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The influence of contrasting trophic conditions of vernalization
on the allelic state of the Vrn genes and development rates of two
winter wheat varieties, Mironovskaya 808 and Olvia, was inves-
tigated. Vernalization was carried out during 45 days at the tem-
perature 4 + 1°C under different conditions of trophic support.
Whole seeds with endosperm and isolated buds, with added
water and 3% solution of sucrose, were vernalized. The allelic
state of the Vrn genes was identified by PCR using allele-specific
primers on the sprouts at different phases of vernalization - 15,
30, and 45 days. Phenological observations were carried out by
determining of the transition to the generative development of
wheat plants, cultivated from the vernalized sprouts. According
to the results obtained, it was established that the recessive state
of the genes Vrn-Al, Vrn-Bl and Vrn-DI was unchanged in all
variants of the two winter wheat varieties on the 15th and 30th
days of vernalization. After 45 days of vernalization, the recessive
and dominant alleles in sprouts, vernalized under normal trophic
conditions and with added 3% solution of sucrose, were detected
at the Vrn-BI. All variants of wheat plants grown from vernalized
sprouts under contrasting trophic conditions were transferred
to the generative phase, but at different times. It could indicate
an epigenetic regulation vernalization process. It was established
that different trophic conditions during vernalization affected
the changes of the allelic state of the Vn-BI gene and determined
the transition to the generative development of winter wheat.
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INTRODUCTION

tant stages of plant ontogenesis. In cereals, in par-
ticular soft winter wheat Triticum aestivum L., this

Transition from the vegetative to the generative =~ phenomenon is caused by the effect of low positive
phase of development is one of the most impor-  temperatures — vernalization (Henderson et al,

2003; Dennis, Peacock, 2009). It is known that
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(Stelmach et al., 2000) and growth habit (spring
or winter) of Triticum aestivum L. are determined
by the Vrn (vernalization) genes system, consist-
ing of 3-5 orthologous loci (Cocram et al., 2007).
The three main genes — Vrn-Al, Vrn-Bl, and
Vrn-D1I - are localized in chromosomes 5A, 5B,
and 5D, respectively. The presence of three main
recessive Vrn alleles in the homozygous state de-
termines the habit of winter growth. In this case,
the presence of one dominant Vrn-A1I gene causes
plant insensitivity to vernalization, and dominant
Vrn-B1 and Vrn-DI genes only partially reduce
the vernalization requirement (Distelfeld et al.,
2009). The Vrn genes are actively investigated
at the level of molecular genetics and have been
cloned. In recent years, several allelic variants of
wheat have been described (Fu, 2005; Chu, 2011).
The Vrn-Al encodes a MADS-box transcription
factor (Trevaskis, 2010), Vrn-B1 locus consists of
two tandem duplicated ZCCT genes suppress-
ing flowering, and Vrn-D1 encodes a RAF kinase
inhibitor-like protein (Distelfeld et al., 2009).
The physiological process of vernalization of win-
ter wheat is regulated by endogenous genetic con-
trol and depends on exogenous factors - the con-
ditions that can affect the epigenetic regulation
expression of Vrn genes (Song, 2102; Sherban,
Salina, 2013; Kim, Sung, 2014). A complex of dif-
ferent external and internal factors is important
for effectiveness of vernalization. Among them,
the most important are trophic factors (Dennis,
2009). The requirement of metabolites during
vernalization at the sprout phase is supported
by a reserve of plastic substances of endosperm.
Mainly, carbohydrates play a role as signal mol-
ecules — the universal regulators of gene expres-
sion determining the processes of plant growth,
development, and floral morphogenesis (Koch,
2004; Everland, Jackson, 2011). The influence
of sugars on seed germination has been widely
investigated (Aoki et al., 2006). It has been es-
tablished that sugars are capable of suppressing
the mobilization of nutrients, growth, and elon-
gation of the sprout above-ground part (Rolland,
Moore, Sheen, 2002). The exogenous sucrose,
probably, compensates the activity of regulators
of development of shoot and root meristems, and
promotes cell division by regulating of the CycD

genes expression (Riou-Khamlichi et al., 2000).
The main aim of the work was to investigate
the influence of contrasting trophic conditions of
vernalization on the allelic state of Vrn genes and
rates of development of two winter wheat varie-
ties, Mironovskaya 808 and Olvia.

MATERIALS AND METHODS

Plant material. Seeds of two soft winter wheat
varieties — Mironovskaya 808 and Olvia — were
used. To carry out PCR analysis of the allelic
state of Vrn genes, six near isogenic lines (NILs)
and the original variety Paha with known al-
leles/genes, with index numbers at the National
Society of Genetic Counselors (NSGC), were
used as control variants.

Vegetative experiments. Vegetative experi-
ments of the study were carried out at the De-
partment of Plant and Microorganism Physiol-
ogy and Biochemistry of V. N. Karazin Kharkiv
National University. Winter wheat grains were
sterilized by 15% solution of sodium hypochlo-
rite and germinated in the dark at a tempera-
ture of 22 + 2°C for two days. The buds were
isolated in sterile conditions in a laminar box.
Vernalization was carried out during 45 days
at a temperature of 4 + 1°C under contrasting
conditions of trophic support. Integral seeds
with endosperm (natural trophic vernalization
support) were vernalized as the control variant,
and isolated buds with added water (without
trophic support) and 3% sucrose solution (arti-
ficial trophic support) as experimental variants.

PCR analysis. To carry out the molecu-
lar genetic analyses, the sprouts were used at
different stages of vernalization - 15, 30, and
45 days. DNA was isolated using a set of rea-
gents “Diatom Prep 100” according to the man-
ufacturer’s method. The allele specific primers
(Mass Wheat, http://maswheat.ucdavis.edu)
were used to study the allelic state of the Vrn-
Al, Vrn-B1 and Vrn-D1 genes (Table 1).

PCR analysis was carried out with a multi-
channel thermocycler “Tercycle” (DNA tech-
nology, Russia) according to standard con-
ditions of amplification of the allele-specific
primers (Table 2).
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Table 1. Primers for identification of different alleles of genes in hexaploid wheat (Mass Wheat)

Gene | Allele | Primers Sequence | Product size (bp)
Vrn-Ala 965 + 876
Vrn-Alb VRN AF VRN- GAAAGGAAAAATTCTGCTCG 714
Vin-Alc INTIR GCAGGAAATCGAAATCGAAG 734
vrn-Al 734
Vrn-Al
Vrn-Ala 750 + 650
Vrn-Alb VRN AF GAA AGGAAAAATTCTGCTCG 480
vrn-Al VRNI1R TGCACCTTCCCCCGCCCCAT 500
Vrn-Alc 500
Intr1/A/F2 AGCCTCCACGGTTTGAAAGTAA
Vrn-A1  Vrn-Alc 1170
Intr1/A/R3 AAGTAAGACAACACGAATGTGAGA
Intr1/C/F GCACTCCTAACCCACTAACC TCATC-
Vrn-Al vrn-Al 1068
Intr1/AB/R CATCATCAAGGCAAA
Intr1/B/F CAAGTGGAACGGTTAGGACA
Vrn-Bl Vrn-Bl 709
Intr/B/R3 CTCATGCCAAAAATTGAAGATGA
Intr1/B/F CAAGTGGAACGGTTAGGACA
Vrn-Bl vrn-Bl 1149
Intr/B/R4 CAAATGAAAAGGAATGAGAGCA
Intr1/D/F GTTGTCTGCCTCATCAAATCC GGT-
Vrn-D1 ~ Vrn-D1 1671
Intr1/D/R3 CACTGGTGGTCTGTGC
Intr1/D/F GTTGTCTGCCTCATCAAATCCAAAT-
Vrn-D1 ~ vrn-D1 997
Intr1/D/R4 GAAAAGGAACGAGAGCG
Table 2. PCR conditions for allele-specific primers
PCR conditions
. Initial de-
Primers i ‘e Number | Denatura- | Annealing | Extension | Final exten-
naturation . . .
o . of cycles | tion t° (sec) t° (sec) t° (c) sion t° (min)
t° (min)
VRN AF // VRN-
94 (10 38 94 (45 55 (45 72 (60 72 (5
INTIR (10) (45) (45) (60) (5)
VRN AF//VRNIR 94 (7) 40 95 (30) 60 (30) 72 (60) 72 (10)
Intr1/C/F // Intrl/
o o 94 (7) 38 94 (30) 57(30) 72 (45) 72 (7)
AB/R
Intr1/A/
94 (7 38 94 (30 60 (30 72 (45 72 (7
F2 // Intr1/A/R3 ) (30) (30) (45) @
Intr1/B/F // Intr/B/ 44 (Touch-
94 (10 94 (45 58-63 (45 72 (69 72 (10
R3 // Intr/B/R4 (10) down) (45) (45) (69) (10)
Intr1/D/F // Intr/D/ 44 (Touch-
94 (10 94 (45 63-65 (45 72 (90 72 (10
R3 // Intr/D/R4 (10) down) (45) (45) (°0) (10)

The amplification products were observed
by running on 1.5% agarose gel adding ethid-
jum bromide (10 mg/ml) for 90-120 minutes.
The spectra of DNA fragments were estimated
by using a 100 bp molecular size ladder.

Phenological observations (phenotyping).
After vernalization, phenological observations
of the rate of development of winter wheat plants
were carried out under conditions of vege-
tative experiment at the factorostatic chamber
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of the Department of Plant and Microorganism
Physiology and Biochemistry of V. N. Karazin
Kharkiv National University. The vernalized 45-
day sprouts (15 sprouts each) were planted in
vegetation vessels and cultivated in the soil cul-
ture under regulated conditions: a temperature
regime of 22/18°C (day/night), 15 kl illumina-
tion, 16-hour photoperiod, 70% air humidity.
The duration of the heading and earing period of
all variants was determined by transition of more
than 50% plants to a certain phenological phase
of development.

Statistical analysis. Two biological series of
experiments were carried out. Statistical analysis
was conducted by using the OpenOffice software
and Statistica 5.0. Results of the PCR analysis were
evaluated by using TotalLab (TL120, v.2009).

RESULTS

According to the results obtained, the presence of
all three Vrn-A1l, Vrn-B1, Vrn-D1I genes in the re-
cessive state was identified in 15-day sprouts ver-
nalized under contrasting trophic support condi-
tions (Fig. 1). The alleles of the Vin-A1 gene were
analyzed by using VRN AF and VRN-INT1R
primers. An expected size of an amplified frag-
ment of the most common dominant Vin-Ala
allele was 965 and 876 bp and recessive vrn-Al
allele was 734 bp (Table 1). Among the variants,
the recessive vrn-Al allele was found in all vari-
ants of both varieties Mironovskaya 808 and Ol-
via (Fig. 1a). The analysis of Vrn-BI gene, using

Intr1/B/F and Intr/B/R4 primers, showed only
recessive vrn-BI alleles with size of amplified
fragment 1149 bp in all variants (Fig. 1b). Fur-
thermore, the presence of only recessive vrn-Al
allele (997 bp), using the Intr1/D/F and Intr1/D/
R4 primers, was shown in all variants of both va-
rieties (Fig. 1c).

The changes in the allelic state of Vrn — Vin-
Al, Vrn-B1, Vrn-D1 genes were not found by
performing molecular genetic analysis in the ver-
nalized 30-day sprouts under different trophic
support conditions (Fig. 2).

The expected size of the amplified fragments
of the recessive vrn-Al allele were 734 bp in all
variants, using primers VRN AF // VRN-INTIR
(Fig. 2a). The recessive vrn-A1 (1149 bp) and vrn-
DI (997 bp) alleles were detected by Touchdown
PCR using two primer pairs: Intrl/B/F with
Int/B/R3 or Intr/B/R4 (Fig. 2b); Intrl/D/F with
Intr1/D/R3 or Intr/D/R4, respectively (Fig. 2c).

The following results were obtained to
study the allelic state of Vrn-Al, Vrn-B1, Vrn-
DI genes in vernalized sprouts during 45 days
(Fig. 3). The alleles of Vrn-Al gene and Vrn-
DI in all variants were represented only by re-
cessive vrn-Al (734 bp) and vrn-DI1 (997 bp)
(Fig. 3a, c). However, changes of allelic state of
Vrn-BI gene were observed. After 45 days of low
positive temperature exposure, the recessive al-
lele of vrn-BI (1149 bp) as well as the dominant
Vrn-B1 (709 bp) (Fig. 3b) were found in ver-
nalized sprouts under natural trophic condi-
tions - the integral seeds with endosperm and
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Fig. 1. Allelic state of the genes Vrn-Al (a), Vrn-BI (b) and Vrn-D1 (c) in 15-day vernalized wheat sprouts:
Mironovskaya 808 (1 - integral seeds with endosperm, 2 - isolated buds + water, 3 - isolated buds + 3% su-

crose); Olvia (4 - integral seeds with endosperm, 5 - isolated buds + water, 6 - isolated buds + 3% sucrose)
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Fig. 2. Allelic state of the genes Vrn-Al (a), Vrn-B1 (b) and Vrn-D1 (c) in 30-day vernalized wheat sprouts:
Mironovskaya 808 (7 — integral seeds with endosperm, 8 — isolated buds + water, 9 - isolated buds + 3% sus-
rose); Olvia (10 - integral seeds with endosperm, 11 - isolated buds + water, 12 - isolated buds + 3% sucrose)

Fig. 3. Allelic state of the genes Vrn-AlI (a), Vrn-B1 (b), and Vrn-D1 (c) in 45-day vernalized wheat sprouts:
Mironovskaya 808 (13 - integral seeds with endosperm, 14 - isolated buds + water, 15 - isolated buds + 3% su-
crose); Olvia (16 - integral seeds with endosperm, 17 - isolated buds + water, 18 — isolated buds + 3% sucrose)

variant with artificial trophic support - isolated
buds + 3% sucrose solution.

Vrn-Al gene is known to be the main gene
determining the requirement or insensitivity of
vernalization (Trevaskis, 2010; Stepanenko et al.,
2012). A significant number of primers were
used to study its allelic state (Table 1). The use
of VRN-AF and VRN-INT1R primers made it
possible to detect differences in the vrn-A1 allele
from Vrn-Ala and Vrn-A1b alleles, but did not
detect differences between vrn-Al and Vrn-Al,
since the amplified fragment 734 bp can coin-
cide with both vrn-A1 and Vrn-Alc (Table 1).

At the next stage of research, we used prim-
ers Intr1/C/F and Intrl/AB/R (Table 1). In

spite of the duration of the vernalization pe-
riod - 15, 30, and 45 days, the recessive vrn-Al
allele (1068 bp) was identified in all variants of
both winter wheat varieties (Fig. 4).

Thus, after45daysofvernalization, thechanges
in the allelic state of Vrn-Bl gene were found
under trophic factor effect. It should be noted
that Vrn-B1 is the main repressor of flowering in
the vernalization genetic system. The mutations
remove the dependence of transition to genera-
tive phase on the conversion of genes from reces-
sive to dominant state (Fu, 2005; Chu, 2011).

Based on the data obtained, it might be as-
sumed that changes in the allelic state of Vin-B1
gene depend on the duration and trophic support
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Fig. 4. Identification of Vrn-Alc and vrn-Al alleles with Intrl/C/F and Intr1/AB/R primers in vernalized
sprouts under contrasting conditions of trophic support: Mironovskaya 808 (1 — integral seeds with en-
dosperm, 2 - isolated buds + water, 3 - isolated water + 3% sucrose); Olvia (4 - integral seeds with en-
dosperm, 5 — buds + water, 6 - isolated buds + 3% sucrose)

of vernalization. In our experiments, this factor
was the presence of endosperm nutrients and 3%
sucrose solution.

Our previous studies showed that the rate
of soft wheat development was determined by
interaction of Vrn genes, which associated with
the allelic state of vernalization genes (Avksen-
tieva et al., 2015).

In further experiments, we investigated
the duration of the heading and earing period
of plants grown from vernalized sprouts during
45 days under contrasting trophic support con-
ditions. It was shown that plants of both winter
wheat varieties, Mironovskaya 808 and Olvia,
transferred to earing during the vegetative pe-

riod after 45-day vernalization (Table 3). We es-
tablished that plants of Mironovskaya 808 had
a longer vegetative period (75-81 days) com-
pared with Olvia (62-68 days).

It should be noted that the survival rate of
vernalized sprouts, as well as the number of
plants transferred to earing differed signifi-
cantly in the control and experiment variants
(Table 3). The control plants of both varie-
ties showed 100% survival rate and all plants
transferred to earing during the experiment.
The sprouts of two varieties, Mironovkaya 808
and Olvia, vernalized without trophic support
(isolated buds + water), showed minimum sur-
vival rates — 67% and 63%, respectively.

Table 3. Influence of the conditions of trophic support of sprout vernalization on the survival rate
and duration of heading and earing period of two winter wheat varieties under conditions of vegetative

experiment
Vernalized variant Survival rate, % Earing plants, % Headin.g and earing
period, days
Variety Mironovskaya 808
Integral seeds with endosperm 100 +2 100+1 78+3
Isolated buds + water 1341 67 +2 100+ 6
isolated buds + 3% sucrose 80 +2 83+2 86 +4
Variety Olvia

Integral seeds with endosperm 100+1 100+1 65+3
Isolated buds + water 11+1 63+2 86+4
Isolated buds + 3% sucrose 73+£2 86+2 72+3
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The plants of the investigated variants, ver-
nalized under contrasting conditions of trophic
support, transferred to earing, but at different
times (Table 3). It could indicate that the genetic
and epigenetic control of expression of vernali-
zation genes was affected by low positive tem-
peratures. The trophic support conditions of ver-
nalization affected the rate of development and
indicated the role of tropic support in the regula-
tion of the process. The plants grown from iso-
lated embryos and vernalized with water showed
maximum delay of transition to the generative
phase of development (earing) and duration
of the vegetative period was maximum - 21-
22 days longer than that of the control variants
(Table 3). The development rates of the variants
vernalized with 3% sucrose solution were slower
than the rate of the controls. The plants trans-
ferred to earing 7-8 days later. Thus, a reserve
of the plastic substances of endosperm is neces-
sary for normal development of wheat at the bud
stage during vernalization, although sucrose
could support the process.

DISCUSSION

It is known that Vrn genes are expressed dur-
ing vernalization of winter wheat and barley,
which determines the ability of plants to trans-
fer to the generative phase of development
(Chu et al., 2011; Fu et al., 2009; Trevaskis, 2010;
Distelfeld et al., 2009). Furthermore, vernaliza-
tion causes allelic changes in the Vrn-Al gene
through the occurrence of deletions or insertions
either in the promoter or first intron, and in Vrn-
BI through the occurrence of the retrotranspo-
son insert in the 5UTR region (Chu et al., 2011).
Genetic and molecular analysis identified the al-
lelic variation of Vrn-B1 gene in tetraploid wheat,
which was associated with a partially dominant
effect (Distelfeld et al., 2009). It was established
that winter or spring type of development of
diploid wheat and barley was determined by al-
lelic variation in the Vrn-Al and Vrn-BI genes,
and in polyploid wheat species by allelic varia-
tion of Vrn-A1l (Fu et al.,, 2009). In our research,
the variability of the allelic state of Vin-BI gene
was also shown in the cultivation of primary and

transplant callus culture of soft hexaploid wheat
(Avksentyeva, Shulik, 2016).

Thus, the results obtained showed that a sig-
nificant allelic variability of Vrn genes regu-
lated growth habit, spring or winter. However,
the possible association of allelic variability of
Vrn genes with vernalization conditions, in par-
ticular, with trophic support of the process, was
not investigated.

One of the main trophic factors that deter-
mine growth habit is carbohydrates. It has been
shown that carbohydrates implement not only
energy and plastic functions, but also signal
molecules controlling the gene expression and
coordinating multiple hormonal and stress sig-
nals (Rolland et al., 2002; Koch, 2004; Eveland,
Jackson, 2012). Thereunder, we assumed that
variations in Vrn genes could be revealed de-
pending on trophic support. To test this assump-
tion, we modeled different levels of trophic sup-
port by changing the endosperm to 3% solution
of sucrose, the main transport sugar of plants.

According to the results obtained, it was es-
tablished that vrn-A1, vrn-Bl and vrn-D1 alleles
were in the recessive state during 15 and 30 days
of vernalization of sprouts with endosperm, iso-
lated buds with added 3% sucrose solution, and
isolated buds with added water. After 45 days of
vernalization, the changes of the allelic state of
Vrn-B1 gene were identified in the variants with
endosperm and 3% sucrose. It could confirm
the dependence of the allelic variability of Vin-B1
gene on the trophic support of vernalization. In
our experiments, all plants grown from vernal-
ized sprouts under different trophic support con-
ditions transferred to the generative phase. There-
fore, the leading factor of the Vrn genes expression
was temperature. At the same time, the plants of
variants with endosperm and isolated buds with
added 3% sucrose transferred to earing earlier
than isolated buds with added water. The impor-
tant role of the trophic factor in regulating plant
development rates was established.

CONCLUSIONS

The dependence of contrasting conditions of
trophic support on the duration of vernalization
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process of two winter wheat varieties was dem-
onstrated: the changes in the Vrn-BI gene were
detected only after 45 days of vernalization, but
not after 15 and 30 days. It was established that
the duration of the period before earing of wheat
plants depended on the level of trophic support
during the vernalization process.

According to the data obtained, in future
studies the model used in the experiments can
allow establishing the role of the trophic factor,
in particular carbohydrates, in the mechanisms
of Vrn genes expression, which promote an im-
provement of existing concepts of physiologi-
cal and genetic mechanism of regulation of de-
velopment rates in winter cereals.
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VERNALIZACIJOS KONTRASTINGOMIS
TROFINEMIS SALYGOMIS POVEIKIO VRN
GENU ALELINEI BUSENAI IR TRITICUM
AESTIVUM L. AUGIMO TEMPUI TYRIMAS

Santrauka
Istirtas kontrastingy trofiniy salygy poveikis verna-
lizacijos VRN geny alelinei blisenai ir zieminiy kvie-
¢iy veisliy Mironovskaja 808 ir Olvia augimo tem-
pui. Vernalizacija buvo atlikta per 45 dienas 4 + 1°C
temperatiroje skirtingomis trofinio palaikymo
salygomis. VRN geny aleliné buasena identifikuota
PGR metodu naudojant specifinius molekulinius
zymenis skirtingose vernalizacijos fazése — 15, 30 ir
45 dieny. Gauty rezultaty duomenimis, visy abiejy
zieminiy kvieciy veisliy varianty vrn-al, vrn-v1 ir
vrn-d1 geny recesyviné biisena 15-3 ir 30-3 verna-
lizacijos dieng nepakito. Po 45-osios vernalizacijos
dienos Vrn-Bl1 lokusuose buvo aptikti recesyviniai
ir dominantiniai aleliai.
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