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Abstract— Using allele-specific primers and hybridological analysis, the allelic composition of the VRN and
PPDloci was determined in common wheat lines derived from the Bezostaya 1 (Bez1) cultivar. In lines of the
Bezl cultivar carrying different dominant alleles of the VRN genes and their combinations, the duration of
certain developmental phases was examined. It was demonstrated that, in lines with the combination of two
dominant alleles of the VRN-1locus (BezlVrn-Ala Vrn-Bla and BezlVin-Ala Vrn-Blic), the duration of the
“tillering—first node” and “shoots—heading” periods was statistically significantly decreased compared to
the initial isogenic lines (i:BezlVrn-Ala, i:BezlVrn-Bla, and i:Bezl Vrn-Blic). In addition, the presence of
two dominant alleles led to the reduction in the time span of the organogenesis stages, as shown by studying
the dynamics of shoot apex size and morphology in common wheat lines of the Bezl cultivar. The produc-
tivity analysis in the lines of the Bez1 cultivar showed that the i:Bez1 Vin-BIc line was characterized by highest
productivity among isogenic lines, while the BezlVin-Ala Vin-Blc line was more productive than the
Bez1Vrn-Ala Vrn-Bla line.
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INTRODUCTION

Common wheat (7. aestivum L.) is one of principal
cereals grown in the world. It is adapted to a wide
range of climatic conditions and is therefore grown in
different agroecological zones. Cultivated wheat vari-
eties, in addition to high grain yield and resistance to
adverse environmental conditions, should correspond
to the climatic zone for the duration of growing season
and its individual phases. The study of genes that con-
trol the growing season duration in common wheat, in
particular, heading and flowering time, is of great
practical importance, since allelic diversity of these
genes largely determines wide adaptation of wheat to
environmental conditions.

In wheat, there are a number of genetic systems
that determine the switch from the vegetative to repro-
ductive phase, the main ones of which are vernaliza-
tion response genes (VRN) and photoperiod sensitivity
genes (PPD) [1, 2].

Vernalization is a mechanism of prolonged expo-
sure to low above-zero temperatures, required for the
switch of winter plants from the vegetative phase of
development to the reproductive phase. The need for
vernalization of winter plants is an important adaptive

mechanism that allows their wintering in the regions
with low winter temperatures, preventing damage to
the apical meristem sensitive to low temperatures [3,
4]. The genetic diversity of wheat in heading and flow-
ering time is determined by four major VRN genes,
VRN-1, VRN-2, VRN-3, and VRN-4. The VRN-1
locus, which encodes MADS-box transcription factor,
determining the switch of apical meristem cells to
reproductive development, is represented by three
homeologous genes, VRN-AIL, VRN-BI1, and VRN-D1,
mapped to the long arms of chromosomes 5A, 5B, and
5D, respectively [1, 3]. The VRN-3 locus, which is
orthologous to the FT gene of Arabidopsis is mapped to
the short arm of chromosome 7B [5]. The VRN-4 gene
(formerly known as VRN-D4, VRN-DJ) is a duplica-
tion of the chromosome 5A long arm region with the
VRN-A1I gene in the short arm of chromosome 5D [6].
The spring type of wheat development is determined
by the presence of at least one dominant VRN-1, VRN-3,
or VRN-4 gene, while the winter type of development
is determined by recessive alleles of these loci.

A different effect of homeologous VRN-1 genes on
the sensitivity to vernalization was demonstrated. The
least plant sensitivity to vernalization is determined by
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the VRN-AI gene, and genotypes with the dominant
VRN-BI and VRN-D1 genes are more sensitive to ver-
nalization [7], which correlates with the relative
expression levels of these genes [8]. To date, a series of
dominant alleles of the VRN-A1, VRN-BI, and VRN-D1
loci, which, unlike recessive alleles, determine the
absence of the need for vernalization, has been
described. Allelic diversity at the VRN-1 locus was
found to be determined by the insertions and/or dele-
tions in two regulatory regions, the promoter and the
first intron regions [9]. For instance, most of the dom-
inant VRN-A1I alleles described so far, including Vin-
Ala and Vrn-AlIb, characteristic of common wheat
cultivars, are associated with mutations in the pro-
moter region [10—13]. On the contrary, the dominant
alleles of the VRN-BI and VRN-DI loci are mainly
associated with structural changes in the first intron
[14—19].

Analysis of structural features provided the design
of allele-specific primers [10, 14, 16, 17]. The use of
these primers allows for rapid identification of the
allelic composition in common wheat cultivars and
lines. They also played an important role in studying
the geographical distribution patterns of different
alleles of the VRN-1 locus.

For instance, it is known that the Vrn-A4la allele is
widely distributed among spring varieties from North-
ern and Eastern Europe, the greater part of Russia and
Western Siberia [20—25], Canada [26], the United
States, Argentina, and China [10, 15, 27].

Dominant allele Vrn-Bla is typical of cultivars
from Argentina, California [14], Pakistan [28], Can-
ada [26], the United States [15], and European coun-
tries [20, 22]. The Vrn-Blic allele is less common than
Vrn-Bla. In addition to Russian cultivars [21, 23, 24,
29], this allele was found mainly among the cultivars
from Eastern and Central Europe and Ukraine [16,
22, 30].

The photoperiod is also one of the factors regulat-
ing the growing season duration, which controls the
beginning of heading and flowering depending on the
plant response to the day length. Sensitivity to the day
length (photoperiod) is an adaptation owing to which
plants grow in the regions with different day lengths.
Photoperiod sensitivity is controlled by the PPD
genes. In wheat, the most important photoperiod sen-
sitivity genes (PPD-1), PPD-D1, PPD-B1, and PPD-
Al (formerly PPD1, PPD2, and PPD3), were mapped
to the short arms of the second homeologous group
chromosomes: 2D, 2B, and 2A, respectively [1, 31,
32]. In addition, one more PPD gene, PPD-B2, was
mapped to the short arm of chromosome 7B [33].

The majority of known dominant alleles of wheat
PPD-1 locus, unlike recessive alleles, were found to
contain deletions or insertions in the promoter region
[34, 35]. The photoperiod insensitivity is controlled by
the dominant PPD alleles and determines the reduc-
tion of the vegetation period under both short- and
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long-day conditions, while photoperiod sensitive cul-
tivars do not switch to reproductive development until
the day length reaches a particular value [36].

The dominant PPD genes differ in expressivity. The
highest photoperiod insensitivity is provided by the
dominant PPD-D1 gene, and then follow the PPD-B1
and PPD-A1I genes [36]. In regions with a hot and arid
climate, it is most advantageous to cultivate photope-
riod-insensitive wheat cultivars, which makes it possi-
ble for the plants to mature prior to the beginning of
high summer temperatures, providing high yields. In
turn, photoperiod-sensitive cultivars are most adapted
for cultivation in the regions with a cooler and more
humid climate [32, 37].

It is important to study the effect of different alleles
associated with structural changes in the regulatory
regions of the VRN-1 genes on the beginning of head-
ing and flowering of common wheat. It was demon-
strated that the genotypes bearing the vernalization-
insensitive dominant allele Vrn-Ala were the earliest
ripening. In the carriers of the Vrn-A1b allele, heading
occurs later than in the carriers of the Vrn-Ala allele
[38]. Using a series of near isogenic lines of the winter
cultivar Bezostaya 1 (Bezl) developed at the Institute
of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences [39], it was demon-
strated that the Vrn-Ala allele determined earlier
heading than the Vrn-Bla and Vin-Blic alleles, while
Vin-Blc allele, in turn, reduced the duration of the
shoots—heading period compared to the Vin-Bla
allele [40], which is consistent with the data on tran-
scription of these dominant alleles obtained in [41].

In addition to the effect of the individual VRN and
PPD genes on the growing season duration, the effect
of the combination of different VRN and PPD alleles is
worth exploring. In a number of studies, differences in
heading time were studied in spring cultivars carrying
different combinations of the VRN and PPD genes
[22—25, 29]. At the same time, the production and
study of genotypes carrying combinations of different
VRN and PPD alleles in the same genotypic environ-
ment helps to shed light on the genetic effects of VRN
and PPD loci.

It was demonstrated that different VRN genes and
their combinations affecting the growing season dura-
tion and heading time could also affect the productiv-
ity of common wheat. Cultivars with two dominant
genes VRN-A1 and VRN-B1 were earlier ripening and
more productive than cultivars with a single VRN gene
[7, 42].

Given that the development type of most modern
Russian and Western Siberian cultivars is determined
by two dominant alleles, Vrn-Ala and either Virn-Bla
or Vrn-Blc |21, 23—25], we have developed two com-
mon wheat lines carrying Vin-Ala in combination
with Vrn-Bla or Vrn-Blc against the genetic back-
ground of the winter cultivar Bez1 [43].
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Table 1. Lines of the Bez1 cultivar with different VRN alleles used in the study

Line Haploid VRN genotype Donor of dominant VRN gene Reference
i:BezlVrn-Ala Vin-Ala vrn-B1vrn-D1 Triple Dirk D Efremova (unpublished)
i:BezlVin-Bla vin-Al Ven-Bla vin-D1 Diamant I1 [39]
i:Bezl1Vrn-Blc vin-Al Ven-Blc vin-D1 Saratovskaya 29 [39]
i:Bez1 VRN-D4 vrn-Al vrn-B1vrn-D1 VRN-D4 | T. sphaerococcum Persiv. k-5498 | Efremova (unpublished)
Bezl1Vin-Ala Vin-Bla | Vin-Ala Vin-Bla vin-D1 i:BezlVrn-Ala [43]

i:BezlVrn-Bla
Bezl1Vin-Ala Vin-Blc | Vin-Ala Vin-Blc vin-D1 i:BezlVrn-Ala [43]
i:BezlVrn-Blc

This study presents the data on the effect of differ-
ent dominant alleles of VRN- I loci and their combina-
tions on the duration of certain developmental phases,
the dynamics of shoot apex formation, and productiv-
ity of wheat lines of the winter Bez1 cultivar in the for-
est-steppe zone of Novosibirsk oblast.

MATERIALS AND METHODS
Plant Material

Wheat lines of the winter cultivar Bezl with the
combination of two alleles of the VRN-I loci were
examined: BezlVin-Ala Vin-Bla and BezlVrn-Ala
Vin-Blc. These lines were obtained by crossing two
near isogenic lines (i:BezlVrn-Bla and i:BezlVin-
BIc) with isogenic line i:Bezl1Vrn-Ala. Homozygous
plants carrying two dominant alleles of the VRN genes
were isolated among F, plants using known allele-spe-
cific primers for the VRN-AI and VRN-B1 genes [43].

In addition, isogenic common wheat lines of the
Bezl cultivar with dominant alleles of VRN genes,
i:BezlVrn-Ala (Triple Dirk D isogenic line, donor of
the dominant Vrn-Ala allele), i:BezlVirn-Bla and
i:Bez1Vrn-BIc (dominant alleles from Diamant II and
Saratovskaya 29 cultivars, respectively), and
i:Bez1VRN-D4 (donor, accession k-5498 of
T. sphaerococcum Persiv. from the VIR collection)
(Table 1), were included in the study. The schemes for
obtaining the isogenic lines carrying the Vrn-Bla and
Vrn-Blc alleles were described previously [39]. The
isogenic lines with the Vrn-Ala and VRN-D4 genes
were obtained using similar technique.

Two lines with combination of the alleles of VRN
loci were genotyped using the isogenic lines of the Tri-
ple Dirk cultivar obtained by A.T. Pugsley (TD D line
with the dominant VRN-A1I gene, TD B line with the
VRN-BIgene, TD E line with VRN-D1, and TD F line
with VRN-D4), as well as the isogenic lines of the Bez1
cultivar with the dominant Vrn-Ala, Vin-Bla, Vin-
Blc, and VRN-D4 alleles. The Filatovka winter culti-
var was used as a recessive form.
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DNA Extraction and PCR

Genomic DNA was extracted from the leaves of
adult plants according to [44]. PCR was performed in
a total volume of 25 UL reaction mixture containing
50—100 ng of DNA template, 1X reaction buffer
(67 mM Tris HCI (pH 8.8), 1.5 mM MgCl,, 18 mM
(NH,),S0,4 0.01% Tween 20), 200 uM of dNTPs,
0.25 uM of forward and reverse primers, 1 unit of Taq
DNA polymerase (Medigen, Russia), and H,O, up to
25 uL.

The structure of the used primers and PCR condi-
tions were consistent with the published protocols
(Table 2). The reaction was run on a Bio Rad T100
Thermal Cycler (United States). The amplification
products were separated by electrophoresis on a 1.5%
agarose gel in 1x TAE buffer with the addition of
ethidium bromide. After electrophoresis, the gel was
photographed in ultraviolet light using the Doc-Print
IT gel documentation system (Vilber Lourmat,
France).

Analysis of the Duration of Developmental Phases

Analysis of the duration of certain developmental
phases in common wheat lines with dominant alleles
of VRN-1 loci was carried out during spring sowing of
2017 and 2018 on the experimental field of the Insti-
tute of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences, under natural long
photoperiod (55°2 N, 82°56 E; day length for the
May—August period, 17 h) and in the greenhouse of
the LIVR Common Use Center of the Institute of
Cytology and Genetics, Siberian Branch of the Rus-
sian Academy of Sciences, in 2019 during spring vege-
tation.

The duration of the following developmental
phases was studied: shoots—tillering, tillering—first
node (or shoots—first node), first node—heading, and
shoots—heading. Tillering was recorded on the day
when a secondary shoot developed off the main shoot.
The first node phase was recorded when the first node
appeared on the main shoot at a height of 1 cm above
the soil surface. The stem elongation phase was
Vol. 56
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Table 2. Primers used for allele identification at the VRN-A1, VRN-BI1, and PPD-D1 loci in common wheat lines
Locus Allele Primers Primer sequence (5'—3") Fragment length, bp Reference
VRN-A IIZ ; :j Z)’ VRNIAF | GAAAGGAAAAATTCTGCTCG 6 (12;;35 0 L10]
VRNIR TGCACCTTCCC(C/G)CGCCCCAT
vrn-Al ~500
Vin-Bla Ex1/B/F3 | GAAGCGGATCGAGAACAAGA 709 + 1235 [16]
VRN-BI Vin-B1b Intrl/B/F | CAAGTGGAACGGTTAGGACA 673 + 1199
Vin-Blc Intrl/B/R3 | CTCATGCCAAAAATTGAAGATGA 849
vin-B1 Intr1/B/R4 | CAAATGAAAAGGAATGAGAGCA 1149
Ppd-Dla Ppdl F ACGCCTCCCACTACACTG 288 [34]
PPD-D1 | Ppd-D1Ib Ppdl_RI1 GTTGGTTCAAACAGAGAGC 414
Ppdl_R2 CACTGGTGGTAGCTGAGATT

recorded on the day when the first node rose to a
height of about 4 cm and the second node began to
form at the soil surface. Heading was recorded when
the head had fully emerged from the flag leaf [45]. The
dates of the beginning of developmental phases were
recorded for each plant individually, and the mean
value was calculated. A total of 25—35 plants of each
line were examined.

In the analysis of segregation in F, hybrids obtained
from crossing the BezlVrn-Ala Vin-Bla and
BezlVrn-Ala Vrn-Blc lines with the tester isogenic
lines of the Triple Dirk cultivar and the isogenic lines
of the Bezl cultivar, the number of spring and winter
plants was determined. Plants in which heads were not
fully developed or stem elongation were not formed
100 days after germination were assigned to winter
wheat.

Analysis of the Dynamics of Shoot Apex Development

The shoot apex was examined under an Altami
PSO745 stereo microscope and photographed with an
Altami FireWire 1340R7 1/2CCD camera (Russia).
For analysis, the upper part of the stem was first cut off
about 1—2 cm above the node and then the shoot apex
was freed from the covering leaves with a microscopic
needle and examined under a microscope at magnifi-
cation of 10x. The dynamics of the shoot apex devel-
opment was monitored from June 9 to June 26, 2017,
with the interval of 3—4 days, starting from tillering
phase and ending with booting phase.

Analysis of the Productivity Traits

Plant productivity was studied in 2018 upon grow-
ing on the experimental field of the Institute of Cytol-
ogy and Genetics, Siberian Branch, Russian Academy
of Sciences. To perform structural analysis, the 25 best
accessions from each line were selected. The produc-
tivity components of the main spike (spike length,
number of spikelets, grain number and weight) and
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plant (spike number, grain number and weight) were
examined.

Statistical Treatment of the Data

Statistical treatment of the obtained data was car-
ried out using Microsoft Excel 2013. To assess the sta-
tistical significance of the differences between the
mean values, Student’s test was used (z-test).

RESULTS

Determination of Allele Composition at the VRN-AI,
VRN-B1, and PPD-D1 Loci in the Lines of Bezl
Cultivar Using PCR Analysis

Wheat lines of the Bezl cultivar were genotyped
using PCR analysis with allele-specific primers shown
in Table 2. Using allele-specific primers VRN 1AF and
VRNIR, in the examined lines, two fragments 650 and
750 bp in size characteristic of the dominant Vin-Ala
allele were amplified (Fig. 1a). Using multiplex PCR
with four primers, Ex1/B/F3, Intr1/B/F, Intr1/B/R3,
and Intr1/B/R4, in one of the lines, the PCR product
was represented by two fragments of 709 and 1235 bp
characteristic of the dominant Vrn-Bla allele. In
another line, a fragment of 849 bp was amplified, indi-
cating the presence of the dominant Vrn-Blc allele
(Fig. 1b). Thus, the genotype ofline 1 (L1) is Vrn-Ala
Vrn-Bla, and the genotype of line 2 (L2) is Vin-Ala
Vin-Blc.

It is known that, in addition to VRN genes, PPD
genes that control the photoperiod sensitivity also
have a considerable effect on the duration of develop-
mental phases in common wheat. Therefore, our task
was to identify alleles of PPD genes in the isogenic
lines and lines with the VRN allele combinations
derived from the Bezl cultivar.

Using multiplex PCR with three primers, Ppd-
D1 _F, Ppd-DI1_RI1, and Ppd-D1_R2, in the Bezl
cultivar and the lines created on its basis with different
dominant VRN alleles, a fragment of 288 bp was
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Fig. 1. Identification of the alleles at the VRN-1 loci in the
lines of the Bezl cultivar using allele-specific primers:
(a) VRN-AI,; (b) VRN-BI1. M, 100 bp Ladder. (/) Bez1Vin-Ala
Vrn-Bla; (2) Bez1Vrn-Ala Vin-Blc.

amplified, which indicated the presence of the Ppd-
D1 allele insensitive to day length (Fig. 2).

Determination of VRN Genotypes in Spring Wheat Lines
of Bezl Cultivar on the Basis of Genetic Segregation
in F, Hybrids with Tester Isogenic Lines

To support the results of molecular analysis, an
additional hybridological analysis was performed with
A.T. Pugsley’s isogenic lines of the Bezl cultivar
(i:BezlVrn-Ala, i:BezlVrn-Bla, i:Bezl Vrn-Blc, and
i:Bez1 VRN-D4) and the winter cultivar Filatovka. In
F, hybrids obtained from crosses of the Bezl Vrn-Ala
Vrn-Bla and BezlVin-Ala Vin-Blc lines with the tes-
ter TD D (VRN-AI) and TD B (VRN-BI) lines and the
i:BezlVrn-Ala, i:BezlVrn-Bla, and i:BezlVrn-Blic
isogenic lines, segregation was absent and all plants
were of spring type. When these lines were crossed
with the tester TD E (VRN-DI) and TD F (VRN-D4)
lines and the i:Bez1 VRN-D4 isogenic line, segregation
into spring and winter wheat close to 63 : 1 was
observed. In the case of crosses with the winter Fila-
tovka cultivar, which carries only recessive vrn genes,
the segregation corresponded to a digenic one (15 : 1)
(Table 3).

bp

300

Thus, the data obtained showed the presence of
two dominant VRN-A1 and VRN-B1 genes and reces-
sive vrn-D1 and vrn-D4 genes in the genotypes of the
studied lines. Hence, the results of genetic analysis
were consistent with those obtained in molecular
analysis.

Determination of the Effect of Different Dominant Alleles
of the VRN-1 Loci and Their Combinations
on the Duration of Certain Developmental Phases
in the Forest-Steppe Zone of Novosibirsk Oblast

The duration of certain developmental phases in
common wheat lines of the Bezl cultivar with two
dominant alleles of the VRN-1loci, Bezl Vrn-Ala Vin-
Bla and BezlVin-Ala Vin-Blc, was studied. The
isogenic lines derived from the Bezl cultivar and car-
rying the dominant Vrn-Ala, Vin-Bla, Vrn-Blic, and
VRN-D4 alleles were used as controls. The results are
presented in Table 4. Under a natural long photope-
riod, the effect of the PPD genes is weak, which facil-
itates more accurate determination of the effects of the
VRN genes.

First, it was demonstrated that lines with the com-
bination of two alleles (BezlVin-Ala Vin-Bla and
BezlVrn-Ala Vrn-Blic) headed earlier than other lines
(in 40—41 days). Compared to the BezlVrn-Ala
isogenic line, in which the shoots—heading phase
lasted 42—43 days, the difference was 2 days (P <
0.001). In addition, statistically significant differences
were observed between lines with two dominant alleles
and VRN-BI isogenic lines. In particular, the begin-
ning of the heading stage in the Bezl Vrn-Ala Vin-Bla
line was observed about 10 days earlier compared to
the i:BezlVrn-Bla line (the shoots—heading phase
lasted 49—52 days), while in the Bez1Vin-Ala Vrn-Blic
line, the beginning of the heading stage occurred
about 8 days earlier compared to i:Bezl Vrn-Blc (45—
51 days) (P < 0.001). A similar trend was also observed
upon cultivation of these lines in the greenhouse of the
LIVR Common Use Center of the Institute of Cytol-
ogy and Genetics, Siberian Branch of the Russian
Academy of Sciences. During spring vegetation of
2019, in the lines with two dominant alleles, heading
occurred within 43 days, and the difference from the
lines with the Vrn-Ala, Vrn-Bla, and Vrn-Blc alleles
was 3, 10, and 13 days, respectively.

Fig. 2. Identification of the alleles at the PPD-D1 locus in the lines of the Bezl cultivar using two primers, Ppd-D1_F, Ppd-
D1_R1 and Ppd-D1_R2. M, 100 bp Ladder. (/) Bezl cultivar; (2) i:BezlVin-Ala; (3) i:BezlVrn-Bla; (4) i:Bezl Vin-Blc;
(5) i:Bez1 VRN-D4; (6) Bezl Vin-Ala Vin-Bla; (7) BezlVin-Ala Vin-Blc.
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Table 3. Determination of VRN genotypes in spring lines of the Bez1 cultivar on the basis of segregation in F, hybrids with

tester isogenic lines

Number of plants
F, combination Segregation x2 P
total winter spring

L1 X TD D (Vrn-Ala) 156 0 156

L1 x TD B (VRN-BI) 161 0 161

L1 x TD E (VRN-DI) 250 1 249 63:1 2.19 0.25—0.10
L1 X TD F (VRN-D4) 202 5 197 63:1 1.09 0.50—0.25
L1 X i:BezlVin-Ala 167 0 167

L1 X i:BezlVin-Bla 179 0 179

L1 x i:BezlVin-Blc 140 0 140

L1 X i:Bezl VRN-D4 186 5 181 63:1 1.53 0.25—0.10
L2 x TD D (VRN-AI) 159 0 159

L2 x TD B (VRN-BI) 150 0 150

L2 x TD E (VRN-DI) 195 3 192 63:1 0.00 0.90
L2 x TD F (VRN-D4) 220 1 219 63:1 1.76 0.25—0.10
L2 x i:BezlVin-Ala 182 0 182

L2 x i:BezlVin-Bla 159 0 159

L2 x i:BezlVrn-Blc 129 0 129

L2 X i:Bezl VRN-D4 196 2 194 63:1 0.37 0.75—-0.50
L1 x Filatovka 204 11 193 15:1 0.26 0.75—-0.50
L2 x Filatovka 197 19 184 15:1 0.04 0.90-0.75

L1, BezlVin-Ala Vin-Bla line; L2, BezlVin-Ala Vrn-Blc line.

In the isogenic lines with dominant alleles of the
VRN-BI locus, heading occurred later compared to
the isogenic line with the Vrn-Ala allele. Comparison
of the VRN-BI isogenic lines with each other showed
that the i:Bez1Vrn-Blc isogenic line headed by about
3 days earlier than i:Bez1Vrn-Bla line (P < 0.001). In
the i:Bez1VRN-D4 isogenic line, the phase duration
was 48 days, and it was intermediate between that in
the i:BezlVirn-Ala and i:BezlVrn-Bla lines and did
not differ from that in i:Bez1 Vrn-Blc.

The duration of shoots—tillering phase (the organ-
ogenesis stages I—II1I) in all studied lines of the Bezl
cultivar was approximately the same and constituted
11—12 days. Moreover, the duration of this phase in
the BezlVrn-Ala Vrn-Blaline was the shortest among
the studied lines of Bez1 cultivar.

In lines with two dominant alleles, the duration of
the tillering—first node phase was 10—11 days, and it
was on average 2—3 days shorter compared to the
i:Bez1Vrn-Ala isogenic line, in which this phase
lasted 13 days (P < 0.001). In the BezlVin-Ala Vin-
Blaline, the duration of this phase was 11 days, and it
was reduced by 9 days (P < 0.001) compared to the
i:BezVrn-Bla isogenic line, in which the duration of
this phase was 20 days; and in the Bezl Vrn-Ala Vin-
Blic line, compared to i:BezlVrn-Blc, in which this
period lasted 18 days, there was a reduction of 8 days,
respectively (P < 0.001). In the i:BezlVRN-D4
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isogenic line, the duration of this phase was 16 days,
and by the duration of this phase, this line occupies an
intermediate position between the isogenic lines with
the dominant Vrn-Ala allele and dominant alleles of
the VRN-BI locus. In general, the period from shoots
to the first node in the lines with two dominant alleles,
according to two-year data averaged 21—22 days and
was on average 1—2 days shorter compared to the
i:Bez1Vrn-Ala isogenic line. Compared to the
i:Bez1Vrn-Bla isogenic line, in which the duration of
this phase was 32 days, in the Bezl Vrn-Ala Vin-Bla
line, there was a 10-day reduction (P < 0.001), and in
the BezlVrn-Ala Vin-Blc line, compared to
i:Bezl Vrn-Blc, in which this period lasted 29 days,
there was an 8-day reduction, respectively (P < 0.001).

The duration of first node—heading period (the
organogenesis stages IV=VII) in lines with two domi-
nant alleles increased slightly relative to the isogenic
lines with the Virn-Ala, Vin-Bla, and Vin-Blc alleles
(P < 0.01-0.001) (by 1—2 days). It is known that in
late-ripening genotypes, the duration of further devel-
opmental phases is slightly reduced; therefore, the
duration of the period after the appearance of the first
node is slightly reduced compared to earlier ripening
genotypes.

It should be noted that the duration of develop-
mental phases varied depending on the weather condi-
tions of the growing year. For instance, in 2018, com-
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Fig. 3. Dynamics of the shoot apex development in common wheat lines of the Bez1 cultivar at different stages of organogenesis.
Magnification 10x. (/) i:Bezl Vin-Ala; (2) i:Bez1Vrn-Bla; (3) i:Bez1Vrn-Blc; (4) i:Bezl VRN-D4; (5) BezlVrn-Ala Vin-Bla;

(6) Bez1Vrn-Ala Vin-Blc.

pared to 2017, the plants were later ripening and the
duration of the shoots—heading period increased to a
greater extent because of the increased time span of
the first node—heading period.

Thus, a two-year study of common wheat lines
derived from the Bezl cultivar and carrying the com-
binations of dominant alleles of the VRN-AI and
VRN-B11oci in Novosibirsk oblast showed a consider-
able decrease in the duration of the shoots—first node
(or tillering—first node) and shoots—heading periods
in comparison with initial i:BezlVrn-Ala, i:BezVrn-
Bla, and i:Bez1Vrn-BIc isogenic lines.

Dynamics of the Shoot Apex Growth and Development
in Common Wheat Lines Derived from Bezl Cultivar

The developmental phases and stages of organo-
genesis were also examined using an approach that
consisted in monitoring the shoot apex growth and
development [45].

In this study, dynamics of the organogenesis stages
was analyzed by monitoring the shoot apex growth and
development in the isogenic lines derived from the

RUSSIAN JOURNAL OF GENETICS

Bez1 cultivar and carrying different dominant alleles
of the VRN loci, as well as the lines with dominant
allele combinations (Vrn-Ala Vin-Bla and Vin-Ala
Vrn-BlIc). The photos in Fig. 3 illustrate the dynamics
of shoot apex development. The tillering phase corre-
sponds to the organogenesis stages 1I—III, and the
first node—stem elongation phase corresponds to
stages [V—V.

The beginning of the tillering phase in all lines was
recorded approximately at the same time, May 31—
June 1. The first examination of shoot apex was carried
out on June 9, which corresponded to the tillering
phase. In particular, in the lines with the dominant
Vin-Ala allele (i:BezlVrn-Ala, BezlVin-Ala Vin-
Bla, and BezlVrn-Ala Vrn-Blic) during the period
corresponding to the middle tillering—first node
phase, an increase in the size of the shoot apex to 1.5 mm
was observed along with noticeable shoot apex seg-
mentation with the formation of spikelet primordia,
since from this moment, the differences in the devel-
opment rate of genotypes differing in allelic composi-
tion of the VRN genes arise. In later ripening lines of
the Bezl cultivar, segmentation was weakly expressed.
Vol. 56
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The appearance of the first node in the lines with two
dominant alleles was observed on June 11—12; in the
i:Bez1Vrn-Ala line, on June 14; in the lines with the
Vin-Blc and VRN-D4 alleles, on June 18; and in the
i:Bez1Vrn-Bla line, on June 22.

Examination of June 12 showed further growth of
the shoot apical meristem along with more noticeable
segmentation in the earliest ripening lines. At the same
time, the lines with two dominant alleles demon-
strated a noticeable increase in the shoot apex size
compared to the line with the dominant Vin-Ala
allele. Later ripening lines, i:BezlVrn-Blc and
i:Bez1Vrn-D4, demonstrated the beginning of shoot
apical meristem segmentation, while in the i:Bez1 Vin-
Bla line, segmentation was poorly expressed.

Moreover, the lines with two dominant alleles at all
subsequent stages of organogenesis were ahead of
other lines in their development in terms of shoot apex
differentiation and size. The period of spikelet primor-
dia formation in these lines was finished earlier com-
pared to the lines with the dominant Vrn-Bla and Vin-
Blc alleles, as well as the Vin-Ala allele. In addition,
at this stage, developmental differences between the
lines with different VRN-B1 alleles were observed. In
particular, the i:BezlVrn-Blc line was ahead of the
i:Bez1Vrn-Bla line in development. In the i:BezVrn-
Blc line, higher shoot apex extension and segmentation
was observed at the organogenesis stages I11 and I'V.

Thus, differences in the dynamics of the shoot apex
length and morphology between the lines of the Bezl
cultivar were identified. Differences began to appear
during the tillering—first node phase.

The Effect of Different Dominant Alleles of VRN Loci
and Their Combinations on Productivity of Common
Wheat Lines of Bezl Cultivar

The challenge of wheat breeding now is to produce
high-yielding forms. In this regard, it is of interest to
determine the effect of different dominant alleles of
the VRN loci and their combinations on the productiv-
ity components. Since in this study lines containing
different VRN alleles in the same genotypic environ-
ment are used, this will make it possible to study the
contribution of different alleles of the VRN genes and
their combinations to productivity.

The following are the results of studying the pro-
ductivity of the main spike and plant as a whole in lines
with the allele combinations of the VRN-A1 and VRN-
Blloci (Bezl Vin-Ala Vin-Bla and BezlVin-Ala Virn-
BlIc), as well as in isogenic lines with the dominant
Vin-Ala, Vrn-Bla, Vrn-Blc, and VRN-D4 alleles. The
results are presented in Table 5. Comparative analysis
of the lines with the combination of dominant alleles
showed that the BezlVrn-Ala Vin-BlIc line was more
productive than the i:BezlVrn-Ala Vin-Bla line.
A considerable increase in the productivity index val-
ues was observed for the spike length, grain weight per
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spike, and grain weight per plant (P < 0.001). An
increase in absolute values of other productivity indi-
ces was also observed. In addition, the values of the
main spike productivity indices in the BezlVrn-Ala
Vrn-BIcline did not differ from the values obtained for
the i:BezlVrn-Ala line, while the value of the grain
weight per main spike index was higher in the first line
(by 0.43 g, P < 0.001). The plant productivity indices
(spike number, grain number, and grain weight) in this
line were higher than in the control i:BezlVrn-Ala
line (P < 0.01-0.001).

Among the isogenic lines, one line, i:Bez1 Vrn-Blc,
was distinguished by plant productivity. This line had
the maximum number of spikelets per spike (21.68 pcs),
the maximum number of spikes per plant (7.72 pcs),
the maximum number of grains per plant (274.16 pcs),
and the highest grain weight per plant (11.69 g). The
least productive of the four lines was the i:Bezl Vin-
Ala line. The highest grain weight per spike was
observed in the i:BezlVrn-Bla and i:BezlVrn-Blic
lines (2.19 and 2.28 g).

DISCUSSION

Using molecular and genetic analysis, two com-
mon wheat lines derived from the Bezl cultivar were
genotyped. The results showed the presence of two
dominant VRN-AIl and VRN-BI genes. One of the
lines carries the Vin-Ala Vrn-Bla alleles, and the
other line carries the Vrn-Ala Vrn-BIc alleles. In addi-
tion, both of these lines, as well as the isogenic lines of
the Bezl cultivar carry the allele Ppd-D la insensitive
to day length.

It is known that early ripeness of modern commer-
cial common wheat cultivars cultivated in temperate
countries, including Russia, is ensured by the presence
of the dominant Vrn-A Ia allele, which has the highest
effect on heading acceleration [10, 15, 22—24, 26]. It
was demonstrated that the combination of two alleles,
Virn-Ala with Vin-Bla or Vin-Blc, can reduce the
growing season duration in common wheat cultivars
relative to cultivars bearing the single Vrn-Ala allele
[22—24]. That is why, in climatic conditions of the
most part of Russia and Western Siberia, cultivars, the
spring type of development of which is determined by
the combination of dominant alleles, Vin-Ala and
Vrn-BlIc or Vin-Bla, are the most prevalent [21, 23—25].

Since heading time in cultivars with the same VRN
genotype may differ depending on the genetic back-
ground, in the present study, the effects of allele com-
binations at the same genetic background were exam-
ined. The data obtained in this study are consistent
with the earlier obtained data on earlier ripeness of
genotypes with two dominant alleles, Vin-Ala Vin-
Bla and Vrn-Ala Vrn-Blc.

Experimentally, it was found that the constructed
lines with two dominant alleles of the VRN-1 locus in
the conditions of Novosibirsk oblast were earlier rip-
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ening than the initial isogenic lines, i:BezlVrn-Ala,
i:Bezl Vrn-Bla, and i:Bez1 Vrn-BIc. Differences in the
duration of the shoots—heading period were to a
greater extent associated with the reduction of the
period before the first node formation, in particular, of
the tillering—first node period (the organogenesis
stages I11—1V), which is the key stage determining the
duration of the common wheat growing season. This
finding is supported by the results of other authors [40,
46, 47].

Studying the features of developmental biology is
especially important for cultivating common wheat
cultivars corresponding to the climatic conditions of a
particular zone. For instance, if the organogenesis
stages III—IV pass too quickly or in adverse conditions
(water deficit, high temperatures), the number of
spikelets and the spike length decreases, which eventu-
ally affects the end-use quality of the plant. And, con-
versely, under favorable conditions, stronger spikes are
formed, which increases the plant productivity [45].
Therefore, it is important to accurately determine the
time of the organogenesis stages 1111V and to select
genotypes that are optimal for each growing region,
taking into account the time limits of sowing and har-
vesting.

It was demonstrated that the duration of growing
season, as well as timing and the duration of individual
developmental phases, determined to a greater extent
by the VRN genes, was closely associated with toler-
ance to biotic and abiotic factors and productivity [1,
37, 45, 48, 49]. This is the basis for the selection of
appropriate wheat cultivars that carry certain VRN
alleles (or combinations thereof) for cultivation in a
particular climatic zone. Thus, in temperate climates,
cultivars carrying two dominant alleles, VRN-A1 and
VRN-B1, have an advantage and are more productive
than cultivars with a single VRN gene [7, 42], which
makes it possible to avoid frost damage in late spring
and early autumn.

In the present study, the i:BezlVin-Blc line
demonstrated the highest productivity among isogenic
lines derived from the Bezl cultivar. Analysis of pro-
ductivity in the lines derived from the Bezl cultivar
and carrying the combination of dominant alleles
showed that the line carrying Vrn-Ala in combination
with Vrn-BIc was more productive. The data obtained
support the idea that, for Western Siberia, early ripen-
ing and mid-ripening cultivars of spring common
wheat, which can realize their potential in these con-
ditions, are most suitable. Early ripening cultivars pass
through the organogenesis stages II—IV more rapidly
(genotype Vin-Ala Vin-Blic). The mid-ripening culti-
vars (genotype Vrn-BIc genotype) are characterized by
rather long duration of the organogenesis stages [—I11
and medium duration of stages IV—V.

Thus, in this study, new data on the effect of differ-
ent dominant VRN alleles and combinations of two
dominant alleles of the VRN-1 locus against the same

RUSSIAN JOURNAL OF GENETICS
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genetic background (winter Bezl cultivar) on the
duration of certain developmental phases and wheat
productivity in the forest-steppe zone of Novosibirsk
oblast were obtained.
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