Yormckoro gpenepanbHOro ncciefoBaTenbCckoro LeHTpa Poccuinckoi
akagemun Hayk, Yoa, Poccua
® e-mail: Rumyantsev-Serg@mail.ru

O6bIKHOBeHHas 3n1akoBas Tna Schizaphis graminum Rond. HAHOCUT 3HaUMTENbHbIN YLLEPO NOCEBaM 3€PHOBbIX KYJlb-
Typ, NOSTOMY MOBbILLIEHWNE YCTONYNBOCTY PACTEHUIA K TNAM — OiHa U3 NepBOoCTeNeHHbIX 3adau. lMpobnema co3pgaHnsa
YCTONUYUBbIX COPTOB K HACEKOMBIM, MUTAIOLLMMCA GIO3MHBIM COKOM, CTOUT JOCTAaTOYHO OCTPO, TaK KaK MEXaHU3MbI,
XapaKTepu3ytoLye YyCTONUYNBOCTb PACTEHNI K HACEKOMbIM, 1O KOHLIA He M3yyeHbl. TeM He MeHee B COBPEMEHHOM
nuTepaType ONM1CbIBalOT MEXaHM3MbI, CBA3aHHbIE C U3MEHEeHNeM pefoKC-CTaTyca pacTeHWI, 3aceNieHHbIX Tnen. Kpo-
Me TOro, B nocsiefHee Bpems Bce 6osbluee BHUMaHVe YAeNAeTCA N3YyUYeHNI0 MeXaHU3MOB NHAYLNPYEMOI YCTON-
YMBOCTU MIUEHULbI K TAAM, PETYNNPYEMOI FOPMOHANbHLIMUA CUTHANbHBIMU cMcTeMamMu. [Ans obHapyXeHusa CBA3N
MeXAy PeAOKC-CTaTyCoM, MoKasaTeNnaMMN YCTOMYMBOCTU PacTeHMIA MWeHNULbl (QHTUOMO30M 1 BbIHOC/IMBOCTbBIO) K
BpeauTento 1 nHaykumen xacmoHat (KAK)- n canuuymnat (CK)-curHanbHbIX NyTen y npeactaButenen Tpex BULOB
pacTeHuin nweHwnybl, Triticum aestivum L., . monococcum L. v T. timopheevii Zhuk., 3aceneHHbIX 06bIKHOBEHHOW
3/1aKOBOW Tnew S. graminum, 6bIIN NPOBEAEHbI NCCNEA0BAaHUA C MOMOLLbIO GU3NONOTNYECKUX, GUOXUMUYECKNX 1
MONEKYNAPHO-TeHeTUYECKNX METOLO0B. TeCTbl Ha aHTMOMO3 1 BbIHOC/IMBOCTb MOKa3asy, YTO YCTONYMBBIMM MO OTHO-
WeHuo K S. graminum 6binv 06pasubl T. timopheevii — K-58666 1 T. monococcum — K-39471, nocnefHNUiA 13 KOTOPbIX
oKasanca Hanbonee BbIHOC/INBbLIM. YCTONYMBbIE 06Pa3Lbl OTINYANINCH BbICOKMM COAEPKaHNEM NepeKncu BOAOPO-
[la 1 NOBbILIEHHON aKTMBHOCTbIO NepoKcuaasbl. B Halweln paboTe nccnefoBaHa 3KCNPECCUs reHOB, KOANPYHOLLMX
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PR-6enku, Mmapkepsbl 1 perynsatopbl CK- (TaRboh, TaPAL, TaPr1, TaPrx) n XXAK-curHanbHbix nyTei (TaPl, TaLOX, TaPrx).
Mpy paHHKX OTBETHbIX PeakumAX Nocse 3aceneHna Tnen y Bocnpummumsoro copta Canasat tOnaes (T. aestivum)
aKTMBMpPOBanacb sKkcnpeccna Tonbko MAK-3aBNCMMbIX FEHOB, YUTO OTPaXasno peakuunio pacTeHUN Ha noBpexje-
Hue. Y ycToinunsoro obpasua T. timopheevii K-58666 noBblWanacb TPaHCKPUMNLMOHHaA akTUBHOCTb CK-3aBMUCMbIX
reHoB, NPV 3TOM TNA NPaKTUYeCKN He pasMHOXanacb. Y ycTonumBoro obpasua T. monococcum K-39471, npo-
ABMBLUEr0 HanbOsbLUYI BbIHOCNBOCTb, YBENMUMBaNach skcnpeccus Kak CK-, Tak n MAK-3aBucMmbIx reHoB. Mbl
npeanosaraeM, YTo OKUCIIUTESNbHBIN B3PbIB Y YCTOMUMBBIX GOPM MLIEHMLbI MHAYLMPOBacsa 6naropaps 3anycky
CK-c1mrHanbHOro nyTu, 4TO MMeNOo peLlaloLiee 3HayeHne B AaNbHelLeM KacKale XUMUYeCKUX peakLmi, BeayLwmx K

pPa3BUTUIO YCTOVNVIBOCTVI.

Kniouesble cnoBa: Schizaphis graminum Rond.; Triticum aestivum L.; T. monococcum L.; T. timopheevii Zhuk.; nonume-
pa3Has LuenHan peakuus; GUTOVMMYHUTET; pefOKC-MeTaboIM3M; TOPMOHabHbIE CUTHaIbHbIE CUCTEMbI; SKCNPeCccrs

reHos.

Introduction

Greenbug aphids (Schizaphis graminum) damage wheat crops
significantly (Morkunas et al., 2011; Radchenko, 2012). To-
day, improvement of the resistance of grain crops to aphids
is among the primary concerns for both science and practice.
One of the approaches to this problem is the breeding of
resistant plant genotypes. However, there are few resistant
genotypes of Triticum aestivum L., and thus the study of wild
wheat species is of great importance. It has been shown that
most T. monococcum L. and T. timopheevii Zhuk. accessions
are resistant to a broad spectrum of pests (Radchenko, 2012).
However, knowledge of the molecular mechanisms of plant
resistance is required to create a resistant variety.

Plant protection against phloem-feeding insect is provided
by mechanisms of both specific gene-for-gene resistance
and nonspecific resistance associated with plant hormonal
signaling systems (Morkunas et al., 2011; Radchenko, 2012).
Presently, increasing attention is focused on mechanisms of
induced (termed active by N.I. Vavilov) resistance of wheat to
aphids. The induced nonspecific resistance of plants developed
against phytophagous insects is regulated by hormonal signal-
ing pathways, including those depending on jasmonate (JA),
ethylene, and salicylate (SA), which affect gene expression,
synthesis of protective proteins and various enzymes, redox
metabolism of plants, activity of peroxidases in the apoplast,
plant cell wall strength, etc. (War et al., 2012). Hormonal
signaling pathways do not act independently of each other
but form a complex network of interactions playing an im-
portant role in the fine-tuning of plant protective reactions
(Morkunas et al., 2011). It has been shown that infestation
by aphids induces both JA- and SA-dependent protective
responses in plants (Morkunas et al., 2011; Kerchev et al.,
2012). Unfortunately, the mechanisms underlying the cross-
talk of these signaling pathways in the response of plants to
aphid damage are not fully understood. The activation of
the JA-dependent protective pathway was observed in both
susceptible and resistant plants, whereas the induction of the
SA-dependent way was faster and stronger only in resistant
genotypes (Morkunas et al., 2011).

However, it has been demonstrated that both the JA and SA
signaling pathways cause the accumulation of reactive oxygen
species (ROS), in particular, hydrogen peroxide (H,0,), in
plants infested by aphids (Morkunas et al., 2011). ROS are
known as the second messenger in a broad spectrum of plant
reactions to environmental stress, and the redox state of plants
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infested by aphids is an important indicator of resistance in a
variety (Morkunas et al., 2011; Koch et al., 2016). Oxidative
burst during aphid colonization is considered to be a typical
reaction implicated in plant resistance to the pest (Koch et al.,
2016). The involvement of ROS in the early signal response
and in the regulation of the protective response along with
both the JA- and SA-dependent signaling pathways has been
shown, but the molecular mechanism underlying these pro-
cesses is not known yet (Kerchev et al., 2012).

In this regard, the aim of this work was to investigate links
among the redox state, indicators of resistance of wheat plants
(antibiosis and endurance) to the pest, and the induction of JA
and SA signaling pathways in three wheat species: Triticum
aestivum, T. monococcum and T. timopheevii, infested with
greenbug aphids (S. graminum Rond.).

Materials and methods

Objects of research. The greenbug aphid Schizaphis grami-
num Rond. was cultivated on young seedlings of soft spring
wheat, Triticum aestivum L., cultivar Salavat Yulaev (SY)
(bred at the Bashkir State Agrarian University, Russia) grown
in isolated flasks filled with soil preheated at 180 °C and
placed into a KS-200 SPU climatic chamber (Russia) at the
16:8 h light/dark schedule, 20/24 °C (night/day) and light
intensity 146 W/m? (lamps Osram L 36W/77, Germany). The
tested accessions included the susceptible soft spring wheat
(T. aestivum) variety Salavat Yulaev (SY), T. monococcum
accession k-39471, and T. timopheevii accession k-58666, all
obtained from the N.I. Vavilov All-Russia Institute of Plant
Genetic Resources (St. Petersburg).

Biochemical parameters. Three-day-old wheat seedlings
hydroponically grown in isolated plastic vessels (10 % Hoag-
land—Arnon solution) under the conditions described above
were settled with aphids. For this, equal numbers of aphids
of different ages were flipped into each vessel with plants so
that the load be 10 aphids per plant (Radchenko, 2008). The
vessels were covered with plastic insulators tightened with
porous nonwoven fabric. The concentrations of hydrogen
peroxide (H,0,) and the activities of peroxidase (PO) were
estimated on days 1, 3, and 10 after the infestation as described
in (Veselova et al., 2016).

Antibiosis test. First instar nymphs were placed under
the insulators on three-day-old seedlings, one per plant. The
numbers of dead and living aphids, imagoes and larvae,
were counted after 14 days (Radchenko, 2008). Mortality
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was expressed as percentage of the total number of aphids.
The propagation coefficient was calculated by the formula:
K = average fertility of females during the experiment/duration
of the experiment, days (Radchenko, 2008).

Test of plant endurance. The length of a seedling was
measured from the level of the raft to the tip of the leaf at
the age of three days, and then each plant was settled with
20 wingless females and insulated. The constant number of
aphids was maintained by removing hatching larvae at 48-h
intervals for two weeks. At the end of the experiment, the
heights of the first and second leaves of plants uninhabited
and infested by aphids were measured again, and the results
were compared with the original measurement (Radchenko,
2008). Endurance was expressed as percentage of leaf growth
inhibition compared to the intact control.

Transcriptional gene activity. Total RNA was isolated
from both control and experimental wheat plants fixed in
liquid nitrogen with Trizol reagent (Sigma, Germany) on days
3 and 10 after infestation by aphids in accordance with manu-
facturer’s recommendations. The nucleic acid concentration
was assessed by the Ayqy/Ajgg ratio with a Spec Plus spectro-
photometer (Bio-Rad, United States). cDNA was obtained
by reverse transcription with M-MuLV reverse transcriptase
(Sintol, Russia). With the cDNA as the template, PCR was
performed with primers flanking conservative gene sites of
the studied PR proteins in a TP4-PCR-01-Tertsik thermocy-
cler (DNA-Technology, Russia). We used primers to genes
encoding PR1 protein (TaPrl, AF384143) (Veselova et al.,
2016), proteinase inhibitors (TaPl, EU293132.1), anionic
peroxidase (TaPrx, TC151917), NADPH oxidase (TaRboh,
HEG674332) (Veselova et al., 2019), phenylalanine ammonia
lyase (TaPAL, X99725) (Ding et al., 2011), and lipoxygenase
(TaLOX, BJ223744) (Diallo et al., 2014). To calculate the
normalized levels of genes expression, primers to the gene for
constitutively expressed protein RNase inhibitor were used
(RNase L inhibitor-like) (TaRLI, AY059462) (Veselova et al.,
2016). Primers to these genes were matched to T. aestivum L.
Homologous genes were obtained from T. monococcum and
T. timopheevii in pilot experiments with these primers. It is
known that carriers of the primary (for example, T. monococ-
cum, Ae. tauschii Coss., T. spelta L., T. compactum Host.,
T. durum Desf., T. dicoccum (Schrank.) Schuebl.) and secon-
dary (T. timopheevii, T. araraticum Jakubz., Ae. speltoides
Tausch., Ae. sharonensis Eig, Ae. longissima Schw. et Musch.)
gene pools contain genomes with high or partial homology
to soft wheat T. aestivum genomes A, B, and D (Chaudhary
et al., 2014).

Statistical analysis. All experiments were carried out in
three biological and analytical replications and were repeated
three times (n =9 in total), except for the tests for antibiosis
and endurance, which included at least ten biological rep-
lications (n = 30). The Figures 1-4 and Tables 1-2 present
the arithmetic mean values and their confidence intervals
calculated from standard errors. The reliability of the differ-
ences between the variants of the experiment was assessed by
Student’s t test at the confidence level p < 0.05.

Results
Indicators of resistance of a plant accession. Two types of
plant resistance to aphids were studied: antibiosis and endur-
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Fig. 1. Mortality (a) and propagation (b) of greenbug aphid S. graminum
settled on different species of wheat Triticum spp.

1 — Triticum aestivum variety Salavat Yulaev; 2 — T. timopheevii accession
k-58666; 3 — T. monococcum accession k-39471.

ance. Aphids fed on SY showed the lowest mortality and the
highest propagation rate in the antibiosis test (see Fig. 1, a,
b); i. e., this variety was susceptible to greenbug aphid. The
mortality of aphids on T. timopheevii k-58666 was about 3—4
times higher and the propagation rate 4-5 times lower than on
the susceptible variety (see Fig. 1, a, b). However, T. monococ-
cum k-39471 had the highest effect on aphid viability, as the
aphids colonizing it had the highest mortality and the lowest
propagation rates (see Fig. 1, a, b). T. monococcum k-39471
was the most resistant among the studied accessions.

In our experiments, SY exhibited poor endurance to
S. graminum, manifesting itself as strong inhibition of the
growth of the 1st and 2nd leaves (Table 1). The k-58666 ac-
cession of T. timopheevii showed intermediate endurance to
greenbug aphid (see Table 1). T. monococcum k-39471 was
the most endurant accession, as the infestation by aphids did
not inhibit the growth of the 1st leaf, and the inhibition of the
growth of the 2nd leaf was the least (see Table 1).

The redox state of plants infested by aphids. Colonization
of the susceptible variety SY with aphids led to a decrease in
the content of H,O, at the initial stages of feeding: on days 1
and 3 (Table 2). In contrast, resistant plants of T. timopheevii
k-58666 showed elevated H,O, levels at the early stages of
response to infestation by aphids (see Table 2). Accession
T. monococcum k-39471, resistant to S. graminum, showed
drastic H,O, accumulation on the Ist day after settling of
aphids and reduction of H,0, generation on the 3rd day of
feeding (see Table 2). In SY and T. timopheevii k-58666, the
contents of H,O, remained at the level of control plants on
day 10 after the settling with aphids but greatly decreased
in the resistant T. monococcum accession k-39471 (see
Table 2).

Triticum timopheevii k-58666 and T. monococcum k-39471,
resistant to S. graminum, showed elevated PO activities and
H,0, generation at early response stages (days 1-3) after
settling with aphids (see Table 2). In resistant genotypes,
the increase in PO activity was found to continue on day 10
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Table 1. Resistance of different Triticum spp. species
settled with greenbug aphid S. graminum

Growth inhibition, %

Wheat species

first leaf second leaf
Triticum aestivum~SY  258+61 45037
Ttmopheevii-k-58666  123+66 226442
Tmonococcum k39471 0124 76%28

Table 2. The effect of greenbug aphid S. graminum
on H,0, content and peroxidase activity in three wheat
Triticum spp. accessions at different stages of feeding

Variant Time after settling, days
1 3 10
H,0, content, pmol/g fr wt
Sy 25.2+56 268+1.7 263+2.7
SY+S. graminum 126%1.3 19.0£2.4 27.0£1.1
k-58666 27.8+5.3 28.9+2.38 229+1.7
k-58666 + S. graminum 58.7+5.5 48.6+4.5 28.0£3.3
k-39471 28.2+3.6 28.7+3.1 28.8+1.1
k-39471+S.graminum  53.7+5.3 204+3.0 120+1.2
Peroxidase activity, OD/mg protein min
Sy 304+0.7 29.0+£0.4 303+1.8
SY +S. graminum 26.1+1.0 25.8+0.6 28.8+1.2
k-58666 29604 31.4+0.8 28717
k-58666 + S. graminum 357+1.2 36.0+0.3 57.1+£2.2
k-39471 23.6+0.5 321141 30.2+1.2
k-39471+S.graminum ~ 43.2+1.4 60.5+2.6 90.7+3.4
a b
200 1000
*¥%
150 750
L
<
E 100 500
€
G
€
[
£ 50 250
9
0 0

0 3 10
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Induced resistance of wheat
to Schizaphis graminum Rond.

after aphid settling, especially in T. monococcum k-39471
(see Table 2). On the contrary, increased activity of PO and
low concentration of H,O, were found in the susceptible
wheat variety SY both on the first days and on day 10 of aphid
feeding (see Table 2).

Transcriptional activity of genes associated with re-
dox metabolism. The contents of mRNA of the Rboh gene
increased in the resistant accession T. timopheevii k-58666
and in T. monococcum k-39471 during the early response,
on day 3 after aphid settling, but no increase was detected
in the susceptible variety SY (Fig. 2, a). On the contrary,
the content of Rboh transcripts increased in the susceptible
variety SY at a later response stage, on day 10, whereas it
decreased by about one-half in the resistant accessions (see
Fig. 2, a). The content of Prx mRNA increased slightly in the
susceptible variety SY. In T. timopheevii k-58666, this para-
meter decreased throughout the experiment (see Fig. 2, b).
Asignificant (eightfold) increase in Prx gene mRNA content
was found in T. monococcum k-39471 on day 3 after aphid
infestation, and a threefold increase was detected on day 10
(see Fig. 2, b).

Transcriptional activity of genes regulated by the
JA-dependent signaling cascade. In the susceptible variety
SY, elevated levels of transcripts of the LOX and Pl genes,
which are regulated by the JA signaling cascade, were ob-
served on days 3 and 10 after aphid settling (Fig. 3, a, b).
In the resistant T. timopheevii accession k-58666 the transcrip-
tional activity of the genes in question was close to that in
control plants and even decreased by day 10 (see Fig. 3, a, b).
The resistant T. monococcum accession k-39471 showed a
significant increase in the mRNA contents of the LOX and
Pl genes on day 3 after aphid settling, by factors of 2.5 and
6.4, respectively (see Fig. 3, a, b). On day 10 of feeding, this
accession showed a significant accumulation of transcripts
only for the LOX gene, by a factor of 3.7 times compared to
the intact plants (see Fig. 3, a).

Triticum aestivum, cultivar Salavat Yulaev
P B Accession T. timopheevii k-58666
B Accession T. monococcum k-39471

Days after infestation

Fig. 2. Effect of greenbug aphid S. graminum on the contents mRNAs of Rboh (a) and Prx (b) genes in three Triticum spp. species

at different stages of feeding.

Asterisks show statistically significant differences from the control group, and different numbers of asterisks mean differences between

the variants significant at p<0.05.
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a b Triticum aestivum,
600 - 800 - cultivar Salavat Yulaev
%% B Accession T. timopheevii k-58666
B Accession T. monococcum k-39471
< 600
< 400
=
=
E 400
[
€
2 200
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3
Days after infestation

10

Days after infestation

Fig. 3. Effect of greenbug aphid S. graminum on the mRNA contents of the LOX (a) and PI (b) genes of three Triticum spp. accessions

at different stages of feeding.
Designations follow Fig. 2.
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Triticum aestivum,

cultivar Salavat Yulaev
B Accession T. timopheevii k-58666
B Accession T. monococcum k-39471

3
Time after settling, days

10

Fig. 4. Effect of greenbug aphid S. graminum on the mRNA contents of the Pr1 (a) and PAL (b) genes of three Triticum spp.

accessions at different stages of feeding.
Designations follow Fig. 2.

Transcriptional activity of genes regulated by SA-depen-
dent signaling cascade. In susceptible SY, twofold accumula-
tion of transcripts of the Prl gene was detected only on day
10 after aphid settling (Fig. 4, a). Resistant T. timopheevii
k-58666 showed a slightly lowered transcription level of the
main gene of the SA signaling pathway throughout the experi-
ment (see Fig. 4, @). In contrast, a significant 20-fold increase
in the mRNA of the Prl gene was discovered in the resistant
T. monococcum accession k-39471, which showed the greatest
endurance, on day 3 after aphid settling (see Fig. 4, a). The
pattern of changes in the content of PAL gene transcripts was
similar in susceptible SY and resistant T. timopheevii k-58666:
the mRNA level increased by 20-50 % on day 3 after aphid
settling and almost threefold on day 10 (see Fig. 4, b). The
resistant T. monococcum accession k-39471 showed a slight
increase in the transcriptional activity of the studied gene,
by 20-30 % compared to the intact control throughout the
experiment (see Fig. 4, b).

YCTONYNBOCTb PACTEHUI K BUOTUYECKMM OAKTOPAM / RESISTANCE OF PLANTS TO BIOTIC FACTORS

Discussion
The study of the mechanisms of plant resistance to phloem-
feeding insects requires distinguishing early responses found
in plants during the first five days after colonization by aphids
and long-term responses observed after 10 days of ingestion
by the pest (Koch et al., 2016). Early responses of resistant
plants are characterized by increased generation of ROS
and activation of basal immunity (Morkunas et al., 2011).
The protective role of oxidative burst against aphid feeding
consists of their signaling function in the development of
systemic resistance and the direct damaging effect of high
H,0, concentrations on aphids, leading to the suppression of
pest survival (Morkunas et al., 2011; War et al., 2012; Koch
et al., 2016). Long-term responses are ROS detoxication and
growth recovery, which should be induced by early responses
of plants (Koch et al., 2016).

Our results showed that T. monococcum k-39471 was
the most resistant to greenbug aphid S. graminum among
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the accessions studied. This observation coincides with the
literature data on the resistance of numerous T. monococcum
accessions to different types of aphids (Radchenko, 2012).
Triticum timopheevii k-58666 also showed medium resistance
to the pest in our experiments. In the literature, there is incon-
sistent information about the resistance of T. timopheevii to
different types of cereal aphids; however, this wheat species
generally shows resistance to the pest and is poorly populated
by aphids (Radchenko, 2012).

In the resistant accessions T. timopheevii k-58666 and
T. monococcum k-39471, an increase in H,O, generation
during early responses after pest colonization and decrease
at the later stage were observed (see Table 2). Thus, it led to
high mortality of aphids (see Fig. 1) and a sufficient increase
in plant endurance (see Table 1). In susceptible plants of
wheat variety SY, suppression of the oxidative burst during
early responses after the infestation by pests was observed.
The content of H,O, during long-term responses after aphid
settling did not differ from control plants (see Table 2), which
led to high fertility of the insect (see Fig. 1) and poor plant
endurance (see Table 1). An oxidative burst in barley plants
populated by the barley aphid Diuraphis noxia and Arabi-
dopsis plants populated by the peach aphid Myzus persicae
was detected only in resistant but not in susceptible forms of
plants (Lei, Zhu-Salzman, 2015).

In our experiments, the high H,O, generation in resistant
wheat forms was probably due to the elevated transcriptional
activity of the Rboh and Prx genes (see Fig. 2). The same was
observed earlier by the example of the wheat—Staganospora
nodorum pathosystem (Veselova et al., 2018). In addition,
experiments with mutant Arabidopsis plants with the silenced
RbohD gene showed that NADPH oxidase played an important
role in the generation of ROS in plants attacked by aphids
(Kerchev et al., 2012).

The oxidative burst induces an immune response in plants,
but excessive amounts of ROS inhibit photosynthesis and
growth and can cause host cell damage. Therefore, resistant
plants have mechanisms of ROS detoxication, which involves
antioxidant enzymes such as PO, catalase, and others (Koch
etal., 2016). In our experiments, PO activity increased in the
resistant accessions T. timopheevii k-58666 and T. monococ-
cum k-39471 during early responses after aphid settling. The
PO activation was accompanied by an H,O, content increase.
The PO activity during long-term responses was even more
significant than at the early stage (see Table 2). These results
suggest the involvement of H,O, and PO in the synthesis of
toxic phenolic compounds and the reorganization of plant cell
walls via lignification, which may be the cause of reduced pest
viability (Morkunas et al., 2011; War et al., 2012; Koch et al.,
2016). In our experiments, this kind of response was detected
in the resistant accessions (see Fig. 1). In susceptible SY, en-
hanced activity of PO during early and long-term responses
was not detected after aphid settling (see Table 2).

Thus, the activation of peroxidases may play a crucial role
in the development of plant resistance to aphids via detoxi-
fying large amounts of ROS (War et al., 2012; Koch et al.,
2016). In addition, the H,O, molecule has a signaling function
in protection of plants from aphids. It acts as a second mes-
senger in hormonal signaling pathways in the development of
systemic resistance (Kerchev et al., 2012). The primary factor
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inducing the protective response of plants to infestation by
aphids is considered to be mechanical injury, which induces
JA-dependent activation of proteinase inhibitors and lipoxy-
genases (Morkunas et al., 2011). Next, the plant responds to
the chemical determinants present in aphid saliva and induces
a protective response similar to that of plants to biotrophic
pathogens, which triggers the SA-dependent signaling cascade
(Morkunas et al., 2011). Genes encoding protective proteins
Prl and PAL are SA-dependent (Van Loon et al., 2006).
It is worth noting that the Rboh gene is also regulated by the
SA-dependent signaling cascade (Kerchev et al., 2012).
The Pl and LOX genes are regulated by JA (Van Loon et
al., 2006). The Prx gene, encoding anionic PO, is induced
during JA- and SA-dependent defense reactions (Van Loon
et al., 2006).

In our work, the contents of transcripts of the SA-dependent
Rboh and PAL genes increased in plants of the resistant acces-
sion T. timopheevii k-58666 at both the early and late stages of
feeding (see Fig. 2, a, 3, b). The increase was accompanied by
enhanced H,0O, generation during early responses and high PO
activity (see Table 2). These results suggest that phenylalanine
ammonia lyase (encoded by the PAL gene), the main enzyme
of the phenylpropanoid pathway, is involved in the synthesis
of lignin and phenolic compounds, including SA. It is worth
noting that lignification of plant cell walls occurs only when
apoplastic peroxidases were activated together with elevated
H,0, content (Herrero et al., 2013). In addition, the induction
of'the SA-signaling pathway is likely to be a joint mechanism
for antibiosis and aphid repulsion in resistant plant forms
(Morkunas et al., 2011).

The resistant accession T. monococcum k-39471 showed
significantly elevated concentrations of mRNAs of all genes
under study, which were regulated by both the SA-dependent
and JA-dependent signaling cascades, during early responses
after the plants were attacked by aphids (see Fig. 2—4). The
transcript contents of some genes decreased during long-term
responses after aphid infestation, but the concentration of
LOX gene mRNA continued to increase (see Fig. 2—4). The
most important function of lipoxygenases is the oxidation of
linolenic acid as the first step of the JA synthesis pathway
and further activation of the JA-dependent signaling system
protecting plants from pests. This leads to the synthesis of pro-
tease inhibitors and enzymes that participate in the production
of lignin, suberin, and cutin and to the generation of volatile
organic compounds acting as insect repellents (Wasternack,
Strnad, 2018). Proteinase inhibitors bind to digestive enzymes
in the insect intestine and inhibit their activity, thereby ag-
gravating protein digestion, which, in turn, causes amino acid
deficiency, slow development, and insect hunger (War et al.,
2018). However, just the induction of SA-dependent genes
(Pr1, PAL, Rboh, and Prx) induced the oxidative burst during
early responses after the infestation by aphids and triggered
the cascade of subsequent protective responses of plants
against aphids. Probably, this was a result of the inhibition of
catalase activity due to the direct binding of SA to catalase
(Mohase, van der Westhuizen, 2002). It is known that some
aphid species increase the activity of this enzyme to reduce
the oxidative burst and secure favorable conditions for their
life (Lei, Zhu-Salzman, 2015). We also showed earlier that
the decreased reduced activity of catalase was among the
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factors ensuring high H,O, levels in the resistant accessions
T. timopheevii k-58666 and T. monococcum k-39471 (Ru-
myantsev et al., 2018).

In the susceptible variety SY, no significant increase in the
contents of transcripts of genes regulated by SA-dependent
signaling cascades during early responses after the aphid inva-
sion was detected except for a small increase in the content of
the PAL mRNA (see Fig. 2, 3), whereas the content of H,0,
was reduced. However, an increase in the content of transcripts
of genes (LOX and PI) regulated by the JA-signaling cascade
(see Fig. 4) was observed, which most likely reflected the
plant’s response to the damage (Morkunas et al., 2011). In
the susceptible variety, both JA- and SA-sensitive genes were
activated during long-term responses after the aphid invasion;
however, the lack of oxidative burst appears to have prevented
the start of the cascade of protective reactions.

Conclusions

To sum up, the oxidative burst is induced in resistant wheat
varieties due to the triggering of the SA-signaling pathway,
which is crucial in the subsequent cascade of chemical reac-
tions leading to the development of resistance. Time is another
factor important in the development of protective reactions and
in the crosstalk between the SA- and JA-dependent signaling
systems in plants. Induction of the JA-signaling pathway alone
did not lead to the development of resistance, whereas the
SA-signaling pathway, either by itself or along with JA-sig-
naling cascade, induced resistance in T. timopheevii k-58666
and T. monococcum k-39471, respectively.

References

Chaudhary H.K., Kaila V., Rather S.A., Badiyal A., Hus-
sain W., Jamwal N.S., Mahato A. Wheat. In: Pratap A.,
Kumar J. (Eds.). Alien Gene Transfer in Crop Plants.
Vol. 2. Achievements and Impacts. New York: Springer-
Verlag, 2014;1-27. DOI  10.1007/978-1-46149572-
7 1.

Diallo A.O., Agharbaoui Z., Badawi M.A., Ali-Benali M.A.,
Moheb A., Houde M., Sarhan F. Transcriptome analysis of
an mvp mutant reveals important changes in global gene
expression and a role for methyl jasmonate in vernaliza-
tion and flowering in wheat. J. Exp. Bot. 2014;65(9):2271-
2286. DOI 10.1093/jxb/erul 02.

Ding L., Xu H., Yu H., Yang L., Kong Z., Zhang L., Xue S.,
JiaH., Ma Z. Resistance to hemi-biotrophic F. graminearum
infection is associated with coordinated and ordered ex-
pression of diverse defense signaling pathways. PLoS One.
2011;6(4):19008. DOI 10.1371/journal.pone.0019008.

Herrero J., Esteban-Carrasco A., Zapata J.M. Looking for
Arabidopsis thaliana peroxidases involved in lignin bio-
synthesis. Plant Phisiol. Biochem. 2013;67:77-86. DOI
10.1016/j.plaphy.2013.02.019.

Kerchev P.I., Fenton B., Foyer C.H., Hancock R.D. Plant re-
sponses to insect herbivory: interactions between photo-
synthesis, reactive oxygen species and hormonal signalling
pathways. Plant Cell Environ. 2012;35(2):441-453. DOI
10.1111/5.1365-3040.2011.02399.x.

YCTONYNBOCTb PACTEHUI K BUOTUYECKMM OAKTOPAM / RESISTANCE OF PLANTS TO BIOTIC FACTORS

2019
23.7

MHAYyLVpoBaHHan yCTOMYMBOCTD MILEHWL
K Schizaphis graminum Rond.

Koch K.G., Chapman K., Louis J., Heng-Moss T., Sarath G.
Plant tolerance: a unique approach to control hemip-
teran pests. Front. Plant Sci. 2016;7:1363. DOI 10.3389/
fpls.2016.01363.

Lei J., Zhu-Salzman K. Enhanced aphid detoxification
when confronted by a host with elevated ROS produc-
tion. Plant Signal. Behav. 2015; 10(4):e1010936. DOI
10.1080/15592324.2015.1010936.

Mohase L., van der Westhuizen A.J. Salicylic acid is involved
in resistance responses in the Russian wheat aphid — wheat
interaction. J. Plant Physiol. 2002;159(6):585-590. DOI
10.1078/0176-1617-0633.

Morkunas 1., Mai V.C., Gabrys B. Phytohormonal signa-
ling in plant responses to aphid feeding. Acta Physiol.
Plant. 2011;33(6):2057-2073. DOI 10.1007/s11738-011-
0751-7.

Radchenko E.E. Cereal aphids. In: The Study of the Ge-
netic Resources of Cereal Crops for Pest Resistance.
Moscow: Rossel’khozakademiya Publ., 2008;214-257.
(in Russian)

Radchenko E.E. N.I. Vavilov’s theory on natural immunity of
plants to harmful organisms and breeding of cereal crops
for aphid resistance. Selskokhozyaystvennaya Biologiya =
Agricultural Biology. 2012;47(5):54-63. DOI 10.15389/
agrobiology.2012.5.54rus. (in Russian)

Rumyantsev S.D., Veselova S.V., Cherepanova E.A., Maksi-
mov L.V. The resistance of different wheat species to green-
bug aphid Schizaphis graminum Rond. Izvestiya Ufimskogo
Nauchnogo Tsentra RAN = Proceedings of the RAS Ufa
Scientific Centre. 2018;3(5): 18-24. DOI 10.31040/2222-
8349-2018-5-3-18-24. (in Russian)

van Loon L.C.,Rep M., Pieterse C.M. Significance of inducible
defense-related proteins in infected plants. Annu. Rev. Phy-
topathol. 2006;44:135-162. DOI 10.1146/annurev.phyto.
44.070505.143425.

Veselova S.V., Burkhanova G.F., Nuzhnaya T.V., Maksi-
mov LV. Roles of ethylene and cytokinins in develop-
ment of defense responses in Triticum aestivum plants
infected with Septoria nodorum. Russ. J. Plant Physiol.
2016;63(5):609-619. DOI 10.1134/S1021443716050150.

Veselova S.V., Burkhanova G.F., Nuzhnaya T.V., Maksi-
mov 1.V. Effect of NADPH oxidases cascade on mecha-
nisms regulating defense common wheat reactions un-
der the disease Stagonospora nodorum Blotch. Izvestiya
Ufimskogo Nauchnogo Tsentra RAN = Proceedings of
the RAS Ufa Scientific Centre. 2018;3(1):66-74. DOI
10.31040/2222-8349-2018-1-3-66-74. (in Russian)

Veselova S.V., Burkhanova G.F., Rumyantsev S.D., Bla-
gova D.K., Maksimov 1.V. Strain of Bacillus spp. regulate
wheat resistance to greenbug aphid Schizaphis graminum
Rond. Appl. Biochem. Microbiol. 2019;55(1):41-47. DOI
10.1134/S0003683819010186.

War A.R., Paulraj M.G., Ahmad T., Buhroo A.A., Hussain B.,
Ignacimuthu S., Sharma H.C. Mechanisms of plant de-
fense against insect herbivores. Plant Signal. Behav.
2012;7(10):1306-1320. DOI 10.4161/psb.21663.

871



S.D. Rumyantsev, S.V. Veselova
G.F. Burkhanova, I.V. Maksimov

War A.R., Taggar G.K., Hussain B., Taggar M.S., Nair R.M.,
Sharma H.C. Plant defence against herbivory and insect
adaptations. AoB Plants. 2018;10:ply037. DOI 10.1093/
aobpla/ply037.

Induced resistance of wheat
to Schizaphis graminum Rond.

Wasternack C., Strnad M. Jasmonates: news on occurrence,
biosynthesis, metabolism and action of an ancient group
of signaling compounds. Int. J. Mol. Sci. 2018;19(9):pii:
E2539. DOI 10.3390/ijms 19092539.

ORCID ID

S.D. Rumyantsev orcid.org/0000-0002-5331-448X
S.V.Veselova orcid.org/0000-0002-1219-2383

G.F. Burkhanova orcid.org/ 0000-0003-2346-3502
1.V. Maksimov orcid.org/0000-0002-5707-3265

Acknowledgements. This work was supported by State Budgeted Projects AAAA-A16-116020350027-7 and AAAA-A19-119021190011-0. The authors
are grateful to the staffs of the “Biomika” Shared Access Center, Branch of Biochemical Methods and Nanobiotechnology, “Agidel’, and USU “KODINK”

for access to the equipment.
Conflict of interest. The authors declare no conflict of interest.
Received June 1,2019. Revised July 26, 2019. Accepted July 29, 2019.

872

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 - 7



YCTOMYMBOCTb PACTEHU K BUOTUYECKUM OAKTOPAM BaBunnoBcKui xypHan reHeTukn n cenekymm. 2019;23(7):873-878

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ19.561

The Fifth International Scientific Conference PlantGen2019

Endophytic Bacillus bacteria with RNase activity in the resistance
of potato plants to viruses
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Viral diseases annually cause significant crop losses and significantly reduce the quality of products, including potatoes,
some of the most important crops. Currently, viruses cannot be controlled with chemical pesticides, since known antiviral
compounds are teratogenic and hazardous to people’s health. Biocontrol agents based on endophytic microorganisms
may be an alternative to them. Many strains of Bacillus produce ribonucleases (RNases). Our laboratory possesses a collec-
tion of bacteria that produce various metabolites and have RNase activity. The results showed that the inoculation of potato
with B. subtilis 26D and B. thuringiensis increased the grain yield by 32-43 %. In addition, the treatment of potato plants with
Bacillus spp. significantly reduced the infection of potato plants with virus M. The prevalence of the disease in potato plants
was significantly reduced from 60 % in the control to 18 % (B. subtillis 26D) and 25-33 % (B. thuringiensis) in the inoculated
plants. Similarly, the infection index decreased from 14 in the control to 1 in the inoculated plants. The further study of
molecular mechanisms related to bacterial induction of plant defense reactions in response to viral infections will lead to
a better understanding of stress resistance problems. The endophytic microorganisms studied in this report may become
the basis for the creation of biological agents for plant protection.

Key words: ribonuclease; phytopathogenic RNA-viruses; Solanum tuberosum.
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DHOopuTHbIe 6aKkTepuu Bacillus spp. ¢ PHKa3HOIi aKTMBHOCTbIO
1 YCTOMYMBOCTD KapTodess K BUpycam

TI.O. BypxaHOBa@, A.B. Copokanb, E.A. Yepenanosa, E.P. Capsaposa, P.M. Xaitpyaaus, V1.B. MakcumoB

VIHCTUTYT BUOXMMUNK 1 FeHeTVKK — 060CcobIeHHOe CTPYKTYpHOe noapasaeneHie YOUMcKoro gpefiepasnbHOro NccefjoBaTesibCkoro LeHTpa
Poccuiickoii akagemun Hayk, Yoa, Poccua
® e-mail: guzel_mur@mail.ru

BupycHble 3a6oneBaHNA eXXerogHo Bbl3bIBaOT CYLLECTBEHHbIE NOTEPY YPOXKaA U 3aMETHO CHMXKAIOT KauecTBO NPOAyKLMY,
B TOM UMCie BaXKHENLLEN CeNibCKOX03ANCTBEHHOW KyNbTypbl — KapTodena. AHTUBMPYCHbIX NpenapaToB A1A pacTeHNeBOoS-
CTBa, KOTopble 6blIn 6bl 6e30MacHbI ANA YeNOBEKA Y MKMBOTHbIX, HE CYLLECTBYET, U B STUX YC/IOBUAX NEPCNEKTVBHbIM MeTO-
[OM 3aLLMTbl PacTeHUIA ABNAETCA NCMOMb30BaHKe 6ronpenapaToB Ha OCHOBE SHAOPUTHBIX MUKPOOPraHN3MOB, MPOAyLn-
pytowmx PHKa3bl. B paboTte npoaHanun3npoBaHa cnocobHOCTb pAAa sHAOGUTHBIX WTammoB Bacillus spp. npoayunpoBaTtb
PHKa3bl 1 BNMATb Ha NOpPa)KeHHOCTb pacTeHnn BUpPycom M, lWIMPOKO pacnpocTpaHeHHbIM B cpefHel nonoce Poccuu, n
YPOXalHOCTb paHHecnenoro copta KapTodens Yaaua B nonesbix ycnosusax. O6Hapy»eHo, uto o6paboTka lWTammamu 6ak-
Tepun B. subtilis 26[1 v B. thuringiensis cHu»kana cteneHb MHPULMPOBAHHOCTN pacTeHNn BUpycom M c 60 % B KOHTpose A0
18-30 % Ha y4acTKax, 06paboTaHHbIX MUKPOOPraHM3mMamMn. AHaNorMYHbIM 06Pa3oM CHU3UICA MHAEKC Pa3BUTKA BUPYCHON
nHbeKuun: ¢ 14 % B KoHTpone A0 1-7 % Y MHOKYNMPOBaHHbIX pacTeHnin. Kpome Toro, 6aktepuu ¢ Bbicokon PHKasHol
aKTMBHOCTbIO Bbi3biBann npubasky ypoxkaa kaptodensa fo 40 %. MpepnonaraeTca, 4To n3yyeHHble 6akTepum CnOCO6HbI
He TOJNIbKO MOBbIWATb POCT 1 YPOXKanHOCTb KapTodens, Ho 1, 6narogapa ceoeli PHKa3HolM akTMBHOCTY, MOAaBNATb pac-
npocTpaHeHve supyca M. [lanbHeliwee n3yyeHne MONEKYNAPHbIX MEXaHU3MOB, CBA3AHHbIX C UHAYKUMEN SHAOPUTHBIMU
6aKTEPMAMY 3aLUMTHbBIX PeaKLMn PpacTEHNI B OTBET Ha BUPYCHble NHbEKLMW, NPYBELET K SyULieMy NOHVMaHNo GUTONMMY-
HuTeTa pacTeHuin. bonee Toro, sHAoGUTHbIE WTammbl Bacillus spp. ¢ Bbicokoi PHKa3HOM akTMBHOCTbIO MOFYT CTaTb OCHOBOW
ana buonpenapaToB KOMMNIEKCHON 3alWMTbl PaCTEHWUA.

KnioueBble cnosa: 6akTepuu; PHKasbl; Bupychl; kaptodenb.

Introduction by at least 450 different viruses, more than 40 of them infect
Viral diseases cause the significant loss (up to 30 %) of potato  potatoes, significantly reducing their productivity and dete-
(Solanum tuberosum) yield and a marked deterioration of its  riorating the quality of tubers which is known as the cultivar
quality annually. For instance, cultivated plants are affected  degeneration (Makarova et al., 2017). The main directions of
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plant protection against viral infections are: the rehabilita-
tion of seeds by isolating and cultivating the apical meristem
in vitro, the generation of transgenic plants resistant to viral
infections using genes of specific and nonspecific defense, use
of plant protection preparations of a chemical and biological
nature against viral vectors, the application of inductors of
plant resistance, etc. (Nicaise, 2017). Genome-editing tech-
nologies, such as genetic transformation (Prins et al., 2008)
and CRISPR/Cas9 system (Romay, Bragard, 2017), are more
efficient to control viral diseases. For instance, overexpression
of genes encoded antiviral proteins (interferon, ribonucleases),
proteins toxic to insects or viral proteins (capsid protein)
were shown to enhance resistance against viruses (Stasevski,
Ilinskaya, 2009; Chung et al., 2013).

Despite of a huge amount of applied experimental works on
the development of biocontrol agents on the basis of rhyzo-
sphaeric and endophytic microorganisms, there are very few
data about their antiviral activity, influence on distribution
and severity of plant viruses. Biocidal activity of Bacillus
strains resulted from the synthesis of specific insecticidal
proteins (Cry and Vip of B. thuringiensis), bacteriocines and
lipopeptides (Rodriguez et al., 2018). This perspective tends
to favour the view that Bacillus can protect plants against viral
diseases by affecting insect, bacterial and fungal phytopatho-
gens, nematodes, which are vectors of viral particles. It’s worth
noting that currently the search of endophytic microorganisms
which inhabit in the internal tissues of plants and less influe-
nced by environmental factors and more integrated in plant
metabolism than rhyzosphaeric and fillosphaeric microorga-
nisms is of great interest.

A lot of Bacillus species can inhabit internal plant tis-
sues (Burkhanova et al., 2017) and produce ribonucleases
(Ulyanova et al., 2016; Ilinskaya et al., 2018). Thus, 73 %
of Bacillus which were isolated from Cucurbitaceae produce
nucleases (Khalaf, Raizada, 2018). Synthesis of secreted en-
zymes including RNases, which participate in mobilization
of organic phosphates is one of the mechanisms of adaptation
to changing environmental conditions. Low concentrations
of RNases stimulate plant growth and resistance to a broad
spectrum of stress factors, high levels of them show antiviral
properties by destroying viral RNA. Microbial RNases are
potential therapeutic agents which are suggested for the
treatment of human viral diseases (Mahmud et al., 2017).
In this regard, the identification of the biological properties
of endophytic Bacillus spp. is relevant for the development
of biological products with complex (antiviral, immunizing
and growth stimulating) activity for the environmentally safe
protection of potato plants from diseases and pests.

The aim of this work was to evaluate the RNase activity of
a number of endophytic bacteria strains from the collection
of the Laboratory of Biochemistry of Plant Immunity of the
Institute of Biochemistry and Genetics UFRC (http://ibg.anrb.
ru/wp-content/uploads/2019/04/Katalog-endofit.doc) and their
effect on resistance of potato plants of early-ripening variety
Udacha to phytopathogenic viruses (potato virus M) and potato
productivity under the field conditions.

Materials and metods
Bacterial strains B. subtilis 26D, B. thuringiensis var. thuringi-
ensis (B-5689) and B. thuringiensis var. kurstaki (B-5351)

874

Endophytic Bacillus bacteria with RNase activity
in the resistance of potato plants to viruses

courtesy of the limited liability company “Bashincom”.
Isolates B. subtilis Stl-7, B. subtilis Stk-18, B. subtilis Stk-22
were obtained from surface-sterilized leaves tissues of potato
varieties, which were cultivated on the territory of Iglinskiy
district of Bashkortostan Republic. Identification of the all
strains was carried out through DNA sequencing of 16S RNA
gene fragments. Nucleotide sequence analysis was carried out
by using international database GenBank. Bacterial culture
was growth on Lysogeny broth basal medium (0.5 g/l NaCl)
in TS 1/20 thermostat (SPU, Russia) at a temperature 28 °C.
16-hours old cultures were used for endophytic properties, an-
tiviral activity and influence on potato productivity estimation.

Activity of extracellular RNases culture medium was esti-
mated using the method reported by Hole et al. (2004). Strains
were growth on LB agar with addition of yeast RNA (6 g/l)
(Sigma, USA) at 30 °C. The plates were than incubated
at required temperatures until growth was clearly visible
(48 h). After incubation the plates were flooded with 3 ml of
the precipitant (perchloric acid) and left to stand for 5 min.
The plates were then visualized for transparent halos formed
around the grown colonies, against an opaque background.
RNase activity was shown as the distance between colony
edge and halo edge. Quantitative estimation of extracellular
RNase activity in liquid cultural medium was carried out using
spectrophotometer UNICO 2800 (USA). The absorbance at
260 nm was measured according to (Margulis et al., 2012).
Rate of reaction was evaluated as tangent of the slope of the
rectilinear ascending part of the curve of light absorption ver-
sus reaction time, and expressed as an increase in absorption
for 1 min per 1 mg of protein.

Endophyticity of the tested strains was evaluated by
counting the colony-forming units (CFU) of microorganisms
in plant tissues 7 days after inoculation of sterile test-tube
potato plants (Udacha variety) cultivated for 25 days at
16-h illumination (Osram L 36W/77 bulbs, Germany) in the
KS200 climate chamber (Smolensk SKTB SPU, Russia) on
the agarised Murashige—Skoog medium. For this purpose,
100-mg samples of experimental plants were superficially
sterilized in the following order: 70 % ethanol (1 min) —
0.1 % Diacide-1 (3 min) — distilled water. The samples were
homogenized in sterile mortars with 2 ml sterile water added.
Two consecutive 10-fold dilutions of the resultant homogenate
were then performed. Aliquots (100 pul) were spread over the
surface of potato-glucose agar by a microbiological loop until
complete drying. Petri dishes were then incubated at 28 °C in
the TS-1/20 SPU thermostat (Smolensk SKTB SPU, Russia)
for 24 h. CFU were counted in second and third dilutions, and
their number was recalculated per 1 g of plant wet weight.

The study was carried out at the experimental fields of
the Ufa Federal Research Center (Birsk experimental sta-
tion, 55°24'27" N, 55°36'39" E). Fields were located on
gray forest soils (northern forest-steppe). The plants of the
original Udacha variety under study were planted in three
repeats of 30 plants for each line. Three plots were used as
replicates for each treatment (B. subtilis 26D, B. thuringien-
sis var. thuringiensis B-5689, B. thuringiensis var. kurstakii
B-55351) as well as for the untreated control treatment
(water-sprayed). 2-weeks seedlings were sprayed with
different strains of Bacillus suspensions (10° cells/plant).
Spraying was duplicated after flowering in the same man-
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ner. Viral spreading was estimated using diagnostic sets for
immune-chromatographic detection of viral particles of X,
Y, S, M and PLRV according to the recommendations of
manufacturer (LLC Agrodiagnostica, Russia). Phenotypic
observations and diagnostics of viral infection were carried
out according to methodic instructions (Methodology..., 1995)
before flowering. Data on the productivity of potato was pre-
pared according to Dospechov B.A. (1985). The experiments
were performed three times in three replicates. Data presented
are mean values with standard errors (+SE). Statistical analy-
ses were performed with Microsoft Excel 2013 for Windows
(Microsoft Corporation, 2013).

Results

Screening of bacterial strains in collection of the Laboratory of
Biochemistry of Plant Immunity of the Institute of Biochem-
istry and Genetics UFRC RAS and isolates collected from
the field population showed the presence of RNase activity
in all Bacillus strains under investigation (Table 1, Figure).
The maximal halo was observed on culture medium of the
isolated from potato leaves B. subtilis Stl-7, minimal — in
B. thuringiensis var. kurstaki B-5351 medium. Thus, isolated
from Colorado potato beetle Enterobacter spp. which were
earlier identified using specific primers, didn’t express any
RNase activity (see Table 1).

The significant RNase activity was observed in culture me-
dium of B. thuringiensis var. kurstaki B-6066, B. subtilis Stl-7,
B. subtilis 26D, B. thuringiensis var. thuringiensis B-5689
(see the Figure). These measures suggested the usability of
the method of Hole et al. (2004) for screening, since the large
of halo correlated with enzyme activity in liquid medium.

Bacteria B. subtilis 26D and B. thuringiensis var. kurstaki
B-5351 were found in potato plant tissues in the amount of
105 CFU/g wet weight. The CFU number of B. thuringiensis
var. thuringiensis B-5689 in potato plant tissues was dimi-
nished more than two orders of magnitude. Thus, it was
shown that the strains B. subtilis 26D and B. thuringiensis
var. kurstaki B-5351 have a greater ability to actively invade
and colonize plant tissues as compared to B. thuringiensis
var. thuringiensis B-5689.

It’s worth noting that application with strains, which have
high RNase activity and ability to colonize internal plant tis-
sues can promote plant resistance to viral diseases. Thus, the
influence of endophytic strains B. subtilis 26D, B. thuringiensis
var. kurstaki B-5351 and B. thuringiensis var. thuringiensis
B-5689 on potato plants (Udacha variety) were investigated
at the field conditions.

The presence of X, Y, S, M viruses and PLRV was prelimi-
nary estimated using immune-chromatographic sets manu-
factured by LLC Agrodiagnostica (Russia). High incidence
of M virus was observed (Table 2). 60 % of plants growing
on non-treated plots were infected with M virus. About 14 %
on average leaves on each plant showed visible manifestation
of disease symptoms.

The lowest number of plants with simptoms of viral
desease was detected on the plots which were treated with
B. subtilis 26D. Treatment with B. thuringiensis var. thuringi-
ensis B-5689 (low endophytic rate, but high RNase activity)
decreased at twice the rate of plants with virose symptoms.
Disease severity was no more than 1 % of leaves on each plant.
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SHpoduTHbIE 6akTepun Bacillus spp. ¢ PHKa3Hom 2019
aKTUBHOCTbIO 11 YCTOMUMBOCTb KapTodena K Brupycam 23.7
Table 1. RNase activity in vitro of strains from collection
Strains Halo, mm
B. subtilis 26D 4.5
B. subtilis Stl-7 6.5
B. subtilis Stk-18 3.0
B. subtilis Stk-22 4.5
B. thuringiensis var. kurstaki B-6066 4.0
B. thuringiensis var. thuringiensis B-5689 5.0
B. thuringiensis var. kurstaki B-5351 2.0
Enterobacter sp. BeP 0
Enterobacter sp. m10 0
Enterobacter sp. m9 0
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RNase activity of cell filtrate strains of Bacillus spp.

B. thuringiensis var. kurstaki B-5351 (low RNase activity, but
high endophytic rate) prevented the spread of the virus under
the same conditions. However, the rate of disease symptoms
manifestation in this case was higher than in plots which
were treated with strains which displayed high RNase activity
in vitro. Probably, spreading of infection was limited by
through insecticidal properties of B. thuringiensis var. kurstaki
B-5351 (Sorokan et al., 2018).

It’s important that B. subtilis 26D and B. thuringiensis
var. thuringiensis B-5689 treatment significantly increased
potato productivity. It could be attributable to their direct
antiviral activity and plant growth-stimulating properties.

Discussion

It is known that many bacteria, especially from the genus
Bacillus, have a wide range of enzymes with RNase activity,
as well as nucleases and other proteins responsible for RNA
interference (Aguiar-Pulido et al., 2016). For example, bacteria
B. amyloliquefaciens, B. intermedius, and B. licheniformis can
produce extracellular ribonucleases called baRNases, binases,
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Table 2. Content of CFU of Bacillus spp. in internal tissues of potato plants Udacha cv, their virus M infection rates and yield

Parameter Control (H,0)

CFU/g (fresh weight) 0

Plants affected by virus M, % 60 18
Development of the virus M, 14 1

% of affected leaves/plant

Increase,
% of control

and balifases, respectively (Ulyanova et al., 2011, 2016). Re-
cent studies demonstrated that B. subtilis and B. thuringiensis
contain bacterial RNases effectively inactivate RNA-contain-
ing viruses — baRNase and binase (Ulyanova et al., 2011).
It has been established that B. cereus ZH14 produces a new
type of extracellular ribonuclease which are active against
tobacco mosaic virus (Zhou, Niu, 2009). Genetic transforma-
tion using bacterial RNase gene may be a promising approach
for the engineering of plants with resistance to viral infection
(Zhang, 2001; Cao et al., 2013). Soil treatment with Pseudo-
monas putida A3 prior to sowing reduced TMV infection in
tobacco plants in comparison with the soil treatment with this
PGPR after sowing (Guo et al., 2011). PGPR P. putida A3
was shown to destroy virus particles in the juice from tobacco
leaves infected with TMV (Yang et al., 2012). Thus, in these
works it was demonstrated not only the ability of PGPR of
the genera Pseudomonas to suppress viral infection indirectly
by stimulating the nonspecific plant defense mechanisms but
also their direct viricidal activity (Guo etal., 2011; Yang et al.,
2012). According to our data, strains with high in vitro RNase
activity significantly reduced the intensity of the development
of M virus symptoms on Udacha potato plants in the field
compared to strains with low RNase activity.

It was shown that enhanced expression of PR-8 and NPR-1
defense genes contributes significantly to B. amylolequifa-
ciens-induced multiple reduction in rhisomania infection
caused by the BNYVYV virus (Desoignies et al., 2013). The
application of B. subtilis BS3A25 strain have been found to
reduce cucumber mosaic virus (CMV) infection by inhibit-
ing the development of its vector Aphis gossipi (Sudhakar et
al., 2011).

It is of interest to develop antiviral biocontrol agents based
on PGPR isolates having high RNase activity or the prepa-
ration of RNase itself to protect plants from viral infection,
taking into account that the majority of phytoviruses are RNA
viruses (Sharipova et al., 2015) as well as the generation of ge-
netically modified plants expressing RNase genes (Trifonova
et al., 2004). It has been found that potato plants expressing
Serratia marcescens nuclease display enhanced resistance to
pathogens (Trifonova et al., 2018).
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B. subtilis 26D

B. thuringiensis

5-103 1-10°

33 25

1 7
261.03+23.59 205.58+15.60
43 12

Strains under investigation also displayed insecticidal
effect against Colorado potato beetle (Sorokan et al., 2018)
and wheat aphid (Veselova et al., 2019), representing about
20 % from all aphids species which damaged potato plants
(Ekaterinskaja et al., 2016) and act as carriers for viral par-
ticles. In addition to developing increased resistance against
viral infection, bacterial barnases can participate in plant
protection against other diseases, for example, tobacco plants
from the late blight desease, as evidenced by high resistance
of transgenic plants producing barnase (Natsoulis, Boeke,
1991). Earlier we demonstrated that B. subtilis 26D effectively
decreased disease severity of the late blight (Maksimov et
al., 2015), which could contribute to the limitation of virus
spreading in potato crops. It is important to note that effective
suppression of viral diseases requires the constant presence
of antiviral compounds in plant tissues. It makes endophytic
microorganisms producing RNases promising viral biocontrol
agents. These data can be a basis of approach to protection of
plants from viral infection by using the “RNase enhanced”
endophytic bacteria Bacillus spp., as an antiviral agent.

Conclusion

According to the data obtained, we can say that the use of
biocontrol agents based on bacteria of the genus Bacillus re-
duced the natural viral infectious background, which depended
on the endophytic properties of strains under investigation
and the ability of bacteria to produce extracellular RNases.
Thus, we suggest the development of biocontrol agents with
complex (antiviral, insecticidal, fungicidal, bactericidal and
growth stimulating) activity for environmentally safe system
of plant protection from diseases and pests.
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Tan spot caused by the fungus Pyrenophora tritici-repentis is an important leaf spot disease in wheat growing areas
throughout the world. The study aims to identify wheat germplasm resistant to tan spot based on phytopathologi-
cal screening and molecular marker analysis. A collection of 64 common wheat germplasms, including cultivars
and breeding lines from Kazakhstan and CIMMYT, was assessed for tan spot resistance in greenhouse conditions
and characterized using the Xfcp623 molecular marker, diagnostic for the Tsn7 gene. All wheat cultivars/lines varied
in their reaction to tan spot isolate race 1, ranging from susceptible to resistant. Most accessions studied (53 %)
were susceptible to Ptr race 1. Spring wheat cultivars were more susceptible to race 1 than winter wheat culti-
vars. As a result of genotyping, an insensitive reaction to Ptr ToxA was predicted in 41 wheat cultivars (64 %). The
tsn1 gene carriers identified included 27 Kazakhstani and 14 CIMMYT cultivars/lines, demonstrating insensitivity to
Ptr ToxA. The majority of the Tsn1 genotype were sensitive to race 1 and showed susceptibility to the pathogen in
the field. Disease scores from seedling stage positively correlated with field disease ratings. Of particular interest
are 27 wheat accessions that demonstrated resistance to spore inoculation by Ptr race 1, were characterized by
insensitivity to ToxA and showed field resistance to the pathogen. The results of this study will contribute to wheat
breeding programs for tan spot resistance with Marker Assisted Selection using the closely flanking markers.
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MupeHodopos, Bo3dyanTens Pyrenophora tritici-repentis, ABNAETCA BaXXHbIM 3ab60eBaHEM IMCTOBbIX MATHUCTO-
CTell B permoHax BblpalyuBaHua NeHnLbl no Bcemy mupy. Llenb nccneposanus — ngeHtudurumnposaTb 1 otobpatb
repmMonnasmy nileHunLbl, ycTonumnsyio K nupeHodoposy P, tritici-repentis, c ICNONb30BaHEM MOSIEKYNIAPHbIX MapKe-
poB. Konnekuusa ns 64 06pasLoB MArKon NeHNLbl, BKIOYatoLwasn 3aperrncTprpoBaHHble COpTa U SNUTHbIE cenek-
LMOHHbIe NHMM NweHnubl n3 Kasaxctana n CIMMYT, 6bina noaseprHyTa oLeHKe YCTONYMBOCTY K P. tritici-repentis
B TeMMLEe 1 OXapakTepr3oBaHa C MOMOLLbI0 MONIEKYAPHOIO MapKepa Xfcp623, anarHocTnueckoro ans reHa Tsnl.
Bce copTta/nnHnm nNweHnLpbl pa3nnyanmcb No peakumm Ha M3onaT pacbl 1 Ptr, npoABNAA WNPOKNIA CNeKTp peak-
Uun — OT BOCMPUMMYMBOI O YCTONYMBON. BonblIMHCTBO UccnefoBaHHbIX 06pasLoB (53 %) okasanucb Bocnpu-
MMUMBBI K 130naTy pacel 1 Ptr. CopTa ApoBo niweHnLbl 66111 60ee BOCMPUUMUKBBI K pace 1, 4em copTa 03UMOoi
nweHnubl. B pesynbtate reHOTUNUPOBaHUS HEUYYBCTBUTENIbHAs peakums K TOKCKHy Ptr ToxA Gbina npeackasaHa
y 41 copTa nweHunubl (64 %). UoeHTMPMLMpOBaHHbIe HOCUTENM reHa tsn T BKoYany 27 KazaxcTaHCKux u 14 coptos/
nHnn CIMMYT, BEMOHCTPUPOBABLLMX HEYYBCTBUTENIbHOCTb K Ptr TOXA. BonbluMHCTBO 06pa3LioB ¢ reHoTunom Tsn
6blIN YYBCTBUTENbHbI K pace 1 1 MoKasanu BOCMIPUUMYMBOCTb K NMATOreHy B nosesbix ycnosuax. OueHkn 3abo-
NeBaeMOCTY Ha CTaAMM MPOPOCTKOB NMONOXKMTENBHO KOPPENUPOBaN C OLEHKaMI B MOJIEBbIX YCnoBUaAxX. Ocobbii
VNHTepecC NpeacTaBnaAoT 27 06pasLoB NLeHKLbl, KOTOpble MPOABUAN YCTOMYMBOCTb K MHOKYAALMMK Criop pacs! 1
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Phytopathological screening and molecular marker analysis of wheat
germplasm from Kazakhstan and CIMMYT for resistance to tan spot

P. tritici-repentis, XxapakTepun3oBanncb HeYyBCTBUTENIbHOCTbIO K TOKCMHY TOXA 1 AeMOHCTPUPOBanu YCTOMYMBOCTb
K nmaTtoreHy B nonesbix ycnoBuax. MonyyeHHble pesynbTaTbl BHECYT BKNaA B NPOrpammMbl CeNeKLMn NeHULbl Ha
YCTOMUMBOCTb K NUpeHodopo3y Ha ocHoBe Marker Assisted Selection c ncnonb3oBaHvem TeCHO dnaHKMpyOLMX

MapKepoB.

KnioueBble cioBa: NlleHKLa; MONEKYNAPHblE MapKepbl; Pyrenophora tritici-repentis; nupeHodopos; Tsn1; ToxA.

Introduction

Ensuring food security is the most important priority of Ka-
zakhstan’s economic strategy. Wheat production is limited to
a number of biotic stresses, including leaf spot diseases. Tan
spot, caused by the fungus Pyrenophora tritici-repentis (Died.)
Drechsler (anamorph), is an important foliar blight disease
in temperate and warmer wheat growing areas throughout
the world (Duveiller et al., 1998), including Kazakhstan
(Koyshibayev, 2018). Under conditions favorable for tan
spot development, yield losses can rise beyond 50 % (Rees
et al., 1988). This pathogen infects leaf, stem and head tissue
resulting in reduced photosynthetic area, increased transpira-
tion and reduced accumulation of organic matter and causes
considerable reduction in yield and quality of wheat. Modern
industrial farming technologies contribute to the development
of the disease: minimal tillage of the soil with the preservation
of stubble on its surface, monoculture and cultivation of wheat
cultivars with insufficient resistance to pathogen. The infected
seeds, plant residues of the previous growing season, infected
self-seeding plants and wild cereals susceptible to this disease
could serve as a source of infection to winter wheat seedlings
in autumn. Integrated disease control strategies, such as the
cultivation of resistant varieties, combined with desired crop
rotations and management practices, are the most effective,
environmentally friendly and cost-effective tools to combat
wheat tan spot (Mikhailova et al., 2012).

Inheritance to tan spot resistance has both quantitative and
qualitative nature, while the toxins resistance genes and quan-
titative trait loci (QTL) are race specific and they control the
processes that reduce the sensitivity to toxins (Mikhailova et
al., 2012; Farisetal., 2013; Liuetal., 2017). To date according
to Catalogue of Gene Symbols eight major resistance genes
(Tsrl, Tsr2, Tsr3, Tsr4, Tsr5, Tsr6, TsrHar, TsrAri) located
on chromosomes 2BS, 3A, 3BL, 3DS, and 5BL have been
identified (Mclntosh et al., 2013). Numerous genetic studies
performing quantitative trait loci analysis, have reported re-
sistance to tan spot as a polygenic trait however the major
racespecific genes frequently underlines these QTLs. Addi-
tional QTLs have been identified and located on chromosome
arms 1AL, 2AS, 3AS, 4AL, 5AL, 1BS, 2BL, 3BS, 2DS, 2DL,
6A, 7A, and 7DS (Chu et al., 2010; Singh et al., 2010, 2016;
Xiao-Chun et al., 2010; Kalia et al., 2018). Recent studies
using associative mapping allowed the detection of loci that
determine resistance to different Ptr races (Gurung et al., 2011,
Kollers et al., 2014; Juliana et al., 2018).

In order to increase effectiveness of wheat breeding subject
to resistance to tan spot, it is essential to understand the genetic
basis of resistance to the disease. Pyrenophora tritici-repentis
induces on susceptible cultivars two different symptoms,
necrosis and chlorosis. Genetically, both symptoms are under
independent host control. Based on the ability to induce ne-
crosis and chlorosis symptoms, 8 races of Ptr were identified
(Lamari, Bernier, 1989a; Strelkov, Lamari, 2003). It has been
found that the fungus produces a number of host-selective
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toxins (HSTs) known as Ptr ToxA, Ptr ToxB and Ptr ToxC,
etc., which interact directly or indirectly with the products of
the dominant plant genes Tsn1, Tsc2 and Tscl, respectively
(Ballance et al., 1989). Recent studies on cloning and charac-
terization of the Tsnl gene have shown that the pathogen
utilizes HST-toxins to weaken resistance mechanisms of the
host and cause the disease. However, in addition to host-HST
interactions, a wide range of QTLs responsible for race-non-
specific resistance and recessively inherited genes of “quali-
tative” resistance have been identified (Faris, Friesen, 2005;
Singh et al., 2016). Molecular markers for the HST resistance
genes and for race non-specific QTLs intended for use in
marker assisted selection (MAS) have been developed (Faris
et al., 2012; https://maswheat.ucdavis.edu/protocols). Di-
versity Arrays Technology (DArT) WPT-3049 (2.9 cM) and
WPT-0289 (4.6 cM) markers were closely linked to Tsrl and
Tsr6, respectively (Singh et al., 2016).

There are a number of studies on the racial composition
of P. tritici-repentis in Asia and Kazakhstan. The greatest di-
versity was observed in Azerbaijan, where races 1, 2, 3, 5, 7,
and 8 were identified, and in Syria, where races 1, 3,5, 7, and 8
were detected; the little variation was found in the virulence
of isolates from Kazakhstan (race 1 and race 2) (Lamari et al.,
2005). It has been revealed that race 1 is the most widespread
race in Central Asia and Kazakhstan (87 %), and races 2, 3
and 4 were minor (Zhanarbekova et al., 2005; Maraite et al.,
20006). It was found that races 1 and 2 dominate in the North
Caucasus region of Russia, and races 1 and 8 P. tritici-repentis
dominate in Kazakhstan (Kokhmetova et al., 2016). Studies
on the racial composition of P. tritici-repentis in Kazakhstan
indicate the necessity to identify the wheat germplasm resistant
to the prevailing races of the disease among promising lines
and wheat varieties cultivated in Kazakhstan. The results of
previous studies indicate the possibility of postulating reces-
sive alleles of genes for resistance to P. tritici-repentis toxins
using molecular markers (Kokhmetova et al., 2017, 2018).

Conventional phytopathological methods are not always
effective for identification of pathogen resistance genes. The
situation is complicated by the fact that different leaf spot
pathogens occur together in the field, which make more dif-
ficult disease evaluation. In this case, the use of molecular
markers associated with disease resistance will be effective
for identification of disease resistance factors. The presence
of effective molecular markers closely linked to the genes of
resistance to toxins makes it possible to conduct molecular
screening of wheat breeding material. The main objectives of
this study were (i) phytopathological and molecular screening
elite cultivars and wheat breeding lines for resistance to tan
spot, (ii) identification of resistance sources effective against
tan spot.

Materials and methods
A collection of 64 common wheat germplasms, including
46 registered cultivars and elite wheat breeding lines from Ka-

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 - 7



A.M. KoxmeTtoBa, M.H. ATnwoBa
M.T. Kymap6aeBa, 1.H. leoHoBa

2019
237
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Table 1. Pyrenophora tritici-repentis isolate (29A-11) served as representative of race 1

Isolate Glenlea 6B-662 6B-365

Race*

* Based on Lamari et al., 2005: N (ToxA) — disease inducing factor (Ptr ToxA), causing necrosis in Glenlea; C (ToxC) - disease inducing factor (Ptr ToxC), causing
chlorosis in 6B-365; R — stand for resistance to toxins of P. tritici-repentis; nec+ — presence of necrosis; chl+ - presence of chlorosis.

zakhstan and 18 entries from CIMMY T was used in the work
(see Table 2). Evaluation of the resistance to P. tritici-repentis
on adult plant stage was carried out under field conditions of
Southeast Kazakhstan, Kazakh Research Institute of Agricul-
ture and Plant Growing (KRIAPG), Almalybak (43°13" N,
76°36" E, and 789 m asl), Almaty region, in the 2017-2018
crop seasons. The experiment was conducted in a completely
randomized design with three replications. The field evalua-
tion (from naturally ocurring infections) to tan spot resistance
was assessed three times according to the scale for appraising
the foliar intensity of diseases (Saari, Prescott, 1975) in the
modification for tan spot (Kremneva, Volkova, 2007).

The standard wheat differentials included Glenlea and Sa-
lamouni cultivars, as well as 6B662 and 6B365 lines. Seed-
ling resistance of the wheat cultivars were assayed in the
greenhouse conditions at the two-leaf seedling stage. Three
seedlings of each differential line and tested wheat cultivars
were produced in plastic cones filled with soil and grown in
the greenhouse at an average temperature of 21 °C with a
16-h photoperiod. The seedlings were inoculated with spore
suspension with 4,000 spores per ml of each isolate individu-
ally until run off. Inoculated seedlings were moved to a mist
chamber at 21 °C with a 16-h photoperiod for 24 h. Thereafter,
the plants were moved to a growth chamber at 22 °C with a
16-h photoperiod for 24 h (light for 16 h and darkness for 8 h).
The plants were rated for disease, using rating system based
on lesion type; 1-2 represent resistance, and 3—5 represent
susceptibility (Lamari, Bernier, 1989a).

The samples of P. tritici-repentis were randomly collected
from hexaploid wheat in Almaty region of Kazakhstan. The
Petri dishes with leaf pieces with lesions were incubated at
20 °C for 12-18 h under fluorescent lights (~80 pmol-m2-s71),
followed by an additional 12—-18 h in the dark at 15 °C (Lamari
etal., 1995). Two to three isolates from each field were tested.
All P. tritici-repentis isolates were typed by their respective
race through inoculating them individually on the wheat dif-
ferential set developed by Lamari, Bernier (1989b) and Strel-
kov, Lamari (2003). It was found, that P. tritici-repentis isolate
29A-11 was related to race 1, since it was produced necrosis
on Glenlea and chlorosis on 6B-365 and possible characterized
by the production of two toxins: ToxA and ToxC (Table 1).

P. tritici-repentis isolate 29A-11, representing race 1 was
used for inoculation. Culture of P. tritici-repentis isolate
29A-18 race 1 was grown on V4 agar (150 ml V4 juice in a
ratio of 4:3:2:1 parts beet juice, parsley, tomato and carrot, re-
spectively, 20 g agar, 1.5 g CaCO, and 850 ml distilled water)
in the dark at 20-22 °C for 6 days (Mikhailova et al., 2012).
The plates were filled with sterile distilled water; the myce-
lium flattened the base of a sterile test tube and excess water
poured off. To induce conidiophore production, the plates
were incubated under continuous light at room temperature
for two days followed by 1 day in the dark in an incubator

YCTONYNBOCTb PACTEHUI K BUOTUYECKMM OAKTOPAM / RESISTANCE OF PLANTS TO BIOTIC FACTORS

at 16 °C to induce conidia production. The plates were filled
with distilled water and the conidia were suspended in the
distilled water by gentle brushing the mycelium to dislodge
the conidia from the conidiophores. In order to reduce surface
tension 2—3 drops of Tween 20 were added per liter of spore
suspension. Spore concentration was measured and adjusted to
4,000 spores per ml. Wheat accessions were screened for toxin
ToxA reaction. Plants were infiltrated at the second leaf stage
as desciebed in Liu et al. (2006) and were scored as sensitive
or insensitive 3 days later based on presence or absence of
necrosis, respectively.

Genomic DNA was extracted at two-leaf seedling stage
for each individual plant using the CTAB method (Riede,
Anderson, 1996). DNA concentration was measured using a
spectrophotometer SmartSpecTMPIus (BioRAD). The DNA
concentration for each sample was adjusted to 30 ng/ul.
Samples were genotyped using the SSR marker Xfcp623 de-
signed to detect alleles of the Tsn1 gene. The primer sequence
and PCR conditions are given by Faris et al. (2010). The
amplification products were separated on 2%-agarose gels,
to determine the length of the amplification fragment 100 bp
DNA Ladder (Ferments, Lithuania) was used. Gels were vi-
sualized on GelDoc BIO-PRINT MEGA for documentation
of allele types in cultivars. Wheat entries 6B662 and Glenlea
served as positive and negative controls, respectively.

Results
Wheat germplasm reaction to race 1 of Pyrenophora tri-
tici-repentis. Seedlings and adult plant response of wheat
germplasm to P. tritici-repentis are presented in Table 2.
The reaction of wheat cultivars and lines representing the
range of lesion types to race 1 using rating system (Lamari,
Bernier, 1989a) based on two phenotypically distinct symp-
toms: tan necrosis (N) and chlorosis (C) was carried out.
Evaluation to race 1 showed that lesion type varied greately
amongst wheat cultivars. It was found that 30 entries out of
64 (46.9 %) had average disease reaction type, less than 2
and considered as resistant to this isolate (see Table 2). Atype
of symptom consisting of small dark spots without any sur-
rounding chlorosis or tan necrosis (rating 1-2, R) was observed
in about 19 % of the accessions tested. A type symptom
consisting of minute dark spots with very little chlorosis or
tan necrosis (rating 2, R-N), showed 19 (30.6 %) accessions.
The chlorosis or tan necrosis symptoms (rating 3—4, S-N, S-C,
S-NC), were observed in 34 (55.1 %) of the accessions tested.
Fifteen of the 64 entries were sensitive to production of
chlorosis and this indicate that they may be sensitive to Ptr
ToxB or Ptr ToxC, but resistant to Ptr ToxA. Relatively large
proportion of resistant cultivars was presented in entries from
CIMMYT (72.22 %). The number of Kazakhstani samples
resistant to race 1 was significantly less (36.96 %). So, the
majority of studied Kazakhstani and CIMMYT entries were
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Table 2. The reaction of wheat accessions to race 1 P. tritici-repentis and the allelic state of the Tsn7 gene

Accession Origin Growth  Response to race 1 Response  Allelic state Field evaluation
to PtrToxA  of molecular marker Ptr, %

habit
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Table 2 (end)

2019
23.7

DYTONATONOrNYECKINI 1 MONEKYNIAPHDIA CKPUHWHT
repmonnasmbl MLUEeHNLbl Ha YCTOMUYMBOCTb K NMPeHOodopo3y

Growth
habit

Accession Origin

Response to race 1

Field evaluation
Ptr, %

Allelic state
of molecular marker

Response
to Ptr ToxA

Note: Xfcp623 is the SSR marker to the Tsn1 locus; “+"indicates sensitive to Ptr ToxA samples, contain TsnT allele, 380 bp DNA fragment; “~" indicates insensitive to
Ptr ToxA samples, contain tsn1, null allele; Salamouni, the insensitive control for race 1 and toxin Ptr ToxA, carrier of the ressive gene tsnT; Glenlea, the susceptible
control for race 1 and Ptr ToxA, carrier of the dominant Tsn1; 1-5 are the lesion type rating based on Lamari and Bernier (1989a) scale; 1, 2 - indicates resistance,

and 3-5 - susceptibility; the reaction to Ptr ToxA: |, insensitivity, S, sensitivity to Ptr ToxA.

susceptible to isolate 29A-18 related to race 1. In general, a
higher number of spring wheat cultivars exhibited suceptibility
to race 1 as compared to winter wheat cultivars.

Field evaluation to tan spot. The results of the field evalu-
ation (from naturally ocurring infections) to tan spot re-
sistance showed that the severity level to P. tritici-repentis
varied widely, from 0 to 50 % (see Table 2, Fig. 1). In the
field, considerable disease (>30 %) developed on plants of
21 cultivars (32.8 %). High level of lesion development from
naturally ocurring infections was observed in cultivars Mere-
ke 70, Nureke, Progress, Akbidai and KP 35. Field resistance
(<15 %) was observed in 37 (57.8 %) of the accessions tested.
There was a tendency towards lower rating in the field, most
cultivar had similar reactions when tested in the greenhouse
and in the field.

Genotyping of wheat accessions with Xfcp623 marker.
The wheat cultivars were genotyped with Xfcp623 marker to
predict reaction to the Ptr ToxA. The marker of Xfcp623 has
two alleles: in the presence of Tsnl allele (Ptr ToxA sensitivity)
in the genome, 380 bp fragment is amplified, the absence of a
fragment of amplification (null-allele) suggests the presence of
the recessive tsnl allele (Ptr ToxA insensitivity). The results
of genotyping of wheat cultivars and lines with the Xfcp623
marker are presented in Table 2. As an example, the results
of the PCR amplification with Xfcp623 marker on 16 wheat
genotypes, are shown in the Figure 2. According to Figure 2,
seven out of 16 entries (Bogarnaya 56, KP 18, Kazakstan-
skaya 4, Akmola 2, KP 4, P83-5112/V82274 and Anara) had

YCTOWNYNBOCTb PACTEHUWN K BUOTUYECKUM OAKTOPAM / RESISTANCE OF PLANTS TO BIOTIC FACTORS

Number of accessions

||

10-20 21-35 36-50
Tan spot severity, %

12:
il
4:
0 L
0-5 5-10

Fig. 1. Frequency distribution of wheat accession for severity to P. tritici-
repentis, field evaluation, Almaty region.

17 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 M

380 bp

Fig. 2. DNA amplification profile for wheat cultivars and elite lines
obtained with Xfcp623 marker.

Lane: 1, KSI 16; 2, GAN/AE (408); 3, Bogarnaya 56; 4, KP 17; 5, KP 18; 6, Kazak-
stanskaya 4; 7, Akmola 2; 8, Taza; 9, Kargaly 9; 10, EFED/22150; 11, KP 4; 12, P83-
5112/V82274; 13, Anara; 14, KP33; 15, Glenlea (the sensitive control for race 1
and toxin Ptr ToxA, carrier of the dominant gene Tsn1); 16, Salamouni (the in-
sensitive control for race 1 and toxin Ptr ToxA, carrier of the ressive gene tsn1);
M, DNA Ladder.
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380 bp fragment, which allows us to postulate the presence of
the dominant Tsn1 allele conferring toxin Ptr ToxA sensitivity.
Seven entries including KSI 16, GAN/AE (408), KP 17, Taza,
Kargaly 9, EFED/22150 and KP33 showed a lack of ampli-
fication (null-allele) and suggests that these samples contain
recessive tsnl allele conferring toxin Ptr ToxA insensitivity.

The results of genotyping showed that the frequency of
Tsnl allele was 37.5 % (24 cultivars of 64 analyzed). Analysis
of molecular and phytopathological data shows that carriers
of the tsnl gene characterized by high field resistance with
severity level ranging from 0 to 15 %. The carriers of the
Tsnl gene, showed in the field susceptibility to the disease
comprised at 3045 %.

Twenty-seven wheat entries are of the greatest interest
since they demonstrated resistance to the seedling inocula-
tion by the race 1 of P. tritici-repentis, showed resistance
to the pathogen in the field and were Ptr ToxA insensitive.
This set of accessions includes 16 cultivars and lines from
Kazakhstan (Reke, Taza, Zhenis, Ishimskaya 92, Karagan-
dinskaya 22, Karabalykskaya 90, Celinnaya 90, Kargaly 9,
Express, KP33, KP34, KP36, KSI6, KSI 9/374, KSI 186,
KSI 17) and 11 CIMMYT lines (BR35/BR14, F3.71/TRM/
VORONA/3/0C14, CEP80111/VEE, JAC161/TEMUS51.80,
CATBIRD, GAN/AE.437SOVARROSA, GAN/AE (408),
TALHUENINJA, EFED/22150, TOO11/TOOOO7, RECUR-
RENT SELECTION 1).

Discussion

Ptr ToxA toxin is known to be one of the main factors asso-
ciated with the development of P. tritici-repentis in susceptible
wheat genotypes (Friesen et al., 2006). The new P. tritici-
repentis races are emerging through natural selection, therefore
development of new resistance sources is imperative (Ali et
al., 2010). Several reports indicate the global prevalence of
race 1 (Singh etal., 2010; Abdullah et al., 2017a). Since it was
previously shown that the race 1 is the most prevalent race in
Kazakhstan (Zhanarbekova et al., 2005; Maraite et al., 2006;
Kokhmetova et al., 2016), in the present study, we searched
for carriers of resistance to race 1 and Ptr ToxA toxin among
wheat germplasm. The particular value of the experiment is
the breeding material, which was developed and selected in
Kazakhstan, as well as in CIMMYT. This material is repre-
senting different genetic background, including carriers of
resistance to tan spot.

Molecular markers Xfcp393, Xfcp394 and Xfcp623 were
developed as diagnostics for detection of insensitivity to Ptr
ToxAand Sn ToxA (Zhang et al., 2009; Faris et al., 2010). On
the basis of sequencing the marker Xfcp623 was proposed as
diagnostic for Tsn1 gene. It was located in intron 5 of the locus
in position 4901...5280 (Faris et al., 2010). The reliability of
the diagnostic marker Xfcp623 for identifying wheat genotypes
with resistance to the fungus and insensitivity to Ptr ToxAwas
shown in some studies (Karelov et al., 2015; Kokhmetova et
al., 2017, 2018; Mironenko et al., 2017). Taking into con-
sideration the higher efficiency of the Xfcp623 marker, wheat
germplasm in our study were genotyped with this marker. In
this study, the frequency of tsn1 allele of the marker Xfcp623
for Ptr ToxA insensitivity was 62.5 %. Sensitive reaction to
the Ptr ToxA was predicted for the 20 remainder of the tested
genotypes (37.5 %).
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The majority of studied cultivars, 53.1 % were susceptible
to isolate 29A-18 related to race 1. In general, the most part
of spring wheat cultivars exhibited susceptibility to race 1 as
compared to winter wheat cultivars. The same response to
race 1 in a set of spring and winter wheat cultivars was ob-
served by Abdullah et al. (2017b), who indicated that the high
resistance of winter wheat to race 1 tan spot minimizes their
role in establishing race 1 in the region.

Disease scores from seedling stage, assessed herein, posi-
tively correlated with field disease ratings. The most of the
wheat entries with the Tsn1 genotype (90.5 %) were sensitive
to race 1 and showed susceptibility to the pathogen in the
field. The exception was 2 varieties (Tungysh and Celin-
naya 26), which showed an insensitive reaction to the race 1
of the fungus.

Among the studied wheat material 59 accessions (92.2 %)
exhibited “sensitive” or “insensitive” alleles at marker loci
Xfcp623 in Ptr ToxA sensitive and insensitive accessions,
respectively. In other words, no recombination was observed
within the segment harboring the marker Xfcp623 and Tsnl
among these 59 accessions. Only 5 genotypes had recom-
bination events between Xfcp623 and Tsnl. In the cultivars
Kazakstanskaya 3 and Kazakstanskaya 15 the sensitivity to Ptr
ToxA and the presence of resistance gene tsnl was observed.
The cultivars Mereke 70, Raminal and Celinnaya 26 showed
the insensitivity to Ptr ToxA, but characterized by the pres-
ence of susceptible gene Tsnl. Apparently, recombinations
are possible in the segment harboring the Xfcp623 and Tsnl
marker among these wheat cultivars.

The results of our study are in agreement with a previous
research, suggesting that ToxA is not the major determinant in
tan spot disease development in some host backgrounds and
indicates the presence of additional effectors (Oliver et al.,
2014; Rybak et al., 2017; See et al., 2018). The ToxA—Tsnl
interaction alone is not a prerequisite for pathogenicity of
race 1 Ptr isolates, and pathologists have started to recognize
that race 1 Ptr isolates harbour additional uncharacterized
effectors in addition to ToxA and ToxC (Manning, Ciuffetti,
2015). Ptr interacts with the host in a complex and intricate
manner, leading to a variety of disease reactions that are de-
pendent or independent of the ToxA—Tsn1 interaction (See et
al., 2018). ToxA s found ubiquitously in Australian Ptr isolates
and the removal of ToxA sensitivity gene from wheat has been
shown to have no effect on yield penalty (Oliver et al., 2014).
Although the removal of the ToxA gene in Ptr does not severely
impede the ability of the pathogen to infect in all varieties,
the absence of the Tsnl gene in the wheat germplasm does
generally improve resistance to tan spot disease (See et al.,
2018).

Conclusion

In summary, the results presented in this study indicate that it
is necessary to continue breeding for development of carriers
of tsn1 gene insensitive to Ptr ToxAtoxin. The obtained results
will contribute to wheat breeding by pyramiding Ptr ToxA
insensitivity genes using the closely linked marker Xfcp623
into the desired germplasm. The group of disease resistance
germplasm identified in this study can be utilized to develop
cultivars with broad-genetic base durable resistance to wheat
tan spot.
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Leaf rust (LR) and stem rust (SR) are harmful fungal diseases of bread wheat (Triticum aestivum L.). The purpose of this
study was to identify QTLs for resistance to LR and SR that are effective in two wheat-growing regions of Kazakhstan.
To accomplish this task, a population of recombinant inbred lines (RILs) of ‘Pamyati Azieva X Paragon’was grown in the
northern and southeastern parts of Kazakhstan, phenotyped for LR/SR severities, and analyzed for key yield compo-
nents. The study revealed a negative correlation between disease severity and plant productivity in both areas. The
mapping population was genotyped using a 20,000 Illumina SNP array. A total of 4595 polymorphic SNP markers were
further selected for linkage analysis after filtering based on missing data percentage and segregation distortion. Win-
dows QTL Cartographer was applied to identify QTLs associated with LR and SR resistances in the RIL mapping popula-
tion studied. Two QTLs for LR resistance and eight for SR resistance were found in the north, and the genetic positions
of eight of them have matched the positions of the known Lr and Sr genes, while two QTLs for SR were novel. In the
southeast, eight QTLs for LR and one for SR were identified in total. The study is an initial step of the genetic mapping
of LR and SR resistance loci of bread wheat in Kazakhstan. Field trials in two areas of the country and the genotyping
of the selected mapping population have allowed identification of key QTLs that will be effective in regional breeding
projects for better bread wheat productivity.

Key words: bread wheat; linkage mapping; recombinant inbred lines; qualitative trait loci; leaf rust; stem rust.
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IO.A. Tennenckas!, E.H. ®epopenko?, A.T. Capbaes?, A.bl. Amaaosal, C./. Abyraanesal ®, C. [pudbduc?, E.K. Typycnexos > @

1 WHCTUTYT 6rionorum n 6uotexHonoruu pacteHnii, Anmatbl, KasaxcraH

2 CeBepo-KasaxcTaHcKas cenbckoxo3ancTBeHHan onbiTHaA ctaHuua, LLaranansl, CeBepo-KasaxctaHckas obnactb, KasaxctaH

3 Kazaxckuii HAM 3emnefenvsa n pacTeHNeBoAcCTBa, AnManblbak, AfMaTUHCKasa obnactb, KasaxctaH

4 LleHTp nm. [IxoHa UHHeca, Hopup, Benvkobputarusa

5 Kasaxckuin HauuoHanbHbii yHuBepcuteT uUM. anb-Oapabu, dakynsteT 6uonornm n buotexHonoruu, kapeppa bruopasHoobpasma n buopecypcos,
Anmatbl, KazaxctaH

&) e-mail: yerlant@yahoo.com

JlnctoBas n ctebneBas pXKaBUMHbI ABNATCA BPEJOHOCHBIMU TPUOHBIMM 6one3HAMU MArkoi nwennubl (Triticum
aestivum L.). Llenbto gaHHOro nccnepoBaHmna 6bina MaeHTUOUKaLMA NOKYCOB KOMYeCTBEHHbIX Npr3sHakos (JIKM), ca-
3aHHbIX C YCTONUMBOCTbIO K 60N1€3HAM, B ABYX PerroHax Bo3fenbiBaHMA NiweHnLbl B KaszaxctaHe. 1na 3Toro KapTupyio-
was nonynauna Mamatn Asnesa x MaparoH, coctoAwan 13 98 peKoMOUHAHTHO-UHOPEHbIX IMHUIA U BblpalyMBaemas
Ha ceBepe 1 oro-BocToke KasaxcraHa, 6bina GeHoTMNMPOBaHa No CTeMNeHW NopaXeHWs NCTOBOW 1 CTe61eBON pxKaB-
YMHOW 1 MpOaHanM3MpoBaHa Mo KOYeBbIM KOMMOHEHTaM ypOXKalHOCTU. BbiABNeHa oTpuuaTenbHaa Koppenauua
MeX[y CTeneHbto MopakeHWs 60Ne3HbI0 1 NPOLAYKTUBHOCTBIO PacTeHWi B 060X pernoHax. KaptrpytoLas nonynauus
6blla reHOTMNMPOBaHa ¢ ucrnonb3oBaHvem OHK mukpounna lllumina Ha 20000 mapkepos OHI (0OAHOHYKNEOTUAHDI
nonumopdusm). 4ns fganbHenwero aHanmsa otobpaHo 4595 nonumopdHbix mapkepos OHI. Ona naeHtndrkaumm
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QTLs for resistance to leaf and stem rusts
using bread wheat population ‘Pamyati Azieva x Paragon’

JIKIM, cBAI3aHHbIX C YCTOMYMBOCTbIO KapTupyloLlen nonynaumMm K NMCTOBOM U CTe6NeBOM pXKaByvHaM, UCMOMb30Ba-
nacb nporpamma Windows QTL Cartographer v2.5. B ceBepHOM pervioHe 6b1in o6Hapy»eHbl aga JIKIM yctonumsoctn
K IMCTOBOW pkaBumHe 1 BoceMb JIKIM - K ctebneBoit. Jlokanvsaumm BOCbMU U3 HAX COBManU € NO3ULMAMN N3BECTHbIX
reHoB Lr v Sr. [1ea JIKI gna cte6neBow p»aBuviHbl 6biavi 0603HaUYeHbl Kak HOBble. [1/1A1 10ro-BOCTOYHOIO permoHa obHa-
py»keHo Bocemb JIKIT, accoUmMmMpOBaHHbIX C YCTONUMBOCTBIO K IMCTOBOW PXKaBUMHE, Y OAVH — K cTebneBol. HacToswee
nccnefoBaHme ABNAETCA NEPBbIM LWArOM B reHETUYECKOM KapTUPOBaHWM JIOKYCOB YCTONYMBOCTY K IMCTOBON U CTe-
6n1eBoVi pKaBUYMHaM MArKoM nweHnLpbl B KasaxctaHe. MoneBble nccnefoBaHUsA B IBYX PErMOHax CTpaHbl U reHOTUNU-
poBaHVie BbIOpaHHON KapTupytoLLern Nonynaumy No3Bonuamv BbiaBUTb Kntouesble JIKM, KoTopble 6yayT 3dPpeKTUBHbI B
pervoHanbHbIX CeNIeKLMOHHbIX NPOeKTax, HanpaBieHHbIX Ha yyyLlleHre NPOAYKTUBHOCTU MATKOW NWEHNLbI.
KnioueBble cioBa: MArkasa MweHULa; KapTUpOoBaHUE; PEKOMOUHAHTHO-UHOPEHbIE NIMHUY; TOKYCbl KOIMYECTBEHHbIX
NPV3HAKOB; NINCTOBAA PXKaBUMHA; CTebrieBas pXaByrHa.

Introduction

Wheat is one of the most important cereal crops in the World
and Kazakhstan (http://www.fao.org). In Kazakhstan wheat
is grown on about 13 million hectares annually. The country
produces up to 20-25 million tons of bread wheat per year,
and exports up to 5-7 million tons of the grain (http://stat.gov.
kz). However, an annual infection of bread wheat by fungal
diseases is causing a serious yield reduction (Koyshybaev et
al., 2017).

The three most common wheat fungal pathogens in the
world are Puccinia triticina Erikss. (leaf rust), Puccinia grami-
nis Pers. f. sp. tritici Erikss. & Henn. (stem rust), and Puccinia
striiformis Westend. f. sp. tritici Eriks. (stripe or yellow rust)
(Bushnell, Roelfs, 1984). P. recondita is now recognized as
one of the most dangerous pathogens in wheat production
worldwide, causing significant yield losses over the large
geographical areas (Bolton et al., 2008). The infection with any
rust fungus results in decreased numbers of kernels per spike
and lower kernel weights due to the parasitic consumption of
host nutrients, which leads to apparent yield losses and poor
quality of the grains (Afzal et al., 2008).

In Kazakhstan, leaf rust (LR) and stem rust (SR) together
cause the most severe yield losses in bread wheat (Rsaliev
et al., 2005). When the epidemic develops at the early stage,
and the infection persists until wheat is fully ripe, the yield
loss increases up to 40-60 % (Koyshybaev, 2010). It happens
because of the favorable climate conditions for the spreading
of P. recondita in the fields, especially in south and south-cast
of Kazakhstan, where the high temperature and water defi-
ciency stimulate the expansion of spores (Koyshybaev, 2010).
As for the SR, the constantly widening areal of aggressive
stem rust race Ug99 creates a threat to the food security of
the entire planet (Singh et al., 2011; Bhardwaj et al., 2014),
including Kazakhstan (Shamanin et al., 2010; Rsaliev, 2011).
With epiphytotic SR development, the yield losses of spring
wheat can potentially reach 40-50 % (Koyshybaev, 2010;
Soko et al., 2018).

One of the most effective ways to protect wheat from LR
and SR is the development of resistant cultivars with high yield
potential (Ellis et al., 2014). In the last 100 years, approxi-
mately 80 LR resistance genes designated from Lr1 to Lr78,
Lrac104, and Lrac124, have been identified and described
in common wheat, durum wheat and diploid wheat species
(Mclntosh et al., 1998, 2007, 2017). In the last 10 years in
Kazakhstan, there were active research works on the identifi-
cation of genes, which are effective against LR, screening of
wheat cultivars for the presence of resistance gene (Kokhme-
tova et al., 2009; Akhmetova et al., 2015) and investigation
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on population of P. recondita in the country and neighboring
territories (Agabaeva, Rsaliev, 2013; Gultyaeva et al., 2018).

As for the SR, to date, nearly 60 Sr genes have been identi-
fied in wheat and its wild relatives (McIntosh et al., 2017). Al-
most all of the wheat cultivars approved for use on the territory
of Kazakhstan demonstrate poor resistance to SR pathogens
(Koyshybaev et al., 2017). For this reason, the analysis of SR
and methods of its prevention in Kazakhstan are an important
issue and require comprehensive genetic and breeding studies.
Several experiments were conducted to search SR resistance
sources in wheat germplasm of Kazakhstan (Rsaliev, 2011;
Kokhmetova, Atishova, 2012). However, no efforts were done
to identify effective genes and quantitative trait loci (QTL)
based on genetic mapping approach. Genetic mapping is an
effective tool for the identification of QTLs that are respon-
sible for natural phenotypic variations in complex traits, such
as resistance to rust diseases (Goutam et al., 2015; Xu et al.,
2017). During the past two decades, linkage mapping has been
commonly used in various plant species, humerous wheat
dense genetic maps were developed (Yang etal., 2017), and a
large number of QTL have been cloned or tagged (Price, 2006).

The purpose of this study was the identification of QTL
for LR and SR resistance by using 98 recombinant inbred
lines (RILs) of ‘Pamyati Azieva x Paragon’ mapping popula-
tion (MP). As these lines were tested in environmental condi-
tions of North and South-East Kazakhstan, it was expected
that important insights of the genetic control for two types of
rust disease resistance in bread wheat will be revealed. This
work is a continuation of our recent studies of bread wheat
undertaken in our research organization (Turuspekov et al.,
20173, b).

Materials and methods

‘Pamyati Azieva x Paragon’ mapping population. The MP
comprising of 98 F; RILs was assembled via crossing be-
tween two spring wheat cultivars — ‘Pamyati Azieva’ (PA)
and ‘Paragon’ (P). These two cultivars were chosen because
of their different genetic background and differences in mor-
phological traits. The first parental cultivar is Russian medium-
early spring wheat cultivar ‘Pamyati Azieva’ recommended
for the Western Siberian region (https://reestr.gossort.com),
approved for commercial cultivation in the North Kazakhstan
(http://lwww.goscomsort.kz/index.php/ru), and susceptible
to LR and SR. The second parental cultivar was a modern
UK elite spring wheat cultivar ‘Paragon’ that was used as
a key parent for Wheat Genetic Improvement Programme
(http://www.wgin.org.uk) resources but poorly studied for
the resistance to LR and SR. The MP, as well as the genetic
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map, was developed within ADAPTAWHEAT project in
greenhouse conditions by using facilities of the John Innes
Centre (Norwich, UK) during 2011-2015 (https://www.jic.
ac.uk/adaptawheat).

Evaluation of the MP for variation in agronomic traits,
and LR/SR severity in South-East and North Kazakh-
stan. Field evaluations of the MP were conducted in North
Kazakhstan agricultural experimental station (North Kazakh-
stan region) and Kazakh Research Institute of Agriculture
and Plant Industry (South-East Kazakhstan, Almaty region).
Ninety-eight RILs, the parental cultivars (‘Pamyati Azieva’
and ‘Paragon’), and standard check cultivars (‘Astana’ and
‘Omskaya 35’ in the North, and ‘Kazakhstanskaya 4’ and
‘Kazakhstanskaya rannespelaya’ in the South-East) were
evaluated in 2018 under field conditions for resistance to LR
and SR, as well as for key adaptation traits and yield compo-
nents. The population was planted at each site in randomized
triplicated experiments. Plants were grown in 15 cm distance
between rows and 5 cm distance between plants within a
row. Each row contained 25 plants. In the field conditions
the MP was tested using 11 traits, including HT (heading
time), MT (seed maturation time), PH (plant height), PL (pe-
duncle length), SL (spike length), NPS (number of produc-
tive spikes per plant), NKS (number of kernels per spike),
WKS (weight of kernels per spike), TKW (thousand kernels
weight), WKP (weight of kernels per plant), YSM (yield per
square meter).

Evaluation of rusts resistance in both locations was con-
ducted in two randomized replicates with a natural source of
infection. LR and SR resistance was evaluated on two growth
stages — phase of grain formation on 75 of Zadoks scale and
at the beginning of grain ripening on 83 of Zadoks scale (Za-
doks et al., 1974). Averaged values for both diseases in two
regions were calculated. Field infection response of the test
materials was assessed visually. In both regions assessment of
resistance/susceptibility levels was performed using the scale
of Stakman (Stakman et al., 1962) for SR, the scale of Mains
and Jackson (Mains, Jackson, 1926) for LR. The severity of
rust infection on leaf and stem surfaces was assessed using the
modified Cobb scale (Peterson et al., 1948; Roelfs et al., 1992).
To meet the data format required for association analysis, the
conventional scale was converted to the 0-9 linear disease
scale described by Zhang and co-authors (Zhang et al., 2011).
Pearson correlation analysis between agronomic traits and

2019
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SR/LR severity was performed using the R statistical platform
(https://www.r-project.org).

Linkage mapping and QTL analysis. Genomic DNA for
98 RILs and their parental cultivars was extracted from seed-
lings using the cetyltrimethyl ammonium bromide (CTAB)
method (Doyle J.J., Doyle J.L., 1990) and genotyped with
the lllumina’s iSelect 20K SNP array at the TraitGenetics
Company (TraitGenetics GmbH, Gatersleben, Germany).
MapChart v2.32 software was used to draw the genetic map
(Moorrips, 2002). Each repetition experiments and their aver-
age results for studied traits in each environment were used
for QTL analysis. For analysis of QTL, the Windows QTL
Cartographer v2.5 software (http://statgen.ncsu.edu/qtlcart/
WQTLCart.htm) with composite interval mapping (CIM)
method at a logarithm of the odds (LOD) for the threshold
of 3.0 was used.

Results

Phenotypic variations of resistance to stem and leaf rusts
in two environmental conditions. Generally, mean values of
SR and LR severity of two parental cultivars and 98 RILs in
two regions demonstrated non-equal distribution with devia-
tions towards resistance in the North and susceptibility in the
South-East for both diseases (Fig. 1). Out of 98 RILs, fourteen
lines were recognized as fully resistant to SR (1 point), 67 lines
as moderate resistant on the level of 2-3 points, and only one
line was determined as susceptible with 8 points of infection
severity (see Fig. 1, a). In the South-East area, the severity
of SR infection at the stage of grain ripening is higher and
less diverse than in the North. SR scores of RILs at the adult
plant stage were not normally distributed and were strongly
skewed towards susceptibility. Here, 89 lines were affected
by stem rust on the level of 8 points, with no lines identified
as resistant (see Fig. 1, a).

As per the LR resistance, parents and lines of the MP
grown in North Kazakhstan had demonstrated clear evidence
of infection at the phase of grain ripening. The majority of
RILs (81 lines) was identified as moderately resistant with
the severity level on 2-3 points. The remaining six lines were
resistant, and 11 lines had shown intermediate (4-5 points)
level of infection (see Fig. 1, b). In the region of South-East
Kazakhstan, as in the case of stem rust, the severity of leaf
rust infection was significantly higher than in the northern
part of the country.
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Fig. 1. Phenotypic variations of recombinant inbred lines for stem (a) and leaf rust (b) severity in two environments.

The severity of infections was determined based on the 9-point scale. SEKaz - South-East Kazakhstan, NKaz - North Kazakhstan.
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QTLs for resistance to leaf and stem rusts
using bread wheat population ‘Pamyati Azieva x Paragon’

Coefficients of pairwise Pearson correlations (r) between the leaf and stem rusts infections severities
and adaptation/yield-related traits in RILs population grown in North Kazakhstan

Parameter SR SR
(grain formation) (grain ripening)

SR LR
(average) (average)

spikes per plant; SL, spike length; NFS, number of fertile spikelets per spike; NKS, number of kernels per spike; WKS, weight of kernels per spike; WKP, weight of
kernels per plant; TKW, thousand kernels weight.
* Significance level at p < 0.05; ** significance level at p < 0.01.

Correlation analysis for resistance to LR/SR and agro-
nomic traits. North Kazakhstan is the biggest wheat-growing
area in Kazakhstan that gives around 85 % of bread wheat
grain annually (http://stat.gov.kz). Therefore, a separate evalu-
ation of the relationship between yield components and rust
indexes was performed (see the Table).

The severity of LR and SR infections measured on two
growth stages and averaged values revealed generally nega-
tive influence on all key adaptation and yield-related traits.
In North Kazakhstan, the averaged level of SR infections
was negatively correlated with three important traits — MT,
PH, and WKP. At the same time, the level of SR infections
measured during the phase of grain formation demonstrated
a negative correlation with HT, MT, while measures at the
beginning of grain ripening were negatively correlated with
PH and WKP. LR severity made a significant negative impact
on NPS, NKS, and WKS.

Genetic linkage map of the studied RILs population.
A total of 4595 polymorphic SNP markers from 21 chromo-
somes were used in the current study. All SNPs showed a
good fit to 1:1 segregation in the RILs mapping population
(p > 0.001 in Chi-squared test). The distribution of markers
among genomes was the following: A genome — 1939 SNPs,
B genome — 2099 SNPs, and D genome — 557 SNPs. The
lengths of genetic maps for individual chromosomes ranged
from 218.9 ¢cM (chromosome 3B) to 16.9 ¢cM (chromoso-
me 4D). Chromosome 2B was identified as the densest with
563 SNPs per 150.6 cM (average spacing 0.27 cM), while
chromosome 5D demonstrated the least markers density with
the average 2.65 cM between neighboring SNPs.

QTL analysis of resistance to LR and SR. Information
about QTL identified in this research work is summarized in
Supplementary 11. Ten putative QTL for LR resistance were
identified in seven different chromosomes (Fig. 2, Supple-

T Supplementary Materials 1 and 2 are available in the online version of the
paper: http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx20.pdf
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mentary 1). The majority of QTL was revealed in South-East
Kazakhstan, where the severity of LR was on a maximum
level. Four of QTL for LR resistance were located on 3B chro-
mosome on short distances from each other. One QTL is
observed on 3A chromosome while remaining five QTL were
on chromosomes 1B, 1D, 2A, 2B and 4B.

Among all identified QTL for LR, the QLR.IPBB-3B.1 lo-
cated on the 3B chromosome was detected in the South-East
region during the peak of infection. It had demonstrated the
highest 7.8 LOD score among the others and explained 27 %
of the phenotypic variances. Other QTL demonstrated LOD
score in the range from 3.3 up to 6.0 and phenotypic variances
from 11 to 20 %.

Nine tentative QTL for SR were detected in this study (Fig. 3,
see Supplementary 1). All of them are distributed among six
chromosomes, where 3B chromosome contained three QTL,
6B chromosome —two QTL while remaining QTL were spread
in chromosomes 1A, 2B, 2D, and 4A. The majority of QTL
for SR resistance was identified in the North region, while
there was only one QTL identified in the South-East. The
highest LOD score was observed for two QTL — QSR.IPBB-2D
and QSR.IPBB-6B.1 — on chromosomes 2D and 6B, and ex-
plained 22 and 20 % of the stem rust resistance variances,
respectively.

Discussion

Identified QTL for LR resistance and their comparison to
previously LR mapping studies. The literature survey sug-
gests that LR pathotypes of infections, as well as the sources
of infection and wheat genes that are effective against them,
are different in two regions. For example, in South-East
Kazakhstan, seven Lr genes were reported to be highly ef-
fective (OR, 1-5 MR) — Lr9, Lr12, Lr13, Lr18, Lrl9, Lr24,
and Lr37 (Koyshybaev, 2018). In the North, the difference in
Lr genes effectiveness was observed even between two sites.
For Akmola site, there were nine genes with good effective-
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Fig. 2. Genetic map with QTL for leaf rust (LR) resistance detected using mapping population ‘Pamyati Azieva x Paragon’ and previously mapped

Lr genes.

In each case, the genomic region containing the QTL is indicated by the vertical bar on the right and followed by the name of the QTL. SNP markers are indicated
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Fig. 3. QTL for stem rust (SR) resistance identified in mapping population ‘Pamyati AzievaxParagon’ and previously mapped

Srgenes.

In each case, the genomic region containing the QTL is indicated by the vertical bar on the right and followed by the name of the QTL.
SNPs are indicated on the right, and their genetic positions (cM) are shown on the left. Peak marker for each QTL is highlighted in bold.
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ness — Lr9, Lrl12, Lrl3, Lr19, Lr23, Lr24, Lr28, Lr33, and
Lr35, while for North Kazakhstan site only three genes were
highly effective — Lr9, Lr28, and Lr36 (Koyshybaev, 2018).
Here, ten QTL for LR were identified for two studied regions,
and there were no matchings between them. Differences in
QTL identification in North and South-East regions agreed
with the data on differences in the composition of the patho-
gen populations between these regions (Koyshybaev, 2018).
All comparison information concerning candidate genes and
previously mentioned resistance QTL in the literature is pre-
sented in Supplementary 2.

One of two QTL identified in the North (QLR.IPBB-1D)
is located in the long arm of 1D chromosome. The 1D chro-
mosome has four Lr genes (see Supplementary 2) positioned
on the far distances from the QLR.IPBB-1D. The second
association found in the North region was QLR.IPBB-3B.2.
The locus was within the interval of 38.0-54.0 cM on the
3B chromosome, near the locus QLR.IPBB-3B.3, which was
identified in the South-East study. The QLR.IPBB-3B.2 was
distantly located from both Lr27 and Lr74 genes (see Fig. 2,
Supplementary 2), but in close proximity to QTL described
earlier (Gao et al., 2016; Zhang et al., 2017). Interestingly,
none of Lr genes or QTL on chromosomes 1D and 3B had
been described as effective in Kazakhstan before.

Field assessment of LR resistance in South-East allowed
revealing eight QTL in six different chromosomes (see Supple-
mentary 2). These QTL can be formally separated into two
groups: the first group has QTL overlapping with previously
identified and well described Lr genes, and the second group
has QTL identified in this study. The first group is presented
by two QTL on 2B and 3B chromosomes. On 2B chromo-
some, the QLR.IPBB-2B has similar positions with Lr35 and
Lr50 (see Supplementary 2). Also, Gao and colleagues (Gao
et al., 2016) and Zhang with co-authors (Zhang et al., 2017)
identified similar QTL for LR in this part of the genome. The
Lr35 was previously described as highly effective in East,
West, and North Kazakhstan regions (Koyshybaev, 2018).
The second QTL QLR.IPBB-3B.1 is positioned in the interval
1.1-15.0 cM of 3B chromosome, where it possibly overlaps
with Lr74 located approximately 4.9 cM away from xgwm533
at 10.6 cM (Quarrie et al., 2005). Also, Lr27 is another previ-
ously reported gene located in this region (see Supplemen-
tary 2). Notably, QLR.IPBB-3B.1 was the most significant
QTL for LR identified in this study with the highest R2 and
additive effect.

The remaining six QTL for LR belong to the second group
of putatively new genetic factors for studied environments.
The first QTL from this group is QLR.IPBB-1B that located
on the 1B chromosome. There are two QTL for LR described
by Kumar and colleagues (Kumar et al., 2013) and Gao with
co-authors (Gao et al., 2016) that were positioned in the same
vicinity as the QLR.IPBB-1B. The QLR.IPBB-2A was the only
identified association on 2A chromosomes in this study, and
it was mapped in the interval 86.0-110.1 cM. The interval
of the QLR.IPBB-2A is near to genetic positions of QTL for
LR resistance that were described in previous studies (Kumar
etal., 2013; Gaoetal., 2016). The QLR.IPBB-3A was located
in the interval 100.0-133.1 cM, and it is coinciding with the
position of QTL for LR resistance described by Chu with
colleagues (Chu et al., 2009). On the 3B chromosome, two
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QTL for LR were identified in this group of study in South-
East region. These are QLR.IPBB-3B.3 and QLR.IPBB-3B.4
positioned in 61.2-78.1 and 88.2-102.3 cM intervals, re-
spectively. It appears that QTL for LR in these regions were
previously identified (Kumar et al., 2013; Muhammad et al.,
2018). Finally, the QLR.IPBB-4B was located in the interval
82.9-101.8 cM, which is overlapping with the position of
QTL for LR resistance described by Gao and co-authors (Gao
et al., 2016).

As all identified genetic factors associated with the resis-
tance to LR in this study were genetically positioned with
associations identified in recent GWAS for LR resistance (Gao
et al., 2016; Muhammad et al., 2018), it is strong indications
that QTL identified in this study may play an important role
in local breeding projects.

Identified QTL for SR resistance and their comparison
to previously SR mapping studies. Unlike in LR study,
where the majority of QTL for SR were found based on the
data from South-East, in SR study almost all QTL (8 out of 9)
were identified in the North region. The only SR resistant
locus form the South-East was QSR.IPBB-3B.2 in the interval
98.3—-128.3 cM on the 3B chromosome, and it was signifi-
cantly far from Sr genes mapped in this linkage group (see
Supplementary 2). Other QTL for SR resistance can also be
formally divided into two groups, likewise in LR study. The
first group of marker-trait associations includes four QTL.
The QSR.IPBB-1A was located in the interval 0-26.0 cM
at a relatively short distance from the Sr1RSAMi%° mapped at
40.0 cM (Yu et al., 2014), and two QTL described in other
studies (Yu et al., 2012; Bajgain et al., 2016). The next QTL
QSR.IPBB-2B lies in the interval 73.8-108.2 cM and overlaps
with three mapped Sr genes (Sr9, Sr 36, and Sr40) and adjoins
Sr28 (see Fig. 3), as well as several QTL for SR from literature
(Yuetal., 2012; Bajgain et al., 2015; Edae et al., 2018). Two
of these genes — Sr9 and Sr36 —were distinguished as effective
against the Western Siberian population of SR (Shamanin et
al., 2011). On the 3B chromosome, there are three identified
QTL for SR, but only QSR.IPBB-3B.1 was positioned in the
vicinity of previously mapped gene Sr2, and QTL for SR re-
sistance described by Elbasyoni with co-authors (Elbasyoni
et al., 2017). Notably, the Sr2 is the most important disease
resistance gene to be deployed in modern plant breeding and
provided partial resistance for many years over large areas and
under high and prolonged disease pressure in the field (Ellis
et al., 2014). Finally, the QSR.IPBB-6B.2 was positioned just
in 2.1 cM from Sril (see Supplementary 2).

The second group of QTL for SR resistance included as-
sociations that previously were not mentioned in Kazakhstan.
This group was comprised of five QTL located on chromo-
somes 2D, 3B, 4A, and 6B. The region 71.1-126.0 cM of
chromosome 2D, which is associated with the QSR.IPBB-2D,
has not been mentioned in connection with previous QTL for
SR mapping studies. The QSR.IPBB-2D demonstrated the
highest impact on the SR resistance in this study, explaining
22 % of the variation. Also, on the 3B chromosome, there is
QSR.IPBB-3B.3, which is another presumably novel QTL
for SR resistance in Kazakhstan. The QSR.IPBB-4A on the
4A chromosome resembles two SR-associated loci described
in previous studies (see Supplementary 2) (Basnet etal., 2015),
but it has no candidate Sr genes nearby. The remaining QTL
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QSR.IPBB-6B.1 was located in the short arm of the 6B chro-
mosome. It seems that the position of the QSR.IPBB-6B.1
is matching the position of QTL for SR resistance that was
previously described by Yu with co-authors (Yu et al., 2012).

Conclusion

The constructed RILs MP ‘Pamyati Azieva x Paragon’ was
very efficient in the identification of QTL for LR and SR re-
sistance in bread wheat. The MP consisted of 98 RILs and
analyzed by using 4595 polymorphic SNP markers densely
populated all 21 wheat chromosomes. Field trials output sug-
gested a negative correlation between LR and SR severity and
key yield components in the North and South-East regions of
Kazakhstan. The CIM method allowed the identification of
ten QTL for LR and nine QTL SR resistance associated with
resistance to these two rust diseases. The comparative analysis
of the findings in this study and reports from previously pub-
lished data suggested that the majority of identified QTL were
well described in existed literature, confirming the robustness
of obtained results. Nevertheless, two QTL for SR identified in
the North region of the country were never described before,
and they are presumably novel genetic factors. Overall, identi-
fied QTL both for LR and SR resistances in newly developed
MP ‘Pamyati Azieva x Paragon’ can be efficiently used in local
breeding projects for higher yield in bread wheat.
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The cinnamyl alcohol dehydrogenase gene family is involved
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Flax (Linum usitatissimum L.) is used for the production of textile, oils, pharmaceuticals, and composite materials.
Fusarium wilt, caused by the fungus Fusarium oxysporum f. sp. lini, is a very harmful disease that reduces flax pro-
duction. Flax cultivars that are resistant to Fusarium wilt have been developed, and the genes that are involved in
the host response to F. oxysporum have been identified. However, the mechanisms underlying resistance to this
pathogen remain unclear. In the present study, we used transcriptome sequencing data obtained from susceptible
and resistant flax genotypes grown under control conditions or F. oxysporum infection. Approximately 250 million
reads, generated with an Illlumina NextSeq instrument, were analyzed. After filtering to exclude the F. oxysporum
transcriptome, the remaining reads were mapped to the L. usitatissimum genome and quantified. Then, the expres-
sion levels of cinnamyl alcohol dehydrogenase (CAD) family genes, which are known to be involved in the response
to F. oxysporum, were evaluated in resistant and susceptible flax genotypes. Expression alterations in response to
the pathogen were detected for all 13 examined CAD genes. The most significant differences in expression between
control and infected plants were observed for CAD1B, CAD4A, CAD5A, and CAD5B, with strong upregulation of
CAD1B, CAD5A, and CAD5B and strong downregulation of CAD4A. When plants were grown under the same condi-
tions, the expression levels were similar in all studied flax genotypes for most CAD genes, and statistically significant
differences in expression between resistant and susceptible genotypes were only observed for CADTA. Our study
indicates the strong involvement of CAD genes in flax response to F. oxysporum but brings no evidence of their role
as resistance gene candidates. These findings contribute to the understanding of the mechanisms underlying the
response of flax to F. oxysporum infection and the role of CAD genes in stress resistance.

Key words: flax; Linum usitatissimum; resistant cultivars; Fusarium oxysporum; RNA-Seq; transcriptome; CAD.
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IreHOTUIIOB JIbHA Ha 3apaskeHue Fusarium oxysporum
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NeH (Linum usitatissimum L.) ncnonb3yeTtca Ana Npon3BoACTBa TEKCTUNSA, Macen, GapMaLeBTUYECKMX NpenapaToB
1N KOMMO3UTHbIX MaTepunanoB. KpaiHe BpefOHOCHbIM 3ab0fieBaHMEM, CHUXKAIOWMNM YPOXKaNHOCTb NibHa, ABNAET-
csa dy3apuro3sHoe yBafgaHue, BbibiBaemMoe rprbom Fusarium oxysporum f. sp. lini. Co3gaHbl ycToliumBble K dy3apu-
O03HOMY YBAJAHWIO COPTa JibHa 1 OnpefeneHbl reHbl, BOBMeYeHHble B OTBET Ha F. oxysporum, ofgHaKko MexaHu3mbl
ycTtonumsocTtu L. usitatissimum K 3Tomy natoreHy fo CUX nop HeAcHbl. B HacToALlem nccnefgoBaHnm Mbl MCNOJb30-
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CemelictBo reHoB CAD BoBneYeHO B OTBET JibHa
Ha 3aparkeHuie Fusarium oxysporum

BaNW AaHHble CEKBEHVPOBAHMA TPAHCKPUMTOMOB BOCMIPUUMUUBBIX 1 YCTONYMBBIX T@HOTUMOB JIbHA, BblPaLLeHHbIX
B KOHTPOJbHbIX YCNOBUAX NN 3apakeHHbIX F. oxysporum. [poaHann3npoBaHo OKono 250 MUINIMOHOB NPOYTEHNIA,
nonyyeHHbIx Ha cekBeHaTope NextSeq lllumina. Mocne ¢dunbTpaLMM NPOUTEHMIN ANIA UCKIOYEHUA TPAHCKPUNTO-
Ma F. oxysporum ocCTaBLUMeCA NPOUYTEHUA KapTUPOBaNuM Ha reHoMm L. usitatissimum v npoBenu nx KONMYeCTBEHHbIN
aHanms. OueHunnm akcnpeccuio reHos cemenctea CAD, KOTopble, Kak M3BECTHO, yHacTBYIOT B OTBETE Ha 3apaxeHune
F. oxysporum, y yCTORU/BbIX 1 BOCMIPUMMUMBBIX K Py3aprOo3HOMY yBAAAHMIO reHOTUMOB. I3MeHeHne sKkcnpeccnm
B OTBET Ha BO3byAuTENA BbIABMAN ANA BCeX 13 nccnefoBaHHbix reHoB CAD. Hanbonee 3HaumTenbHble pasnvmuus B
SKCNPEeCCUn MeXAY KOHTPOJSIbHbIMU U MHPULMPOBAHHBIMU pacTeHnAMY Habnopanuce ans reHoB CAD1B, CAD4A,
CAD5A v CAD5B: cnnbHoe noBblleHre sKkcnpeccun BbisiBneHo ana CAD1B, CAD5A n CADS5B, a cunbHoOe CHUXKeHMe —
ana CAD4A. ina 6onbliHcTBa reHoB CAD ypoOBHM 3KCnpeccun 6bin 6Gnn3KUMK NPU OLUHAKOBBIX YCIOBUAX Bbi-
pawmBaHnA ANA BCeX M3YyUYeHHbIX TeHOTUMOB JibHa. CTaTUCTUYECKM 3HaUMMOe pasnnymne B U3MEeHEHMN SKCnpeccum
MeXAay rpynnamun yCToNYmBbIX 1 BOCMPUUMUMBBIX FEHOTUMNOB BbIABAEHO TONbKO AnA reHa CADTA. Hawe nccnego-
BaHMe yKa3blBaeT Ha akTBHoe yyacTue reHos CAD B oTBeTe pacTeHun NibHa Ha F. oxysporum, HO He MPUBOANT CBU-
[leTeNbCTB UX PONN B KayecTBe KaHAMAATOB B reHbl YCTOMYMBOCTU. [onyyeHHble pe3ynbTaTbl BHOCAT BKag B Mo-
HUMaHVe MexaHN3MOB OTBeTa JibHa Ha 3apaxeHue F. oxysporum v ponu reHoB CAD B yCTONYMBOCTU K CTPECCOBbIM
BO3JENCTBUAM.

KntoueBble cnioBa: neH; Linum usitatissimum; yctonumsble copta; Fusarium oxysporum; RNA-Seq; TpaHckpuntom; CAD.
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Introduction

Flax (Linum usitatissimum L.) is an agricultural crop with
numerous uses. High-quality fiber can be obtained from flax
stems and is used for the production of textile and fiber-based
materials for the healthcare, military, aerospace, and electro-
nics industries (Costa et al., 2018). Flaxseed is also used in
the production of pharmaceuticals, functional foods, and other
products for human consumption, while linseed is used in
paints, varnishes, and animal feed (Singh et al., 2011; Goyal
et al., 2014). Fusarium oxysporum f. sp. lini is a harmful
pathogen that reduces flax production and quality (Rashid,
2003). Flax genotypes showing resistance to Fusarium wilt
have been identified, and cultivars with improved resistance
have been bred (Diederichsen et al., 2008; Rozhmina et al.,
2017). However, the molecular mechanisms underlying
resistance to Fusarium wilt remain unclear, and the search
for genes involved in the response to F. oxysporum is an
area of active research. The involvement of pathogenesis-
related proteins in the response to F. 0xysporum infection was
demonstrated (Wrobel-Kwiatkowska et al., 2004; Wojtasik
et al., 2014; Galindo-Gonzalez, Deyholos, 2016), and the
roles of antioxidants, polyamines, and phenolic compounds
in response to the pathogen were shown (Lorenc-Kukula et
al., 2007, 2009; Boba et al., 2011, 2016; Zeitoun et al., 2014,
Wojtasik et al., 2015). Moreover, F. oxysporum-infected flax
plants show cell wall rearrangements (Wojtasik et al., 2015,
2016; Boba et al., 2016).

Cinnamyl-alcohol dehydrogenases (CADs) are involved
in the biosynthesis of lignin, which can function as a barrier
against pathogens, and the role of CAD genes in the response
to F. oxysporum was previously shown (Wrobel-Kwiatkowska
et al., 2007; Preisner et al., 2014, 2018). Plants with downre-
gulated CAD showed reduced (Wrobel-Kwiatkowska et al.,
2007) or slightly decreased (Preisner et al., 2014) resistance to
F. oxysporum. Sixteen CAD genes were identified in L. usita-
tissimum and their roles in plant growth and stress responses
were examined in the Nike cultivar, which is relatively resis-
tant to Fusarium infection (Preisner et al., 2018). In the present
study, we evaluated the expression of CAD genes in resistant
and susceptible flax genotypes under control conditions and
F. oxysporum infection to determine the general trends in
response to the pathogen and genotype-specific alterations
in expression.

YCTONYNBOCTb PACTEHUI K BUOTUYECKMM OAKTOPAM / RESISTANCE OF PLANTS TO BIOTIC FACTORS

Materials and methods

Two F. oxysporum-susceptible flax cultivars (TOST and APS),
two resistant cultivars (3896 and Dakota), and two resistant
BC,F; populations (3896 x AP5, recurrent parent AP5, and
Dakota x APS5, recurrent parent AP5) were used in the pre-
sent study. Seeds were obtained from the Institute for Flax
(Torzhok, Russia) and sterilized, first in 70 % ethanol for
I min and then in 1 % sodium hypochlorite for 20 min. The
plants were grown in 15 ml glass tubes on Murashige—Skoog
medium in a growth chamber at 22 °C under a 16/8 h day/night
cycle for seven days. Then, half of the plants were inoculated
with F. oxysporum (pathogenic isolate #39 from the phyto-
pathogen collection of the Institute for Flax); the remaining
uninoculated plants were used as controls. Forty-eight hours
later, the root tips were collected and frozen in liquid nitrogen.
In total, the material was obtained from 240 plants.

Total RNA was extracted from the pooled plants (10—
12 plants each) using the RNeasy Plant Mini Kit (Qiagen,
USA). We obtained 24 RNA samples from the TOST, APS,
3896, Dakota, 3896 x AP5, and Dakota x AP5 plants under
control and infection in duplicate. The quality and concentra-
tion of the isolated RNA were evaluated using an Agilent 2100
Bioanalyzer (Agilent Technologies, USA) and Qubit 2.0 fluo-
rometer (Life Technologies, USA). The TruSeq Stranded Total
RNA Sample Prep Kit (Illumina, USA) was used to prepare
the cDNA library. The libraries were sequenced on a Next-
Seq500 sequencer (Illumina) with 80-nucleotide paired-end
reads (SRP119227, Sequence Read Archive).

Reads were trimmed using Trimmomatic (Bolger et al.,
2014) and filtered against the F. oxysporum reference genome
as described in our previous study (Dmitriev et al., 2017).
Then, the remaining reads were mapped to the L. usitatissi-
mum genome (GenBank assembly: GCA _000224295.2) using
STAR (Dobin et al., 2013) and quantified using BEDTools
(Quinlan, Hall, 2010). The genome sites where the CAD family
genes (CAD1A, CAD1B, CAD2A, CAD2B, CAD3A, CAD3B,
CADA4A, CAD4B, CAD5A, CAD5B, CAD6, CAD7, and CAD8)
are localized were identified in the latest L. usitatissimum
genome assembly (GenBank assembly: GCA 000224295.2)
using the data of Preisner et al. (2018). Namely, the sequences
of the scaffold regions of the old L. usitatissimum genome
assembly (GenBank: AFSQ00000000.1) that encode CAD
transcripts were mapped to the latest L. usitatissimum ge-
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nome assembly (GCA 000224295.2) and new coordinates
were identified for the CAD transcripts. The counts per mil-
lion (CPM) values were determined for 13 CAD genes in
each cultivar and population under both control conditions
and Fusarium infection, and then the log(CPM Fusarium/
CPM control) values were calculated for each cultivar and
BC,F; population. This was performed using the equipment
of the Genome Center of Engelhardt Institute of Molecular
Biology (http://www.eimb.ru/rus/ckp/ccu_genome_c.php).

Results

In our previous study on the response of L. usitatissimum to
F. oxysporum, we used RNA-Seq data for de novo transcrip-
tome assembly and annotation and then quantified the expres-
sion levels of the identified transcripts (Dmitriev et al., 2017).
Unfortunately, we had failed to identify a significant number
of CAD family genes in our de novo transcriptome assembly.
In the present study, we used an improved assembly of the
L. usitatissimum genome (GCA 000224295.2), in which the
scaffolds were mapped to specific chromosomes, as a reference
for RNA-Seq read mapping, and CAD gene sequence data
(Preisner et al., 2018) were used to identify the genome sites in
which the CAD genes are located. This approach enabled us to
evaluate the expression levels of all presently identified CAD
genes in flax. Unique chromosome locations were determined
for CAD1A, CAD1B, CAD2A, CAD2B, CAD3A, CAD3B,
CAD4A, CAD4B, CAD5A, CAD5B, CAD6, and CAD7, while
CADS8A, CAD8B, CAD8C, and CAD8D were mapped to the
same region of chromosome Lu7. Therefore, we performed
an expression analysis of CAD1A, CAD1B, CAD2A, CAD2B,
CAD3A, CAD3B, CAD4A, CAD4B, CAD5A, CAD5B, CADG,
CAD7, and CADS8 genes.

The expression levels of the 13 CAD family genes in six
flax cultivars and populations grown under control conditions
or inoculated with a pathogenic isolate of F. oxysporum were
evaluated based on RNA-Seq data. The results are shown in the

The CAD gene family is involved in flax
response to Fusarium oxysporum infection

Figure, which presents the CPM values for each studied gene
in resistant (3896, Dakota, 3896 x AP5, and Dakota x AP5)
and susceptible (TOST and APS) genotypes under control
conditions and 48 h after inoculation with F. oxysporum
in biological replicates. Under both conditions, the expres-
sion levels of CADSA and CAD6 were the highest, and the
expression levels of CAD2A, CAD3A, CAD3B, and CAD8
were the lowest. Compared to control conditions, statistically
significant alterations in expression under Fusarium infection
were observed for all 13 genes (p <0.01 for all genes except
CADZ2B, which was p < 0.05, Mann—Whitney test). The most
significant differences in expression between the control and
infected plants were observed for CAD1B, CAD4A, CAD5A,
and CAD5B; CAD1B, CAD5A, and CAD5B showed strong up-
regulation under F. oxysporum infection, and CAD4A showed
strong downregulation. Under the same conditions, the expres-
sion levels were similar in all studied flax genotypes for most
CAD genes; however, some exceptions were observed. For
example, the expression levels of CAD3A, CAD3B, CAD4A,
and CADA4B in the infected plants of the 3896 x APS population
were higher than those in other infected genotypes.

To identify genotype-specific expression alterations in
response to F. oxysporum infection, the log(CPM Fusarium/
CPM control) values were calculated (see the Table). In all
studied genotypes, the most significant (more than 3-fold in
average) increases in expression were observed for CAD1B,
CADS5A, and CAD5B, while the most significant decreases in
expression were observed for CAD4A. For CAD2A, CAD3A,
CAD3B, CAD4B, and CADG6, downregulation was observed
in the majority of genotypes after F. oxysporum infection. For
CAD2B, CAD7, and CADS8, the decrease in expression was
only slight, and for some genotypes, no decrease was observed.
Statistically significant differences in expression between
resistant (3896, Dakota, 3896 x APS, and Dakota x AP5) and
susceptible (TOST and AP5) genotypes were only observed
for the CAD1A gene (p < 0.05, Mann—Whitney test).

Expression alterations in the CAD genes of F. oxysporum resistant and susceptible flax cultivars and populations

Gene log(CPM Fusarium/CPM control)

* A 3-fold difference between biological replicates was observed for the CAD2A gene in cultivar 3896 under Fusarium infection (see the Figure).
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tions (c1 and c2) and 48 h after inoculation with F. oxysporum (f1 and f2) in biological replicates.
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Discussion

Recent progress in molecular analysis has provided novel
opportunities for plant studies (Kage et al., 2015; Poland,
2015). Using high-throughput sequencing, genome and tran-
scriptome sequences for many plant species can be obtained
in a short time period and used for further research (Varshney
et al., 2009; He et al., 2014). The draft genome sequence for
flax was obtained in 2012 (Wang et al., 2012), and in 2018,
the genome assembly was improved and chromosome-scale
pseudomolecules were obtained using BioNano genome opti-
cal mapping (You et al., 2018). Flax transcriptomes and small
RNAs obtained from different tissues, development stages,
and under biotic and abiotic stresses have been sequenced.
Such data has enabled the identification of genes and miRNAs
that are expressed in particular organs and in the definite time
and could play key roles in plant development, as well as
the discovery of genes and miRNAs with altered expression
under unfavorable conditions that are likely involved in the re-
sponse to stress (Yu et al., 2014, 2016; Melnikova et al., 2015,
2016; Dmitriev et al., 2016, 2017, 2019; Galindo-Gonzalez,
Deyholos, 2016; Dash et al., 2017; Gorshkova et al., 2018;
Zyablitsin et al., 2018; Gorshkov et al., 2019; Krasnov et al.,
2019; Wu et al., 2019).

In the present study, we used RNA-Seq data from F. oxyspo-
rum-resistant (3896, Dakota, 3896 x AP5, and Dakota x APS)
and -susceptible (TOST and AP5) flax genotypes grown under
control conditions or 48 h after inoculation with F. oxyspo-
rum to evaluate the expression of CAD1A, CAD1B, CAD2A,
CAD2B, CAD3A, CAD3B, CAD4A, CAD4B, CAD5A, CAD5B,
CADS6, CAD7, and CAD8 and identified the CAD genes that
were involved in the response to the pathogen. The genes
showed different expression changes after F. oxysporum
infection: in most genotypes, CAD1A, CAD1B, CAD5A, and
CAD5B were upregulated, while CAD2A, CAD2B, CAD3A,
CAD3B, CAD4A, CAD4B, CAD6, CAD7, and CADS8 were
downregulated. In the study by Preisner et al. (2018), de-
creased expression was observed for most CAD genes at
24 and 96 h after F. oxysporum infection in the flax cultivar
Nike. In the present study, the greatest expression changes in
infected plants were observed for CAD1B, CAD4A, CAD5A,
and CADGSB; three of these genes were upregulated, while
CAD4A was downregulated. Our data for CAD1B, CAD4A,
CAD5SA, and CADS5B are consistent with the results of the
previous study at 24 h after infection (Preisner et al., 2018).
However, the changes observed by us were more significant,
with a 3-5-fold change for CAD1B, a 2-5-fold change for
CADA4A, a 4-13-fold change for CAD5A, and a 4—12-fold
change for CAD5B. Based on our results, we suggest that
CAD1B, CAD4A, CAD5A, and CAD5B are the most involved
in the response of flax to F. oxysporum.

Searching for genes with diverse expression alterations in
resistant and susceptible genotypes under stress conditions
is important for the identification of resistance genes. In
our study, statistically significant differences in expression
between resistant and susceptible genotypes in response to
the pathogen were observed only for CAD1A. Therefore,
this gene could be involved in resistance to F. oxysporum.
However, the changes were not pronounced. Thus, further
investigations are necessary.
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Conclusion

We performed expression analysis of CAD family genes after
F. oxysporum inoculation based on RNA-Seq data and iden-
tified genes with significant up- and down-regulation after
pathogen infection. The results of the present study indicate
the involvement of CAD genes in response to Fusarium infec-
tion, but their role as resistance genes in the studied cultivars
and populations is questionable. Our data also contribute to
the understanding of the role of CAD genes in stress response
and resistance.
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CpaBHUTe/IbHAY OlleHKa Bapuabe/IbHOCTU SIIEPHOTrO
U XJIOPOIUIACTHOTI'O reHoOMa JiyKa-riopest (Allium porrum L.)
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K poay Allium L. (cem. Amaryllidaceae), camoMy MHOroUYMCIEeHHOMY Cpefrt OLHOAOMNbHbIX PACTEHUI, OTHOCATCA Ta-
Kne 3KOHOMUYECKM 3HauMMble OBOLLHbIe KyNbTYpbl, Kak NyK penuatbin (A. cepa), yecHoK (A. sativum) n nyk-nopen
(A. porrum). Jlyk-nopei o6nafaeT BbICOKAMY BKYCOBbIMM KauyeCTBamy M AOKa3aHHbIMY LIEHHBbIMW AVETUYECKAMU
CBOWCTBaMM U ABNAETCA OLHOW M3 CaMblX MOMYNAPHbIX OBOLHbIX KynbTyp B 3anagHol EBpone. HecmoTps Ha Bbl-
COKYI0 3HAUMMOCTb JlyKa-nopes Kak OBOLLHOW KyNbTypbl, 3TOT BUA PEAKO ObiBaeT 06beKTOM MONEKYNAPHO-TeHe-
TUYECKNX UcCcnefoBaHNiA. [eHeTMYeckoe pasHoobpasue fyka-nopea nNpakTnyeckn He nsyyanu paHee. Mostomy B
HacTosLlel paboTe Ha WNPOKOW BbiGOpKe 06pa3sLioB 13yUyeHa BaprabenbHocTb agepHoro (metog AFLP) u xnopo-
NNacTHOro (aHanu3 HyKNeoTMAHbIX NOCNefoBaTeNIbHOCTEN) reHOMOB. [1nA npoBefeHnA paboTbl 6b110 0To6paHo 65
06pasLoB NyKa-nopes 13 konnekuynyn OefepanbHOro Hay4YHoOro LieHTpa OBOLLEBO/CTBA, KOTOPas BKIouYana copTa
oTeYeCTBEHHON 1 3apybexHol cenekunn. B pesynbrate npoBepeHna AFLP-aHanmsa n o6paboTku nonyyeHHbIX
[HK-cnekTpoB ngeHtndurumpoaHo 760 ¢parMeHTOB, 13 KOTOPbIX 716 6b11n nonMmopdHbl ANA aHann3mpyemblx
06pa3uoB nyka-nopes. PaccumtaHHble FreHeTNYeCKMe paccToAHUA Mexay o6pa3uamm iyka-nopea Bapbuposanu ot
0.4 po 0.76, 4TO CONOCTABMUMO C BHYTPVBULOBbLIM MOAMMOPOU3MOM POACTBEHHbIX BULOB Allium (nyk penuaTbiii,
YeCHOK). AHann3 reHoMHoW cTpyKTypbl B nporpamme STRUCTURE 2.3.4 pasgenvn nccnepyemble o6pasubl nyKa-no-
pes Ha ceMb rpynn, YTO B LIeJIOM COBMafaeT C Knactepusaumen 3Trx o6pasLoB no pesynbrataM KnacTepHOro aHa-
nu3a. 1na oueHKn BaprabenbHOCTH XJIOPOMNACTHOrO FEHOMaA Y aHanM3mpyemblx 06pasLoB Jlyka-nopesa 6bin cek-
BEHMPOBaHbl AeBATb YYaCTKOB XJIOPOMIACTHOrO reHOMA, Kak HEKOAMPYIOLME: MeXreHHble cnencepsl rpl32-trnlL,
ndhJ-trnL v NHTPOH reHa rps16, Tak n 6enok-kogupyoLme: reHbl psaA, psaB, psbA, psbB, psbE, petB. MpoBeaeHHbIN
aHanm3 yyacTKOB X/IOPOMIaCTHOIO reHOMa JlyKa-rnopes BbIABW KpaiiHe HU3KUiA YPOBEHb UX Nnonumopdusma, 6biino
o6Hapy»keHo Bcero wecTb SNP B M3yUYeHHbIX NOCNeA0BaTENIbHOCTAX CyMMapHON afivHol okono 10500 n.H. Takum
06pa3om, B pesynbTaTe paboTbl Obil yCTaHOB/EH BbICOKMI yPOBeHb Nonmmopdursma saepHoOro reHoma nyka-nopes,
npwvi 3ToM NoAMMopdU3M XJIOPOMIACTHOIO FEHOMa OKa3asca KpaHe HU3KMM.

KnioueBble crioBa: nyk-nopeit; Allium porrum; AFLP; reHeTnyeckoe pa3Hoo6pasue; aHasim3 reHOMA; XNOPOonacTHbI
reHoM.

Ana untupoBaHua: AbayeHko E.A., Cepeaunt T.M., OuniowmrH M.A. CpaBHMTeNIbHAA OLEHKa BapnabesibHOCTY saep-
HOFO 1 XJIOPOMNACTHOrO reHoMa NyKa-nopes (Allium porrum L.). BaBUNOBCKNIA XKypHas reHeTuKN 1 cenekumm. 2019;
23(7):902-909. DOI 10.18699/VJ19.565

Nuclear and chloroplast genome variability
in leek (Allium porrum L.)

E.A. Dyachenko!, T.M. Seredin?, M.A. Filyushin! 2@

1 Federal Research Centre “Fundamentals of Biotechnology”, RAS, Institute of Bioengineering, Moscow, Russia
2 Federal Scientific Center, VNIISSOK, Odintsovo region, Moscow district, Russia
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The genus Allium L. (Amaryllidaceae), the most numerous among monocotyledonous plants, includes such
economically important vegetable crops as onion (A. cepa), garlic (A. sativum) and leek (A. porrum). Leek has a high
taste and proven valuable dietary properties and is one of the most popular vegetable crops in Western Europe.
Despite a high importance of leek as a vegetable, this species is rarely the subject of molecular genetic studies. The
genetic diversity of leeks has never been studied before. Therefore, in this work, we studied the nuclear variability
(AFLP) and the chloroplast (nucleotide sequence analysis) genomes using a broad sample. For this work, 65 leek
accessions were selected from the collection of the Scientific Center of Vegetable Crops, which included varieties
of domestic and foreign breeding. As a result of an AFLP analysis and processing of the DNA spectra obtained, 760
fragments were identified, of which 716 were polymorphic for the leek accessions being analyzed. The calculated
genetic distances between the leek samples varied from 0.4 to 0.76, which is comparable to the intraspecific
polymorphism of related Allium species (onions, garlic). Analysis of the genomic structure with STRUCTURE 2.3.4
divided the leek samples into seven groups, which generally coincides with the clustering of these samples. To
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assess the variability of the chloroplast genome, nine sites of the chloroplast genome were sequenced in the leek
samples, both non-coding (intergenic spacers rpl32-trnL, ndhJ-trnL, and intron rps16 gene), and protein coding
genes (psaA, psaB, psbA, psbB, psbE, petB). The analysis of the sites of the leek chloroplast genome revealed an
extremely low level of their polymorphism, only six SNPs were detected in the studied sequences with a total
length of about 10,500 bp. Thus, as a result of this work, a high level of polymorphism of the leek nuclear genome
was revealed, while the polymorphism of the chloroplast genome was extremely low.

Key words: leek; Allium porrum; AFLP; genetic diversity; genome analysis; chloroplast genome.
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BBepeHune

Pox Allium L. (cem. Amaryllidaceae) — camplii MHOTOYHC-
JICHHBIN Cpely OTHOJIOIBHBIX pacTeHNH, 00bEANHSIET OKOJIO
1200 BUI0OB, KaXK/bIi TOJT OTIMCHIBAIOTCSI HOBBIE BUIBI JTYKOB
(Govaerts et al., 2018; Brullo et al., 2019). [IpencraBurenn
poxa pacnpoctpaHensl B CeBEpHOM IOyIIapUH, MHOTHE
BUIBI siBIsTEOTCST SHAeMuKamu. K pomy Allium otrocsitest Takue
Ba)KHBIC CEITbCKOXO3AUCTBEHHBIC KYIBTYPHI, KaK JIyK perrda-
ThIiT (A. cepa), uecHok (A. sativum), myk-mopeit (A. porrum),
BO3/IEJIbIBACMbIC B HACTOSIIEE BPeMsI BO BCEM MHpE.

Jlyk-miopeli — IIeHHasI OBOIIHAS KYJIBTYpa C JIBYXJICTHHM
IIUKJIOM BBIpAIIMBaHMs. B MUy NPUTrOAHO MPaKTHYCCKU
BCC PACTCHHUE — YTOJIIICHHBIN JIOXKHBIA CTEOCIh U IMPOKHE
3elIeHbIe TMHEHHO-IaHIIeTHRIC JIUCThsI. O0e yacTu comepikar
Ba)KHBIE JUIS TUETHI YEIOBEKA BTOPUYHBIC METa0OINTHI: cepa-
OopraHu4eckue, MmoauQeHoIbHbIe coelnHeHns, BUTaMuH C
(Bernaertetal., 2014; Aradonos, /Iyoos, 2018). Beicokue BKy-
COBBIC KayecTBa M JJOKa3aHHBIC [ICHHBIC TUETHUECKUE CBOM-
CTBa C/AeTaIu JyK-1opei nomynspHsM B EBpornie, CeBepHoit
Awmepuke u Aznuu. ExxerogHOe IPOU3BOACTBO 3TOU KYJIBTYPHI
cocrasysier 6onee 2 MiH T B rof (1o qanabiM FAO, 2017 1),
KPYITHEHUIIINM ITPOU3BOAUTEINIEM U ITOTPeOUTENEeM JTyKa-Tiopes
spisiercs 3amanaas Espoma (Soininen et al., 2014; Aradonos,
Jy6oB, 2018).

Kynerypy nyk-nopeit, crois nomynspHyto B 3amagHoi Es-
porte, B Poccnu Hadanu BEIpamiuBaTh CPaBHUTEIFHO HEJABHO.
IlepBslii n3 0TeUeCTBEHHBIX COPTOB — KapaHTaHCKUI — BHECEH
B [ocynapcTBeHHBIN peecTp CEeNEKUMOHHBIX JTOCTH)KCHUH,
JIOITYTIIEHHBIX K ucrons3oBanuio (Toccoptpeectp) B 1961 1.,
1 TOJIBKO ¢ 1993 . 3TOT cMCOK Ha4as pacIIupAThCS, BKIIIO-
Yasi K HACTOAIIEMY BPEMEHH 27 COPTOB, IPEUMYIIIECTBEHHO
3anaHoeBponeickoi cenekuuu. B Poccuiickoit @enepaunn
aKTHBHAs CEJCKIMA JyKa-nopes Benercs B depepaibHOM
Hay4qHOM IeHTpe oBorieBoacTsa (DHIIO), Ha ceromHsmHui
JICHb YEeTHIpE COpTa JIyKa-1opesi BKIII0YeHHI B [occopTpeectp.

Jlyk-miopeil — MmomynsipHbI OOBEKT JUIsi OMOXMMHUECKUX
uccnenoBanuii (Bernaert et al., 2013, 2014; Soininen et al.,
2014), onHako TeHHBIC H TEHOMHBIC HCCIICAOBAHNUS ITOU KYJIb-
TYpBI paHee MPAaKTUUECKN He TPOBOHIN. Tak, ObLT onpe/iesieH
TPAHCKPHUITOM JIHCTA JIyKa-1opesi, KOTOPBIH HCIONIb30BaIN
JUTSL CPAaBHUTEIFHOTO aHAJIN3a SKCIIPECCHH TCHOB y BUIOB
Allium ¢ pasnuunoit Mopdonorueii mucra (Zhu et al., 2017).
Metonamu AFLP 1 ISSR u3y4eHbl reHOMHBIH TOTUMOP(HU3M
16 00pas31oB TyKa-1mopest ¥ BHyTPHCOPTOBAs BapradeTbHOCTh
(®wnromuH u ap., 2011; GumronmH, Aradonos, 2015).

KomMruiekcHast orieHKa Onopa3Ho00pasusi, BKIIIOYAOIIAs,
TTOMHMO KJIACCHYIECKOTO MOP(HO(DU3NOTOTHIECKOTO OTMCAHNS
00pa3IoB, TeHOMHBIN aHaJIN3, CTAHOBUTCS B HACTOSIIIEE Bpe-
Ms 0053aTeIbHON TS XapaKTePUCTUKU CeNTbCKOXO3SHCTBEH-

FEHETUYECKMUE PECYPCbl PACTEHWUW / PLANT GENETICS RESOURCES

HBIX BUJIOB pacTeHuid. [IoaToMy 1enbo Hamel paboThl cTaiu
OLICHKa ¥ CPAaBHUTEIIBHBIN aHaJIN3 BApHAOEITbHOCTH SIIEPHOTO
1 XJIOPOIUIACTHOTO T€HOMOB Y IIUPOKOH BEIOOPKH 00pa3IioB
JyKa-Tmopesl.

MaTeleaﬂbl n metogbl

Jlist n3ydenust ObIM B3SITHI 65 00pa3noB JIyKa-Tiopest U3 KO-
nexunu deneparbHOrO HayYHOTO IIEHTPa OBOIIEBOACTBA (T10C.
BHUNCCOK, MockoBckas obnacts) (Tabm. 1). B xauectse
BHEIIHEH I'PYNITBI UCIIOIB30BAHBI POJICTBEHHBIC BH/BI W3
koyuiekuuu boranudeckoro cana Yausepcurera OcHaOprok
(I'epmanns), mpegocTasineHHbIe Tpodeccopom H. dprzenom:
A. ampeloprasum (xat. Ne 1023 u 1744, I'py3us), A. commuta-
tum (kar. Ne 1662, ®@panrms) u A. pyrenaicum (xat. Ne 3018,
Wcnanus). JJHK Beiaensnm u3 mATHAHEBHBIX ITPOPOCTKOB
CTAB-MeTon0M € IBOWHOH AerpoTenHn3anueii xiaopodop-
MOM, IS BBIIETICHUS HCIIOIB30BaHU 10 10 MPOPOCTKOB Kax-
JIOTO COpTa AJIsl 0XBaTa BO3MOKHOTO BHYTPHUCOPTOBOTO ITOJIH-
Mopdu3ma.

[oauMophu3M siIEpHOTO TeHOMa ONPENIENISIIM METOIOM
AFLP, cormacHo cragmaptHOMYy mpoTtokony (Vos et al.,
1995). B cBsi3u ¢ TeMm, 4TO JIyK-nIOpei uMeeT OobIIoii pas-
Mep redoma, s AFLP-ananu3a npuMmeHsn npaiiMepHbie
KOMOMHAIINY C AEBSTHIO CEIEKTUBHBIMU HYKICOTHIAMM:
E-ACT/M-CAAGCG n E-AGG/M-CAAGCG. U3 12 mpo-
TECTUPOBAHHBIX KOMOMHAIMK TOJBKO 3TH Hapbl MO3BOJIMIN
BBISIBUTH BHYTPUBUI0BOI MOTMMOP(H3M U TOIYIUTh ONTHU-
MallbHOE KoJM4ecTBo (pparmenToB Ha resie. JJHK runponmso-
Basu ¢ moMoIieio pectpukras ECORI u Msel (Thermo Fisher
Scientific, CIIIA). IIpogykTsl aMIITH(pHUKAINN pa3aesuid B
6.5 % neHaTypupyromeM NOIUaKPUIAMUAHOM Tele ¢ MHo-
MOIIIbIO cucteMbl (hparmenTHoro anaianza LI-COR 4300 DNA
Analyzer (LI-COR Biosciences, CILIA).

Omnpenenenne reaeTndeckux paccrossaui (1 —xoad. XKak-
Kapa) ¥ noctpoexue aexaporpammsl (Meron UPGMA) nipo-
Bommn B miporpamme PAST3 (https://folk.uio.no/ohammer/
past/). [eHOMHYIO CTPYKTYpY BBISBISUIH C ITOMOIIBIO TPO-
rpammvbl STRUCTURE 2.3.4 (https://web.stanford.edu/group/
pritchardlab/structure.html) co cnemyronmu napamerpamu:
ADMIXTURE model c allele frequencies correlated, burn-in
500.000 u nymuuoit mporona 500.000 MCMC, uuciom knacre-
poB (set K) ot 2 1o 19. Haubomnee BeposTHOE YUCIIO KIACTEPOB
onpenensn mo Mmetonuke (Evanno et al., 2005).

Juist aHanmu3a nonuMopgu3Ma yuyacTKOB XJIOPOIIACTHO-
ro reHoMa ObUIM aMIUTM(UINPOBAHBI U CEKBEHHPOBAHBI
MexreHHble creiicepsl rpl32-trnk u ndhJ-trnL, unTpon
rera rpslé (mocienoBaTesIbHOCTH MPAUMEPOB B3SITHI U3
paboter (Shaw et al., 2007) u GeNOK-KOIUPYIOMNE TEHBI
psaA (5'-CTTGACTGTTGGCGGGTCT-3'; 5'-GTAC
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Table 1. Leek accessions from the FSCVC collection used in the work

No. Cultivars® Country of origin (if available)*  Acc. no.in FSCVC (if available)*  Acc. no.in VIR (if available)*
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Table 1 (end)
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CpaBHUTeNbHasA oLeHKa BaprabenbHOCTU AfEPHOrO
1 XJIOPOMNIacTHOro reHoma nyka-nopesn (Allium porrum L.)

No. Cultivars® Country of origin (if available)® Acc. no. in FSCVC (if available)*  Acc. no.in VIR (if available)®
49 Karantansky Russia K-40 2001

o e i
T
o . yavar .......................................... Azerba|JanK612094 .........................................
e e
54osenmyglgam___ ................................................
e B
e i
57S|on(E|ephant)—K36— ................................................
T . obotslona(EIephanttrunk)—K37— ................................................
e . IefantCzechRepubhc-- ................................................
6o_synaK432054 .........................................
61—Un|tedK|ngdomK442026 .........................................
62_Un|tedK|ngdomK632200 .........................................
i g
L
L

*If available.

CATAGTCAGTAGCTAGA-3"), psaB (5'-TTCTGGG
TGGAATTGCCAC-3"; 5'-ATAGCTCCATGAGCAAAG
GC-3'), psbA (5-AGTACGTGTGCTTGGGAGT-3;
5'-TATAGCCCCTTCGTTCGAC-3"), pshB (5'-GTC
TATTGCAATGCGATAAAG-3"; 5'-ACCATAGAA
CTCAACAGTTAC-3"), pshE (5'-TCCCATCTTTCAC
CGAATC-3"; 5'-AGTCCGTGAATAGCTAACC-3"),
petB (5'-TGTGTTTCTGTTTGAGCCGT-3"; 5'-TATT
GTTCCTTCCCGATAGG-3'). Ipaiimepst miisi OeI0K-KO-
JTUPYIOINX TeHOB OBUTH pa3paOoTaHBl HA OCHOBE CEKBEHH-
poBanHbIX m1actoMoB BuaoB Allium (Filyushin et al., 2016,
2018). HykieoTuablie MOCIEI0BATENHHOCTH BIPABHUBAIU
u aHanusupoBanu B mporpamme MEGAT7.0 (https://www.
megasoftware.net/).

Pe3ynbTaTbl n 06CyXaeHMe

AFLP-anaju3 siiepHoro reaoMa jgyka-nopesi. C ucrnonis3o-
BaHMEM OTOOpaHHBIX KomMOuHaumii npaiimepoB E-ACT/M-
CAAGCG n E-AGG/M-CAAGCG nposenex AFLP-ananu3
SJIEPHOTO TeHOMa 65 00pa3loB JIyKa-Tmopesi, BKIFOYAIOIINX
CopTa OTCYCCTBECHHOM U 3apyOeKHO cenekuuu. B pesynsrare
aHanm3a u 0b6paboTku noxydeHHbx JIHK-crekTpoB naeH-
tuduuposano 760 ¢pparmenTos, 716 13 KOTOPHIX OBUIH IT0-
JUMOP(MHBI [T aHATU3UPYEMbIX 00pa3ioB. PaccunTanHbie
TEHETHYECKHE PACCTOSIHUSA MEXIY 0oO0paslamMu JyKa-Topest
Bapsuposaim ot 0.4 1o 0.76, a Mexy oOpaslamy JIyKa-1o-
pesda U BUAaMu, B3SITbIMU B KQUCCTBE BHEIIHEH rpynisl, — OT
0.65 mo 0.82.

Ha nennporpamme (puc. 1) Bce o6pasmst A. porrum gop-
MHPOBAJIN €IUHBINA CyOKIIacTep, a BU/bI, B3AThIC B Ka4€CTBE
BHEIITHEH IPYTIBI, — CECTPUHCKHUI cyOKacTep. Beioop BumoB
A. ampeloprasum, A. commutatum u A. pyrenaicum B kagecTBe
BHEIITHEH IpyTIbl 00YCIIOBIEH TEM, UTO Psifl UCCIieIoBaTeNei
00beanHAeT X BMecTe ¢ A. POrrUm u erie HeCKOITBKUMH POJI-
ctBeHHbIMHU Buamu B Allium ampeloprasum complex (Jones,

FEHETUYECKMUE PECYPCbl PACTEHWUW / PLANT GENETICS RESOURCES

Mann, 1963; Hirschegger et al., 2010; Guenaoui et al., 2013).
Cornacno cucreme APG IV, A. porrum — caMocTOsITeIbHBII
BU/I, B TO BpeMsI KaK psiJi UCCIIE0BATENIEH CUUTAET JIyK-11I0ped
nomsuaoM A. ampeloprasum (Hirschegger et al., 2010; Gue-
naoui et al., 2013). OxHako Ha IeHIpOrpamMMme OOpa3IlbI
A. ampeloprasum e 06pa3yroT eIMHO# rPYIIIbI ¢ 00pa3aMu
A. porrum, a kacTepu3yroTcs ¢ obpasmamu A. commutatum
u A. pyrenaicum (cm. puc. 1).

AHanu3 reHOMHOW CTPYKTYpbl M3ydaeMblX 00pa3noB
nyka-niopes B nporpamme STRUCTURE 2.3.4 B couerannn
¢ meronukoit (Evanno et al., 2005) mokasan ux BeposiTHOE
pasnenenue Ha ceMb rpymi. [lonydeHHnas quarpamma Obuia
Hanoxkera Ha AFLP-nennporpammy (cm. puc. 1). Kak BugHO
Ha auarpamme, Habopsl JJHK-dparmenToB 06pasios nyka-
nopest OTIMYAIOTCS ApYr OT Apyra meHee yem 10 % (mpu-
MECH JIpyTUX I[BETOB HAa KPAaCHOM (POHE), TIPH 3TOM 00pasIIbl
A. porrum, ¢opMmupyrome Ha JSHIPOTrpaMMe OT/eNIbHbIC
IPyMIbl, UMEIOT CXOXKYIO TEHOMHYIO CTPYKTYpy (cMm. puc. 1).

BrIsBreHHBIH BEICOKHH yPOBEHB MOTUMOP(hH3Ma SIepHOTO
reroma A. pOrrum JIOriaHO ObUTO ObI OOBSICHUTH THIIOM Pa3-
MHOEHUS (IEPEKPECTHOE OMBbIIICHUE ). AHAIOTUYHO BEICOKU I
YpOBEHb BHYTPHBHIOBOM BapHaOEIbHOCTH OBIT ITOKA3aH AJIS
MepeKPECTHO-OIBIIIEMOT0 JIyKa peraaroro A. cepa (Kari¢ et
al., 2018). ITpu 3TOM HHTEPECHO OTMETUTh, YTO TCHOM YECHOKA
A. sativum, KoTOpbIil pa3MHOXKAETCsl TOJIBKO BET€TATHBHO,
TaKxKe sBsiercst kpaitne BapuadensHbM (Volk et al., 2004;
Zhao et al., 2011; Egea et al., 2017). 1o Bceit BuaAUMOCTH,
BBICOKHH YPOBEHB MOJIMMOP(H3MA sICPHOTO TeHOMa Xapak-
TepeH utst BuaoB Allium u MoxkeT OBITh CBsI3aH C HACHIILCH-
HOCTBbIO MOOWJIBHBIMH DJIEMEHTAMH ¥ HOBTOPSIOLIMMHCS
MOCIIEIOBATENILHOCTSIMH, O YeM CBHJECTEIbCTBYIOT IPOBE-
JICHHBIC paHee NUTOJIOTMYECKUE ¥ TEHOMHBIE UCCIIEIOBAHUS
Hekotopbix BuAoB Allium (Suzuki et al., 2001; Jakse et al.,
2008; Vitte et al., 2013; Peska et al., 2019). [Tomumo sTOTO,
JUIS. HEKOTOPBIX CEJIBCKOXO3SIMCTBEHHBIX KYJIBTYp OBLIO IT0-
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Fig. 1. UPGMA consensus tree of genetic differences in 65 Allium porrum accessions and 4 related species; diagram of the genomic structure of
65 analyzed leek accessions.
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Table 2. Characteristics of the chloroplast genome regions analyzed in A. porrum accessions

Parameter ndhJ-trnL

rpl32-trnL

rps16 (intron)

psaA

Ka3aHo, YTO YPOBEHb FCHETHYECKOTO Pa3sHOOOpa3Hs MOXKET
OBITh CBsI3aH C IOMECTHUKAIEH U cenekrumeii (Sun et al., 2018;
Fuetal., 2019).

AHaju3 Bapua0eJbHOCTH YYACTKOB XJIOPOILIACTHOIO
reHoMa. Y M3ydaeMbIX 00pa3loB JiyKa-1opes ObUIM aMILId-
(bUIPOBAaHBl U CEKBEHUPOBAHBI JAEBATh yYaCTKOB XJIOPO-
TUIACTHOTO TeHOMA, KaK HEKO/IMPYIOIIHNE: MEKTCHHBIE CIIeH-
cepsr rpl32-trnL u ndhJ-trnL, uatpon rena rpslé, tak u
Gerok-Koaupyromre: reHsl pPsaA, psaB, psbA, psbB, psbE,
petB (tabm. 2).

Pa3meps! MexxreHHbIX crieitcepos rpl32-trnL u ndhJ-trnL
y BCEX MCCIIelyeMbIX 00pa3loB JyKa-1opes OKa3aJiuch MH-
BapUaHTHBI, B HYKJICOTH/IHBIX MOCIEI0BATEILHOCTIX OBLIO
BBISIBJICHO J[BA U TPU BapHadEJIbHBIX CaliTa COOTBETCTBEHHO
(cm. Tabm. 2). Pa3mMeps! 3THX y9acTKOB y BUJIOB JIYKOB, B3s-
TBIX B Ka4e€CTBE BHEIIHEH TPYIIBI, BAPbUPOBAIH 3a CUCT
HaJau4Msl KOpOTKUX uHAened. Tak, [uIMHA IOCIIeN0BaTelb-
Hoctu rpl32-trnL y o6pasior A. ampeloprasum cocrasmia
839 . 1., A. commutatum — 822 1. 1., A. pyrenaicum — 785 . 1.
HHuTepecHo, uTo B mocneaoBareabHocTax rpl32-trnL u ndhJ-
trnL y A. ampeloprasum oGHapyKeHbI KOPOTKHE HHICITH
W HYKJICOTHJHbBIC 3aMEHBI, HE BCTPEYAIOIINECS y 00pas31oB
A. porrum, Ho npucyTcTBytomme y A. commutatum.

JlniHa mociea0BaTesIbHOCTH HHTPOHA reHa Psl6 y oo-
pasloB JyKa-mopes Obuta pasnnyHa. Y OOJbIIMHCTBA 00-
pasioB UHTPOH uMmen pasmep 913 m.H. Y Tpex oOpasios
A. porrum — Monstruoso (K-1), Wastlandia Winterreusen u
IIpembep — anmHa nocnenoBarenbHOCTU cocTaBuia 891 m. H.
Pasnuna B aimuHax oOycIOBIE€Ha TaHIEMHO ITOBTOPSIIOLINM-
ca 22-HyKJICOTHIHBIM (QparMeHTOM. Y 00pa3IoB BHUIIOB
A. ampeloprasum, A. commutatum u A. pyrenaicum sTot
MOBTOP IPEACTABIICH OJHOI Komnueil. Y eanHCTBEHHOTro 00-
pasma ryka-mopesi — copra Merlin — BeIsiBiIeHa cienuuaHast
69-HyKI€OTHAHAS JIeNelHs, 3a CUET Yero JUIMHa MHTPOHA
coctaBuia 844 m.H.

INocnenoBaTenbHOCTH MIECTH TEHOB (POTOCHHTETHUYECKOTO
anrapara, KoIupyomux cyoseanuunsl Gorocucrem | u 2
(psaA, psaB, psbA, pshB, psbE), a rakxe cyObequuuiy mu-
Toxpoma b (petB), Oputi HHBapHAHTHEI ITO pa3Mepy y aHATH3H-
PYEeMBIX 00pa31oB JIyKa-1mopest © MOHOMOP()HBI (cM. Tab. 2).
Enuncreennas 3amena T327A B rere psaB Obuia oOHapyxeHa
y coptoB Monstruoso (K-1), Wastlandia Winterreusen (K-62)
n Ka3za4ok, ojiHaKo oHa He MPUBO/MIIA K 3aMEIIEHUIO aMUHO-
KHCJIOTHOTO OCTaTKa. ¥ 00pa3ioB BU/IOB, B3STHIX B KA4€CTBE
BHEIITHEH IPYMIIbI, pa3Mephbl H3y4aeMbIX [MIECTH TEHOB TaKKe
OBUTM MHBAPHAHTHBIL.

[TonyueHHbIe U151 KXI0Tr0 00pasiia NociIe0BaTeIbHOCTH
ObUTH 00BEIMHEHBI W UCIIOIb30BAHBI ISl HOCTPOCHUS JCH-
nporpaMMel (puc. 2). Ha nenaporpamme anaiausupyemble
00pas1ibl TyKa-rmopesi 00pa3yroT eANHbIN CyOKIacTep, 0a3aib-
HYyIO BETBb K KOTOpOoMy (hopMupyet obpaserr A. pyrenaicum.
O06pasubl A. ampeloprasum u A. commutatum o0pasyrot
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Fig. 2. Consensus tree based on nine regions of the chloroplast genome
(MEGA7.0, Maximum Likelihood method, HKY model).
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000CO0OJICHHBIH CyOKIacTep, B M3YYCHHBIX MOCIICI0BATEIIb-
HOCTSX XJIOPOTIJIACTHOTO TEHOMA 3THUX BU/I0B OBbLT OOHApPYKEH
psin obmmx nuneneit u SNP, orcyTerByromux y A. porrum u
A. pyrenaicum, mocie1oBaTenbHOCTH KOTOPBIX OBLITH BHICOKO-
romoorugHbI (99.62 %).

AHan3 KOOUPYIOIINX ¥ HEKOIUPYIOMINX yJacTKOB XJIOPO-
IJTACTHOTO TeHOMa cyMMapHO# jutnHoi oxoso 10500 . 1. s
Ka)X710T0 13 65 00pa3IoB JTyKa-1opes MoKa3al KpaiHe HU3KAN
ypoBeHb nx nonumop¢usma — Bcero 6 SNP.

JlanHble O BHYTPUBHUAOBOM MOJUMOpP(H3ME yuacTKOB
MIACTOMA M3BECTHBI JIUIIb TSI HECKONMBKUX BHA0B Allium.
Tak, aHannu3 Tpex MEXIeHHBIX crieiicepoB y 24 o0pasnos
JIMKOPACTYILHX MOMYIISIMK A. FOSEUM TaKKe BBISIBAI HU3KYIO
BaprnadensHOCTh XI/IHK (Guetat et al., 2010). OtcyTcTBHE
BHYTPUBHUIOBOH BapHaOeIbHOCTH IUIACTOMa OOHApYXEHO
[IPU UCCIICA0BAaHUK HEOONBIINX BbIOOPOK (10 10 0OpasiioB)
BuoB cekiuu Rhizirideum (Sinitsyna et al., 2016). Husknit
YPOBEHB BapHabeIbHOCTH y4aCTKOB XJIOPOIUIACTHOTO TeHOMa,
0-BH/IMMOMY, — XapaKTePHbIH MPU3HAK JUIs IPE/ICTaBUTEICH
Allium, gTo0, KaK mpeanmonaraeTcs, MOXeT OBITh CIEACTBHEM
THOPUAN3AIMN WM HHTPOTPECCHH XJIOPOIUTACTHOTO TeHOMA
(Hanelt, 1996; Li et al., 2010, 2016).

3aknioyeHune

B Hacrosmield paboTe BrepBble Ha MIMPOKO BBIOOpKE 00-
pasIoB M3yYeH BHYTPUBUAOBOW MOMUMOP(H3M reHoMa
A. porrum. B pesysbTaTe BbIIBICH BBICOKHIT YPOBEHB MOJH-
MopGhu3Ma SIIEPHOTO TeHOMA JyKa-Topesi, COMOCTABUMBIi ¢
TaKOBBIM y JPYTHX CEIbCKOXO3SIMCTBEHHO 3HAYMMBIX BHIOB
Allium. HecMoTpsi Ha TO 4TO JIyK-TIOpeH — MOMyIIspHast OBOLL-
Has KyJlbTypa, MOJICKYISPHO-TeHETHIECKHE UCCICAOBAHUS
KaK BCETO TeHOMA B IIEJIOM, TaK U OTACIBHBIX JIOKYCOB/TCHOB
paHee MPaKTHYECKH HEe IPOBOAMIKCE. Haru pes3ynsrarsl o
BapuabeIbHOCTH SIIEPHOTO reHoMa A. POrrum OyayT HCHoJIb-
30BaHBI IS HAYYHO 000CHOBAHHOTO MOAO0Pa POAUTEIBCKHIX
nap Al CKPEIUBAHUS C LENbI0 MOTYYCHHS BO3MOKHOTO
rereposucHoro 3hdexra B F; mpu ceneknuu Iyka-nopesi B
DenepanbHOM HAYYHOM [EHTPE OBOIICBOACTBA.
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Allelic variants for Waxy genes in common wheat lines bred
at the Lukyanenko National Grain Center
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This article presents the results of a molecular marker-assisted study of allelic variants of Wx genes in common
wheat (Triticum aestivum L.) lines. The study was carried out as part of the work on the transfer of null alleles of
the genes Wx-A1, Wx-B1, and Wx-D1 to the varieties of soft wheat and creation of breeding material with modi-
fied activities of the main enzymes involved in amylose biosynthesis. The lines were obtained at the Department
of Breeding and Seed Production of Wheat and Triticale, National Center of Grain named after PP. Lukyanenko,
by crossing mutant forms carrying inactive (null) alleles of genes Wx-A1, Wx-B1, and Wx-D1 with bread wheat
cultivars. The molecular markers selected for the study allowed identification of valuable breeding material car-
rying both single null alleles of Wx genes and their combinations in its genome. A combination of two null alleles
(Wx-A1b+ Wx-D1b) was detected in 30 lines. The presence of three null alleles (Wx-A1b+ Wx-B1b + Wx-D1b), which
corresponded to fully Wx wheat, was found in one line. We selected 37 lines that combined the presence of the
Wx-BTe allele with the Wx-A1b and Wx-D1b null alleles. The Wx-A1b+ Wx-Ble combination was identified in 26
lines, and 24 lines carried the combination of alleles Wx-BTe+ Wx-D1b.The mutant forms PI619381, PI619384, and
P1619386 were identified as carriers of the functional Wx-BTe allele. The Wx-A1b and Wx-BTe alleles could have
been transferred to the studied lines from the donors used or from the Starshina and Korotyshka varieties, respec-
tively. The mutant forms used in the crosses are donors of the Wx-B1b and Wx-D1b alleles. The use of molecular
markers chosen by us for identification of the allelic state of the Wx-A1, Wx-B1, and Wx-D1 genes can provide
grounds for marker-assisted selection for this trait. Selected lines found to possess null alleles of the Wx genes are
applicable in breeding programs aimed at the improvement of technological qualities of grain and raise of bread
wheat varieties with modified starch properties.

Key words: common wheat; molecular markers; Wx genes.
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H3yueHue IVHUI MSTKOMN ITIIEeHUIIbI
cesiekii HalimoHa/JIbHOTO I1eHTpa 3epHa uM. IL.I1. JIVKbIHEeHKO
10 a/UIeIbHBIM BapraHTaM reHoB Waxy

3.P. AaBosan @, A.A. Becrtaaosa, P.O. AasosH, E.B. Araesa, .. Bykpeesa, 0.C. 3y6anosa, A.C. Muxos, A.M. Boapakos

HaunoHanbHbIl LeHTp 3epHa uMm. I.1. JlykbaHeHKo, KpacHopap, Poccuna
® e-mail: davayan@rambler.ru

B cTatbe npepcTtaBneHbl pesynbraTbl M3yYeHWA C MOMOLLbIO MOJIEKYNIAPHbBIX MapKEPOB IMHWUIA MATKOWN MLEHWL|b
(Triticum aestivum L.) no annenbHbIM BapriaHTam reHoB Wx. iccnegoBaHne NpoBoaunm B pamkax paboT no nepe-
naue Hynb-annenen reHoB Wx-A1, Wx-B1, Wx-D1 B copTa MArKow NweHnLbl 1 CO3AaHNI0 CeNIeKLMOHHOTo MmaTepua-
na C I3MEHEHHOWN aKTVBHOCTbIO OCHOBHbIX GepPMEHTOB, y4acTBYOLNX B GUOCUHTE3E aMUNO3bl. JINHUN NOMyYeHbl
B OTAene cenekymmn n CeMeHOBOACTBA MLEHWLbl 1 TpUTUKane HaunoHanbHOro LeHTpa 3epHa um. .1, JlykbaHer-
KO B pe3ynbTaTe CKpeLlvBaHUA MyTaHTHbIX GOPM — HOCUTENEN HeaKTUBHBIX (Hynb-annenen) reHos Wx-A1, Wx-B1,
Wx-D1 c KoMmepuecKnMmn copTamm MArkon nieHunubl. OTobpaHHble Ana paboTbl MONeKynApHble MapKepbl Mo-
3BOSIVN BbIABUTb LIEHHDbIN CENeKLMOHHbIA MaTepuan, MMeIoLWNi B CBOeM reHOMe Kak eiHNYHble Hyfb-annenu
reHoB Wx, Tak n ux kombuHaumn. CouetaHune aByx Hynb-annenei (Wx-A1b+ Wx-D1b) o6HapyxeHo y 30 nuHuin. Ha-
nuuue Tpex Hynb-annenen (Wx-A1b+ Wx-B1b+Wx-D1b), uto cooTBETCTBYET NONHOCTbIO WX-MweHnLam, obHapy-
XeHo y ogHol nuHUK. OTo6paHo 37 NUHWIA, coueTatowmx NpucyTcTBre annens Wx-Ble ¢ Hynb-annenammn Wx-A1b
n Wx-D1b. Y 26 nuHuin ngeHtnduymnpoBaHa kombuHauua (Wx-A1b + Wx-Ble), 24 nuHMM UMenn coyeTaHve anne-
nen (Wx-Ble+ Wx-D1b). UpeHTndurumpoBaHo, 4to MyTaHTHble popmbl PI619381, PI619384, PI619386 — HocuTenun
dyHKumoHanbHoro annens Wx-Ble. Annenn Wx-A1b n Wx-Ble mornu 6biTb NepefaHbl B U3yyaemble AMHUN Kak OT
NCMNOMb3yeMbIX JOHOPOB, Tak 1 OT copToB CTaplunHa 1 KopoTbilika COOTBETCTBEHHO. [JoHOpaMu NprBHECEHVA B
nuHmmn annenen Wx-B1b n Wx-D1b cny»aT UCNONb30BaHHble B CKPeLBaHUAX MyTaHTHble Gopmbl. MNprmeHeHne
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M3yyeHne NUHUN MATKOW NieHnL bl
no annenbHbIM BapraHTam reHos Waxy

0TOOPaHHbIX HAMW MOMNEKYNAPHbBIX MaPKEPOB ANA NAEHTUPUKALMN annefibHoro coctoAaHmna reHos Wx-AT, Wx-B1,
Wx-D1 moxeT cTaTb 3$PpeKTMBHON OCHOBOW ANA CeNeKUMM C MOMOLLbI MONEKYAPHbIX Mapkepos (MAS) no aaH-
HOMy nNpu3sHaky. OTobpaHHble TMHUK C NAEHTUGULIMPOBAHHBIMUN B HUX HyMb-annenamu reHos Wx npeactaBnatoT
NHTepeC Af1A CeneKkLMOHHbIX NPOrpamMm, HanpaB/ieHHbIX Ha YiyULleHMe TEXHONOMMYECKMX KayecTB 3epHa 1 Nnony-
YeHe COPTOB MATKOW MLUEHULIbI C HOBbIMM CBOMCTBaMM Kpaxmara.

KnioueBble cioBa: MArkas nileHnLa; MosIeKynApHble MapKepbl; reHbl Wx.

Introduction

An urgent task of common wheat breeding programs is the
creation of varieties with improved technological qualities
of grain.

A starch fraction of about 70 % of the total dry matter in
wheat grain can significantly affect the quality of the final use
of common wheat flour (Zeng et al., 1997). The broad use of
wheat starch in the chemical and food industries is due to its
properties. These include: hygroscopicity, neutrality of taste,
good tolerance of heat treatment, moderate viscosity, and
emulsion stabilization (Maningat, Seib, 1997). One of the
interesting properties is the ability of grains to swell in warm
liquid. Another distinctive feature is the ability to form pastes
stable under thermal stress or long-term storage (Maningat
et al., 2009).

Starch quality is closely related to the ratio between amy-
lose and amylopectin, the two major constituents of starch.
Granule-bound starch synthase (GBSSI) is the enzyme respon-
sible for amylose synthesis in wheat grain. As some important
technological properties of starch, such as gelatinization,
bonding, and gelation, depend on the amylose/amylopectin
ratio (Zeng et al., 1997). The GBSSI enzyme, or Waxy pro-
tein, has been the subject of many studies in recent years. In
common wheat, this enzyme is encoded by three homologous
Waxy (Wx) genes located on chromosomes 7A (locus Wx-Al),
7D (Wx-D1), and 4A (Wx-B1l), (Shure et al., 1983; Chao et
al., 1989; Yamamori et al., 1994). Each of the Wx genes has
several allelic variants. The most common wild-type alleles
are called Wx-Ala, Wx-Bla, and Wx-D1a (Yamamori et al.,
1994; Nakamura et al., 1995). These alleles carry no mutations,
and they intensely express GBSSI protein. Another type of
allele (null allele) is nonfunctional and less common. It leads
to a decrease in amylose content in starch. It is known that the
Wx-B1 gene has the greatest effect on amylose content in com-
mon wheat starch, followed by Wx-D1 and Wx-Al (Yamamori
et al., 1994). Functional alleles different from those of the
wild type were also isolated, but their effects remain poorly
understood. The presence of three null alleles for the Wx-Al,
Wx-B1, and Wx-D1 genes leads to complete elimination of
GBSSI1, absence of amylose synthesis, and the formation of
amylopectin-type starch (Nakamura et al., 2002).

At present, molecular marking methods are in broad use to
identify the allelic state of Wx genes. They make it possible to
detect various alleles of Wx genes, including null alleles, and
can be used as the basis for breeding programs aimed at pro-
ducing common wheat with a modified amylose/amylopectin
ratio (Nakamura et al., 1995; Kiribuchi-Otobe et al., 1997).

Earlier, M. V. Klimushina et al. (2012) applied molecular
markers to a study of the allelic composition of Wx genes in 99
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varieties and lines of common wheat bred at the Lukyanenko
National Grain Center (NGC). They found that most acces-
sions had wild-type alleles (which do not reduce amylose
content in starch). The data obtained motivated the work on
the transfer of null alleles of the Wx-Al, Wx-B1, and Wx-D1
genes to common wheat varieties of NGC and the creation of
breeding material with altered activities of the main enzymes
involved in amylose biosynthesis.

This article presents the results of molecular marker-
assisted analysis of Fg lines of common wheat for allelic
variants of Wx genes. The purpose of the work was to select
valuable genotypes carrying both individual null alleles and
their combinations for their subsequent involvement in the
breeding process aimed at obtaining varieties with improved
technological qualities of grain.

Materials and methods

The study was conducted with 502 lines of common wheat
generation Fg. The lines were obtained at NGC by crossing
carriers of inactive (null) alleles Wx-Al, Wx-B1, Wx-D1 to
commercial varieties of common wheat. The mutant forms
PI1619381, P1619384, P1619376, P1619386, P1619377, and
P1619378, in which the functional Waxy protein was not
synthesized, were used as null alleles donors. These wheat
forms were obtained from CIMMYT Turkey as part of a col-
laboration on the exchange of breeding material. The mutant
forms had been created at the National Center for the Study
of Small-Grain Germplasm, USDA-ARS, United States,
by crossbreeding of Bai Huo common wheat varieties from
China, a null allele carrier of the Wx-D1 gene, to Kanto 107
and Ike varieties from the USA, carrying null alleles of the
Wx-ALl and Wx-B1 genes. Varieties Starshina, Vassa, Utrish,
Tabor, Esaul, Kuma, Grom, and Sila, raised at NGC, and
variety Korotyshka, bred at the Belgorod Research Institute
of Agriculture, were used as recipients. The crossing combina-
tions of the lines under study are shown in Table 1.

DNA was isolated from 5 to 7-day-old etiolated wheat
seedlings according to the method (Plaschke et al., 1995).
The lines were genotyped for the allelic state of Wx genes by
PCR. Primers were selected on the basis of literature data; their
names and amplification conditions are presented in Table 2.
The reaction mixture of the volume 25 pl contained 1x buffer
for TagDNA polymerase (50 mM KCI, 20 mM TrisHCI pH
8.4, 2-5 mM MgCl,, and 0.01 % tween-20), 2 mM MgCl,,
0.2 mM each dNTP, 12.5 pM each primer, 50 ng of DNA and
1 U of Taq polymerase.

Amplification was carried out according to the conditions
recommended by the authors with minor modifications (see
Table 2). PCR products were resolved by agarose gel elec-
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Table 1. Crossing combinations of the lines under study
(year of crossing 2012)

Cross
combination No.

Crossbreeding combination

54 (PI619381/Korotyshka) x Starshina
55(P|619384/K0r0ty5hka)xStarshma .....................
56(P|619376/Va55a)xva55a ......................................
58(P|619384/Utr|5h)XUt”Sh ....................................
59(p|619384/K0r0ty5hka)xsl|a ...............................
60(EsauVH619386/Nassa)xvassa ..........................
6 Tabor x (PI619381/Korotyshka/Starshina)
2 Grom x (PI619378/Korotyshka/Starshina)
70(Esau|/p|619381)xEsau| ......................................
71(Esau|/P|619377)XKuma .....................................

trophoresis in 0.5 X TBE buffer. The gel concentration ranged
from 1.5 to 2.0 % depending on the size of the amplified
fragment. The gels were stained with ethidium bromide and
photographed under ultraviolet light using an Infiniti 1000
photo box. The 100 bp M 24 DNA marker SibEnzyme was
used as a molecular weight ladder.

Results

A total of 502 soft wheat generation Fy lines were analyzed
for the allelic state of the Wx-Al, Wx-B1, and Wx-D1 genes
with the use of molecular markers. The numbers of samples
studied for each crossing combination, as well as the numbers
of identified alleles, are presented in Table 3.

The study of'the allelic states of the Wx-AL gene in the lines
was carried out using the codominant marker designed by
T. Nakamura et al. (2002). The null allele of the Wx-Al gene
was detected in all crossing combinations except for No. 59
and 60. Altogether, 122 lines carrying Wx-Alb were identi-

Allelic variants for Waxy genes in common wheat
lines bred at the Lukyanenko National Grain Center

fied; in the rest, the Wx-Ala allele (wild type) was present.
The presence of the Wx-Alb null allele was confirmed in all
donors used (mutant for the Wx-Al, Wx-B1, and Wx-D1 genes).

To identify the allelic state of the Wx-B1 gene, a marker
developed by A. McLauchlan et al. (2001) was used at the first
step. Samples with identified Wx-B1b null alleles were then
rescreened with the marker proposed by L.S. Vanzetti et al.
(2009) (Figure). L.S. Vanzetti et al. (2009) have shown that
the use of a molecular marker developed by A. McLauchlan
et al. (2001) does not discriminate Wx-Ble and the Wx-B1b
null allele, whereas no amplification occurs in samples with
null allele with the use of the other marker. This can cause
errors stemming from poor DNA isolation and PCR inhibition
in some samples (Klimushina et al., 2012).

The null allele Wx-B1b was detected in one line obtained
from cross combination No. 56, in four lines of combination
No. 62, and in five lines of combination No. 71. It was also
found that out of six mutant forms used as donors, the Wx-
B1b allele was present in three: P1619376, P1619377, and
PI619378. A functional allele of Wx-Ble, other than Wx-Bla,
was detected in 108 lines. It was absent from combinations
No. 56, 59, 62, and 71.

The nonfunctional allele Wx-D1b was detected in 100 lines,
in all crossing combinations except for No. 56 and 59. The
largest number of lines with this allele were identified in the
combination of crossing No. 70. As a result of the analysis,
lines carrying combinations of null alleles of the Wx genes
were selected (Table 4).

The combination of two null alleles (Wx-Alb+Wx-D1b)
was detected in 19 lines from cross combination No. 58, in
three lines in combinations No. 61 and 62, in two lines in
combination No. 70, and in one line in combination No. 71.
The presence of three null alleles (Wx-Alb+Wx-B1lb+Wx-
D1b), which corresponds to fully Wx wheat, was found in line
56-12Mc4, obtained from crossing the mutant form PI1 619376
to Vassa variety (crossing combination No. 56). Thirty-seven
lines were selected combining the presence of the Wx-Ble
allele with the null alleles Wx-Alb and Wx-D1b. The combi-
nation (Wx-Alb+Wx-Ble) was identified in 26 lines, and 24
lines carried the combination of alleles (Wx-Ble+Wx-D1b).

Table 2. PCR conditions and names of primers used to identify the corresponding alleles of Wx genes

Gene Primers Annealing Allele Amplicon size, bp
temperature, °C

WXA7 ............ A FCandARZ(Nakamuraeta|2002) ........................... 6 5 ........................................... WXAM ................... 3 89 .............................................
WXA”) ................... 3 70 .............................................

. me B 4,: a nd 4R (M d_a u ch|an et a| 200 1) ............................. 6 5 ........................................... WxB,a ................... 3 . fragm ents 299 257 227 .......
weBlb 2fragments, 299,257

WXB1Landwa1R(Vanzettleta| 2009) .................. 6 5 ........................................... WX37G461 ..............................................

WXB,b ................... La c k Of frag ment .......................

WxB7e495 .............................................

WXD, WXD12Fand WXD1 ZR(Shanﬂoue ta|2001) ....... 5 5 ........................................... WXD,a .................. 9 00 .............................................
WXD,b .................. 2 79 .............................................
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Table 3. Numbers of crossing combinations and lines with identified null alleles Wx-A1b, Wx-B1b, and Wx-D1b

and the functional allele Wx-BTe

Cross Number

combination No.  of lines Wx—AIb
e % %
ss a5 7
s 72 noo
Bt 2
59 ............................... 3 3 ..............................................
60 ............................... 6 2 ..............................................
T VA
62 o o
0 00 3
o s 7
""""""""""""""""""" s2 2

Electrophoretic image of PCR products with primers:

Numbers of lines with identified alleles

Wx-B1b Wx-Ble Wx-D1b
..................................................... 2 217
..................................................... 2 04
................... 1
..................................................... 117
..................................................... 5 1
..................................................... 134
4 ................................................................... 3 ...............................
4742 .............................
5 ................................................................... 12 .............................
"""""""""" w w8 100

<«— 2%99bp

-
~= L <— 257 bp

a - 4F and 4R (McLauchlan et al,, 2001). 7-12 - line crossing combination No. 54; 13 - K+ (mutant form PI619381); b - Wx-B1L and Wx-B1R
(Vanzetti et al., 2009). 7 - K+ (mutant form PI619381); 2-9, 12-14 - lines of crossing combination 54; 70 — mutant form PI619377;

11 - mutant form PI619378. M — molecular weight ladder.

Discussion

The chosen molecular markers revealed common wheat lines
bearing single null alleles of Wx genes or their combinations.
The use of molecular markers to identify the allelic states of
the Wx-Al, Wx-B1, and Wx-D1 genes can provide grounds for
marker-assisted selection for this trait. At the initial stages of
selection to study the allelic state of the Wx-B1 gene, screen-
ing with the codominant marker designed by M. Saito et al.
(2009), which allows the identification of heterozygous plants,
is advisable. However, work with this marker requires high-
resolution electrophoresis to more accurately discriminate

FTEHETUYECKUE PECYPCbl PACTEHWUI / PLANT GENETICS RESOURCES

PCR fragments corresponding to Wx-Ble and Wx-Bla al-
leles. The Wx-Alb null allele may have come to the crossing
combination lines No. 54, 55, 61, 62 from the mutant forms
PI619381, PI619384, and PI619378 used as donors, as well
as from Starshina. According to M.V. Klimushina (2012),
this variety carries Wx-Alb. In case of lines obtained from the
combination of crosses No. 56, 58, 70, and 71, the Wx-Alb
allele was transferred from donors P1619376, P1619384,
PI619381, and P1619377, respectively. M.G. Divashuk et
al. (2011) showed that the variety Korotyshka, in which the
null allele Wx-B1b was previously mistakenly identified, is a
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Table 4. The ordinal numbers of the combination of crosses and the numbers of lines

with the identified combination of alleles of Wx genes

Cross
combination No.

54 9
55 ...................................... 17 ............................... 2 ........................................
56 ...................................................................................................................
58 ....................................................................... 19 ........................................
61 ......................................... 5 ............................... 3 ............................... 1 ........
62 ......................................................................... 3 ........................................
70 ......................................................................... 2 ........................................
71 .......................................................................... 1 .............................. 23 .......
Totamumbe, ................... 26 ............................. 30 ............................. 24 .......

of lines

carrier of the functional allele Wx-B1e. Therefore, this variety
could be a donor of the Wx-B1e allele for its descendant lines
(crossing combinations No. 54, 55, 61). We have identified
the functional allele Wx-Ble in the mutant forms P1619381,
P1619384, and P1619386. Thus, the Wx-B1e allele could also
have been transmitted from PI619381 and P1619384 and in
the case of crossing combination No. 70, only from P1619381.
Varieties participating in the crosses are not carriers of null
alleles of the Wx-B1 or Wx-D1 genes. Therefore, the donors
of the Wx-B1b allele in 10 selected lines were the mutant
forms P1619376, P1619377, and P1619378, and in case of the
Wx-D1b allele, P1619381, P1619384, P1619386, P1619377,
and P1619378.

The selected lines with the Wx gene alleles identified therein
are of interest for breeding programs aimed at improving the
technological qualities of grain and obtaining common wheat
varieties with new starch properties. Wx-B1b null allele lines
are promising for the production of special types of noodles,
such as udon or ramen. This is due to their high swelling
volumes and high paste viscosity peak, which are observed in
wheats with low amylose contents. For example, the suitability
of Australian common wheat varieties for the production of
Japanese udon noodles is partly due to the low level of amylose
in these varieties (Oda et al., 1980; Toyokawa et al., 1989).
It has also been found that most of them lack Wx-B1 protein
(Yamamori et al., 1994). The properties of starch from fully
Wx wheats (bearing the null alleles Wx-Alb, Wx-B1b, and
Wx-D1b) are not suitable for use in the production of noodles,
but may be useful for industrial purposes. The use of fully
Wx-wheats in regular flour mixtures increases the weight yield
of the product and the volume of baked bread, and pure flour
obtained from Wx wheat varieties has a low specific volume
and a sticky crumb structure and is not suitable for bakery
products (Hayakawa et al., 2004). The maximum content of
Wx wheat flour without significant negative changes in the
quality of bakery products is 30 %. However, Wx wheat flour
can serve as improver, and it contributes to the long-term stor-
age of finished products (Hayakawa et al., 2004).

914

Numbers of lines with an identified combination of alleles of Wx genes

15
22
1
37 1
Conclusion

The study of allelic variants of Wx genes is an important step in
the breeding of common wheat varieties with starch composi-
tion modified without chemical modification. As a result of
the work, valuable source material was selected for breeding
common wheat with improved technological qualities of grain.
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@eHOTUMMYECKOe IMMPOSIBJIEHNE a/ljie/Is HU3KOCTeOeIbHOCTI
Rht-Blp (Rht-17) vV IpOBOIi TBEepAOIi ITIIE€HUIIbI
B JIBYX KJIMMaTUYECKUX YCIIOBUSIX
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T Bcepoccuickuii HayuHoO-MCCeoBaTeNbCKII WHCTUTYT CENbCKOXO3ANCTBEHHO 61IOTEXHONOMM, NabopaTopmA NPUKNAAHON FEHOMUKIN
1 YaCTHOW cenekLunn CenbCKoxo3ANCTBEHHbIX pacTeHnin, Mocksa, Poccua
2 Poccnickumin rocyfapCTBEHHbIN arpapHbii yHrBepcuTeT — MCXA um. K.A. Tumnpssesa, LieHTp monekynsapHoi 6uotexHonoruu, Mocksa, Poccusa
3 HauunoHanbHbIn LeHTp 3epHa um. MN.1. JlykbAHeHKo, KpacHopap, Poccua
® e-mail: Irbis-sibrl@yandex.ru

Annenu reHoB, onpenensiolmne H1U3KOCTEGENbHOCTb, UIPatoT GObLUYI0 POSb B CENeKLMM TBEPAON MIIEHNMLbI, Tak Kak
He TONIbKO CHMXalOT BbICOTY pacTeHuid, obecrneunBan nx yCTOMYMBOCTb K MONIeraHunio, HO 1 obnafaloT pAAOM nnemno-
TponHbIx 3bdeKToB. TBephan MlleHnLa HeceT ABa cybreHoma, A 1 B, UTo orpaHMyMBaeT UCMONb30BaHUE annesnen re-
HOB cybreHoma D v TpebyeT paclumpeHuns apceHana annenen HU3KoCTe6enbHOCTY U U3yUYeHUA UX BANAHUA Ha BbICOTY
1 arpoOHOMMYECKM BaxKHble MpU3HaKW. B HacTosAwen paboTe nlyyanu deHoTMnNmMyeckoe npossreHne annena Rht-Blp
(Rht-17) B cembax B,F,.; nonyueHHbix B pesynbrate ckpewmsaHua Chris Mutant/#517//LD222 B nonesom onbiTe B
Mockse n KpacHopape. Moka3aHo, UTO pacTeHUs, FOMO3UrOTHbIe MO annenio Rht-B1p, No cpaBHeHWIO C pacTeHUAMU,
HecyLmmn annenb aukoro tuna Rht-Bla, 6binn HXe Ha 36.3 cm (40 %) B MockBe 1 Ha 49.5 cm (48 %) B KpacHogape. B
nonesom onbiTe B KpacHogape y pacteHuii ¢ Rht-B1p 6bii0 Ha OLHO MEXA0Y3NMe MeHbLUE, YeM Y pacTEHUIA ANKOrO THNa,
YTO TaKe BHEC/10 BKNaf B CHYPKEHME BbICOTbl pacTeHWI. Macca 3epHa B rnaBHOM Kosoce y pacTeHuin ¢ annenem Rht-B1p
6blna HUXKe, YeM y pacTeHuin ¢ Rht-B1a, Ha 12 % B Mockse 1 Ha 23 % B KpacHopape 13-3a cHukeHna maccbl 1000 3epeH
B 060MX permoHax NpoBefeHNA NoneBoro onbiTa. Y1cno 3epeH B raBHOM Konoce y pacTeHuin ¢ Rht-B1p 6bino Bbilwe no
CpaBHeHWI0 C pacTeHnAMU ¢ Rht-B1a Ha 6.5 % B MockBe 6narofiaps yBENMYEHWIO Y/Ca KOTOCKOB B FaBHOM KOMOCE U Ha
11 % B KpacHopape BcnefcTBme 6osblueit 03epHEHHOCTM KOoCKa. KonolueHne y pacTeHuin C annenem HU3KOCTebHO-
CT1 Rht-B1p no cpaBHeHWIO C pacTeHVAMU C annenem amkoro Tina Rht-B1a B KpacHogape HacTynmnmno nosxe B cpefHemM
Ha cemb fHeln. O6CyX[aloTCA BO3MOXHOCTb 1 MEePCNeKTUBbI MCnonb3oBaHua Rht-B1p B cenekumnm TBepAON NIEHNLbI.
KntoueBble cnoBa: TBepAan MiLeHNLa; MONeKyIApHbIe MapKepbl; MNeONTPONHOe [eCTBUE reHa; NoneBol ONbIT; FeHbl
HM3KOCTeBENbHOCTY; arPOHOMMYECKI LieHHbIe MPU3HAKW; BbICOTa PacTeHMA.

Ana uyntuposauna: YepHook A.l, KpynuH IM.10., becnanosa J1.A., MaHyeHko B.B., KoBTyHeHko B.f., baxeHos M.C., Haza-
poBaJl.A, Kapnos /., KpynuHa A.10., AnBawyk M.I. DeHoTUNUYeCKOe NposABNeHe annensa Hu3koctebenbHocTn Rht-B1p
(Rht-17) y apoBoOI TBEpAON MLUEHNLbI B ABYX KIMMATUYECKUX YCIOBUAX. BaBUNOBCKMI XKypHan reHeTUKN 1 cenekuum.
2019;23(7):916-925. DOI 10.18699/VJ19.567

Phenotypic effects of the dwarfing gene Rht-17
in spring durum wheat under two climatic conditions

A.G. Chernook! 2@, P.Yu. Kroupin! 2, L.A. Bespalova®, V.V. Panchenko?, V.Ya. Kovtunenko?®, M.S. Bazhenov! 2, L.A. Nazaroval,
G.L Karlov! 2, A.Yu. Kroupinal, M.G. Divashuk! 2

TAll-Russian Research Institute of Agricultural Biotechnology, Laboratory of Applied Genomics and Crop Breeding, Moscow, Russia

2 Russian State Agrarian University - Moscow Timiryazev Agricultural Academy, Centre for Molecular Biotechnology, Moscow, Russia
3 National Center of Grain named after PP. Lukyanenko, Krasnodar, Russia

® e-mail: Irbis-sibrl@yandex.ru

Alleles of the genes, conferring a dwarfing phenotype, play a crucial role in wheat breeding, as they not only reduce
plant height, ensuring their resistance to lodging, but also have a number of positive and negative pleiotropic effects
on plant productivity. Durum wheat carries only two subgenomes (A and B), which limits the use of the D-subgenome
genes and requires the expansion of the arsenal of dwarfing alleles and the study of their effects on height and ag-
ronomically important traits. We studied the effect of the gibberellin-insensitive allele Rht-B1p in the B,F,; families,
developed by crossing Chris Mutant /#517//LD222 in a field experiment in Moscow and Krasnodar. In our experiments,
plants homozygous for Rht-B1p were shorter than those homozygous for the wild-type allele Rht-B1a by 36.3 cm (40 %)
in Moscow and 49.5 cm (48 %) in Krasnodar. In the field experiment in Krasnodar, each plant with Rht-B1p had one less
internode than any plant with Rht-B1a, which additionally contributed to the decrease in plant height. Grain weight per
main spike was lower in plants with Rht-B1p than in plants with Rht-B1a by 12 % in Moscow and by 23 % in Krasnodar
due to a decrease in 1000 grain weight in both regions of the field experiment. The number of grains per main spike in
plants with Rht-B1p was higher in comparison to that with Rht-BTa by 6.5 % in Moscow due to an increase in spikelet
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number per main spike and by 11 % in Krasnodar due to an increase in grain number per spikelet. The onset of heading
in plants with Rht-B1p in comparison with the plants with the wild-type allele Rht-B1a was 7 days later in Krasnodar. The
possibility and prospects for the use of Rht-B1p in the breeding of durum wheat are discussed.

Key words: durum wheat; molecular markers; pleotropic gene effect; plot experiment; dwarfing genes; valuable agro-

nomic traits; plant height.
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BBepeHune

BricoTa niteHuibl — CI0XKHBIN TPU3HAK, KOTOPBIN Onpeiess-
eTcs pa3IMYHBIMU TPYTIIIaMy T€HOB U CBsI3aH ¢ Mopdororueit
1 (EepTHIBHOCTHIO KOJIOCA, BPEMEHEM IBETEHUS, MPOIYyK-
THBHOCTBIO pacTeHus U kKauecTBoM 3epHa (Chen et al., 2016;
Wiirschum et al., 2018a, b). OnHuM H3 MyTell MOBBIIICHUS
YPOXalHOCTH TIIEHUIIBI, 0COOEHHO B YCIIOBUSIX WHTEHCHB-
HOTO 3EMJICACIINA, ABJIACTCA OIITUMHU3AIHA BBICOTHI paCTeHHﬁ
3a CYeT CO3/MaHUs HU3KOCTeOSNbHBIX cOpToB (JIyKpsHEHKO,
1970; becmanmona, 2001; Divashuk et al., 2013; Grover et al.,
2018). Haubosbiee 3Ha4eHUE B CO3IAaHUU (POPM TILICHHUIIBI C
ONTHUMAaJIbHOM BBICOTOM pacTEHUM B HACTOALLEE BPEMS UMEIOT
aJyIeTbHbIE BApHAHTHI TEHOB, ONPEACISIONINX BBICOTY pac-
TeHus1, obaaronpe GeHOTHINYECKUM AP (HEKTOM CHUKEHHUS
BBICOTHI pacTeHnit. Cpen MHOT000pa3us TeHeTHIEeCKHX (aK-
TOPOB, OTBEYAIOIINX 32 BBICOTY PACTEHUsI MIIICHUIIBI, 0c000e
MECTO 3aHMMAIOT ajuieibHble BapuanTel rena Rht (Reduced
height), mpeacTaBIeHHOTO Y MATKOM MIIICHUITH TPEMS TOMEO-
noramu: Rht-Al, Rht-B1 u Rht-D1. Dt reHsl KomUpyrOT GEIOK
DELLA, KOTOpBIii MONABISET POCT KIETOK U PEMPEeCcCUpyeT
ruboepemHOBHIH curHai (Peng et al., 1999). ['nb6epemmma
AaKTUBUPYET POCT KIIETOK, 3amyckas gerpanaunuto DELLA
1 CHUMas PEIPECCUI0 ¢ TeHOB pocra. JIMKuil Tun ajuienei
reHoB Rht-Ala, Rht-Bla u Rht-D1a He nmMeeT cOOCTBEHHOTO
(heHOTHITIYECKOTO IPOSIBIICHNS. MyTalluy B 9TUX TeHaX MOTYT
NPUBOANTH K 00pazoBanuio 6eiaxoB DELLA ¢ noBbinieHHO
CTaOMITBPHOCTHIO, KOTOPBIE HE MOABEPTarOTCs THOOSPEIITHH-
orocpeioBaHHOMY TpoTteonu3y. deHorunuaeckuii ahpext
TaKUX MYTAHTHBIX annenen — pacT€Husd Co CHIKCHHOM BBI-
COTOM, KOTOPYIO HENIb3sI BOCCTAHOBUTH BHEITHEH 00paboT-
Kol rnb0epemmHaMu (ruOOepeIITMH-HETyBCTBUTEIBHBIH
(denorun) (Chebotar et al., 2012; bunosa u ap., 2016; Van
De Velde et al., 2017).

YMepeHHOe CHM)KEHHE BBICOTHI PACTCHUH KaK pe3ysbTar
9KCIIPECCUM TAKUX aJUIEeH M03BOJISIET NOBBICUTH ypOXKaii-
HOCTB OTarogaps CIeayroIuM GpaKkTopaM: HU3KOPOCIIEIE pac-
TeHHs OoJjiee YCTOWYMBBI K IMOJICTaHUIO, BCIIEACTBUE YETO
YMEHBIIAIOTCS MTOTEPHU MPH YOOPKE; Y COPTOB, YCTONUUBBIX K
TOJIETaHNIO0, MOYKHO YBEJIMUUTH HOPMY BBICEBA 10 CPABHEHHIO
C HEYCTOWYNBBIMH, &, CIICJI0OBATEIBHO, YBEIHIHUTH CTEOIECTOM
Ha EAVHMUILY [JIOLIAAN; Y HU3KOPOCIBIX PACTEHUHN TPOUCXOIUT
THepepacIpesiesieHue aCCHMIIISTOB B TIOJTb3Y Pa3BUBAIOIIETOCS
KOJIOCa, a HE BereTaTuBHBIX opraHoB (JlykbsHeHko, 1970;
becnanosa, 2001; Hedden, 2003). AJsiesiu reHOB, onpeaesisi-
romue HuskocrebensHocTh, Rht-B1b (Rhtl) u Rht-D1b (Rht2),
CBITpaJIK OOJIBIIYIO POJIb B 3esIeHOH peBomronyu. biarogapst
WX UCTIONB30BaHMIO B cenekiun B Mekcuke, CIIA u EBpone
OBbUIM CO3/1aHBI IPOAYKTHUBHBIE COPTA, YCTOMYUBBIE K T10-
JIETAHUIO TIPH BBICOKHX J103aX YJOOpPEHUIl M OPOIICHHUH, YTO
MO3BOJIMJIO OTKA3aThCs OT NMpHUMeHeHus perapaantos (Ky-
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maeBa, 2000; Hedden 2003; Borojevic K., Borojevic K., 2005;
Knopf et al., 2008). Amnenu Rht-B1lb u Rht-D1b napsiny ¢
JPYTHMHU aJUIeIIsIMUA HU3KOCTEOSIbHOCTH IOy YHIIN O0JIbIIOe
pacrpocTpaHeHHe Cpeay OTEYECTBEHHBIX COPTOB MSTKOH
nmreHutbl (becanmosa u ap., 2012; Divashuk et al., 2013;
MuxoB u 1ip., 2018). Uto kacaercs TBEpAOH MIIEHUIBI, TO
B OTEUECTBEHHOI ceiekuuu B mociennue 20 et oTMedeH
3HAYUTEJBHBIA POCT HMPOAYKTHBHOCTH COPTOB Oiaromaps
untporpeccun Rht-B1b u Rht-Ble (Camodanosa u ap., 2014;
Mynpoga, SAHoBcknit, 2016), a B COBpeMEHHBIX HTATBTHCKUX
M MICIIAHCKHX COpTax HauOoJbliIee pacupOCTPaHCHUE MONY-
g ayiens Rht-Blb, xotopslit yBenuumin yposkaiiHOCTh 3a
CUeT 03epHEHHOCTH Koiocka (Alvaro et al., 2008). B cospe-
MEHHBIX COpPTaX MPEICTABICHBI IPEUMYILECTBEHHO 3TH J[Ba
ajensi, HECMOTPSI Ha pa3HOOOpa3ue MyTaHTHBIX ajliesieit
Hu3KoctebenpHOCTH (Alvaro et al., 2008; Mansunkos, 2009).
TMomumo npeumyecTs, kotopbie naet Rht-B1lb, on obnaga-
€T U psAIOM HEeJOCTAaTKOB. Tak, pacTeHus TBEpAOH MILICHULIbI,
HECYILHE 9TOT aJUIeNb, UMEIOT 00JIee KOPOTKUH KOJICOIITHIIb 110
CpaBHEHUIO ¢ pacTeHusiMu ¢ awenem Rht-Bla, uro orpanu-
YHBaeT TyOOKYIO 3a/IeJIKy CEMSIH B PErHOHAaX C HEJJOCTaTKOM
MTOYBEHHOM Biary B nepuof nocesa (Trethowan et al., 2001).
B ycnoBusx 3acyxu BEICOKOPOCIIBIEC PACTEHHS TBEPO# Mie-
Huiel ¢ auteneM Rht-Bla moryT nokasars 6osiee BBICOKYFO
MPOYKTHBHOCTD, ueM pactenus ¢ Rht-B1lb (Mathews et al.,
2006). Bmecrte ¢ Tem pactenus TBep;10ii nirenwuiist ¢ Rht-B1b
JIaBAJIU 3€PHO C MEHBIINM BECOM U 00JIee HU3KUM COACPKAHH-
emM OenKa, 9T0 MOXKET OBITh cepbe3Hoi mpobiemoit (McClung
etal., 1986; Zaccai et al., 1987). PasnooOpasue aneneii rena
Rht-B1, koTOpbie MOXHO HCIIOIb30BATH JIJIsi CHUKSHHSI BBICO-
Thbl paCTEHUH MIIEHULbI TBEPIOM, 331€HICTBOBAHO B HACTOSIIIECE
BpeMs He NOJHOCTHIO. [Ipofomkaercst akTHBHas paboTa 1o
pacimpeHuo pa3Hoo0pa3usi FeHOB HU3KOCTEOEIbHOCTH, BO-
BJICYCHHBIX B CO3aHHE HOBBIX COPTOB TBEPOH MIICHHIBI, 1
M3YYCHUIO WX BIUSHHA Ha XO35SHCTBEHHO LICHHBIC MIPH3HAKH
(Watanabe, 2008; MasburkoB u ap., 2017; Vikhe et al., 2017,
2019). CpaBHHTENBEHO HETABHO C MOJCKYISIPHONW TOUKH 3pe-
HUsE ObUT OITUCAH auielib Hu3koctebenprocTu Rht-B1p, panee
o6o3nauaemblii kak Rht-17 (Bazhenov et al., 2015).
MocxkoBckas obnacts (LlenTpanbubrii paiion HewepHo-
3eMHOM 30HBI) 1 KpacHomapckwii kpail sSBISTIOTCS BAXKHBIMU
JUIsSL DKOHOMHMKH C TOYKH 3PEHUSI TIPOM3BOJCTBA 3€PHA IS
HY’)XKI HAaCeJICHHUS, KUBOTHOBOACTBA M NepepadaThIBaloIeH
MPOMBINIICHHOCTH. OHH OTIMYAIOTCS IO TOYBEHHO-KJIMMa-
THUYECKHUM YCIIOBHUSIM U ITO3BOJISIFOT OLICHUTH (PEHOTHITYECKOE
NPOSIBIICHNE AJUIEIS B PA3INYHbIX ycnoBusx. Hactosmee nuc-
ClIeJOBaHHE HAIIPABIICHO Ha N3y4eHUE (DCHOTHITYECKOTO 3-
(exra annenst Rht-B1p Ha BBICOTY pacTeHH U APYTHE X035 -
CTBEHHO LICHHBIC IPU3HAKY Y IIICHUIBI TBEPIOH B II0IEBOM
OIIbITE, IPOBEICHHOM NapaiuieabHo B Mockse 1 KpacHozape.
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T. aestivum Chris Mutant x T. durum #517
F,x T.durum LD222

B,F; X T. durum LD222

B,F (&)
Y
BzF2®

Growth of 110 plants in a greenhouse
Selection of homozygotes for Rht-B1p

BaFa3 @
Sowing of seeds from
a single plant into one row

in the field experiment

Fig. 1. Cultivation of plant material for the field experiment.
The dot-centered circle indicates self-pollination.

MaTeleaﬂbl n Mmetoabl

PactuTenbHblii MaTepual. B xauecTBe MCXOIHOrO MaTe-
puanga HaMHU HcHonb3oBanack nomynsaius B,F, Chris Mu-
tant/#517//LD222, nmomydenHast ot mpodeccopa N. Watanabe
n3 YauBepcutera Mb6apaku (akynsrer arpoHoMuH, SIoHns)
(Bazhenov et al., 2015) (puc. 1). HuzkocrebenbHas THHUS
Msarkoil mmeHunsl Chris Mutant CIy)XKUT TOHOPOM aliIens
Rht-B1lp, ona monydyeHa myTeM XUMHYECKOTO MyTareHesa 13
copra Chris (Heiner, Elsayed, 1974).

Pacrenus nonynsauuu B,F, BeIpaluBany B KOJIHYECTBE
110 wr. B Termmue LienTpa MonekynsspHOi OMOTEXHOIOTUHI
(Poccuiickuii rocyIapCTBEeHHBIM arpapHbBIil YHUBEPCUTET —
MCXA um. K. A. TumupszeBa) rnpu J03UPOBAaHHOM TIOJTHBE
1 BHECCHUH PABHBIX /103 yOOpEeHH. Y Ka)10r0 UHIUBHIY-
anbHOro pacteHus B,F, ¢ IOMOIIBIO MOJIEKYIIAPHOTO Mapkepa
(cMm. pazmen MoneKynspHBIi aHAIH3) OTIPEIEIISIIH aIeTEHOS
coctostaue reHa Rht-B1, mocne wero otOupanu pacteHus-
romosurothl o amtensm Rht-Blp u Rht-Bla. T'omo3zuror-
HBI€ PACTEHUS MO JIOCTIKEHNU UMM (a3l MOITHON CIIENIOCTH
o0OMoIIa4nBay BpPy4HYI0, CEMEHA, COOpaHHBIE C OT/ICIBEHOTO
pacrenus B,F,, npunumanu 3a onHy cembro. B pesynbrare
JUIs TIOCEBa B ITOJIEBOM OIIBITE OBLIM OTOOpAaHBI CEMEHA OT
pacTeHHi, TOMO3UIOTHBIX 1o ajuensm Rht-Bla (25 cemeit)

Phenotypic effects of the dwarfing gene Rht-17
in spring durum wheat under two climatic conditions

u Rht-B1p (18 cemeii). CemeHa OT K01 ceMbHU ObLTH pa3-
JIEJIEHBI HA JBE YaCTH JUIA TIOCEBA B MIOJIEBOM OIBITE B ABYX
perunonax (Mocksa u KpacHomap).

Iosnesoii onbIT ¢ pacTenusamu B,F, . mposoannm B Mockse
Ha [loneBoii onerTHOIM cranmun PTAY-MCXA uMm. K.A. Tu-
mupsizeBa (55°50' c.mr., 37°33' B. n.) u KpacHomape Ha 3emMelh-
HOM yuactke HanmonanwsHoro nentpa sepHa um. ILIL JIykbs-
HeHKo (45°.41" c.ur., 38°.55' B. 1.) B 2018 1. (manee MockBa u
KpacHonap coorBercTBeHHO). MockBa (LleHTpanbHbIil paii-
oH HeuepHo3eMbs, yMEPEHHO KOHTUHEHTAJIBHBIH KIMMAT)
OTIAYaeTCsl OONBIINM KOJMYECTBOM OCAIKOB, YMEPEHHBIMU
TeMIIepaTypaMu U IePHOBO-TIO30JIMCTHIMH TTOYBAMH, a IS
Kpacnonapckoro kpas (Ceepo-KaBkasckuii pailoH, MATKUI
KOHTHHEHTAJIBHBIN KJIMMAaT) THITHYHBI BBICOKHE TEMIIepaTyphl
TIpY OOMITBHBIX 0CAIKaX M YEPHO3EMHBIE TTOUBBI, TIPH 3TOM IS
HEro XapakTepHbI pe3Kue MOrojiHble 3MeHeHus. [loronHble
YCIIOBHS (TeMIepaTypa U 0CaJIKi) BO BpeMs IIPOBEACHHUS I10-
JIEBOTO OTIBITA OT ITOCEBA 0 OKOHYATEIbHON yOOPKH IoKa3a-
HbI B Ta0. 1. [ImHa cCBETOBOTO JIHS B IEPUO/] BHIPALITUBAHUS
pacteHuil B ycmoBusx MockBbI cocTaBisiia 15:35 Ha MOMEHT
moceBa (5 Mast), yBenuuuBaiack 10 17:33 (24 uroHs), naiee
CHIDKAsCh 10 14:49 ko IHIO OKOHYATEebHOM yoopku (18 aB-
TycTa); CpeiHss InHA JHS cocTaBmia 16:40 (ITHHHBLH cBe-
TOBO JIeHb). J{mnHa cBeTOBOTO IHS B IEPHOJ BHIPAIIUBAHUS
pactenuii B Kpacnonape cocrapisiia 12:10 Ha MOMEHT ToceBa
(21 mapTa) 1 yBeTM4MBaNIach, JOCTUTHYB 15:34, KO THIO OKOH-
yareabHON yoopk# (30 HroHs); CpeHsis IMHA JJHS COCTaBUIIa
14:23 (xopoTkuii cBeTOBOH AeHb). [loceB ocyuiecTBIsIM B
Mockse 5 mas, B Kpacromape — 21 mapra 2018 r. IToces B
JIBYX PETHOHAX IPON3BOAMIN KaCCETHBIM CIIOCOOOM CeleK-
nnoHHo# cesuikoit CKC-6-10 npu crieayomux mapameTpax:
JUTHHA JETSHKA | M, B 4 psAaKa ¢ pacCTOSTHHEM MEXIY pSA-
kamu 30 cm (Mocksa) wm 40 cm (KpacHomap), paccTosiHue
Mexay aensiHkamu 50 cM. COpHSIKH BBINAJIBIBAIH BPYUYHYIO,
TIPOBOIMIIN HEOOXOTUMYIO 00pabOTKY ITeCTUITHIAMHU IS 3a-
IIMTHI pacTeHUH oT Bpenuteneit. Kaxknoe pacrenne youpanu
BPYUHYIO OTJICIIBHO, 110 JIOCTHXXESHHUIO UM (ha3bl MOJHOM crie-
JIOCTH; OKOHYATENBHBIN JIeHb YOOpKH B MOCKBE TpHIIIeNcs
Ha 19 aBrycra, B KpacHonape — Ha 30 utons. O6motoT mpo-
BOIUIIM Ha KosocoBor Monotuike MKC-1M (BUM-M30K,
Mocksa, Poccwst).

®eHOTHNIHPOBAHME. BBIMOTHIIN CTPYKTYpHBIN aHAmu3
Ka)XKJIOr0 WHIMBHJYaIbHOTO PAacTeHUs 1o cieayromum de-
HOTHUIIMYECKUAM TIpU3HAKaM: BBICOTA PAacTeHUH (CM), IJTHHA

Table 1. Agrometeorological conditions during the field experiment conducted in Moscow and Krasnodar in 2018

Month Moscow Krasnodar
May 5 - August 19, 2018 March 21 - June 30, 2018
sumofactwe ............. M ean .......................... 5 um ............................ 5 umofactwe ............ M ean .......................... 5 um ..........................
temperatures temperature of precipitation temperatures temperature of precipitation
MarCh___ ................................. 14264 .............................. 3 3 .............................
Apr||___ ................................. 2 345 ........................... 133 ............................ 2 6 .............................

May ........................ 3 288 ........................... 161 ............................. 1054731 ............................ 194 ............................ 4 3 .............................

June ....................... 3 914 ........................... 173 ............................ 107 ............................. 5 407 ........................... 2 41 ............................. 11 ..............................

Ju|y ........................ 5 097 ........................... 2 05 ............................ 190__ ................................. S

August .................. 2 926 ........................... 2 03 ............................ 3 9__ ................................. S

Tota| ....................... 15225_441 .............................. 13125_ ................................. 118 ...........................
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KaJIOTO MEKA0Y3/IHsA (CM), KOTMUECTBO MEKI0Y3IUH, ITHHA
TJIAaBHOTO KoJioca (CM), YMCIIO KOJIOCKOB B TIIABHOM KOJIOCE,
Macca 3epHa ¢ TIIaBHOTO KoJioca (T), YHCIIO 3€PEeH C IIaBHOTO
KoJoca (T), YUCIIO 3€PEH B KoJIoce (OTHOLIEHHE YUCIIa 3epeH
B IVIABHOM KOJIOCE K YHCITy KOJOCKOB B IJIJABHOM KOJIOCE);
BEreTaTHBHAs Macca HaJA3¢6MHON YacTH IIaBHOTo rodera /10
obmortora. Ha ocHOBaHMHM M3MEPEHHBIX BETMUUH PACCUUTHI-
BaJIM CJIEIYIOIINE MOKa3aTeNu: TUNIOTHOCTh KoJjoca (YUCIIo
KOJIOCKOB B IIaBHOM Koiyioce Ha 10 ¢M JUITMHBI KOJIOCOBOTO
ctpexHs), Macca 1000 3epeH (ThicsueKpaTHas Macca 3epeH ¢
IIaBHOTO KOJIOCA 110 OTHOUIEHHIO K YHCITy 3€PEH C ITIaBHOTO
KOJIOCA), 03€PHEHHOCTH KOJOCKA (YHCIIO 3€peH B INIaBHOM
KOJIOCE TI0 OTHOIICHHIO K YHCITY KOJIOCKOB B IJIABHOM KOJIOCE),
yb6opounsrii naaekc (Kxo3, oTHOmEHEe MacChl 3epeH C IaB-
HOTO KOJIOCA K BEreTaTHBHOW Macce Ha/I3eMHOH 4acTH IaB-
HOro mobera 10 00Mos0Ta). JlaTy HACTYIUICHHS KOJIOLICHUS
OTIPEACTISIIN B IIEJIOM JUISl OT/AENBHON CEMbU BU3YallbHO. 13
Ka)XZI0M ceMbU aHaJIM3upoBaiu o 15 pacrenuil. [loncuer ce-
MSIH OCYIIECTBIISUIN € TIOMOILbIo npuiiokenus SeedCounter
(Komyshev et al., 2017).

MoJiekyasipHbIi aHaIU3. M3 KaXkK 1010 MHIMBUIYAIbHOTO
BEreTHPYIOIIET0 pacTeHus 13 iucta obuia BeiaeneHa JJHK u ¢
MTOMOIIBIO MOJIEKYIIIPHBIX MAPKEPOB YCTAHOBIICHO AJIJIENIBHOE
cocrosinue reHa Rht-B1. 'enomuyro JJHK skcrparuposany u3
UHINBUAYATBHBIX BereTupyromux pacrenuit CTAB metonom
(Bernatzky, 1986). AnnensHoe coctostaue rena Rht-B1 ompe-
nensiau meropoMm TP ¢ npuMeHeHneM NByX nap npaiMepos
JUISL KQJK/IOTO M3 U3y4aeMbIX QJUIENIEH: ISl BBISIBIICHUS aJlIelis
Rht-Bla ncrons3osasu mapy npaiimepos Rht-B1-R1a u BF; a
amtens Rht-B1p — napy npaiimepos Rht-B1p-R u BF (ta6mn. 2).
IIpaiimepsr cuntesuposansl OO0 «Cuntom» (Mocksa, Poc-
cust). Takum 006pa3om, Kaxx10€ pacTeHHE IPOBEPSUTH TBAKIBI:
Ha Hanuuue Rht-Bla u na npucyrcreue Rht-Blp.

CocraB peakuuoHHoi cmecu u ycnoBus IIIIP coorBet-
CTBOBAJIM ITPOTOKOITY, onricanHoMy B (Bazhenov et al., 2015).
Peaxnuro [TLIP nmposoanmm B mpndope GeneAmp PCR System
9700 (Applied Biosystems, ®octep Cutu, Kanudopuus,
CIIIA). Pa3mep aMIUIMKOHOB yCTaHABIHUBAIN METOIOM JJIEK-
Tpodopesa B 1.5 % arapozHom rese ¢ 1o0aBiIeHuEM OpOMH-
ctoro tuaus B Tpuc-6opat-D/ITA Oydepe u nmocneayromiei
Busyanm3anueit rens B cucreme Gel Doc XR+ (Bio-Rad La-
boratories, Inc., 'epkynec, Kamudopnus, CILIA). B kauectse
Mapkepa pazmepoB npumensuin mapkep GeneRuler 100 bp
DNA Ladder (Thermo Fisher Scientific, Yorxrem, Maccauy-
cerc, CIITA). Pa3mep 11emeBoro nmpoykra aMIuiupuKaniy mpu
MCIIOJIb30BaHUK 00EUX map mpaiMepoB cocTaBis 226 . H.
(Bazhenov et al., 2015).

Crarucrnyeckuii anaam3. [ kaxxaoro GeHOTHITITYECKO-
IO MPU3HaKa ONPEACISUIM CPeIHee 3HAYCHUE U CTaH/IapTHOE
oTkioHeHne. [lomyueHHbIe maHHBIE 00pabdaThIBaIA C TO-
MOIIBIO JIBYX()aKTOPHOTO AMCHEPCHOHHOTO aHayim3a: (ak-
Top 1 —amensHoe coctosirme rera Rht-B1, paxrop 2 — peruon
MIPOBEAEHUSI ITOJIEBOTO OIBITA. 3HAYUMOCTD PA3HOCTH MEKITY
CPeIHUMH 3HAYCHUSIMU TI0 BCEM H3YYaeMbIM NPHU3HAKAM y
pactenuii, romo3urotHsix mo Rht-Bla u Rht-Blp, B mByx
PETHOHAX TPOBEIEHHS TOJIEBOTO OTIBITA BBISBIISUIN HOCPEa-
CTBOM KPUTEpHsI HaUMEHbBIIEH CyIIeCTBEHHON Pa3HOCTH Ha
95 % yposre noseputenbHoi BeposaTHocTu (HCP 5). dns
Bu3yanm3anuu BausHus Rht-B1p Ha BbICOTY, Maccy 3epeH ¢
IIaBHOTO KOJIOCA, YKCIa 3€PeH C TIIABHOTO KOJIOCA W Maccy
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MnenoTponHble 3pdeKTbl annena HU3KocTebenbHOCTH
Rht-Blp (Rht-17) y ApoBoiA TBEpLOW MLUEHNLbI B ABYX 30HaX

Table 2. Primers for identification of the Rht-Bla
and Rht-B1p alleles

Primer Nucleotide sequence

1000 3epeH HaMu OBLT MPOBEICH aHAIKM3 METOJIOM TJIABHBIX
KOMIIOHEHT. Pe3ynbpraTsl aHaln3a WHTEPIPETHPOBATIH HA
OCHOBaHWM y4eOHBIX Tocobuil mo craructuke (Jocmnexos,
1985; StatSoft, Inc., 2012). Bce aHamu3bl 0CyIIECTBISIIH C
moMoIIsIo mporpammsl Statistica 12.0 (StatSoft, Inc., Tanca,
Oxnaxoma, CIIIA).

Denorunuueckuii a3ddext Rht-Blp otHocurensHo Rht-Bla
OTIPEACIIIIN KaK pa3HUIly Mexxay cpemHuMH (Cp) U1 KasKI0ro
(hEeHOTHITMYECKOTO MPU3HAKA y TPYII PACTCHHUI, TOMO3HIOT-
HbIX 110 amtensiM Rht-B1p (renotun Rht-B1p Rht-B1p) u Rht-
Bla (remotun Rht-Bla Rht-Bla). 3HaueHve heHOTHITHYECKOTO
addexra Rht-B1p, HopmMupoBanHOe oTHOcUTenbHO Rht-Bla
(H®D), onpeaensiiu Kak yKa3aHHYIO pa3HUIYYy OTHOCUTEIBEHO
CpeIHero 3Ha4eHHs U3y4aeMoro (PeHOTHIIMYECKOTO PH3HAKa
y TPYIIBl PacTeHUH, rOMO3UTOTHBIX Mo amiento Rht-Bla
(rerotun Rht-Bla Rht-Bla), BeipakeHHYIO B IPOICHTAX:

H®D Rht-B1p (%) =
_ Cp(RhtB1pRtB1p)-Cp(RhtBlaRhtBla)

Cp(RhtBlaRhtBla) 100.

Pe3ynbratbl

MoJiekyasipHbIIi aHaJIM3. B pe3ynasTare MOIeKyIsIpHOTO aHa-
71332 HAaMH WACHTU(HUINPOBAHO AJIIEIBHOE COCTOSHHUE I'eHa
Rht-B1 y otnensHbIX pacTenuit nomyasinun B,F, (ITpumoxe-
rue 1)!. Ha 0cHOBaHNHM MOy 9EHHBIX TAHHBIX ObLITH OTOOPAHBI
pacTeHust, TOMO3UTOTHBIC 110 ajuesnsm Rht-Bla (25 pactenmit)
u Rht-B1p (18 pactenuii). CemeHa ¢ 9THX pacTeHUI ObLIH
pa3/esieHbl Ha JIBe YacTH U BbIcesiHb B MockBe 1 KpacHonmape
B IIOJIEBOM onbITe. [IpoBesieHo n3yueHne GeHOTUITNIECKOTO
nposiBiieHust Rht-B1lp Ha OCHOBHbBIC arpOHOMHYECKH IEH-
HBIE IPU3HAKU Y TBEPJOH MIICHUIIBI B YCIOBUSIX MOCKBBI U
Kpacuonapa.

Bobicora u meskaoy3ausi. JlucrepcuoOHHbIN aHaIN3 PEe3yIlb-
TaToB 10JIeBOTO orbiTa B Mockse 1 KpacHonape nokasbiBaeT
3HAUUMOCTB Ha 5 % ypOBHE BIUSHNUS JIJIETBHOTO COCTOSIHUS
Rht-B1, pernona npoBeleHus! MOJIEBOTO OIBITA, & TAKKE UX
B3aMMOJICHCTBHS Ha BhIcoTy pacteHuit (I[Ipmioxkenue 2).
O1eHKa 3HAUUMOCTH Pa3HOCTEH MEXIy CpeIHHMHU 3Haue-
HUSIMH M3YyYaeMbIX MPH3HAKOB y PACTEHUH, TOMO3HTOTHBIX
no Rht-Bla u Rht-B1p, ¢ nomompeio kpurepust HCP,, o5 nana
CJIelyIOIIHe Pe3ynbTaThl. PacTeHus ¢ aneneM AUKOTO TUIA
Rht-Bla 3Haunmo BbIllIe PACTEHUI C aJjIeJeM JTUKOTO THIIa
Rht-Bla B Mockse — Ha 13.7 cMm. B T0 e BpeMst pacTeHus ¢
amtenem HuskocrebensrocTr Rht-B1p B KpacHomape u Mock-
BE CYIIECTBEHHO HE OTIIMYAIOTCS JIPYT OT JpYra IO BBICOTE
(tabn. 3, [punoxenue 3). Pacrenus ¢ atenem Rht-B1p mo
CPaBHEHUIO C PACTCHUSIMH, HECYIIIIMHU aJUIENb JUKOTO THUIIA
Rht-Bla, 6butm Hioke Ha 36.3 M (40 %) B Mockse 1 Ha 49.5 cm
(48 %) B Kpacuomape (cm. Tabn. 3, [Ipunoxenue 2). [Ipu

1 Mpunoxexna 1-4 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx21.pdf
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Phenotypic effects of the dwarfing gene Rht-17
in spring durum wheat under two climatic conditions

Table 3. The effect of Rht-B1b on the main agronomic traits in plants in the B,F,; (Chris M1/#517 xLD222)

families of durum wheat

Moscow

Agronomic traits

Krasnodar

Data are presented in the tables as mean + standard error.
*The means labeled with different letters are different at HCP) os.

CPaBHEHUH JUIMHBI MEX/I0Y3JIUi HanOobIIas abCoIoTHAS
Pa3HOCTh MEXKTy PACTCHUSIMHU, TOMO3UTOTHBIMHE 110 Rht-B1p u
o Rht-Bla, 6s11a BBISIBIICHA IO TEPBOMY BEPXHEMY MEK/TI0Y3-
mmro. [IepBoe BepxHee MeX/I0y3/IHe y PACTEHHA, TOMO3HUIOT-
HbIx 10 Rht-B1p, Kopoue, 4eM y pacTeHHii, TOMO3UTOTHBIX 110
Rht-Bla, 8 Mockse Ha 22.4 cMm (46 %), a B KpacHomape — Ha
27.0 em (52 %) (cm. Tabm. 3, [Ipunoxenue 3).

[To pe3ynpraram JUCHEPCHOHHOTO aHaIM3a [T0Ka3aHa 3Ha-
YUMOCTb Ha 5 % ypOBHE BIHMSHUS aJUIEIBHOTO COCTOSHUS
Rht-B1, perrona npoBeeHNs MOIEBOTO OIBITA U UX B3AHMO-
JIEHCTBUS Ha KOJIMYECTBO Mek10y3uid (cM. [Ipunoxkenue 2).
o cpaBHEHHU!IO € pacTeHUsIMH, BbIpalleHHbIMU B KpacHonape,
y pacTeHui ¢ amenem aukoro tTumna Rht-Bla B Mockse 0b110
B CpE/IHEM Ha OJTHO MEXKJIOY3JIMEe MEHBIIIE, 8 Y HU3KOPOCIIBIX C
amterniem Rht-B1p — B cpemrem Ha 0.6 MeXI0y3/IHit MEHBIITE
(cM. Tabn. 3, [punoxenue 3). Y pacrenuii ¢ Rht-B1p xomnu-
YEeCTBO MEXJ0Y3/I1i B yciaoBusx MockBbl Obuto Ha 0.2 1mT.
MeHbIIIe, 4eM y pactenmii ¢ Rht-Bla, a B Kpacuomape — Ha
0.7 mT.; pa3Huna HaOIIOMAIACH 110 YETBEPTOMY BEPXHEMY
Mexa0y3auio (cMm. Tabdn. 3, [punoxenune 3). B ombite B
MocKkBe 4eTBEepTOE BEpXHEE MEKI0y3IHe ObUIO TONBKO Y 1 %
pacrteHnit o6oux renotunos (puc. 2). B onbire B Kpacnonape
4eTBEPTOE BepXHee Mex10y3nue umenu 69 % pacreHuii-ro-
mosurot o Rht-B1la, i tonbko 4 % romosurot — 1o Rht-B1p.

CrpoeHue U NPOAYKTUBHOCTH Koj1oca. Pe3ynbrars muc-
MIEPCHOHHOTO aHAJIN3a IAHHBIX [10JIEBOTO OIIBITA TIOKA3bIBAIOT
3HAUYMMOCTh Ha 5 % ypOBHE BIUSIHUS PETHOHA ITPOBEICHUS
TIOJIEBOTO OMBITa U B3aUMOJICHCTBHS PETHOHA U aJLIICIBHOTO
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Moscow Krasnodar

Fig. 2. The lengths of internodes of the main culm and main spike of
durum wheat plants in B,F, 5 (Chris M1/#517 x LD222) families in the field
plot experiment in Moscow and Krasnodar.

Y axis, plant height (cm); X axis, genotype (Rht-Bla Rht-Bla and Rht-Blp
Rht-B1p). From top to bottom: main spike peduncle, 2nd upper internode,
3rd upper internode, 4th upper internode (in Rht-B1a Rht-Bla in Krasnodar
only, shown with texture), 2nd lower internode, 1st lower internode.
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cocrosiaust Rht-B1 Ha juMHY KOJloca W 9HCIIO KOJOCKOB, a
TaK)Ke peTHOHAa — Ha INIOTHOCTH KoJtoca (cM. [Iprmoxenue 2).
Komnoc y pactenuii kak ¢ aieneMm Rht-Bla, Tak u ¢ ajuienem
Rht-B1p, B KpacHomape umeeT 3Ha4MMO OOMBIIYIO [UTHHY U
YHCIIO KOJIOCKOB M 3HAUMMO MEHBIIYIO INIOTHOCTH. OIHAKO
Pa3HHUIIA 10 YUCITY KOJIOCKOB Y HU3KOCTEOCIIBHBIX PACTEHHH C
amtenem Rht-B1p mexay Mocksoit 1 KpacHogapom 3amMeTHO
MenbIe (cM. Tabm. 3, [Tpunoxenue 3).

XoTs JUIMHA TIIAaBHOTO KOJIOCA Y PACTEHUH, TOMO3UTOTHBIX
no Rht-Blp, B Mockee u KpacHomape 3HAYMMO MEHBIIIE
JUTMHBI TJIABHOTO KOJIOCA Y PACTEHHM, HAa 2 U 3 MM COOTBET-
CTBEHHO, OTHAKO 3TO PA3IMYHE B YCIOBHSAX TOJICBOTO OIBITA
HE UTPaeT CyIIECTBEHHOMN poitu (cM. Tadit. 3, [Ipunoxenue 3).
YHuCmo KOMOCKOB Y pacTeHuil, roMo3uroTHeix mo Rht-Blp,
M0 CPaBHEHHIO C PACTCHUSIMHU, TOMO3UTOTHBIMU 1o Rht-Bla,
6bu10 OostbIe Ha 0.6 TIT. (4 %) B MockBe 1 MeHbIie Ha 0.7 T,
(4 %) B Kpacuomape (cM. Tab6m. 3, [Tpunoxenue 3).

[lo pe3ynmbraram AMCIEPCHOHHOTO aHAIN3a MTOKa3aHa 3Ha-
YUMOCTh Ha 5 % ypOBHE BIUSHHUS aJIJIEIbHOIO COCTOSHUS
Rht-B1, pernona mpoBeeHHs TTOJIEBOTO OMBITA U MX B3aH-
MozercTBus Ha Maccy 1000 3epeH, 03epHEHHOCTb KOJIOCKA,
Maccy W 4HCIo 3epeH B kojoce (cM. [Ipunoxenue 2). Pac-
Terust ¢ ayuenem Rht-Bla B ycmosusix ombita B MOcKBe He
OTJIMYAIOTCSI OT TAKOBBIX B YCIIOBHUSIX ombITa B KpacHomape mo
03EpPHEHHOCTH KOJIOCKA, HO CYIIECTBEHHO YCTYINAIOT UM I10
YHCITy 36PEH B KOJIOCE (3a CUET MEHBIIIETO YHCIIa KOJIOCKOB B
kosoce) u Macce 1000 3epen. Taknm oOpasom, Macca 3epeH
B [NIABHOM KoJloce y pactenwuii ¢ amtenem Rht-Bla na 18.4 %
HIke B Mockse, yeM B KpacHomape. AHanmu3 pacTeHuil ¢ aji-
nenem Rht-B1p mokasbiBaer, 4To B yCIOBHSX OMbITa B MOCKBE
pacTeHus! UMEIOT 3HAaYMMO MEHBIIINE 03€PHEHHOCTh KOJIOCKa
1 YHUCIIO 3€PeH B KOJIOCE 10 cpaBHEHHUIO ¢ KpacHomapoM, HO
6naromaps Tomy, uro macca 1000 3epeH y HU3KOCTEOETbHBIX
pactenuil B Mockse BhllIe, 4eM B KpacHopape, pa3sHuia mno
Macce 3epeH B INIABHOM Kousloce Mexy Mocksoii u KpacHo-
JIlapoM TOYTH B J[Ba pa3a MEHBIIE, YeM MEX/Ty PACTCHHSIMHU
¢ aienem pukoro tuna Rht-Bla, u cocrasiusier 7 %. Takum
00pa3om, POTYKTUBHOCTE KoJloca y pacTeHui B KpacHomape
BhIllie, YeM B MOCKBe, Kak y pactenwuii ¢ amuenem Rht-Bla,
Tak u ¢ aiutenem Rht-B1p, mpu sToMm pasnuure Mex 1y HU3KO-
POCIBIMH PACTEHUSIMU MEHBIIIE, Y€M MEK/LY BBICOKOPOCIIBIMU.
D10 00BACHSIETCS TeM, 9TO CHIKeHHe Macchl 1000 3epeH mox
piusiareM Rht-Blp Gonee cuibHOe B ombiTe B KpacHomape
(o 30.8 ), wem B Mockae (70 35.9 1) (cm. Tabm. 3, [pwuio-
JKeHue 3).

Macca 3epeH IIaBHOTO KOJIOCA Yy PAacTE€HHi, TOMO3UIOT-
HeiX 1o Rht-B1p, Oblia cTaTHCTHYECKH 3HAYUMO HIIKE, YEM
y pacTeHuid, romo3urotHeix mo Rht-Bla, B 00oux pernonax
IpoBesieHus noneBoro onbitTa: B Mockse Ha 0.2 T (12 %), B
Kpacnonape Ha 0.4 1 (23 %). Macca 1000 3epen y pacteHuti,
roMo3uroTHeiX o Rht-Blp, Obla CTaTHCTHYECKH 3HAYMMO
HIDKE, UM Y pacTeHHi, ToMO3UroTHbIX o Rht-Bla, B 06oux
perrnoHax MPOBEACHHUS MOJIEBOTo onbiTa: B Mockse Ha 7.0 T
(16 %), B Kpacnonape na 13.7 v (31 %). Yncno 3epen B
KOJIOCKE (03€pHEHHOCTH) B MOCKBE HE Pa3iIMyalioch MEKIY
renorumamu Rht-B1lp u Rht-Bla; 8 KpacHomape y pacrenuii
¢ Rht-B1p umcro 3epeH B koiocke 6bu10 Ha 0.3 Oosbliie, 4em
y pacrenwuii ¢ Rht-Bla. Hucsio 3epeH riaBHOro Kojioca y pac-
TeHHi, roMmo3uroTHeXx mo Rht-Blp, Obuto cratucTHyecKu
3HAYMMO BBILIE, YEM Y PACTCHHI, TOMO3HTOTHBIX 1o Rht-Bla,
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MnenoTponHble 3pdeKTbl annena HU3KocTebenbHOCTH
Rht-Blp (Rht-17) y ApoBoiA TBEpLOW MLUEHNLbI B ABYX 30HaX

B 000X permoHax MpoBeACHMS MOJIEBOTO OMbITa: B MOoCKBe
Ha 2.0 mT. (6.5 %), B KpacHomape na 4.2 mT. (11 %) (cMm.
tabm. 3, [Ipunoxenne 3).

Takum 06pa3om, B pesynsrare Biusaus Rht-B1p B Mockse
HaOII0/1a710Ch YBEIMYEHNE YNCIIA 3€PEH B KOJOCE 3a CUET
YBEIIMUYCHHUS YHCIIa KOJIOCKOB, a B KpacHomape — 3a cuer yBe-
JIMYCHUST 03EPHEHHOCTH KOJIOCKA OTHOCUTEIBHO PACTCHUH C
amtenem Rht-Bla. TlosuTuBHbI (eHOTHITHUCCKHH ddEKT
Rht-B1p Ha 4nci0 3epeH ¢ ITTaBHOTO KOJIOCa M OTPULIATEIIBHOES
€ro Bo3/IeiicTBHE Ha Maccy 3epHa ¢ konoca u Maccy 1000 3epen
B Kpacnomape nmpumMepHo B aBa pasa Oomnblie, yeM B MockBe
(cM. Tabm. 3, [punoxenue 3).

JlucnepcHoHHBIH aHaMU3 MOKa3al 3HAYUMOCTh Ha 5 %
ypOBHe BiMsHUS ayutenbHoro cocrostaust Rht-Bl u pernona
MIPOBE/ICHNUS TIOJIEBOTO OIBITAa Ha YOOPOYHBIH WHJAEKC (CM.
[Ipunoxenue 2). CpaBHEHHE CPEAHUX 3HAUCHUIH IMOKa3aso,
9YTO YOOPOUHBIN WHACKC pacTeHUH B MOCKBE 3HAYMMO BHIIIE,
yeMm B KpacHomape, y pactenuii kak ¢ amensimu Rht-Bla
(Ha 33 %), tak u ¢ Rht-B1p (1a 34 %), xoTs1 U Macca 3epeH
B KOJIOCE, 1 BEereTarnBHAs Macca pacTeHuid B MOCKBe ObLTH
CTaTHCTHYECKH MEHBIIIE TT0 00ENM TpyTaM TeHOTHIIOB (CM.
tabun. 3, [lpunoxenue 3). Takum 00OpazoM, pacTeHus B 1oJje-
BOM OIBITe B MOCKBe OKa3aiuch Oonee 3(h(heKTHBHBIMH IO
UCTIONIb30BAaHNIO HAKOTUICHHBIX ACCHMUJISITOB.

Y60pouHbIit HHICKC PACTeHHIA, TOMO3UTOTHBIX o Rht-Blp,
OBUT 3HAYMMO BBIIIE, YEM y PACTCHUIH, TOMO3UTOTHBIX II0
Rht-Bla, B Mockse Ha 11.3 %, B Kpacuonape — na 10.1 %.
IIpu »ToM BereraTHBHas Macca ObUla MEHBIIE y PacTEHUH,
roMo3uroTHEIX 0 Rht-Blp, mo cpaBHEHHIO ¢ pacTCHUSIMH,
romosurotHeiMu 110 Rht-Bla, ma 22 u 30 % B Mockse u
Kpacnonape coorBercTBeHHO. TakuMm 00pa3zoM, yBeIUYeHHE
yOOpOYHOTO MHJEKCA MPOU3O0IUIO HE 33 CUET YBEINICHUS
Macchl 3epHa (Y HU3KOCTeOeIIbHBIX pacTeHUH OHa Obljla MEHb-
111e, YeM y BBICOKOCTEOCNBHBIX), @ BCJICACTBUE YMECHBIICHUS
HENPOIYKTUBHON OroMaccsl (cM. Tabm. 3, [Tpunoxenue 3).

Cpoku kojiomeHusi. /[MCIepCHOHHBIA aHANU3 MOKa3all
JIOCTOBEpHOE BIusSHUE (Ha 5 % ypoBHE 3HAUMMOCTH) Ha CPOKH
KOJIOTIIEHHMS KaK ayuelIbHOTO cocTostHus Rht-B1, Tak u pernona
MIPOBEIEHHUS [TOJIEBOTO OMBITA, a TAKXKE U MX B3aUMOICHCTBUS
(cwm. ITpunoxkenue 2). B moneBom omnbiTe B MOCKBe pacTeHus,
romosurorusie mo Rht-Bla u Rht-B1lp, BeikonammBaimcs co-
OTBETCTBEHHO Ha 9 U 15 Hel 3HaYMMO paHbIIIE, YUEM B OIIBITE
B Kpacnomape (cM. tab6m. 3, [Tpunoxenue 3).

B cpenHeM mepuoz OT moceBa A0 KOJOIICHUS B OIBITE B
MockBe 6611 KOpoue, 4eM B KpacHomape, 4To MOXKeT OBITh
00yCIIOBJIEHO pa3HHILICH B MPOJIOKUTEILHOCTH U MHAMUKE
M3MEHEeHUs cBeTOBOTO JiHst. Komorenwe y pacrenuii ¢ Rht-Blp
B OITbITE B MOCKBE HACTYIIHJIO B CPEAHEM Ha 2 JTHS TIO3KE, YeM
y pacrenwmii ¢ Rht-Bla; B ombite B KpacHomape KomnoreHue
HACTYIIMJIO B CPEIHEM Ha 7.2 JIHS TO3KE 10 CPABHEHHUIO C
pactenusmu ¢ Rht-Bla (cum. tabn. 3, [Ipunoxenue 3).

Ouenka mieiiorponubix 3¢ dexroB amnens Rht-Blp
MeTO/I0OM IVIaBHBIX KOMIIOHEHT. B pe3ynbrare aHammsa Me-
TOJZIOM TJIABHBIX KOMITOHEHT HaMH OBIJIO BBIIEIEHO /1B (ak-
Topa: aktop 1 MMeer Hanbosiee BBHICOKYIO KOPPEISIIHIO C
BBICOTOM, aJienbHbIM cocTtosiHreM Rht-Blp, maccoit 3epen
B Kostoce 1 Maccoit 1000 3epen, cpokaMu KonomeHus, dak-
TOp 2 — € Maccoii 3epeH B INIABHOM KOJIOCE, YHCIIOM 3€PEH B
IJIABHOM Koyioce M yoopounsiM nHAEKcoM (Kx03) B 000mx
perroHax NpoBeIeHNs 1oJeBoro onbiTa (cM. [Ipunoxenne 4).
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Fig. 3. Analysis of principal components of the effect of Rht-B1b on the
main agronomic traits in the B,F,5 (Chris M1/#517 xLD222) families in
the field plot experiment in Moscow (a) and Krasnodar (b).

H, plant height; GW, grain weight per spike; GN, grain number per spike;
M, 1000 grain weight; HD, heading date (days after sowing). Red dots indicate
families with the Rht-B1p allele and orange dots indicate families with the
Rht-Bla allele.

®dakrop 1 o0bsicHsET 56 U1 76 % AUCTepcHu, B TO BpeMs KaKk
taxrop 2 — 22 u 15 % nucnepcun B Mockse u Kpacuonape
COOTBeTCTBEHHO. CeMbH CrpyNNUPOBAINCH IO TOPHU30H-
TAIBHON OCH TI0 BBICOTE PACTCHUH, a 110 BEPTUKAIBLHOI OCH
HaOJIIO/IaeTCsl TEHICHIIUS TPYIIITUPOBKU MO DJIEMEHTaM I1po-
nyktuBHOCTH. Ha muarpamme Ha puc. 3 mokaszaHo, 94To B 000MX
peruonax Bekrop Rht-B1p umeer HampaBieHue, IpOTHBOIIO-
noxnoe Boicote (B) u macce 1000 3epen (M), 6onee ciiaboe
orpunarenbHoe Brusare Rht-B1p okassiBaet Ha Maccy 3epeH
B KOJIOCE; UMEET OJTHO HAINPABJICHHE C BEKTOPOM CPOKOB KO-
nourenus (K) u yoopounoro unzekca (Kxo3) u 6omnee ciadoe
nonokutensHoe Bimstare Rht-B1p Ha umceno 3epen B komoce.

O6cyxpeHue

AJLTeNy TeHOB, ONPeIEIAIONIIEe HU3KOCTEOSIbHOCTD, HE TOJb-
KO CHW)KAIOT BBICOTY PACTEHUsI, HO M 00JIa1at0T IuIeHoTpoTII-
HBIM 3()()eKTOM Ha arpOHOMHYECKH IIeHHbIe pu3Haky (Re-
betzke et al., 2011; Liu et al., 2017; Kroupin et al., 2019).
Hawmu 6bu10 H3y4eHo GpeHoTunnueckoe nposisnenne Rht-B1lp

922

Phenotypic effects of the dwarfing gene Rht-17
in spring durum wheat under two climatic conditions

Ha OJHUX U TEX K€ CEMbSIX B2F2:3 TBEepAOM nieHuLbl B Mock-
Be u Kpacnogape. Ilpu sToM nokaszano, uro B Kpacnopape
Biusiane Rht-B1p Ha BeICOTY, mapaMeTphl 3epHa U HEPUOJ
JI0 KOJIOIICHHUsT OoJiee BhIpaxeHo, ueM B Mockse. OO0miue
TeHICHITMHN Bo3aecTrs ayuesst Rht-B1lp Ha nsyuaembre mpu-
3HAKH, OTPEJICIICHHBIC METOJIOM IMCTIEPCHOHHOTO aHAJIN3a 1
METOJIOM IVIaBHBIX KOMITOHEHT, COBIIA/IAJIM MEXK/y PErHOHAMHU
MIPOBEIEHHS TIOJIEBOTO OTIBITA.

Bnusinue omHOro M3 Hanbosee pacpoCTpaHEHHBIX aje-
JIe, OTIPEACIISIONINX HEUyBCTBUTEIBHOCTh K THOOEpeIInHY,
Rht-B1b, na BeIicOTY MOkeT BapbupoBars oT 10 1m0 25 % y
Msrkoi mueHuns! 1 oT 30 10 40 % y TBeproi NIIEHUIBI IO
cpaBHeHuIo ¢ autenem jaukoro tuna Rht-Bla (Mathews et
al., 2006; Rebetzke et al., 2012; Subira et al., 2016; Liu et
al., 2017). CHKeHUE BBICOTHI pACTEHHH B ITOJIEBBIX OIBITAX,
BbI3BaHHOE HamnuueM B renome Rht-B1lp, B Hammx nccneno-
BaHMSAX B ombITe B Mockse coctaBmiio 41 %, B KpacHonape —
55 %, 4TO COMOCTAaBUMO C JAHHBIMU JPYTUX UCCIIET0BaHU,
MoJy4eHHbIX B BeretannonHbix ombitax (Ellis et al., 2004;
Bazhenov et al., 2015). CpaBHeHHE TaHHBIX MTOJIEBOTO OITBITA
C TIOMOIIBIO JAMCHEPCHOHHOTO aHaJIM3a MEXIY PErHOHAMH
MIO3BOJIMJIO BBISIBUTH CIIAYIOIIUE TEHACHIMH. PacTeHus c
Rht-Bla B ycmoBusix moneBoro ombita B KpacHomape Gsutn
3HAYMMO BbIIIE TAaKOBBIX B MockBe, a ¢ amtenem Rht-Blp
3HAYMMO HE pasjnyaiuch. Y pacreHuil ¢ ayuenem Rht-Bla
MOXKHO TIPEJIONAraTh pPa3Hyl0 PEaKIMIO KIETOK U TKaHeH
Ha (haKTOpBI pocTa (B YaCTHOCTH, THOOEPEIUTOBOI KHUCIIOTHI)
B Pa3JIMYHBIX YCIOBHSX Cpeibl (OCBEIIEHHE, TeMIIepaTypa,
BIIQXKHOCTR). B TO e Bpemst y pactenwuii ¢ aymutenem Rht-Blp
9TH (aKTOPBI pOCTa OIOKUPYIOTCS U3-32 MyTallUH B T€HE, TIPH
9TOM HaMHU OTMEUEHO, YTO PACTEHHsI 3HAYMMO I10 BBICOTE HE
paznuuarorcs. TakuM 00pa3oM, B 3TOM IKCIIEPUMEHTE Pas-
JIMYHS B YCIIOBHSX CPeJIbl HE MOBIUSUIN Ha ()eHOTUITNIECKUI
s¢dexr Rht-Blp Ha BICOTY pacTeHuii.

CHIKEHNE BBICOTHI B JIByX PETHOHAX MPOUCXOIUT 32 CUET
YMEHBIICHHS JUIMHBI MEKAOY3/IHH (TIPEXkKae BCETo, MOAKO-
nocoBoro). Ho npu atom B KpacHonape ninHa Mex10y3/Iui
MEHSIETCSI HETPOIIOPIIMOHAIBHO, a BBICOTA PACTEHUH CHU-
JKaeTCsl JIOTIOTHUTENIFHO 33 CUET YMEHBIICHHS KOJINYeCTBa
MEXKI0y3/11i. SIBlIeHrE HEITPOIIOPLUOHAIBHOIO YMEHBILIEHUS
MIOIKOJIOCOBOTO MEXKJI0Y3JHs OBUIO ONMCAHO y PAacTEeHHH C
amnenem Rht-13 (Rebetzke et al., 2011), a cHibKeHHE YucTa
MEXI0Y3IIUil B pe3yJibTare BIUsSHUS ajuiesieil HU3KocTeOeb-
HOCTH B JINTEpAType NMPAKTUUECKH HEe omnucaHo. MHTepecHo,
9TO 3TOT (heHOTUNHUYECKHH d(PPEKT ObIIT OTMEUEH TONBKO B
OJIHOM U3 PETHOHOB IIPOBEIEHHMSI I10JIEBOI0 OMbITa. BO3MOXHO,
YTO 3TO CBSI3aHO CO B3aMMOJICHCTBHEM ailels HU3KOCTe-
6enpHOCTH Rht-Blp ¢ npyruMu reHamu, Hampumep FeHOB
YYBCTBUTEIBHOCTH K (hOoTOTIEpHOLY.

Buustaue Rht-B1p Ha 4nCIio KOJIOCKOB COMOCTABUMO MEXK-
Jly peTHOHAMHM MPOBE/ICHHS ITOJICBOTO OIBITA IO CHIIC, HO
IIPOTUBOIIOJIOKHO I10 HAITPABJICHHIO: B MOCKBE YHCIIO KOJIOC-
KOB Bo3pacTaeT, B KpacHomape ymeHbIIaeTcs; o01ee Iucio
3epeH B KOJIOCE B IBYX PETHOHAX BO3POCIIO, YTO MOKET OBITh
00yCIIOBIICHO YBEJIMYCHUEM YHCIIa [IBETKOB, (PePTUIILHOCTH U
3aBsI3bIBAEMOCTHI0. MEHbIIIasi pa3HUIIA MEKTy HI3KOPOCIBIMU
1 BBICOKOPOCJIBIMH PAaCTEHHUSMH, BBHIPAIICHHBIMH B OIIBITE B
Mockse u KpacHopape, 1o JIMHE KOJIoca U YHCITy KOJIOCKOB
B IJIAaBHOM KOJIOCE MOXKET OBbITh 0OYCIIOBIEHA TEM, YTO IPH
OTCYTCTBHH BHYTPEHHUX (hAKTOPOB pOCTa (TOPMOHBI, OCIIKH),

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 - 7



A.T. YepHook, M.10. KpynuH, J1.A. Becnanosa ...
'N. Kapnos, A.l0. KpynuHa, M.I. inBawyk

BBI3BAHHOTO MyTarnue B amtene Rht-B1p, cHmkaercs Boc-
NPUMMYMBOCTD KJIETOK M TKAaHEH Kojoca K BHELIHUM YCJIO-
BUSIM (TEMIIepaTypa, OCBEIIEHHOCTD, BIaKHOCTD).

Yuciio 3epeH B KOJIOCE ONPEeNIsieTCsl YUCIIOM KOJIOCKOB U
03EePHEHHOCTBIO KQXKI0T0 KOJIOCKA. B HameM mojieBom orsite
B KpacHonape y pactenuii ¢ Rht-B1p uucio konockoB 6bU10
Ha 4 % MeHbllle, YeM Y pacTeHHH C ajieneM AUKOTo THIA, a B
Mockse —Ha 4 % 6ombiie. [Toxoxkast pa3HOHANPABIEHHOCTh B
nposienenuy amenst Rht-B1b otHocutensHo ymcna ko1ockoB
Habmonanack B pabote (Alvaro et al., 2008): y HTanbsHCKHX
copToB TBepoit menuisl ¢ Rht-B1b grcno komockos B Ko-
noce Ha 7 % Oosbllre, 4eM y COPTOB C aJlIeJIeM JIUKOTO THIIa,
a'y UCMaHCKUX Hao0opoT — Ha 2 % MeHbIe. Uncno 3epeH B
KOJTOCE B HAIHX OTbITax y pactenuii ¢ Rht-B1b okasamocs
BBIIIIE, YeM y PACTEHHH C ajuiesieM AWKOro Thia B MoOCKBe
3a cYeT yBEJIMYCHUsI YMclia KOJIOCKOB, a B KpacHonmape — 3a
cyet OoJiee BBICOKOW 036pHEHHOCTH KOJIOCKA 110 CPABHEHHIO
¢ pactenusimu ¢ ayuteniem Rht-Bla. B uccnenoBanuu (Alvaro
etal., 2008) y HU3KOPOCIBIX UTAJBSHCKUX U UCIIAHCKUX COP-
TOB YHCJIO 3ePEH TaK)Ke ObUIO BBILIE, YEM Y BBICOKOPOCIIBIX
(1a 20 1 13 % COOTBETCTBEHHO), UTO OOBSICHSUIOCH HX OoJiee
BBICOKOH 03epHEHHOCTHIO (Ha 11 1 16 % COOTBETCTBEHHO).

I'm60epeTnH-He yBCTBUTENBHBIE (DEHOTHUIIBI C AJUTCIISIMA
HH3KOCcTeOembHOCTH reHa Rht, kak mpaBmito, UMErOT OoJbIlee
YHCII0 3epeH B Kojoce U MeHbIyto Maccy 1000 3epen (mnu
9KBUBAJIECHT JTOTO NOKA3aTelsisi — MacCy OJHOIO 3epHa) I10
CPaBHEHHIO C PACTCHUSIMH, HECYIIINMH aJIJIeib JUKOTO THIIA,
4TO CBA3aHO C MCHBIIUM KOJIMYECTBOM KJICTOK B IEPHUKAPIIC
(Mirrales et al., 1998; Zhang et al., 2013). Kak 0110 TOKa3aHO
(Alvaro et al., 2008), B 11eIOM Y COBPEMEHHBIX HTaJIbSHCKHX
Y MCIAHCKUX COPTOB TBEPJOH IIISHUIIBI Macca OJHOTO 3ep-
Ha HIDKE, YeM y CTapOJaBHHX, YTO TaKXKe MOXKET OBITh 00y-
CIIOBJIGHO BHEJPEHHEM ajuiesnell HuzkoctebensHocTH. [1o
JIMTEPATYpPHBIM JAHHBIM, Pa3HUIA B Macce OJHOTO 3€pHa
MEX Ty HU3KOCTEOETbHBIMU pacTeHnsiMu ¢ amtenem Rht-B1b
U pacTeHHsAMH ¢ ajuieneM aukoro tuna Rht-Bla cocrasnser
5-10% (Liu et al., 2017). Io cpaBuenwuto ¢ Rht-B1b, B Harmx
SKCIIepUMEHTaX Halonazack OObIIas pa3HUIa: pa3HOCTh
Mexay pacteHusmu ¢ Rht-Blp u pacrenusmu ¢ amnenem
nuxoro tumna Rht-Bla cocrasuna 17 u 32 % B Mockse u
Kpacnonape coorBerctBenHo. IIpu atom B KpacHonape ot-
Mevaercs 6oree cmtbHOe cHipkeHre Macehl 1000 3epeH, uem B
Mockae. B psine rccenoBanuii ObLUTO IPOIEMOHCTPHPOBAHO,
YTO BBICOKOCTEOENbHBIE (JOPMBI B 3aCYLUIMBBIX YCIOBHAX
MMEIOT TPEUMYIIECTBO Nepe]] HU3KOCTEOSNbHBIMA B OTHO-
IIeHNH Macchl U Hatypbl 3epHa (Richards, 1992a, b; Butler
et al., 2005). Takum o6pa3om, 6oee BBIpaKCHHBIN HETaTHB-
HbI MieiforponHblil ¢ dext Rht-B1lp B oTHOIIEHHH Macch
1000 3epen B moneBoM omnelTe B KpacHomape no cpaBHEHHUIO
¢ oreIToM B MOCKBE Tak)ke MOKET OBITh CBS3aH C pa3HUIICH
B KOJIMYECTBE OCAJIKOB MEX/Yy PETHOHAMH MPOBEACHUS TO-
JIeBOTO OmbITa (cM. Tadm. 1).

Hamu mpoeMOoHCTPHPOBAHO, YTO PACTEHHS C aJlJIeIeM JH-
koro Tuna Rht-Bla u ¢ anmnenem HuskocredensHocTn Rht-Blp
B ycloBHsX omnbiTa B KpacHonape 6oliee mpoyKTHBHBI, 4eM
B Mockse. OnHako mpu 3toM Macca 1000 3epeH y pacTeHuit
¢ Rht-B1p B Mockge 0Obuia Bbilie, uem B Kpacnomape. Iloiy-
YCHHBIC HAMU JTaHHBIC TOBOPAT O TOM, YTO YCJIOBUA OINbITa B
Mockse OpuH O0J1ee OmaronpusaTHEL, 4eM B KpacHomape, mis
(hopMupOBaHUsI OTJETHHON 36PHOBKH M €€ HAJIMBA JUIsl pac-
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MnenoTponHble 3pdeKTbl annena HU3KocTebenbHOCTH
Rht-Blp (Rht-17) y ApoBoiA TBEpLOW MLUEHNLbI B ABYX 30HaX

TEHHH, HE YyBCTUTENIBHBIX K rHO0EpesIoBol Kuciore. IT1o
MOKET TOBOPHTH O BO3MOXKHOCTH IOJYYCHHUS B YCIOBHSAX,
OJM3KUX K YCIIOBHSM MPOBEICHUs OmbITa B MOCKBE, MEHB-
IIEro KOJIMYECTBa 3epHa, HO Ooiee KPYITHOTO.

SlpoBas NmIeHWIa — pacTeHHe JUIMHHOTO IHS, U B YCJO-
BUSIX JUIMHHOTO CBETOBOTO JHS B MOCKBE OHA MEPEXOIUT
K KOJIOIIEHUIO OBICTpEE, YeM B YCIOBHSIX KOPOTKOTO JIHS B
Kpacuomape. B KpacHomape HU3KOCTEOCTBHBIC pacTECHUS
OTCTaBall OT BBICOKOCTEOCIBHBIX Ha HEICII0, YTO MOXKET
OBITH KPUTHYHBIM B YCIIOBUSIX HACTYIUICHUS JIETHEH 3aCyXH.
Kax ormeuaror R. Motzo u F. Giunta (2007), Rht-B1b B ienom
HHKaK He BJIMSCT Ha TEMITbI PA3BUTHS Y MILCHHULIBI, XOTS OBLUTH
oTIeNbHBIE coo0meHus 0 ToM, uro Rht-B1lb yckopser 3ano-
’KEHHe COLBETHI. B Halem nccieioBaHNy B IBYyX PErHOHAX
MPOBEICHUSI IIOJICBOTO OIBITA PE3YIIBTATOM (PEHOTHITHIECKOTO
nposisnenus Rht-B1p crano Gonee mo3mHee KOMOUICHHE MO
CPaBHEHHMIO C PACTEHUSIMH, TOMO3UTOTHBIMHE 110 Rht-Bla. Dtot
IO TPOIHBIN a3 dekT amneneid Hu3KocTebmpHOCTH Rht-B1
paHee He ObLI OTMEUCH.

HerarusHoe Bnusiare Rht-B1p Ha Maccy 3epHa KOMITCHCH-
pyeTcs yBEJIMYCHHEM YUCiIa 3epeH B KOJIOCE M YOOPOYHOTO
nHiekca. HuskocrebenbHble copra 0oliee yCTOWYMBBI K T10-
JIETaHUIO, NX MOYKHO BBICEBATh C OOJBINEIf HOPMOI BBICEBa.
3T0 MO3BOJUT YBEIUYUTh CTEONICCTON HA €AMHUILY TIOIIAH
1 cOOop 3epHa, KaK IMOKa3bIBAET OIIBIT UCIIOJIL30BAHUS COPTOB
¢ HanboJee PacIpoCTPaHEHHBIMH AJUTEISIMA HU3KOCTEOCTh-
noctu Rht-B1b u Rht-Ble (becnanosa, 2001). Kpome toro,
BO3MOKHO KoMOuHMpoBanue Rht-B1p ¢ annensimu Huskocte-
0GeTHPHOCTH, MPUBOAAIIMHA K (POPMHUPOBAHHIO THOOSPEIITHH-
yyBcTBUTENBbHOTO (penoruna (Rebetzke et al., 2012; Liu et
al., 2017), u annensiMu T€HOB SPOBU3ALMHU U YyBCTBHUTEIIb-
HOCTH K (pOTOIIepHO/LY, B TOM YHCJIE U BHOBb BBISBIICHHBIMH
(Shcherban et al., 2012; Kiseleva et al., 2016; Chen et al.,
2018; Okada et al., 2019).

Taxum 00pa3om, CpaBHEHHE HAIINX JAHHBIX M OITYOIHKO-
BaHHBIX HAay4YHBIX HCCIICI0BAHUI TOKA3bIBACT, YTO, HECMOTPS
Ha psin otmynii, Rht-B1p mo cBoemy denotunmdaeckomy a¢-
¢exry comoctasum ¢ Rht-B1b 1 MoxeT 6ITh HCIIONB30BAH B
CeTIeKIMU TBEP/IOH MIICHUIIbI HapaBHe ¢ HuM. Rht-B1p taxke
MOXKET OKa3aThesi 3P (EKTHBEH MPHU CO3aHUH TeTEPO3UCHBIX
THOPHIIOB TBEPON MIIEHHIEI. B I0)KHBIX permoHax Harlen
cTpanbl BHeapenue Rht-B1lp B reHom TBepmoil MIneHHIEI
MOKET OBITH 60nee MEPCICKTUBHBIM, TaK KaK 3TOT aJUICJIb HE
TOJIFKO CHIKAET BBICOTY pacTeHHUi, obecneunBas UX yCTOi-
YHBOCTB K MOJICTAHUIO, HO M 00J1a1aeT PSIOM IIICHOTPOITHBIX
3P PEKTOB, a UIMEHHO — IOJ] €r0 BIMSHHUEM YBEIHUYHUBACTCS
YHCIIO 3ePEeH B KOJIOCE, YTO IIOTEHIIHAIEHO MOXKET 1aTh 00JIb-
U ypoxail, HecMOTps Ha OoJiee MEJIKOE 3epHO.

3aknioyeHune

Hamu n3ydeno eHoTHIIITUECKOE TPOSIBIICHUE AJUIEISI HU3KO-
crebenpHOCTH RNt-B1p B cembsx TBepoii mmennis B,F, 5
B YCJIOBHSX Ios1eBOro omnbitTa B Mockse u Kpacnonape. Ilo-
Ka3aHo, YTO pacTEHHs, HECyIIHe 3TOT ajuiesb, 00IagatoT
HHU3KOCTEOEIbHBIM (DEHOTHIIOM, Macca 3epHa B Kojioce Obliia
MEHBIIIE TT0 CpaBHEHHIO ¢ pacTenusimu ¢ Rht-Bla, komdaecTso
3epeH ObUTO OOJIBIIIE 32 CUET YBEIMIECHHS KOJIOCKOB B ITOJIEBOM
ornbiTe B MOCKBE U 03€pHEHHOCTH KOJIOCKA B ITOJIEBOM OIIbI-
te B KpacHomape. Pactenus ¢ aneneM HU3KOCTEOCITBHOCTH
Rht-B1p mo cpaBHEHHIO ¢ BBICOKOPOCIBIMH PACTCHUSIMHU

923



A.G. Chernook, P.Yu. Kroupin, L.A. Bespalova ...
G.l. Karlov, A.Yu. Kroupina, M.G. Divashuk

XapaKTepH30BAIUCH OoJiee BHICOKUM YOOPOUHBIM MHIEKCOM
u Ooree IMO3JHUM CPOKOM KoJomeHus. bonee nepcrexTus-
HBIM HCIIOJIb30BaHue amtens Rht-B1p MoxeT ObITh B FOXKHBIX
pEruoHax, Tak Kak 3TOT aJulelib HE TOJBKO CHIIKAET BBICOTY
pacTeHuil, obecrieunBas YCTOHYNBOCTD K TOJIETaHUIO, HO U
o0naaer psaoM IIIEHOTPONIHBIX 3P (EKTOB, MOTCHIINAIBHO
CIOCOOHBIX JIaTh OONBIINI ypoxKai.
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Several species of the genus Miscanthus Anderss. (elephant grass) characterized by a high rate of growth of the above-
ground vegetative mass are currently in the focus of attention due to their high practical application as a source of bioetha-
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16 samples of three Miscanthus species were divided into two clades: Sinensis and Sacchariflorus, the former including
two subclades. For the samples of M. purpurascens_| and I, a hybrid origin of this species was confirmed by ISSR data. The
molecular data obtained from the study allowed us to hypothesize that the samples involved in the subclade | of the Sinen-
sis clade could be used as donors of resistance to adverse environments, and the samples of the subclade II, as donors of
high biomass productivity. Based on histochemical analysis, sclerenchyma cells were characterized by the most lignin-rich
thickened membranes, so the most appropriate direction in Miscanthus selection should be based on identification and
using less lignin-containing samples.
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dopMuUpoOBaHIe U 3yUeHle KOJUIeKIIIOHHOIO reHOpOoHIa
pecypCHbIX BUAOB poga Miscanthus Anderss.
B VCJIOBUSIX JiecocCTernu 3anaaHoi Cuoupn
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B HacToALee BpemA 0coObIN MHTepeC NPefcTaBAlT PacTEHUA, XapakTepu3yoLmMecs BbICOKOW CKOPOCTbIO HapacTaHuA
Ha/j3eMHOI BEreTaTMBHOWN MacChl U MMeloWMe NpakTnyeckoe NpYMeHeHre B KauecTBe NCTOUYHKKA B1o3TaHoNa 1 Lensto-
no3bl, Hanpumep, BuAbl poaa Miscanthus Anderss. (BeepHuK). Lienb aHHOro nccnefoBaHuA — MONEKyNAPHO-TeHeTnYecKan
naeHTUPMKaLMA 1N IMCTOXMMUYECKII aHann3 BUAoB poaa Miscanthus: M. sacchariflorus (Maxim.) Benth., M. sinensis Anderss.
n M. purpurascens Anderss. KOnnekUMoHHoro reHopoHgaa LieHTpanbHoro cnbupckoro 6otaHnyeckoro caga CO PAH ans Bbl-
ABMIEHNA NepPCrneKTUBHbIX TEXHUYECKNX CbIpbeBbIX pacTeHui. Ana ¢popmrnpoBaHus, n3yyeHna n ngeHTndurKaumm Konnekx-
LMOHHOro reHodoHaa popa Miscanthus npyMeHANCA MyNbTUANCUMMAMHAPHBIA MOAXOA, 3aKN0YaBLLUNICA B Cnefytolem:
npu cbope 06pasLOB B NPUPOAE MCMONb30BaNCh TPAANLMNOHHbIE METOAbI KNAacCUYECKOW CUCTEMATVKN U re0b0TaHNKM
(cpaBHUTENBHO-MOPHONOrMYECKNA 1 GUTOLLEHONOTUYECKIIA); NPY BblAeneHnn GopM Nof KOHKPETHble pecypcHble (6vo-
SHepreTMyeckune), TEXHONOrMYeCKNe 3agaun NPUMEHANNCL Bromopdonormyeckne Noaxonbl U NPOBOAUIOCH OMNMCaHue
MUKPO3KONOTMYECKMX YCIIOBUI C akLLeHTOM Ha HaviMeHee 6naronpuraTHble Ans npouspactaHua dakTopbl. MonekynspHo-
reHeTMYecKmne NCcnefoBaHnA GblIn HanpaBeHbl Ha YTOYHEHME TAKCOHOMUYECKO MPUHAANIEXHOCTY U aHaNIM3 reHeTuYe-
CKUX ONCTaHUMI MeXAy npefctaButenamm Tpex sugos Miscanthus. Mo pesynbtatam ISSR-aHanm3a n3yyeHHble o6pasubl
Tpex BUAOB MUCKaHTYCa pa3fennnncb Ha ae Knagbl: Sinensis u Sacchariflorus, uto xopoLo cornacyerca ¢ BULOBOW Npu-
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M3yueHmne KonnekLumoHHOro
reHodoHaa Miscanthus

HafNeKHOCTbIO 60NbLUNHCTBA 06pa3uoB. VicknoueHne coctaBunu pacteHna M. purpurascens_| v Il, koTopble MO AaHHbIM
MONEKy/APHO-TEHETNYECKOrO aHanmn3a oTHeceHbl K Knafie Sacchariflorus, uto MoXeT cnyxuTb noaTBEpPXKAEHNEM rbpus-
HOro NPOUCXOXAeHWs AaHHoro BuAa. Knaga Sinensis pasgenunach Ha aBe cybknagbl. B cybknagy | Bownu ob6pasubl, npous-
pacTaBLUMe B HaMMeHee 6N1aronpPUATHbIX MUKPO3KONTOTMUYECKIX YCIIOBUAX — Ha Boiee 3aconeHHbIX MouyBax, a B cyoknage Il
cocpenoToyeHbl Hanbosnee rabutyanbHO MOLLHbIE 06pa3Lbl. ITW AaHHbIe NO3BONAIOT NPEAMNONOXKUTL, YTO CPear 06pasLoB
cy6knagbl | MoryT okasaTbcA JOHOPbI YCTONUMBOCTY, @ cpefin 06pa3uos cybknaapl Il — goHopbl npoayKTnBHOCTH. M3BecT-
HO, YTO 13-3a NOBbILLEHHOr0 COAEP)KaHMA IMTHNHA CHUXKAETCA TeXHONOrMyeckasn LLleHHOCTb CbipbA. CornacHo NpoBefeHHo-
My HaMV TMCTOXMMUYECKOMY aHann3y, MOLLHOCTb MeXaHNYeCKOW IMTHUH-COAePXKaLlie TKaHV pa3nnyaeTca y pasHbIX pac-
TEHWI MMUCKaHTYyca, No3ToMy Haubonee LenecoobpaseH CceneKTBHbIN 0TO6oP 0cobelt, HaKanMBaLWMX MeHbLUE IMFHMHA
(c HaMMeHee pa3BUTON CKNEPEHXMMON). BbiABNeHHbIe MONeKynApHble NMPU3HaKM Pa3HbIX BULOB MUCKAHTYyca MOTYT ObiTb
MCMOMb30BaHbl ANA MAeHTUdUKaALMM 1 NacnopTn3aLnmy NepcnekTMBHbIX GOPM M IMHWUIA B KayecTBe anbTepHaTUBHOIO MC-
TOYHMKa 6roTONNMBA Y LIENSTION03bl.

KntoueBble cnosa: pog Miscanthus; ISSR-aHanms; rucToxumuyecknin aHanms; 6roMopdonorus; MUKPOIKONOruna; KnactepHas

AeHAporpamma; 6uosTtaHon.

Introduction

Miscanthus is considered to be one of the most efficient so-
lar energy accumulators among representatives of the Earth
vegetative kingdom (Dohleman, Long, 2009). High cellulose
content and significant plant biomass make it possible to treat
Miscanthus as a promising alternative energy source (Lewan-
dowski et al., 2000; McCalmont et al., 2017; Van Der Weijde
etal., 2017). Physiologists and biochemists deem Miscanthus
species to be unique highly productive sources of renewable
raw materials for producing ethylene and cellulose (Slynko
etal., 2013).

Miscanthus is a valuable ameliorative culture as well. High
plant growth rates, unpretentiousness to soil conditions, pro-
nounced drought resistance have contributed to Miscanthus
wide use to stabilize and reduce the intensity of soil erosion
processes (Kahle et al., 1999, 2001).

In the late 20 century, many domestic and foreign botanical
gardens started introducing M. sacchariflorus and M. sinensis
into the culture as decorative cereals. The criteria for ex situ
selection — rhythmological and ontogenetic ones — have been
developed in conformity with the prospects for their use in
landscape architecture. In the 21st century, the above-men-
tioned species, as well as M. x giganteus, are recognized by
the world scientific community as the main resource species
for elaborating the alternative energetics sphere.

The Central Siberian Botanical Garden of the Siberian
Branch of the Russian Academy of Sciences (CSBG SB RAS,
Novosibirsk) have been investigating Miscanthus species as
a part of the lawn and decorative cereals collection since the
late 1990s. Forming and studying of the collection gene pool
of the genus Miscanthus complex have recently carried out in
accordance with the world trends — decorative and bioenergetic
directions. Searching perspective forms in nature and further
studying their bioenergetic potential outside the natural range
have required the additional selection criteria development,
and economic and biological traits and properties evaluation.

The Russian Far East is the main region of field works to
study the intraspecific polymorphism of Miscanthus species
and search promising samples, where M. sacchariflorus oc-
cupies northern habitats, but M. sinensis spreads southward.
In 2013, the collection gene pool was replenished with M. si-
nensis samples from the Gamov Peninsula (Khasan District,
Primorsky Krai). In 2017, M. sacchariflorus was collected

FEHETUYECKMUE PECYPCbl PACTEHWUW / PLANT GENETICS RESOURCES

in the Chuguev District, and M. sinensis and, presumably,
M. purpurascens, in the Khasan District of Primorsky Krai. In
addition, living material was collected on the Kuril islands —
Shikotan, Kunashir, Iturup.

The biomorphological and microecological criteria have
been allotted as main ones to gather samples in nature. During
the expeditions, the vegetative parts (rhizome) were selected
from plants with the most powerful aboveground vegetative
mass. At the same time, it was marked microecological condi-
tions of growing, among which the following considered as
unfavorable: saline splash zone, sites with arid compacted
soil, open windy hilltops. Plants with normal shoot formation
in such habitats should obtain high adaptive potential under
more severe climatic conditions of cultivation.

It became necessary to study genetic polymorphism and
DNA identification as a result of cumulating the intraspecific
and form diversity in the collection gene pool. The study
objective is molecular-genetic identification and histochemi-
cal analysis of the CSBG SB RAS’ collection gene pool of
the genus Miscanthus species to reveal promising forms as
technical raw plants.

Materials and methods

An integrated multi-disciplinary approach to the collection
gene pool formation and certification was used in the study.
The traditional techniques of classical systematics and geo-
botany were applied to choose field sites, and collect samples
of various species in nature. While isolating forms in natural
habitats, biomorphological approaches were employed to
solve specific resource problems, microecological conditions
are described. The geographical coordinates of collecting sites
were recorded when selecting material for molecular genetic
and histochemical research.

16 samples of three species (M. sinensis, M. sacchariflorus
and M. purpurascens) were studied (Table 1). M. sacchariflo-
rus samples were gathered in the Chuguev District of Sikhote-
Alin, as well as the northern part of the National Park “Zov
Tigra (Call of the Tiger)” vicinities situated in the Chuguev,
Olgin, and Lazov Districts. This species grows here in open flat
areas and non-arable lands, which are secondary successions.

M. sinensis and M. purpurascens were collected in the
Khasan District (Primorsky Krai). These species grow as a
part of shrub-grass groupings, some specimens are taken in
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Table 1. The origin of the samples of three Miscanthus species analyzed in the paper

Species Place of collection, geographical coordinates

Sykhote-Alin. One of the most Northern Checkpoints of the area. Chuguevsky region, not reaching the river
Pokrovka. Route A181.44°51'21"N, 134°52'95"E

a light shrub-forb oakery (Quercus dentata Thunb.) on the
Telyakovsky Bay slope. The main works were carried out at
the Gamov Peninsula, 14-112 m altitudes, with a wide range
of microecological conditions in M. sinensis and M. purpura-
scens habitats.

The molecular genetic analysis to clarify samples taxonomic
position and identification was carried out using plant dried
leaves of three Miscanthus species: M. sinensis, M. sacchari-

florus, and M. purpurascens collected of 15 plants in natural
populations (see Table 1). Besides, M. purpurascens sample
from the Living Plant Collection of the CSBG SB RAS (see
Table 1, M. purpurascens_I, UNU No. USU 440534) was
analyzed.

DNA extraction was performed by the NucleoSpin Plant
11 kit (Macherey and Nagel, USA). The purity and concentra-
tion of DNA extracts were determined with spectrophotometry
(Spectrophotometer kinetic and p-cuvette, Eppendorf, Ger-
many). DNA purity was calculated as the ratio of the solution
optical power at 260 and 280 nm wavelength.

The 25 pl reaction PCR mixture consisted of: 2.7 mM
MgCl,, 1.25 mM primer, 0.4 mM mononucleotides, 1x PCR
buffer, 1.5 units Tag DNA polymerase (Medigen, Russia) and
20-30 ng matrix. The amplification program included the fol-
lowing steps: DNA denaturation: 90 s at 94 °C; 35 amplifica-
tion cycles: 40 sat 94 °C, 45 s at 41-58 °C (primer annealing),
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and 90 s at 72 °C; 5 min at 72 °C. The amplification was made
in C 1000 Thermal Cycler (BioRad Laboratories, USA), its
products were separated by electrophoresis in a 0.8 % agarose
gel in 1x TBE buffer. The obtained ISSR fragments were
stained with SYBR-Green (Medigen, Russia), visualized us-
ing the Gel Doc XR + gel documentation system, analyzed by
Image Lab Software (Bio-Rad Laboratories, USA).

The size of the identified ISSR fragments was determined
with a molecular mass marker (Medigen, Russia). Each am-
plified fragment was considered as a dominant marker, and
its presence (1) or absence (0) was noted for every compared
samples.

Statistical data processing, cluster dendrogram construction
and principal component analysis (Principal Components,
PCO) were carried on applied the PAST software (Hammer
etal., 2001).

As for the histochemical analysis, dry vegetative shoots
were selected at the final vegetation stage from 3 samples
(IV, V and V1) of M. sinensis and 1 sample (11) of M. purpura-
scens, taken as live rhizomes from 4 natural populations in
the Khasan District, Primorsky Krai, Russia. Their subsequent
vegetation took place in similar conditions as a part of CSBG
SB RAS’ Bioresource Scientific Collection USU No. 440534,
A stem part was taken from a minimal industrial height —
10 cm from the ground level (10 cm length).

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 - 7
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Further studies were carried out at CSBG SB RAS’ Center
for Collective Use. The bottom side shoots were longitudi-
nally cut with a scalpel into bars of about 3 mm, placed on a
freezing microtome, and 60-90 um longitudinal sections were
made. Staining was practiced in two variants: phloroglucinol
in hydrochloric acid, alcian blue in acetic acid according to
standard techniques (Barykina et al., 2004). Besides, the pos-
sibility of differentiated staining with these dyes was checked.

Microscopying with photography was performed by Carl
Zeiss Axio Scope Al light microscope.

Results

Molecular genetic analysis

The study had previously tested 16 ISSR primers, nine
of which were used for the analysis (Table 2). They are
characterized by the greatest amount and polymorphism of
the amplified fragments, and are suitable to investigate the
genetic variability of the genus Miscanthus plants at the intra-
and interspecific levels.

The extracts of Miscanthus DNA obtained from dried leaves
had 3-24 ng/ul concentration, 1.25—1.83 purity expressed
with Ay /A, ratio. The analysis of intermicro-satellite DNA
sections of the studied samples using nine ISSR primers al-
lowed identifying 177 amplified fragments of 270-1800 bp
length. Figure 1 shows the ISSR profile of samples obtained
by amplification with primer 17899B.

According to the ISSR analysis results, 16 Miscanthus
samples were divided into two clades: Sinensis and Sac-
chariflorus (Fig. 2), that is consistent with the species of each
sample (the bootstrap support value is 55). At the same time,
M. purpurascens_I and Il were distributed inside the clade
Sacchariflorus (see Fig. 2). Taking into account the admittedly
hybrid origin of M. purpurascens species, the authors tend to
evaluate the result as a confirmation of this hypothesis (Jiang
etal., 2013).

The extremely close genetic relationship found for samples
of M. sacchariflorus I and Il is remarkable (see Fig. 1, 2).
These samples, collected in one population, have almost

M. sin_Il
M. sin_Ill
M. sin_IV
M.sin_V
M. sin_VI
M. sin_VII
M. sin_VIll

<
>
=

M3yyeHne KonneKkumoHHoro 2019
reHodoHza Miscanthus 23.7
Table 2. Characteristics of ISSR primers
tested and selected (in bold)
to study the genetic polymorphism of Miscanthus species

Primer Nucleotide Temperature

sequence, 5'-3’ of annealing, °C

3 14 ........................ ( CT) 81-(:, ........................................... 5 1 ..........................
1 7898A ................. ( CA)GAC ........................................... 4 5 .........................
178983 ................. ( CA)6G-|- ........................................... 4 8 .........................
17399/.\ ................. ( CA)GAG ........................................... 4 8 .........................
178993 ................. ( CA)GGG ........................................... 4 2 .........................
8 44A ..................... ( CT) 8AC ........................................... 4 4 .........................
3 443 ...................... ( CT) BGC ........................................... 4 2 .........................
M1 .......................... ( AC)SCG ........................................... 5 6 .........................
M2 ......................... ( AC)SYG ........................................... 5 3 .........................
M7 ......................... ( GAC)S ............................................. 4 6 .........................
MH ........................ ( CA)GAR ........................................... 3 9 .........................
M14 ....................... ( GACA)4 ........................................... 4 7 .........................
H 310 ..................... ( GA)GCC ........................................... 4 3 .........................
|.|B12 ...................... ( CAC)aGC ........................................ 4 1 ..........................
|.| 314 ..................... ( CTC)3GC ......................................... 4 2 .........................
U BS 8 2 6 ................. ( AC)SC ............................................. 5 3 .........................

identical ISSR patterns, that may be evidence of these two
individuals origin as a result of vegetative reproduction of
the original plant.

Based on the principal component analysis (PCA) of ISSR-
marking data, the distance between two groups of samples
inside Sacchariflorus clade has been determined (Fig. 3). The
first group includes M. sacchariflorus_| and 11, the second —
M. sacchariflorus_l, 11 and M. purpurascens_l, 11.

M. sin_IX
M. sin_X
M. sac_|
M. sac_ll
M. sac_lll
M.sac_IV
M. purp_|
M. purp_Il
C+)

1000
900
800

700
600

500

400
300

bp

Fig. 1. ISSR-PCR profile of three Miscanthus species: ISSR primer 17899B was used for amplification.
C(+), positive control; M, weight marker. Designation of the samples of Miscanthus see in Table 1.
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Fig. 2. Cluster dendrogram reflecting the value of genetic distances
between 16 samples of three Miscanthus species.

Histochemical analysis
Histochemical studies aimed to investigate the seasonal
dynamics and peculiarities of straw lignification were under-
taken related to chemical analysis results carried out at the
Institute of Problems of Chemical and Energetic Technologies
SB RAS (IPChET SB RAS, Biysk city) showed some samples
with elevated lignin content reaching 28.1+£0.5 % in terms
of absolutely dry weight (Dorogina et al., 2018). It has been
found that high lignin content decreases the technological
value of the raw material (Dorogina et al., 2018).

Based on histochemical analysis, it is revealed that the shoot
structure of M. sinensis representatives is similar to that of
the family Poaceae. The straw outside is covered with thin

Fig. 4. The cut stem of the samples M. sinensis_VI (a) and M. sinensis_IV (b).
Staining with phloroglucinol - altianalis blue die.
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Fig. 3. The scheme of genetic relationships between 16 specimens
of three Miscanthus species resulted by the Principal Component
Analysis (PCA) of ISSR data.

single-layer epidermis; this species layers are radially spread
mechanical tissue with thick lignified cell walls (Fig. 4). The
thickened cell walls of the sclerenchyma are richest in lignin
arranged in two layers around the conducting beams (see
Fig. 4). The mechanical lignin-bearing tissue thickness differs
in various plants: the less pronounced lignified sclerenchyma
is developed in plant of population No. 3 compared with the
sample of population No. 24 (see Fig. 4, a, b).

Discussion

Based on the clade Sinensis analysis, it was found that the
clade was divided into two subclades (see Fig. 2). Subclade |
included samples growing under the most unfavorable micro-
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ecological conditions. So, the sample
of M. sinensis_VII is collected in the
Telyakovsky Bay splash or supralittoral
zones located on the sea-land border,
above the maximum tide level, which
implies more saline microecological
conditions (Fig. 5).

M. sinensis_X sample grew in a tech-
nogenically disturbed habitat, in the
gas station environs at the crossway to
Andreevka village not excluding high
exhaust gases effect (see Table 1).

It is noteworthy that the samples en-
tering subclade Il are plants with the
most powerful habitus. M. sinensis_V
and M. sinensis_VI growing in the shrub-
grass grouping on a plateau above Vityaz
Bay stood out by their morphological
parameters (Fig. 6).

Conclusion

The foresaid suggests that there are
plants characterizing with high resist-
ant in subclades | samples, and that’s
why they might be donors of resistance,
while subclades 1l samples — donors of
productivity. The revealed molecular
signs of Miscanthus various species
should be used to identify and certify
Miscanthus forms and lines perspec-
tive to get economically available plant
materials suitable for applying as envi-
ronmentally safe promising alternative
biofuels.

Based on the histological analysis of
shoots of M. sinensis representatives, it
should be assumed that some M. sinen-
sis specimens store a large amount of
lignin in dry straws after vegetation,
which could impede industrial process-
ing, therefore additional studies of
young shoots are needed to investigate
the lignin dynamics accumulation. In
this regard, feasibly earlier harvesting
of the vegetative mass should be more
productive, and selection of individuals
accumulating less lignin (with the least
developed sclerenchyma) is the most
appropriate.
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Features of the resource species
Miscanthus sacchariflorus (Maxim.) Hack.
when introduced in West Siberia
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Here we provide a scientific justification and experimental support for the choice of easily renewable cellulosic
feedstock Miscanthus sacchariflorus (Maxim.) Hack. in order to obtain high-quality nutrient broths therefrom for
bacterial cellulose biosynthesis. The plant life-forms promising for breeding were screened under introduction
conditions at the Central Siberian Botanical Garden, SB RAS, and this study was thus aimed at investigating the
full and reduced ontogenetic patterns; cellulose and noncellulosic contents, including lignin; and duraminiza-
tion of vegetative (feedstock source) organs throughout the seasonal development. The full ontogenetic pat-
terns of the plants grown from seeds that had been collected in native habitats were compared to show that
M. sacchariflorus and M. sinensis Anderss. accessions are distinguished by longer being at the most vulnera-
ble developmental stages: seedlings and plantlets. Hence, it is preferable to cultivate seedlings on protected
ground, and plantations are advisable to establish with more stable cloned vegetative material. The chemical
compositions of the whole plant, leaf and stem separately, from seven M. sacchariflorus harvests were examined
to reveal a rise in cellulose content and a drop in noncellulosic content with plantation age. The Miscanthus
stem was found to contain more cellulose than the leaf, regardless of the plant age. The overall cellulose con-
tent was 48—53 %, providing a rationale for studies of bacterial cellulose biosynthesis in a M. sacchariflorus-
derived nutrient medium. Since high lignin content is undesirable for technological processes concerned with
biosynthesis of bacterial cellulose, we performed histochemical assays of transverse sections of the culms to
monitor the seasonal course of lignification. Our results suggest that the specific time limits for harvesting the
aboveground biomass as a feedstock be validated by histochemical data on the seasonal course of lignification
of M. sacchariflorus sprouts. To sum up, the examined chemical composition of M. sacchariflorus grown in the
Siberian climate conditions demonstrated its prospects as a source of glucose substrate, the basic component
of good-quality nutrient media for biosynthesis of bacterial cellulose.

Key words: Miscanthus; Miscanthus sacchariflorus; ontogeny; chemical composition; cellulose; bacterial cellu-
lose; histochemical analysis.
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OCo6eHHOCTU peCcypCHOro Buaa
Miscanthus sacchariflorus (Maxim.) Hack.
IIpU MHTPOAVKIMM B 3aragHoi Cudupu
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1 NHCTUTYT npobnem XMMUKO-3HepreTuyeckmx TexHonoruin Cnbrmpckoro otaeneHna Poccuinckon akagemunmn Hayk, buiick, Poccna
2 LleHTpanbHbIi cnbrpcknin 6otaHnuecknin capg Crbrpckoro otaeneHnsa Poccuinckor akagemmnm Hayk, HoBocnbrpck, Poccus

3 HoBocnbrpcKmii rocyaapCcTBEHHbIN arpapHbii yHuBepcuTteT, HoBocnbupck, Poccus

® e-mail: julja.gismatulina@rambler.ru

B HacTosLeNn paboTe NpeacTaBeHO HayYHO-TEOPETNYECKOE 06OCHOBAHME 1 SKCNEPVIMEHTANIbHOE NMOATBEPK-
[leHne BbI6bopa SIErkoBO306HOBIAEMOrO LIeNSTI0N030CoAepKaLlero coipba — Miscanthus sacchariflorus (Maxim.)
Hack. — ¢ uenbto nonyyeHus 13 Hero JOO6POKaUeCTBEHHbIX MUTATENbHBIX CPef Ans OUoCMHTe3a GaKTepurabHOM
uenniono3sbl. OT60p GopMm, NepPCneKTUBHbLIX AN CeNeKumn, MPOBOAMIN B YCIIOBUAX MHTPOAYKUMK LieHTpanb-
HOro cmbmpckoro 6oTaHnuyeckoro caga Cmbrpckoro otaeneHns Poccuinckon akagemmm Hayk. Llenb Hawwmx uc-
CNefOBaHNI — N3yYeHne OHTOreHe3a, MaCcCOBOM AO0JN LieTioN03bl U HELeoNI03HbIX KOMMOHEHTOB, BK/loYas
JIMTHWH, @ TaKXe NPOLeCCOB OAPEBECHEHVS BETETATVBHbIX (CbIPbEBbIX) OPraHOB B TEUYEHME CE30HHOTO Pa3Bu-
TvA. CpaBHUTENbHbIV aHanM3 0COGEHHOCTEN OHTOreHesa MoJIHOMO TUMA Y PACTEHUIA, BbIPALLEHHDBIX 13 CEMSH,
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Features of the resource species Miscanthus sacchariflorus
(Maxim.) Hack. when introduced in West Siberia

CobBpaHHbIX B €CTECTBEHHbIX MECTOOBUTaHUAX, MoKa3an, uto obpasubl M. sacchariflorus v M. sinensis Anderss.
OT/INYAIOTCA NPOACIKUTENbHBIM NPebblBaHNEM B Hanbosnee yA3BNMbIX OHTOrEHETUYECKUX COCTOAHNAX — MPO-
POCTKax M I0BEHUNbHbIX pacTeHuAx. [loaTomy 6onee ycnelwHoe BbipalyyBaHme CeAHLEB Jlyylle NMPOBOAUTL B
YCNOBUAX 3aLUMLLEHHOIO rPYHTa, @ MPOW3BOACTBEHHbBIE MOLWaAN Lenecoobpa3Ho 3akaablBaTh 3a cueT 6onee
YCTONYMBOTO BEreTaTVBHOTO KIIOHMPOBaHHOro MaTepurana. [pu aHanv3e XMMUYeCcKoro coctaBa pacTeHus B Lie-
NIOM, @ TaKXe N1cTa 1 cTebnsa otaenbHo cemu ypoxaes M. sacchariflorus o6Hapy»XeHo, UTo Mo Mepe B3pOC/ieHns
nnaHTaummn yBennyBaeTca MaccoBas fOSIA LEeionosbl Y yMeHbLIAeTCA COAepKaHMe HeLesIioNI03HbIX KOMMOo-
HeHTOB. BbifIBNEHO, YTO BHE 3aBUCMMOCTI OT BO3pacTa pacTeHus B cTebie M1CKaHTyca NpucyTcTayeT bonee Bbl-
COKan MaccoBas oA Liennionosbl, Yem B imcte. MaccoBas fonA Lenonosbl B Lenom coctaBnaet 48-53 %, uto
CBMAETeNbCTBYET 06 aKTyaslbHOCTU U3yUYeHNA BUOCKMHTe3a GaKTepranbHOW LEeNono3bl Ha NUTaTeNIbHOW cpeae
13 pacteHuin M. sacchariflorus. NocKonbKy Ansi TEXHONOTMMUYECKUX MPOLIECCOB, KacaloWmMxcsa 61ocHTe3a 6akTe-
pUanbHoW LEensono3bl, BbICOKOE COAePKaHMNe NIMTHNHA HeXenaTenbHo, HaMu1 6bI NPOBEAEHbI MTMCTOXUMMYE-
CKUe NcciefoBaHnA NonepeyHbiX CPe30B CONIOMUH ANA OnpeAesieHNA Ce30HHON ANHAMUKM NTUrH1duKaumm. Ha
OCHOBAHUW MOJTYYEHHbIX PE3yNbTaTOB MPEASIOKEHO MPU YCTAHOBEHNN KOHKPETHbBIX CPOKOB 3arOTOBKM Haj-
3eMHO MacCbl B KaueCTBe TEXHOIOrMYeCKoro CbipbA MOATBEPKAATb UX JaHHBIMU TMCTOXMMMYECKOTO aHanm3a
Ce30HHON AnHamunKkn nurdudukaumnm noberos M. sacchariflorus. Takum o6pa3om, N3yyeHne XMMUYECKOTO CO-
ctaBa M. sacchariflorus, BbipalleHHOro B KNMMaTUYeCKUx ycioBusax Cubupw, NpeactaBuiio NepcrnekTMBHOCTb
€ro 1CNonb30BaHNUA C LeNblo NOMYUYEHNA MIKO3HOro CybcTpaTa — OCHOBHOIO KOMMOHEHTa JO6pOoKayecTBeH-
HbIX NTATENbHbIX Cpef AN 6ocuMHTe3a 6aKTepranbHON LieNTiono3bl.

KnioueBble cnoBa: MUCKaHTYC; Miscanthus sacchariflorus; OHTOreHes; XMUMMWYeCKUiA COCTaB; Lensono3a; 6akre-

pvanbHaA LUennonosa; TMCTOXVIMUYECKNIA aHanms.

Introduction

Nowadays, search for economically accessible and envi-
ronmentally safe energy sources for multipurpose use is
topical (Jones, 2001; Shumny et al., 2010; Dorogina et al.,
2018; Schroder et al., 2018). Of special interest are fast-
growing herbaceous perennials that exhibit high gain of
aboveground vegetative biomass, as they possess a number
of ecological advantages over annual plants (Zhang et al.,
2011; Igbal et al., 2015). Alongside with common species,
new plants, including Miscanthus, are being extensively
put into practice.

Miscanthus, Miscanthus sacchariflorus (Maxim.) Hack.,
is a perennial, ecologically efficient crop with a high annual
biomass gain of 10-15 t/ha over the span of 15-25 years
(Slyn’ko et al., 2013; Bulatkin et al., 2015, 2017; Kapus-
tyanchik et al., 2016; Gismatulina, Budaeva, 2017). Mis-
canthus features a special C4 photosynthetic pathway,
which allows it to remain one of the most effective accumu-
lators of solar energy, and ensures a high annual producti-
vity even on badlands (Slyn’ko et al., 2013; Anisimov et
al., 2016; Morandi et al., 2016; Xue et al., 2017).

In the context of the search for carbon sources to derive
unique microbial synthesis products, Miscanthus sac-
chariflorus (Maxim.) Hack. can be a promising feedstock
for good-quality nutrient media and specifically for bio-
synthesis of bacterial cellulose (BC). The features of this
species grown in West Siberia include its ability to build up
biomass within a short-term vegetative phase in the conti-
nental climate with short arid summer; frost-resistance; pest
and disease resistance; and no need for fertilizers during
the vegetative phase.

West Siberian forest steppe is a region of risky agricul-
ture for many farm crops; thus, in choosing study methods,
emphasis should be placed on overall stability, yielding
capacity (fruit yield, seed yield, vegetative biomass yield),
and feedstock quality. Besides, given the short vegetative

phase, the plants of seed and vegetative origins demand that
the durations of different ontogenetic states be assessed to
reveal the most vulnerable ones.

Within the generic family of Miscanthus, which is stu-
died at the Central Siberian Botanical Garden (CSBG) SB
RAS and Institute for Problems of Chemical and Energetic
Technologies (IPCET) SB RAS, the bioenergy resource
species M. sacchariflorus is of special interest. As its
domestication and screening of life-forms promising for
breeding had been performed outside its native habitat
and climatic zone, our efforts were focused on examining
the full and reduced ontogenetic patterns, cellulose and
noncellulosic contents, and on histochemical assays of
duraminization in vegetative (feedstock source) organs
during seasonal development.

Thus, the present study aimed to investigate the onto-
geny, chemical composition, and duraminization in vegeta-
tive organs of M. sacchariflorus in the context of produc-
ing good-quality broths for subsequent microbiological
synthesis of bacterial cellulose.

Materials and methods
The study was conducted with accessions of M. sacchari-

florus (Maxim.) Hack. and, as developmental reference,

M. sinensis Anderss. Plants of both species were sampled
in the Russian Far East and introduced at the CSBG SB
RAS in 2012. The developmental stages were identified
using the periodization of ontogeny (Uranov, 1967, 1975;
Plants Cenopopulations..., 1976, 1988) and studies on crop
ontogeny (Ontogenetic Atlas..., 1997, 2013).

Chemical compositions were measured for the whole
plant and for leaf and stem separately in seven Miscanthus
harvests. For this purpose, Miscanthus was harvested annu-
ally within October 3 to 8 over the span of seven years, from
2011 to 2017. The aboveground part of the plant was cut
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off at 10-15 cm above the ground. After the plant was harvested, the rhizomes
were left in soil to winter. Thus, the plantation was established once in 2011
and harvested many times (one year after the preceding harvest had been cut).
Prior to the Miscanthus chemical composition analysis, the feedstock was dried
to a humidity no more than 8 % and chopped with scissors into 5-10-mm cuts.

The chemical composition was quantified as follows: Kiirschner cellulose
(a weighed sample treated with ethanolic HNO3 solution); pentosans were
quantified by standard analytical procedures for raw materials (Obolenskaya et
al., 1991) (a weighed sample was heated in HCI solution, and distilled furfural
was assayed spectrometrically); ash content was quantified by incineration
of the weighed sample in a porcelain crucible, followed by calcination of the
residue in a muffle furnace; acid-insoluble lignin was assayed by TAPPI
T222 om-83; and the wax-fat fraction (a weighed sample was extracted with
methylene chloride, the extract was evaporated, and the nonvolatile residue
was dried) was measured by TAPPI 204 cm-97. The moisture content was
determined on an OHAUS MB-25 moisture analyzer (USA). The chemical
composition measurements were performed with equipment of the Biysk Re-
gional Shared Access Center of Scientific Equipment of the SB RAS (IPCET
SB RAS, Biysk).

For histochemical assays, we collected vegetative shoots in late August and
dry shoots in late September past final vegetation of the plants that had earlier
been brought in as live rhizomes from three natural populations in the Chuguyev
and Khasan raions of Primorsky Krai. They were then grown under monotypic
conditions as part of the Bioresource Scientific Collection of the CSBG SB
RAS, USU No. 440534. For analysis, 10-cm long stem samples were taken at
the minimum industrial height 10 cm above the ground level.

Further studies were conducted at the Shared Access Center of Scientific
Equipment, CSBG SB RAS. The shoots were cut lengthwise with a scalpel into
bars of about 3 mm and placed into a freezing microtome to make longitudinal
sections of 60-90 um. The samples were stained with phloroglucinol by the
standard procedure (Barykina et al., 2004). Microscopic photos were taken with
a Carl Zeiss Axio Scope Al optical microscope.

Results

The ontogenetic features of M. sacchariflorus were examined against the other
species, M. sinensis, as these species have different biomorphs in their native
habitats in Primorsky Krai. Investigation of the genesis of a plant life-form dur-
ing development under new growing conditions allows a set of growing methods
to be devised and optimum time limits for feedstock preparation to be identified.

Since the literature lacks data on the ontogenetic features of the genus Mis-
canthus, we were first to investigate comprehensively the ontogeny of M. sac-
chariflorus specimens versus M. sinensis. The enforced hondeep dormancy of
M. sacchariflorus seeds was found to constitute the latent stage. The caryopses
were very small, 2.3 to 2.6 mm long, narrow ellipsoidal and loose, and the germ
was one-half as long as the seed.

Pregenerative stage. When sown under lab-scale conditions, the seeds
produced shoots on day 3 or 4. The vigor and germinating capacity of freshly
collected (in native habitats) seeds were very high, 80.0-85.5 %. The seedlings
had a primary shoot and an embryo root. Second leaves appeared after seven
days. Further formation of next leaves suspended, whereas the root system
composed of secondary roots was intensely developing. The plants remained
in the seedling state for a long time, up to 2.5 months.

The juvenile plants lost the contact with the caryopsis. The primary sprout and
the roots remained and developed further. The plants had 9 or 10 green assimilat-
ing leaves, and they were smaller and narrower than those of adult plants. The
M. sinensis scale-like leaves were tightly adjacent to the base of the shoot. This
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Fig. 1. Rhizome fragments of immature plants:
a - Miscanthus sacchariflorus (Maxim.) Hack.;
b - Miscanthus sinensis Anderss.

state lasted more than two months. It
should be noted that the seedlings and
plantlets were in a greenhouse prior to
the vegetative phase.

The shoot and root systems of im-
mature plants (Fig. 1, a, b) acquired
signs of transition from juvenile to
adult. The type of leaves was also
transitional: they rapidly grew and
increased in length and width. The
basic diagnostic marker sign of this
state in cereals was that plants entered
the tillering stage. The bottom leaves
obliqued from the stem, assumed
the horizontal position, and died off,
exposing intravaginal lateral shoots.
The shoot formation in M. sacchari-
florus was more intense (see Fig. 1, @)
(which, later on, would allow it to
build up vegetative biomass), and
lateral shoots totaling 2—3 developed,
whereas M. sinensis had only one
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lateral shoot (Fig. 1, b). This ontogenetic state lasted 4-4.5
months.

Virginile plants. The sod diameter of virginile M. sinen-
sis plants was considerably smaller than in M. sacchari-
Sflorus (15-20 vs. 25-30 cm, respectively). The plants had
adult-type stems, leaves and roots. The lateral shoots were
fast to develop, keeping up with the primary shoot in height.
The bottom leaves of the primary shoot died off, and by
that time the green assimilating leaves numbered 7-9. The
life forms typical of adult plants were noted to establish
(M. sinensis: a perennial, summer-green, grassy, short-rhi-
zome, loose-sod, sympodially accrescent polycarpic plant
with a semi-rosulate upright shoot and M. sacchariflorus:
a perennial, summer-green, grassy, thin-long-rhizome,
sympodially accrescent, polycarpic plant with an elongated
upright shoot ). Most of the plants had no generative shoots.
In September, by the end of the vegetative stage of the first
life year, the plants produced 8 to 20 shoots. The average
number of shoots per plant exceeded 10, and the average
plant height was 57.5 cm. The root system was well deve-
loped, with the length exceeding 15 cm.

Occasional samples passed to the generative stage, the
G1 phase. Yet the young generative plants formed only one
generative shoot each, on which seeds did not ripen. How-
ever, this fact had earlier been ascertained for Miscanthus
in the continental climate of West Siberia forest steppe
and attributed to temperatures too low for the formation
of seeds in October, as opposed to the monsoon climate of
southern Primorsky Krai.

Thus, this study into the features of the full ontogeny
in plants grown from seeds collected in native habitats
demonstrated that the specimens of the two Miscanthus
species are distinguished by longer being in the most vul-
nerable ontogenetic states, seedlings and plantlets.

By expert evidence, a feedstock that is abundant, avail-
able, annually renewable, low-cost, highly ecologically
effective, and storable will become a major raw material
for many biotechnological industries in the nearest future
(Mussatto et al., 2010). Miscanthus meets these criteria
completely.

The study of the chemical composition of M. sac-
chariflorus grown in Siberia would allow one to evaluate
the expediency of its processing for BC biosynthesis.
Bacterial cellulose is an organic nanomaterial produced
extracellularly by microorganisms under static (on the
culture medium surface) or dynamic (agitated) conditions.
Diverse nutrient media for BC culturing have been reported
(Goelzer et al., 2009; Hong et al., 2012; Chen et al., 2013;
Sakovich et al., 2017; Velasquez-Riafio, Bojacda, 2017;
Revinetal., 2018; Hussain et al., 2019), and food-industry
waste and agricultural residues are reckoned among pre-
ferential ones. The global trend is to substantiate the use
of low-cost nutrient media for BC synthesis. However, it is
seldom that Miscanthus is enlisted among potential nutri-
ent media. Table summarizes the chemical compositions
of seven M. sacchariflorus harvests: the whole plant, leaf
and stem separately.
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The contents of chemical elements in different plant
organs are known to be variable and dependent on the
plant species and age, regional climatic features, seasonal
development, and forest growth conditions in the habitats
(Torlopova, Robakidze, 2012). The Miscanthus biomass
yield also depends on many factors: genotype, soil type,
nutrients applied, plantation age, bioclimatic location, and
weather during the agricultural season (Brosse et al., 2012).

The studies on the relationship between the chemical
composition and plant age by the example of three harvests
(2-, 3-and 4-year old plantations) revealed no considerable
changes in any constituent except ash (Allison et al.,
2011; Arnoult, Brancourt-Hulmel, 2015). In addition, the
chemical compositions of different morphological parts of
the plant were reported in (Krotkevich et al., 1983; Bergs
et al., 2019). However, those studies were conducted in
the temperate climate rather than in extremely continental
Siberia. Therefore, investigation of the effects of plantation
age and morphological part on the chemical composition
of Miscanthus bred in Siberia remains highly relevant.

By the example of seven M. sacchariflorus harvests
(see Table), chemical composition was found to depend
not only on the plant age but also on plant morphology.
The whole Miscanthus plant contained 41.7-53.6 %
Kiirschner cellulose, 3.2—6.3 % ash content, 20.1-23.8 %
acid-insoluble lignin, 18.6-25.3 % pentosans, and 2.8-
5.7 % fat-wax. The findings are consistent with the data
reported for different Miscanthus genotypes in terms of
the major constituents, cellulose and lignin (Jones, Walsh,
2001; Somerville et al., 2010; Brosse et al., 2012). The
fat-wax fraction exceeds the values reported overseas,
0.5-0.6 % (Villaverde et al., 2009).

According to these literature reports, the major
constituents of Miscanthus are cellulose (40-60 %),
which forms the plant framework; hemicellulose (20—
40 %), which is a matrix substance consisting of different
polysaccharides; and lignin, which provides the structural
rigidity and integrity (10-30 %). We found that the
cellulose content increased and the noncellulosic content
decreased with plantation age. A substantial growth in
cellulose content was observed from the first (41.7 %)
to the fifth (53.6 %) life year of the plantation, a nearly
12 % increase. Past the five-year age of the plantation,
no significant increment in cellulose content was noticed;
the cellulose content of 50 % remained stable over two
years (Miscanthus harvests from plantations aged 6 and
7 years). Thus, 5-year-old Miscanthus was found to have
the highest cellulose content, 53.6 %.

Among noncellulosic ingredients, high lignin content
has an adverse effect during pretreatment of the feedstock
for subsequent biosynthesis of BC. Therefore, lignin,
which provides structural rigidity and integrity, should
be controlled. In this regard, histochemical assays of
transverse sections of the culms were performed to
determine the seasonal course of lignification.

Representatives of the genus Miscanthus pertain to
monocotyledon plants of the Poaceae family, most of
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Chemical compositions of seven M. sacchariflorus harvests: whole plant, leaf and stem separately

Harvest year, Morphological part Content®, %
plantation age of MiSCGnthuS .........................................................................................................................................................
Kirschner cellulose Ash Lignin Pentosans Wax-fat
fraction

2011, Whole plant 41.7 6.3 222 253 57

yQar L e
Leaf 38.7 11.5 239 20.7 7.7
Stem 48.1 3.0 20.5 279 43

2012, Whole plant 445 6.2 2338 236 4.8

D YEAIS e e
Leaf 40.5 8.7 253 20.7 6.1
Stem 50.2 2.1 184 26.6 4.0

2013, Whole plant 47.8 4.6 211 25.1 2.8

YIS e e
Leaf 43.7 7.5 239 20.8 4.6
Stem 50.7 2.0 17.2 274 1.8

2014, Whole plant 53.1 5.9 22.0 21.0 5.0

s
Leaf 433 9.2 23.6 20.3 6.3
Stem 55.7 2.1 14.9 23.0 2.7

2015, Whole plant 53.6 3.6 20.1 18.6 3.6

B YIS e
Leaf 43.6 6.7 22.8 17.0 6.1
Stem 56.6 2.2 16.0 20.9 2.1

2016, Whole plant 50.1 3.2 223 204 4.5

D
Leaf 43.8 9.9 26.6 19.5 6.7
Stem 55.9 1.7 189 215 25
Whole plant 50.2 5.1 23.1 204 49

2017, Leaf 45.2 7.5 27.2 19.5 5.7

T OIS et et et et
Stem 53.6 1.5 18.7 225 3.1

* On an oven-dry basis.

which possess closed fiber vascular bundles scattered
over the entire stem thickness. The constitution of
the Miscanthus stem is close to that in rye and barley:
parenchymal cells and vascular bundles gravitate to the
periphery (Fig. 2, a).

The bundles are interspaced with the basic parenchyma
tissue. Under epidermis, one can clearly see a rich pink ring
of sclerenchyma, which imparts strength to the culm, partly
owing to gradual duraminization. It is lignification that
hinders feedstock treatment and pulping. In Fig. 2, b, the
cells and tissues having a pink color of different intensity
are stained with phloroglucinol, which exposes the extent
of duraminization. Each fiber vascular bundle is made up
of xylem vessels surrounded by woody parenchyma and of
phloem and sclerenchymatous fibers. It is seen in Fig. 2, b
that the bundle sheath exhibits a high level of duraminiza-
tion as well.
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It should be noted, though, that those sections were
made upon completion of the vegetative stage, when the
lignification process was the most pronounced in all tissues.
The studies done at an earlier stage of feedstock prepara-
tion (see Fig. 2, ¢) showed that culm duraminization was
at the initial stage.

Discussion

The study into the features of full ontogeny in plants
grown from seeds that had been collected in native habi-
tats demonstrated that the accessions of both Miscanthus
species are distinguished by longer duration of the most
vulnerable ontogenetic states: seedlings and plantlets. It
can thus be inferred that the seed propagation method is
of interest when working with a breeding material in good
agricultural conditions, including cultivation of seedlings
in protected ground. Industrial and pilot plantations should
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Features of the resource species Miscanthus sacchariflorus
(Maxim.) Hack. when introduced in West Siberia

Fig. 2. Anatomical structure of the transverse section of Miscanthus sacchariflorus (Maxim.) Hack. stem: (a) typical (general view), (b) in late September,
(¢) in late August.

be established with cloned vegetative material, which is
more stable.

The analyses of the chemical compositions of whole
M. sacchariflorus plants and of leaves and stems separately
form seven harvests showed that the cellulose content
increased and the noncellulosic content decreased with
plantation age. Beyond the 5-year age of the plantation, no
growth in the cellulose mass fraction was observed. The
cellulose content within 50.2-53.6 % indicates that this
Miscanthus species is a promising cellulosic resource. We
infer therefrom that it is more advisable to use a mature
plant for the processing, as the cellulose yield is higher in
this case. Generally, Miscanthus plantations aged 4—7 years
exhibited high cellulose contents, and they are preferable
for different chemical and biotechnological conversions.

The rise in cellulose percentage in the whole plant
throughout five years is due to the fact that the Miscanthus
seedling density becomes larger year after year, while the
contribution of leaves, containing less cellulose, declines.

Irrespective of the plantation age, the highest cellulose
content was found in the Miscanthus stem (48.1-56.6 %)
and in the leaf it was 38.7—45.2 %. Despite the earlier re-
commendations given for different Miscanthus genotypes
(Brosse et al., 2012), it was found herein that it is most
advisable to use the Miscanthus stem in order to obtain a
higher yield of cellulose and/or glucose. The prevailing
content of cellulose in cereal crop stems is reported for
wheat straw, oat, barley and rice (Lengyel, Morvay, 1973;
Sun, 2010).

The histochemical assay revealed that since the trans-
verse sections were made after the vegetative phase was
completed, lignification was predominant in all tissues.
The data on earlier feedstock preparation (see Fig. 2, c)
demonstrated that culm duraminization was at the initial
stage in August. As the hydrothermal conditions of the
vegetative phases in terms of plant introduction vary con-
siderably from year to year, we suggest here for the first
time that the histochemical assay of the seasonal course of
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lignification of Miscanthus shoots be performed annually
in determining specific time limits for the harvesting of
aboveground biomass as the feedstock.

Conclusion

Thus, the analysis of the chemical composition of M. sac-
chariflorus grown in the Siberian climate demonstrated
its high potential in the production of glucose substrate as
the basic component of nutrient broths for biosynthesis of
bacterial cellulose. The suggestion is innovative. It reduces
the need for food-grade carbon sources for microbiological
transformation.

Our findings prove the high relevance of the study
into bacterial cellulose biosynthesis in a nutrient medium
derived from M. sacchariflorus, the science-based en-
gineering solution in the bacterial cellulose technology.
Miscanthus, producing much cellulose, 48-53 % of the
biomass, has a great resource potential for the manufacture
of bacterial cellulose. Further studies are required for the
most efficient solution of key technological issues. These
issues include the development of cost-effective modes of
chemical pretreatment and enzymatic hydrolysis of Mis-
canthus in a high glucose yield, enabling the use of such
a glucose nutrient broth for bacterial cellulose synthesis.
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Galactomannan (gum), a water-soluble polysaccharide, is widely used as a gelling agent in liquids, including in the oil and
gas industry for hydraulic fracturing. The most effective source of this valuable plant material is seeds of guar (Cyamopsis
tetragonoloba (L.) Taub.), a legume crop new for Russia. Although in recent years progress has been made in the selection
of guar varieties adapted to the conditions of the Russian Federation, the question of the most appropriate region for the
cultivation of this crop remains open. The purpose of the study was to investigate how a region and technology of guar
cultivation can affect the main indicators of the final target product: the content and viscosity of guar gum extracted from
the seeds of various guar genotypes. To understand this, ecogeographical tests of 13 guar accessions from the VIR collec-
tion were conducted at the experimental stations of the Vavilov Institute (VIR), where climatic conditions correspond to the
temperature requirements of the crop. To compare the properties of gum extracted from the seeds of various genotypes,
a fast-tracked laboratory method was suggested allowing gum extracts to be obtained for assessing their viscosity. The
method allows fast screening of the breeding material and selecting guar genotypes with beneficial properties of guar
gum which are in demand by the oil industry. Applying the fast laboratory method for assessing the properties of gum
in seeds of 13 guar varieties showed that the content and viscosity of gum of the same variety vary greatly depending
on growing conditions. The same set of 13 guar accessions was grown in 2018 at the Volgograd, Astrakhan, Dagestan
and Kuban VIR experimental stations. As a result, the maximum viscosity values were obtained for the seeds reproduced
at the Astrakhan region, where the guar was grown on irrigated lands. On the other hand, the maximum gum content in
the seeds of all accessions was recorded when they were grown in the Volgograd region. The results showed that the guar
gum extracted from seeds of guar plants grown in the Russian Federation can be used as a gelling agent in the processes
of intensification of oil production by the method of hydraulic fracturing. This experience is new to the Russian Federation.
Key words: Cyamopsis tetragonoloba (L.) Taub.; guar; method for assessing guar gum content and viscosity; guar varieties;
ecological testing; regions of propagation.
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[anakTomaHHaH (Kamefb) — pacTBOPVMbIA B BOAE MOMMCaxapua, NCNonb3yeTca B KauecTBe reneobpasylollero areHTa B
XKMAKOCTAX, B TOM uncne B HedTe- 1 razofobbiBatoLLeil MPOMBbILLIEHHOCTY AA M’MAPaBANYecKkoro paspbiea nnacta. CambiM
3 dEKTUBHBIM UCTOYHNKOM 3TOTO LIEHHOTO PacTUTENIbHOTO CbipbA (ryapoBoW Kameu) ABNATCA cemeHa ryapa (Cyamopsis
tetragonoloba (L.) Taub.), HoBow ana Poccuitckon Oefepaunm CeibCKOX03ANCTBEHHOW KyNbTypbl. XOTs 3a NocnefHme roapl
6bIIN AOCTUIHYTHI OMpefeneHHble yCrexy B Cenlekummn CopToB ryapa, afanTMpoBaHHbIX K ycioBuam PO, Bonpoc o Haw-
6onee NoAxofALLEM PervoHe BO3AeNblBaHNA 3TOW KyNbTypbl OCTAETCA OTKPbITbIM. Llenb npoBeAeHHbIX CCnefoBaHNiA 3a-
K/toyanacb B TOM, YTOObl YCTaHOBUTDb, B KAKOW CTEMEHWN PErVOH 1 TEXHOMOIMA BbipallMBaHMA ryapa MOryT BIMATb Ha OC-
HOBHble MoKa3aTenn KOHEYHOTO LieNIeBOro NpoAyKTa — CofepKaHme 1 BA3KOCTb Kamey B CeMeHaX PasfnyHbIX FeHOTUMOB
ryapa. nsa pewenus storo Bonpoca B 2017-2018 rr. 66111 NPOBEAEHbI 3KONOro-reorpaduyeckre ncnbitaHs obpasuos
ryapa konnekunm BUP Ha onbITHbIX CTaHLMAX UHCTUTYTa, KNIMMaTUYeCKMe YCI0BMA KOTOPbIX OTBEYAIOT KpUTEPUAM Ternso-
obecneyeHHOCTV 3TOW KynbTypbl. INA CpaBHUTENbHOIO M3yUYeHNA CBONCTB KaMeau B ceMeHax PassfiIMyHbIX reHOTUMOB ryapa
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Impact of growing conditions on the gum properties of different
genotypes of guar (Cyamopsis tetragonoloba (L.) Taub.)

BrepBble NPeAJIOKEH YCKOPEHHbI 1a60PaTOPHBIN METOZ MOJTyUYeHWs BbITSXKEK Kameau A1t BUCKO3MMETPUYECKOI OLIEHKM.
Pa3paboTaHHbI METOA MO3BOMAET NPOBOANTD YCKOPEHHbIN CKPUHUHT MCXOAHOMO MaTepurana Afls ceniekummn cCopToB ryapa,
NepCcrneKTUBHbIX C TOYKM 3PEHNA NCMOMNb30BaHNA Kamem U3 nx ceMsaH B HedTeA0O6bIBaIOLLEN NPOMBbILNIEHHOCTH. B pe3ynb-
TaTe labopaTOPHOII OLIEHKM COAePKaHNA U BA3KOCTV KaMeau, Cofepalleiics B cemeHax 13 06pasLioB ryapa, obHapyxe-
HO, YTO BbIXOA 1 CBONCTBA KameAn OAHOIO 1 TOTFO e COpTa CUTbHO BapbMpPYIOT B 3aBMCUMOCTY OT YCIOBUI NPOU3PacTaHuA.
SkcneprmeHT 2018 T. No BbipalyMBaHUIO OQHOTO 1 TOro e Habopa 13 obpa3uos Ha Bonrorpagckow, AcTpaxaHckoi, are-
cTaHcKkom 1 KybaHcKol onbITHbIX cTaHUmAxX BUP nokasan, uto MakcuMasibHble noKasaTenu yAenbHOWM BA3KOCTY MOJTyYeHbl
ana ceman penpogykummn ActpaxaHckon OC BUP, rae ryap Bbipaweanca Ha nonuse. C Apyron CTOPOHbI, MakCMMalibHoe
NPOLEHTHOE CoflepKaHNe Kamem B CEMeHaXx y BCex 06pa3LoB ryapa 6b110 3adUKCMpoBaHO NP KX BblpalyMBaHum B yCIO-
Busx Bonrorpapckon OC BUP Ha KanenbHOM opoLueHum. Pe3ynbTaTbl JOMOIHUTENIbHOTO TECTUPOBAHUA 06pa3LioB NOPOLL-
KoBol GopMbl ryapoBoli Kamefu, MOJTlyYeHHOW U3 CEMAH COPTOB OTEYECTBEHHOW CenleKLn, MO3BONAIOT CAeNnaTh BbIBOA O
NPUrofHOCTY NPOAYKTa ANA UCMNONb30BaHUA B KauecTBe reneobpasoBaTens B npoLeccax MHTeHcudrKauum obblum Hedr
MeTOLOM rApaBMYecKoro paspbia nnacta. [laHHbI ONbIT ABNAETCA YHUKaNbHbIM Ana Poccun.

KnioueBble cnoBa: ryap; Kamefb; cofepaHune 1 BA3KOCTb; MeTOAMKA OLIeHKNM; COPTa; KOOrnyecKkmne NCnblTaHnsA; PermoHbl

BblpalWBaHUA.

Introduction

Seeds of guar (Cyamopsis tetragonoloba (L.) Taub.), the new
agriculture legume crop of the Russian Federation, serve as a
source of a valuable vegetable product — guar gum. The latter
mainly consists of the polysaccharides galactomannans which
are able to increase the viscosity of the solution, even at low
concentrations. Galactomannans, along with cellulose, starch,
xyloglucan, xanthan gum and dextran, are the most economi-
cally demanded polysaccharides. Galactomannan is found in
the seed endosperm of many plants. While several species
are considered as a possible source of this substance, mainly
three legume species — Cyamopsis tetragonoloba (L.) Taub.,
Ceratoniasiliqua L. and Caesalpinia spinosa (Molina) Kuntze
are used for the industrial production of plant gum (Thombare
et al., 2016). With that, guar gum is extracted by the easiest
and cheapest way, stimulating increased interest in guar, as
an agricultural crop (McArdle et al., 2011).

Guar belongs to a rare group of legume species whose seeds
contain a developed endosperm instead of large cotyledons,
which are common for most legumes (Hanson, 2015). In the
cell walls of the guar endosperm, as well as within the cells of
this storage tissue, galactomannan inclusions are concentrated
to provide energy to the developing plant during germination.
All components of the guar seed are used in industry, and the
raw materials obtained from them have a specific name: the
hull (churi) covers two endosperm halves (splits) in the cells
of which galactomannan is stored. The endosperm in turn
surrounds two cotyledons including the embryo (korma).

The technology for producing powdered gum from guar
seeds is the know-how of many commercial companies. The
general scheme of the process usually includes several main
stages: seeds are divided into two halves (split) which are dried
at high temperature. As a result, the cotyledons with the em-
bryo are easily separated from the endosperm. The separated
endosperm halves are heated, the seed hull is softened, and
then separated from the endosperm using various devices, such
as mechanical grinders, attrition and roller mills. As soon as
the endosperm is separated from other tissues of the seed, it is
ground into a powder, from which galactomannan is extracted
by the precipitation with ethanol, then dried. The final product
is a homogeneous white powder, similar in texture to wheat
flour. The most important criteria of the quality of the product

are mesh size and viscosity of the aqueous solution, which is
measured under standard conditions, often using a Brookfield
viscometer (Abidi et al., 2015). The amount and molecular
weight of the galactomannan found in the endosperm extract
can vary significantly, depending on the source of the seed
and the growing conditions (Ellis et al., 2001). Thus, for the
successful introduction guar in the Russian Federation, the
correct choice of regions and environmental conditions for
the cultivation of this crop is just as important as breeding
of new varieties.

In all areas of the Russian Federation, the main limiting
factor for guar cultivation is the sum of effective temperatures
during the growing season. From the analysis of temperature
and humidity parameters of the agro-climatic zones of the
Russian Federation it follows that a number of regions of the
Crimea, Dagestan, Krasnodar, Stavropol and Rostov as well
as the southern Volga, are suitable for guar cultivation since in
those regions the sum of effective temperatures above 10 °C
exceeds 3400-3500 °C (Lebed et al., 2017).

Although guar breeding in Russia started just recently, by
2018 the State Register of Breeding Achievements had re-
gistered five new guar varieties allowed for cultivation in the
Russian Federation. Nevertheless, the question of the most
suitable region for the crop cultivation still remains open, in
particular, due to the lack of information on the quality of guar
gum obtained from seeds that were produced in different eco-
geographical regions. To solve this problem, in 2017-2018 the
Vavilov All-Russian Institute of Plant Genetic resources (VIR)
carried out ecological testing of its guar germplasm collection
at the VIR experimental stations where climatic conditions
corresponded to the temperature requirements of the crop.
The purpose of the tests was primarily to establish to what
extent the region and a growing technology can affect the
main quality indicators of the final target product — the content
and viscosity of the gum extracted from the seeds of different
guar genotypes.

To date, there is no generally accepted standard or any arbi-
tration method for assessing the capability of seeds of various
guar genotypes to serve as a good raw material the production
of gum of a certain viscosity. In the published reports two
independent processes are usually described: 1) the isolation
and purification of gum from seeds to estimate the gum yield,
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and 2) the preparation of a solution from the obtained guar
gum followed by a measurement of its viscosity (Cerqueira et
al., 2009; Eldirany et al., 2015). These techniques are usually
executed by different performers and are separated in time.
Here, for the first time, we propose a method for assessing
the quality of guar seeds for the both indicators — gum yield
and viscosity — in one step, which opens up the possibility for
extensive screening of various guar genotypes using compact
and affordable means.

Material and methods

13 accessions promising in their agrobiological characteris-
tics according to the results of their preliminary evaluation
in 2017 at the Kuban branch of the VIR (Krasnodar region)
were included in the ecological tests (Table 1). In 2018, the
same set of seed accessions of a single reproduction of the
Kuban branch was distributed across all geographical locations
where ecological trials were planned. The amount of seeds in
each location was enough to conduct field trials on an area of
10 m?2 for each accession.

Determination of the content and viscosity of gum
extracted from guar seeds. Mass screening was carried
out according to the newly developed method of labora-
tory assessment of the content and viscosity of gum in guar
seeds. The average seed sample taken in an amount of 2.0 g
(exact weight) was placed in a wide laboratory beaker with
a capacity of 150 cm?3. Seeds in the beaker were poured into
15 cm? of distilled water and placed in an autoclave. Boiling
of the soaked seeds was carried out by holding for 30 min at
a temperature of 121 °C.

Then, after removing the water, the boiled seeds were
placed in a beaker with 50 cm3 of distilled water and stirred
on a magnetic stirrer for 2 hours at room temperature. The
obtained extract was separated by centrifugation at 7000 min—t
for 15 min. The separated precipitate was re-extracted into
50 cm? of distilled water on a magnetic stirrer for 1 hour at
room temperature. The centrifugation and extraction pro-
cedure was repeated one more time, and clarified solutions
after centrifugation were combined to obtain a final extract
volume of 140-160 cm?3. Using the measuring cylinder, the
resulting final volume of the gum extract was estimated with
an accuracy of +1 ml.

The dynamic viscosity of the resulting clarified solution was
measured at room temperature on a Brookfield rotational vis-
cometer (spindle L2, rotation speed 100 min-1). The viscosity
was recorded for 40 min, scoring the initial and final value. In
the solution after measuring the viscosity, the concentration
of “raw gum” was determined as the solids content accord-
ing to standards (GOST 33977-2016, http://protect.gost.ru/).

The final viscosity estimation result was taken at the end
of the measurement. The estimated relative viscosity values
were calculated from the measured values of viscosity and
gum concentration as follows:

_MN—Mg
Mer = ¢
where: 1 — the measured value of the gum solution viscosity,

mPa-s; n, — viscosity of solvent (for water n, = 1 mPa-s);
¢ —“raw gum” concentration in the extract, %.
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Table 1. List of guar accessions from the VIR collection
involved in ecological trials in 2018

No. No.in Where from Variety
VIR the seed material
Catalogue was obtained
1 52568 Argentina Unknown
2 52569 Pakistan Unknown
3 52571 Crimea Unknown

Krasnodar region

Kra

The gum content (GC) in the seeds (in %) was calculated
as the ratio of the amount of extracted gum in the solution to
the initial seed weight:

c-p-V

GC=a,

where: p — the density of the gum extract (at a concentra-
tion of gum less than 0.6 % should be taken p = 1 g/cm?);
V — measured final volume of gum extract, cm®; a — seed
sample taken for extraction, g.

The properties of dry powder guar gum samples, includ-
ing stability and operating parameters as a gelling agent for
hydraulic fracturing fluid, were analyzed in the laboratory of
NIKA PetroTech company. Acommon oil industry method for
measuring the viscosity of a 0.48 % guar solution was used.
This solution would be commonly called a “40 Ib gel” since
contains 40 Ib of guar mixed into 1000 gal of water and at
511 s1 gives a viscosity of 30—45 centipoise (cP), depending
on the quality of the guar gum (Abidi et al., 2015).

Statistical data analysis was carried out using the Sta-
tistica 12.

Results

Ecological trials of guar accessions
at VIR experimental stations
Growing experiments with the set of 13 guar accessions (see
Table 1) were carried out in 2018 at four branches of VIR:
Kuban (Gulkevichsky District, Krasnodar region), Astrakhan
(Astrakhan), Volgograd (Volgograd), Dagestan (Derbent,
Daghestan). Peculiarities of agro-climatic conditions in four
geographical points where the tests were carried out are given
below.

Kuban branch. Seeds were sown in the last decade of
May. Irrigation was not applied. During germination period
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and further from May 28th to July 26th, abnormally high air
temperatures ranging from 30 to 37.6 °C were recorded, with
no any precipitation and strong dry winds, which led to the
drying out of the soil horizon to a depth of 20-25 cm. The
soil temperature at a depth of 20 cm in the first ten days of
June was 21.8 °C, in the second — 23.8 °C, causing cracking
of the soil arable horizon with wide crevices up to 2-5 cm to
a depth of 50-60 cm. Such climatic indicators deviate from
long-term averages, they occur with a frequency of once every
15-20 years and are stressful for the guar culture.

Daghestan branch. In the soil and climatic conditions of
Dagestan (semi-dry subtropics) guar was grown for the first
time. Irrigation (irrigation furrows) was used. Before the
maturing phase, the plants developed quickly showing vigo-
rous young growth. Then, however, heavy precipitation fell
in mid-August, after which plants in the phase of the matura-
tion of lower beans were affected by Alternaria pathogen.
As the result, epiphytotic injury was recorded by September
(4-5 points of defeat at 5- and point scale). This negatively
affected all indicators of productivity.

Volgograd branch. The climate of the Lower Volga region,
where the experimental station is located, is extremely conti-
nental. Spring is dry with a rapid increase in daytime tempera-
tures and frequent strong winds. Summer is hot and dry with
the scorching heat (air temperature is often above 40 °C, no
precipitation). Throughout the growing season of guar, a drip
irrigation system was used. Guar seeds were sown in mid-May
in awell-heated soil at a depth of 2—3 cm, after the soil furrows
were well moistened with water. Pronounced cooling in late
May — early June negatively affected the development of guar,
the plants turned yellow, some of them died. Nevertheless,
after that, under fairly dry weather, high air temperature and
drip irrigation, guar plants grew quite strong and branched
(up to 123 cm in height). During the growing season of guar,
Aphid and Alternaria lesions were monitored — only a small
injury of individual plants was recorded.

Astrakhan branch. The branch is located in the southern
part of the Astrakhan region in the delta of Volga river. The
Astrakhan region is the most droughty area in Russia, gener-
ally characterized as extremely continental. Seeds were sown
in the first decade of May. Sowing was carried out in irrigation
furrows, the seeds were planted in moist soil manually. In order
to preserve moisture and prevent the appearance of soil crust,
manual row harrowing was carried out 5-6 days after sowing.
Subsequently, the care of the crops consisted of timely manual
weeding, cultivation and drip irrigation.

The rapid laboratory assessment of the content and
viscosity of gum in guar seeds

For mass screening of breeding guar material for the content
and quality of gum, we propose a rapid laboratory method
for producing gum extracts from guar seeds with subsequent
viscometric evaluation, without isolating the gum itself in its
pure form. The developed method is based on the extraction of
gum from boiled guar seeds. The boiling conditions (121 °C,
30 min) were chosen experimentally to ensure sufficient
swelling of the endosperm polysaccharides to perforate the
seed coat, but at the same time to prevent loss of gum when
the seeds are soaked in water. Thus, instead of many hours
of seed soaking process followed by isolation and drying
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of the endosperm halves (Eldirany et al., 2015), the whole
procedure takes 6 hours, including measuring the viscosity
and calculating the solids content.

The viscosity of the obtained extract with a solids concentra-
tion of 0.35-0.55 % is measured using a rotational viscometer.
The measured value is adjusted to the solids concentration of
the extract, obtaining the value of the specific viscosity. Other
water-soluble components of guar seeds do not interfere with
determination.

The generally accepted assessment of the viscosity of guar
gum solutions involves the use of rotational viscosimetry at
gum concentrations of about 0.5 % (see ECFA FAO Mono-
graphs 5, 2008). The amount of seeds (2.0 g) taken for analysis
(considering the content of gum in the seeds from 30 to 50 %
and the final extract volume of 150-200 cm?) allows to ensure
the concentration of gum in the aqueous extract at the level
of the desired 0.5 %.

The availability of endosperm polysaccharides for extrac-
tion is determined by the completeness of their hydration.
Previously, it was reported that hydration seed treatment
requires a long-term soaking of about 16 hours (Eldirany et
al., 2015). During the developing of our method, we experi-
mentally established that the degree of hydration of the seeds
(by their volume and residual hardness of the swollen phase),
corresponding to 16 hours of soaking at room temperature,
can be achieved in 2 hours of boiling at atmospheric pressure
or in 30 min of boiling at 121 °C.

To prove this, we estimated the yield of gum polysac-
charides in solution by changing the viscosity of the extract
depending on the duration of extraction (Fig. 1).

The extraction conditions that were established experi-
mentally (3 cycles of 4 hours) provide a gum output of at
least 95 % of those determined by the conventional method
after endosperm halves isolation, and allow the entire analy-
sis procedure to be completed in 6 hours, including boiling
and measuring the viscosity. Gum in a solution purified by
centrifugation makes up at least 90-95 % by weight of the
solids content. That allows, with sufficient accuracy for the
express method, to equate content of gum in the extract to the
total solids content.

The proposed method allows to estimate the content of
gum in guar seeds and its specific viscosity based on only two
measurements — the viscosity of the extract and the dry matter
content in it — with knowing the weight of the seed sample
and the volume of the obtained extract. The specific viscosity
index is dimensionless. For its calculation, the concentration
of solids in the extract is taken into account, the dynamic
viscosity of which is measured by a rotational viscometer
in cP (or mPa-s). This allows the use of a single scale for a
comparative assessment of extracts from various unknown
samples of guar seeds with different concentrations of gum.

To verify the effectiveness of the proposed method, we
estimated the viscosity of the gum samples for two guar
varieties — cv. Kubanskii and Kubanskii Jubileinyi using
the traditional method, after isolation of the endosperm and
preparation of dry guar gum powder. The results coincided
with those obtained according to the method proposed by the
authors within the metrological relative error of £10 %, which
can serve as a good reason for the introduction of the express
method in everyday laboratory practice.
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Fig. 1. Kinetics of viscosity changes in three successive extracts from
boiled guar seeds.

Assessment of gum content and viscosity in the seeds
of guar accessions grown under different
environmental conditions

The developed method for the rapid assessment of the con-
tent and viscosity of gum extracts allowed us to analyze the
seeds of 13 guar accessions grown in 4 geographical points of
ecological testing. The average percentage of gum in the seeds
of 13 test samples varied from 35.4 % (Kuban) to 40.7 % (Vol-
gograd). According to the results of the Student’s t-test (t-test,
dependent samples), guar seeds grown under the conditions of
Volgograd region contained a significantly higher percentage
of gum compared to seeds grown in Astrakhan (p < 0.008),
Dagestan (p < 0.011) and Kuban (p < 0.009) (Fig. 2, a). The
average specific viscosity of gum extracts was maximal for
seeds propagated in the Astrakhan branch (10305), and sig-
nificantly exceeded this indicator compared to seeds obtained
in Volgograd (p < 0.0005), Dagestan (p < 0.003) and Kuban
(p <0.001) (see Fig. 2, b).

When comparing seeds of the same accession grown un-
der different ecological conditions in terms of gum content
and specific viscosity, the correlation turned out to be not
significant (Fig. 3, a, b). Thus, environmental conditions
during cultivation of guar significantly affect the level of ac-
cumulation and properties of gum as a reserve polysaccharide
of guar seeds.

Preparation of dry powder gum samples from seeds
of different guar varieties in laboratory conditions

In addition to the laboratory assessment of the content and
specific viscosity of gum extracts by the express method de-
veloped, we also attempted to produce in laboratory conditions
samples of powder gum from the seeds of 3 out of 13 tested
guar accessions. The accessions selected were the first guar
varieties bred in Russian Federation: Kubanskii, Kubanskii
Jubileinyi and Sinus. The seeds propagated in the Astrakhan
branch of VIR were used.

At the first stage of preparation of powdered gum, after
soaking, the guar seeds were fractionated manually, isolating
the endosperm (split) from the hull and germ (cotyledons with
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Fig. 2. Comparison of average percentages of gum (a) and specific
viscosity of gum extracts (b) in seeds of 13 guar accessions grown at the
Volgograd (1), Astrakhan (2), Dagestan (3) and Kuban (4) branches of VIR.

the embryo). The separated endosperms were then dried at
105 °C for 20 min as suggested by Sabahelkheir et al. (2012)
(Fig. 4, a). Further isolation of the gum from the endosperm
was carried out after 100 g of split were boiled (30 min,
121 °C), and three rounds of extraction at room tempera-
ture (1 hour each) were conducted. Insoluble residues were
removed by centrifugation. After each extraction, the gum
fraction was precipitated with acetone, dried at 105 °C in air
and ground. The resulting dry powdered gum samples obtained
after three successive extraction steps are shown in Fig. 4, b.
The obtained dry powder guar gum samples (accessions No. 5,
7 and 13, see Table 1) were then transferred to the laboratory
of NIKA PetroTech company for the further analysis.

Assessing of the powder guar gum samples
as a gelling agent for hydraulic fracturing fluid

In the oil industry one of the most actual methods for
increasing the efficiency of producing wells is hydraulic
fracturing, which results in increased oil recovery from the oil
reservoir (Silin etal., 2013). Hydraulic fracturing is a process
in which fluid pressure acts directly on the oil-bearing rock
until it collapses and a crack occurs.

To create hydraulic fractures in oil-bearing rock and to
pump proppant there, an aqueous polysaccharide gel is
commonly used. For more than 50 years, guar-based fluids
and guar derivatives have been used as thickeners to create
linear gels. Since the late 1960s and in present the so-called
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Fig. 3. Comparison of the quantity and quality of gum in the seeds of 13 guar accessions grown at different VIR experimental stations in 2018: a, gum
content (%) in the seeds of the accessions; b, specific viscosity of gum extracts from seeds of the accessions.

The numbers on the X-axis correspond to the numbers of the accessions in Table 1.

Fig. 4. Preparation of dry powder gum samples from guar seeds in laboratory conditions. g, fractions of seeds: embryo and
cotyledons (korma), seed coat (churi) and endosperm (split) containing gum; b, dry gum powder obtained from endosperm: from

left to right — after three successive extraction (purification) steps.

“cross-linked” hydraulic fracturing fluids are used — solutions
of polysaccharides that are complexed with multivalent ions
of boron and other metals (cross-linkers). When a linear gel
interacts with a cross-linker, complex bonds form between
polymer chains. This interaction creates a cross-linked sys-
tem, turning a low-viscosity fluid (linear gel) into a highly
viscous structured fluid (cross-linked gel) that can hold and
transport proppants into the oil-bearing formation to increase
conductivity.

In NIKA PetroTech company three samples of powder
gum obtained in the laboratory conditions were tested to
their ability to provide a stable gel cross-linked with boron-
containing agents with high sand-bearing characteristics. An
estimated qualitative characteristic of a cross-linked hydraulic
fracturing fluid is the ability to form a “tongue” (Fig. 5). The
presence of the “tongue” indicates the sufficient viscosity of
the obtained cross-linked gel. The viscosity of a linear gel is
considered to be working at 40-45 mPa-s; while the viscosity
of the cross-linked system should be in the range of more than
300—400 mPa-s, depending on the particular requirements.

As follows from the Table 2, the final viscosity of the gum
powder solution (linear gel) obtained from the seeds of variet-
ies Kubanskii and Kubanskii Jubileinyi reaches the required
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threshold level after 30 min (41.1 and 36.2 cP, respectively).
This indicates the potential possibility of obtaining powder
gum with desired properties from guar seeds produced in the
Russian Federation. By the speed of viscosity increase, which
is determined by the ratio of the viscosity index after 3 min of
hydration to the maximum value of viscosity, the Sinus guar
variety was distinguished.

Figure 6 shows that the obtained cross-linked gel meets the
minimum quality requirements for fracturing fluid. A decrease
in viscosity during the first 35 min is a typical thermal attenu-
ation of the system and is acceptable; from 35 to 60 min, the
average viscosity stabilizes and reach a value of 350 mPa:s.
The standard concentration of dry gel in the hydraulic fluid
is 3.6 kg/m3. A higher concentration of the obtained product
(4.8 kg/m3) indicates that it is necessary to refine the cleaning
process of the dry powder gum, as well as to conduct addi-
tional investigations of the molecular weight distribution of
the resulting polymer.

Discussion

Galactomannan (guar gum), a water-soluble reserve polysac-
charide of guar seeds, is used as a gelling agent in liquids,
including in the oil and gas industry for hydraulic fracturing. In
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Fig. 5. Appearance of a cross-linked gel
obtained from a laboratory sample of powder
gum (cv. Kubanskii).

our study it was found that the different
guar varieties possess distinct values of
the total content and specific viscosity of
gum extracts from seeds, and these indi-
cators can vary significantly depending
on the guar variety and the conditions
of its cultivation.

For a comparative study of proper-
ties of gum contained in the seeds of
various guar genotypes for the first time
we proposed a rapid laboratory method
for obtaining gum extracts for the gum
quantity and viscosity evaluation. The
developed method allows fast screen-
ing of the breeding material for the
selection of guar varieties, promising
from the point of view of using gum
manufactured from their seeds in the oil
and gas industry. The results of applying
of the new method for the laboratory
assessment of the content and viscosity
of gum in the seeds of 13 guar samples

BnmnaHwe ycnosui BbipaluBaHna pasinyHbIX reHOTUMNOB ryapa 2019
(Cyamopsis tetragonoloba (L.) Taub.) Ha cBOCTBa Kameamn ceMAH 3.7
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Fig. 6. Graph of the temperature stability of a cross-linked guar-borate gel obtained at a temperature
of 95 °C from a powdered gum sample prepared from seeds of guar accession No. 5, propagated at
the Astrakhan branch of VIR (upper broken line).

The left ordinate axis represents the viscosity index in cP (Brookfield; Viscosity). Two constant values are
plotted on the right axis: a solid straight horizontal line reflects the constant speed of rotation of the
beaker with the sample (Shear rate, 117.6 rotations per sec); the dashed line represents the temperature
of the system (95 °C).

showed that the yield and properties of the gum of the same variety vary greatly
depending on the growing conditions.

Until now, attempts to grow guar as an industrial crop have been carried out in
the Krasnodar region (Lebed et al., 2017), and in the Crimea, where guar is usually
grown without irrigation (on a dry land). Although some success in obtaining yield
in these regions was achieved, the risks of yield loss in the absence of rainfall du-
ring critical periods of plant development were also revealed. Thus, the idea of the
possibility of guar production in the Lower Volga region using irrigation has now
received support according to our results obtained from environmental tests of guar
genotypes in different regions of the country.

So, the 2018 experiment on growing the same set of 13 guar accessions at four
VIR experimental stations (Volgograd, Astrakhan, Dagestan and Kuban branches)
showed that the maximum specific viscosity of gum was detected for seeds obtained
in the Astrakhan branch, where irrigation is usually applied. Subsequent analysis
of powder gum samples obtained in laboratory conditions from the seeds of three
guar varieties grown at the Astrakhan branch also showed their potential suitability
for industrial use. On the other hand, the maximal gum content among the all guar
accessions tested was recorded for the seeds propagated under the conditions of
the Volgograd branch of VIR with drip irrigation. The results are preliminary, as
they are based on the results of environmental tests of just one year. However, they
indicate that, given the appropriately developed technology for propagation of this
crop under unusual growing conditions, the idea of cultivating guar with irrigation

Table 2. Physical and chemical parameters of the guar gum powder
obtained from the seeds of three guar varieties reproduced in the Astrakhan branch of VIR

Parameter

Kubanskii Temperature, | Kubanskii Temperature, | Sinus Temperature,
°C Jubileinyi °C °C

4.7 20.7 2.3 219 10.2 21.2

411 214 36.2 224 29.2 19.0

7.16 20.7 6.59 22.1 6.65 19.0
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in the Astrakhan and Volgograd regions can be promising and
get support from the agribusiness.

Conclusion

Assessing of the powder guar gum samples prepared from
seeds of guar varieties developed in Russian Federation allow
us to conclude that the product is suitable for use as a gelling
agent for hydraulic fracturing fluid used intensify oil and gas
production. This experience is new to the Russian Federation.
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