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Abstract: To identify spatiotemporal expression patterns of vernalization genes in common wheat, we analyzed expression
characteristics of several vernalization genes (VRNI, VRN2 and VRN3) in the wheat cultivars ‘Chinese spring’ and ‘Luohan 2’ by
RT-PCR. The VRNI gene was expressed at different levels in the leaves and roots at the 3-leaf stage, stems, flag leaves at the
grain-filling stage, anthers, ovules, and developing seeds in ‘Chinese spring’. Expression of VRN! increased before flowering date,
then decreased after flowering time. Expression of VRN was not detected in dry seeds or seeds germination. Expression patterns of
VRNI in ‘Luohan 2’ were similar to those in ‘Chinese spring’, except that it was not expressed in roots or in the leaves at the 3-leaf
stage in ‘Luohan 2’. Expression of VRN2 was only detected in the leaves at the 3-leaf stage and in the embryo buds during seeds
germination. The spatiotemporal expression of VRN3 was similar to that of VRNI, except that VRN3 was not expressed in roots.

These results improved our understanding of the molecular regulation of vernalization genes in common wheat.
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Vernalization is defined as the requirement for
prolonged exposure to low temperatures to accelerate
flowering. It is critical for floral induction in
vernalization-requiring plants. Several genes and the
interactions among them are responsible for flowering
in the vernalization response!' . VERNALIZATIONI
(VRNI), VRN2 and VRN3 are the main genes involved
in the vernalization response in common wheat
(Triticum aestivum L.)P). The VRNI gene promotes
flowering. It shows high similarity to the meristem
identity gene API in Arabidopsis™, which encodes a
MADS-box transcription factor that is essential for the
initiation of the transition from vegetative to
reproductive apices'*’). The expression of VRNI can
be induced by low temperatures in the leaves and apex
tissues. The VRN-1 gene has three orthologous genes
located in the middle of the long arms of chromosomes
5A, 5B, and 5D in common wheat™® '3, VRN2 represses
flowering, and encodes a protein with a zinc finger
motif and a CCT (CONSTANS, CONSTANS-LIKE,
and TIMING OF CABI1-1) domain!"*. The expression
of VRN2 can be inhibited by low temperatures and
short-days (SD). VRN3, a homolog of the FLOWERING
LOCUS T gene (FT) of Arabidopsis, is located on the
short arm of chromosome 7B in diploid wheat Triticum
monococcum L1+ VRN3 is a mobile promoter of
flowering!'®'®). Its protein is produced in leaves when
wheat is exposed to the long days and is transported to
the shoot apex where it up-regulates expression of
VRNI and promotes floral development through
interacting with TaFDL2, a bZIP transcription
factor!'”!. Although much progress has been made on
uncovering the genes involved in vernalization, the
mechanisms by which these genes are regulated
remain largely unknown'?"’.

Previous studies have mainly focused on the
expression of vernalization genes in leaves and apex
tissues in  wheat. Systematical analyses of
spatiotemporal expression patterns have not been
reported. We systematically analyzed the expression
patterns of three VRN genes in roots, stems, leaves,
flowers, and seed tissues during seeds development and
germination. The results will increase our understanding
of gene expression during vernalization and its
molecular regulatory mechanisms in common wheat.

1 Materials and methods

1.1 Plant materials
Seeds of ‘Chinese Spring’ (spring wheat) and
‘Luohan 2’ (winter wheat) were germinated in Petri
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dishes with water at room temperature. The embryos
and endosperm tissues of germinating seeds were
collected at various time points (6, 12, 24, 48, 72, and
120 h). Leaves and roots were harvested when plants
reached the 3-leaf stage, and were immediately frozen
in liquid nitrogen and stored at —~80°C until analysis. In
addition, mature seeds, stems, flag leaves, anthers,
ovules and developing seeds were collected at 5, 10,
15, 20, and 30 days after pollination (DAP) from
field-grown wheat varieties ‘Chinese Spring’ and
‘Luohan 2’ for analysis of spatiotemporal expression
patterns.

1.2 RNA Extraction

Total RNA was extracted from leaves, roots and
stems using the TRIzol method (Invitrogen) according
to the manufacturer’s instructions. Total RNA was
extracted from anthers, ovules, embryos and
endosperm tissues using the method described by Zhu
Yun et al®'. The integrity of RNA samples was
assessed by agarose gel (0.8%) electrophoresis.
Concentration and purity of RNA were determined
from the Ayg0/As50 ratio using a UC800 nucleic
acid-protein analyzer (Beckman Co., USA).

Equal amounts (2 pg) of RNA were reverse
transcribed into cDNA in a 20 pL reaction mixture
containing 50 mmol/L Tris-HCI (pH 8.3), 75 mmol/L
MgCl,, 10 mmol/L DTT, 50 umol/L dANTP, 200 U
M-MLYV reverse transcriptase (TaKaRa) and 50 pmol
Oligo-dT(15) nucleotides. The mixture was incubated
at 42°C for 60 min and finally denatured at 95°C for
5 min.

1.3 RT-PCR analysis of VRN1, VRN2 and VRN3

Specific primers were designed based on the
sequences of wheat vernalization genes in GenBank.
In addition, primers specific to the wheat actin gene
were also designed as an endogenous control (Table
1). RT-PCR was performed using Tag DNA
polymerase (TaKaRa). The PCR program was as
follows: 5 min denaturation at 94°C, followed by 28
cycles of a denaturation step at 94°C, an annealing
step at 53°C—60°C, and an extension step at 72°C.
Each step was 50 s long, and the final extension step
was at 72°C for 7 min. The PCR products of
amplification were separated using 1.5% agarose gels
and stained with ethidium bromide.

2 Results

2.1 Expression patterns of three VRN genes in
wheat tissues
The spatial expression patterns of VRN, VRN2 and
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VRN3 were characterized using semi-quantitative
RT-PCR. The vernalization genes were expressed
differently in various tissues of the wheat cultivars
‘Chinese Spring’ and ‘Luohan 2’. In ‘Chinese Spring’,
low levels of VRN-AIl and VRN-DI transcripts were
detected in leaves and roots at the 3-leaf stage, while
transcripts of VRN-BI were not detected in these
tissues. High levels of VRN-AI, VRN-BI and VRN-D1
transcripts were detected in the stems and flag leaves
at the grain-filling stage, anthers, ovule tissues, and
transcript abundance tended to decrease from stems to
ovules. Transcripts of VRN2 were detected only in the
leaves at the 3-leaf stage, but not in other tissues
(including roots, stems, flag leaves at the grain-filling
stage, anthers and ovules). VRN3 transcripts were not
detected in the roots at the 3-leaf stage, but were

detected with increasing levels in leaves at the 3-leaf
stage, stems,and flag leaves at the grain-filling stage
(Fig. 1). The level of expression tended to decrease
from anthers to ovules.

In ‘Luohan 2’, expressions of VRN-A1, VRN-BI and
VRN-DI were not detected in the leaves or roots at the
3-leaf stage. However, these genes were expressed at
high levels in the stems, flag leaves at the grain-filling
stage, anthers and ovule tissues.

The pattern of VRN2 transcription in ‘Luohan 2’ was
similar to that in ‘Chinese Spring’. We did not detect
VRN3 transcripts in leaves or roots at the 3-leaf stage.
However, high levels of VRN3 transcripts were
at the
grain-filling stage, and lower levels in anthers and

observed in the stems and flag leaves

ovule tissues (Fig. 1).

Table 1 RT-PCR primers used to detect expression of VRN1, VRN2, and VRN3 in common wheat

. " . Annealing Accession
Genes Primer sequence (5'-3") Product size (bp) temperature (°C) No.
CCACCGAGTCATGTATGG ACA
VRN-AI 403 53.3 2573760(1)
GAGCTGGTTTGAGGCTGAGTT 74760
ACCGAGTCATGTATGGACAAAAT
VRN-B1 488 53.6 AY747604
TCCTCTGCCCTCTCTCCTGA AY747603
CTGAAGGCGAAGGTTGAGACA
VRN-DI 348 54.8 PRI
CGCTGGATGAATGCTGGTAGC AYT47597
CCATGTCATGCGGTTTGTG
VRN2 475 56.5 AY485969
CGCCTCTTCCTCTTCTCCC
ATGGCCGGTAGGGATAGGG
VRN3 546 59.7 DQ890162
GCCGTGGGTAGATCAATTGTACAT CJ509289
GTTCCAATCTATGAGGGATACACG C
Actin 422 58.5 AB181991
GAACCTCCACTGAGAACAACATTACC
1 2 3 4 5 6 2.2  Expression patterns of VRN genes during
povs: Y s development
VRN-BI “ In ‘Chinese spring’, the expressions of VRN-AI,
VRN-DI m VRN-B1 and VRN-DI gradually decreased during
‘Chinese Spring’ ) _ seeds development (from 5 DAP to 30 DAP).
e — However, VRN2 expression was not detected in seeds
e _ of ‘Chinese Spring’. The expression pattern of VRN3
(Il @ 0 e ee— am— —
was the same as that of VRNI. Expression patterns of
VRN-A1 E VRNI, VRN2, and VRN3 during seeds development in
VRN-BI u ‘Luohan 2’ were similar to those in ‘Chinese Spring’
v ———_—  (Fig.2)
‘Luohan 2’ . L.
VRN2— 2.3 Expression patterns of vernalization genes
s TN during secds germination
Actin During seeds germination of ‘Chinese Spring’,
VRN-Al, VRN-BI, VRN-DI, and VRN3 were not
Fig. 1 Expression of vernalization genes in various tissues. 1:

roots at the 3-leaf stage; 2: leaves at the 3-leaf stage; 3: stems at
the grain-filling stage; 4: flag leaves at the grain-filling stage; 5:
anthers; 6: ovules.

expressed in dry seeds, germinating embryos or embryo
buds, or endosperm at any of the tested times. No VRN2
transcripts were detected in the seeds, germinating
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Fig. 2 Expression of vernalization genes during seeds development. 1:
seed at five days after pollination (DAP); 2: seed at 10 DAP; 3:
seed at 25 DAP; 4: seed at 20 DAP; 5: seed at 30 DAP.
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embryos, or endosperms at 6, 12, 24, or 48 h. However,
VRN2 transcripts were detected in the embryo buds of
germinating seeds at 72 and 120 h, with higher levels
of transcripts detected at 120 h than at 72 h (Fig. 3).
VRNI and VRN3 were not transcribed during seeds
germination. Transcription of VRN2 was initiated in the
embryo buds, and transcript levels increased with the
embryo buds developing.

During seeds germination of ‘Luohan 2°, the
expression profiles of VRN-AI, VRN-BI, VRN-DI and
VRN3 were similar to those in ‘Chinese Spring’. VRN2
transcripts were detected only in the embryo buds of
germinating seeds at 120 h, but not in seeds or any of
the germinating embryo tissues at 12, 24, 48, or 72 h

(Fig. 4).
3 Discussion

3.1
genes and VRNI alleles in wheat

VRNI and VRN2 are normally expressed in leaves
and apex tissues'*'*??!. Our results showed that VRN

Relationships between expression of VRN
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Fig. 3 Expression characteristics of vernalization genes during seed germination of Chinese spring.1: seeds; 2: embryos at 6 h germination; 3:
embryos at 12 h germination; 4: embryos at 24 h germination; 5: embryos at 48 h germination; 6: embryo buds at 72 h germination; 7: embryo
buds at 120 h of germination; 8: endosperms at 6 h germination; 9: endosperms at 12 h germination; 10: endosperms at 24 h germination; 11:
endosperms at 48 h germination; 12: endosperms at 72 h germination; 13: endosperms at 120 h germination.
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Fig. 4 Expression characteristics of vernalization genes during seed germination of ‘Luohan No2’. 1: seeds; 2: embryos at 6 h germination; 3:
embryos at 12 h germination; 4: embryos at 24 h germination; 5: embryos at 48 h germination; 6: embryo buds at 72 h germination; 7: embryo
buds at 120 h of germination; 8: endosperms at 6 h germination; 9: endosperms at 12 h germination; 10: endosperms at 24 h germination; 11:
endosperms at 48 h germination; 12: endosperms at 72 h germination; 13: endosperms at 120 h germination.
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was expressed not only in leaves at the 3-leaf stage,
but also in roots at the 3-leaf stage and stems at the
grain-filling stage, anthers, ovules, and developing
seeds in ‘Chinese Spring’. In addition, VRNI was
expressed in stems, anthers, ovules, and developing
seeds in ‘Luohan 2’. VRN2 transcripts were detected in
embryo buds and leaves at an early developmental
stage. The expression pattern of VRN3 was similar to
that of VRNI, except that VRN3 was not expressed in
roots. This result was consistent with the findings of
Hemming et al**). ‘Chinese Spring’ has two recessive
vrn-1 alleles (vrn-AI vrn-Bl) and one dominant Vrn-1
allele (Vrn-DI)'***2) The winter wheat cultivar
‘Luohan 2’ has all three recessive vrn-1 alleles (vin-A1
vrn-BI and vrn-D1)?%*") VRNI was expressed in roots
and leaves at the 3-leaf stage in ‘Chinese Spring’, but
not in ‘Luohan 2’. This result suggested that the
expression characteristics of VRNI are related to its
alleles in winter and spring wheat. Loukoianov ez a/**)
indicated that in varieties of wheat that require
vernalization to flower, VRN! is induced by exposure
to low temperatures and is expressed at low basal
levels without vernalization. In some varieties of
wheat that have dominant Vrnl alleles, the dominant
alleles reduce or remove the requirement for
vernalization, and are expressed at high basal levels
without vernalization treatment.

Expression patterns of VRN2 were similar in spring
wheat (‘Chinese Spring’) and winter wheat (‘Luohan
2%). This result indicated that its expression was not
related to the Vrn-1 alleles. The VRN3 gene was
expressed in leaves of plants at the 3-leaf stage in
‘Chinese Spring’, but not in ‘Luohan 2’. It was not
expressed in roots of spring or winter wheat. This
result indicated that expression of VRN3 may be
determined by its own genotype, not by Vrn-1 alleles.
3.2 Relationship between expression of VRN
genes and developmental stage

The VRNI promotes the initiation of inflorescences,
and the transition from vegetative to reproductive
development at the shoot apex'**). Dominant Vrn-1
alleles are expressed at stage of wheat
development, whereas recessive vrn-I alleles are

early

expressed at a later stage!*”). VRNI was not expressed
in roots or leaves of plants at the 3-leaf stage in
‘Luohan 2’, which requires vernalization to flower.
This is because at this stage, ‘Luohan 2’ has not passed
through the vernalization process. However, VRNI
was expressed in ‘Chinese Spring’ (which carries the
Vrn-D1 allele) in the same tissues and at the same

stage. This result suggested that expression of VRN/ in
winter wheat was influenced by the developmental
stage. The VRNI was expressed in the stems, leaves,
and flower tissues after transition of vegetative
After
pollinating, the expression of VRNI tends to decrease

development to reproductive development.
with the seeds developing. When the seeds is fully
mature, transcription of VRNI ceases.

The expression pattern of VRN2 was completely
different from that of VRNI. The VRN2 gene was not
expressed in root tissues, and was expressed in leaves
at the 3-leaf stage and embryo buds in both winter and
spring wheat varieties. This indicates that VRN2
maintains the vegetative state until the requirements
for vernalization are met before initiation of flowering.
According to the hypothetical model proposed by
Hemming et al, VRNI acts in the vernalization
response pathway, and is induced by low temperature
independently of VRN2 and FT (VRN3), which act in
the day-length response pathway. The VRN2 gene
delays flowering by down-regulating expression of F'T,
which integrates
responses >, Our results showed that VRN2 was

vernalization and day-length
expressed in the embryo buds and leaf tissues at the
3-leaf stage, in spite of expression of VRNI in leaves
of spring wheat at the 3-leaf stage. We propose that the
expression of VRN2 is related to the developmental
stage, and is not associated with VRNI. The
expressions of VRNI and VRN3 appeared to be related
to their own genotypes.

Previous studies have not explained the mechanism
of action of VRN in promoting flowering. Moreover,
there is diversity in the composition of VRNI alleles in
the A, B and D genomes of common wheat, therefore
it would be worthwhile to conduct further research on
their expression in varieties with different alleles.
Previous studies on expression of VRN2 and VRN3
have mainly focused on diploid wheat (7. monococcum
L.), while their molecular roles in common wheat
remain unclear. Recently, Distelfeld et al. described
the genetic and molecular characterization of the
VRN2 loci in tetraploid wheat®®]. Their results provide
information that will be useful for exploring the
characteristics of VRN2 alleles in common wheat.
Because of the value of cultivation and breeding of
common wheat, it would be useful to study the alleles
of VRN2 and VRN3 in common wheat to understand
how genes that regulate vernalization responses
contribute to the control of flowering.
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4 Conclusion

We analyzed expression characteristics of several
vernalization genes (VRNI, VRN2 and VRN3) in the
wheat cultivars ‘Chinese spring” and ‘Luohan 2’ by
RT-PCR. The VRNI gene was expressed in vegetative
organs (roots, leaves and stems) and regenerative
organs (anthers, ovules and developing seeds). The
exact patterns of its expression depended on the

genotype and the stage of development. The VRN2

gene was expressed only in the leaf tissues, and its

expression depended on the developmental stage.

Expression of the VRN3 gene was similar to that of the

VRNI gene, except that VRN3 was not expressed in the

roots at the 3-leaf stage.
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