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Abstract
This study aimed to identify vernalization responsive genes in the winter wheat cultivar Jing841 by comparing the transcriptome data with that of a spring wheat cultivar Liaochun10. For each cultivar, seedlings before and after the vernalization
treatment were sequenced by Solexa/Illumina sequencing. Genes differentially expressed after and before vernalization were
identiﬁed as differentially expressed genes (DEGs) using false discovery rate (FDR) ≤ 0.001 and |log2 (fold change)| >1 as
cutoffs. The Jing841-speciﬁc DEGs were screened and subjected to functional annotation using gene ontology (GO) database.
Vernalization responsive genes among the speciﬁc genes were selected for validation by quantitative reverse transcription
polymerase chain reaction (qRT-PCR) and the expression change over the time was investigated for the top 11 genes with
the most signiﬁcant expression differences. A total of 138,062 unigenes were obtained. Overall, 636 DEGs were identiﬁed as
vernalization responsive genes including some known genes such as VRN-1 and COR14a, and some unknown contigs. The
qRT-PCR validated changes in the expression of 18 DEGs that were detected by RNA-seq. Among them, 11 genes displayed
four different types of expression patterns over time during the 30-day-long vernalization treatment. Genes or contigs such as
VRN-A1, COR14a, IRIP, unigene1806 and Cl18953. Contig2 probably have critical roles in vernalization.
[Feng Y., Zhao Y., Wang K., Li Y. C., Wang X. and Yin J. 2016 Identiﬁcation of vernalization responsive genes in the winter wheat cultivar
Jing841 by transcriptome sequencing. J. Genet. 95, 957–964]

Introduction
Temperature is an important abiotic stimuli, provides diurnal and seasonal cues for plants, thus enabling them to
adapt to environmental changes (Winﬁeld et al. 2010). Different wheat cultivars exhibit great genetic variability when
exposed to low temperature (Monroy et al. 2007). Requiring
a long period of cold treatment to become competent to
ﬂower is termed as vernalization (Winﬁeld et al. 2009),
which delays the reproductive growth before winter and
enhances the capacity of cold acclimation (Limin and Fowler
2002). Winter wheat cultivars need vernalization; however,
∗ For correspondence. E-mail: xmzxyj@126.com.

spring wheat cultivars do not (Winﬁeld et al. 2010). Further, Entz and Fowler (1991) reported that winter wheat
outyielded spring wheat by an average 36%.
Vernalization genes, VRN1, VRN2 and VRN3, are recognized
to have critical roles in vernalization in wheat (Yan et al.
2004). VRN1 is a positive regulator that converts plants from
the vegetative growth phase to the reproductive phase, and
maintains this conversion when the plants are shifted to warm
condition (Yan et al. 2003), whereas VRN2 is a negative
regulator (Yan et al. 2004). MADS box transcription factor
TaVRT2 (vegetative to reproductive transition2) is associated
with TaVRN2 in the vernalization response and represses the
transcription of TaVRN1 (Kane et al. 2007). VRN3 is linked
completely to a gene similar to Arabidopsis FT (ﬂowering
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locus T), and plants with dominant Vrn3 alleles have an
early ﬂowering phenotype (Yan et al. 2006). Efforts have
been made for ﬁne mapping and epistatic interactions of
VRN-D4 in hexaploid wheat (Kippes et al. 2014). Vernalization genes have been considered to regulate the expression of low temperature-induced genes in winter wheat and
rye (Fowler et al. 1996). Low-temperature responsive genes
have been identiﬁed by molecular analysis, such as dehydrins and crystallization genes (Thomashow 1999). Overexpression of TaSnRK2.8 enhanced the tolerance to low
temperature in Arabidopsis (Zhang et al. 2010).
Next-generation sequencing can provide substantial genetic
information, and transcriptome sequencing is more costefﬁcient compared to whole-genome sequencing (Parchman
et al. 2010). Spring wheat cultivar Liaochun10 and winter wheat cultivar Jing841 are widely grown with high production yield in North China. In this study, we attempted
to identify the vernalization responsive genes by comparing the transcriptome data between a spring wheat cultivar
Liaochun10 and a winter wheat cultivar Jing841, each undergoing an artiﬁcial vernalization treatment. Further, we also
investigated the expression pattern of these vernalizationresponsive genes during the vernalization period to unravel
their roles in this event.

Material and methods
Plant materials

Liaochun10, a spring wheat cultivar, widely grown in northern and northeast China (Dong 1993; Zhao and Zhao 1998),
is a superior bread-making variety, and Jing841, a winter
wheat cultivar, mainly grown in northern and northwestern
China, is high-yielding and resistant to disease and insects
(Dong 1993; Zhao and Zhao 1998). Seeds of Liaochun10
and Jing841 were ﬁrst placed on moist ﬁlter paper in Petri
dishes and incubated in the dark at 20◦ C for 24 h. Next, the
germinated seeds of each cultivar were incubated in moist
sterilized vermiculite in the dark at 4◦ C for 30 days for
vernalization treatment. For each wheat cultivar, seedlings
before vernalization and after 30-day-long cold treatment
were sampled for constructing cDNA libraries. Meanwhile,
during the 30-day-long cold vernalization treatment, the
seedlings were sampled every 6 days (at day 6, 12, 18, 24
and 30), followed by immediate storage in liquid nitrogen at
−80◦ C for later qRT-PCR.

the vernalized seedlings, respectively. In total, four cDNA
libraries were constructed. Then, each cDNA library was
sequenced using Illumina HiSeq 2000.
Paired-end reads of 90 bp in length were generated. The
raw reads were ﬁrst ﬁltered by removing adaptor reads, reads
contaning N of >5%, as well as low-quality reads that contained more than 20% bases with Q ≤ 10. Then, de novo
assembly of the clean reads was carried out using Trinity, a software package for short-read RNA-seq assembly
(Grabherr et al. 2011). The assembled unigenes were aligned
to protein databases nr, Swiss-Prot, Kyoto encyclopaedia of
genes and genomes (KEGG), and the database of clusters of
orthologous groups of proteins (COG) by BLASTx (E-value
threshold of 1e-4); the optimal alignment result was used to
decide the sequence direction of a unigene. A priority order
of nr, Swiss-Prot, KEGG and COG was followed to decide
the sequence direction when the results of different databases
were not consistent. Software ESTScan was used to decide
the sequence direction of a unigene that was not aligned to
any of the four databases (Grabherr et al. 2011).
Differentially expressed genes (DEGs) identiﬁcation

Gene expression level was estimated by the value of fragments per kb million fragments (FPKM) using the Cufﬂinks
software (Mortazavi et al. 2008). For each wheat cultivar,
genes differentially expressed after and before vernalization
were identiﬁed as DEGs using false discovery rate (FDR)
≤ 0.001 and |log2 (fold change)| >1 as cutoffs (Audic and
Jean-Michel 1997). FDR value was obtained by adjusting
the raw P value using the Benjamin–Hochberg (BH) method
(Benjamini and Hochberg 1995).
Screening of Jing841-speciﬁc DEGs and functional annotation

DEGs identiﬁed between the two wheat cultivars were further compared to screen the common ones between them,
as well as those speciﬁcally expressed in the winter wheat
cultivar Jing841.
Gene ontology (GO) functional classiﬁcation of genes
speciﬁcally expressed in Jing841 was performed using bioinformatics platform Blast2GO (https://www.blast2go.com/),
supporting multiple informatics analyses such as GO annotation and KEGG pathway enrichment analysis (Conesa et al.
2005).
qRT-PCR validation

Solexa/Illumina sequencing, data assembly and annotation

For each wheat cultivar, total RNA was extracted from leaves
using the RNAiso Plus Kit (Takara, Tokyo, Japan) according to the manufacturer’s instruction. After ethanol precipitation, total RNA was dissolved in DEPC-treated water and
stored at −80◦ C. RNA quality was checked on 1.0% agarose
gel; RNA integrity was determined using Agilent 2000 Bioanalyser CE system. For each wheat cultivar, cDNA libraries
were constructed using seedlings before vernalization and
958

Based on the result of functional annotation, DEGs that
were speciﬁcally identiﬁed in Jing84 were grouped into different functional categories. Vernalization-related genes in
each category were chosen to validate the changes in their
expression level through qRT-PCR according to the following criteria: transcription factors were randomly selected;
methylation genes with the highest relative expression levels
were selected; for other genes, only those with larger absolute value of log2 ratio were selected. Finally, a total of
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18 genes were further subjected to qRT-PCR, including
six methylation-related genes, ﬁve transcription factors, two
ﬂower development-related genes, one vernalization-related
gene, one cold-responsive gene, one dehydrin-encoding
gene, one ice recrystallization inhibition protein and one
ABA-related gene (table 1). MRNAs were extracted from
the seedlings collected before vernalization and at day 30,
and then transcribed into cDNA using reverse transcriptase
(Takara). The qRT-PCR was performed using the diluted
cDNA samples in a 20 μL mixture, containing 10 μL
2 × SYBR Premix Ex TaqTM II (Takara), 0.4 μM of both
forward and reverse primers and 100 ng cDNA template.
q-RT-PCR was performed in triplicate using Bio-Rad iQ5
instrument (Biorad, Hercules, USA) following the protocol:
initial denaturation for 30 s at 95◦ C, followed by 40 cycles
of 5 s at 95◦ C and 20 s at 60◦ C. The 2−Ct method was
used to calculate the fold change in gene expression (Livak
and Schmittgen 2001) and β-actin was used as an internal
control. The primer pairs were shown in table 1.
Expression pattern analysis of 11 Jing84-speciﬁc
vernalization-related genes

Finally, 11 genes with the most signiﬁcant expression differences were selected for further analysis of their expression
pattern during vernalization (the top 11 listed in table 1). For
each gene, its expression level was detected through qRTPCR at day 6, 12, 18, 24 and 30 during the 30-day-long vernalization treatment. qRT-PCR was performed as described
above, with primers listed in table 1 (the top 11).

with an error rate of 1%) and GC percentage of 97.42% and
51.78%, respectively; 213,862 contigs were assembled from
the raw short reads, with an average length of 256 nt. Finally,
138,062 unigenes were obtained with an average length of
509 nt (table 2). The average reads per kilobases per million reeds (RPKM) value of all unigenes was 14.28 with the
minimal and maximal values of 0 and 5,856.67, respectively.
Identiﬁcation of DEG and Jing841-speciﬁc DEGs

In total, 54,699 signiﬁcantly changed tags were identiﬁed
between the vernalized (J-V) and unvernalized (J-NV)
Jing841 samples, which were mapped to 29,888 unigenes,
including 14,647 upregulated unigenes and 15,241 downregulated unigenes (ﬁgure 1). Meanwhile, 15,908 signiﬁcantly
changed tags were obtained after comparing vernalized (LCV) samples and the unvernalized (LC-NV) Liaochun10 samples, which were mapped to 2818 unigenes, including 740
upregulated unigenes (ﬁgure 2, B1) and 2078 downregulated
unigenes (ﬁgure 1). Later, we further compared the DEGs
between the two wheat cultivars, and found 97 common
upregulated genes (ﬁgure 2, C1) and 293 common downregulated genes between the two cultivars (ﬁgure 2, C2).
Then, a total of 636 DEGs of eight categories were further
identiﬁed to be speciﬁcally expressed in Jing841, including
14 genes related to ﬂower development, two cold-responsive
genes, two vernalization-related genes, 10 genes encoding
ice recrystallization inhibition protein, nine dehydrin-encoding
Table 2. Statistics of RNA-seq data.
Total number Total length (nt) Median length (nt)

Results
Transcriptome sequencing, assembly and annotation

Totally, 69,751,192 raw reads and 5,787,106,380 (5.78 Gb)
nucleotides were obtained, with Q20 percentage (namely,

Raw reads
Clean reads
Contigs
Unigenes

69,751,192
64,301,182
213,862
138,062

–
–
54,678,052
51,173,794

–
–
256
509

Table 1. Primers used for gene expression level validation.
Gene

Forward primer

Reverse primer

Unigene1806
CL18953.contig2
CL19373.contig1
Unigene12389
Unigene8329
Unigene41092
CL19305.contig2
Unigene3230
CL3094.contig3
CL17784.contig1
Unigene5440
CL1252.contig1
CL14084.contig3
Unigene10595
CL17342.contig2
Unigene6399
Unigene2999
CL4360.contig15

GGTTACCTGTGCGGCGATGA
CCCGGCATTCATGGACAAGC
TGGTTCGCAGGGTCCATAAGC
GACTGAGCAACACCAAAAGTACCTG
GGATCTTATTGACAGGGTATTGGCA
GGACGATCCGTATGACATGGGTG
CCTGGTGTATGTTGCGGTTGC
CATTTGCGTATCAGTTATTCAGTTGGC
CGACACGGGCGAGAAGAAGG
TTCACTGGGTAACAGAAGAACACTCC
CCGCAGATGCTGTTCCCTC
AGGGAGTCCACGATGCCTTTC
TGCTTCCGTTTCTCCATTGTCTT
CAACTGCGTGATGCTCTGAATGAC
GGAACAGAGTTGATAATTCTGGGTT
GACTGAGCAACACCAAAAGTACCTG
GAAAAATCGGATGGAAGAGGAAG
CCTGTTGAAGTCGAGACTCCTGATC

TGGTCCAGGAGCAGGAGAACG
CCTCTGCCGGATCAGCTTGG
AACGTGCCTTCCACCACCAAA
TAAATGGCGGTCCTCCCTGT
TGTGGCTGGAAGGAGTCGTTGA
CCCTTCATACACCTGACCACCATT
GGTAAATTACTCGTACAGCCATCTCAG
CTTAACTAGAATCGGTGCTTCAACTCA
ATACGTGTCGTCGGTGGGCG
TTGTCAGTCACGATATGTTTGTCCC
GACAGCGAGGACAAGTTGAGGC
TCCTCGGGAAGAAGGTGAAGA
GAGGAAGCCGCCTTGTGGT
GCGTGTTTGGGTGGGATAGCAT
ATAGTTGTTAGAGGCAATGGAGGTGA
TAAATGGCGGTCCTCCCTGT
GCATACACCTCTTTCACGCTCTT
TCCACCGCTCTTGACCGAA
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Figure 1. Number of DEGs in J-NV versus J-V comparison and
LC-NV versus LC-V comparison. J-NV, Jing841 nonvernalization;
J-V, Jing841 vernalization; LC-NV, Liaochun10 nonvernalization;
LC-V, Liaochun10 vernalization.

for qRT-PCR. Among them, four methylation-related genes,
ﬁve transcription factors and one ﬂower development-related
gene were downregulated after vernalization, while the rest
were upregulated, all agreeing with their differential expression proﬁles based on sequencing data (ﬁgure 3).
Next, 11 genes (unigene1806, CL18953.contig2, CL19373.
contig1, unigene12389, unigene8329, unigene41092, CL19305.
contig2, unigene3230, CL3094.contig3, CL17784.contig1
and unigene5440) with the most signiﬁcant expression differences were subjected to further analyses of their expression
patterns during the 30-day-long vernalization. The results
showed that their expression patterns can be divided into
four categories (ﬁgure 4). Genes of the ﬁrst category, unigene41092 displayed ﬂuctuating decline in expression pattern with one peak (ﬁgure 4a); genes of the second category,
including CL19305.contig2 (VRN1) exhibited a constant
increase in expression over time during the 30-day-long vernalization (ﬁgure 4b); genes of the third category including
unigene8329, unigene3230 (cold-responsive protein COR14a),
CL3094.contig3 (dehydrin-/LEA group 2-like protein),
CL17784.contig1 (ice recrystallization inhibition protein
1 precursor), unigene5440 (stress-related bZIP transcription factor) and CL19373.contig1 (obtusifoliol 14-alpha
demethylase-like), showed ﬂuctuating and rising trend with
one or two peaks (ﬁgure 4, a, c–g); genes of the fourth category showed a constant decline in expression, including
one methylation-related gene unigene12389 (obtusifoliol 14alpha demethylase-like) (ﬁgure 4g), two transcription factors
unigene1806 (ribulose bisphosphate carboxylase/oxygenase
activase B, chloroplastic) and CL18953.contig2 (ribulose
bisphosphate carboxylase activase B) (ﬁgure 4h).

Discussion

Figure 2. Venn diagrams showing the number of DEGs (P < 0.05)
in plants exposed to long period of cold treatment. (a) number
of upregulated genes in A1 (J-NV versus J-V comparison) and
B1 (LC-NV versus LC-V comparison); (b) number of downregulated genes in A2 (J-NV versus J-V) and B2 (LC-NV versus LCV). C1, the shared genes of A1 and B1; C2, the shared genes of
A2 and B2. J-NV, Jing841 nonvernalization; J-V, Jing841 vernalization; LC-NV, Liaochun10 nonvernalization; LC-V, Liaochun10
vernalization.

genes, 304 transcription factors, 286 methylation-related
genes and nine ABA (abscisic acid)-related genes (table 3).
qRT-PCR validation

Among the 636 DEGs speciﬁcally detected in Jing841, which
were grouped into eight categories, 18 genes were selected
960

Genes involved in the acclimation to low temperatures might
be closely related to vernalization response (Brule-Babel and
Fowler 1988). In this study, we attempted to identify the vernalization responsive genes by ﬁnding out the DEGs specifically detected in the winter wheat cultivar Jing841, namely,
ﬁrst identifying the genes differentially expressed before and
after vernalization (DEGs) in each wheat cultivar and then
subtracting the common DEGs between the two cultivars
from the total DEGs identiﬁed in the winter wheat cultivar
Jing841. Based on the sequence similarity with known proteins, some unigenes or contigs assembled from sequences
from transcriptome sequencing were annotated, while some
others were not.
Here, it was found that DEGs involved in the vernalization
response in the spring wheat cultivar Liaochun10 were relatively fewer than those in the Jing841, which were consistent
with a previous ﬁnding that the number of cold responsive
DEGs in the leaves of spring wheat (paragon) was smaller
than that of winter wheat (Harnesk and Solstice) (Winﬁeld
et al. 2010). This may be attributed to the speculation that
spring wheat does not require a cold period to ﬂower as winter wheat, hence, the vernalization response is not so strong
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Table 3. Some genes speciﬁcally expressed in the winter wheat cultivar Jing841.
Functional description

Genes

Flower related (14)

AT5G44260; FDFT1; Unigene2726; Unigene602; Unigene37190; AT5G54550;
Unigene37055; ECS1; CL9334.contig1; Unigene21938; AT3G13226; ALDH11A3;
CL8244.contig2; CL13495.contig1
CL19305.contig2; CL14010.contig2
Unigene3230; AGAP003478-PA
COPT1; Unigene11121; CL3584.contig2; CL5844.contig3; AT5G16130; GBF3;
cpbag1 gene; LACS9; CL9020.contig1
CL3094.contig3; RCN1; CL11327.contig1; Unigene1313; Unigene3238; Unigene69;
Unigene11862; MYB18; CL15459.contig2
CL17784.contig1; SNF4; GSK1; CL7059.contig1; OPT3; TRH1; pEARLI 1; AT2G29970;
CL1666.contig2; CL17784.contig6
Unigene1806; CL18953.contig2; CL1252.contig1; CL14084.contig3; AT5G16130
CL19373.contig1; CL17342.contig2; AT5G22860; RLP29; Unigene2999; CL4360.contig15

Vernalization related genes (2)
Cold-responsive (2)
ABA (9)
Dehydrin (9)
Ice recrystallization inhibition protein (10)
Transcription factor (304)a
Methylation (286)a

Figure 3. Relative expression of 18 selected DEGs in Jing841 on day 0 and 30 after cold
treatment by qRT-PCR. A, methylation-related genes; B, transcription factors; C, ﬂower
development-related genes; D, vernalization-related gene; E, cold-responsive genes; F, dehydrin; G, ice recrystallization inhibition proteins; H, ABA-related gene; V0d, vernalization
treatment for 0 day; V30d, vernalization treatment for 30 days.

as that in the winter wheat, accordingly activating fewer
vernalization responsive genes.
The vernalization-responsive genes that were found
speciﬁcally expressed in the winter wheat cultivar Jing841
included vernalization-related genes, cold-responsive genes,
dehyrins (group II late embryogenesis abundant (LEA)
proteins)—encoding genes, ice recrystallization inhibition
protein encoding gene, ABA-related genes and methylationrelated genes in addition to some unannotated unigenes or
contigs. The altered expression of these unigenes or contigs revealed that plants are acclimated to low temperature through regulating the expression of genes involved in

reproductive growth-related metabolisms, such as VRN-A1,
COR14a, IRIP, unigene1806 and Cl18953.contig2.
VRN-A1 (CL19305.contig2) showed a constant response
to vernalization, which is consistent with that of Norstar
and Manitou at 6◦ C (Laudencia-Chingcuanco et al. 2011).
Thus, VRN-A1 may play an important role in the vernalization response in the wheat. COR14 showed a rapid response
to vernalization response, but decreased later, which has been
reported in spring Norstar (Laudencia-Chingcuanco et al.
2011). Unigene8329, COR14a (unigene3230), CL3094.contig3
(dehydrin-/LEA group 2-like protein), CL17784.contig1 (ice
recrystallization inhibition protein 1 precursor), unigene5440
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Figure 4. Expression of 11 selected DEGs in the Jing841 from 0 to 30 days of cold treatment by qRT-PCR. (a) ﬂower development-related
gene, unigene8329 and unigene41092; (b) vernalization-related gene, CL19305.contig2 (VRN-A1); (c) cold-responsive gene, unigene3230
(COR14a); (d) CL3094.contig3 (dehydrin-/LEA group 2-like protein); (e) CL17784.contig1 (ice recrystallization inhibition protein 1 precursor); (f) ABA-related gene, unigene5440 (bZIP); (g) methylation-related gene, CL19373.contig1 and unigene12389; (h) transcription
factors unigene1806 (ribulose bisphosphate carboxylase/oxygenase activase B, chloroplastic) and CL18953.contig2 (ribulose bisphosphate
carboxylase activase B).
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(stress-related bZIP transcription factor) and CL19373.
contig1 (obtusifoliol 14-alpha demethylase-like) showed a
ﬂuctuating rise in expression with one or two peaks during the 30-day-long cold treatment. Among them, COR14a
expression has been reported to be accumulated in the
frost-tolerant wheat and barley, leading to the acquisition
of frost resistance (Crosatti et al. 1996; Vágújfalvi et al.
2000), and its expression was regulated by two loci on
wheat chromosome 5A in both frost tolerant and sensitive
genotypes (Vágújfalvi et al. 2000). Expression of COR14a
and CL3094.contig3 remained at high level on the last day
of long-term vernalization treatment compared with that
on day 0 (ﬁgure 4, c&d), whereas the expression of unigene41092 was dropping compared to that on day 0. Many
dehydrins have been identiﬁed in response to cold stress
in plants (Borovskii et al. 2002). During a long-term cold
acclimation, dehydrin accumulation is greatly inﬂuenced by
VRN1/Fr1 locus and the expression of the major vernalization gene VRN1, respectively (Kosová et al. 2008; Kosová
et al. 2011). Therefore, the constant expression of dehydrin may be attributed to VRN1. The binding of IRIP to
ice could restrict ice crystal growth in the apoplast, allowing plants to survive under freezing conditions (Kuiper et al.
2001). So far, there is limited evidence on the functions
of IRIP in vernalization. Here, we found the expression of
IRIP (CL17784.contig1) remained at a high level on day 30,
indicating the important role of IRIP in vernalization.
Therefore, IRIP may act as a protection protein in the vernalization response in the wheat through enhancing the freezing
tolerance. Previous reports have shown that endogenous
ABA is involved in low-temperature response (Ling et al.
1994). Many bZIP transcriptional factors are involved in
ABA signalling (Nakamura et al. 2001). The elevated
expression level of stress-related bZIP transcriptional factors
during vernalization in our transcriptome analysis indicates that ABA signalling plays an important role in the
vernalization response. Several methylation-related genes,
including unigene6399 (DNA(cytosine-5)-methyltransferase
1B-like)), unigene2999 (DNA(cytosine-5)-methyltransferase
1B-like)), and CL19373.contig1 (predicted obtusifoliol 14alphademethylase-like) were found to be related with vernalization in our results. In Arabidopsis, epigenetic silencing of
ﬂowering locus C (FLC) by histone methylation is required
for vernalization (Bastow et al. 2004), while in winter wheat,
site-speciﬁc DNA hypermethylation at the VRN-A1 locus
was induced by the vernalization treatment (Sherman and
Talbert 2002; Khan et al. 2013). The above methylation
genes might be responsible for the VRN-A1 DNA hypermethylation. Detailed molecular studies are needed to illustrate
the underlying mechanism.
Unigene1806 and CL18953.contig2 encode ribulose bisphosphate carboxylase/oxygenase activase B, chloroplastic,
respectively, both displaying a signiﬁcant decrease in expression level during the 30-day-long vernalization treatment.
Rubisco activase regulates the activity of Rubisco in the
light. The activation state of Rubisco in leaves reﬂects a

balance between sequestration of Rubisco active sites in a
closed, inactive conformation and the reactivation of these
sites by conformational changes induced by Rubisco activase
(Portis 2003). A decrease in the expression of Rubisco activase indicates that low temperature impairs the expression
of Rubisco activase, but this may be a vernalization-induced
acclimation to low temperatures in winter wheat cultivar.

Conclusions
Here, through transcriptome sequencing, we detected some
genes or contigs that probably have critical roles in vernalization, such as VRN-A1, COR14a, IRIP, unigene1806,
Cl18953.contig2, which may advance our insight into this
signiﬁcant event.
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