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Preharvest sprouting of wheat grain, sporadically observed in many regions of cultivation of this crop, leads
to deterioration of its food and sowing qualities. Seed dormancy is considered to be the main component of
resistance to preharvest sprouting. This physiological state of seeds is regulated by many genes, and it depends
heavily on environmental conditions. One of the regulators of seed dormancy in cereals is the Sdr4 gene (Seed
dormancy 4), which was first studied in rice. In common wheat, the homologues of this gene (TaSdr-A1 and
TaSdr-B1) are also involved in the regulation of seed dormancy. The search for valuable alleles in local varie-
ties and endemic forms is a promising area of research aimed at increasing the resistance of crops to adverse
environmental factors. In this study, Sdr genes were sequenced in several accessions of two tetraploid wheat
species with limited cultivation areas: Persian wheat (Triticum persicum Vav.) and Ethiopian wheat (Triticum
aethiopicum Jakubz.). As a result, the same Sdr-AT and Sdr-B1 variants that had been found in common wheat
were detected in these species. The Persian wheat accessions possessed only the Sdr-Ala allele, while Ethiopian
ones, only Sdr-A1b. The analysis of F, hybrids obtained from crossing these tetraploid species showed that the
Sdr-A1b allele was associated with a lower germination index of grains than Sdr-A1a. This result was inconsis-
tent with earlier association studies. Previously unknown polymorphisms were found in the promoter of the
Sdr-B1 gene in the studied accessions. A deletion of 16 nucleotides was detected in the 3'-terminal region of the
TraesC52B02G215200 gene, located on the complementary DNA chain close to the 3"-end of the Sdr-B7 gene.
Possible effects of the detected polymorphisms on the expression of Sdr genes are discussed.
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Mpeny6opouHoe NpopacTaHvie 3epHa NLeHWLbl, NeproAnYeckn Habnogaemoe BO MHOMVIX PErMoHax Bo3aenbl-
BaHWUA 3TOW KyNbTypbl, NPUBOANT K YXYALWEHMWIO €r0 NMPOAOBOMIbCTBEHHBIX U MOCEBHbIX KayecTs. [ToKon cemaH
CYNTAETCA OCHOBHbIM KOMMOHEHTOM YCTONUMBOCTY K NpesybopoyHOMy npopacTaHuio. 3To dpusmonornyeckoe
COCTOSIHWE PEerynnpyeTcss MHOXECTBOM FeHOB U CUIbHO 3aBUCUT OT YCIIOBUIA OKpy»Katowel cpeapbl. OguH us
perynAaTtopoB NoKoA ceMsAH 3/1aKoB — reH Sdr4 (Seed dormancy 4), BnepBble U3yYeHHbI Y puca. Y MATKOW niue-
HYLbI FOMOMOTU 3TOrO reHa, TasSdr-A1 v TaSdr-B1, Takxe yyacTBytOT B PerynaLum nokos cemsaH. Monck LeHHbIX
annenen reHoB y MeCTHbIX COPTOB M SHAEMUYHbIX POPM CUMTaeTCA NepcrnekTVBHbIM HamnpasfieHneM ncce-
[OBaHWI, HaLleNeHHbIX Ha MOBbIWEHNE YCTONUMBOCTY CENIbCKOXO3ANCTBEHHbIX KYNbTYp K HEGNaronpuaTHbIM
daKkTopam oKpyatoLiel cpepbl. B HacToAwem nccnefoBaHny reHbl Sdr 6binM CeKBEHUPOBaHbI Y HECKOSbKMX
06pa3uUoB ABYX TETPaNIoONAHbIX BULOB MLUEHNMLbl, UMEIOLMX OrPaHNYEHHbIe apeanbl BO3feNblBaHuWs, — Mlle-
HUUbI KapTanuHckon (Triticum persicum Vav.) n nweHuuypbl 3duronckon (Triticum aethiopicum Jakubz). B pe-
3ynbTaTe y 3TUX BUAOB Oblv HaliAeHbl Te Xe BapuaHTbl anienei reHos Sdr-A1 n Sdr-B1, koTopble paHee 6binn
0o6Hapy»KeHbl y MLeHNLbl MATKON. [py 3TOM Y NLeHWLbl KapTaMHCKOW BCTPeYaeTca TonbKo annenb Sdr-Ala,
a 'y nweHmnLbl 3$uonckon — annenb Sdr-A1b. Mpu aHanmse rmbpraos F,, NONyUYeHHbIX OT CKpeLlmBaHNA AaHHbIX
TeTpanIovAHbIX BUAOB, annenb Sdr-A1b 6bin cBA3aH C MEHbLUMM MHAEKCOM MPOpPacTaHuA 3epHa, YeM annesnb
Sdr-Ala, uTo He cornacyertca ¢ pesynbTaTaMi NPeaLecTBYOWMX acCOUMATBHBIX UCCefoBaHUiA. B npomoTo-
pe reHa Sdr-B1 y nsyyaembix o6pasLioB 6binn 0OHapyxeHbl paHee Hen3BecTHble nonrmopdusmbl. B 3'-KoHue
reHa TraesCS2B02G215200, pacnonoXXeHHOro Ha KomnaemeHTapHow uenu HK 6nr3ko K 3'-KoHuy reHa Sdr-B1,
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Monvmopdu3sm reHoB Sdr, perynupyioLmnx NoKon cemMaH
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obHapyeHa peneuns 16 Hykneotngos. O6CyKaaeTcA BO3MOXHOE BAMAHMNE HaAEHHbIX NONMMOPGH3MOB Ha

3KCnpeccuto reHoB. Sdr.

KntoueBble cnosa: npeay6opouHOe NpopacTaHune; TETPANIONAHbBIE MLIEHNLbI; MapKepbl; MEXBUAOBas rMbpuau-

3aumnA; ceKBeHUpoOBaHMe.

Introduction

Preharvest sprouting of wheat grains remains a challenge in
many regions of cultivation of this crop around the world.
It decreases the grain yield and deteriorates the quality of the
end products (Olaerts, 2018).

Seed dormancy is the main component of resistance to
preharvest sprouting. This special physiological condition
of seeds is observed after their maturation and associated
with a delay or complete absence of germination even with
sufficient moisture. Seed dormancy is controlled by many
genes and is highly dependent on environmental conditions.
Currently, quantitative trait loci (QTL) associated with resis-
tance to pre-harvest sprouting have been mapped on virtually
all wheat chromosomes. The most significant loci have been
found on chromosomes 2B, 3A, and 4A. In some of these
QTL, candidate genes were identified, including TaMKK3,
TaPHS1 (TaMFT), TaVpl, Tamyb10, and TaSdr (Nakamura,
2018; Vetch et al., 2018).

The Sdr4 gene (Seed dormancy 4) was first identified in rice
as a candidate gene in one of the major QTL for resistance
to preharvest sprouting. Experiments with rice showed that
Sdr4 gene expression was reduced in forms mutant for the
OsVpl gene. It was also shown that the Sdr4 gene upregulates
the genes associated with seed dormancy (OsDOG-like)
and downregulates the genes associated with germination
(OsGA200x-1, OsEXPB3). The protein encoded by the Sdr4
gene has no similarity to other proteins of known functions,
but has a nuclear localization signal (Sugimoto et al., 2010).
Bioinformatic analysis suggested the presence of coiled coil
and zinc finger domains in its structure (Zhang et al., 2017).
Presumably, the SDR4 protein is a specific regulator of seed
dormancy, acting as a transcription factor under the control of
a more general regulator of seed maturation, the VP1 protein
(Sugimoto et al., 2010).

In common wheat, homologues of OsSdr4 gene — the genes
TaSdr-A1 and TaSdr-B1, located on chromosomes 2A and 2B,
respectively, were cloned. Point mutations associated with
germination index variation were found in the sequences of
these genes. The association of Sdr4 alleles with the germi-
nation index was shown both in a comprehensive collection
of Chinese wheat varieties and in recombinant inbred lines
Yangxiaomai x Zhongyou 9507. It was also shown that the
alleles of these genes associated with resistance to sprouting
are often present in Chinese and Japanese wheat varieties
but nearly nonexistent among Russian ones (Zhang et al.,
2014, 2017).

One of the ways to seek valuable alleles associated with
resistance to adverse environmental factors is the investigation
of wild forms and landraces of the crop. In order to expand
the allelic diversity of the Sdr genes used in wheat breeding,
what is especially important for Russia, we decided to study
these genes in two locally cultivated tetraploid wheat species:

Persian wheat (7riticum persicum Vav.) and Ethiopian wheat
(Triticum aethiopicum Jakubz.)!. Persian wheat is grown in
the Caucasus geographical region, including regions of Russia
(Dagestan), Georgia, Armenia, and northeastern Turkey. It is
characterized by low demands for heat, resistance to fungal
diseases, and a long period of afterripening of the grain.
However, this species has poor drought tolerance (Dorofeev
et al., 1979). Ethiopian wheat is a naked tetraploid species
found in mountainous regions of Ethiopia and in the south of
the Arabian Peninsula. Ethiopian tetraploid wheat is character-
ized by an exceptional diversity of botanical forms. However,
these forms share some common features that allow them to
be merged into a separate species (Dorofeev et al., 1979).
Due to the mountainous topography of the original ranges of
Persian and Ethiopian wheats, the climatic conditions under
which these species developed are very diverse. Some areas
of cultivation of these species have a humid climate in which
precipitations touch the season of grain ripening. Thus, we
may assume that some forms of Persian wheat and Ethiopian
wheat carry valuable alleles of genes associated with resistance
to preharvest sprouting.

Materials and methods

The accessions of Ethiopian wheat collected during a joint
Ethiopian—Russian biological expedition in 2012 were ob-
tained from the Vavilov Institute of General Genetics, Russian
Academy of Sciences (Badaeva et al., 2018). The accessions
of Persian wheat were obtained from the Vavilov All-Russia
Institute of Plant Genetic Resources. The information on the
country of origin of each accession is presented in Table 1.
Wheat accessions were grown in the field on 1-m? plots in
2016-2017. Every year they were assessed for resistance to
preharvest sprouting by germinating grains collected at full
ripeness and calculating the germination index.

To determine the germination index, the grains were
manually extracted from the ear and placed in Petri dishes
on two layers of filter paper moistened with 8 mL of distilled
water. Germination was carried out in the dark at controlled
temperature of 24 °C. Sprouted grains were counted and re-
moved daily. The filter paper was moistened as it dried. The
germination lasted 7 days. The grains that did not germinate
within this time interval were kept in a refrigerator at 4 °C
for 3 days to break dormancy; after that, viable seeds were
counted. The experiment was performed in six replications.
The grains from each ear were placed in a separate Petri dish.
The germination index was calculated as:

GI=(7Txn +6xn,+5xn;+ ... +1 xn )7 xN),

where n, n, ... n, are the numbers of germinated grains on
the first, second and subsequent days up to the seventh day;

T This article follows the taxonomy of the genus Trificum reported in (Dorofeev
etal., 1979).
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Table 1. The country of origin and botanical varieties of Persian
and Ethiopian wheat accessions used in the study

No.! Accession number,

site code3

VIR catalog
accession?

Country of origin

Polymorphism of Sdr genes regulating seed dormancy
in Triticum persicum Vav. and Triticum aethiopicum Jakubz.

Botanical variety®

1 Numerical designation in this study; 2 Vavilov All-Russia Institute of Plant Genetic Resources; 3 in the joint Ethiopian-Russian biological
expedition in 2012; 4 breeding or research material; > identified using (Dorofeev et al., 1979).

N is the total number of viable grains taken for germination.
The germination index ranges from 0 to 1, and the deeper is
the seed dormancy, the lower the index (Walker-Simmons,
1988).

In 2016, interspecific crosses of some Persian wheat and
Ethiopian wheat accessions were made, including crosses
T aethiopicum no. 15 x T. persicum no. 5 and T aethiopicum
no. 15 x T. persicum no. 8. In 2017, F, hybrids were grown
in the field, and in the winter of 2017-2018, F, hybrids were
grown in a greenhouse. To estimate the germination index, half
of the grains harvested from each F, plant were germinated
in a Petri dish (single replication).

DNA was extracted from dried leaves of plants by the
P.J. Doyle method (1991). Primers for amplification of the
SDR-A1 (SDR-AF, SDR-AR) and Sdr-B1 (SDR-BF, SDR-BR)
genes, including parts of their promoters, were selected spe-
cifically for wheat subgenomes A and B on the basis of wheat
genome sequences IWGSC RefSeq v1.0 (Alaux et al., 2018)
using Primer BLAST (NCBI).

The sequences of all primers used in the study are shown
in Table 2. PCR was performed in a SimpliAmp Thermal
Cycler (Applied Biosystems). The concentrations of the reac-
tion mixture components were as follows: 1x buffer supplied
with the polymerase (including 2.5 mM MgCl,), 0.2 mM of
each ANTP, 10 % v/v dimethyl sulfoxide, 1 um of each of
the forward and reverse primers, 0.05 U/uL Tag-polymerase
(Sileks), 0.01 U/uL Pfu-polymerase (Sileks), and 4 ng/uL
template DNA. The addition of dimethyl sulfoxide to the

966

reaction mixture is needed due to the high content of GC base
pairs (bp) in amplified DNA fragments. The PCR program
was conducted as follows: predenaturation 94 °C, 5 min; 45
cycles 94 °C, 30 s; 57 °C, 45 s; and 72 °C, 2 min; postexten-
sion 72 °C, 5 min. Prior to sequencing, the PCR products were
purified with a Cleanup Mini Kit (Evrogen).

The sequencing was carried out with a BrilliantDye Ter-
minator v3.1 Cycle Sequencing Kit (Nimagen), SimpliAmp
Thermal Cycler (Applied Biosystems) and 3130xI Genetic
Analyzer (Applied Biosystems). The end primers (used for
PCR) as well as additional primers SDR-2AF, SDR-2AR (for
the Sdr-A1 gene) and SDR-3BF, SDR-3BR (for the Sdr-B1
gene) were used for the sequencing reaction (Zhang et al.,
2014). The nucleotide sequences were aligned with GeneDoc
v.2.7 software. The nucleotide sequence of the Sdr-B1 pro-
moter was analyzed with the PlantCARE online service
(Lescot et al., 2002).

Primers for creating new markers were designed with
Primer BLAST (NCBI). The PCR volume was 25 puL. The
final concentration of the components of the mixture was
similar to that mentioned above, but without the addition of
Pfi-polymerase. SDR-5BF and SDR-SNP-BR primers were
used to detect the single nucleotide polymorphism at position
(—11) of the Sdr-B1 gene. The PCR program was as follows:
95 °C, 1 min; 40 cycles 95 °C, 45 s; 65 °C,45s; 72 °C, 45 s;
postextension 72 °C, 2 min. The PCR products were digested
with PspCI restriction endonuclease (SibEnzyme) without
pretreatment. The reaction mixture included a buffer solution
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Table 2. DNA primers used in the study

Sequence 5'-3'
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Amplification of the entire gene,
"~ sequencing

Amplification of marker fragments

* Primers designed in (Zhang et al,, 2014). Other primers are of our own design.

supplied with the endonuclease (buffer B, SibEnzyme) and
bovine serum albumin (BSA) at recommended concentrations
(1x) plus 1 U/uL restrictase. The volume of the reaction mix-
ture was 10 uL. The reaction was carried out at 37 °C for 2 h.

To identify the deletion located 449-464 bp downstream
from the stop codon of the Sdr-B1, the primers SDR-B1-InDel-F
and SDR-BR were used. The PCR program was as follows:
95 °C, 2 min; 35 cycles 95 °C, 30 s; 58 °C, 30's; 72 °C, 30 s;
postextension 72 °C, 2 min.

The SDR-SNP-AF and SDR-SNP-AR primers were used to
detect a single nucleotide polymorphism at position 643 of the
Sdr-A1 gene. The PCR program was as follows: 95 °C, 1 min;
10 cycles 95 °C, 45 s; 66 °C (with a temperature decrease by
0.4 °C per cycle), 45 s; 72 °C, 45 s; 35 cycles 95 °C, 45 s;
62 °C, 45 s; 72 °C, 45 s; postextension 72 °C, 2 min. The
PCR products were cut with Ple191 restriction endonuclease
(SibEnzyme) without pre-treatment. The reaction mixture
consisted of the buffer solution, supplied with endonuclease
(buffer Y, SibEnzyme) at the concentration 1%, and 0.1 U/uL
restrictase. The volume of the reaction mixture was 10 pL.
The reaction was carried out at 37 °C for 2 h.

The electrophoresis of the PCR and restriction products was
carried out in 1.5 % agarose gel in TBE buffer supplemented
with ethidium bromide. The results were visualized using a
GelDoc XR+ Gel Documentation System (Bio-Rad).

The statistical analysis of the data was carried out us-
ing Statistica 6.0 software. Before the analysis of variance,
germination index values were transformed according to the
formula: arcsin(+/x ). In the Tables 1-3 and Figures 1—4, back
transformed mean values are presented. The nontransformed
germination index values were used in the Mann—Whitney test.

Results

The tested wheat accessions differed significantly from each
other in terms of germination index both in 2016 and in 2017
(Table 3). The lowest germination indices averaged over the
two years were recorded in accessions nos. 2, 4, 8, and 10 of
Persian wheat and accession no. 15 of Ethiopian wheat. The
highest germination index was found in Ethiopian wheat ac-

cessions nos. 13, 16, and 18. On the average, Persian wheat
showed a lower germination index than Ethiopian (p <0.05).

The Ethiopian wheat accessions nos. 15 and 16 and Persian
wheat accessions nos. 5 and 8 were chosen for sequencing the
Sdr-A1 and Sdr-B1 genes, as these accessions showed the most
contrasting germination indices. The resulting sequences were
deposited into the GenBank database under accession numbers
MK396766, MK396767, MK396768, and MK396769.

Sequencing of the Sdr-A4 1 gene in the mentioned accessions
showed that they differed in the same single nucleotide
polymorphism that had been found in common wheat (Zhang
etal., 2017). The nucleotide A, characteristic of the Sdr-A1b
allele, was found in Ethiopian wheat accessions nos. 15 and
16 at position 643 from the start-codon, and the nucleotide G,
characteristic of the Sdr-Ala allele, was found in Persian
wheat accessions nos. 5 and 8. Apart from that, the Sdr-A1
gene sequences of the two studied wheat species did not differ
from each other, and they matched the reference sequence of
the common wheat genome of the cultivar Chinese Spring.

In other Persian wheat and Ethiopian wheat accessions
that were characterized in our study by the germination index
alleles of the Sdr-A1 gene were determined using the molecular
marker previously developed by Y. Zhang et al. (2017), based
on PCR and endonuclease cleavage. All studied Persian wheat
accessions possessed only the Sdr-Ala allele, whereas all
Ethiopian wheat accessions possessed only Sdr-A41b.

We also analyzed the effects of different alleles of the
Sdr-A1 gene on seed dormancy in F, of two interspecific
crosses between Persian and Ethiopian wheat accessions.
A molecular marker developed by Y. Zhang et al. (2017),
involves the amplification of a DNA fragment of 1294 bp.
Due to the fact that the amplification of such large DNA
fragments, especially those containing GC-rich sites, with 7ag-
polymerase is often difficult, we decided to reselect primers
for the marker of this single-nucleotide polymorphism so that
the resulting amplicon be as short as possible. Primers SDR-
SNP-AF and SDR-SNP-AR specific for subgenome A (see
Table 2) were designed to yield an amplicon of 499 bp. The
obtained PCR product was cleaved with restrictase Ple191. The
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Table 3. Alleles of the Sdr-A1 and Sdr-B1 genes and germination indices

in T. persicum and T. aethiopicum accessions

No. Alleles of the genes

Germination index™*

............................................. InDeI*

e SAEAT ST 2016 2017 Mean
T. persicum
g T e g e
2 @ . 20 017 012 1% .
R Do . 214 062 035 0480 .
R Do . 214 018 008 . E
I @ b 214 063% . 057% 060%% .
6 a b 214 0.38¢ 0.364 0.372bd
7 ....................... a ..................... b ..................... 2 14 ................................. 0 27abc ..................... 0 2 1 L 0 24ab ....................
8 ....................... a ..................... b ..................... 2 14 ................................. 0 136 ........................ 0 1 Oab ...................... 0 11a ......................
9 ....................... (.1. ..................... (.J. ..................... 2 30 ................................. o soef ....................... 0 1 'é'{;'c' ...................... 0 _'j,f'c;a'ia'é&é ................
B e g
T. aethiopicum
o G230 080 0B oewtE
A2 b O 230 ) 085 0755 080> ..
BLE b b 230 1009 083" . 0.96%
LS. b b 230 044 035 0397 ..
B b b 2V 016%™ 0152 015
6 b b 230 090° . 097" 094%
17 b b 230 0.45< 0.559 0.50%cde

18 ..................... b ..................... b ..................... 2 14 ................................. 0 89f ........................ 0 8 Sgh ...................... 0 8 7Cde ...................
p-values of differences between accessions (Ftest) - <0001 - <0001 - <0001

* Marker of the deletion close to the Sdr-B7 gene; amplicon sizes (bp) are shown; *

with the same letters do not differ significantly according to Tukey'’s test.

PCR product of the Sdr-41a allele was not cleaved, and that
of Sdr-A1b yielded fragments of 387 and 112 bp (Fig. 1, a).
Test of the new marker on the Persian wheat and Ethiopian
wheat accessions showed a complete coincidence of the results
of the analysis with the results obtained with the previously
developed marker. In addition, the new primers significantly
improved the reliability of amplification.

Atotal of 66 F, plants T. aethiopicum no. 15 x T. persicum
no. 5 were analyzed with the new marker. Of them, 15
plants were homozygous for the Sdr-Ala allele, 11 were
homozygous for Sdr-A1b, and the other 40 were heterozygous.
The segregation in F, matched the Mendelian 1:2:1 ratio
(? = 4.125; p = 0.178). As the statistical distribution of
the germination index in F, was far from normal, we
used the nonparametric Mann—Whitney U test to estimate
the association of the index with plant genotypes. Only
homozygous forms were used in these calculations. According
to the results of the statistical test, the Sdr-A/ gene had
no significant effect on the germination index in F, of the
T’ aethiopicum no. 15 x T. persicum no. 5 cross (p = 0.09), but
plants with the Sdr-A b allele tended to possess lower indices.

We genotyped 83 F, plants in the 7. aethiopicum no. 15 x
x T. persicum no. 8 intercross. Of these, 25 were identified
to have the Sdr-Ala allele, 15 — Sdr-A1b, and 43 were
heterozygotes. The segregation generally corresponded to
the Mendelian 1:2:1 (%> = 2.98; p = 0.284); however, as in
the cross described above, the proportion of homozygotes in

968

*The germination index values marked in each column

the Sdr-A1b allele was slightly lower than expected. In this
cross, the relationship between the germination index and the
marker of the Sdr-A1 gene was significant (»p = 0.035 by the
Mann—Whitney U test). The plants with Sdr-A41b had a lower
grain germination index than plants with Sdr-4/a. The same
trend remained when data from the two F, populations were
bulked into one sample (p = 0.012 by the Mann—Whitney
U test) (Fig. 2).

The sequencing of the Sdr-B1 gene in Persian wheat
accessions nos. 5 and 8 and Ethiopian wheat accessions
nos. 15 and 16 showed that they did not differ from each
other in the coding region of this gene. In the gene promoter,
accession no. 16 had two single-nucleotide substitutions,
while accessions nos. 5, 8, and 15 had a dinucleotide insertion
CT compared to the reference sequence of Chinese Spring
wheat (Fig. 3, a). The previously known variant of the single
nucleotide polymorphism at position (—11) from the start
codon characteristic for the Sdr-B1b allele (Zhang et al., 2014)
was found in the 5'-noncoding region of the gene in all the
four wheat accessions.

We also optimized the marker intended for the identification
of Sdr-B1 gene alleles by redesigning the primers to obtain a
shorter PCR product (see Fig. 1, b). The alleles of the Sdr-B1
gene, differing by the single-nucleotide polymorphism at
position (—11), showed no statistically significant correlation
with the germination index in the studied collection of the two
wheat species (p = 0.9 by Fisher’s F test).
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Near the 3’-end of the Sdr-B1 gene, the DNA fragment sequenced in our study
partially overlaps the 3 -untranslated region of the TraesCS2B02G215200 gene,
lying close nearby on the complementary DNA chain and supposedly encoding the
18-kDa subunit of NADH ubiquinone oxidoreductase. In the 3 "-untranslated region
of TraesCS2B02G215200, accessions nos. 5, 8, and 15 have a 16-nucleotide deletion,
which is absent from the sequence of accession no. 16 and from the reference
sequence of common wheat, cultivar Chinese Spring (see Fig. 3, b).

Due to the fact that this 16-nucleotide deletion can serve as an easy-to-use linked
marker of Sdr-B1 alleles, we designed flanking primers (SDR-B1-InDel-F and
SDR-BR) for its identification. Electrophoresis of the PCR products obtained with
these primers makes it possible to identify two variants of the DNA fragments with
sizes 230 and 214 bp. There is also an additional fragment of larger size (about
266 bp), probably amplified from chromosome 2A (Fig. 4). A test of the marker with
the collection of Persian wheats showed that the presence of the 230-bp fragment
coincided with the presence of the Sdr-B1a allele, which had been associated with
a low germination index in previous studies. However, this pattern was broken
among the Ethiopian wheat accessions. In general, in the two wheat species, the
accessions showing the shorter marker fragment (214 bp) had a low germination
index on the average (0.35), while the accessions with the longer fragment (230 bp)
had high (0.57). However, this correlation between the presence of the deletion and
the germination index in the tested collection was of low statistical significance
(» = 0.1 according to the Fisher F test for the two-year means).

Discussion

Earlier, researchers had noted that Persian wheat possessed good resistance to
preharvest sprouting (Dorofeev et al., 1979). This was confirmed by our results.
For two years of our experiments, the average germination index of Persian wheat
was lower than that of Ethiopian wheat.

In previous studies, the Sdr-41a and Sdr-Bla alleles were associated with resis-
tance, while Sdr-41b and Sdr-B1b were associated with susceptibility to preharvest
sprouting (Zhang, 2014, 2017). In all the Persian wheat accessions tested we found
the Sdr-A1a allele, while all, Ethiopian wheat accessions that generally less resis-
tant to sprouting, had solely Sdr-41b. Thus, it could be assumed that the Sdr-A1a
allele contributes to the resistance to preharvest sprouting in Persian wheat.

However, the analysis of the germination index in connection with plant genotypes
in F, showed a relationship inconsistent with the hypothesis proposed above: plants
with the Sdr-A1b allele produced grain with a lower germination index than plants
with Sdr-A1a. Heterozygous plants showed an intermediate value of the germina-
tion index between the homozygotes. There may be several explanations for the
different direction of the connection of plant genotypes with the germination index
observed in this case. First, the effect of the Sdr-A41 alleles on seed dormancy may be
strongly dependent on the conditions of plant growth. The F, plants were grown in
a greenhouse, while the original wheat accessions were grown in the field. Second,
it can be explained by the interaction of the Sdr-41 gene with other genes, which
may invert the effects of the alleles in these crosses. Third, it may be associated
with a mutation in a closely linked regulatory DNA sequence (enhancer or silencer),
which was not covered by the sequencing of the Sdr-41 gene.

Analysis of the promoter of the Sdr-B1 gene using the online service PlantCARE
showed that it contains mainly cis-regulatory elements associated with the response
to light, abscisic acid, methyl jasmonate, and anoxia, as well as elements respon-
sible for expression in meristem. The presence of such regulatory elements in the
promoter of the Sdr-B1 gene can explain to some extent the known enhancement
of seed dormancy in wheat and other relative cereals with the presence of light
or abscisic acid and with oxygen shortage in contrast to the weakening of seed
dormancy in response to methyl jasmonate (Walker-Simmons, 1988; Hoang et al.,
2014; Xu et al., 2016). Probably, the CT dinucleotide insertion in the Sdr-B1 pro-
moters of accessions nos. 5, 8, and 15 does not affect the structure of cis-regulatory
elements. In accession no. 16, the single-nucleotide substitutions detected involve
two regulatory sequences. The nucleotide mutation G(—454)C leads to the appear-
ance of an additional element responsible for the reaction to methyl jasmonate and

Monvmopdu3sm reHoB Sdr, perynupyioLmnx NoKon cemMaH
y Triticum persicum Vav. n Triticum aethiopicum Jakubz.

2019
238

499 —
387 —

112 —

bb aa ab M

Fig. 1. The new markers of single nucleotide
polymorphisms (SNP) in Sdr genes of wheat.

a - the marker of SNP A643G in the Sdr-Al
gene. An example of electrophoresis of the PCR
products obtained with primers SDR-SNP-AF/SDR-
SNP-AR and cut with endonuclease Ple19l: aa - ho-
mozygote for Sdr-Ala allele, bb - homozygote for
Sdr-A1b allele, ab — heterozygote. The sizes of the
products are given in base pairs (bp); b - the marker
of SNP A(-11)G in the 5’-untranslated region of the
Sdr-B1 gene. An example of electrophoresis of the
PCR products obtained with primers SDR-5BF/SDR-
SNP-BR and cut with endonuclease PspCl: bb - ho-
mozygote for Sdr-B1b, aa - homozygote for Sdr-
Bla, ab - heterozygote. The fragment of 343 bp
corresponds to the intact PCR product, which
remains as a result of low efficiency of cutting off
the short 57-bp fragment. M — DNA ladder M-100
(Syntol).

0.6

051

04+
03F
0.2+
0.1
0 . .
aa ab bb

Fig. 2. Germination indices of the grains
collected from F, plants with different Sdr-A1
genotypes: aa - homozygotes for Sdr-Ala
allele, bb - homozygotes for Sdr-A1b allele,
ab - heterozygotes.

The means are calculated from the combined data
of two crosses no. 15xno. 5 and no. 15xno. 8.
Error bars show 95 % confidence intervals.
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Polymorphism of Sdr genes regulating seed dormancy
in Triticum persicum Vav. and Triticum aethiopicum Jakubz.

a -454
T. carth 5 CTGCCAACGTGACCCCACCCCACGCCCCATGAATGGAGCGGCAGCCAGCCAGTGACCGCG 240
T. aeth 16 CTGCCAACGT/gACCCCACCCCACGCCCCATGAATGGAGCGGCAGCCAGCCAGTGACCGCG 240
T. aest CS CTGCCAACGTGACCCCACCCCACGCCCCATGAATGGAGCGGCAGCCAGCCAGTGACCGCG 240
T. carth 5 GCGGGACGCGCCACGGGGGACGAGGCGACACGAAGCGAGCAGGCGCGGTGCGGCGAACGT 300
T. aeth 16 GCGGGACGCGCCACGGGGGACGAGGCGACACGAAGCGAGCAGGCGCGGTGCGGCGAACGE 300
T. aest_CS GCGGGACGCGCCACGGGGGACGAGGCGACACGAAGCGAGCAGGCGCGGTGCGGCGAACGT 300

-317
T. carth 5 GATCGCGCCGCGCATGCAACGGGCCTCTCGCGCCTCCCCGTGCCCGCCCGCCCGTCCGRT 360
T. aeth 16 GATCGCGCCGCGCATGCAACGGGCCTC--GCGCCTCCCCGTGCCCGCCCGCCCGTCCGRT 358
T. aest _CS GATCGCGCCGCGCATGCAACGGGCCTC--GCGCCTCCCCGTGCCCGCCCGCCCGTCCGGT 358
T. carth 5 GCCTCCCCCCACTCCGTCACACGCCTGACGCCCCTCTCACTGGACGCCACTGGAATCCAC 420
T. aeth 16 GCCTCCCCCCACTCCGTCACACGCCTGACGCCCCTCTCACTGGACGCCACTGGAATCCAC 418
T. aest _CS GCCTCCCCCCACTCCGTCACACGCCTGACGCCCCTCTCACTGGACGCCACTGGAATCCAC 418
6
T. carth 5 AGTCCTCTCCCTCCAAAGCAGCGCGCCCCGCGACTCGCCTCCGCCTACGTGTCGGCCCCG 480
T. aeth 16 BGTCCTCTCCCTCCARAGCAGCGCGCCCCGCGACTCGCCTCCGCCTACGTGTCGGCCCCG 480
T. aest _CS AGTCCTCTCCCTCCAAAGCAGCGCGCCCCGCGACTCGCCTCCGCCTACGTGTCGGCCCCG 478
T. carth 5 TCCCCGCCCGCTCGCCCACGTACCCCGCGCCTCGTTCCCACGTGCCCCTCCCTCTGCGCG 540
T. aeth 16 TCCCCGCCCGCTCGCCCACGTACCCCGCGCCTCGTTCCCACGTGCCCCTCCCTCTGCGCG 538
T. aest_CS TCCCCGCCCGCTCGCCCACGTACCCCGCGCCTCGTTCCCACGTGCCCCTCCCTCTGCGCG 540
5'UTR
T. carth 5 CATCCGATTGGCCGCCCACGCCTTCTTAAGCCGGCACGGCACCGGGACCCAACGCCGTGE 600
T. aeth 16 CATCCGATTGGCCGCCCACGCCTTCTTAAGCCGGCACGGCACCGGGACCCAACGCCGTGE 598
T. aest_CS CATCCGATTGGCCGCCCACGCCTTCTTAAGCCGGCACGGCACCGGGACCCAACGCCGTGE 598
-11 CSD (Sdr-Bl)
T. carth 5 ACTCCGTCCACCCCCGTCAGCAGACTTCGACTCGCECGTGCACGC AN NI 660
T. aeth 16 ACTCCGTCCACCCCCGTCAGCAGACTTCGACTCGCECGTGCACGCALN oo bvelehieler 658
T. aest CS ACTCCGTCCACCCCCGTCAGCAGACTTCGACTCGCACGTGCACGCALNNeloler.NidelehielelN 658

b 3'UTR (TraesCS2B02G215200)

T. carth_5 TAGCCAAGAAATTCTGTGTGAAGGGGAATTTTACA-——————————————— AGCATTTTG 2084
T. aeth 16 TAGCCAAGAAATTCTGTGTGAAGGGGAATTTTACAGGCAAGGCTAATAACAAGCATTTTG 2098
T. aest_CS TAGCCAAGAAATTCTGTGTGAAGGGGAATTTTACAGGCAAGGCTAATAACAAGCATTTTG 2098

Fig. 3. The alignment of nucleotide sequences containing polymorphisms identified in the Sdr-B7 gene neighborhood.

a-the promoter and 5'-end of the Sdr-B1 gene of Ethiopian wheat no. 16, Persian wheat no. 5, and the reference sequence of chromosome
2B of wheat variety Chinese Spring (CS). Numerals above the lines designate the distance from the start codon. UTR is the-untranslated
region. CSD is the-protein-coding sequence of the gene; b — alignment of the 3’ untranslated region of the TraesCS2B02G215200 gene,

located on the complementary DNA chain next to the SDR-BT gene (TraesCS2B02G215300), containing a 16-nucleotide deletion.

Fig. 4. The marker of the deletion close to the 3"-end of the SDR-BT gene in Triticum persicum accessions (1-10), T. aethiopicum accessions (11-18),

and T. aestivum cultivar Chinese Spring (CS).

M - the DNA ladder M-100 (Syntol). The marker fragments are 230 and 214 base pairs (bp). The fragment of 266 bp is a byproduct amplified from chromosome 2A.

the disruption of the light-sensitive G box, and the mutation
A(-226)G disrupts the light-sensitive GT-1 binding element.
All these changes in the promoter may weaken, although
slightly, the expression of the Sdr-BI gene and, accordingly,
can be among the causes for the weak seed dormancy in ac-
cession no. 16.

Conclusion

The CAPS-marker-identified single-nucleotide polymorphism
A(-11)G in the 5"-non-coding region of the Sdr-Bl gene
showed no statistically significant correlation with the germina-

tion index in the studied wheat accessions. At the same
time, on the same plant material, we found a weak (p = 0.1)
correlation between the germination index and the deletion in
the 3 -untranslated region of another gene lying close on the
complementary DNA chain. Presumably, this deletion affects
the expression of the Sdr-B1 gene through the mechanism
of RNA interference, as the genes TraesCS2B02G215200
and Sdr-B1 (TraesCS2B02G215300) lie on DNA strands
complementary to each other, being separated by a very small
gap, about 200 bp. Even if the deletion of 16 nucleotides near
the Sdr-B1 gene actually does not influence its expression,
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it can be used as a convenient supplementary marker to
discriminate the alleles of this gene in specific crosses without
using endonucleases.
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