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Abstract

Background: Grape buds and leaves are directly associated with the physiology and metabolic activities of the
plant, which is monitored by epigenetic modifications induced by environment and endogenous factors.
Methylation is one of the epigenetic regulators that could be involved in DNA levels and affect gene expression in
response to stimuli. Therefore, changes of gene expression profile in leaves and bud through inhibitors of DNA
methylation provide a deep understanding of epigenetic effects in regulatory networks.

Results: In this study, we carried out a transcriptome analysis of ‘Kyoho’ buds and leaves under 5-azacytidine (5-
azaC) exposure and screened a large number of differentially expressed genes (DEGs). GO and KEGG annotations
showed that they are mainly involved in photosynthesis, flavonoid synthesis, glutathione metabolism, and other
metabolic processes. Functional enrichment analysis also provided a holistic perspective on the transcriptome
profile when 5-azaC bound to methyltransferase and induced demethylation. Enrichment analysis of transcription
factors (TFs) also showed that the MYB, C2H2, and bHLH families are involved in the regulation of responsive genes
under epigenetic changes. Furthermore, hormone-related genes have also undergone significant changes,
especially gibberellin (GA) and abscisic acid (ABA)-related genes that responded to bud germination. We also used
protein-protein interaction network to determine hub proteins in response to demethylation.

Conclusions: These findings provide new insights into the establishment of molecular regulatory networks according
to how methylation as an epigenetic modification alters transcriptome patterns in bud and leaves of grape.
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Background
Grape (Vitis vinifera L.) is one of the oldest fruits among
other crops and most widely cultivated all over the
world. It is a commercial fruit with high nutrient value,
abundant in vitamins, carbohydrates, minerals, and
anthocyanin. Grape is a typical non-climacteric fruit and
its growth is regulated by endogenous and external

factors [1]. According to previous reports, endogenous
hormones such as gibberellin (GA), ethylene (ETH),
abscisic acid (ABA), and jasmonic acid (JA) have a piv-
otal role in the entire life cycle of grapes [2–5]. In
addition, a variety of growth regulators, such as Indole-
3-Butytric acid (IBA), forchlorfenuron N-(2-chloro-4-
pyridyl) -N-phenylurea (CPPU), and thidiazuron (TDZ)
affected various vital cellular activities [6]. Moreover,
some compounds like sucrose [7], and some enzymes
and transcription factors [8] are involved in grape
growth and development.
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Due to the fast track sequencing and high accuracy of
performance, the high-throughput RNA-Seq technology
is applied to various life sciences research. It can simul-
taneously discover and quantify transcripts [9], becom-
ing one of the most powerful tools in quantification of
global transcriptomes. RNA-Seq provides new ideas and
methods for the development of genomics. In recent
studies, RNA-Seq has been applied to discover the new
aspects of research on various fruits such as apple [10],
papaya [11], and strawberry [12] through transcriptome
information, genetic resource mining, gene differential
expression analysis, and alternative splicing analysis. Pre-
viously, there have been many reports on RNA-Seq tech-
nology for grape ripening regulation, metabolic process,
disease resistance, and bud dormancy [13–15].
DNA methylation is a heritable epigenetic mark, which

has a regulatory effect on various vital cellular activities of
plants. The occurrence of DNA methylation relies on the
catalysis of DNA methylation transferase (DN-MT). S-
adenosyl methionine (SAM) is used as a substrate in
transferring the methyl group to the 5th carbon atom of
the cytosine ring in the DNA molecule to form 5-
methylcytosine (5-mC). Generally, the level of DNA
methylation remains stable in plants, although it depends
on the methylation and demethylation balance [16–18].
Inhibitors of DNA methyltransferase like 5-azaC (5-azacy-
tidine) reduce the level of genomic DNA methylation by
blocking the DNA methylation process. There is a report
that demonstrated the level of methylation of few specific
genes was detected during the ripening process of tomato
fruits and it was found that the level of methylation grad-
ually decreased as maturity deepens [19]. In another re-
port, using 5-azaC reduced the level of genome
methylation and delayed fruit ripening in sweet orange
[20]. Evaluation of DNA methylation status using Bisulfite
Sequencing PCR (BSP) also demonstrated that demethyla-
tion induced more alternative splicing events and led to
the abnormal translation process, although some genes
could not be expressed normally [21]. At the same time,
there is a need to discover more about the effect of 5-azaC
on the methylation level changes during the metabolic
growth process, mechanism of action, and regulatory net-
works. In the current study, we investigated the effect of
methylation on ‘Kyoho’ grapes to discover the mode of ac-
tion of methylation in the transcriptome level. We con-
ducted RNA-Seq analysis on the leaves and buds of
‘Kyoho’ treated with 5-azaC and performed a cluster ana-
lysis to find key genes and pathways. In addition, the con-
struction of interactive protein networks helps us better
understand the changes in growth and development
through the determination of hub proteins when demeth-
ylation occurs in grape. This study provides a more theor-
etical basis and molecular insights according to the effects
of DNA methylation on grapes.

Results
Transcriptome profiling in response to demethylation
Transcriptome sequencing of grape leaves (5-azaC
treated leaves (5AL) and leaves control (LCK)) and buds
(5-azaC treated buds (5AB) and buds control (BCK))
was performed after 5-azaC treatment and compared to
control. We observed that the average number of total
raw reads was 48.46 and 49.53 million for 5AB and BCK
in buds respectively, while it was 47.41 and 47.09 million
for 5AL and LCK in leaves, respectively. After removing
adapter sequences and reads with low quality, total clean
reads accounted for 97.54, 94.83, 95.99, and 94.12% of
5AB, BCK, 5AL, and LCK respectively. By HISAT (Hier-
archical Indexing for Spliced Alignment of Transcripts),
the sequencing results were mapped to the reference
genome (Reference genome version: GCF_000003745.3_
12X) and a higher percentage of sequences located in
the reference genome (Table 1). Based on FPKM, the ex-
pression abundance of bud and leaf genes was calculated
before and after of 5-azaC treatment. For buds, we found
a total of 8050 DEGs, of which 3482 and 4568 genes
belonged to up-regulated and down-regulated genes
(Table S1, Fig. 1a). We also observed the significant dif-
ferences in the expression levels of 3571 genes, including
1890 up-regulated genes and 1681 down-regulated genes
when leaves treated with 5-azaC and compared to con-
trol (Table S1, Fig. 1b). In addition, the specific and
non-specific DEGs in leaves and buds were represented
by the VENN diagrams (Fig. 1c). To describe the com-
mon DEGs between grape leaves and buds in detail, we
drew interrelated histograms to represent the different
types of DEGs and reflect the differential effects of 5-
azaC on different tissues of grapes.
To evaluate the reliability of the experimental results,

the Pearson correlation coefficient of the gene expres-
sion level was calculated for each sample and visualized
in the correlation matrix heat map (Fig. 2a). DEGs ex-
pression clustering heat map was shown in Fig. S1. In
addition, the principal component analysis (PCA) based
on the gene expression of all treated samples revealed
the segregation of dataset belonged to grape buds and
leaves. PC1, PC2, and PC3 were 57.32, 29.05, and 7.53%
respectively, and accounted for 93.9% of the main com-
ponents (Fig. 2b). According to PCA results, we ob-
served significant differences regarding gene expression
in buds and leaves of the grapevine. Therefore, our re-
sults demonstrated that there was big discrimination be-
tween treatments and tissues but not among replicates,
indicating the used samples are reasonable and reliable
for subsequent experimental analysis.

Annotations and functional analysis of DEGs
The Gene Ontology (GO) knowledgebase is the world’s
largest source of information and a comprehensive
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database on the functions of genes or proteins. GO con-
sisted of three major domains, Biological Process (BP),
Cellular Component (BP), and Molecular Function (BP)
(Figs. S2A-C). GO annotation results for the buds
treated with 5-azaC showed that DEGs were enriched
for 12 annotations in biological processes, 9 annotations
in cellular components, and 7 annotations in molecular
functions (Table S2, Fig. 3a, Fig. S2C). The terms of
“structural molecule activity” (GO: 0005198), “structural
constituent of ribosome” (GO: 0003735), “ubiquitin-pro-
tein transferase activity” (GO: 0004842) and “ligase activ-
ity, forming carbon-nitrogen bonds” (GO: 0016879)
were significantly enriched in the molecular function.
The main enrich components of Biological processes
were included “peptide biosynthetic process” (GO:
0043043), “translation” (GO: 0006412), “peptide meta-
bolic process” (GO: 0006518), and “amide biosynthetic
process” (GO: 0043604). In the cellular component, the
enrich components were “ribonucleoprotein complex”
(GO: 1990904), “ribosome” (GO: 0005840), and “non-
membrane-bounded organelle” (GO: 0043228). The re-
sults of the 5-azaC treatment regarding the GO annota-
tion were some extent similar to the previous results in
leaves (Table S2, Fig. 3b, Fig. S2B). “Structural molecule
activity” (GO: 0005198) and “structural constituent of
ribosome” (GO: 0003735) were also the most enriched
pathways in molecular functions, and also included
“threonine-type endopeptidase activity” (GO: 0004298)
and “transferase activity, transferring glycosyl groups”
(GO: 0016757). The enriched terms in Biological pro-
cesses and Cellular component were “peptide biosyn-
thetic process” (GO: 0043043), “translation” (GO:
0006412), “peptide metabolic process” (GO: 0006518),
“ribonucleoprotein complex” (GO: 1990904), and

“Ribosome” (GO: 0005840) in leaves. These results were
consistent with the obtained results of the bud after 5-
azaC treatment. In addition, most of the DEGs belonged
to the Biological processes were up-regulated, which
suggest the involvement of 5-azaC in gene expression.
The Kyoto Encyclopedia of Genes and Genomes

(KEGG) annotation was used to analyze the biological
roles of DEGs that selected from the transcriptome data
(Table S3). According to significance, we drew bubble
diagrams for the significantly enriched KEGG pathways.
In grape buds treated with 5-azaC, the biological path-
ways with the highest enrichment were “Proteasome”
(vvi03050), “Ribosome” (vvi03010), “Glutathione metab-
olism” (vvi00480), “Ribosome biogenesis in eukaryotes”
(vvi03008), “Flavonoid biosynthesis” (vvi00941), and
“Phenylpropanoid biosynthesis” (vvi00940) (Fig. 4a). In
leaves, we found “Photosynthesis” (vvi00195), “Phenyl-
propanoid biosynthesis” (vvi00940), “Flavonoid biosyn-
thesis” (vvi00941) “Stilbenoid, diarylheptanoid and
gingerol biosynthesis” (vvi00945), and “Ribosome bio-
genesis in eukaryotes” (vvi03008) as the most enriched
and important biological pathways after 5-azaC exposure
(Fig. 4b).

Methylation positively regulated photosynthesis pathway
Photosynthesis is one of the important biological pro-
cesses in leaves that convert light energy into chemical
energy [22]. According to the RNA-Seq results of leaves,
we found 24 DEGs with significant enrichment in
“Photosynthesis” (vvi00195) pathway, including photo-
system I psaG/psaK, photosystem II reaction center W
protein (PsbW), chlorophyll A-B binding protein, and
oxygen evolving enhancer protein 3 (PsbQ) (Table S4,
Fig. 5a, Fig. S3). Among photosynthetic responsive

Table 1 Number of sequenced reads that mapped to the grapevine genome

Sample Total Raw
Reads (M)

Total Clean
Reads (M)

Total Clean
Bases (Gb)

Clean*a Reads
Q20(%)

Clean*b

Reads
Q30(%)

Clean Reads
Ratio(%)

Total
Mapping(%)

Uniquely
Mapping(%)

GC_
Content
(%)

BCK1 47.44 45.88 6.88 98.23 94.46 96.71 90.93 88.66 45.81

BCK2 50.63 49.59 7.44 98.23 94.43 97.94 91.01 88.77 45.82

BCK3 47.32 46.36 6.95 98.37 94.82 97.97 90.95 88.64 45.98

5AB1 47.72 45.12 6.77 98.30 94.61 94.55 85.46 82.85 44.15

5AB2 53.28 50.75 7.61 98.30 94.66 95.25 86.26 83.62 44.61

5AB3 47.69 45.15 6.77 98.38 94.78 94.68 86.57 83.89 44.67

LCK1 46.23 43.81 6.57 98.42 94.90 95.17 93.40 90.95 46.24

LCK2 50.23 47.97 7.22 97.47 92.98 95.50 92.06 89.71 46.54

LCK3 45.77 44.55 6.68 98.44 94.97 97.32 93.55 91.09 46.56

5AL1 46.91 44.41 6.66 98.49 95.05 94.65 92.38 89.81 45.95

5AL2 47.43 44.68 6.72 98.40 94.83 94.19 89.83 87.28 45.02

5AL3 46.94 43.91 6.58 98.49 95.07 93.52 89.56 87.06 45.48
a, bQ20 and Q30 indicate the ratio of the number of bases in the filtered reads greater than 20, 30 to the total number of bases, reflecting the quality of the
sequencing data
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Fig. 1 (See legend on next page.)
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genes, 23 DEGs showed a downward trend after 5-azaC
treatment, and only oxidoreductase NAD-binding do-
main showed an upward adjustment. This indicated that
5-azaC led to the suppression of photosynthesis genes
and reduced the photosynthetic efficiency of the leaves.
In addition, 2Fe-2S iron-sulfur cluster binding domain is
a multi-subunit protein of iron binding and storage pro-
teins, that down-regulation of this gene may inhibit leaf
metabolic activities. This gene plays an important role in
photosynthesis, growth, and development in the plant.

Demethylation induced secondary metabolism
The KEGG annotation results depicted a large number
of biosynthesis and metabolic processes including
“Glutathione metabolism”, “Flavonoid biosynthesis”, and
“Phenylpropanoid biosynthesis” (Table S4), which were
significantly enriched in buds treated with 5-azaC. Flavo-
noids act as a secondary metabolic pathway in plants
and accumulate in different organs including, leaves,
roots, flowers, fruits, and seeds. Flavonoid biosynthesis
pathway plays an important role in resistance against

abiotic stress and diseases. Among key genes of flavo-
noids pathway, chalcone synthase, stilbene synthases,
and UDP-glucosyl transferase were the most up-
regulated, while Cytochrome P450 was down-regulated
in response to 5-azaC (Table S4, Fig. 5b). In glutathione
metabolism pathway, large number of glutathione S-
transferases (GST) were identified, which regulate antho-
cyanin transport [23]. Out of 37 identified GSTs, 28 and
9 GSTs were significantly up- and down-regulated, re-
spectively (Table S4, Fig. 5c). Phenylpropanoid biosyn-
thesis was also enriched with a large number of DEGs,
including 29 and 40 up- and down-regulated DEGs
(Table S4). Phenylpropanoid compounds scavenge free
radical scavenger and inhibit lipid peroxidation in grapes
that lead to maintaining the redox balance in cells [24].

Down-regulation of transcription factors occurred more
under demethylation
Transcription factors (TFs) regulate the expression of
gene networks through binding to cis-regulatory ele-
ments located in promoter regions of responsive genes

(See figure on previous page.)
Fig. 1 Integration analysis of gene expression in leaves and buds of ‘Kyoho’ grape after 5-azaC treatment. a The expression profile of DEGs in
buds and (b) leaves. Green dots represent significantly down-regulated DEGs, and red dots represent significantly up-regulated DEGs. FDR≤ 0.05
and |log2(Fold Change)| > 1 were defined as statistical significance. Fold change represents the change in value of FPKM between 5-azaC
treatment group and control group. c The number of DEGs between buds and leaves after 5-azaC treatment. The overlapping DEGs of buds and
leaves are shown in Venn diagram. The histogram shows the different number of DEGs including upregulated in both [UU], downregulated in
both [DD], reversal of expression from bud to leaf [DU and UD] and differential in only one (either bud or leaf) [UN, DN, ND, NU]. U =
upregulated, D = downregulated, and N=Neutral. 5AL; 5-azaC treated leaves, LCK; leaves control, 5AB; 5-azaC treated buds, BCK; buds control

Fig. 2 Correlation analysis and Principle component analysis (PCA) in leaves and buds of ‘Kyoho’ grape after 5-azaC treatment. a Correlation
matrix heat map was drawn according to the Pearson correlation coefficient. The correlation strength of the sample indicates by the shade of
red. Each sample includes three biological replicates. b Principle component analysis (PCA) of ‘Kyoho’ buds and leaves after 5-azaC treatment and
compared to control. We calculated the correlation coefficient of samples within and between groups based on the FPKM values of all genes in
each sample. Each sample is represented by a different icon. 5AL; 5-azaC treated leaves, LCK; leaves control, 5AB; 5-azaC treated buds, BCK,
buds control
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that could be involved in plant metabolism, growth, and
development. Transcriptome sequencing results showed
that 906 and 494 TFs found in buds and leaves, respect-
ively, which could be classified into 49 different tran-
scription factor families. According to the transcriptome
data from bud samples, the highest number of TFs
belonged to different families including MYB (108,
11.92%), bHLH (68, 7.51%), C2H2 (63, 6.95%), and C2C2

(57, 6.29%). In leaves, TFs families were similar to buds
in response to 5-azaC but were different in frequency
(MYB (61, 10.32%), C2H2 (41, 8.30%), bHLH (37,
7.49%), and C2C2 (33, 6.68%)) families. We presented
the top 14 transcription factor families by bar graphs
and compared the up- and down-regulated TFs in
treated buds and leaves with 5-azaC (Figs. 6a, b). We
found that the MYB and bHLH families possess the

Fig. 3 The classification of gene ontology (GO) and enrichment analysis of DEGs. GO terms are summarized in three functional groups: molecular
function (grey), cellular component (green) and biological process (orange) in leaves and buds of ‘Kyoho’ grape after 5-azaC treatment. The
vertical axis represents the number of enriched DEGs (padj < 0.05). a Buds, (b) leaves. 5AL; 5-azaC treated leaves, LCK; leaves control, 5AB; 5-azaC
treated buds, BCK, buds control
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highest members among TFs families in both leaves and
buds, although, the number of down-regulated TFs was
more than up-regulated TFs.

Analysis of protein-protein interaction network
We used STRING database to search the protein net-
works regarding functional enrichment analysis accord-
ing to reported and predicted proteins. The obtained
results were imported into Cytoscape for visual analysis
[25]. To further study the regulatory networks and sig-
nificantly enrich key pathways, we constructed protein-
protein interaction for predicted DEGs. We found three
networks regarding “Photosynthesis”, “Flavonoid biosyn-
thesis”, and “MAPK signaling pathway”, which each
node represents the number of genes (Figs. 7a-c). The
color spectrum is used to indicate the number of nodal
gene interaction proteins. In “Photosynthesis”, photo-
system I reaction center subunit II is related to chloro-
plast photosynthesis rate, and it interacts with 20
proteins. Leucoanthocyanidin dioxygenase (LDOX) is a
key enzyme at the end of the anthocyanin biosynthesis
pathway, which catalyzes the conversion of colorless an-
thocyanins to colored anthocyanins [26], which only in-
teracts with trans-cinnamate 4-monooxygenase. There
are two separate paths in the ‘MAPK signaling pathway-

plant’, that among them, the network of PP2C inter-
action is the most complicated. The PP2C mainly partic-
ipated in multiple signal transduction pathways in
plants, including abscisic acid, salicylic acid, and jasmo-
nic acid, although it has an important regulatory role in
other pathways [27, 28]. In summary, photosystem I re-
action center subunit II, caffeoyl-CoA O-
methyltransferase, and protein phosphatase 2C are the
key genes in the regulatory networks.

Validation of DEGs using qPCR
To validate the accuracy and reproducibility of RNA-Seq
data, we analyzed the expression levels of related genes
in buds and leaves by qPCR after 5-azaC treatment
(Figs. 8a, b). We selected 21 DEGs for qPCR that partici-
pated in different biological pathways including “Photo-
synthesis”, “Phenylpropanoid biosynthesis”, “Flavonoid
biosynthesis”, “Glutathione metabolism”, “Ribosome”,
“Carbon fixation in photosynthetic organisms”, and
“MAPK signaling pathway”. According to the results of
qPCR, we found that it has a good linear relationship
with the transcriptome data, and the correlation coeffi-
cient (R2) in buds and leaves were 0.9727 and 0.9798, re-
spectively. Therefore, these results confirmed the
accuracy and reliability of the RNA-Seq dataset.

Fig. 4 The KEGG pathway enrichment analysis of DEGs in buds (a) and leaves (b) of ‘Kyoho’ grape after 5-azaC treatment (padj < 0.05). Coloring
indicates -log10(padj) with higher in red and lower in green. The lower padj indicates the most significantly enriched pathways. Point size
indicates the number of DEGs. 5AL; 5-azaC treated leaves, LCK; leaves control, 5AB; 5-azaC treated buds, BCK; buds control
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Discussion
DNA methylation is an epigenetic modification re-
quired for the silencing, gene regulation, and genomic
imprinting of transposable elements (TE) [29]. In the
present study, we used RNA-Seq as a high throughput
sequencing technology to explore the specific effects of
reduced methylation levels on grape leaves and buds
after 5-azaC treatment. Through KEGG and GO en-
richment analysis, key genes and biological pathways
were screened to comprehensively analyze the specific
effects of 5-azaC on gene expression and regulatory
networks. DNA methylation is a form of genome epi-
genetic inheritance, which affects the expression of
genes. 5-azaC is a cytosine nucleoside analogue that in-
hibits the DNA methylation process by binding to

methyltransferases and reduce the genome methylation
level. In our previous study, 5-azaC was sprayed on
‘Kyoho’ fruit during color transformation, we found
that the decrease in methylation level suppressed the
anthocyanin pathway, cell wall metabolism, and aroma-
related gene expression by bisulfite sequencing PCR
(BSP). The results indicated that demethylation may
delay the fruit ripening process [19]. As a methylation
inhibitor, 5-azaC has been used to reduce the genome
methylation level in various plants. This is evident from
previous studies, that changes in methylation level
affect the growth and development in plants [18, 30].
The 5-azaC treatment also induced flowering earlier
than control in Arabidopsis and demonstrated that
DNA methylation plays a critical role in preventing

Fig. 5 Heat maps of gene expression patterns involved in biological pathways obtained from KEGG. Heat maps were drawn according to log10
(Treatment FPKM/Control FPKM) in leaves and buds of ‘Kyoho’ grape. The rows and columns in the heat maps represent samples and genes,
respectively. Red and blue represent the highest and lowest level of expression. a Photosynthesis, (b) Flavonoid biosynthesis, (c) Glutathione
metabolism. 5AL; 5-azaC treated leaves, LCK; leaves control, 5AB; 5-azaC treated buds, BCK; buds control
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early flowering in Arabidopsis [31]. Additionally, the
changes in the methylation levels have positive or nega-
tive effects in response to biotic and abiotic stresses.
Researchers have focused on the regulation of fruit
maturation and ripening through methylation levels. In
tomato, hypermethylation inhibited fruit ripening
through repression of TFs involved in ripening and
rate-limiting enzymes of carotenoid synthesis [19]. The
large number of genes related to inhibiting or regulat-
ing maturation in the fruits of SlDML2 tomato mutants,
which is a DNA demethylase, regulated gene expression
[19]. During the ripening process of Orange fruit, the
expression of DNA demethylase genes decreased and

the methylation levels of the genome increased [20].
Furthermore, 5-azaC treatment of ‘Kyoho’ grapes at dif-
ferent developmental stages of fruits led to the differ-
ences in transcript expression levels [32]. Although 5-
azaC treatment has not influenced the expressions of
most genes but DEGs could be involved mainly in fruit
softening, photosynthesis, protein phosphorylation, and
heat stress [32]. Meanwhile, there are many types of
researche about methylation affecting plant growth and
development but the regulating mechanism is not yet
clear in other tissues, and the effect of methylation in
the regulatory networks needs to be investigated by
more extensive experiments.

Fig. 6 Determination of the top 14 transcription factor families in leaves and buds of ‘Kyoho’ grape after 5-azaC exposure. Blue represents the up-
regulated TFs, yellow represents the down-regulated TFs, and the vertical axis shows the number of TFs. a Buds. b Leaves. 5AL; 5-azaC treated
leaves, LCK; leaves control, 5AB; 5-azaC treated buds, BCK, buds control
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Changes in photosynthesis-related genes
Leaves are the main source of photosynthesis and me-
tabolism to produce metabolites for plant survival [33].
The transcriptome results showed that 23 out of the 24
genes belonged to photosynthesis were suppressed, and
the only single transcript was up-regulated. These genes
participated in photosystem PSI and PSII such as Photo-
system I psaG /psaK and Photosystem II reaction center
W protein (PsbW), although PSII will respond earlier
than PSI in response to stress by damage of D1 protein
[34]. Meanwhile, D1 protein can quickly repair and re-
store its activity under the light. It has been shown that
salt stress causes PSII damage and reduce the maximum
photochemical efficiency of PSII [35]. The PSI will also

be damaged under various stress conditions, and recov-
ery will be extremely slow or even irreversible after the
stress [36]. Under high-temperature conditions, PSII
limits the transfer process of photosynthetic electrons to
PSI, reduces the production of active oxygen, and hin-
ders the photosynthetic efficiency. Through the analysis
of photosynthesis metabolic pathways (Figs. S4A,B), the
enzyme activities involved in photosynthesis were also
inhibited in response to 5-azaC. CO2 assimilation is an-
other important aspect of the photosynthesis process
[37]. Therefore, demethylation also suppressed the activ-
ity of all genes regarding Calvin cycle, resulting in a re-
duction of photosynthetic products and organic matter
[38]. Although, our results pointed to 5-azaC inhibitory

Fig. 7 The protein-protein interaction networks were significantly enriched in the biological pathways including (a) photosynthesis, (b) flavonoid
biosynthesis, and (c) MAPK signaling pathway. The node represents a certain gene, and the number of interacting proteins is displayed in the
shades of color and the font size in leaves and buds of ‘Kyoho’ grape after 5-azaC exposure5AL; 5-azaC treated leaves, LCK; leaves control, 5AB; 5-
azaC treated buds, BCK, buds control
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effect on leaf photosynthesis, the mode of action of car-
bon assimilation remains to be explored.

Response of hormone-related genes to methylation
Plant hormones including auxin, ethylene, abscisic acid
(ABA), gibberellic acid (GA), and jasmonate (JA) have
regulatory functions for various biological processes,
such as metabolism, growth, and development in grapes
[39, 40]. Dormancy of buds is a vital developmental
process and a mechanism for the defense against adverse
environments [15]. The initiation, termination, and bud

dormancy are generally controlled by endogenous hor-
mones [41]. As a typical non-climacteric fruit, ethylene
has no obvious changes during the developmental stage.
Studies have proved that ethylene induces the dormancy
of grape buds [3, 42]. Spraying ethylene on buds causes
dormancy earlier or ends dormancy later. Ethylene in-
sensitive 3 (EIN3) is a key TF in the ethylene signaling
pathway and has a regulatory effect on downstream
ethylene response factor (ERF) [43]. According to our
transcriptome dataset regarding buds, four EIN3 were
screened that three of them significantly down-

Fig. 8 The validation of RNA-seq data using qRT-PCR in the selected DEGs. Relative expression ratio of each DEG is presented in a log2 (Fold
Change). The values are mean ± SE and error bars represent standard deviations from three independent technical replicates. The asterisk
indicates the significance level based on the independent samples t test (* P < 0.05, ** P < 0.01). a Buds, (b) leaves
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regulated. Therefore, it showed that the expression of
EIN3 is inhibited by 5-azaC. Gibberellin (GA) can break
the dormancy of grape buds and promotes germination.
The increase in GA content is considered to be a key
factor for bud germination [44]. The ten gibberellin
regulated-transcripts were strongly inhibited, which may
lead to the reduction of endogenous GA content in buds
by demethylation. In addition, ABA is the main inhibi-
tory factor for bud germination [45], which low ABA
content makes buds more likely to germinate [46]. ABA
is also associated with leaf shedding that synthesized and
transported to other parts of the leaves. Proper cutting
can reduce ABA synthesis, decrease the ABA accumula-
tion in bud tissue, and reduce the dormancy level to fa-
cilitate germination [47]. In our study, auxin responsive
transcripts frequently appeared, although the mechanism
of auxin for bud dormancy is not yet clear. Some studies
have pointed out that GA/ABA ratio indirectly regulates
the germination, however, the application of exogenous
auxin positively affects seed germination [48–50] (Table
S5). Hormones cooperate with each other in plants to
regulate various biological processes, and we still need
in-depth experiments to further explore the mechanism
of grape germination.

Cell wall and sucrose metabolism after 5-azaC treatment
The cell wall functions to maintain cell morphology and
ensure the normal exchange of material between cells.
The rate of cell wall degradation depends on the activity
of metabolic enzymes in the cell wall. We determined
the key enzymes of cell wall metabolism including poly-
galacturonase (PG), pectin methylesterase (PME), and
pectinesterase (PE), which showed a general decline in
expression, indicating 5-azaC inhibited the degradation
of the cell wall. Sucrose is produced by photosynthesis
and provides the necessary energy for plant growth and
development [51]. Previous studies demonstrated that
sucrose and ABA coordinately regulated ripening, and
sucrose could be used as a signaling molecule to induce
the expression of ripening-related genes [7, 52]. In the
early growth stages of Arabidopsis thaliana, sucrose acts
as a long-distance signal to regulate root growth [53]. In
sucrose metabolism pathway, the sucrose synthase and
sucrose phosphate synthase might be coordinated with
other functional genes to regulate the growth and devel-
opment of buds and leaves (Figs. S5A,B).

Down-regulation of regulatory factors by demethylation
TFs bind to specific DNA sequences of promoters to acti-
vate or suppress the transcription of genes and regulate
expression levels [54]. A large number of TFs families
were differentially expressed in transcriptome levels, in-
cluding members belonged to MYB, bHLH, C2H2, and
AP2-EREBP. In general, MYB and bHLH are involved in

flavonoid synthesis pathway of grape, which regulate the
accumulation of anthocyanins and form color [55]. Under
drought conditions, MYB2 and bHLH2 act as transcrip-
tion activators in ABA signaling pathway [53, 56]. In
addition, the transcriptional activity of MYB and bHLH
under Fe-deficiency conditions affects the tolerance
against stress [57]. In this study, after the leaves were
treated with 5-azaC, most of transcripts belonged to MYB
and bHLH families were down-regulated. Furthermore,
WRKY family plays an important role in the plant defense
signaling network and can induce the gene expression
through W box elements in response to fungal elicitors
[58]. In this study, most members of WRKY family were
down-regulated in response to 5-azaC, therefore, demeth-
ylation regulates various biological activities and metabolic
processes through down-regulation of TFs (Figs. S6A,B).

Analysis of MAPK signaling pathway
The MAPK signaling pathway is involved in environmental
stresses and monitors growth and development through
signal transduction [59]. A study demonstrated MEKK1-
MKK4/5-MPK3/6-WRKY22/29/33 cascade path partici-
pated in the disease resistance in Arabidopsis thaliana, and
MPK/MPK6 could activate the expression of WRKY33 and
promote the synthesis of photoprotections [60]. Further-
more, MAPK4 plays an important role in the signal’s trans-
duction under adverse stimuli, which significantly increased
under salt stress, low temperature, and sucrose starvation
[61]. In addition, MAPK has bifunctional roles and act as a
positive and negative regulator in response to ABA, auxin,
and JA [62]. In our analysis, the genes of MAPK signaling
pathways were enriched, which consisted of pathogenesis-
related proteins (PRs). PRs are an important component of
the plant defense system against biotic stress [63]. We ob-
served that PR1 was significantly suppressed by 5-azaC, in-
dicating that demethylation affects grape resistance. Heat
shock proteins (HSPs) in plants function in acclimation to
environmental temperature. For example, overexpression of
HSPs made rice drought and heat stress-tolerant [64]. It is
worth noting that almost all the HSPs in leaves and buds
were significantly inhibited, therefore, demethylation inter-
fered with the expression of HSPs and weakened the heat
adaptability. The specific mechanism of action still needs to
be revealed by further experiments.

Conclusions
Based on our current research on ‘Kyoho’ fruits, we per-
formed RNA-Seq analysis to compare the transcriptome
profiles in the buds and leaves and investigate the gene
expression network in various metabolism pathways
after 5-azaC treatment (Fig. 9). We identified many
DEGs in bud (8050 genes) and leaf (3571 genes) and
found that 5-azaC has different effects on various tissues.
Functional enrichment analysis indicated that 5-azaC
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treatment on buds was mainly affected the pathways of
‘Proteasome’, ‘Ribosome’, and ‘Glutathione metabolism’,
while the altered pathways in the leaves were ‘Photosyn-
thesis’, ‘Phenylpropanoid biosynthesis’, and ‘Flavonoid bio-
synthesis’. Overall, functional analysis showed that 5-azaC
could inhibit certain metabolic pathways, which can have
a negative impact on biological processes. According to
protein-protein interaction networks, we discovered that
photosystem I reaction center subunit II, caffeoyl-CoA O-
methyltransferase, and protein phosphatase 2C are the key
genes in the regulatory networks. In summary, we demon-
strated that demethylation regulated the molecular mech-
anisms and regulatory networks in grape, and possibly
accumulate the specialized metabolites.

Methods
Plant material
All leaves and buds were collected from ‘Kyoho’ grape-
vine (Vitis labrusca L. V. vinifera) from the Jiangsu
Academy of Agricultural Sciences (located at 31 oN Lat.
and 118 °E Long.) Nanjing, China. The ungerminated
buds and newly grown leaves of ‘Kyoho’ grapevine were
collected in the same growth stage, which were free of
diseases and pests. We selected plant materials using
phenotypic observation and quality determination. The
samples were treated with 0.01% Triton X-100 and 20
mM 5-azaC (Sigma) solution, sprayed once every 2 days
for a total of 3 times. Seven days after the last treatment,
the samples were collected, frozen in liquid nitrogen,

and stored at − 80 °C. Distilled water was used as a nega-
tive control. Each treatment was repeated three times.

RNA extraction, cDNA library construction and Illumina
sequencing
Total RNA from grape leaves and buds were extracted and
purified using QIAGEN RNeasy Plant Mini Kit (QIAGEN,
Germany) and manufacturer’s instructions. To digest DNA
and remove interference, we added DNase (Takara, China).
RNA concentration was measured by Thermo Scientific™
NanoDrop™ spectrophotometer (Thermo Scientific, Wil-
mington, DE, USA). Further mRNA purification and cDNA
library construction were performed with the Ultra II RNA
Library Prep Kit for Illumina (NEB, USA). All samples were
sequenced on the Illumina Hiseq™ 2500 (Beijing Nuohe
Zhiyuan Technology Co., Ltd. Beijing, China).

Analysis of RNA-sequence data
To ensure data quality, we used HISAT (Version: v2.1.0) to
filter and align the reads, and mapped the clean reads with
the grape gene sequence reference datasets by Bowtie2
(Version: v2.2.5) [65]. RSEM (Version: v1.2.8) was used to
calculate the fragments per kilobase of exon per million
mapped reads (FPKM) to estimate transcript abundance
within 95% confidence interval [66]. We calculated the P
value according to the negative binomial distribution, and
finally performed the multiple hypothesis test correction
(BH) to obtain the FDR (false discovery rate). FDR ≤ 0.05
and |log2(Fold change) | > 1 were defined as statistically
significant.

Fig. 9 Schematic model of DNA methylation effects on the regulatory networks of leaves and buds of ‘Kyoho’ grape including biological
pathways, hormone, and molecular pathways
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Enrichment analysis
In order to obtain more detailed information about
DEGs, we performed enrichment analysis using R pack-
ages (Version: 3.18.1) [67] and annotated DEGs using
gene ontology (GO) (http://geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(https://www.genome.jp/kegg/) databases. We set the
threshold at padj < 0.05 to determine the significant en-
richment of KEGG pathways and GO terms.

Visualization of metabolism pathways using Mapman
Vitis vinifera Gene Index sequences were download
from an online website (https://www.plabipd.de/portal/
mercator-sequence-annotation). We extracted the Gene
ID and log2 (Fold Change) data lists in the transcriptome
data, and used Mapman (version: MapMan 3.5.1R2) to
visually analyze the ‘Metabolism overview’, ‘Photosyn-
thesis’, ‘Biotic stress’, and ‘Flavonoid’ pathways.

Construction and analysis of protein-protein interaction
network
To further study the regulatory network of DEGs in
key biological pathways, we used STRING (Version:
11.0) (https://string-db.org/) to search the interaction
of proteins and find core regulatory proteins. The re-
sults of interaction proteins were imported into
Cytoscape (Version: 3.6.1) to visually analyze the
interaction network of genes.

Validation of RNA–Seq data by qPCR
To validate the expression pattern of screened DEGs,
qPCR was performed. According to Porebski et al.
[68], the total RNA of each sample was extracted
using Hexadecyltrimethylammonium Bromide (CTAB)
method. We used PrimeScript™ IV 1st strand cDNA
Synthesis Mix (Takara, Dalian, China) to synthesize
cDNA from RNA, and diluted 5 times in ddH2O as a
template. Primers for 21 genes were designed with
the online software Primer3 Plus (http://primer3.ut.ee/
) (Table S6). The qPCR was performed in a two-step
method on Thermal Cycler Dice™ Real Time System
III (Code No. TP950) (Takara, Dalian, China). Each
reaction solution consisted of 10.0 μl of SYBR Premix
Ex Taq™ (Takara, Japan), 0.4 μl of each primer
(10 μM), 2 μl of cDNA, and 7.2 μl of RNase-free water
in a total volume of 20 μl. The qPCR cycle parame-
ters were set at 95 °C for 2 min, 95 °C for 10 s, and
annealing temperature at 60 °C for 40 s, which com-
prised a total of 40 cycles. We selected grape gene
Actin1 (GenBank Accession number AY680701) as a
reference for gene expression analysis. We calculate
the relative expression of mRNA using 2-ΔΔCT equa-
tion [69].
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Additional file 1: Fig. S1. Cluster analysis of DEGs using heat map in
leaves and buds of ‘Kyoho’ grape after 5-azaC exposure. Genes or sam-
ples with similar expression patterns are clustered together. Red and blue
represent the highest and lowest level of expression. 5AL; 5-azaC treated
leaves, LCK; leaves control, 5AB; 5-azaC treated buds, BCK, buds control.
Fig. S2. GO enrichment analysis of the specific and non-specific DEGs in
leaves and buds of ‘Kyoho’ grape after 5-azaC exposure. (A) Non-specific
DEGs, (B) Specific genes in leaves, and (C) buds. GO is divided into three
major functional categories: molecular function (yellow), cellular compo-
nent (blue), and biological process (red). The vertical axis represents the
number of enriched DEGs (padj < 0.05). Fig. S3. DEGs involved in the
photosynthetic pathway under 5-azaC treatment. The vertical axis is the
name of DEGs, and the horizontal axis is the difference multiple accord-
ing to fold change. Fig. S4. Visual analysis of DEGs in the photosynthesis
pathway including light reactions, calvin cycle, and photorespiration in
leaves (A) and buds (B) of ‘Kyoho’ grape after 5-azaC exposure. Each
square represents a gene, green represents down regulation, and red rep-
resents up regulation. Fig. S5. Visual analysis of ‘Metabolism overview’ by
Mapman in leaves (A) and buds (B) of ‘Kyoho’ grape after 5-azaC expos-
ure. Changes in multiple metabolic pathways was observed, such as
starch metabolism, sucrose metabolism, cell wall metabolism and lipid
metabolism. Each square represents a gene, and red to green gradient
represents up to down regulation. Fig. S6. Changes in DEGs expression
during responses of plant to biotic stress in leaves (A) and buds (B) of
‘Kyoho’ grape after 5-azaC exposure. The changes of DEGs expression are
appeared by the color of the grid, which green represents down regula-
tion, while red represents up regulation.

Additional file 2: Table S1. All the identified DEGs in bud and leaf.
Table S2. GO enrichment analysis of DEGs. Table S3. KEGG enrichment
analysis of DEGs of grapevine buds and leaves. Table S4. List of DEGs in
different metabolism pathways. Table S5. List of hormone-related DEGs.
Table S6. List of primers for qRT-PCR analysis.

Abbreviations
5AB: 5-azacytidine treated buds; 5AL: 5-azacytidine treated leaves; 5-azaC: 5-
azacytidine; BCK: Buds control; BSP: Bisulfite Sequencing PCR;
CTAB: Hexadecyltrimethylammonium Bromide; DEGs: Differentially expressed
genes; EIN3: Ethylene insensitive 3; FDR: False discovery rate;
FPKM: Fragments Per Kilobase of transcript per Million mapped reads;
GST: Glutathione S-transferases; HISAT: Hierarchical Indexing for Spliced
Alignment of Transcripts; HSP: Heat shock protein; IBA: Indole-3-Butytric acid;
LCK: Leaves control; LDOX: Leucoanthocyanidin dioxygenase; PCA: Principal
Component Analysis; PE: Pectinesterase; PG: Polygalacturonase; PME: Pectin
methylesterase; PP2C: Protein phosphatase 2C; PR: Pathogenesis-related
protein; qPCR: Quantitative real-time PCR; TF: Transcription factor

Acknowledgements
Not applicable.

Authors’ contributions
JHR and SE conducted data analysis and drafted the manuscript. ZZB treated
the samples, PQQ and PT helped data analysis. LSY helped to revise the
manuscript. SZW helped to draft the manuscript. DTY participated in the
design of the study. JHF and FJG designed and coordinated this study and
revised the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the national key research and development
program (2019YFD1002500, 2018YFD0201305), the Key Research and
Development Project of Jiangsu Province (BE2018389) and the Fundamental
Research Funds for the Central Universities (KYXJ202003).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article [Supplementary Tables S1-S6]. Any reasonable requests are

Jia et al. BMC Plant Biology          (2020) 20:544 Page 14 of 16

http://geneontology.org/
https://www.genome.jp/kegg/
https://www.plabipd.de/portal/mercator-sequence-annotation
https://www.plabipd.de/portal/mercator-sequence-annotation
https://string-db.org/
http://primer3.ut.ee/
https://doi.org/10.1186/s12870-020-02754-0
https://doi.org/10.1186/s12870-020-02754-0


available from the corresponding authors (745896321@qq.com and jiahai-
feng@njau.edu.cn).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interests.

Author details
1Key Laboratory of Genetics and Fruit Development, College of Horticultural,
Nanjing Agricultural University, Nanjing, China. 2China Wine Industry
Technology Institute, Yinchuan, China.

Received: 17 June 2020 Accepted: 24 November 2020

References
1. Jia H, Zhang C, Pervaiz T, Zhao P, Liu Z, Wang B, Wang C, Zhang L, Fang J,

Qian J. Jasmonic acid involves in grape fruit ripening and resistant against
Botrytis cinerea. Funct Integr Genomics. 2016;16(1):79–94..

2. Berhow MA. Effects of early plant growth regulator treatments on flavonoid
levels in grapefruit. Plant Growth Regul. 2000;30(3):225–32..

3. Chervin C, El-kereamy A, Roustan J-P, Latché A, Lamon J, Bouzayen M.
Ethylene seems required for the berry development and ripening in grape,
a non-climacteric fruit. Plant Sci. 2004;167:1301–5.

4. Jia H, Xie Z, Wang C, Shangguan L, Qian N, Cui M, Liu Z, Zheng T, Wang M,
Fang J. Abscisic acid, sucrose, and auxin coordinately regulate berry
ripening process of the Fujiminori grape. Funct Integr Genomics. 2017;17(4):
441–57.

5. Omer AD, Thaler JS, Granett J, Karban R. Jasmonic acid induced resistance
in grapevines to a root and leaf feeder. J Econ Entomol. 2000;93(3):840–5.

6. Wang W, Muhammad KUR, Feng J, Tao J. RNA-seq based transcriptomic
analysis of CPPU treated grape berries and emission of volatile compounds.
J Plant Physiol. 2017;218:155–66.

7. Jia H, Wang Y, Sun M, Li B, Han Y, Zhao Y, Li X, Ding N, Li C, Ji W, et al.
Sucrose functions as a signal involved in the regulation of strawberry fruit
development and ripening. New Phytol. 2013;198(2):453–65..

8. Matus JT, Aquea F, Arce-Johnson P. Analysis of the grape MYB R2R3
subfamily reveals expanded wine quality-related clades and conserved gene
structure organization across Vitis and Arabidopsis genomes. BMC Plant Biol.
2008;8(1):83.

9. Ng DW, Shi X, Nah G, Chen ZJ. High-throughput RNA-seq for allelic or
locus-specific expression analysis in Arabidopsis-related species, hybrids, and
allotetraploids. Methods Mol Biol. 2014;1112(1112):33.

10. Xia R, Zhu H, An YQ, Beers EP, Liu Z. Apple miRNAs and tasiRNAs with novel
regulatory networks. Genome Biol. 2012;13(6):1–18.

11. Hong SY, Guo LB, Li F, Ying YF, Jiao GJ, Ming R, Jing CX. Isolation of
ripening-related genes from ethylene/1-MCP treated papaya through RNA-
seq. BMC Genomics. 2017;18(1):671.

12. Li Y, Dai C, Hu C, Liu Z, Kang C. Global identification of alternative splicing
via comparative analysis of SMRT- and Illumina-based RNA-seq in
strawberry. Plant J. 2017;90(1):164–76.

13. Figueiredo A, Fortes AM, Ferreira S, Sebastiana M, Choi YH, Sousa L, Acioli-
Santos B, Pessoa F, Verpoorte R, Pais MS. Transcriptional and metabolic
profiling of grape (Vitis vinifera L.) leaves unravel possible innate resistance
against pathogenic fungi. J Exp Bot. 2008;59(12):3371–81.

14. Ghan R, Petereit J, Tillett RL, Schlauch KA, Toubiana D, Fait A, Cramer GR.
The common transcriptional subnetworks of the grape berry skin in the late
stages of ripening. BMC Plant Biol. 2017;17(1):94.

15. Khalil-Ur-Rehman M, Sun L, Li CX, Faheem M, Wang W, Tao JM.
Comparative RNA-seq based transcriptomic analysis of bud dormancy in
grape. BMC Plant Biol. 2017;17(1):18.

16. Eichten SR, Briskine R, Song J, Li Q, Swanson-Wagner R, Hermanson PJ,
Waters AJ, Starr E, West PT, Tiffin P, et al. Epigenetic and genetic influences
on DNA methylation variation in maize populations. Plant Cell. 2013;25(8):
2783–97.

17. Finnegan EJ, Peacock WJ, Dennis ES. DNA methylation, a key regulator of
plant development and other processes. Curr Opin Genet Dev. 2000;10(2):
217–23.

18. Xiao W. DNA methylation is critical for Arabidopsis embryogenesis and seed
viability. Plant Cell. 2006;18(4):805–14.

19. Lang Z, Wang Y, Tang K, Tang D, Datsenka T, Cheng J, Zhang Y, Handa AK,
Zhu JK. Critical roles of DNA demethylation in the activation of ripening-
induced genes and inhibition of ripening-repressed genes in tomato fruit.
Proc Natl Acad Sci U S A. 2017;114(22):E4511–e4519.

20. Huang H, Liu R, Niu Q, Tang K, Zhang B, Zhang H, Chen K, Zhu JK, Lang Z.
Global increase in DNA methylation during orange fruit development and
ripening. Proc Natl Acad Sci U S A. 2019;116(4):1430–6.

21. Jia H, Zhang Z, Zhang S, Fu W, Su L, Fang J, Jia H. Effect of the methylation
level on the grape fruit development process. J Agric Food Chem. 2020;
68(7):2099–115.

22. Terashima I, Hanba YT, Tholen D, Niinemets Ü. Leaf functional anatomy in
relation to photosynthesis. Plant Physiol. 2011;155(1):108–16.

23. Marrs K. A: the functions and regulation of glutathione s-TRANSFERASES in
plants. Annu Rev Plant Physiol Plant Mol Biol. 1996;47(1):127–58.

24. Yang XW, Miyashiro H, Namba T. Inhibitory effects of monomeric and
dimeric phenylpropanoids from mace on lipid peroxidation in vivo and
in vitro. Phytother Res. 1993;7:395–401.

25. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth A, Minguez P,
Doerks T, Stark M, Muller J, Bork P, et al. The STRING database in 2011:
functional interaction networks of proteins, globally integrated and scored.
Nucleic Acids Res. 2011;39(Database issue):D561–8.

26. Winkel-Shirley B. Biosynthesis of flavonoids and effects of stress. Curr Opin
Plant Biol. 2002;5(3):218–23.

27. Himmelbach A, Hoffmann T, Leube M, Höhener B, Grill E. Homeodomain
protein ATHB6 is a target of the protein phosphatase ABI1 and regulates
hormone responses in Arabidopsis. EMBO J. 2002;21(12):3029–38.

28. Schweighofer A, Kazanaviciute V, Scheikl E, Teige M, Doczi R, Hirt H,
Schwanninger M, Kant M, Schuurink R, Mauch F, et al. The PP2C-type
phosphatase AP2C1, which negatively regulates MPK4 and MPK6,
modulates innate immunity, jasmonic acid, and ethylene levels in
Arabidopsis. Plant Cell. 2007;19(7):2213–24.

29. Arthur B, Qiang H, Pooja N, Liam S, Hannah G, Matthew M, Qi H, Jacob P,
Tzung-Fu H, An YQ. Dynamic DNA Methylation in Plant Growth and
Development. Int J Mol Sci. 2018;19(7):2144.

30. Teyssier E, Bernacchia G, Maury S, How Kit A, Stammitti-Bert L, Rolin D,
Gallusci P. Tissue dependent variations of DNA methylation and
endoreduplication levels during tomato fruit development and ripening.
Planta. 2008;228(3):391–9.

31. Burn JE, Bagnall DJ, Metzger JD, Dennis ES, Peacock WJ. DNA methylation,
vernalization, and the initiation of flowering. Proc Natl Acad Sci U S A. 1993;
90(1):287–91.

32. Guo DL, Li Q, Ji XR, Wang ZG, Yu YH. Transcriptome profiling of 'Kyoho'
grape at different stages of berry development following 5-azaC treatment.
BMC Genomics. 2019;20(1):825.

33. Ruban AV, Wentworth M, Yakushevska AE, Andersson J, Lee PJ, Keegstra W,
Dekker JP, Boekema EJ, Jansson S, Horton P. Plants lacking the main light-
harvesting complex retain photosystem II macro-organization. Nature. 2003;
421(6923):648–52.

34. Lunde C, Jensen PE, Haldrup A, Knoetzel J, Scheller HV. The PSI-H subunit of
photosystem I is essential for state transitions in plant photosynthesis.
Nature. 2000;408(6812):613–5.

35. Chaves MM, Flexas J, Pinheiro C. Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. Ann Bot. 2009;
103(4):551–60.

36. Sonoike K. Photoinhibition of photosystem I. Physiol Plant. 2011;142(1):56–
64.

37. Buchanan BB. Regulation of CO2 assimilation in oxygenic photosynthesis:
the ferredoxin/thioredoxin system: perspective on its discovery, present
status, and future development. Arch Biochem Biophys. 1991;288(1):1–9.

38. Piippo M, Allahverdiyeva Y, Paakkarinen V, Suoranta UM, Battchikova N, Aro
EM. Chloroplast-mediated regulation of nuclear genes in Arabidopsis
thaliana in the absence of light stress. Physiol Genomics. 2006;25(1):142–52.

39. Hayes MA, Feechan A, Dry IB. Involvement of abscisic acid in the
coordinated regulation of a stress-inducible hexose transporter (VvHT5) and
a cell wall invertase in grapevine in response to biotrophic fungal infection.
Plant Physiol. 2010;153(1):211–21.

Jia et al. BMC Plant Biology          (2020) 20:544 Page 15 of 16

mailto:745896321@qq.com
mailto:jiahaifeng@njau.edu.cn
mailto:jiahaifeng@njau.edu.cn


40. Yu XC, Li MJ, Gao GF, Feng HZ, Geng XQ, Peng CC, Zhu SY, Wang XJ, Shen
YY, Zhang DP. Abscisic acid stimulates a calcium-dependent protein kinase
in grape berry. Plant Physiol. 2006;140(2):558–79.

41. Xie Z, Su Z, Wang W, Guan L, Wang C. Characterization of VvSPL18 and Its
Expression in Response to Exogenous Hormones during Grape Berry
Development and Ripening. Cytogenet Genome Res. 2019;159(2):97–108.

42. Shi Z, Halaly-Basha T, Zheng C, Weissberg M, Ophir R, Galbraith DW, Pang X,
Or E. Transient induction of a subset of ethylene biosynthesis genes is
potentially involved in regulation of grapevine bud dormancy release. Plant
Mol Biol. 2018;98(6):507–23.

43. Tesniere C, Pradal M, El-Kereamy A, Torregrosa L, Chatelet P, Roustan JP,
Chervin C. Involvement of ethylene signalling in a non-climacteric fruit: new
elements regarding the regulation of ADH expression in grapevine. J Exp
Bot. 2004;55(406):2235–40.

44. Derkx MPM, Karssen CM. Effects of light and temperature on seed
dormancy and gibberellin-stimulated germination in Arabidopsis thaliana:
studies with gibberellin-deficient and -insensitive mutants. Physiol Plant.
1993;89(2):360–8.

45. Romagosa I, Prada D, Moralejo MA, Sopena A, Muñoz P, Casas AM,
Swanston JS, Molina-Cano JL. Dormancy, ABA content and sensitivity of a
barley mutant to ABA application during seed development and after
ripening. J Exp Bot. 2001;52(360):1499–506.

46. Wang Y, Lin L, Ye T, Lu Y, Xi C, Yan W. The inhibitory effect of ABA on floral
transition is mediated by ABI5 in Arabidopsis. J Exp Bot. 2013;2:2.

47. Nishimura N, Yoshida T, Kitahata N, Asami T, Hirayama T. ABA-hypersensitive
Germination1 encodes a protein phosphatase 2C, an essential component
of abscisic acid signaling in Arabidopsis seed. Plant J. 2007;50(6):935–49.

48. Guo G, Liu X, Sun F, Cao J, Huo N, Wuda B, Xin M, Hu Z, Du J, Xia R, et al.
Wheat miR9678 affects seed germination by generating phased siRNAs and
modulating Abscisic acid/gibberellin signaling. Plant Cell. 2018;30(4):796–
814.

49. Liu X, Hu P, Huang M, Tang Y, Li Y, Li L, Hou X. The NF-YC-RGL2 module
integrates GA and ABA signalling to regulate seed germination in
Arabidopsis. Nat Commun. 2016;7:12768.

50. Shuai H, Meng Y, Luo X, Chen F, Zhou W, Dai Y, Qi Y, Du J, Yang F, Liu J,
et al. Exogenous auxin represses soybean seed germination through
decreasing the gibberellin/abscisic acid (GA/ABA) ratio. Sci Rep. 2017;7(1):
12620.

51. Tauzin AS, Giardina T. Sucrose and invertases, a part of the plant defense
response to the biotic stresses. Front Plant Sci. 2014;5:293.

52. Gambetta GA, Matthews MA, Shaghasi TH, McElrone AJ, Castellarin SD.
Sugar and abscisic acid signaling orthologs are activated at the onset of
ripening in grape. Planta. 2010;232(1):219–34.

53. Abe H, Urao T, Ito T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K.
Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional
activators in abscisic acid signaling. Plant Cell. 2003;15(1):63–78.

54. Hasegawa T, Takeuchi A, Miyaishi O, Isobe K, de Crombrugghe B. Cloning
and characterization of a transcription factor that binds to the proximal
promoters of the two mouse type I collagen genes. J Biol Chem. 1997;
272(8):4915–23.

55. Xu W, Dubos C, Lepiniec L. Transcriptional control of flavonoid biosynthesis
by MYB-bHLH-WDR complexes. Trends Plant Sci. 2015;20(3):176–85.

56. Huang GT, Ma SL, Bai LP, Zhang L, Ma H, Jia P, Liu J, Zhong M, Guo ZF.
Signal transduction during cold, salt, and drought stresses in plants. Mol
Biol Rep. 2012;39(2):969–87.

57. Wang C, Yao X, Yu D, Liang G. Fe-deficiency-induced expression of
bHLH104 enhances Fe-deficiency tolerance of Arabidopsis thaliana. Planta.
2017;246(3):421–31.

58. Marchive C, Mzid R, Deluc L, Barrieu F, Pirrello J, Gauthier A, Corio-Costet
MF, Regad F, Cailleteau B, Hamdi S, et al. Isolation and characterization of a
Vitis vinifera transcription factor, VvWRKY1, and its effect on responses to
fungal pathogens in transgenic tobacco plants. J Exp Bot. 2007;58(8):1999–
2010.

59. Zhang S, Klessig DF. MAPK cascades in plant defense signaling. Trends Plant
Sci. 2001;6(11):520–7.

60. Mao G, Meng X, Liu Y, Zheng Z, Chen Z, Zhang S. Phosphorylation of a
WRKY transcription factor by two pathogen-responsive MAPKs drives
phytoalexin biosynthesis in Arabidopsis. Plant Cell. 2011;23(4):1639–53.

61. Fu SF, Chou WC, Huang DD, Huang HJ. Transcriptional regulation of a rice
mitogen-activated protein kinase gene, OsMAPK4, in response to
environmental stresses. Plant Cell Physiol. 2002;43(8):958–63.

62. Singh R, Jwa NS. The rice MAPKK-MAPK interactome: the biological
significance of MAPK components in hormone signal transduction. Plant
Cell Rep. 2013;32(6):923–31.

63. Breen S, Williams SJ, Outram M, Kobe B, Solomon PS. Emerging insights into
the functions of pathogenesis-related protein 1. Trends Plant Sci. 2017;
22(10):871–9.

64. Sato Y, Yokoya S. Enhanced tolerance to drought stress in transgenic rice
plants overexpressing a small heat-shock protein, sHSP17.7. Plant Cell Rep.
2008;27(2):329–34.

65. Fowler S, Thomashow MF. Arabidopsis transcriptome profiling indicates that
multiple regulatory pathways are activated during cold acclimation in
addition to the CBF cold response pathway. Plant Cell. 2002;14(8):1675–90.

66. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics. 2011;12:323.

67. Wang L, Feng Z, Wang X, Wang X, Zhang X. DEGseq: an R package for
identifying differentially expressed genes from RNA-seq data. Bioinformatics.
2010;26(1):136–8.

68. Porebski S, Bailey LG, Baum BR. Modification of a CTAB DNA extraction
protocol for plants containing high polysaccharide and polyphenol
components. Plant Mol Biol Report. 1997;15(1):8–15.

69. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) Method. Methods
(San Diego, Calif). 2001;25(4):402–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Jia et al. BMC Plant Biology          (2020) 20:544 Page 16 of 16


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Transcriptome profiling in response to demethylation
	Annotations and functional analysis of DEGs
	Methylation positively regulated photosynthesis pathway
	Demethylation induced secondary metabolism
	Down-regulation of transcription factors occurred more under demethylation
	Analysis of protein-protein interaction network
	Validation of DEGs using qPCR

	Discussion
	Changes in photosynthesis-related genes
	Response of hormone-related genes to methylation
	Cell wall and sucrose metabolism after 5-azaC treatment
	Down-regulation of regulatory factors by demethylation
	Analysis of MAPK signaling pathway

	Conclusions
	Methods
	Plant material
	RNA extraction, cDNA library construction and Illumina sequencing
	Analysis of RNA-sequence data
	Enrichment analysis
	Visualization of metabolism pathways using Mapman
	Construction and analysis of protein-protein interaction network
	Validation of RNA–Seq data by qPCR

	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

