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Abstract. Mutant alleles of the Rht-B1 and Rht-D1 (Reduced height) genes are widely used in bread wheat breeding for
the development of intensive-type cultivars. These genes and their flanking regions have been sequenced and the
point mutations leading to the nonsense codons (Rht-B1b, Rht-Ble, Rht-B1p and Rht-D1b alleles) and various inser-
tions (Rht-B1c, Rht-B1h and Rht-B1i-1) associated with a change in plant height have been described. DNA-markers
based on the allele-specific PCR have been developed to identify single-nucleotide changes. However, the use of such
technique imposes stringent PCR conditions, and the resulting data are not always unambiguous. An alternative can
be found in the CAPS technology: it detects differences in sequences by digesting PCR products. In the absence of
restrictases capable of digesting DNA at the point mutation site, restriction sites can be introduced into the primer
sequence (derived CAPS). The aim of this study was to propose a system of CAPS-, dCAPS- and STS-markers for identi-
fying alleles of the reduced height genes frequently used in breeding programs. Three CAPS have been developed to
identify the Rht-B1b, Rht-D1b, Rht-B1p alleles, as well as two dCAPS for Rht-B1b, Rht-B1e. STS-markers for the insertion-
containing alleles Rht-B1c, Rht-B1h and Rht-B1i-1 have been selected from publications. The proposed markers were
tested during the genotyping of 11 bread wheat accessions from the VIR collection with the abovementioned mutant
alleles and the wild-type Rht-B1a and Rht-D1a.The presence of nonsense mutations was also confirmed by the results
of allele-specific PCR. This marker system, along with the existing ones, can be used to identify dwarfing alleles of
the Rht-B1 and Rht-D1 genes in bread wheat for genetic screening of accessions from ex situ collections and/or for
marker-assisted selection.
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Cucrema MOJIEKVY/ISIPHBIX MapKepoOB IJISI UAeHTUPUKALLI
asiesieii TeHOB KOpoTKocTebenbHOCTU Rht-B1 ui Rht-D1
Y MSITKOJ IIII€HUIIBI
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AnHoTauumA. MyTaHTHble annenu reHoB Rht-B1 n Rht-D1 (Reduced height) unpoko ncnonb3yioT ANA co3fgaHna KopoT-
KocTebenbHbIX COPTOB MATKON MLIEHULIbl MIHTEHCUBHOTO TUMA. DTW reHbl U GrlaHKMpyoLue nx 061acT CEKBEHNPO-
BaHbl, B NOCNe[0BaTENbHOCTAX OMMCaHbl aCCOLUMPOBAHHbIE C M3MEHEHNEM BbICOTbl PAaCTEHUA OAHOHYKNEOTUAHbIe
3aMeHbl, NpuBoaALymne K 06pa3oBaHNI0 HOHCeHC-KogoHOB (annenu Rht-B1b, Rht-Ble, Rht-B1p v Rht-D1b), n pa3nunyHble
nHcepuuwn (annenu Rht-Bic, Rht-B1h v Rht-B1i-1). Ana naeHTMOMKaLMmM Takoro Tina OAHOHYKIEOTUAHbIX MyTaLuii pas-
paboTaHbl IHK-MapKepbl, OCHOBaHHbIe Ha MPUHLMME annenb-crneurduyHon nonrmMmepasHoi uenHow peakuymm (MLP).
OpHako ngeHTudrKauua annenein STumMm MeTogoM NpeabsBseT NoBbllLeHHbIe TPeOOBaHMA K COBMIOLEHMNIO YCIIOBUN
peakuuw, a nosyyaemble pesynbTaTbl He BCeraa OfHO3HauYHbl. AnibTepHaT1BO MoxeT 6biTb CAPS-TexHONOrnA, fieTek-
TUpYoLWasa pasnumna B NociiefoBaTeNIbHOCTAX MyTeM pecTpukumm MLUP-npofyKToB. B cnyyae oTcyTcTBUA pecTpurKTas,
cnocobHbIx pacwennaTb JHK B MecTe nokanvsaumm TOUKOBOW MyTaLuUm, PECTPUKLMOHHbIE CaiiTbl MOTYT ObITb NCKYC-
CTBEHHO BHECEHbI B NOCNeAoBaTeNnbHOCTb Nparimepa (derived CAPS). Llenb HacTosAweln paboTbl — pa3paboTats CAPS-
1 dCAPS-mapKepbl A BbIABNEHNA 3aMEH OCHOBaHWI, NogobpaTb Mo IMTEPATYPHLIM NCTOYHUKaM STS-MapKepbl Ana
OeTeKu N MHCEPLMIA N TEM CaMblM NPeANOXUTb CUCTEMY MONEKYIAPHbLIX MapKepoB ANnA ngeHTnduKaumm annenen re-
HOB KOPOTKOCTEOEbHOCTY, YAaCTO MCMOMb3yeMbIX 1 MePCreKTUBHBIX A4nA cenekummn. PaspabotaHo Tpu CAPS-mapkepa
ons BblsiBNeHus annenei Rht-B1b, Rht-D1b, Rht-B1p n na dCAPS-mapkepa ans Rht-B1b n Rht-Ble, npeanoxeHbl npo-
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Cuctema MONEKYNAPHbIX MapKepOoB /1A MAEHTUGMKALMN annenen
reHoB KopoTKkocTebenbHocTv Rht-B1 1 Rht-D1'y MArKoi NeHnL bl

rpammbl 4ns nx amnavounkaumm. Mo nuTepaTypHbIM UCTOUYHMKaM NogobpaHbl STS-mapkepbl anneneii Rht-Bic, Rht-B1h,
Rht-B1i-1, copepxaLumx nHcepumm. lNpennoxeHHaa cmctema MapkepoB anpobrpoBaHa npu reHoTunmpoBaHnmn 11 06-
pasLoB MArKOW NweHnLbl U3 Konnekumn BUP, HecyLumx BbileyKa3aHHble MyTaHTHbIe afifieNin FreHOB KOpoTKocTe6esb-
HOCTW 1 annenu aukoro tuna Rht-Bla v Rht-D1a. Hannune HOHCeHc-MyTaumii NOATBEPXKAEHO TakXe npv NoMoLu
annenb-cneyundunyHoi MNLUP. 3Ta cuctema MapKepoB Hapsaay C YXKe CYLLECTBYIOLMMY MOXET ObITb MCMONIb30BaHa Ans
NOeHTUOMKALMN annenei reHoB KopoTkoctebenbHocTV Rht-B1 v Rht-D1y MATKOW NWEHNLbI C LieSIblo TeHETUYECKOro
CKPUHWHIra 06pasLoB ex Situ KOMNeKLUMI U/unn B MapKep-opneHTVPOBaHHON Cenekuuu.

KntoueBble cnosa: Triticum aestivum; annenu Rht-reHos; AS-PCR; CAPS; dCAPS; reHoTunpoBaHue.

Introduction

The development of intensive-type short-stemmed wheat cul-
tivars is considered one of the key success factors in bread
wheat breeding, primarily in implementing the Green Revolu-
tion initiative in the world’s developing countries (Hedden,
2003; Sukhikh et al., 2021). The decrease in plant height not
only entailed higher resistance to lodging, with its favorable
effect on the efficiency of mechanized harvesting, but also
increased the number of grains per ear and their number per
1 m2, which aggregately led to higher yields (Gale etal., 1985;
Youssefian et al., 1992; Evans, 1998).

At least 25 genes controlling plant height in bread wheat
(Triticum aestivum L.) and related species were described: they
are known as Reduced height — Rht1—Rht25. All these genes
are in one way or another associated with the growth hormone
gibberellin (Mclntosh et al., 2013, 2016, 2018). Some of them,
the so-called GA-sensitive genes RAt4—Rht9, Rht12—Rht2() and
Rht25, are apparently involved in the synthesis or degradation
of gibberellic acid (GA). Other genes, GA-insensitive ones,
such as Rht-A1, Rht-B1, and Rht-D1, determine the response
to this acid. For some genes (Rht22, Rht23 and Rht24), the
nature of their response has not yet been clarified (Sukhikh
etal., 2021).

The most widespread among GA-sensitive genes is RA?S,
transferred in the early 20th century, together with the closely
linked photoperiod insensitivity allele Ppd-Dla of the Ppd
gene (response to photoperiod), from the Japanese cultivar
Akakomugi first to Italian and later to many East and South
European cultivars (Borojevic K., Borojevic Ks., 2005). This
gene does not exert any significant reducing effect on the
coleoptile length and, as a consequence, makes it possible
to sow seeds to a greater depth, which plays a decisive role
in maintaining the viability of seedlings under water deficits
or high temperatures (Korzun et al., 1998; Ellis et al., 2004;
Divashuk et al., 2013; Grover et al., 2018).

GA-insensitive genes were studied in more detail; they are
located on the short arms of chromosomes of homeologous
group 4 (Gale, Marshall, 1976; Borner et al., 1996). Dominant
alleles of these genes (wild-type) encode DELLA proteins,
belonging to the family of GRAS proteins (transcription re-
gulators); at their C-terminus, there is a conservative domain
that can bind to other transcription factors and thereby block
their function. That is why large amounts of DELLA proteins
in cells decelerate plant growth. There is a DELLA domain at
the variable N-terminus: it is capable of forming the GA-GID1
complex (gibberellin insensitive dwarf 1, GA receptor). This
complex undergoes polyubiquitination and degradation in-
duced by proteasomes. Accordingly, a decrease in the amount
of DELLA proteins in cells in the presence of GA reduces their
negative effect on plant growth (Peng et al., 1999; Bazhenov
et al., 2015; Thomas, 2017; Sukhikh et al., 2021).
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A fairly large number of recessive and semi-dominant mu-
tant alleles altering the stem length in different ways have
been described for the RA¢-B1 and Rht-D1 genes. These alleles
have been sequenced; the most thoroughly studied sequences
are presented by us in Supplementary material 11. The alleles
Rht-B1b (=Rhtl), Rht-Ble (=Rhtll, =Rht Krasnodari 1),
Rht-Blp (=Rht17) and Rht-D1b (=Rht2) were shown to be
associated with single-nucleotide substitutions that lead to
the formation of premature stop codons (Peng et al., 1999;
Ellis et al., 2002; Pearce et al., 2011; Divashuk et al., 2012;
Lietal., 2012; Bazhenov et al., 2015). The phenotypic effect
of such nonsense mutations varies from moderate (a decrease
in plant height by 20-24 % in the presence of Rht-B1b and
Rht-D1b alleles) to strong (by 33 and 40 % in the presence
of Rht-Blp and Rht-Ble, respectively) (Gale et al., 1985;
Sukhikh et al., 2021).

The alleles Rht-B1h and Rht-B1i-1 have large (over 100 bp)
insertions in the 5" flanking region, while Rht-Blc (=Rht3)
is characterized by the presence of an insertion in the 5" un-
translated region identical to that in RA#-B1h and, at the same
time, the presence of the Veju retrotransposon in the coding
region (Wu et al., 2011; Li et al., 2013; Wen et al., 2013;
Lou et al., 2016). Such insertions can lead to the formation
of nondegradable proteins, so the growth of mutant plants is
constitutively repressed, more significantly than in the case
of nonsense mutations in the N-terminal coding region (Wu et
al., 2011; Wen et al., 2013). For example, the Rht-Blc allele
reduces plant height approximately by 60 % (Flintham, Gale,
1983; Sukhikh et al., 2021). However, insertions can not only
reduce but also increase the height of plants (by 10-15 %,
compared to the wild type) as, for example, in the case of
Rht-Bli-1 (Lou et al., 2016). Besides, the alleles of “strong
dwarfing”, Rht-D1c (Rht10) and Rht-D1d (Rht Ai-bian 1a),
reducing the height by 60-70 %, were identified in the Rht-D 1
gene; they turned out to be multiple copies of the mutant allele
Rht-D1b (Pearce et al., 2011). There are also other known al-
leles of the RAt-B1h—o and Rht-D1e—j genes, associated with
either nucleotide changes (missense mutations) or indels. They
are identified in a large number of Chinese cultivars using the
EcoTILLING method; however, their phenotypic effect has
not yet been described. Mutant alleles of the Rht-41 gene
were also identified for the first time in Chinese cultivars (Li
etal., 2013).

The alleles most frequently used in breeding programs are
Rht-B1b and Rht-D1b. Their source was the Japanese cultivar
Norin 10. At the end of the 20th century, more than 70 % of
the world’s bread wheat cultivars contained these alleles (Gale
et al., 1985; Evans, 1998). Later, however, it was shown that
their occurrence depended on the region of the world. Rht-B1b

T Supplementary materials 1 and 2 are available in the online version of the
paper: http://vavilov.elpub.ru/jour/manager/files/Suppl_Porotnikov_Engl.pdf
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was detected in 36.2 % of bread wheat cultivars from China,
and Rht-D1b in 53.4 % (Zhang et al., 2006). Meanwhile,
the genotyping of 247 cultivars from the United States and
Canada helped to identify these alleles in more than 90 %
of them (Guedira et al., 2010). RAt-D1b predominates in the
genotypes of European cultivars, while its occurrence in the
cultivars registered after 1990 is 49 % (Wiirschum et al., 2017).

Widespread in Russia are cultivars with the Rht-Ble al-
lele, obtained by mutagenesis in cv. Bezostaya 1; the mutant
form is Krasnodarsky Karlik 1 (Lukyanenko, Zhogin, 1974;
Rabinovich, 1986). At present, semi-dwarf cultivars (Krosh-
ka, Pobeda 50, Fisht, Palpich, Vostorg, Doka, Tanya, Yesaul,
Kalym, Pervitsa, and Grom), homozygous for Rit-Ble alleles,
are cultivated both in Russia and the ex-USSR countries on
an area of more than 4 million hectares (Divashuk et al.,
2012, 2013).

The allele RAt-Blp is also promising for breeding: a stop
codon emerges in its DELLA domain due to the substitution
of cytosine for thymine at position 178 from the start codon.
This mutation causes an up to 30 cm decrease in the height
of bread wheat plants, especially as far as the lower internode
is concerned, but it does not reduce the length of the ear (Ba-
zhenov et al., 2015).

The sequencing of RAt-B1 and Rht-D1 alleles in various
bread wheat cultivars have led to the development of mole-
cular markers for their identification. For example, STS mar-
kers were obtained to identify the insertion-containing alleles
Rht-Blc, Rht-Blh and Rht-Bli-1 (Pearceetal., 2011; Lietal.,
2013; Louetal., 2016). Markers based on allele-specific PCR
(AS-PCR), including real-time AS-PCR, are used to identify
the alleles Rht-B1b, Rht-Ble, Rht-B1p and Rht-D1b, carrying
single-nucleotide substitutions (Ellis et al., 2002; Pearce et al.,
2011; Li et al., 2012; Bazhenov et al., 2015, 2019).

The widespread alleles RA#-B1b and Rht-D1b as well as
those of the RAt24 gene are identified on the basis of com-
petitive allele-specific PCR (KASP-markers), offering a pos-
sibility to evaluate large numbers of bread wheat accessions at
low time costs (Rasheed et al., 2016; Wiirschum et al., 2017).
It should also be mentioned that AS-PCR results strongly de-
pend on the reaction conditions, require several replications
of the analysis, and call for strict observance of the author’s
protocol, which is not always possible. The KASP analysis,
in its turn, requires sophisticated equipment and expensive
reagents, which are often unaffordable to small practice-orien-
ted laboratories.

The use of CAPS (cleaved amplified polymorphic sequence)
markers can be an alternative to AS-PCR: they are based on
the presence of a restriction site in the region with a single-
nucleotide mutation (the site is absent in the wild type) or,
contrariwise, on the disappearance of the site typical of the
wild type in the mutant version (Shavrukov, 2015). If restric-
tion sites are absent at the locations of the analyzed mutations,
they can be produced purposefully through designing modified
primers, i.e., by the derived CAPS method, or dCAPS (Neff
et al., 1998, 2002).

Unlike AS-PCR, the CAPS and dCAPS marker techniques
are effortlessly reproducible and do not require stringent
PCR conditions, while the results of such analysis are easily
interpreted in agarose gels. It is possible to generate markers
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using the basic PCR equipment. Previously, such markers were
developed for the Rht24 dwarfing gene (Tian et al., 2017).

The objective of the present study was to develop CAPS and
dCAPS markers for the analysis of single-nucleotide changes
in Rht-B1 and Rht-D1, test STS markers for identification of
insertions in these genes and, as a result, propose a marker
system for identifying the alleles most frequently used in
bread wheat breeding.

Materials and methods

Plant material. Eleven bread wheat accessions from the VIR
collection with known alleles of the Rh#-B1 and Rht-D1 dwarf-
ing genes (Table 1) served as the material for this study. The
cultivars Chinese Spring and Hongdongmai with wild-type
alleles Rht-Bla and Rht-DIa were used as controls. Each
of the studied accessions was represented in the genotyping
process by two or three individual plants as well as by bulk
DNA sample, which was isolated from a total of 10-20 geno-
types (seedlings).

DNA extraction. DNA was extracted from 10-day-old
seedlings using a modified CTAB extraction technique (An-
tonova et al., 2020).

Sequences alignment. The sequences of different alleles
ofthe Rht-B1 and Rht-D1 genes were aligned using MEGA X
(https://www.megasoftware.net/), Unipro UGENE (Okonech-
nikov et al., 2012), and BioEdit Sequence Alignment Editor
(Hall, 1999). Restriction sites were searched for using the
GenScript Restriction Enzyme Map Analysis Tools (https://
www.genscript.com/tools/restriction-enzyme-map-analysis).

Primers development. Primers for the nested PCR and
CAPS analysis were developed with the Primer3Plus software
(Untergasser et al., 2007). Primer quality (number of hairpins,
homo- and heterodimers) was monitored using OligoAnalyzer
Tool, a web resource from Integrated DNA Technologies, Inc.
(https://eu.idtdna.com/calc/analyzer). Primers for dCAPS
markers were generated using the dCAPS Finder 2.0 soft-
ware (Neff et al., 2002). The primers developed in the course
of this study and those supplied from published sources are
presented in Tables 2 and 3, and their locations are shown in
Fig. 1, a, b.

PCR procedure: a) nested PCR. The nested PCR method
was applied to enhance the specificity of the dCAPS analysis:
the first PCR was performed with primers BF/VIR.BIR flank-
ing the region of point mutations in the Rhz-BI gene; after
that, the resulting PCR product was used as a template for the
second PCR with dCAPS (B1bF/R, BlepF/BleR) and CAPS
(BlepF/B1pR) primers. The first round of nested PCR was
carried out in 25 pl of the reaction mixture containing 40 ng
of total wheat DNA; 1x reaction buffer; 1.5 mM of MgCl,;
0.6 mM of each ANTP; 0.25 uM of both forward and reverse
primer, and 1 unit of Tag DNA polymerase (Dialat, Russia,
http://dialat.ru/). For higher specificity, the PCR program
contained the Touchdown function: the initial annealing tem-
perature was 4 degrees higher than the design temperature and
decreased by 0.5 degrees per cycle for 8 cycles (see Table 3).

Samples of the resulting amplification products (2 pl of
each) were transferred into clean tubes, diluted 50 times with
water, and used as a template in the second stage of PCR.
Another 10 pL of each PCR product was taken to control the
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Table 1. Bread wheat accessions with the known alleles of the Rht-B1 and Rht-D1 dwarfing genes used in the study

Alleles of genes VIR catalogue Accession

number “k-"

Rht-B1a, Rht-Dila 44435 Chinese Spring

6 1 292 ..................................... H ongdo ng ma .i ........
RhtB,thtD,a63o45 ..................................... K nyaZhna ................

6 4312 ..................................... K raSOta ....................
RhtB1CRhtD7a4O699TomThumb ............
RhtB1eRhtD,a64583veda ........................

652236rom .......................
RhtB1thtDia44977At|as66 ...................
RhtB,thtDibsWHZhen99023 ............
RhtB,,,RhtD,a ........ 10152Tnumph ..................
RhtB,pRhtD1054848ChnsMutant ...........

success of PCR by agarose gel electrophoresis (Fig. 2, a).
The remainder (approximately 12 pl) was treated with the
restriction enzyme BstV 11 (SibEnzyme, Russia, http://russia.
sibenzyme.com/) to generate the CAPS marker for the
Rht- B1b allele.

The second round of nested PCR was performed in 20 pl
of the reaction mixture containing 4 pl of the template; 1%
reaction buffer; 2.5 mM of MgCl,; 0.3 mM of each dNTP;
0.25 uM of both forward and reverse primer, and 1 unit of Taq
DNA polymerase (Dialat). The programs for each pair of prim-
ers are also presented in Table 3. Approximately 12 pl of the
amplification mixture were taken for restriction analysis, and
the remainder was used for PCR control by electrophoresis;

b) standard PCR. In the cases of CAPS markers for the
Rht-D1b allele and the markers detecting retrotransposon
in the gene’s coding region and insertions in the 5’ flanking
region, PCR was performed under standard conditions. The
reaction mixture (20 pl) contained 40 ng of DNA; 1x reaction
buffer; 2.5 mM of MgCl,; 0.3 mM of each dNTP; 0.25 uM
of each primer, and 1 unit of Taq DNA polymerase (Dialat);
the programs are presented in Tables 2 and 3;

c) allele-specific PCR. The conditions and the programs for
AS-PCR corresponded to those recommended by the authors
of the primers (Ellis et al., 2002; Bazhenov et al., 2015).

Restriction analysis. PCR products were treated with re-
striction enzymes produced by SibEnzyme, using the manu-
facturer’s protocol (http://russia.sibenzyme.com).

Fragment separation was done in horizontal agarose
gels in the 1x TBE buffer under the voltage of 5 V/em. The
gels were stained with ethidium bromide and visualized in
UV light.

Results and discussion

For the development of CAPS and dCAPS markers, the
sequences from the NSBI databases were analyzed (https://
www.ncbi.nlm.nih.gov/) for the following alleles of the dwarf-
ing genes: Rht-Blb, Rht-Ble, Rht-Blp and Rht-D1b. Also,

FEHETUKA U BUOTEXHOJTOTMA PACTEHUI / PLANT GENETICS AND BIOTECHNOLOGY

Origin References
China Peng et al., 1999
» Lietal, 2013

» »
......... U SALIetaI.I2013
......... C hlna»
......... U SSR,UkraInIanSSR»

the sequences of the wild-type alleles Rht-Ala, Rht-Bla and
Rht-D1a were retrieved as controls. The Genbank accession
numbers for used sequences are given in Supplementary mate-
rial 1. Sequence alignment confirmed the presence of nonsense
mutations in these allelic forms, which made it possible to start
the development of CAPS and dCAPS markers (see Fig. 1).

A search was made for each nonsense mutation to identify
restriction sites that would distinguish the target allele from
all others, including wild-type ones. The BstV1I (GCAGC)
restriction enzyme, unable to digest the mutant GTAGC site,
was selected for Rht-B1b. Similarly, BstHHI (GCGC) became
the restriction enzyme for the Rh#-Blp detection (mutant
site GCGT). On the contrary, the BstSFI restriction enzyme
(CTRYAG) exclusively digested the mutant site (CTGTAG)
contained in Rht-D1b. Thus, it was possible to develop such
CAPS markers as CB1b/BstV1I, CB1p/BstHHI and CD1b/
BstSF1 to identify the alleles RAt-B1b, Rht-B1p and Rht-D1b,
respectively.

We failed to identify restriction sites at the location of the
nonsense mutation in the Rht-Ble allele. Hence, the dCAPS
marker dCB1e/Hinfl was developed for it: the sequence of the
reverse primer was modified so that the analyzed nucleotide,
together with the 3’ end of the primer, formed a GATTC restric-
tion site, providing an opportunity to distinguish this mutation
from all other alleles by means of the Hinfl restriction. The
dCAPS marker dCB1b/4cc361 was additionally constructed
to identify Rht-B1b (see Fig. 1).

When performing PCR under standard conditions, with the
genomic DNA of bread wheat used as a template, we were
unable to obtain specific fragments for the dCAPS markers and
the CAPS marker CB1p/BstHHI (the data are not presented).
We therefore applied the nested PCR method: the amplifica-
tion products of the BF/VIR.B1R primers, flanking the region
of localization of all analyzed point mutations in the RA#-B1
gene, were used as a template for the second round (see Fig. 1).

The developed markers were tested on a set of bread wheat
accessions with known alleles of the dwarfing genes, and all
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Table 2. Primers used in this study to identify alleles of the Rht-BT gene

Primer Sequence Marker Primer combination Target area Method of target ~ References
5'—3' allele identification
Nested-PCR
BF ggtagggaggcgagaggcgag - BF/VIR.B1R 338 bp —all alleles; Ellis et al., 2002
......................................................................... _ Rht—BTC—nO tesscesesssscesssscsssssssscesssssnsnns

fragment

Program: 94 °C - 3 min 30's; 8 cycles (94 °C - 45 s, 69 °C with a 0.5 °C drop in annealing temperature at each cycle - 150,72 °C - 60 s);
30 cycles (94 °C-455,65°C-455,72°C—-455);72°C-7 min

BF ggtagggaggcgagaggcgag - BF/MR1 190 C—T 237 bp Ellis et al., 2002

MRT catccccatggecatctcgagcta

Wm .............. catcccc a tggccatctc ga gctg ....... e BF/Wm ............................. 190c_>T .............. No fragment ..............

VIRBIR  tcgacccaggaggagaggtcg  CB1b  BFAVIRBIR BstV1l': GCAGC? Norestrictionsite  Thisstudy
BILF caagatgatggtgtcggggtcgg  dCB1b  BIbFR® Accsel: No restriction site

BIbR  ccatccccatggecatctecacct! ACCTGC

MR3 ggccatctccagctgctccagcta - BF/MR3 181 A—T 228 bp Pearce etal., 2011
WR3 ggccatctccagctgctccagett BF/WR3 No fragment
BlepF acaagatgatggtgtcggggtc dCB1e BlepF/B1eR? Hinfl - GANTC?  No restriction site  This study

Rht-B1p-F/Rht-B1-R1 178 C—T 425 bp Bazhenov et al., 2015

Rht-B1c-F1/Rht-B1c-R1 150 GY2026bpC 256 bp Pearce etal., 2011

Program: 94 °C — 3 min 30 s; 8 cycles (94 °C - 45 5, 61 °C with a 0.5 °C drop in annealing temperature at each cycle - 1 min 30s,72 °C -1 min);
30 cycles (94 °C-455,57°C-455,72°C—-455);72°C-7 min

Rht-B1h.F  gaggcaaaatcacgcaagtact - Rht-B1h.F/Rht-BTh.1R  -592TH97b%pC 247 bp Lietal, 2013

Rht-B1h.2R cttatggcaaaatggattccaaga  — Rht-B1h.F/Rht-B1h.2R 331 (another
alleles - 134 bp)

Program: 94 °C — 3 min 30 s; 8 cycles (94 °C - 45 s, 63 °C with a 0.5 °C drop in annealing temperature at each cycle - 1 min 305,72 °C -1 min);
30 cycles (94 °C-455,59°C-455,72°C—-455);72°C-7 min

B1i-MF1 cagacgatatttaactggccgattga - B1i-MF1/B1i-MR1 -366 AY16OPPT 330 bp Lou et al., 2016

B1i-MF2  ctctaatttgcggggatttc - B1i-MF2/B1i-MR2 -366 AY16OPPT 586 bp (another Lou et al., 2016
......................................................................... alleles - 426 bp)

Program: 94 °C — 3 min 30 s; 8 cycles (94 °C - 45 s, 66 °C with a 0.5 °C drop in annealing temperature at each cycle - 1 min30s,72 °C -1 min);

30 cycles (94°C-60s,62°C-60s,72°C—-455);72°C-7 min

1 The listed restriction enzymes may be replaced with their isoschizomers: BstV1l (BseXI, Bbvl), Acc36l (Bvel, BspMI), BstHHI (AspLEl, Cfol, Hin6l, HinP11, HspAl).
2 Boldfaced in the selective area are the nucleotides at restriction sites, variation of which enables the researcher to identify the required alleles.

3The nested PCR products of the first round were used as a template for these combinations of primes (50 times dilution).

4 Boldfaced and underlined are the modified nucleotides in primers for dCAPS markers.
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Table 3. Primers used in this study to identify alleles of the Rht-D1 genes

Primer Sequence Marker Primer Target area Method of target References
5'—3 combination allele identification
................................................................................................... |dent|f|cat|onothtD1b
OF cgcgcaattatiggccagagatag - DF/MR2  181G-T x4 Elisetal, 2002
MR2 ccccatggecatctegagetgcta
DF2 .............. ggca ag ca .;;\ .a.‘ agcttcgcg ............ S DF2/WR2 ........... No . fragment ............................
WR 2 ............. ggcc atc tcgagctg ca C ..............

Program (for CD1b/BstSFI marker): 94 °C - 3 min 30 s; 8 cycles (94 °C - 45 s, 68 °C with a 0.5 °C drop in annealing temperature at each cycle -
1 min 30s,72°C-1min); 30 cycles (94°C-455,64°C—-455,72°C-455); 72°C-7 min

TIsoschizomers for the BstSFl restriction enzyme: Bfml, and Sfcl.
2 Boldfaced in the selective area are the nucleotides at restriction sites, variation of which enables the researcher to identify the required alleles.

a BF VIR.B1R
Rht-B1h.2R  B1i-MF1 B1i-MR1 |_) <—‘
Rht-B1h.F Rht-B1h.IR|  BTi-MF2 B1i-MF2 Rht-B1c-F1 Ebht-m cR1
M o s
~633! {584 -500 404  160bp | -174 2 L 2026bplegu | 318
197 bp insertion | \  insertion | 24 \ insertion H 314
(et g bbb e
For Rht-B1h, c alleles For Rht-B1i-1allele For Rht-Bicallele
338 bp target fragment for identification alleles
of Rht-B1 gene (Rht-Bla, b, e, p)
l v
b 10 20 30 40 50 60 70 80 90
e e L e I I e
BF -
Rht-Bla 1 GGTAGGGAGGCGAGAGGCGAGATCATGAAGCGCGAGTACCAGGACGCCGGAGGGAGCGGCGGTGGCGGGGGAGGCATGGGCTCGTCCGAG 90
2o ot 3 0 o 90
2o ot 3 90
RAE=BID 1 oottt e e e e e e e e e e e 920
100 110 120 130 140 150 160 170 180
I I I I I I I I I - I I I I | I | |
Rht-Bla 91 GACAAGATGATGGTGTCGGGGTCGGCGGCGGCGGGGGAGGGGGAGGAGGTGGACGAGCTGCTGGCGGCGCTCGGGTACAAGGTGCGGGCG 180
Rht-B1b o1 . BIbF e e 180
Rht-Ble o1 .BlepF o e e 180
Rht-B1p 91 . BleeF______ B e e 180
190 200 210 220 230 240 250 260 270
e e e I |
Rht-Bla 181 TCCGACATGGCGGACGTGGCGCAG TGGAGCA@PGGAGATGGCCATGGGGATGGGCGGCGTGGGCGCCGGCGCCGCGCCCGACGAC 270
RAE=BIb 181 ..., T BIbR L 270
RRAt=BIe 181 +vveeeeneannnannnnn T 3 270
RAt=BIP 181 i, T« BIPR. . 270
280 290 300 310 320 330

[ I
- VIR.B1R
Rht-Bla 271 AGCTTCGCCACCCACCTCGCCACGGACACCGTGCACTACAACCCCACCGACCTCTCCTCCTGGGTCGA 338

RRE-BID 271 oo oo e et e e et e e e e e e e e e e e 338
REE=BIE 271 oo oot et e e e e e e e e e e e e e e e 338
RIE-BID 271 oo oo e e e e e e e e e e e e e e e e e e 338

Fig. 1. Localization of primers for identifying the main alleles of the Rht-BT gene.

a - scheme of the gene and adjacent regions with the marked primer localizations for the first round of nested PCR and for identification of insertions in the
Rht-Bic, Rht-B1h and Rht-B1i-1 alleles; b — alignment results for the sequences flanked by the BF/VIR.B1R primers (first round of nested PCR), and primers for iden-
tification of point mutations in the Rht-B1b, Rht-B1e and Rht-B1p alleles using CAPS/dCAPS analysis.

Borders of the 197 bp insertion and Veju retrotransposon are taken from the publication by W. Wen et al. (2013); borders of the 160 bp insertion are taken from
the publication by X. Lou et al. (2016). The gene’s coding region is filled with dark color, and the Veju retrotransposon and insertions in the 5’ flanking region are
marked with thin lines. Ovals in Fig. 1, b indicate nucleotide changes in dCAPS primers.
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A system of molecular markers to identify alleles of the Rht-B1
and Rht-D1 genes controlling reduced height in bread wheat
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Fig. 2. Identification of nonsense mutations in the Rht-B1 and Rht-D1 genes using the developed CAPS and dCAPS markers.

a - amplification products obtained with the BF/VIR.B1R primers, serving as a template for the second round of nested PCR;
b - identification of the Rht-B1b allele: CAPS marker CB1b/BstV1l; ¢ - identification of the Rht-B1b allele: dCAPS marker dCB1b/
Acc36l; d - identification of the Rht-Bie allele: dCAPS marker dCB1e/Hinfl; e - identification of the Rht-D1b allele: CAPS marker
CD1b/BstSFI.

Numbers designate accessions with different alleles of the Rht-B7 and Rht-D1 genes: T — negative control (H,0); 2, 3 - Hongdongmai
(wild-type); 4, 5 - Krasota (Rht-B1b, Rht-D1a); 6, 7 — Knyazhna (Rht-B1b, Rht-D1a); 8, 9 — Grom (Rht-Ble, Rht-D1a); 10, 11 - Veda
(Rht-Ble, Rht-D1a); 12, 13 — Chris Mutant (Rht-B1p, Rht-D1a); 14, 15 - Triumph (Rht-B1i-1, Rht-D1a); 16, 17 — Chinese Spring (wild-
type); 18, 19 - Zheng 9023 (Rht-B1h, Rht-D1b); 20, 21 - Atlas 66 (Rht-B1h, Rht-D1a). M — molecular marker 100 bp DNA Ladder

(SibEnzyme).

of them demonstrated high efficiency in differentiating the
wild-type Rht-Bla, Rht-D1a and mutant versions Rht-B1b,
Rht-Ble, Rht-Blp and Rht-D1b (see Fig. 2 and 3).
Concurrently, allele-specific primers retrieved from pub-
lished sources were used to identify nonsense mutations in
Rht-B1b, Rht-Ble, Rht-Blp and Rht-D1b compared to the
wild type (Ellis et al., 2002; Pearce et al., 2011; Bazhenov et
al., 2015). For this purpose, two pairs of primers were used
for identification of each mutation: one of them detected the
mutant version, while the other spotted the wild type and
all other alleles. It was shown for Rht-Blb, Rht-Ble and
Rht-D1b that the results of allele-specific PCR on the whole
agreed with the data of CAPS and dCAPS analyses. However,
identification of the wild-type RA#-Bla and Rht-Dla alleles
with the primers BF/WR and DF2/WR2, respectively (Ellis
etal., 2002), involved certain difficulties: poor reproducibility
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of results, and generation of weakly expressed fragments in
forms with RAht-B1b and/or Rht-D1b (Supplementary mate-
rial 2). In the case of Rht-Blp, allele-specific PCR under the
conditions of this study turned out to be ineffective: after
amplification with the Rht-B1p-F/R1 primers (Bazhenov et
al., 2015), a specific product was generated both in the forms
with mutant alleles and in those with the wild-type ones (see
Supplementary material 2).

The study also employed five pairs of STS primers (Pearce
etal.,2011; Lietal.,2013; Louetal., 2016) as a tool for iden-
tifying mutations associated with the presence of a retrotrans-
poson in the coding region (RAz-B1c) as well as with insertions
in the promoter region (RAt-B1i-1) and the 5’ flanking region
(Rht-B1h). The locations of these insertions are marked in the
scheme of the RAt-B1 gene; it also shows primers for their
detection (see Fig. 1, a).
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Fig. 3. Identification of the Rht-B1p allele with the CAPS marker CB1p/BstHHI.

The arrow points at genotypes with Rht-B1p, the PCR products of which were not restricted. Numbers designate accessions
with different alleles of the Rht-B1 and Rht-D1 genes: 1, 2 - Hongdongmai (wild-type); 3, 4 — Krasota (Rht-B1b, Rht-D1a);
5,6 -Knyazhna (Rht-B1b, Rht-D1a); 7, 8 - Grom (Rht-BTe, Rht-D1a); 9, 10 - Veda (Rht-BTe, Rht-D1a); 11, 12 = Triumph (Rht-B1i-1,
Rht-D1a); 13, 14 - Chinese Spring (wild-type); 15, 16 - Zheng 9023 (Rht-B1h, Rht-D1b); 17, 18 - Chris Mutant (Rht-B1p, Rht-D1a);
19, 20 - Atlas 66 (Rht-B1h, Rht-D1a); 21 - negative control (H,0). M — molecular marker 100 bp DNA Ladder (SibEnzyme).

Table 4. Marker profiles for identifying alleles of the Rht-B7 and Rht-D1 dwarfing genes

using the system proposed in the present study

Allele Target CAPS/dCAPS-markers for detection STS-primers combination for detection of insertion
(old gene mutation of nonsense mutations (size of amplification products is given in bp)
name) (0 - no restriction site, 1 — restriction site is present)
CB1b dCB1b  dCBle  CBlp CD1b B1i-MF1  B1i-MF2  Rht-B1c-F1 Rht-B1h.F Rht-B1h.F
/BstV1l  /Acc36l'  /Hinfl! /BstHHI'  /BstSFI  /MR1 /MR2 /R1 /1R /2R
Rht-Bla  Wild type 1 1 1 1 - NoPCR 426 No PCR No PCR 134
Rht-B1b 190 C—T 0’ 0? 1 1 - NoPCR 426 No PCR No PCR 134
(RhtT)
Rht-Ble 181 A—T 1 1 0? 1 - NoPCR 426 No PCR No PCR 134
(Rht11)
Rht-Blp 178 C—T 1 1 1 0? - NoPCR 426 No PCR No PCR 134
(Rht17)
Rht-Blc  Insertion NoPCR NoPCR NoPCR NoPCR - NoPCR 426 256 247 3312
(Rht3) 150 G*2026bpC
Rht-B1h  Insertion 1 1 1 1 - NoPCR 426 No PCR 2472 3312
-592TH197bPC
Rht-B1i-1 Insertion 1 1 1 1 - 3302 5862 No PCR NoPCR 134
-366 A'160bPC
Rht-D1a  Wild type - - - - 0 - - - - -
Rht-D1b 181 G—T - - - - 12 - - - - -
(Rht2)

1 The products of the first round of nested PCR (50 times dilution) were used as a template for these markers.
2 Boldfaced and underlined are the amplification products, the presence/absence of which makes it possible to pinpoint the target alleles of the Rht-B1

and Rht-D1 genes.

Two pairs of primers were used for the RAt-B1i-1 allele (Lou
etal., 2016): one of them (B1i-MF1/MR1) in the presence of
an insertion produced a specific 330 bp fragment, while the
other (B1i-MF2/MR2) amplified fragments of different sizes
in genotypes with or without an insertion (see Tables 2 and 4,
Fig. 4, ¢). Similarly, to detect the RAt-Blh allele, the Rht-
B1h.F/R1 primers were used, resulting in a specific product
of 247 bp, as well as the Rht-B1h.F/R2 primers, generating
fragments of different sizes (see Tables 2 and 4; Fig. 4, b) (Li
et al., 2013). Since RAt-B1h has a common insertion in the
5" flanking region with Rht-Blc, the Rht-Blc-F1/R1 primer,
specific for the retrotransposon sequence, was also used for

FEHETUKA Y BUOTEXHOJIOTMA PACTEHUI / PLANT GENETICS AND BIOTECHNOLOGY

their differentiation (see Tables 2 and 4, Fig. 4, a) (Pearce
et al., 2011). Additional evidence of the presence of a retro-
transposon may be found in the fact that no PCR products
are generated in genotypes with this insertion during the first
round of nested PCR with the BF/VIR.B1R primers: it can be
explained by a big distance between the primers (see Fig. 4, d).

Our testing of STS markers showed a complete concordance
between the presence of their diagnostic fragments and the
composition of alleles present in the studied genotypes (see
Fig. 4). The accessions Atlas 66 and Zheng 9023 containing
Rht-B1h yielded amplification products pointing to the pre-
sence of an insertion in the 5’ flanking region. In the acces-
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Fig. 4. Identification of insertion-carrying alleles for the Rht-B1 gene using STS primers.

a - PCR products of the Rht-B1c-F1/R1 primers specific to Rht-B1c; b — PCR products of the Rht-BTh-MF1/MR2 primers specific
to Rht-B1h and Rht-B1c; ¢ — PCR products of the B1i-MF2/MR2 primers specific to Rht-B1i-1; d — absence of PCR products of the
BF/VIR.B1R primers in genotypes with the Rht-B1c allele carrying a 2026 bp insertion.

Numbers designate accessions with different alleles of the Rht-B7 and Rht-D1 genes: T - Krasota (Rht-B1b, Rht-D1a); 2 - negative
control (H,0); 3, 4 - Knyazhna (Rht-B1b, Rht-D1a); 5, 6 — Grom (Rht-Ble, Rht-D1a); 7,8 — Veda (Rht-Ble, Rht-D1a); 9, 10 — Chris Mutant
(Rht-B1p,Rht-D1a); 11, 12 - Triumph (Rht-B1i-1, Rht-D1a); 13, 14 - Chinese Spring (wild-type); 15, 16 - Zheng 9023 (Rht-B1h, Rht-D1b);
17, 18 - Atlas 66 (Rht-B1h, Rht-D1a); 19, 20 - Tom Thumb (Rht-B1c, Rht-D1a). M — molecular marker 100 bp DNA Ladder (SibEnzyme).

A system of molecular markers to identify alleles of the Rht-B1
and Rht-D1 genes controlling reduced height in bread wheat

sion Triumph carrying the Rht-B1i-1 allele, which increases
plant height, an insertion in the promoter region was detected
using molecular markers, and in Tom Thumb (RA#-Blic), a
retrotransposon in the coding sequence and an insertion in
the 5’ flanking region were found. It should be mentioned
that when a retrotransposon was identified using the Rht-B1c-
F1/R1 primers, in addition to the formation of a fragment of
the expected size, the emergence of nonspecific products of
a larger size was observed in Tom Thumb (RA#-Blc) and in
all other genotypes (see Fig. 4, a).

Assessing the system of the proposed molecular markers
in its entirety, it should be kept in mind that it can be used to
generate a marker profile for each of the studied alleles of the
Rht-B1 and Rht-D1 genes, i. e., to get an unambiguous answer
whether one of the abovementioned alleles of the RA#-B1 and
Rht-D1 dwarfing genes is present in one or another genotype.
Marker profiles for the alleles are presented in Table 4.

Conclusion

As a result of this study, a system of molecular markers was
proposed for the RAt-B1 and Rht-D1 dwarfing genes to iden-
tify the alleles most often used in bread wheat breeding. The
system is based on the developed CAPS and dCAPS markers
of nonsense mutations in these genes, which were previously
detected by allele-specific PCR (Ellis et al., 2002; Pearce et
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al., 2011; Bazhenov et al., 2015, 2019). Five STS markers
retrieved from published sources were used to identify inser-
tions (Pearce et al., 2011; Li et al., 2013; Lou et al., 2016).

The CAPS and dCAPS markers were tested during the ge-
notyping of bread wheat accessions from the VIR collection,
containing the mutant Rhat-B1b, Rht-Blc, Rht-Ble, Rht-Blh,
Rht-Bli-1, Rht-Blp and Rht-D1b alleles as well as those of
the wild-type. The tests showed complete concordance of
the obtained results with the expected ones. The presence
of Rht-Blb, Rht-Ble, Rht-Blp and Rht-D1b was also con-
firmed by allele-specific PCR with the primers widely used
in research and breeding programs (Kurkiev et al., 2008;
Pestsova et al., 2008; Divashuk et al., 2013; Li et al., 2013;
Lou et al., 2016).

The main advantage of our molecular marker system lies
in good reproducibility of results and their unambiguous in-
terpretation. The CASP/dCAPS analysis faces no problems
with controlling the PCR reaction success, because amplifi-
cation products are formed in all genotypes, and differences
between alleles are pinpointed after treatment with restriction
enzymes. Besides, notwithstanding the high cost of restric-
tion enzymes, CASP/dCAPS analysis is less expensive, since
there is no need to perform two independent PCRs in several
replications to detect each allele. The procedure is conducted
employing standard PCR equipment and using agarose gel
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electrophoresis, so it can be carried out by small practice-
oriented laboratories. When any new point mutations in the
Rht-B1 and Rht-D1 dwarfing genes become known, a similar
approach to the development of CAPS/dCAPS markers can
be applied to identify them.

References

Antonova O.Yu., Klimenko N.S., Rybakov D.A., Fomina N.A., Zhel-
tova V.V., Novikova L.Yu., Gavrilenko T.A. SSR analysis of modern
russian potato varieties using DNA samples of nomenclatural stan-
dards. Biotekhnologiya i Selektsiya Rasteniy = Plant Biotechnology
and Breeding. 2020;3(4):77-96. DOI 10.30901/2658-6266-2020-
4-02. (in Russian)

Bazhenov M.S., Divashuk M.G., Amagai Y., Watanabe N., Karlov G.1I.
Isolation of the dwarfing Rh#-BIp (Rht17) gene from wheat and the
development of an allele-specific PCR marker. Mol. Breed. 2015;
35(11):1-8. DOI 10.1007/s11032-015-0407-1.

Bazhenov M.S., Nazarova L.A., Chernook A.G., Divashuk M.G. Im-
proved marker for the Rht-BIlp dwarfing allele in wheat. In: Cur-
rent Challenges in Plant Genetics, Genomics, Bioinformatics, and
Biotechnology: Proc. of the Fifth International Scientific Conference
PlantGen2019 June 24-29, 2019. Novosibirsk, Russia. Novosibirsk:
ICG SB RAS. 2019;190-192. DOI 10.18699/ICG-PlantGen2019-61.

Borojevic K., Borojevic Ks. The transfer and history of “reduced height
genes” (Rht) in wheat from Japan to Europe. J. Hered. 2005;96(4):
455-459. DOI 10.1093/jhered/esi060.

Borner A., Plaschke J., Korzun V., Worland A.J. The relationships be-
tween the dwarfing genes of wheat and rye. Euphytica. 1996;89(1):
69-75. DOI 10.1007/BF00015721.

Divashuk M.G., Bespalova L.A., Vasilyev A.V., Fesenko [.A., Puzyr-
naya O.Y., Karlov G.I. Reduced height genes and their importance in
winter wheat cultivars grown in southern Russia. Euphytica. 2013;
190(1):137-144. DOI 10.1007/s10681-012-0789-7.

Divashuk M.G., Vasilyev A.V., Bespalova L.A., Karlov G.I. Identity of
the Rht-11 and Rht-Ble reduced plant height genes. Russ. J. Genet.
2012;48(7):761-763. DOI 10.1134/S1022795412050055.

Ellis M.H., Rebetzke G.J., Chandler P., Bonnett D., Spielmeyer W.,
Richards R.A. The effect of different height reducing genes on the
early growth of wheat. Funct. Plant Biol. 2004;31(6):583-589. DOI
10.1071/FP03207.

Ellis M.H., Spielmeyer W., Gale K., Rebetzke G., Richards R. “Per-
fect” markers for the RAt-Blb and Rht-D1b dwarfing genes in
wheat. Theor. Appl. Genet. 2002;105(6-7):1038-1042. DOI 10.1007/
s00122-002-1048-4.

Evans L.T. Feeding the Ten Billion: Plants and Population Growth.
Cambridge: Cambridge University Press, 1998.

Flintham J.E., Gale M.D. The Tom Thumb dwarfing gene RAz3 in
wheat. Theor. Appl. Genet. 1983;66(3-4):249-256. DOI 10.1007/
BF00251155.

Gale M.D., Marshall G.A. The chromosomal location of Gai I and
Rht 1, genes for gibberellin insensitivity and semi-dwarfism, in a
derivative of Norin 10 wheat. Heredity. 1976;37(2):283-289. DOI
10.1038/hdy.1976.88.

Gale M.D., Youssefian S., Russell G.E. Dwarfing genes in wheat. In:
Russel G.E. (Ed.). Progress in Plant Breeding. London: Butter-
worths-Heinemann, 1985;1-35.

Grover G., Sharma A., Gill H.S., Srivastava P., Bains N.S. RAt8 gene
as an alternate dwarfing gene in elite Indian spring wheat culti-
vars. PLoS One. 2018;13(6):¢0199330. DOI 10.1371/journal.pone.
0199330.

Guedira M., Brown-Guedira G., Van Sanford D., Sneller C., Souza E.,
Marshall D. Distribution of RAt genes in modern and historic winter
wheat cultivars from the Eastern and Central USA. Crop Sci. 2010;
50(5):1811-1822. DOI 10.2135/cropsci2009.10.0626.

Hall T. BioEdit: a user-friendly biological sequence alignment editor
and analysis program for Windows 95/98/NT. Nucleic Acids Symp.
Ser: 1999;41:95-98.

FEHETUKA U BUOTEXHOJTOTMA PACTEHUI / PLANT GENETICS AND BIOTECHNOLOGY

2022
26-2

Cuctema MONEKYNAPHbIX MapKepOoB /1A MAEHTUGMKALMN annenen
reHoB KopoTKkocTebenbHocTv Rht-B1 1 Rht-D1'y MArKoi NeHnL bl

Hedden P. The genes of the green revolution. Trends Genet. 2003;
19(1):5-9. DOI 10.1016/S0168-9525(02)00009-4.

Korzun V., Réder M.S., Ganal M.W., Worland A.J., Law C.N. Genetic
analysis of the dwarfing gene (RA¢8) in wheat. Part 1. Molecular
mapping of Rat8 on the short arm of chromosome 2D of bread wheat
(Triticum aestivum L.). Theor. Appl. Genet. 1998;96(8):1104-1109.
DOI 10.1007/s001220050845.

Kurkiev K.U., Tyryshkin L.G., Kolesova M.A., Kurkiev U.K. Iden-
tification of Rht2 and Rht8 genes for semidwarfness in hexaploid
triticale with use of DNA markers. Vavilovskii Zhurnal Gene-
tiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2008;
12(3):372-377. (in Russian)

Li A., Yang W., Guo X, Liu D., Sun J., Zhang A. Isolation of a gib-
berellin-insensitive dwarfing gene, Rht-Ble, and development of
an allele-specific PCR marker. Mol. Breed. 2012;30(3):1443-1451.
DOI 10.1007/s11032-012-9730-y.

LiA., Yang W, Lou X., Liu D., Sun J., Guo X., Wang J., Li Y., Zhan K.,
Ling H.Q., Zhang A. Novel natural allelic variations at the Rht-1
loci in wheat. J. Integr. Plant Biol. 2013;55(11):1026-1037. DOI
10.1111/jipb.12103.

Lou X., Li X., Li A., Pu M., Shoaib M., Liu D., Sun J., Zhang A.,
Yang W. The 160 bp insertion in the promoter of RAt-Bli plays a
vital role in increasing wheat height. Front. Plant Sci. 2016;7(307):
1-13. DOI 10.3389/1pls.2016.00307.

Lukyanenko P.P., Zhogin A.F. Use of induced dwarf mutants in winter
wheat breeding. Selektsiya i Semenovodstvo = Breeding and Seed
Industry. 1974;1:13-17. (in Russian)

Mclntosh R.A., Dubcovsky J., Rogers W.J., Morris C., Appels R.,
Xia X.C. Catalogue of gene symbols for wheat: 2015-2016 sup-
plement. 2016. Available at: https://shigen.nig.ac.jp/wheat/komugi/
genes/macgene/supplement2015.pdf.

Mclntosh R.A., Dubcovsky J., Rogers W.J., Xia X.C., Raupp W.J. Cata-
logue of gene symbols for wheat: 2018 supplement. 2018. Avail-
able at: https://wheat.pw.usda.gov/GG3/sites/default/files/Catalogue
%2001 %20Gene %20Symbols %20for %20Wheat %20- %20
supplement2018-2019.pdf.

Mclntosh R.A., Yamazaki Y., Dubcovsky J., Rogers J., Morris C., Ap-
pels R., Xia X.C. Catalogue of gene symbols for wheat. 2013. Avail-
able at: https://shigen.nig.ac.jp/wheat/komugi/genes/download.jsp.

Neff M.M., Neff J.D., Chory J., Pepper A.E. dCAPS, a simple tech-
nique for the genetic analysis of single nucleotide polymorphisms:
experimental applications in Arabidopsis thaliana genetics. Plant J.
1998;14(3):387-392. DOI 10.1046/j.1365-313X.1998.00124.x.

Neft M.M., Turk E., Kalishman M. Web-based primer design for single
nucleotide polymorphism analysis. Trends Genet. 2002;18(12):613-
615. DOI 10.1016/s0168-9525(02)02820-2.

Okonechnikov K., Golosova O., Fursov M. Unipro UGENE: a unified
bioinformatics toolkit. Bioinformatics. 2012;28(8):1166-1167. DOI
10.1093/bioinformatics/bts091.

Pearce S., Saville R., Vaughan S.P., Chandler P.M., Wilhelm E.P.,
Sparks C.A., Al-Kaff N., Korolev A., Boulton M.I., Phillips A.L.,
Hedden P., Nicholson P., Thomas S.G. Molecular characterization
of Rht-1 dwarfing genes in hexaploid wheat. Plant Physiol. 2011;
157(4):1820-1831. DOI 10.1104/pp.111.183657.

Peng J., Richards D.E., Hartley N.M., Murphy G.P., Devos K.M.,
Flintham J.E., Beales J., Fish L.J., Worland A.J., Pelica F., Sadha-
kar D., Christou P., Snape J.W., Gale M.D., Harberd N.P. ‘Green
revolution’ genes encode mutant gibberellin response modulators.
Nature. 1999;400(6741):256-261. DOI 10.1038/22307.

Pestsova E., Korzun V., Borner A. Validation and utilisation of Rht
dwarfing gene specific. Cereal Res. Commun. 2008;36(2):235-246.
DOI 10.1556/CRC.36.2008.2.4.

Rabinovich S.V. The breeding value of the Krasnodarskiy karlik 1
mutant. In: Chemical Mutagenesis in the Creation of Varieties
with New Properties. Moscow: Nauka Publ., 1986;88-92. (in Rus-
sian)

Rasheed A., Wen W., Gao F., Zhai S., Jin H., Liu J., Guo Q., Zhang Y.,
Dreisigacker S., Xia X., He Z. Development and validation of

137



1.V. Porotnikov, O.P. Mitrofanova
O.Yu. Antonova

KASP assays for genes underpinning key economic traits in bread
wheat. Theor. Appl. Genet. 2016;129(10):1843-1860. DOI 10.1007/
s00122-016-2743-x.

Shavrukov Y.N. CAPS markers in plant biology. Russ. J. Genet. Appl.
Res. 2016;6(3):279-287. DOI 10.1134/S2079059716030114.

Sukhikh LS., Vavilova V.Y., Blinov A.G., Goncharov N.P. Diver-
sity and phenotypical effect of the allele variants of dwarfing Rh¢
genes in wheat. Russ. J. Genet. 2021;57(2):127-138. DOI 10.1134/
S$1022795421020101.

Thomas S.G. Novel RAt-1 dwarfing genes: tools for wheat breeding
and dissecting the function of DELLA proteins. J. Exp. Bot. 2017;
68(3):354-358. DOI 10.1093/jxb/erw509.

Tian X., Wen W,, Xie L., Fu L., Xu D., Fu C., Wang D., Chen X.,
Xia X., Chen Q., He Z., Cao S. Molecular mapping of reduced plant
height gene RAt24 in bread wheat. Front. Plant Sci. 2017;8:1-9. DOI
10.3389/1pl1s.2017.01379.

Untergasser A., Nijveen H., Rao X., Bisseling T., Geurts R., Leunis-
sen J.A. Primer3Plus, an enhanced web interface to Primer3. Nucleic
Acids Res. 2007;35(2):71-74. DOI 10.1093/nar/gkm306.

Wen W., Deng Q., Jia H., Wei L., Wei J., Wan H., Yang L., Cao W.,
Ma Z. Sequence variations of the partially dominant DELLA gene

ORCIDID

1.V. Porotnikov orcid.org/0000-0001-5841-8803
O.P. Mitrofanova orcid.org/0000-0002-9171-2964
0.Yu. Antonova orcid.org/0000-0001-8334-8069

A system of molecular markers to identify alleles of the Rht-B1
and Rht-D1 genes controlling reduced height in bread wheat

Rht-Blc in wheat and their functional impacts. J. Exp. Bot. 2013;
64(11):3299-3312. DOI 10.1093/jxb/ert183.

Wilhelm E.P., Mackay L.J., Saville R.J., Korolev A.V., Balfourier F.,
Greenland A.J., Boulton M.L., Powell W. Haplotype dictionary for
the Rht-1 loci in wheat. Theor. Appl. Genet. 2013;126(7):1733-1747.
DOI 10.1007/s00122-013-2088-7.

Wu J., Kong X., Wan J., Liu X., Zhang X., Guo X., Zhou R., Zhao G.,
Jing R., Fu X., Jia J. Dominant and pleiotropic effects of a GAI
gene in wheat results from a lack of interaction between DELLA
and GIDI1. Plant Physiol. 2011;157(4):2120-2130. DOI 10.1104/
pp.111.185272.

Wiirschum T., Langer S.M., Longin C.F.H., Tucker M.R., Leiser W.L.
A modern Green Revolution gene for reduced height in wheat.
Plant J. 2017;92(5):892-903. DOI 10.1111/tpj.13726.

Youssefian S., Kirby E.J.M., Gale M.D. Pleiotropic effects of the
GA-insensitive Rht dwarfing genes in wheat. 2. Effects on leaf, stem,
ear and floret growth. Field Crops Res. 1992;28(3):191-210. DOI
10.1016/0378-4290(92)90040-G.

Zhang X., Yang S., Zhou Y., He Z., Xia X. Distribution of the Rht-B1b,
Rht-D1b and Rht8 reduced height genes in autumn-sown Chinese
wheats detected by molecular markers. Euphytica. 2006;152(1):
109-116. DOI 10.1007/s10681-006-9184-6.

Acknowledgements. The study was implemented within the framework of the state mission delegated to VIR under Projects No. 0481-2019-0002

and No. 0662-2019-0006.
Conflict of interest. The authors declare no conflict of interest.

Received October 1, 2021. Revised October 31, 2021. Accepted November 3, 2021.

138

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 < 26 - 2



