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Abstract: The duration of the vegetative period is an important agronomic characteristic of cereal
crops. It is mainly influenced by the Vrn (response to vernalization) and Ppd (response to photoperiod)
genes. In this work, we searched for alleles of several known genes of these two systems of response
to external conditions in 15 accessions of Aegilops tauschii Coss. (syn. Ae. squarrosa L.), with the aim
of studying the impact these alleles have on the vegetative period duration and growth habit. As a
result, three allelic variants have been found for the Vrn-D1 gene: (i) one intact (winter type), (ii) one
with a 5437 bp deletion in the first intron and (iii) one previously undescribed allele with a 3273 bp
deletion in the first intron. It has been shown that the spring growth habit of Ae. tauschii can be
developed due to the presence of a new allele of the Vrn-D1 gene. Significant differences in expression
levels between the new allelic variant of the Vrn-D1 gene and the intact allele vrn-D1 were confirmed
by qPCR. The new allele can be introgressed into common wheat to enhance the biodiversity of the
spring growth habit and vegetative period duration of plants.
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1. Introduction

The duration of the vegetative period is one of the most important adaptive and
agronomic traits of cereal crops, which has a substantial impact on plant productivity
and minimizes the impact of biotic and abiotic stresses [1]. Cereal crops have three signal
systems of response to external conditions that affect the duration of plants’ vegetative
period (earliness): (i) response to vernalization (Vrn genes), (ii) response to photoperiod
(day length) (Ppd genes) and (iii) earliness per se (Eps genes) [2–4].

Vernalization is an impact of low positive temperatures, which is necessary to initiate
spike formation [5]. This is necessary to protect the floral meristems of winter plants
from damage by negative temperatures in winter. Spring plants (S), which do not require
exposure to low temperatures to initiate flowering, turned out to be more suitable for
cultivation in the continental regions of the northern and southern latitudes from 40◦ to
60◦ [6]. Genetic control of the response to vernalization in Ae. tauschii has been poorly
studied. Most studies of the genetic regulation of these systems of response to external
conditions have been carried out in the hexaploid wheat Triticum aestivum L., and so most
of the current studies in this area are based on the loci identified in this species. In common
wheat, four Vrn gene loci have been identified (VRN-1, VRN-2, VRN-3 and VRN-D4) and
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are noted for the following: changes to their structure cause differences in growth habit
and response to vernalization [7–13]. The VRN-1 genes (Vrn-A1, Vrn-B1, Vrn-D1) and their
paralog Vrn-D4 (the VRN-D4 locus) are MADS-box transcription factors homologous to the
APETALA-1 (AP-1) gene in Arabidopsis thaliana (L.) Heynh. [7,13–15]. Expression of these
genes in the leaves initiates the heading of wheat plants [16]; however, without exposure to
low temperatures, their pre-mRNA binds to the RNA-binding protein TaGRP2, homologous
to GRP7 in Arabidopsis, so the intact alleles are expressed at a low basal level [12,13,17].
When wheat plants grow at low positive temperatures, TaGRP2 modifies O-GlcNAcylation,
allowing it to interact with a carbohydrate-binding protein called VER2. The interaction
between VER2 and O-GlcNAc-TaGRP2 reduces the amount of TaGRP2 in the nucleus,
leading to the accumulation of the mRNA of the VRN-1 genes [17]. The processes described
are typical of winter varieties; however, mutations in the first intron of the VRN-1 and VRN-
D4 genes, which affect TaGRP2 binding sites, as well as mutations in the promoters of the
VRN-1 genes allow them to be expressed without exposure to low temperatures and thus to
confer a spring growth habit [8,11,18–26]. The interaction diagram of VRN genes is shown
in Figure 1. It has been shown that the main role of proteins encoded by the VRN-1 genes
in the leaves is decreasing the expression levels of the Zinc-finger/CCT domain transcription
factor-1 (ZCCT-1) and Zinc-finger/CCT domain transcription factor-2 (ZCCT-2) genes (VRN-2
locus) [16]. The VRN-2 genes encode proteins containing zinc finger domains and CCT
domains that suppress the expression of the VRN-3 genes in wheat and barley [18,27].
The VRN-3 locus contains genes homologous to the FLOWERING LOCUS T (FT) gene
in Arabidopsis thaliana (named TaFT in wheat) known as florigene [10]. In wheat, these
genes encode polypeptides that can bind to FDL2 proteins [28] and proteins in the 14-3-3
family [29] and are transported as a single complex from leaves to the apical meristem,
where they interact with the promoter region of the VRN-1 genes [7,14]. This causes the
expression of the VRN-1 genes in the growth cone, which leads to the transition from the
vegetative to the generative phase of development [15,28]. It has been demonstrated that
a spring growth habit can be conferred by mutations in the VRN-1, VRN-D4 and VRN-
3 genes, which govern their expression without exposure to low positive temperatures
(vernalization) [10,13,16], or due to mutations reducing the number of proteins encoded by
the VRN-2 genes or changing their amino acid composition [30–32].
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Figure 1. Diagram of interaction between VRN loci in leaves. The VRN-1 and VRN-D4 loci suppress
the VRN-2 locus, which leads to the appearance of florigen (VRN-3 locus). The VRN-3 genes’ protein
is then transported through the phloem to the shoot apical meristem where it induces the meristem-
identity genes and the initiation of the reproductive stage.

Not only the Vrn genes but also the Ppd and Eps genes contribute to changes in
the duration of the vegetative period. Of the Ppd genes, the ones that have the greatest
influence on the trait are the homologous genes at the PPD-1 locus [33–38], which belong
to the pseudoresponse regulator (PRR) family [37,39–42]. Plants can develop earliness
due to large deletions or insertions of transposons in the promoter region of the PPD-1
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genes [37,38,43,44] as well as due to changes in the copy number of these genes (CNVs) [35].
Earliness per se (Eps) is the difference in the heading time of the varieties that do not show
differences in response to vernalization or photoperiod changes [45]. Earliness per se is
controlled by a number of minor genes, the effects of which can be determined only in
the absence of vernalization and response to photoperiod effects [46]. Although the genes
and QTLs (quantitative trait loci) for earliness per se have been little studied [46], they are
known to increase developmental rates in any growth phase [47].

It has been shown that the Vrn and Ppd genes are the main contributors to changes
in the duration of the vegetative period of cereal crops [3,4,46]. Furthermore, they can
shorten the vegetative period in the presence of the dominant alleles of the Vrn and Ppd
genes in the plant genome, either alone [37,48,49] or in combination [48,49]. The genes
at these loci found in T. aestivum L. have been poorly studied in the donor species of the
elementary genomes of common wheat; however, they may contain valuable alleles of
the Vrn and Ppd genes. Because information about their alleles is scarce, so is the pool of
those from which plant breeding can benefit. Ae. tauschii is the donor of the D genome of
hexaploid wheats [50–57]. Most accessions of this species represent plants with a winter
growth habit [58–60]; however, some of the spring accessions that were found there, too,
had rather short vegetative periods [58–60].

Only a few mutations in the structure of the Vrn-D1 gene (VRN-1 locus) and the
ZCCT-D1 and ZCCT-D2 genes (VRN-2 locus) of Ae. tauschii have been described [30,61,62].
Detection of mutant alleles of the Vrn-D3 gene (VRN-3 locus) has not yet been reported.
The sequence of the Vrn-D4 gene of Ae. tauschii is not yet known [13]. It has been shown
that the Vrn-D4 sequence is present only in the D genome of common wheat, where it
developed due to a translocation between the long arm of chromosome 5A and a proximal
region of 5DS [13]. As was shown in wheat, spring varieties contain mutant alleles of the
VRN-1 genes with various deletions and insertions in the promoter region and deletions
in the first intron [8,11,18–26]. No changes in the promoter region of the Vrn-D1 gene in
spring Ae. tauschii accessions have been found [26]. At the same time, two mutations in
the first intron have been described: a 5437 bp deletion and a 109 bp tandem duplication.
The spring growth habit is induced only by this deletion, since the deleted sequence
contains the binding sites for a repressor protein similar to TaGRP2 in wheat, which
reduces the expression level of the wild allele Vrn-D1 in the absence of exposure to low
temperatures [17,62]. As was shown previously, deletions or mutations leading to the
appearance of positively charged amino acids in the CCT domain are responsible for the
recessive of the ZCCT-1 and ZCCT-2 alleles, which account for the spring growth habit
of wheat and barley [9,31,63]. Nonfunctional alleles of these genes in Ae. tauschii were
found in a population originating from Iran [30,61]. These accessions contained an allelic
variant of the ZCCT-D1 gene with a 24 bp deletion in the first intron, located 6 bp upstream
of the splicing acceptor site. Such a mutation alters splicing, resulting in the absence of
translation of 35 amino acids in front of the CCT domain or in the translation of part of
the intron [30]. For the dominant gene ZCCT-D2, a shift of the reading frame was shown,
which was due to a 1 bp deletion in the second exon, and for that reason the CCT domain
in the translated protein was not observed [30]. These mutations in the structure of the
ZCCT-D1 and ZCCT-D2 genes cause dysfunction of the proteins they encode.

No mutant alleles of the Ppd genes with a confirmed effect on photoperiod sensitivity
have been detected in Ae. tauschii [37,64–66]. In common wheat, the dominant allele Ppd-D1a
with a 2089 bp deletion in the promotor region has been described in the D genome, due to
which plants were able to complete ontogenesis under short-day conditions [37]; however, this
allele appeared in the T. aestivum genome independently of Ae. tauschii [37,64–66]. There is
only one report about the discovery of a dominant allele of the Ppd-D1 gene in Ae. tauschii [67];
however, nothing is known about the molecular characteristics of this allele.

As research into the genetics of Ae. tauschii is limited compared to common wheat,
the alleles of its genes that affect vegetative period duration remain unknown [26,61,62],
although they could be introgressed into commercial cultivars.
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The aim of this work was to study the alleles of the Vrn and Ppd genes that affect the
duration of the vegetative period in spring accessions of Ae. tauschii. As a result, two allelic
variants of the Vrn-D1 gene have been found that differ from their wild-type counterpart.
One variant of this gene had a known deletion (5437 bp) in the first intron. The other
allele had a previously undescribed 3273 bp deletion in the first intron. Using real-time
PCR (qPCR), we showed significant differences in expression level between the new allelic
variants of the Vrn-D1 gene and the intact allele.

2. Results
2.1. Growth Habit of the Ae. tauschii Accessions

The growth habit (spring/winter) was determined for 15 accessions of Ae. tauschii,
eleven of which had spring habit, and four had winter habit (Table 1). The spring growth
habit has been previously studied for four accessions: KU-2009 (Pakistan), K-608 (Georgia),
K-992 (Afghanistan) and K-864 (origin unknown) [26], and the same was confirmed in
the present study. In addition to these four, all other spring accessions developed spikes
without preliminary vernalization no later than 20 days after the heading of the spring
control accession, so they were classified as spring growth-habit accessions. The Palestinian,
Chinese and Iranian accessions and the winter control K-1740 did not develop spikes
80 days after the heading of the spring accession KU-20-6.

Table 1. Ae. tauschii accessions used in the study, their growth habit (S, spring; W, winter), vegetative
period and the significance of differences.

Accession
Number

Accession
Location

Growth
Habit

Days to Heading,
Mean ± Standard Deviation d ≥ LSD0.05

KU-20-6 (Control) Pakistan S 65 ± 5.2

KU-2002 Pakistan S 67.5 ± 4.7

K-864 unknown S 73.1 ± 2

K-608 Georgia S 81.4 ± 7.6 *

C21-51-43 Pakistan S 84.8 ± 11 *

KU-2009 Pakistan S 72.8 ± 7.6

C21-5144 Pakistan S 70.8 ± 5.8

C21-5118 unknown S 78.8 ± 3.7 *

C21-4030 unknown S 77.1 ± 5.95 *

C21-5112 unknown S 82 ± 9.9 *

K-992 Afghanistan S 57 ± 5.9

LSD0.05 9.87

K-1740 (Control) Afghanistan W 224.8 ± 4.1

KT-120-15 China W 211.5 ± 7.2

K-1657 Palestine W 221.3 ± 5.3

C21-51-29 Iran W 226.7 ± 7.1

LSD0.05 6.73
* Significant differences between accessions and controls are indicated.

The significance of differences in vegetative period duration was confirmed using the
LSD0.05 criterion calculated with a one-way analysis of variance (ANOVA). It was found
that accessions K-608, C21-51-43, C21-5118, C21-4030, C21-5112 were significantly superior
to the spring control KU-20-6 in days from planting to heading (Table 1). No significant
differences in the timing of heading were found between the winter accessions and the
winter control K-1740 (Table 1).
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2.2. Determination of the Structure of the Vrn Genes

In each of all 15 Ae. tauschii accessions studied, the structure of the first intron of the
Vrn-D1 gene was analyzed. To determine the presence of an intact intron in the winter
accessions, the PCR analysis was performed using the primers AetVrn-D1_Intr1F2 and
AetVrn-D1_Intr1R2 (Figure 2C). For each winter accession, a 998 bp PCR product was
obtained, indicating the presence of an intact intron (Figure 2A). In the spring accessions,
the PCR analysis was performed to determine the presence of a 5437 bp deletion in the first
intron (with the primers AetVrn-D1_Intr1F1 and AetVrn-D1_Intr1R1) (Figure 2C). For all
accessions except the K-992 from Afghanistan, a 747 bp PCR product similar to that for
the control KU-20-6 was obtained, which indicates the presence of this deletion in the first
intron of these accessions (Figure 2B). No PCR product was found in K-992 (Figure 2B).
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It has been previously discovered that the spring growth habit can be formed due to
small deletions in the region of the first intron of the ZCCT-D1 gene and the region of the
second exon of the ZCCT-D2 gene. Therefore, we examined these critical gene regions in
our accessions [30]. PCR with the primer pairs AetZCCT-D1_Intr1F1, AetZCCT-D1_Intr1R1,
and AetZCCT-D2_Ex2F1, AetZCCT-D2_Ex2R1 primers gave 302 bp and 539 bp products,
respectively. Sequencing of the PCR products and alignment of the ZCCT-D1 and ZCCT-D2
sequences presented in GenBank showed the absence of any other mutation in these regions
(information on the sequences obtained is given in the Data Availability Statement section).

2.3. Determination of the Structure of the Ppd Genes

In the spring accessions, the PCR analysis was performed with the primers Ppd-D1_F
and Ppd-D1_R2 to determine the presence of a 2089 bp long deletion in front of the coding
region of the Ppd-D1 gene. No PCR product was found in any of the accessions. PCR
amplification using the primers Ppd-D1_F and Ppd-D1_R1 gave a 454 bp product, which
indicates the presence of an intact region of this gene (Figure 3).
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Figure 3. (A): Electrophoresis of PCR products of the promoter region of the Ppd-D1 gene with the
primers Ppd-D1_F and Ppd-D1_R1. The presence of a 454 bp fragment indicates the absence of
deletions upstream of the Ppd-D1 gene promoter. (B): Scheme of the Ppd-D1 gene and the position of
the primers used. Gray rectangles, exons; black rectangles, introns; deletion 2089 bp in the promoter
region is highlighted in red.

2.4. Analysis of the Nucleotide Sequence of the Intron of the Vrn-D1 Gene

Because the previously described mutations in the Vrn-D1, ZCCT-D1 and ZCCT-D2
genes were not found in spring accession K-992 and also because mutations in the VRN-1
genes are most often found in spring-type cereals [8,11,18–26], we explored the structure of
the Vrn-D1 gene in K-992. Mutations responsible for the spring growth habit are localized
in the promoter region or in the first intron of the VRN-1 genes. It was previously shown
that the promoter region of the Vrn-D1 gene in K-992 does not contain any disorders [26].
For that reason, we carried out a PCR analysis with the primers AetVrn-D1_Intr1F2 and
AetVrn-D1_Intr1R2 (Figure 2C) to confirm the presence of an intact allele of vrn-D1, but no
PCR product was found. Presumably, the first intron of the Vrn-D1 gene in K-992 had a
different deletion, which was shorter than the 5437 bp deletion in KU-20-6, but covered
the binding region for the repressor protein identified in the spring varieties of wheat
and barley [11,68,69]. We developed a direct primer AetVrn-D1_Intr1F3 lying outside the
critical region while being within the KU-20-6 deletion (Figure 2C). PCR analysis with
the primers AetVrn-D1_Intr1F3 and AetVrn-D1_Intr1R1 gave a 275 bp product, which
indicated the presence of a previously undescribed deletion in the first intron of the Vrn-D1
gene in accession K-992.

To determine the exact location of the deletion, we performed PCR amplification with
the direct primer Ex1/C/F and the reverse primer AetVrn-D1_Intr1R1 (Figure 2C). The
resulting 3500 bp PCR product was sequenced by the Sanger method using a forward and a
reverse primer. The nucleotide sequence determined using the primer AetVrn-D1_Intr1R1
did not differ from its matching region in the Vrn-D1 gene, so we came to a conclusion
that the deletion is located at the 5’ end of the first intron. Sequencing using the primer
Ex1/C/F and alignment against the nucleotide sequence of the intact allele of the Vrn-D1
gene in Ae. tauschi showed that K-992 contained a 3273 bp deletion in the first intron of
the Vrn-D1 gene, which does not fully include the critical region that is responsible for the
spring growth habit in wheat and barley [11,68,69] (Figure 4). It was also found that this
deletion includes the RIP-3 sequence, an important region of the gene, affecting the degree
of binding of the pre-mRNA gene to the protein TaGRP2 [13] (Figure 4).
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Figure 4. Position of deletions of the first intron of two allelic variants of the Vrn-D1 gene in Ae.
tauschii. Gray rectangles, exons; black bars, introns; red bars, deletions. Yellow dots indicate the
sequence of the RIP-3 region in the first intron. The designated link "Takumi S. et al. 2011" is located
in the "References" section under number [62]. The critical region is the region of the first intron,
where deletions lead to the development of the spring growth habit in wheat and barley [11,68,69].

The results of the study of the first intron structure of the Vrn-D1 gene, the study
of the structure of the promoter region of the Ppd-D1 gene, and the determination of the
nucleotide sequences of the first intron of the ZCCT-D1 gene and the second exon of the
ZCCT-D2 gene are presented in Table 2.

Table 2. Structural changes of the genes that control the duration of the vegetative period of the Ae.
tauschii accessions studied.

Accession
Number

Vrn-D1
First Intron

ZCCT-D1
First Intron

ZCCT-D2
Second Exon

Ppd-D1
Promoter

KU-20-6 5437 bp deletion intact intact intact

KU-2002 5437 bp deletion intact intact intact

K-864 5437 bp deletion intact intact intact

K-608 5437 bp deletion intact intact intact

C21-51-43 5437 bp deletion intact intact intact

KU-2009 5437 bp deletion intact intact intact

C21-5144 5437 bp deletion intact intact intact

C21-5118 5437 bp deletion intact intact intact

C21-4030 5437 bp deletion intact intact intact

C21-5112 5437 bp deletion intact intact intact

K-992 3273 bp deletion intact intact intact

K-1740 intact nd nd nd

KT-120-15 intact nd nd nd

K-1657 intact nd nd nd

C21-51-29 intact nd nd nd

2.5. Study of the Relative Expression Levels of Different Variants of the Vrn-D1 Gene in Ae. tauschii

To study the effect of the 3273 bp deletion on the expression level of the Vrn-D1 gene
and to compare the expression profiles of different variants of this gene, we grew plants of
three accessions: (i) winter K-1740, (ii) spring KU-2009 and (iii) spring K-992.

Days from planting to heading in the spring accessions KU-2009 and K-992 was
81 ± 9.4 and 48.5 ± 1.8 (t = 10.7), respectively, so we collected leaves for RNA isolation
only until week 12 for KU-2009 and till week 7 for K-992. Winter plants K-1740 did not
develop spikes during the entire vegetative period, so in this case we collected leaves for
RNA isolation only till week 12, as we did for KU-2009. A quantitative comparison of the
expression profiles revealed differences in the transcription levels of the Vrn-D1 gene in the
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leaves of different accessions at different vegetative periods (Figure 5). In K-1740, the Vrn-
D1 expression level was low during all 12 weeks of development. Significant differences
in Vrn-D1 expression level were revealed between the spring accession KU-2009 and the
winter accession on weeks 10, 11 and 12 of development (Figure 5A); between the spring
accession K-992 and each of K-1740 and KU-2009, starting from week 3 of development
and throughout all subsequent weeks (Figure 5A). A comparison of Vrn-D1 expression
level between K-992 and KU-2009 on week 5 before heading revealed a significantly higher
number of transcripts in K-992 on week 4 before heading (Figure 5B). In the later weeks
before heading, the differences in expression levels between different alleles were not
significant (Figure 5B).
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Figure 5. Change in the relative expression level of accessions with different alleles. Violet color
indicates accession K−1740, blue—KU−2009, orange—K−992. Data for all accessions are expressed
as mean value ± standard deviation (n = 3). Student’s t−test was used for testing of statistical
significance (* p < 0.05, ** p < 0.01). (A): comparison of K−1740, KU−2009 and K−992. (B): comparison
of K−992 and KU−2009 five weeks before heading. The expression profile is shown from the second
week of development for K−992 and from the seventh week for KU−2009.

3. Discussion

Mutations in the Vrn and Ppd genes are of great importance for early heading [3,4,45],
so the study of their various allelic variants is very important for the breeding of early
maturing cultivars. Ae. tauschii populations have spring accessions, in which mutant
Vrn genes appeared independently of those in T. aestivum [30,61,62]. Such alleles are very
important for the transfer into common wheat, as they reduce the vegetative period of
plants [30]. For this reason, our primary plan was to determine which growth habit Ae.
tauschii has in order to be able to study the allelic composition of the Vrn and Ppd genes in
the spring accessions.

In 11 spring accessions, the structure of the first intron of the Vrn-D1 gene was studied.
Ten of them had a 5437 bp deletion in the first intron, which had already been detected
in Ae. tauschii [62]. It has been shown that this deletion accounts for a spring growth
habit, which is consistent with the studies carried out on common wheat [11,68,69] and
was additionally confirmed by our results (Figure 2, Tables 1 and 2). None of the accessions
that we have studied had other mutations in the ZCCT-D1, ZCCT-D2 or Ppd-D1 genes. One
spring accession, K-992, had an allele of the Vrn-D1 gene that differed from that described in
KU-20-6. As revealed by sequencing, K-992 had a 3273 bp deletion in the first intron of the
Vrn-D1 gene, which partially covered the binding region for the repressor protein identified
in some spring varieties of wheat and barley [11,68,69]; this deletion also included the
RIP-3 region, nucleotide substitutions that had a great impact on the degree of binding
of the protein TaGRP2 to the pre-mRNA of the wheat VRN-1 genes [13]. Although this
deletion does not completely cover the critical region of the first intron, it can be assumed
that due to the removal of the RIP-3 region from the sequence, this deletion can influence
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the expression of the Vrn-D1 gene in the leaves. To test this assumption, we measured the
relative expression level of the Vrn-D1 gene.

When grown in field conditions, the winter accession used as the control did not ear
as it possessed the recessive allele vrn-D1 with a low basal level of expression. Plants of
spring accessions K-992 and KU-2009 with deletions in the first intron of the Vrn-D1 gene
eared without prior exposure to vernalization and had a significantly higher amount of
mRNA of the Vrn-D1 gene in the leaves than the winter control had. These results support
the assumption that the 3273 bp deletion in the first intron of the Vrn-D1 gene causes
expression without having to expose the plants to low temperatures, leading Ae. tauschii
to develop a spring growth habit. The nucleotide sequences of both deletions in the first
intron of the Vrn-D1 gene identified in spring accessions K-992 and KU-2009 as well as
the sequences of the deletions in the first intron of the VRN-1 genes found in the spring
wheat and barley plants contain the RIP-3 region [11,68,69]. It was previously shown that
nucleotide substitutions in this region can cause a weaker binding of the protein TaGRP2 to
the nucleotide sequence [13], which results in a weaker plant response to vernalization [70].
The Vrn-D4 gene located in the D genome of common wheat is a copy of the Vrn-A1
gene [12]. It has an allelic variant with three nucleotide substitutions in the RIP-3 region,
which forms a very weak bond with TaGRP2 and determines the expression of this gene
even though there are no deletions in the first intron [13]. Based on the available data, it can
be assumed that the RIP-3 region is a key sequence required for binding the GRP2 family
repressor protein to the pre-mRNA genes of the VRN-1 locus in cereal plants. Our data
indirectly agree with the finding, since the sequence of the 3273 bp deletion found in the
first intron of the Vrn-D1 gene in spring accession K-992 includes the RIP-3 region but does
not completely cover the previously identified deletions conferring a spring growth habit
on cereals [11,68,69].

When grown in field conditions, K-992 plants formed inflorescences earlier than KU-
2009 plants, while the expression level of the Vrn-D1 gene in K-992 became significantly
different from that of the KU-2009 allele as early as starting from week 3 of development.
Such a relationship between the time of onset of VRN-1 expression and the heading time
has been shown previously [20] and now was additionally demonstrated in our study. The
difference in the time of heading and the time of appearance of the first transcripts of the
Vrn-D1 gene between K-992 and KU-2009 is unquestionable; however, this is most likely
not due to the difference in the allelic variants of the Vrn-D1 gene.

It may be noted that deletions in the first intron of the Vrn-D1 gene in all spring
accessions analyzed in this study were detected, but there was not a single spring accession
containing other known alleles of the Vrn and Ppd-D1 genes that differed from the wild
types (Table 2). At the same time, several spring accessions with an allelic variant of the
Vrn-D1 gene identical to that in KU-20-6 were significantly superior to the spring control in
vegetative period duration (Table 1). The difference in vegetative period duration observed
among the spring accessions of Ae. tauschii with the same 5437 bp deletion in the first intron
of the Vrn-D1 gene has been described previously [62] and was confirmed in our study.
Consequently, the presence of the same allelic variant of the Vrn-D1 gene in different spring
accessions of Ae. tauschii did not form the same length of the growing season.

Spring accessions K-992 and KU-20-6 have Vrn-D1 alleles but do not differ significantly
from each other in the duration of the vegetative period (Tables 1 and 2). Monogenic control
of the growth habit in K-992 has been shown previously [71], which completely excludes
the presence of other Vrn alleles in it, except for the allele of the Vrn-D1 gene that we
discovered. Thus, taking into account all the above evidence, it can be assumed that the
plants of the accessions we studied have different undescribed allelic variants of the genes
that have an impact on vegetative period duration rather than growth habit. However, as
entries in Table 1 confirm, the 3273 bp deletion in the first intron of Vrn-D1 accounts for
the development of a spring growth habit by the Ae. tauschii accession. The effect of this
deletion on the expression time of the Vrn-D1 gene and the earliness of plants can only be
speculated and still remains to be confirmed.
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4. Materials and Methods
4.1. Plant Material, Growth Conditions, Assessment of Vernalization Requirements and
Determination of Heading Time

A total of 15 accessions of Ae. tauschii from various regions were taken as the material
for the study. The seed progeny was obtained from each accession to assess the growth habit
and heading time. A total of 10 seeds were sown per accession at the hydroponic greenhouse
of the Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy
of Sciences without preliminary vernalization. Plants were grown at a temperature of
23–25 ◦C and a long day (16 h). KU-20-6 with the dominant allele of the Vrn-D1 gene was
used as the spring control (plants that head without vernalization) [62]. K-1740 with the
intact allele of the Vrn-D1 gene was used as the winter control (plants that do not head
without vernalization). Plants that did not ear without vernalization were transferred to
a cold chamber and grown at 3–4 ◦C and 16 h photoperiod for 50 days, after which the
growing conditions were set to standard (23–25 ◦C and 16 h photoperiod) and the plants
were observed to be heading (such plants were referred to as winter plants).

The number of days from planting to heading was recorded for each plant individ-
ually. Based on the data obtained, the average value for each accession was calculated.
The significance of the differences in vegetative period duration was confirmed by the
difference in the sample means between the accessions and controls for each group (spring
type/winter type) compared to the smallest significant difference (LSD0.05) calculated by
one-way analysis of variance. Accession voucher, place of collection, growth habit and
heading time for each accession are presented in Table 1.

4.2. Isolation of Total DNA, PCR Amplification and Determination of Nucleotide Sequences of the
Vrn-D1, ZCCT-D1, ZCCT-D2 and Ppd-D1 Genes

Isolation of total DNA was carried out using the DNeasy Plant Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol. For extraction of DNA,
50–100 mg of leaves taken from plants of each accession were used. The quantity and qual-
ity of isolated DNA were determined using the NanoDrop2000 (Thermo Scientific, Waltham,
MA, USA) spectrophotometer and electrophoretic separation in 1% agarose gel containing
ethidium bromide (0.5 mg/mL) in 1 × TAE. The primer pairs used for PCR amplification
and annealing temperatures are provided in Supplementary Materials Table S1.

Polymerase chain reactions (PCR) were carried out in a volume of 20 µL with BioMaster
LR HS-PCR-Color (2×) (Biolabmix, Novosibirsk, Russia), 10 pmol of each primer, and
30 ng of genomic DNA. Separation of amplification products was carried out in 1% agarose
gel. PCR fragments obtained with the primer pairs AetZCCT-D1_Intr1F1, AetZCCT-
D1_Intr1R1; AetZCCT-D2_Ex2F1, AetZCCT-D2_Ex2R1 and Ex1/C/F, AetVrn-D1_Intr1R1
were isolated from the gel using the QIAquick Gel Extraction Kit (QIAGEN, Germany) and
then sequenced. Sequencing was completed using 200 ng of the product and the BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Scientific, USA) on the ABI 3130XL genetic
analyzer (Applied Biosystems, Foster City, CA, USA) at the SB RAS Center for Genomics
(URL: http://www.niboch.nsc.ru/doku.php/corefacility (accessed on 15 May 2023)).

4.3. Analysis of the Expression Level of the Vrn-D1 Gene, Isolation of Total RNA, cDNA Synthesis,
Real-Time PCR Amplification and Evaluation of the Expression Level

To analyze the expression level at the experimental field of the Institute of Cytology
and Genetics of the Siberian Branch of the Russian Academy of Sciences, plants of three
accessions were grown: spring accession K-992, spring accession KU-2009 and winter
accession K-1740. Ten seeds of each accession were sown and not exposed to low positive
temperatures (they were not vernalized). The number of days from sowing to heading in
the spring plants was recorded for each plant individually, after which the mean sample
value was calculated for each spring accession and the significance of differences was
assessed using the Student’s t-test. Winter plants were used as the control with a low basal
value of the Vrn-D1 expression. Each week of plant growth from planting to heading, a

http://www.niboch.nsc.ru/doku.php/corefacility
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leaf of the main shoot was picked. Since several leaves were formed on the shoots of Ae.
tauschii, it was possible to obtain fresh material for RNA isolation throughout the entire
vegetative period. The collection was made in the middle of the day to avoid the influence
of circadian rhythms. Leaves of all accessions were frozen in liquid nitrogen and stored at
−80 ◦C until use.

Total RNA was isolated from leaves using the LRU-100-50 kit (Biolabmix, Russia)
according to the manufacturer’s instructions. Leaves of three plants taken from each
accession (three biological replicates) once per week were taken for 12 weeks. The concen-
tration of isolated RNA was measured using the NanoDrop2000 (Thermo Scientific, USA)
spectrophotometer and the quality of RNA was checked by electrophoretic separation in
1% agarose gel. cDNA was synthesized using the RNAscribe RT kit (Biolabmix, Russia),
according to the manufacturer’s instructions, after which it was diluted 5 times and used
as a template for real-time PCR.

Real-time PCR was performed in the CFX96 Real-Time Touch amplifier (Bio-Rad,
Hercules, CA, USA) with SYBR Green (Biolabmix, Russia) in three technical replicates.
To study the relative expression level of the Vrn-D1 gene, we used three endogenous
control genes: Actin (ACTIN), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and S-
adenosylmethioninedecarboxylaseproenzyme (SAMD). The primers for the ACTIN and SAMD
genes were as in previous studies [25,72]. For amplification of the GAPDH gene region, we
developed original primers. For amplification of the Vrn-D1 gene, we also designed new
primers that amplified the region of the seventh and eighth exons of the gene, similar to the
pair of primers designed to study the expression of the Vrn-D1 gene in common wheat [73].
The sequences of the primer pairs used for real-time PCR are presented in additional
file 1: Table S2. The annealing temperature was the same for all primer pairs. Primer
efficiency was tested by a series of dilutions of the cDNA template. A melt-curve protocol
was performed for each primer pair to detect specific products. The expression level was
calculated relative to the geometric mean of the expression levels of three endogenous
control genes (ACTIN, GAPDH, SAMD) [74]. The values obtained were used to plot
the change in the relative expression level of the Vrn-D1 gene in three accessions. The
significance of the differences in expression level was confirmed using the Student’s t-test.

5. Conclusions

In this work, we explored the allelic composition of the Vrn and Ppd genes in 15 ac-
cessions of Ae. tauschii. Mutant alleles were found only for the Vrn-D1 gene, including a
previously undescribed allelic variant with a 3273 bp deletion in the first intron. We found
that the expression level of the new allele was significantly higher than that of the wild-type
gene when the plants were grown without vernalization. Furthermore, the location of the
detected deletion narrows the size of the DNA sequence in the first intron, in which the
deletions lead to a spring growth habit in Ae. tauschii. The new allele can be introgressed
into common wheat to enhance the biodiversity of a spring growth habit and vegetative
period duration of wheat cultivars.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12203596/s1, Table S1. Primers were used to study the
structure of the Vrn-D1, ZCCT-D1, ZCCT-D2 and Ppd-D1 genes. Table S2. Primers were used to
analyze the expression level of the Vrn-D1 gene.
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11. Fu, D.; Szűcs, P.; Yan, L.; Helguera, M.; Skinner, J.S.; von Zitzewitz, J.; Hayes, P.M.; Dubcovsky, J. Large deletions within the first
intron in VRN-1 are associated with spring growth habit in barley and wheat. Mol. Genet. Genom. 2005, 273, 54–65. [CrossRef]

12. Kippes, N.; Zhu, J.; Chen, A.; Vanzetti, L.; Lukaszewski, A.; Nishida, H.; Kato, K.; Dvorak, J.; Dubcovsky, J. Fine mapping and
epistatic interactions of the vernalization gene VRN-D4 in hexaploid wheat. Mol. Genet. Genom. 2014, 289, 47–62. [CrossRef]

13. Kippes, N.; Debernardi, J.M.; Vasquez-Gross, H.A.; Akpinar, B.A.; Budak, H.; Kato, K.; Chao, S.; Akhunov, E.; Dubcovsky, J.
Identification of the VERNALIZATION 4 gene reveals the origin of spring growth habit in ancient wheats from South Asia. Proc.
Natl. Acad. Sci. USA 2015, 112, E5401–E5410. [CrossRef]

14. Trevaskis, B.; Bagnall, D.J.; Ellis, M.H.; Peacock, W.J.; Dennis, E.S. MADS box genes control vernalization-induced flowering in
cereals. Proc. Natl. Acad. Sci. USA 2003, 100, 13099–13104. [CrossRef] [PubMed]

15. Danyluk, J.; Kane, N.A.; Breton, G.; Limin, A.E.; Fowler, D.B.; Sarhan, F. TaVRT-1, a putative transcription factor associated with
vegetative to reproductive transition in cereals. Plant Physiol. 2003, 132, 1849–1860. [CrossRef] [PubMed]

16. Chen, A.; Dubcovsky, J. Wheat TILLING mutants show that the vernalization gene VRN1 down-regulates the flowering repressor
VRN2 in leaves but is not essential for flowering. PLoS Genet. 2012, 8, e1003134. [CrossRef]

17. Xiao, J.; Xu, S.; Li, C.; Xu, Y.; Xing, L.; Niu, Y.; Huan, Q.; Tang, Y.; Zhao, C.; Wagner, D.; et al. O-GlcNAc-mediated interaction
between VER2 and TaGRP2 elicits TaVRN1 MRNA accumulation during vernalization in winter wheat. Nat. Commun. 2014,
5, 4572. [CrossRef] [PubMed]

18. Dubcovsky, J.; Loukoianov, A.; Fu, D.; Valarik, M.; Sanchez, A.; Yan, L. Effect of photoperiod on the regulation of wheat
vernalization genes VRN1 and VRN2. Plant Mol. Biol. 2006, 60, 469–480. [CrossRef]

19. Muterko, A.; Kalendar, R.; Salina, E. Novel alleles of the VERNALIZATION1 genes in wheat are associated with modulation of
DNA curvature and flexibility in the promoter region. BMC Plant Biol. 2016, 16, 9. [CrossRef]

20. Shcherban, A.B.; Khlestkina, E.K.; Efremova, T.T.; Salina, E.A. The effect of two differentially expressed wheat VRN-B1 alleles on
the heading time is associated with structural variation in the first intron. Genetica 2013, 141, 133–141. [CrossRef]

21. Shcherban, A.B.; Efremova, T.T.; Salina, E.A. Identification of a new Vrn-B1 allele using two near-isogenic wheat lines with
difference in heading time. Mol. Breed. 2012, 29, 675–685. [CrossRef]

https://doi.org/10.1111/pce.13167
https://doi.org/10.1016/j.pbi.2008.12.010
https://www.ncbi.nlm.nih.gov/pubmed/19195924
https://doi.org/10.1007/s10681-014-1075-7
https://doi.org/10.1093/jxb/erm042
https://doi.org/10.1073/pnas.0937399100
https://www.ncbi.nlm.nih.gov/pubmed/12730378
https://doi.org/10.1007/s00122-004-1796-4
https://doi.org/10.1126/science.1094305
https://doi.org/10.1073/pnas.0607142103
https://doi.org/10.1007/s00438-004-1095-4
https://doi.org/10.1007/s00438-013-0788-y
https://doi.org/10.1073/pnas.1514883112
https://doi.org/10.1073/pnas.1635053100
https://www.ncbi.nlm.nih.gov/pubmed/14557548
https://doi.org/10.1104/pp.103.023523
https://www.ncbi.nlm.nih.gov/pubmed/12913142
https://doi.org/10.1371/journal.pgen.1003134
https://doi.org/10.1038/ncomms5572
https://www.ncbi.nlm.nih.gov/pubmed/25091017
https://doi.org/10.1007/s11103-005-4814-2
https://doi.org/10.1186/s12870-015-0691-2
https://doi.org/10.1007/s10709-013-9712-y
https://doi.org/10.1007/s11032-011-9581-y


Plants 2023, 12, 3596 13 of 14

22. Milec, Z.; Sumíková, T.; Tomková, L.; Pánková, K. Distribution of different Vrn-B1 alleles in hexaploid spring wheat germplasm.
Euphytica 2013, 192, 371–378. [CrossRef]

23. Santra, D.K.; Santra, M.; Allan, R.E.; Campbell, K.G.; Kidwell, K.K. Genetic and molecular characterization of vernalization
genes Vrn-A1, Vrn-B1, and Vrn-D1 in spring wheat germplasm from the pacific northwest region of the U.S.A. Plant Breed. 2009,
128, 576–584. [CrossRef]

24. Muterko, A.; Balashova, I.; Cockram, J.; Kalendar, R.; Sivolap, Y. The new wheat vernalization response allele Vrn-D1s is caused
by DNA transposon insertion in the first intron. Plant Mol. Biol. Rep. 2015, 33, 294–303. [CrossRef]

25. Zhang, X.; Gao, M.; Wang, S.; Chen, F.; Cui, D. Allelic variation at the vernalization and photoperiod sensitivity loci in chinese
winter wheat cultivars (Triticum aestivum L.). Front. Plant Sci. 2015, 6, 470. [CrossRef] [PubMed]

26. Golovnina, K.A.; Kondratenko, E.; Blinov, A.G.; Goncharov, N.P. Molecular characterization of vernalization loci VRN1 in wild
and cultivated wheats. BMC Plant Biol. 2010, 10, 168. [CrossRef]

27. Hemming, M.N.; Peacock, W.J.; Dennis, E.S.; Trevaskis, B. Low-temperature and daylength cues are integrated to regulate
FLOWERING LOCUS T in barley. Plant Physiol. 2008, 147, 355–366. [CrossRef]

28. Li, C.; Dubcovsky, J. Wheat FT protein regulates VRN1 transcription through interactions with FDL2. Plant J. 2008, 55, 543–554.
[CrossRef]

29. Li, C.; Lin, H.; Dubcovsky, J. Factorial combinations of protein interactions generate a multiplicity of florigen activation complexes
in wheat and barley. Plant J. 2015, 84, 70–82. [CrossRef]

30. Kippes, N.; Chen, A.; Zhang, X.; Lukaszewski, A.J.; Dubcovsky, J. Development and characterization of a spring hexaploid wheat
line with no functional VRN2 genes. Theor. Appl. Genet. 2016, 129, 1417–1428. [CrossRef]

31. Distelfeld, A.; Tranquilli, G.; Li, C.; Yan, L.; Dubcovsky, J. Genetic and molecular characterization of the VRN2 loci in tetraploid
wheat. Plant Physiol. 2009, 149, 245–257. [CrossRef]

32. Chen, F.; Gao, M.; Zhang, J.; Zuo, A.; Shang, X.; Cui, D. Molecular characterization of vernalization and response genes in bread
wheat from the Yellow and Huai Valley of China. BMC Plant Biol. 2013, 13, 199. [CrossRef]

33. Fosket, D.E. Plant Growth and Development: A Molecular Approach; Academic Press: San Diego, CA, USA, 1994; ISBN 978-0-12-262430-8.
34. Worland, T. Genetic basis of worldwide wheat varietal improvement. In The World Wheat Book: A History of Wheat Breeding;

Lavoisier Publishing: Paris, France, 2001; pp. 59–100.
35. Díaz, A.; Zikhali, M.; Turner, A.S.; Isaac, P.; Laurie, D.A. Copy Number Variation Affecting the Photoperiod-B1 and Vernalization-A1

Genes Is Associated with Altered Flowering Time in Wheat (Triticum aestivum). PLoS ONE 2012, 7, e33234. [CrossRef] [PubMed]
36. Shaw, L.M.; Turner, A.S.; Laurie, D.A. The impact of photoperiod insensitive Ppd-1a mutations on the photoperiod pathway

across the three genomes of hexaploid wheat (Triticum aestivum): Photoperiod-insensitive Ppd-1 mutations in wheat. Plant J. 2012,
71, 71–84. [CrossRef] [PubMed]

37. Beales, J.; Turner, A.; Griffiths, S.; Snape, J.W.; Laurie, D.A. A Pseudo-Response Regulator is misexpressed in the photoperiod
insensitive Ppd-D1a mutant of wheat (Triticum aestivum L.). Theor. Appl. Genet. 2007, 115, 721–733. [CrossRef] [PubMed]

38. Wilhelm, E.P.; Turner, A.S.; Laurie, D.A. Photoperiod insensitive Ppd-A1a mutations in Tetraploid Wheat (Triticum durum Desf.).
Theor. Appl. Genet. 2009, 118, 285–294. [CrossRef]

39. Turner, A.; Beales, J.; Faure, S.; Dunford, R.P.; Laurie, D.A. The Pseudo-Response Regulator Ppd-H1 Provides Adaptation to
Photoperiod in Barley. Science 2005, 310, 1031–1034. [CrossRef]

40. Cockram, J.; Mackay, I.J.; O’Sullivan, D.M. The Role of Double-Stranded Break Repair in the Creation of Phenotypic Diversity at
Cereal VRN1 Loci. Genetics 2007, 177, 2535–2539. [CrossRef] [PubMed]

41. Nakamichi, N.; Kita, M.; Niinuma, K.; Ito, S.; Yamashino, T.; Mizoguchi, T.; Mizuno, T. Arabidopsis Clock-Associated Pseudo-
Response Regulators PRR9, PRR7 and PRR5 Coordinately and Positively Regulate Flowering Time Through the Canonical
CONSTANS-Dependent Photoperiodic Pathway. Plant Cell Physiol. 2007, 48, 822–832. [CrossRef]

42. Imaizumi, T.; Schultz, T.F.; Harmon, F.G.; Ho, L.A.; Kay, S.A. FKF1 F-Box Protein Mediates Cyclic Degradation of a Repressor of
CONSTANS in Arabidopsis. Science 2005, 309, 293–297. [CrossRef]

43. Nishida, H.; Yoshida, T.; Kawakami, K.; Fujita, M.; Long, B.; Akashi, Y.; Laurie, D.A.; Kato, K. Structural variation in the 5′

upstream region of photoperiod-insensitive alleles Ppd-A1a and Ppd-B1a identified in hexaploid wheat (Triticum aestivum L.), and
their effect on heading time. Mol. Breed. 2013, 31, 27–37. [CrossRef]

44. Campoli, C.; Drosse, B.; Searle, I.; Coupland, G.; von Korff, M. Functional characterisation of HvCO1, the barley (Hordeum vulgare)
flowering time ortholog of CONSTANS: Functional characterisation of HvCO1 in barley. Plant J. 2012, 69, 868–880. [CrossRef]

45. Kato, H.; Taketa, S.; Ban, T.; Iriki, K.; Murai, K. The influence of a spring habit gene, Vrn-D1, on heading time in wheat. Plant
Breed. 2001, 120, 115–120. [CrossRef]

46. Kato, K.; Wada, T. Genetic analysis and selection experiment for narrow-sense earliness in wheat by using segregating hybrid
progenies. Breed. Sci. 1999, 49, 233–238. [CrossRef]

47. Slafer, G.A.; Rawson, H.M. Responses to photoperiod change with phenophase and temperature during wheat development.
Field Crops Res. 1996, 46, 1–13. [CrossRef]

48. Efremova, T.T.; Chumanova, E.V.; Trubacheeva, N.V.; Arbuzova, V.S.; Belan, I.A.; Pershina, L.A. Prevalence of VRN1 locus alleles
among spring common wheat cultivars cultivated in western siberia. Russ. J. Genet. 2016, 52, 146–153. [CrossRef]

49. Potokina, E.K.; Koshkin, V.A.; Alekseeva, E.A.; Matvienko, I.I.; Filobok, V.A.; Bespalova, L.A. The combination of the Ppd and Vrn
gene alleles determines the heading date in common wheat varieties. Russ. J. Genet. Appl. Res. 2012, 2, 311–318. [CrossRef]

https://doi.org/10.1007/s10681-013-0863-9
https://doi.org/10.1111/j.1439-0523.2009.01681.x
https://doi.org/10.1007/s11105-014-0750-0
https://doi.org/10.3389/fpls.2015.00470
https://www.ncbi.nlm.nih.gov/pubmed/26191066
https://doi.org/10.1186/1471-2229-10-168
https://doi.org/10.1104/pp.108.116418
https://doi.org/10.1111/j.1365-313X.2008.03526.x
https://doi.org/10.1111/tpj.12960
https://doi.org/10.1007/s00122-016-2713-3
https://doi.org/10.1104/pp.108.129353
https://doi.org/10.1186/1471-2229-13-199
https://doi.org/10.1371/journal.pone.0033234
https://www.ncbi.nlm.nih.gov/pubmed/22457747
https://doi.org/10.1111/j.1365-313X.2012.04971.x
https://www.ncbi.nlm.nih.gov/pubmed/22372488
https://doi.org/10.1007/s00122-007-0603-4
https://www.ncbi.nlm.nih.gov/pubmed/17634915
https://doi.org/10.1007/s00122-008-0898-9
https://doi.org/10.1126/science.1117619
https://doi.org/10.1534/genetics.107.074765
https://www.ncbi.nlm.nih.gov/pubmed/18073446
https://doi.org/10.1093/pcp/pcm056
https://doi.org/10.1126/science.1110586
https://doi.org/10.1007/s11032-012-9765-0
https://doi.org/10.1111/j.1365-313X.2011.04839.x
https://doi.org/10.1046/j.1439-0523.2001.00586.x
https://doi.org/10.1270/jsbbs.49.233
https://doi.org/10.1016/0378-4290(95)00081-X
https://doi.org/10.1134/S102279541601004X
https://doi.org/10.1134/S2079059712040089


Plants 2023, 12, 3596 14 of 14

50. Kihara, H. Discovery of the DD-Analyser, one of the ancestors of Triticum vulgare. Agric. Hort. 1944, 19, 13–14.
51. Mcfadden, E.S.; Sears, E.R. The origin of Triticum spelta and its free-threshing hexaploid relatives. J. Hered. 1946, 37, 81–89.

[CrossRef]
52. Nakai, Y. Isozyme cariations in Aegilops and Triticum. IV. The origin of the common wheats revealed from the study on esterase

isozymes in synthesized hexaploid wheats. Jpn. J. Genet. 1979, 54, 175–189. [CrossRef]
53. Nishikawa, K.; Furuta, Y.; Wada, T. Genetic studies of α-amylase isozymes in wheat. III. Intraspecific Variation in Aegilops

squarrosa and Birthplace of Hexaploid Wheat. Jpn. J. Genet. 1980, 55, 325–336. [CrossRef]
54. Jaaska, V. Electrophoretic survey of seedling esterases in wheats in relation to their phylogeny. Theor. Appl. Genet. 1980,

56, 273–284. [CrossRef]
55. Lagudah, E.S.; Appels, R.; Brown, A.H.D.; McNeil, D. The molecular–genetic analysis of Triticum tauschii, the D-genome donor to

hexaploid wheat. Genome 1991, 34, 375–386. [CrossRef]
56. Lubbers, E.L.; Gill, K.S.; Cox, T.S.; Gill, B.S. Variation of molecular markers among geographically diverse accessions of Triticum

tauschii. Genome 1991, 34, 354–361. [CrossRef]
57. Dvorak, J.; Luo, M.-C.; Yang, Z.-L.; Zhang, H.-B. The structure of the Aegilops tauschii genepool and the evolution of hexaploid

wheat. Theor. Appl. Genet. 1998, 97, 657–670. [CrossRef]
58. Goncharov, N.P. Genetic resources of wheat related species: The Vrn genes controlling growth habit (Spring vs. Winter). Euphytica

1998, 100, 371–376. [CrossRef]
59. Goncharov, N.P. Comparative Genetics of Wheats and Their Related Species; Novosibirsk Academic Publishing House “GEO”:

Novosibirsk, Russia, 2012; ISBN 978-5-904682-90-3.
60. Iwaki, K.; Nakagawa, K.; Kuno, H.; Kato, K. Ecogeographical differentiation in east Asian wheat, revealed from the geographical

variation of growth habit and Vrn genotype. Euphytica 2000, 111, 137–143. [CrossRef]
61. Dudnikov, A.J. Allozymes and growth habit of Aegilops tauschii: Genetic control and linkage patterns. Euphytica 2003, 129, 89–97.

[CrossRef]
62. Takumi, S.; Koyama, K.; Fujiwara, K.; Kobayashi, F. Identification of a large deletion in the first intron of the Vrn-D1 locus,

associated with loss of vernalization requirement in wild wheat progenitor Aegilops tauschii Coss. Genes Genet. Syst. 2011,
86, 183–195. [CrossRef]

63. Dubcovsky, J.; Chen, C.; Yan, L. Molecular characterization of the allelic variation at the VRN-H2 vernalization locus in barley.
Mol. Breed. 2005, 15, 395–407. [CrossRef]

64. Huang, L.; Wang, Q.; Zhang, L.-Q.; Yuan, Z.-W.; Wang, J.-R.; Zhang, H.-G.; Zheng, Y.-L.; Liu, D.-C. Haplotype variations of gene
Ppd-D1 in Aegilops tauschii and their implications on wheat origin. Genet. Resour. Crop Evol. 2012, 59, 1027–1032. [CrossRef]

65. Guo, Z.; Song, Y.; Zhou, R.; Ren, Z.; Jia, J. Discovery, evaluation and distribution of haplotypes of the wheat Ppd-D1 gene. New
Phytol. 2010, 185, 841–851. [CrossRef]

66. Jones, H.; Gosman, N.; Horsnell, R.; Rose, G.A.; Everest, L.A.; Bentley, A.R.; Tha, S.; Uauy, C.; Kowalski, A.; Novoselovic, D.; et al.
Strategy for exploiting exotic germplasm using genetic, morphological, and environmental diversity: The Aegilops tauschii Coss.
example. Theor. Appl. Genet. 2013, 126, 1793–1808. [CrossRef] [PubMed]

67. Xiang, Z.; Zhang, L.; Ning, S.; Zheng, Y.-L.; Liu, D. Evaluation of Aegilops tauschii for heading date and its gene location in a
re-synthesized hexaploid wheat. Agric. Sci. China 2009, 8, 1–7. [CrossRef]

68. Cockram, J.; Chiapparino, E.; Taylor, S.A.; Stamati, K.; Donini, P.; Laurie, D.A.; O’Sullivan, D.M. Haplotype analysis of
vernalization loci in European barley germplasm reveals novel VRN-H1 alleles and a predominant winter VRN-H1/VRN-H2
multi-locus haplotype. Theor. Appl. Genet. 2007, 115, 993–1001. [CrossRef] [PubMed]
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