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Abstract
Grafting is an important way to improve crop growth, stress resistance and yield. However, the molecular mechanism of 
grafting affecting flowering is not clear. In this study, roots of Paeonia broteri (PGPB) and Paeonia ostii (PGPO) were 
grafted with Paeonia suffruticosa ‘Luoyang Hong’ as the experimental material to measure transcriptome of the petals at a 
full blooming stage. A total of 41.84 Gb clean data were obtained; 80,390 unigenes and 439 differentially expressed genes 
(DEGs) were identified. Functional classification and enrichment of DEGs indicated that the differences in gene expression 
between PGPB and PGPO were mainly reflected in starch and sucrose metabolism, cell wall polysaccharides modification, 
redox activity, and signal transduction process. Differential expression of the hormone, protein kinase and ROS-related genes 
reflected the different degrees of body response of tree peony petals to different rootstocks. Besides, qRT-PCR analysis of 
expression profiles of the selected DEGs was in agreement with the results from RNA-seq analysis. This study investigated 
the molecular response of tree peony petals to grafting with two different rootstocks and laid the foundation for further study 
on the molecular mechanism of grafting to improve plant growth and development.
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Introduction

Grafting is an important cultivation method widely used in 
fruit crops, vegetable crops, ornamental plants and other 
species (Rouphael et al. 2010; Lee et al. 2010; Cabrera 2002) 
to improve the nutritional status of scion growth (Kumar 
et al. 2015), improve resistance (Colla et al. 2014; Kumar 
et al. 2015), promote flowering (Nienhuis and Rhodes 1977) 
and fruit set (Qaryouti et al. 2007). Tree peony (Paeonia 
suffruticosa Andr.) is a well-known ornamental plant with 

various flower types, rich colors and a deep flower culture 
in China, and grafting is also one of the main reproduction 
ways of ornamental tree peony (Li 1999). Excellent root-
stocks can significantly improve the flowering ability of tree 
peony (Li 2016). But how the rootstock affects flowering, its 
internal mechanism is rarely known.

How did the rootstocks affect the growth and develop-
ment of the scion? Plant vascular systems including xylem 
and phloem tissues establish links between aboveground and 
belowground tissues (Lough and Lucas 2006). Water, sug-
ars, proteins, RNAs, hormones, etc. are circulated through 
the plant vascular systems, which function as transportation 
corridors between the rootstock and the scion (Spiegelman 
et al. 2013; Notaguchi et al. 2015). On the one hand, they 
are directly involved in life activities as metabolites, and on 
the other hand, they act as signals to indirectly regulate life 
activities (Martínez-Ballesta et al. 2010; Gaion and Carvalho 
2017). After successful grafting, different rootstocks have dif-
ferent root vigor, which affects early shoot growth and leaf 
area development of kiwifruit (Clearwater et al. 2006). Stud-
ies have shown that by increasing the ability of the rootstock 
to absorb water (pay attention, nutrient uptake is intimately 
connected with water uptake), the growth of the scion can be 
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increased, and the increase in the whole root system hydraulic 
conductance (Lsystem) may be due to an increase in hydrau-
lic conductivity per unit surface area (Lpr) or an increase in 
the overall root surface area or a combination of both (Zhang 
et al. 2016). In addition, rootstock-induced changes in hor-
mone levels, and/or signaling, such as cytokinin (CK), auxin 
(IAA), abscisic acid (ABA), reactive oxygen species (ROS), 
are obvious mechanisms for rootstock effects on scion growth 
(Gilroy et al. 2016; El-Showk et al. 2013; Aloni et al. 2010; 
Tworkoski and Fazio 2015).

The indexes of sugar metabolism, signal transduction, and 
antioxidant activity, etc. are important indicators to identify 
the advantages and disadvantages of grafting materials, and 
leaves and fruits are the parts that are of wide concern to 
researchers (Rouphael et al. 2010; Liu et al. 2011). Serving as 
the main ornamental organs and research objects, flowers also 
have important research value, especially for flower-viewing 
plants, because the condition of flower opening directly affects 
the growth and development of the whole plant (Jiménez et al. 
2004; Van Doorn and Van Meeteren 2003; Yap et al. 2008). 
There were some studies on the flowering of tree peony using 
transcriptome. Transcriptome sequencing is important for dig-
ging up an intrinsic regulator of a physiological phenomenon. 
The transcriptome sequencing of tree peony focuses on petal 
development (Li et al. 2017), coloration mechanism (Gao et al. 
2016), stress response (Zhang et al. 2017), flowering time 
(Hou et al. 2018), but there is little research on the molecular 
mechanism of petal metabolic activity affected by different 
rootstocks.

Prior to this article, our group has conducted a variety of 
studies on the physicochemical properties of two grafted tree 
peony. Paeonia suffruticosa ‘Luoyang Hong’ grafted on Paeo-
nia broteri was used as the research object, because the plant 
height, crown width, leaf photosynthetic efficiency and flower 
continuous opening ability of it were significantly improved, 
and ‘Luoyang Hong’ grafted on Paeonia ostii was used as con-
trol (Li 2016). To further study the reason why the flowering 
status of P. suffruticosa ‘Luoyang Hong’ grafted on P. broteri 
was better than that of P. ostii, we carried out transcriptome 
sequencing research and determined the sugar content and 
antioxidant enzymes by using P. suffruticosa ‘Luoyang Hong’ 
petals grafted on these two different rootstocks. In this study, 
we used transcriptome sequencing to analyze tree peony pet-
als on two different rootstocks and laid the foundation for the 
study of molecular mechanisms of plant grafting.

Materials and Methods

Plant Material

The test materials were purchased from the Zhengfeng 
Ecological Peony Garden in Henan Province. Roots of 

3-year-old Paeonia broteri and Paeonia ostii seedlings were 
used as rootstocks, and the branches of 12-year-old Paeonia 
suffruticosa ‘Luoyang Hong’ were used as scions for graft-
ing. P. suffruticosa ‘Luoyang Hong’ grafted on P. broteri 
was used as the research object, and ‘Luoyang Hong’ grafted 
on P. ostii was used as the control. The plants were culti-
vated for 5 years after grafting, and then, in 2014, ramets 
were planted in pots (pot size is 30 cm in upper diameter, 
18 cm in lower diameter, and 25 cm in height) in the experi-
mental field in the third area of Henan Agricultural Univer-
sity, and were routinely managed. At 9 a.m. on April 2017, 
the second day of flowers fully opening, the middle wheel 
petals were collected, three for each of P. suffruticosa ‘Luoy-
ang Hong’ grafted on P. broteri (PGPB) and P. ostii (PGPO), 
0.5 g per plant, then frozen in liquid nitrogen and placed in 
a refrigerator at − 80 °C until needed.

Petal RNA Extraction, Construction, and Sequencing 
of cDNA Libraries

RNA was extracted from six samples using a Total RNA 
Extraction Kit (Omega, Norcross, GA, USA). Construction 
of the cDNA library after quality testing of RNA samples 
was performed. After the cDNA library was tested, high-
throughput sequencing was performed using the HiSeq 
2500. The sequencing read was PE125.

Transcriptome Data Processing and Analysis

After raw data were filtered, the clean data were sequence 
assembled using Trinity software to obtain the unigene 
library of the species. BLAST software was used to compare 
the unigene sequence with the NR, Swiss-Prot, GO, COG, 
KOG, KEGG databases, using KOBAS 2.0 to obtain KEGG 
orthology results from unigenes in KEGG. After predicting 
the amino acid sequence of unigenes, HMMER software 
was used to compare with the Pfam database to obtain uni-
gene’s annotation information. The reads obtained from the 
sequencing of each sample were compared with the unigene 
library using Bowtie, and the expression level was estimated 
by combining with RSEM. The fragments per kilobase of 
transcript per million mapped reads (FPKM) value is used 
to indicate the expression abundance of the corresponding 
unigene.

Differential Gene Expression Analysis

DESeq was used to analyze the differential expression 
between sample groups, and the Benjamini–Hochberg 
method was used to correct the p value obtained from the 
original hypothesis test. Finally, the corrected p value, false 
discovery rate (FDR), was used as a key indicator for screen-
ing DEGs. A FDR less than 0.01 and fold change (FC) of 
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the two sample groups greater than or equal to 2 was used 
as the screening criteria for DEGs. Functional classifica-
tion of DEGs was performed using MapMan (Thimm et al. 
2004) and COG. Creating Mapping files are at http://www.
plabi pd.de/porta l/merca tor-seque nce-annot ation . Enrich-
ment analysis of DEGs was annotated to the GO database 
using the topGO software. The enrichment factor was used 
to analyze the enrichment level of the DEGs in a certain 
pathway, and the Fisher’s exact test was used to calculate 
the significance of enrichment. The calculation formula for 
the enrichment factor is as follows:

Determination of Sugar Content and Antioxidant 
Enzyme Activity

The content of starch and total soluble sugar in petals was 
measured according to the method of Zou (1995), and deter-
mination of sucrose content used Zhang’s method (1990). 
Catalase (CAT), ascorbate peroxidase (APX), and per-
oxidase (POD) enzyme activities were determined by the 
method described in Wang (2006), Shen et al. (1996) and 
Li (2000), respectively. Three replicates were measured for 
each indicator, and the results were averaged. SPSS 20.0 was 
used to analyze the significance of differences in the values 
of the two sample groups.

Quantitative Real‑Time PCR (qRT‑PCR) Verification

Reverse transcription of RNA from two grafted peony pet-
als was performed using the PrimeScript™ RT reagent Kit 
with gDNA Eraser (Perfect Real Time) (Takara, China). 
Specific primer design was performed at http://prime 
r3.ut.ee/ (Table S1), and the ubiquitin gene was used as 
an internal reference (Liu et al. 2015). Genes were real-
time quantified using  SYBR® Premix Ex TaqTM II (Tli 
RNaseH Plus) (Takara, China) and the Applied Biosys-
tems 7500 Fast Real-Time PCR System (Thermo Fisher, 
China). The cycling procedure was initiated at 94 °C for 
5 min, followed by 35 cycles of 94 °C for 30 s, 57 °C for 
30 s, and 72 °C for 1 min. The expression level of genes 

Enrichment factor =
DEGs in pathway∕all DEGs

all unigenes in pathway∕all unigenes inKEGG
.

was calculated using the 2−ΔΔCt method. Each biological 
sample was examined in duplicate with three technical 
replicates.

Results

Transcriptome Sequencing Data and Functional 
Annotation of Unigenes

To explore the molecular mechanism of why the flowering 
status of P. suffruticosa ‘Luoyang Hong’ grafted on P. bro-
teri was better than that of P. ostii, petals of P. suffruticosa 
‘Luoyang Hong’ grafted on P. broteri and P. ostii were 
obtained for an RNA-seq analysis with three biological 
replicates. After quality control, a total of 41.84 Gb Clean 
Data was obtained from the six samples. Clean reads per 
sample ranged from 21,167,609 to 25,560,648 and the 
base number per sample ranged from 6,286,271,304 to 
7,579,391,162. The percentage of GC content in each sam-
ple was 44.72% or more, and the percentage of Q30 bases 
was 95.50% or more (Table 1). A total of 80,390 unigenes 
were obtained after sequence assembly. Sequence align-
ments were performed between clean data of each sample 
and assembled transcripts or the unigene library. Mapped 
reads per sample ranged from 16,966,461 to 20,499,499. 
The percentage of the mapped ratio of each sample was 
79.23% or more (Table 1). Total length of unigenes was 
62,347,267 nt, with a mean of 775.56 nt. N50 of unigenes 
was 1249 nt (Fig. 1).

To understand the gene expression status of tree peony 
petals at the full blooming stage, functional characteriza-
tions of the sequencing results of petals grafted on two dif-
ferent rootstocks were performed. By selecting the BLAST 
parameters E-value no more than 1e−5 and HMMER 
parameters E value no more than 1e−10, the 30,421 uni-
genes were annotated into eight public databases out of 
80,390 unigenes, accounting for 37.84% (Table 2). The 
number of unigenes annotated to the NR database (28,744, 
35.76%) is the largest, followed by EggNOG (27,048, 
33.65%), and the least is COG (8914, 11.09%).

Table 1  Statistics of 
transcriptome sequencing 
results

Samples Clean reads Base number GC (%) Q30 (%) Mapped reads Mapped ratio (%)

PGPB1 24,157,948 7,157,877,150 44.80 95.68 19,146,321 79.25
PGPB 2 21,167,609 6,286,271,304 44.74 95.50 16,966,461 80.15
PGPB 3 23,282,005 6,922,385,188 44.66 95.52 18,768,290 80.61
PGPO1 24,177,718 7,162,673,300 44.88 95.62 19,155,748 79.23
PGPO 2 22,698,504 6,728,101,290 44.72 95.67 18,125,005 79.85
PGPO 3 25,560,648 7,579,391,162 44.75 95.62 20,499,499 80.20

http://www.plabipd.de/portal/mercator-sequence-annotation
http://www.plabipd.de/portal/mercator-sequence-annotation
http://primer3.ut.ee/
http://primer3.ut.ee/
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Exploration of DEGs

Based on the RPKM of six samples, 439 DEGs were 
obtained; 98 were up-regulated, 341 were down-regulated 
(Fig. 2a), and 380 DEGs of them had annotated informa-
tion. Hierarchical clustering of DEGs results in two major 
categories, one category contains 381 (86.79%) DEGs, and 
the overall expression of these genes is low, and the differ-
ence between the two sample groups was not significant. The 
other category contains 58 (13.21%) DEGs, the expression 
of these genes is relatively high, and the difference is larger 
in the two sample groups (Fig. 2b). According to the result 
of DEGs annotation, 43 DEGs had annotated information 

in 58 DEGs, and these DEGs were more involved in carbo-
hydrate metabolism, cell wall modification, signaling and 
so on.

Functional Classification and Enrichment of DEGs

For the preliminary classification of 439 DEGs, the DEGs 
were first classified using the MapMan tool (Fig. 3). Among 
the 23 functional classifications of the DEGs, the top five are 
“secondary metabolism”, “lipid metabolism”, “transport”, 
“cell wall” and “hormone metabolism”(p value ≤ 0.05). 
Combined with 30,421 unigene functional annotation 
results, 380 out of 439 DEGs have annotation information. 
And then, through the COG database, all DEGs were clas-
sified into 18 categories (Fig. 4). In addition to the “general 
function prediction only” categories, the number of DEGs in 
“transcription” (22, 10.84%) and “replication, recombination 
and repair” (21, 10.34%) was greatest, and the “carbohydrate 
transport and metabolism” (20, 9.85%), “signal transduction 
mechanism” (20, 9.85%) and “secondary metabolite biosyn-
thesis, transport, and metabolism” (20, 9.85%) followed. 
Enrichment analysis of DEGs annotated to the GO data-
base indicated that under the first-level node, MF, the nodes 
with DEGs among the top ten nodes that were significantly 
enriched were “peroxidase activity”, “nucleic acid binding”, 
“chitin binding” and “ATPase activity, coupled to transmem-
brane movement of substances”, similarly, under CC the 
notes were “chloroplast thylakoid membrane”, “extracellu-
lar region”, under BP the notes were “plant-type cell wall 

Fig. 1  Unigene length distri-
bution. N50 of 1249 nt was 
designated with a red vertical 
line. (Color figure online)

Table 2  Annotation of assembled unigenes against eight public data-
bases

Database Number of annotated 
unigenes

Percentage

NR 28,744 35.76
EggNOG 27,048 33.65
Pfam 18,813 23.40
Swiss-Prot 17,066 21.23
GO 16,300 20.28
KOG 16,162 20.10
KEGG 9474 11.79
COG 8914 11.09
All annotated 30,421 37.84
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Fig. 2  Statistical analysis and hierarchical clustering of DEGs. a Vol-
cano plot of 439 DEGs. Each point in the figure represents a gene, the 
abscissa represents the logarithm of the multiple of the expression of 
a gene in the two samples, and the ordinate represents the negative 

logarithm of the false discovery rate. b Hierarchical clustering of 439 
DEGs. Different columns in the figure represent different samples, 
and different lines represent different genes. The color represents the 
base 2 logarithms of the FPKM of the genes in the sample

Fig. 3  Function distribution of 
the significant DEGs. Numbers 
in the figure indicate the num-
ber of DEGs in each functional 
category
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modification” (Fig. S1). The results of the KEGG pathway 
enrichment analysis of DEGs indicated that the level of 
enrichment of DEGs in “starch and sucrose metabolism” 
and “pentose and glucuronate interconversions” pathway 
was significant and reliable (Fig. 5) (Fig. S2).

Screening of DEGs

Based on the functional classification and enrichment of 
DEGs, we can find that the expression levels of sugar trans-
port and metabolism-related genes (starch, sucrose and cell 
wall polysaccharides, etc.) are significantly different in the 
petals of PGPB and PGPO, accompanied by differential 
expression of redox- and signaling-related genes.

The carbon source required for petal metabolism is 
transported from roots and leaves through the symplast 
and apoplast pathways. In the process of sucrose unloading 
through the apoplast pathway in the petal organ, CWINV1, 
INV1, SWEET5 and STP14 were down-regulated in PGPB 
compared with that of PGPO, and during starch degrada-
tion, BAM2, PHSL1, PHSH were up-regulated in PGPB 
compared with PGPO, whereas BAM3 had lower expres-
sion levels in PGPB compared with PGPO (Fig. 6a). Starch, 
total soluble sugar and sucrose contents in petals of two 
grafted tree peonies at a full flowering stage were deter-
mined. The starch content in petals of PGPB (44.30 mg/g) 

was significantly higher than that of PGPO (31.19 mg/g) 
(p < 0.05). The total soluble sugar content in petals of PGPB 
(325.77 mg/g) was significantly lower than that of PGPO 
(374.27 mg/g) (p < 0.05). And the sucrose content in petals 
of PGPB (44.76 mg/g) was significantly higher than that 
of PGPO (30.40 mg/g) (p < 0.05) (Fig. 6b). The difference 
in sugar content reflects the preference of two grafted tree 
peony for regulating sugar storage and utilization during the 
same period.

The metabolic activities of cell wall polysaccharides 
such as pectin and xyloglucan affect the cell homeostasis 
of petals by changing the ductility and permeability of cell 
walls (O’Donoghue and Sutherland 2012). Among the 21 
DEGs involved in cell wall polysaccharide modification, 
16 (76.19%) were directly involved in the decomposition 
of pectin, the glue in the cell wall, especially PME and 
PGLR were down-regulated in PGPB compared with PGPO 
(Fig. 6a). The decomposition of pectin can affect cell wall 
homeostasis on the one hand, and the oligogalacturonides 
(OGs), a decomposition product, can induce other reactions 
in combination with signaling factors (Ferrari et al. 2013).

Plant feels the natural environment all the time and 
can change their physiology and development in response 
to environmental factors (Ruberti et al. 2012). Protein 
kinases play an important role in the signal response pro-
cess, especially receptor-like kinases (RLKs) play a key 

Fig. 4  COG function classification of DEGs. Numbers in the figure indicate the number and percentage of DEGs in each functional category
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role in sensing external signals and activating a series of 
body reactions (Osakabe et al. 2013). In addition, RLKs 
have been known to have a major role in integrating envi-
ronmental and plant hormone signaling (Diévart and Clark 
2004). Among the 42 DEGs screened for signal transduc-
tion, there were 24 protein kinase-related DEGs and 18 
hormone-related genes (Fig. 6a). Compared with PGPO, 
most of the protein kinase-related genes were down-reg-
ulated in PGPB (22, 91.67%), with only two up-regulated 
expressions (c57931.graph_c0 and c77169.graph_c0). 
Eighteen hormone-related DEGs were mainly divided 
into 4 categories: abscisic acid (synthesis-degradation: 
c60473.graph_c0, c82044.graph_c0; signal transduction: 
c66489.graph_c0, c77707.graph_c0), ethylene (synthe-
sis-degradation: c67732.graph_c0; signal transduction: 
c67532.graph_c0, c70393.graph_c0, c72078.graph_c0), 
auxin (synthesis-degradation: c59738.graph_c0, c76099.
graph_c0, c77195.graph_c0; signal transduction: c84099.
graph_c0, c84099.graph_c1) and brassinosteroid (syn-
thesis-degradation: c51816.graph_c0, c52056.graph_c0, 
c66214.graph_c0, c80431.graph_c0; signal transduction: 

c69403.graph_c0). The four hormone synthesis-degrada-
tion-related genes had both up-regulated and down-reg-
ulated expressions, whereas signal transduction-related 
genes were down-regulated in PGPB compared with 
PGPO, except c66489.graph_c0.

Environmental changes often cause plant redox imbal-
ance, resulting in a rapid generation of oxidative stress 
resulting from the high production of reactive oxygen spe-
cies (ROS), and the ROS is usually scavenged by enzy-
matic and non-enzymatic components (Blokhina et al. 
2003). There were 8 DEGs involved in the redox reaction 
(Fig. 6a), in which APX and POD were up-regulated in 
PGPB compared with PGPO, which is consistent with the 
APX and POD activity in petals of PGPB being extremely 
significantly higher than that of PGPO (p < 0.01) (Fig. 6c), 
and no significant difference was found in the expression 
levels of CAT in PGPB and PGPO. The remaining 6 DEGs 
(c73943.graph_c0, c65195.graph_c0, c56353.graph_c0, 
c60267.graph_c0, c69471.graph_c0, c70653.graph_c0) 
involved in redox reduction were down-regulated in PGPB 
compared with PGPO.

Fig. 5  DEGs KEGG pathway enrichment scatter plot. Each figure in 
the figure represents a KEGG path, and the path name is shown in 
the legend on the right. The abscissa is the enrichment factor, which 
represents the ratio of the proportion of genes annotated to a pathway 
in a differential gene to the proportion of genes in all genes annotated 

to that pathway. The ordinate is log10 (Q value), where Q value is the 
p value after the multiple hypothesis test correction. The first 19 path-
ways with the most reliable (that is, the smallest Q) enrichment were 
selected for the results
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Quantitative Real‑Time PCR Validation of DEGs

To validate the transcriptome sequencing results, 12 DEGs 
were selected for qRT-PCR analysis. Details of these genes 
are listed in Table S1, and qRT-PCR results are presented 
in Fig. 7. According to the unigene annotation informa-
tion, these 12 DEGs are mainly involved in pectin decom-
position (c70889.graph_c0, c80163.graph_c0, c83387.
graph_c0), anthocyanin metabolism (c67593.graph_c0, 
c75643.graph_c0), hormone metabolism (c59738.graph_c0, 
c76593.graph_c0, c67732.graph_c0) and antioxidant activ-
ity (c83515.graph_c0, c63288.graph_c0, c83513.graph_c0, 
c82527.graph_c0). According to the results of qRT-PCR, 
c67593.graph_c0, c75643.graph_c0 and c59738.graph_c0 
were up-regulated in PGPB compared with PGPO, and the 
remaining 9 DEGs were down-regulated in PGPB. Overall, 
12 genes showed similar expression patterns in PGPB and 
PGPO RNA-seq data compared with qRT-PCR results.

Discussion

Grafting is one of the effective ways to improve the state 
of growth, stress resistance and yield of plants. After 
grafting, the rootstock regulates growth by transferring 
metabolites and signal substances to the aboveground part. 
In the literature, we found that the reported experimen-
tal studies on grafting were mainly focused on leaves and 
fruits, whereas the study of petals of grafted plants was 
rare (Rouphael et al. 2010; Lee et al. 2010; Schwarz et al. 
2010; Liu et al. 2011; Kumar et al. 2015; Notaguchi et al. 
2015; Gaion and Carvalho 2017). In this study, the tran-
scription of tree peony petals on two different rootstocks 
was studied by means of transcriptome sequencing. Tran-
scriptome results yielded 41.84 Gb clean data, and 80,390 
unigenes were obtained after sequence assembly. Based on 
the RPKM of PGPB and PGPO, 439 DEGs were obtained, 
98 were up-regulated, and 341 were down-regulated. In 
theory, a rootstock has no robust effect on scion growth 
only when it should hold up under different environmental 
conditions, and even different scions (at least relative other 
rootstocks) (Zhang et al. 2016). The number of DEGs in 

this study is much less than the previous measurements 
of our group (Li et al. 2017), indicating that only the dif-
ference in the rootstock does not differ from the growth 
period, causing a large number of DEGs in the tree peony 
petals. According to the functional classification and 
enrichment of DEGs, the gene expression differences of 
tree peony petals at a full blooming stage on two different 
rootstocks mainly focused on carbohydrate transport and 
metabolism, signal transduction and redox.

Sugar, serving as the junction between an energy sub-
stance and a signal in a complex metabolic network, is the 
basal metabolite of plant life activities, and sugar transport 
and metabolism research is an important part of studying 
rootstock-scion interactions (Martínez-Ballesta et al. 2010; 
Ruan et al. 2010; Bolouri-Moghaddam et al. 2010). The 
sugar source of petals is mainly from roots and leaves, and 
it is consumed as a substrate for respiration, or it is tempo-
rarily stored in the form of such sugar polymers as starch 
and cellulose (Ruan et al. 2010). The different sink strength 
influences source-sink relationships in plants and sugar 
allocation (Wardlaw 2010). During flowering, petal cells 
rapidly grow and differentiate to give them a stronger pool 
strength for nutrients from roots and leaves. Studies have 
shown that sucrose is the main form of long-distance trans-
port of carbohydrates between plant sources and sinks (Liu 
et al. 2012). In this study, the sucrose content in petals of 
PGPB was significantly higher than that of PGPO, indicating 
that the roots and leaves of the PGPB provide more sucrose 
for the petals (Li 2016). Meanwhile, by screening the petal 
transcriptome data of PGPB and PGPO at a full flowering 
stage, it was found that the invertase gene (CWINV1, INV1) 
was down-regulated in PGPB in DEGs. Invertase is one of 
the most important enzymes to degrade sucrose (Ruan et al. 
2010), so, down-regulated expression of CWINV1 and INV1 
in PGPB may contribute to the preservation of sucrose. The 
content of starch in PGPB petals is significantly higher than 
that of PGPO, and β-amylase (BAM) or starch phosphory-
lase may play a regulatory role in it. In Arabidopsis, BAM2 
was reported to have extremely low catalytic activity, and 
BAM3 played important roles in hydrolyzing starch to malt-
ose in mesophyll cell chloroplasts (Li et al. 2009; Monroe 
et al. 2014; Fulton et al. 2008). Subsequently, maltose was 
degraded through the sequential actions of disproportionat-
ing enzyme (DPE2) and cytosolic starch phosphorylase to 
produce Glc-1P (Lu et al. 2006). In this study, BAM3 was 
the down-regulated in PGPB compared with that of PGPO, 
PHSL1 and PHSH were the opposite. This indicates that the 
rate of decomposition of starch into maltose in PGPB was 
low and the rate at which maltose continues to decompose 
into Glc-1P was high. And the increase in Glc-1P content 
reverses the inhibition of starch degradation. In addition, 
the up-regulation of ENPP in PGPB might increase the 
downstream product Glc-1P of ENPP enzyme, whereas the 

Fig. 6  Screening of DEGs and determination of related physiological 
indicators. a Heatmap of the DEGs assigned to starch, sucrose and 
cell wall polysaccharides metabolism and redox and signal transduc-
tion pathways in the PGPB and PGPO. The FPKM values of the uni-
genes were log2 transformed. Red and blue indicate up- and down-
regulated transcripts, respectively. b Various sugar content in petals 
of two grafted tree peonies. c CAT, APX and POD activity in pet-
als of two grafted tree peonies. “*” and “**” indicate the significant 
differences and extremely significant differences between PGPB and 
PGPO at P < 0.05 and P < 0.01. The vertical bars represent the stand-
ard errors, n = 3

◂
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increase in Glc-1P will inhibit the decomposition of starch 
in the reverse direction.

In addition, cell wall modification is an important aspect 
of plant acclimation to environmental change (Sasidharan 
et al. 2011). As a glue for cell walls, pectin, and its dynamic 
changes affect the homeostasis of the cell wall (Caffall and 
Mohnen 2009). In previous studies, pectinesterase (PME) 
and polygalacturonase (PG) were considered key enzymes 
in the breakdown of pectin (Lionetti et al. 2007; Almeida 
and Huber 2007). Herein, the enrichment of metabolic path-
ways by DEGs using KEGG showed that cell wall pectin 
decomposition was significantly enriched, and up-regulation 
of PME, PGLR in PGPO petals suggests that the cell wall 
pectin in the PGPO petals is continuously decomposed. 
The action of PG degrades polygalacturonan into oligoga-
lacturonides (OGs), which then bind to the OGs receptor, 
wall-associated receptor kinase (WAKs), thereby activat-
ing a series of receptor-like kinases (RLKs) to regulate 
the expression of stress-related genes (Ferrari et al. 2013; 
Kohorn and Kohorn 2012). In this study, the up-regulation 
of WAKLB, WAKLI, RLKs and other genes in PGPO suggests 
that the stress response induced by pectin decomposition has 
occurred. Therefore, in contrast, the stable cell wall state due 
to less decomposition of pectin may be the reason for the 
longer growth of PGPB petals.

Grafted plants complete rootstock-scion interactions 
through signal substances such as hormones and reactive 

oxygen species (ROS) (Aloni et al. 2010; Gilroy et al. 2016). 
There are many kinds of hormones in plants, such as gib-
berellin (GA), auxin (IAA), cytokinin (CK), brassinosteroid 
(BR), abscisic acid (ABA) and ethylene (ET). The ultimate 
function of each hormone is achieved through complex inter-
actions and feedback regulation networks (Vanstraelen and 
Benková 2012). The mechanisms of hormone response to 
plant biotic and abiotic stress have been extensively stud-
ied. NILR1 (response to nematodes) (Mendy et al. 2017), 
ABA response-related genes (response to Agrobacterium) 
(Efetova et al. 2007) and AKR1 (response to Rhizobium) 
(Hur et al. 2009) play important roles in the process of biotic 
stress. At the same time, PLY and ERF act as the response 
element to ABA and ethylene, respectively, and play an 
important role in the stress process (Park et al. 2009; Bolt 
et al. 2017). In this study, differential expression of GEML4, 
PYL4, ERF5, EF105, ERF92, AKR1 and Y1743 indicates 
that certain stress factors may appear in grafted tree peony 
and exhibit different gene expression patterns in PGPB and 
PGPO. This stress factor may be derived from the root zone 
limitation. The process of plant redox reaction is accom-
panied by the production of ROS, which can act as signal-
regulating substances, but also cause oxidative damage to 
plant tissues (Gilroy et al. 2016; Schippers et al. 2016; Mit-
tler et al. 2011). Enzymatic antioxidants (APX, POD, etc.), 
as endogenous protective mechanisms, work in a complex 
cooperative network to reduce the cytotoxic effects of ROS 

Fig. 7  qRT-PCR results of 12 DEGs in PGPB and PGPO. Error bars represent standard errors from three technical replicates
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in plant cells (Blokhina et al. 2003). In this study, APX and 
POD were up-regulated in PGPB compared to PGPO, which 
was positively associated with a higher activity of APX and 
POD in PGPB. This indicated that during the full blooming 
stage, the petals of tree peony grafted on P. broteri had a 
stronger ability to scavenge ROS to maintain the balance of 
the redox metabolism. Some transcriptome analyses sug-
gested that the RLKs can be considered as key regulators in 
growth and developmental processes as well as in various 
environmental stress responses (Marshall et al. 2012; Osak-
abe et al. 2013; Cui et al. 2018). Pitorre et al. have shown 
that receptor-like kinase (RLK7), proline-rich extensin-like 
receptor kinase (PERK4) and cysteine-rich receptor-like 
kinase (CRK36) interact with ROS and ABA, respectively, 
to regulate signaling pathways to adapt to environmental 
changes (Tanaka et al. 2012; Pitorre et al. 2010; Bai et al. 
2009). In this study, the up-regulated expression of protein 
kinase genes in PGPO compared with PGPB, such as RLK, 
PERK5, CRK10, CRK25, etc. related to stress response, indi-
cates that P. ostii had a negative impact on the grafted tree 
peony petals, while its cell wall pectin degradation releases 
OGs, which triggers up-regulation of WAKs and may also 
trigger the expression of downstream stress-related genes.

In summary, we conducted a comprehensive analysis 
of tree peony petals on different rootstocks using RNA-
seq. There were hundreds of DEGs mainly involved in starch 
and sucrose metabolism, cell wall polysaccharide modifica-
tion and the signal transduction process involving hormones, 
ROS and protein kinases. This study provides a comprehen-
sive insight into how different rootstocks affect the metabo-
lism of petals at molecular levels and lays the foundation 
for further study on the molecular mechanism of grafting to 
improve plant growth and development.
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