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Abstract

Hormones are closely associated with dormancy in deciduous fruit trees, and gibberellins (GAs) are known to be 
particularly important. In this study, we observed that GA4 treatment led to earlier bud break in Japanese apricot. To 
understand better the promoting effect of GA4 on the dormancy release of Japanese apricot flower buds, proteomic 
and transcriptomic approaches were used to analyse the mechanisms of dormancy release following GA4 treatment, 
based on two-dimensional gel electrophoresis (2-DE) and digital gene expression (DGE) profiling, respectively. More 
than 600 highly reproducible protein spots (P<0.05) were detected and, following GA4 treatment, 38 protein spots 
showed more than a 2-fold difference in expression, and 32 protein spots were confidently identified according to 
the databases. Compared with water treatment, many proteins that were associated with energy metabolism and 
oxidation–reduction showed significant changes after GA4 treatment, which might promote dormancy release. We 
observed that genes at the mRNA level associated with energy metabolism and oxidation–reduction also played an 
important role in this process. Analysis of the functions of the identified proteins and genes and the related meta-
bolic pathways would provide a comprehensive proteomic and transcriptomic view of the coordination of dormancy 
release after GA4 treatment in Japanese apricot flower buds.
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Introduction

Dormancy of deciduous fruit trees in temperate zones is a 
phase of development that allows trees to survive unfavour-
able conditions during winter (Faust et al., 1991). This period 
is sensed by the accumulation of chilling hours, leading to 
dormancy release, and differs among tree species (Lang 
et al., 1987; Arora et al., 2003). If  the chilling requirement is 
not satisfied, plants can suffer from an uneven and delayed 
bud break, reduced shoot vigour, limited anthesis, and poor 
flower development (Campbell and Sugano, 1975). Therefore, 
to elucidate the molecular mechanism of dormancy release in 

Japanese apricot is of importance for both plant biology and 
crop development.

Japanese apricot (Prunus mume Sieb. et Zucc) originated 
in China and has been widely cultivated in Asia for about 
3000  years (Chu, 1999). It is the earliest fruit tree in the 
Rosaceae family to bloom. Stone-fruit crops, including 
Japanese apricot, require a certain chilling accumulation dur-
ing the winter to release dormancy. Due to its broad chilling 
requirement range, Japanese apricot has uneven flowering, 
making it difficult to obtain stable fruit production in either 

mailto:gzh71@njau.edu.cn
mailto:zhangzh@njau.edu.cn


4954 | Zhuang et al.

protected or orchard cultivation in the southern areas of 
China. In addition, the southern areas of China frequently 
have warm winters, and the chilling requirement of some 
Japanese apricot cultivars cannot be adequately satisfied, 
requiring growers to apply dormancy-breaking reagents to 
obtain uniform flowering. This situation is caused by irregu-
lar lateral bud endodormancy release, possibly due to global 
warming (Sugiura et al., 2007). As a result, the genetic factors 
that control endodormancy have been investigated, to try to 
understand the molecular basis of endodormancy regulation 
in temperate fruit tree species, which might lead to the arti-
ficial control of endodormancy through spraying with dor-
mancy-breaking reagents.

Several chemicals can be used to induce bud break of decid-
uous fruit trees in areas lacking sufficient chilling conditions. 
Hydrogen cyanamide (Dormex), potassium nitrate (KNO3), 
and mineral oil have a synergistic effect on bud break, as well 
as some of the chemical constituents of many deciduous fruit 
trees (Sagredo et al., 2005; de Oliveira et al., 2008; Sabry et al., 
2011). Gibberellins (GAs) are particularly important, and 
might function in the timing of dormancy establishment and 
chilling-induced release (Schrader et  al., 2004). Exogenous 
applications of GAs often induce dormancy break in a wide 
variety of woody angiosperms (Looney, 1997). Saure (1985) 
also reported that GA application can substitute for chilling 
in dormancy release.

Recent studies have suggested that bud burst is dependent 
on sufficient GA levels, and that a reduction in active GAs 
rather than reduced GA sensitivity plays a major role in 
growth cessation (Hoffman, 2011). Some evidence also indi-
cates that GA biosynthesis genes are induced by long-term 
chilling exposure in dormant buds and are therefore asso-
ciated with the acquisition of growth ability (Rinne et  al., 
2011). Barros et  al. (2012) suggested that a change in GA 
metabolism results from the differential regulation of at least 
PdGA20OX and PdGA2OX after flower bud break. Populus 
trees with lower levels of active GAs due to overexpression of 
the catabolic enzyme GA 2-oxidase or impaired perception 
by overexpression of GA INSENSITIVE or RGA-like recep-
tors, showed early bud set and late bud burst (Zawaski et al., 
2011). In addition, cold night temperatures combined with 
the inhibition of GA accumulation were sufficient to induce 
ecodormancy and bud set in PHYA overexpressing poplar 
lines (Mølmann et  al., 2005). Rinne et  al. (2011) reported 
that GA application can substitute for chilling in dormancy 
release, suggesting that chilling recruited GA in dormant 
buds and that a different response of GA3 and GA4 occurred 
in dormancy break, and that only GA4 induced bud burst 
(Rinne et al., 2011). The consequences of the expression of 
GA biosynthesis genes have been studied in bud burst, but 
the interplay between GA4 treatment with gene expression, 
protein synthesis, and activation in causing physiological 
changes remains to be elucidated.

Many researchers have studied the mechanism of dor-
mancy in deciduous fruit trees using suppression subtractive 
hybridization, which is limited in terms of how many genes 
can be explored relating to this process (Leida et al., 2010; 
Li et al., 2011). Increasing numbers of studies have begun to 

apply custom microarray or transcript profiling to investigate 
the mechanism of dormancy in perennial plants (Mazzitelli 
et al., 2007; Mathiason et al., 2009; Hedley et al., 2010). With 
the development of ‘omic’ technologies, such as transcrip-
tomics, metabolomics, and proteomics, these have been used 
in combination to reveal the complexity of the physiologi-
cal processes and to develop a comprehensive understanding 
of other physiological processes in fruit trees, such as growth 
and development.

To date, reports concerning the mechanism of dormancy 
release following treatment with GA4 have been limited at 
both the proteomic and the transcriptomic levels. This study 
aimed to investigate the promotive effect of GA4 treatment 
on dormancy release at the proteomic and transcriptomic lev-
els, based on two-dimensional gel electrophoresis (2-DE) and 
digital gene expression (DGE) profiling. The characteriza-
tion of these proteins and genes clearly reflected the dynamic 
changes in protein and gene expression patterns in Japanese 
apricot during the dormancy period and dormancy release 
when treated with GA4, hence increasing our knowledge of 
the complex mechanisms that regulate dormancy.

Materials and methods

Plant material and treatment
The Japanese apricot (Prunus mume Sieb. et Zucc) cultivar used 
in this study was ‘Bungo’, a late-flowering cultivar, which is grown 
in the ‘National Field Genebank for Japanese apricot’, located in 
Nanjing, Jiangsu Province, China. Long 1-year-old branches were 
cut from ‘Bungo’ trees on 16 December 2011, 23 December 2011, 
and 30 December 2011, and GA4 was supplied to the buds at a 
concentration of 100  μM GA4 via the stem vasculature and not 
directly onto the bud according to the method described by Rinne 
et al. (2011). Their basal parts were placed in water containing GA4 
or in water without GA4 as a control and incubated in a growth 
chamber. The branches were maintained at 25 ± 1  °C under white 
fluorescent tubes (55 μmol m−2 s−1) with a 16:8 h light:dark photo-
period at 18 ± 1 °C and a constant relative humidity of 70%. After 2 
d, the solution was changed and the basal branches were recut. The 
branches were maintained in the growth chamber for 10 d to test 
the percentage of Japanese apricot flower bud break. According to 
the classification of different phenological growth stages described 
by Baggiolini (1952) with some slight modifications, when 50% of 
the flower buds on the branch cuttings were in the green tip stage 
(Supplementary Fig. S1 at JXB online), we considered the flower 
buds to have broken endodormancy. More than 120 flower buds 
were measured in each treatment. Flower buds were collected from 
the middle portions of the branches at 0 and 10 d after treatment 
and were immediately frozen in liquid nitrogen and stored at –70 °C 
for further use. The flower buds of Japanese apricot collected on 
30 December 2011 were used for protein analysis. A GA4 or water 
treatment at 0 d from this date was used as a control; the GA4 treat-
ment after 10 d was termed G10 and the water treatment after 10 d 
was W10. We used the flower buds of Japanese apricot collected on 
30 December 2011 for DGE and quantitative reverse transcription-
PCR (qRT-PCR) analysis, and selected the flower buds treated with 
GA4 or water after 0 d as the control and the flower buds treated 
with GA4 after 10 d. designated as A. to study the transcriptomic 
changes. Three replicates were used as follows: three trees were used 
as the plant material and three branches were cut from each tree. 
Two additional branches from the same tree were used as another 
two replicates. We mixed the flower buds of three trees to conduct 
the subsequent proteomic and transcriptomic study (Supplementary 
Fig. S2 at JXB online).
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Protein extraction and quantification
Protein extraction was performed according to the trichloroacetic 
acid/acetone precipitation method, as described by Zhuang et  al. 
(2011). Briefly, ~0.7 g of flower bud powder was homogenized in 
5 ml cold acetone [containing 10% trichloroacetic acid and 0.07% 
dithiothreitol (DTT)] and then precipitated overnight at –20 °C. The 
homogenate was centrifuged at 15 000g for 0.5 h at 4 °C. The pel-
let was washed with 5 ml of cold acetone (containing 0.07% DTT) 
and recentrifuged at 15 000g for 0.5 h at 4  °C. The centrifugation 
steps were repeated until the supernatant was colourless, and the pel-
let was then air dried at 4 °C and stored at –70 °C for further use. 
The protein powder was resuspended in sample rehydration buffer 
[7 M urea, 4% (w/v) CHAPS, 65 mM DTT, 0.2% (v/v) 3–10 and 4–7 
ampholytes (Amersham), 2 M thiourea, and 0.001% bromophenol 
blue]. The protein concentration was determined according to the 
method described by Bradford (1976).

2-DE gels and staining
Sample aliquots containing 1.3 mg of proteins were applied to 17 cm 
ReadyStrip IPG Strips (Bio-Rad), and isoelectric focusing was 
performed on a PROTEAN isoelectric focusing system (Bio-Rad) 
for a total of 60 kVh at 19 °C. After isoelectric focusing, the strips 
were equilibrated for 15 min in equilibration solution I  [6 M urea, 
0.375 M Tris/HCl (pH 8.8), 2% (w/v) SDS, 20% (v/v) glycerol, 2% 
(w/v) DTT] and for another 15 min in equilibration solution II [6 M 
urea, 0.375 M Tris/HCl (pH 8.8), 2% (w/v) SDS, 20% (v/v) glycerol, 
2.5% (w/v) iodoacetamide]. Following equilibration, the strips were 
run on an Ettan Six Vertical set (GE Healthcare) in running buffer 
(25 mM Tris/HCl, 192 mM glycine, 0.1% SDS) at 16 °C with a cool-
ing device (GE Healthcare). The gels were run at 1 W per gel for 
1.5 h, and then at 15 W per gel until the bromophenol blue reached 
the bottom of the plate. The gels were then stained with colloidal 
Coomassie Brilliant Blue G250.

Image acquisition and data analysis
The stained gels were scanned using a Versdoc 3000 scanner (Bio-
Rad), and analysed using the PDQuest 8.0 software (Bio-Rad). Each 
gel was analysed for image filtration, spot detection and intensity 
quantification, background subtraction, spot matching, and quanti-
tative intensity measurement. Briefly, images were properly cropped 
and optimized with advanced crop. Then, we chose the ‘control’ as a 
master gel, and spots in the master gel were matched across all other 
treatment gels. The protein spots were detected using the following 
parameters: sensitivity 8.31, size scale 9, min peak value 553, verti-
cal streaking 57, horizontal streaking 68, and large spot size 67 × 57. 
Each image was checked manually to remove false spots and to add 
missed spots. Sixty landmark spots, which were well resolved and 
present in all members of the matchset, were used to align and posi-
tion all members of the matchset. The spot patterns of the different 
gels were automatically matched to each other, and each spot was 
given a unique identification number (SSP). Following matching, all 
gel spots were normalized by the local regression model (LOESS) 
method. The replicate gels used for making the matchset had a corre-
lation coefficient value of at least 0.8. The spots that were present on 
at least two gels of one treatment or the control based on the image 
analysis were identified as expressed protein spots. Quantitative 
analyses were carried out after normalizing the spot quantities [as 
spot optical density (OD)] in all gels in order to compensate for gel-
to-gel variations due to loading, gel staining, destaining, and imag-
ing, and the individual protein spot quantities were normalized as 
a percentage of the total quantity of valid spots present in the gel. 
For each protein spot, the mean spot quantity value and its variance 
coefficient in each group was determined. A quality score of <30 
was adopted to define low-quality spots, which were eliminated in 
further analysis (Bhushan et al., 2007), and the saturated spots were 
also removed. Quantitative comparisons of the gels between differ-
ent treatments were used to determine significantly differentially 

expressed spots, and only spots that showed at least a 2-fold change 
in expression and that were statistically significant in a one-way 
analysis of variance (P<0.05) that tested for reproducible changes 
in three analytical replicates were considered for subsequent analy-
sis. Principal component analysis was also performed to show the 
significance among the differential expressed proteins. Experimental 
molecular weights (MW) and isoelectric points (pI) were calibrated 
according to the MW marker proteins.

Protein identification and database search
Protein spots of interest were washed with 25 mM NH4HCO3 fol-
lowed by dehydration with 50% acetonitrile in 25 mM NH4HCO3, 
reduction with 10 mM DTT in 50 mM NH4HCO3 for 1 h at 56 °C, 
and alkylation in 55 mM iodoacetamide in 50 mM NH4HCO3 for 
1 h at room temperature. The protein spots were washed several 
times with 50 mM NH4HCO3 followed by dehydration with acetoni-
trile before finally being dried in a vacuum centrifuge and digested 
overnight at 37 °C by the addition of 1.5 ml of trypsin. The result-
ing peptides were extracted by washing the protein spots with 
0.1% trifluoroacetic acid in 67% acetonitrile and analysed using 
a 4800 matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight (MALDI-TOF/TOF) Proteomics Analyzer (Applied 
Biosystems). The HCCA matrix was used for the mass spectrometry 
(MS) analyses.

An MS/MS ion search was performed using GPS Explorert™ 
software v3.5 (Applied Biosystems) in a local library built from the 
entire peach proteome database (http://www.rosaceae.org/node/355; 
PPA database, 28 702 sequences and 11 557 397 residues) using 
the MASCOT search engine v3.5 (Matrix Science, London, UK). 
If  no credible candidate could be matched, the NCBI nr 20120421 
database (17 910 093 sequences, 614 7033 692 residues) was then 
searched. The search parameters were taxonomically restricted to 
the Viridiplantae and to one missed cleavage, 50 ppm mass toler-
ance in MS, and 0.2 Da in MS/MS, cysteine carbamidomethyla-
tion as a fixed modification, and methionine oxidation as a variable 
modification. A total ion score in the PPA database or in the NCBI 
nr 20120421 database that significantly (P<0.05) exceeded the 
MASCOT identity or extensive homology threshold indicated suc-
cessful protein identification. If  a spot was identified in both of the 
databases, we used the higher MOWSE score to positively identify 
the protein and/or peptide. When the two proteins had the same 
MOWSE score, information such as the number of matched pep-
tides (≥2), sequence coverage, MW, and pI were considered to select 
the protein of interest from them. The proteins that had a higher 
MOWSE score, more matched peptides (≥2) and sequence cover-
age, and a better correlation between experimental and theoretical 
MW and pI in the sequence were accepted as being unambiguously 
identified.

Total RNA extraction
Total RNA was extracted from frozen flower bud material of 
Japanese apricot (100 mg) using a cetyltrimethyl ammonium bromide 
method (Pavy et al., 2008) with some modifications. Genomic DNA 
contamination was removed with RNase-free DNase I  (TaKaRa), 
according to the manufacturer’s instructions. The RNA concen-
tration was calculated from the absorbance at 260 nm (A260) with 
a BioPhotometer (Eppendorf). Purity was verified by an A260/A280 
ratio of between 1.80 and 2.05, and A260/A230 nm values ranging 
from 2.00 to 2.60; the integrity was evaluated by electrophoresis 
on ethidium bromide-stained 1.0% agarose gels. The RNA of the 
Japanese apricot flower bud was stored at –70 °C until further use.

DGE profile
The DGE process includes sample preparation and sequencing. The  
main instruments used were the Illumina Cluster Station and 
the Illumina HiSeq™ 2000 System, and the main reagents and 
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supplies were the Illumina Gene Expression Sample Prep Kit and 
the Solexa Sequencing Chip (flow cell). Samples (20 μg) of the total 
RNA of Japanese apricot flower buds were sent to BGI-Shenzhen 
(China) for further analysis according to their pipeline experiment 
(Supplementary Fig. S3 at JXB online). Six micrograms of total 
RNA was extracted, and oligo(dT) magnetic bead adsorption was 
used to purify the mRNA; oligo(dT)s were then used as primers to 
synthesize the first- and second-strand cDNA. The 5′ ends of tags 
could be produced by two types of endonuclease: NlaIII or DpnII. 
The bead-bound cDNA was subsequently digested by the restriction 
enzyme NlaIII, which recognized and cut the CATG sites. The frag-
ments (except for the 3′ cDNA fragments) connected to oligo(dT) 
beads were washed away and the Illumina adaptor 1 was ligated to 
the sticky 5′ end of the digested bead-bound cDNA fragments. The 
junction of the Illumina adaptor 1 and the CATG site was the rec-
ognition site of MmeI, which is a type of endonuclease with separate 
recognition and digestion sites. This enzyme cut 17 bp downstream of 
the CATG site, producing tags with adaptor 1 ends. After removing 
3′ fragments with magnetic bead precipitation, the Illumina adaptor 
2 was ligated to the 3′ ends of tags, acquiring tags with different adap-
tors at both ends to form a tag library. After 15 cycles of linear PCR 
amplification, 105 bp fragments were purified by 6% TBE-PAGE gel 
electrophoresis. After denaturation, the single-chain molecules were 
fixed onto the Illumina Sequencing Chip (flow cell). Each molecule 
grew into a single-molecule cluster sequencing template through in 
situ amplification, and four types of nucleotides that were labelled 
with four colours were added before sequencing was performed using 
the method of sequencing-by-synthesis. Sequencing-by-synthesis 
technology uses four fluorescently labelled nucleotides to sequence 
the tens of millions of clusters on the flow cell surface in parallel. 
During each sequencing cycle, a single labelled dNTP is added to 
the nucleic acid chain. The nucleotide label serves as a terminator for 
polymerization, so that after each dNTP incorporation, the fluores-
cent dye is imaged to identify the base and then cleaved enzymatically 
to allow incorporation of the next nucleotide. As all four reversible 
terminator-bound dNTPs (A, C, T, and G) are present as single, sep-
arate molecules, natural competition minimizes incorporation bias. 
Base calls are made directly from signal intensity measurements dur-
ing each cycle, which greatly reduces raw error rates compared with 
other technologies. The end result is highly accurate base-by-base 
sequencing that eliminates sequence-context-specific errors, enabling 
robust base calling across the genome, including repetitive sequence 
regions and within homopolymers. Each tunnel generated millions of 
raw reads with a sequence length of 49 bp.

Analysis and screening of DGE data
Sequencing-received raw image data were transformed by base call-
ing into sequence data, which are called raw data or raw reads, and 
were stored in FASTQ format. Information about read sequences 
and quality is stored in this type of file; each read is described in 
four lines in FASTQ files. Clean tags were generated by removing the 
3′ adaptor sequence, empty reads (reads with a 3′ adaptor sequence 
but no tag), low-quality tags (tags with unknown N′ sequences), tags 
that were too long or too short, and tags with a copy number of one. 
All tags were annotated using the database provided by Illumina. 
Briefly, a virtual library was constructed containing all of the possi-
ble CATG+17 base length sequences of the reference gene sequences 
obtained from the peach genome and transcriptome. All clean tags 
were mapped to the reference sequences and only 1 bp mismatches 
were considered. Clean tags that mapped to reference sequences 
from multiple genes were filtered. The remaining clean tags were 
designated as unambiguous clean tags, and the number of these was 
calculated for each gene and then normalized to the number of tran-
scripts per million clean tags (’t Hoen et al., 2008; Morrissy et al., 
2009). Genes expressed differentially in two samples were analysed 
as described previously (Audic and Claverie, 1997). We used a false 
discovery rate of ≤0.001 and the absolute value of |log2ratio|≥1 as the 
threshold upon which to judge the significance of gene expression 

differences. More stringent criteria with smaller false discovery rates 
and greater fold-change values can be used to identify differentially 
expressed genes. The statistical analysis was performed on the DGE 
data using SPSS software, with the threshold for P values set as 0.05.

qRT-PCR validation
The expression of candidate genes was determined using qRT-
PCR. A  sample of total RNA (1  μg) was reverse transcribed for 
first-strand cDNA synthesis using a ReverTra Ace qPCR RT Kit 
(Toyobo), according to the manufacturer’s instructions. Gene-
specific primers were designed using Primer Premier 5.0 software 
according to the sequence of the target gene in the PPA database 
(Supplementary Table S1 at JXB online). qRT-PCR was carried out 
on an Applied Biosystems 7300 Real Time PCR System with a 20 μl 
reaction volume, containing 1 μl of  10-fold-diluted cDNA, 0.3 μl 
(10 pM) of each primer, 10 μl of  SYBR® Premix Ex Taq™ (Perfect 
Real Time; TaKaRa). and 8.4μl of  sterile double-distilled water. The 
thermal cycling program was 95 °C for 3 min, followed by 40 cycles 
of 95 °C for 25 s, 62 °C for 25 s, and 72 °C for 40 s. RNA polymerase 
II was used to normalize gene expression (Tong et al., 2009). The 
relative expression levels of genes were analysed using the 7300 sys-
tem software and the 2–ΔΔCt method, which represents the difference 
of the cycle threshold (Ct) between the control RNA polymerase II 
products and target gene products. Data analyses were conducted 
using SPSS version 17.0 statistical software. Triplicate samples were 
used for qRT-PCR.

Correlation analysis of proteomics and transcriptomics
The correlation analysis of proteomics and transcriptomics included 
the results of the transcription analysis and the protein 2-DE 
analysis to assess the potential relevance of quantitative informa-
tion between genes and proteins. As the number of differentially 
expressed proteins was very limited, the correlation analysis was 
conducted between differentially expressed proteins and genes in the 
whole library.

Results

GA4 treatment can lead to earlier and higher 
bud-break levels

Figure 1 shows the effect of GA4 treatment on the bud dor-
mancy release of Japanese apricot. Compared with the water 
treatment, GA4 treatment promoted the rate of bud burst in 
Japanese apricot. After applying GA4 on 30 December 2011, 
the percentage of Japanese apricot flower buds that had burst 
after 10 d reached 60%, which indicated that they had released 
their dormancy. However, the percentage after 10 d of water 
treatment only reached 20%, indicating that these samples were 
in the endodormancy stage. Irrespective of whether GA4 was 
applied, Japanese apricot flower buds were always in the endo-
dormancy stage prior to 30 December 2011, but the rate of 
bud burst following GA4 treatment was much higher than in 
the water treatment. By 17 February 2012, the percentage of 
budburst after 10 d of water treatment reached 70% (data not 
shown), which was 49 d later than for buds treated with GA4.

2-DE analysis of Japanese apricot flower buds after 
GA4 treatment

To explore further the effect of  GA4 treatment on the rate 
of  bud dormancy release in Japanese apricot, a proteomic 
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approach was applied. About 600 highly reproducible 
protein spots were consistently observed in all replicates 
after image analysis, with the pI and MW ranging from 
4.0 to 7.0 and 14.4 to 70.0 kDa, respectively (Fig.  2 and 
Supplementary Fig. S4 at JXB online). From these, 49 differ-
entially expressed spots (P<0.05) were selected for excision 
and analysed using MALDI-TOF/TOF. Finally, 42 protein 
spots were confidently identified according to the databases 
(Tables 1 and 2, and Supplementary Tables S2 and S3 at 
JXB online). Magnified views of  some of  the numbered pro-
tein spots showing differential expression are highlighted in 
Fig. 2.

According to the metabolic and functional features 
described in KEGG pathways, gene ontology annota-
tions, and the literature concerning the identified proteins 
or their homologies, the identified proteins could be clas-
sified into seven categories as follows: stress and defence, 
energy metabolism, protein metabolism, cell structure, sig-
nalling and transcription, oxidation–reduction, and unclas-
sified (Fig.  3A). After GA4 treatment, 32 protein spots 
showed differential expression, including those of  stress and 
defence (five, 15.6%), energy metabolism (seven, 21.9%), 
protein metabolism (six, 18.8%), cell structure (three, 9.4%), 
signalling and transcription (one, 3.1%), oxidation–reduc-
tion (nine, 28.1%), and unclassified (one, 3.1%) in G10 
(Fig. 3A). When compared with the control, there were six 

downregulated protein spots, 24 upregulated protein spots, 
and two protein spots that were specifically expressed at 10 
d after GA4 treatment (Tables 1). In contrast, stress and 
defence (five, 33.3%), energy metabolism (three, 20.0%), pro-
tein metabolism (two, 13.3%), signalling and transcription 
(one, 6.7%), oxidation–reduction (three, 20.0%), and unclas-
sified (one, 6.7%) comprised 15 protein spots expressed dif-
ferentially with water treatment (W10; Fig. 3A). After 10 d 
of  water treatment, two protein spots were downregulated, 
and 13 protein spots were upregulated compared with the 
control (Table 2).

After 10 d of GA4 treatment, there were 38 differentially 
expressed spots, 32 of which were confidently identified 
according to the databases. After 10 d of water treatment, 15 
protein spots were differentially expressed. Five protein spots 
were differentially expressed in both GA4 treatment and water 
treatment, and had similar expression trends (Tables 1 and 2). 
The Mal d1 homologue (spot 1) showed a decrease in expres-
sion, whereas the other four protein spots (spots 8, 23, 28, 
and 36) showed an increase in expression in both treatments 
(Tables 1 and 2). There were more proteins associated with 
energy metabolism and oxidation–reduction that were differ-
entially expressed after the GA4 treatment compared with the 
water treatment. Therefore, proteins associated with energy 
metabolism and oxidation–reduction may play an important 
role in dormancy release after applying GA4.

Fig. 1. Effect of GA4 treatment on the percentage of bud break in Japanese apricot. After the branches were collected, they were 
placed in GA4 solution or water as a control and the percentage of bud break at 0, 5, and 10 d was measured. The percentage of bud 
break was a mean value of three measurements after GA4 treatment and water treatment at each time point. Results are shown for 
samples collected on 16 December 2011 (A), 23 December 2011 (B) and 30 December 2011 (C). Asterisks indicate values that differ 
significantly at each time point (pairwise Student’s t-test, P<0.05). (This figure is available in colour at JXB online.)
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DGE profiling of specific genes in response to 
dormancy break by GA4

To understand further the effect of GA4 on dormancy release 
in Japanese apricot, the regulation of gene expression was 
investigated using comparative DGE profiling analysis. After 
filtering dirty tags from the raw data, a total of 3 391 578 
and 3 244 431 clean tags that corresponded to 163 411 and 
168 839 distinct tags for the GA4 treatment on 30 December 
2011 in the control and A  libraries were obtained, respec-
tively (Supplementary Table S4 at JXB online). There were 
1176 differentially expressed genes, 668 and 508 of which 
were up- or downregulated after GA4 treatment (Fig. 4 and 
Supplementary Table S5 at JXB online). After treatment with 
GA4, the differentially expressed genes were categorized into 
three functional groups: molecular function, cellular com-
ponent, and biological process (Fig.  3B). The significant 
enrichment categories according to molecular function were 
structural molecule activity (49) and oxidoreductase activ-
ity (139) (Fig. 3B). The genes were classified on the basis of 
cellular components into plastid (170), organelle part (174), 
intracellular organelle part (146), cytoplasmic part (272), 
cytoplasm (272), and macromolecular complex (103). On 
the basis of biological processes, the generation of precur-
sor metabolites and energy (33) and carbon fixation (8) were 
the major categories. Consistent with the proteomic data, 
many genes belonging to oxidoreductase activity, generation 
of precursor metabolites, and energy and carbon fixation 
were differentially expressed (Fig. 3B). This analysis allowed 
the major biological functions of differentially expressed 
genes to be determined. Pathway-based analysis was under-
taken to understand further the biological functions of these 
genes. Using pathway enrichment analysis it was possible to 

determine which metabolic and signal transduction pathways 
the differentially expressed genes were associated with. The 
pathways with the most unique sequences were ‘metabolic’ 
(218) and ‘ribosome’ (48) pathways (Supplementary Fig. S5 
at JXB online). These analyses improve our understanding of 
the effect of GA4 on promoting dormancy release in Japanese 
apricot, and genomic manipulation of these genes might be 
important in being able to manipulate the state of dormancy.

To confirm the reliability of the Solexa/Illumina sequenc-
ing technology, the genes encoding the following 12 proteins 
were randomly selected for qRT-PCR assays as follows: 
β-galactosidase (ppa020752), histone superfamily pro-
tein (ppa013173), β-amylase 6 (ppa004334), tubulin β8 
(ppa004884), glutathione S-transferase TAU 10 (ppa025728), 
aldehyde dehydrogenase 3I1 (ppa005609), ATPase, F1 
complex, OSCP/δ subunit protein (ppa1027122), chi-
tinase A  (ppa026927), gibberellin-regulated family protein 
(ppa024899), actin-related protein 5 (ppa002045), dormancy-
associated protein-like 1 (ppa013510), and late embryogen-
esis abundant protein (LEA) family protein (ppa011378). The 
results showed that the expression of 11 genes was consistent 
between the qRT-PCR and the DGE analyses, while that of 
the gene encoding the gibberellin-regulated family protein 
(ppa024899) was inconsistent (Supplementary Fig. S6A, B at 
JXB online).

Correlation analysis of proteomics and transcriptomics

This study identified a correlative element between the pro-
teins identified in the proteomics analysis and the genes 
quantified in the transcriptomics analysis, which showed 
that the number of  relationships in protein analysis was 
19, accounting for 65.52 and 0.16% of  the 29 differentially 

Fig. 2. 2-DE gel profiles of total proteins from the control, G10, and W10. The numbers of the 48 differentially expressed protein spots 
in response the GA4 and water treatment are marked with arrows and numbers, and the protein spot numbers corresponded to those 
listed in Tables 1 and 2. Magnified views of some of the differentially abundant proteins are shown below. Control represents GA4 or 
water treatment after 0 d, W10 represents water treatment after 10 d, and G10 represents GA4 treatment after 10 d. The boxes and 
numbers indicate different spots in the different treatments. (This figure is available in colour at JXB online.)
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Table 1. Identification of 32 proteins associated with dormancy release treated with GA4 in Japanese apricot

Spot no.a Protein (taxonomy) Accession no.b NPc Theoretical 
MW/pI

Experimental 
MW/pI

Scored SC (%)e Average fold 
changef

Stress and defence
1 Mal d1 homologue (Prunus armeniaca) gi|2460186 4 17.60/5.79 17.54/6.43 432 28 –3.39
2 Heat-shock protein 60 (Prunus persica) ppa003391 3 61.50/5.62 59.02/5.36 97 5 +2.92
3 Heat-shock protein 60 (Prunus persica s) ppa004110 4 56.32/5.19 60.45/5.51 56 11 +2.59
5 class IV chitinase (Corylus heterophylla) gi|344190188 2 30.03/5.21 27.21/4.24 116 6 +20.33
6 Pathogenesis-related thaumatin superfamily 

protein (Prunus persica)
ppa010479 5 26.94/4.83 37.55/4.50 125 33 +7.00

Energy metabolism
8 Alcohol dehydrogenase 1 (Prunus persica) ppa007154 8 41.88/5.93 50.63/6.45 293 27 +2.75
9 Aldolase superfamily protein (Prunus persica) ppa007696 6 38.62/6.92 36.58/5.63 280 20 +3.04
10 d-3-Phosphoglycerate dehydrogenase 

(Arabidopsis thaliana)
gi|15235282 2 63.57/6.16 48.51/5.04 136 3 +2.52

11 myo-Inositol-1-phosphate synthase 2 (Prunus 

persica)
ppa004430 7 56.59/5.96 58.31/5.62 117 35 –2.55

12 Triosephosphate isomerase, putative (Ricinus 

communis)
gi|255584863 3 27.66/5.89 31.52//6.34 198 14 +2.54

13 Ribulose-1,5-bisphosphate carboxylase/oxyge-
nase large subunit (Aloe viguieri)

gi|33636009 5 50.60/6.43 22.62/6.42 320 11 +5.06

15 Ribulose-1,5-bisphosphate carboxylase/oxyge-
nase large subunit (Calystegia sepium)

gi|21634023 4 53.10/6.43 17.93/5.84 343 10 +0

Protein metabolism
16 Glutamine synthetase (Lithospermum 

erythrorhizon)
gi|4650846 2 69.85/9.60 44.71/6.50 179 44 +2.43

17 Elongation factor Tu (ISS) (Ostreococcus tauri) gi|308804561 2 45.89/6.00 49.58/6.53 128 6 +2.65
18 Insulinase (Peptidase family M16) protein (Prunus 

persica)
ppa004554 7 53.82/5.85 58.44/5.57 218 17 +2.68

19 Eukaryotic aspartyl protease family protein 
(Prunus persica)

ppa004726 8 53.66/5.45 43.68/4.77 155 19 +2.85

20 N-terminal nucleophile aminohydrolases (Ntn 
hydrolases) superfamily protein (Prunus persica)

ppa011112 5 24.76/6.51 29.58/6.43 188 32 +3.4

21 Kunitz family trypsin and protease inhibitor 
protein (Prunus persica)

ppa011448 4 23.07/5.20 21.92/5.32 249 19 +0

Oxidation-reduction
22 Glutathione peroxidase 6 (Prunus persica) ppa010771 7 26.23/9.20 19.18/6.50 168 30 +2.27
23 Manganese superoxide dismutase (Prunus 

persica)
gi|374671153 6 26.08/8.57 27.78/6.80 658 29 +2.60

24 Ascorbate peroxidase 1 (Prunus persica) ppa010413 6 27.46/5.77 29.58/5.32 383 36 –2.18
25 Ascorbate peroxidase 1 (Prunus persica) ppa010413 6 27.46/5.77 29.07/5.12 315 36 –7.13
26 Ascorbate peroxidase 1 (Prunus persica) ppa010413 7 27.46/5.77 31.91/6.54 298 39 +6.04
27 Peroxidase superfamily protein (Prunus persica) ppa007748 3 39.53/5.16 47.57/6.59 36 12 +7.67
28 Copper/zinc-superoxide dismutase (Prunus 

persica)
gi|381283804 2 22.36/6.19 18.23/5.49 151 22 +2.71

29 Polyphenol oxidase (Prunus salicina var. cordata) gi|331272014 4 64.91/6.48 60.93/5.55 204 8 +2.73
30 Ascorbate peroxidase 1 (Prunus persica) ppa010413 7 27.46/5.77 30.52/5.37 377 39 –9.38
Cell structure
31 Tubulin α-2 chain (Prunus persica) ppa005617 8 50.30/4.96 36.86/5.92 411 20 +3.58

32 Actin 7 (Prunus persica) ppa007242 7 41.93/5.31 49.42/5.46 652 30 +3.63
33 Actin-depolymerizing factor (Malus×domestica) gi|33772153 2 11.19/8.76 18.29/6.61 104 22 +2.53
Signalling and transcription
35 Calreticulin 1a (Prunus persica) ppa006226 6 48.45/4.40 58.35/4.25 203 15 –2.66
Unclassified
36 Cyanase (Prunus persica) ppa012598 6 18.38/6.22 16.73/6.79 116 45 +2.68

a Numbering corresponds to the 2-DE gel in Fig. 2.
b Accession numbers from the PPA database and the NCBI nr 20120421 database.
c The total number of peptides identified.
d MOWSE score probability (protein score) for the entire protein.
e Sequence coverage.
f Average fold change: spot abundance is expressed as the ratio of intensities of upregulated or downregulated proteins between the water 

treatment after 0 and 10 d. Fold changes had P values<0.05. In this column, ‘+’ means upregulated, ‘–’ means downregulated, and ‘+0’ means 
that this protein only appears at 10 d after water treatment.
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expressed proteins, and both 29 differentially expressed pro-
teins and 12 067 genes, respectively (Supplementary Fig. S7 
and Supplementary Table S6 at JXB online). Among these 
19 protein spots, there were 15 upregulated protein spots 
and four downregulated protein spots, and the expres-
sion trend of  five proteins (spots 2, 6, 23, 28, and 35) was 
consistent with that of  the corresponding genes after GA4 
treatment, while the expression of  the remaining 14 pro-
tein spots was inconsistent with that of  the corresponding 
genes. We also conducted a correlation analysis between 
the differentially expressed proteins and genes in the 
whole library; the correlation coefficient was determined 
as –0.2784 (Fig. 5), which indicated a negative directional 
correlation between the mRNA and protein abundance 
ratios, although there was a relatively weak correlation. 
Principal component analysis of  the whole library gene 
expression, differential expression genes, and differential 
expression proteins was also conducted in our study, which 
showed significance between the up-/downregulated genes/

proteins and the expressed genes/proteins in the three data 
sets (Supplementary Fig. S8 at JXB online). In the DGE 
data, genes encoding manganese superoxide dismutase, 
peroxidase superfamily protein, copper/zinc-superoxide 
dismutase, and ascorbate peroxidase 1 were also differen-
tially expressed after GA4 treatment. The proteins of  spots 
23 and 28 and the corresponding genes had a consistent 
increase in expression after GA4 treatment. However, the 
expression trends between proteins and the corresponding 
genes (spots 27 and 30) were inconsistent after GA4 treat-
ment. The main focus of  the study was the 42 differentially 
expressed proteins and related genes. Many genes in the 
DGE database, such as those encoding β-galactosidase 7 
(ppa020752), β-1,3-glucanase 1 (ppa008126), gibberellin 
2-oxidase 6 (ppa008310), cold-regulated 47 (ppa005514), 
histone superfamily protein (ppa013173), and dormancy-
associated protein-like 1 (ppa013510), were also important 
in dormancy release of  Japanese apricot after GA4 treat-
ment. Furthermore, there were many other differentially 

Table 2. Identification of 15 proteins associated with dormancy release treated with water in Japanese apricot

Spot no.a Protein (taxonomy) Accession no.b NPc Theoretical MW/ 
pI

Experimental 
MW/pI

Scored SC (%)e Average fold 
changef

Stress and defence
38 MLP-like protein 423 (Prunus persica) ppa012651 8 17.64/5.79 17.54/6.18 424 41 +2.75
39 Glyoxalase I homologue (Prunus persica) ppa009462 6 32.64/5.27 33.45/5.23 158 20 –3.25
40 Heat-shock cognate protein 70–1 (Prunus 

persica)
ppa002646 7 71.59/5.07 41.21/4.68 303 11 +2.97

41 Mitochondrial HSO70 2 (Prunus persica) ppa001973 5 79.74/8.60 65.80/5.44 243 9 +2.92
1 Mal d1 homologue (i) gi|2460186 4 17.60/5.79 17.54/6.43 432 28 –2.53
Energy metabolism
42 Ribulose 1,5-bisphosphate carboxylase 

(Gunnera cordifolia)
gi|18024678 5 51.67/5.95 21.41/5.56 475 17 +2.54

43 ATP synthase β subunit (Triticum aestivum) gi|525291 8 59.33/5.56 49.48/5.58 700 19 +2.53

8 Alcohol dehydrogenase 1 (Prunus armeniaca) ppa007154 8 41.88/5.93 50.63/6.45 293 27 +2.62
Protein metabolism
44 FK506-binding protein 12 (Prunus armeniaca) ppa013624 6 12.01/5.80 14.91/6.36 85 53 +2.91
45 5-Methyltetrahydropteroyltriglutamate- 

homocysteine methyltransferase, putative 
(Ricinus communis)

gi|255569484 5 84.90/6.09 29.77/5.90 497 6 +2.83

Oxidation-reduction
46 Flavodoxin-like quinone reductase 1 (Prunus 

persica)
ppa011600 8 21.72/5.80 27.41/6.03 381 39 +2.53

23 Manganese superoxide dismutase (Prunus 

persica)
gi|374671153 6 26.08/8.57 27.78/6.80 658 29 +2.52

28 Copper/zinc- 
superoxide dismutase (Prunus persica)

gi|381283804 2 22.36/6.19 18.23/5.49 151 22 +2.15

Signalling and transcription
47 Putative glycine- 

rich RNA-binding protein (Prunus avium)
gi|34851124 5 17.37/7.82 16.31/5.99 366 32 +2.44

Unclassified
36 Cyanase (Prunus persica) ppa012598 6 18.38/6.22 16.73/6.79 116 45 +2.50

a Numbering corresponds to the 2-DE gel in Fig. 2.
b Accession numbers from the PPA database and the NCBI nr 20120421 database.
c The total number of peptides identified.
d MOWSE score probability (protein score) for the entire protein.
e Sequence coverage.
f Average fold change: spot abundance is expressed as the ratio of intensities of upregulated or downregulated proteins between the water 

treatment after 0 and 10 d. Fold changes had P values<0.05. In this column, ‘+’ means upregulated and ‘–’ means downregulated.
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expressed genes in the DGE database that have not yet been 
characterized by researchers.

Discussion

Proteins and genes associated with energy 
metabolism play an important role in dormancy release

The transition from dormancy to active bud growth is 
accompanied by numerous molecular and biochemical 
changes, including changes in carbohydrate metabolism 
(Maurel et al., 2004). Many studies have suggested that bud 
meristems require sufficient energy from the underlying tis-
sue to sustain bud growth at the time of  dormancy release. 
Recently, several proteomic and transcriptional results have 
shown that energy metabolism is a prerequisite for leaf 
and flower development, including dormancy release (Bi 
et al., 2011; Prassinos et al., 2011; Zhuang et al., 2012). In 
this study, nine proteins associated with dormancy release 
of  Japanese apricot buds, following both water and GA4 
treatment, were involved in energy metabolism, account-
ing for 18.4% of the differentially expressed proteins (49). 
The majority of  these were proteins involved in glycolysis 
(triosephosphate isomerase, d-3-phosphoglycerate dehydro-
genase, aldolase superfamily protein) and the tricarboxylic 
acid cycle (ribulose 1,5-bisphosphate carboxylase). In plants, 
the glycolysis/tricarboxylic acid cycle is the main biochemi-
cal pathway that provides plant mitochondria with pyruvate, 
supporting plant respiration and the biosynthesis of  numer-
ous essential metabolic compounds. Or et al. (2000) observed 
that alcohol dehydrogenase was involved in anaerobic res-
piration and was induced in response to respiratory stress 
in grape buds after hydrogen cyanamide treatment; they 
also found that respiratory interference, possibly a change 

in the AMP:ATP ratio, was involved in dormancy release. 
The results of  this study have also demonstrated that energy 
metabolism is one of  the most important factors associated 
with bud dormancy release. Compared with water treatment, 
many proteins associated with energy metabolism were dif-
ferentially expressed. In the DGE database, many genes were 
also involved in energy metabolism. Therefore, GA4 stimu-
lated the activity of  genes and proteins involved in energy 
metabolism, which might lead to earlier dormancy break in 
the Japanese apricot bud (Fig. 6).

Protein metabolism

Bi et al. (2011) suggested that glutamine synthetase probably 
plays an important role in cell proliferation and differentia-
tion in the bud of Pinus sylvestris L. var. mongolica litv. In 
this study, spot 16 was identified as glutamine synthetase, the 
expression level of which increased 2.43-fold after GA4 treat-
ment for 10 d compared with GA4 treatment at 0 d. Therefore, 
glutamine synthetase might increase cell proliferation and 
differentiation during GA4 treatment and subsequently play 
a specific role in breaking the dormancy of the Japanese 
apricot bud.

Elongation factor 1 (EF-1), a component of the protein 
synthesis machinery, is a prerequisite for maintaining rapid 
cell division and protein synthesis in tissues such as mer-
istematic tissues or somatic embryos (Yang et  al., 2005). 
Pawłowski (2007) suggested that initiation and elongation 
factors might play a major role in beech seed dormancy 
release and be responsible for protein synthesis and cell divi-
sion in the root meristem. However, the same author also 
considered that elongation factor EF-Tu was part of the 
plastid translational apparatus and probably took part in the 
build-up of the photosynthetic system during germination. 

Fig. 3. (A) Functional categorization of the differentially expressed proteins identified after 10 d of GA4 treatment (G10) and water 
treatment (W10). The digital gene expression number indicates the number of proteins in each subgroup. (B) Gene ontology functional 
enrichment analysis of differentially expressed genes after 10 d of GA4 treatment. (This figure is available in colour at JXB online.)
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In this study, elongation factor Tu (ISS) (spot 17) increased 
2.65-fold when comparing the results of GA4 treatment after 
10 and 0 d, which indicated that it might play an important 
role in breaking the dormancy of Japanese apricot buds after 
GA4 treatment.

Oxidation–reduction processes involving many proteins 
and genes might be part of the mechanism that leads 
to bud break

Many researchers have suggested that oxidative stress is an 
important part of the process of dormancy release, and that 
the antioxidant defence system, including glutathione peroxi-
dase, superoxide dismutase, ascorbate peroxidase, and per-
oxidase superfamily protein, play a pivotal role in dormancy 
release (Or et al., 2000; Mazzitelli et al., 2007; Halaly et al., 
2008; Prassinos et al., 2011). In this study, many oxidation–
reduction proteins, mainly comprising glutathione peroxidase 
6 (spot 22), superoxide dismutase (spots 23 and 28), peroxi-
dase superfamily protein (spot 27), and ascorbate peroxidase 
(spots 24, 25, 26, and 30) after GA4 treatment were differen-
tially expressed. Spots 24, 25, and 30 were downregulated, but 
spot 26 was upregulated after 10 d of GA4 treatment. Two 
reasons might account for this: one is that different spots were 
identified as the same protein, corresponding either to post-
translational modification of the same protein, alternative 
splicing, and the occurrence of multigene families, or to vari-
ous isoforms; another was the subcellular localization of the 
different spot proteins. Prassinos et al. (2011) observed that 
peroxidase, which generates H2O2 by NADH oxidation, was 
upregulated in vegetative buds of peach, and Zhuang et al. 
(2012) observed that the decrease in APX I  as a signalling 
molecule during dormancy release might regulate consecutive 
dormancy release and bud break in Japanese apricot. Many 
studies have indicated that bud dormancy release coincides 
with an upregulation of the antioxidant system (Mazzitelli 
et  al., 2007; Prassinos et  al., 2011). Consistent with this, 
most proteins associated with oxidation–reduction after GA4 
treatment were upregulated during dormancy release, except 
for APX I. Halaly et al. (2008) suggested that a decrease in 
free-radical levels was required for the termination of dor-
mancy and the induction of bud break. Perez and Lira (2005) 
observed a transient increase in H2O2 levels preceding the 
release of endodormancy in buds of grapevine treated with 
hydrogen cyanamide, a catalase inhibitor. Prassinos et  al. 
(2011) suggested that the transient peak of H2O2 preceding 
dormancy release can act as a signalling molecule to trig-
ger the transition from dormancy to bud break. Increasing 
evidence has shown that oxidative stress might play a role in 
endodormancy release in perennials (Or et al., 2000; Arora 
et al., 2003; Or, 2009). In this study, nine proteins associated 
with oxidation–reduction after GA4 treatment and three 
proteins after water treatment were differentially expressed. 
Spots 23 and 28 showed an increased expression trend fol-
lowing both GA4 and water treatment. In the DGE database, 
139 genes were related to oxidoreductase activity (Fig. 3B). 
Therefore, we hypothesized that GA4 application might lead 
to the development of oxidative stress and to subsequent dor-
mancy break earlier than in the water treatment (Fig. 6).

Proteins and genes associated with cell structure

Importantly, three proteins associated with cell structure 
(spots 31, 32, and 33), were identified in this study. α-Tubulin 

Fig. 4. Comparison of transcripts expression between control 
and A libraries. The abundance of each gene was normalized as 
transcripts per million (TPM). The differential transcripts are shown 
in red and green, while blue indicates transcripts that were not 
differentially expressed (i.e. not differentially expressed genes). 
(This figure is available in colour at JXB online.)

Fig. 5. Correlation between the differentially expressed proteins 
and genes in the whole library. The x-axis shows the expression 
quantity of the differentially expressed proteins and the y-axis 
shows the expression quantity of genes in the whole library. (This 
figure is available in colour at JXB online.)
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Fig. 6. Molecular model of dormancy release in Japanese apricot treated with GA4. In this model, after GA4 treatment, signal reception, 
including Ca2+ signalling, ROS signalling, and hormone signalling modulate the expression of many kinds of genes and proteins, which 
include SD (stress and defence), PM (protein metabolism), OR (oxidation–reduction), EM (energy metabolism), CS (cell structure), 
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(TUA), which constitutes the plant cytoskeleton, is an impor-
tant component of microtubules (Goddard et  al., 1994). 
TUAs have been shown to be modulated by drought, abscisic 
acid and GA3 in an isoform-specific manner (Marino et al., 
2009; Hashim et al., 2010). Proteomic analysis of Arabidopsis 
seeds showed that α-2,4-tubulin, a cytoskeleton component, 
appears to depend on the action of GA during germination. 
Paul et  al. (2012) observed that all the CsTUA of  the tea 
they studied exhibited upregulation during winter dormancy. 
Zhuang et al. (2012) showed that the tubulin α-2 chain had 
a high expression level during winter dormancy, and sub-
sequently declined during dormancy release. In the present 
study, the tubulin α-2 chain (spot 31) was upregulated 3.58-
fold after GA4 treatment. In contrast, there was no significant 
change after water treatment. Therefore, GA4 application 
might promote cell division and cell elongation, which con-
tribute to dormancy break in Japanese apricot buds.

Proteins and genes associated with signalling and 
transcription

Pang et  al. (2007) suggested that calcium signalling is 
involved in the mechanism of bud dormancy release in grape. 
Calreticulin, a major Ca2+-sequestering protein, might play 
an important role in signal transduction cascades by affect-
ing Ca2+ homeostasis during developmental regulation (Shen 
et  al., 2003). In beech seeds, calreticulin, is an important 
component of the GA signalling pathway and might play 
an important role in the hormone signal transduction cas-
cades that lead to dormancy breaking and germination (Shen 
et al., 2003; Pawłowski, 2007). In this study, both calreticulin 
1a (spot 35) and its corresponding gene were downregulated 
after GA4 treatment. Spot 35 had a differential expression 
after GA4 treatment and showed no significant change after 
water treatment, and might thus play an important role in the 
dormancy release of Japanese apricot.

In our study, the expression trends between proteins and 
the corresponding genes (spots 27 and 30)  were inconsist-
ent after GA4 treatment. Many reasons can lead to this phe-
nomenon: first, the lack of changes in protein abundance in 
these genes might be due to post-translational (down)regula-
tion of the protein activity to avoid a de novo cycle of syn-
thesis after the stress is relieved; secondly, the time course of 
the decline differs between mRNAs and proteins and does 

not allow monitoring of changes at the protein level at the 
observed time point; thirdly, transcript regulation may be 
‘unwanted’ but unavoidable for a subset of mRNAs, due to 
the broad action of trans-acting factors, while protein abun-
dance remains stable, being controlled by post-translational 
mechanisms.

Conclusions

Exogenous applications of GA4 induced dormancy break, 
and many genes associated with GA metabolism, such as 
GA20OX and GA2OX, were found to have a significant 
alteration in expression. Globally, our results suggested an 
important role for proteins and genes involved with energy 
metabolism and oxidation–reduction after GA4 treatment 
in the coordination of dormancy break in Japanese apricot 
flower buds at the proteomic and transcriptomic levels. The 
results of this study provide a global picture of protein accu-
mulation and changes in gene expression in the dormancy of 
Japanese apricot flower buds following GA4 treatment.

Supplementary data

Supplementary data are available at JXB online.
Supplementary Fig. S1. Morphology changes before and 

after the dormancy break in Japanese apricot.
Supplementary Fig. S2. Experimental design associated 

with dormancy release in Japanese apricot.
Supplementary Fig. S3. Experimental process of DGE 

profiles.
Supplementary Fig. S4. Images of the original gels and the 

matchsets appearing in Fig. 2.
Supplementary Fig. S5. Histogram showing pathway 

enrichment analysis for differentially expressed genes in 
Japanese apricot after GA4 treatment (10 d).

Supplementary Fig. S6. Real-time qPCR validations of 
tag-mapped genes.

Supplementary Fig. S7. Correlation between the differen-
tially expressed proteins and genes in the whole library.

Supplementary Fig. S8. Principal component analysis of 
the whole library genes (A), differentially expressed genes (B) 
and differentially expressed proteins (C).

Supplementary Table S1. Specific primers used in relative 
qRT-PCR.

and ‘others’, including signalling and transcription. These genes and proteins provide increased cold tolerance and enhanced energy 
metabolism to Japanese apricot, and/or cause it to enter a temporary oxidative stress state, which contributes to dormancy release. 
The black arrows indicate up-/downregulation of genes after GA4 treatment, and processes marked in red are more critical due to many 
genes or proteins being differentially expressed after GA4 treatment. Proteins and genes associated with SD, PM, OR, EM, and CS are 
mainly in the protein database, while those classified as ‘others’ are mainly in the DGE database. CHI, class IV chitinase; HSP, heat 
shock protein 60; PR, pathogenesis-related thaumatin superfamily protein; ELF, elongation factor Tu (ISS); INP, insulinase (peptidase 
family M16) protein; GLP, glutathione peroxidase 6; SOD, manganese superoxide dismutase and copper/zinc-superoxide dismutase; 
PSP, peroxidase superfamily protein; POO, polyphenol oxidase; AHD, alcohol dehydrogenase 1; TRI, triosephosphate isomerase, 
putative; ALS, aldolase superfamily protein; PHD, D-3-phosphoglycerate dehydrogenase; TAC, tubulin α-2 chain; ACT, actin 7; ADF, 
actin-depolymerizing factor; DAP, dormancy-associated protein-like 1; GLU, β-1,3-glucanase 1; ABP19, auxin-binding protein ABP19b; 
ETR, ethylene receptor; BIR, brassnosteroid insensitive 1- associated receptor kinase 1 precursor, putative. (This figure is available in 
colour at JXB online.)
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Supplementary Table S2. The matched peptide sequences 
and corresponding m/z ratio of the 42 identified proteins in 
our study.

Supplementary Table S3. Three replicates data sets of pro-
tein spot expression value in the control, G10 and W10 in 
our study.

Supplementary Table S4. Summary statistics of DGE tags 
in Japanese apricot after GA4 treatment in the control and 
A libraries.

Supplementary Table S5. The up- and downregulated genes 
in Japanese apricot after GA4 treatment (10 d).

Supplementary Table S6. Correlation between the differen-
tially expressed proteins and genes in the whole library.
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