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Tree peony (Paeonia sect. Moutan) is widely cultivated worldwide. However,
conventional propagation methods such as sowing, division, and grafting are
constrained by low reproduction rates and long reproductive cycles. Thus,
micropropagation technology is a viable alternative to advance the tree peony
industry. However, the industrial production of tree peony through this
technique is largely limited by shoot apical dormancy in in vitro plantlets, and
its molecular mechanism remains unclear. In this study, changes in endogenous
hormone content during adventitious root formation were investigated in
Paeonia X lemoinei ‘High Noon'. Transcriptome sequencing was carried out at
four stages of root induction (0 d, 10 d, 20 d, 30 d) using Illumina HiSeq. The
results showed that a decrease in trans-zeatin riboside (ZR) and gibberellic acid
(GA3z) content induced shoot apical dormancy. In contrast to previous studies,
high levels of abscisic acid (ABA) were not the dominant factor inducing
dormancy in in vitro tree peony plantlets. The accumulation of indole-3-acetic
acid (IAA) in shoot apices promoted dormancy by activating the ABA signaling
pathway without enhancing ABA levels. A total of 92.07 Gb of clean data were
obtained, and 121,843 unigenes were assembled. The regulation of shoot apical
dormancy is governed by core metabolic pathways, including plant hormone
signal transduction, starch and sucrose metabolism, and phenylpropanoid
biosynthesis. In these pathways, 27, 18, and 17 differentially expressed genes
(DEGs) were identified, respectively. Based on the endogenous hormone content
in the apical shoot and RNA-seq data collected during shoot apical dormancy, a
preliminary model was constructed to illustrate how endogenous hormones
regulate in vitro shoot apical dormancy in tree peony. These results provide rich
gene resources for investigating the molecular mechanism underlying in vitro
plantlet dormancy and will significantly contribute to advancing the tree peony
industry by improving the transplant survival rate of micropropagation.

KEYWORDS

tree peony, shoot apical dormancy, root induction, hormone, transcriptome analysis

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1610747&domain=pdf&date_stamp=2025-09-11
mailto:shusheng0507@126.com
mailto:duanyu@cdadri.com
https://doi.org/10.3389/fpls.2025.1610747
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1610747
https://www.frontiersin.org/journals/plant-science

Yang et al.

1 Introduction

Tree peony (Paeonia sect. Moutan) is a precious woody plant
renowned for its ornamental value, medicinal use, and edible oil
production. Native to China, it is now well-received by consumers
worldwide. Currently, traditional propagation methods for tree
peonies—such as seeding, division, and grafting—are inefficient and
unable to meet the increasing market demand. Micropropagation
serves as an efficient tool for the rapid and large-scale multiplication
of plants and has been extensively adopted to address the
shortcomings of traditional propagation methods. Nevertheless, a
low survival rate has hindered the industrial application of this
technology in tree peony, largely due to in vitro shoot apical
dormancy induced during root induction (Wen et al., 2020).

In tree peony, in vitro shoot apical dormancy was first reported
by Bouza et al. (1992), who found that the mitotic index in shoot
apices significantly reduced during root induction, accompanied by
endogenous abscisic acid (ABA). Without breaking dormancy,
rooted shoots failed to grow and gradually died after transplanting.
Since then, several studies have addressed shoot apical dormancy
(Bouza et al., 1992). Thereafter, copious research was reported about
the apical dormancy cultivation (Beruto et al, 2004; Wang et al,
2016; Wen et al,, 2016a, Wen et al., 2018; Xin et al,, 2019). Currently,
many studies have attempted to break the in vitro shoot apical
dormancy of tree peony by chilling treatment. It was found that
although some growth could be achieved in plantlets due to raised
mitotic index and reduced ABA production, after two months of ex
vitro establishment, they would again enter dormancy and eventually
die (Bouza et al., 1992, Bouza et al., 1994; Wen et al., 2016b; Wang
et al, 2016). In conclusion, the in vitro shoot apical dormancy
remains a major bottleneck in the industrial application of tree
peony micropropagation, and chilling treatments have proven
ineffective. Given the limitations of previous cytological and
physiological studies in elucidating the underlying mechanisms,
there is an urgent need to investigate the regulatory pathways of
shoot apical dormancy from a molecular perspective. The molecular
study started fairly late in the dormancy mechanism of tree peony.
The current research mainly focus on the activation of the gibberellin
signal transduction pathway and the mechanisms of bud dormancy
release. These include the molecular cloning and functional
prediction of genes such as PsGA20ox (Appleford et al., 2006),
PsSOCI (Wang et al,, 2015), PsSERK2 (Gao et al, 2018), and
PsGAI (Chi et al., 2021). Other efforts have characterized
microRNAs involved in chilling-induced dormancy release (Zhang
et al, 2018a), conducted transcriptome analyses, and screened
relevant ERF transcription factors (Zeng, 2022), Under natural
conditions, tree peony dormancy is broken after exposure to low
winter temperatures. However, chilling treatment is ineffective in
breaking in vitro shoot apical dormancy (Bouza et al, 1994).
suggesting that the mechanisms of natural and in vitro dormancy
may differ. At present, the molecular mechanisms underlying in vitro
shoot apical dormancy in tree peony are poorly understood, with only
two studies addressing this issue. Xu (2021) conducted a
comprehensive analysis of the transcriptome, endogenous
phytohormone concentrations, phenolic compound levels,
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carbohydrate contents, and enzyme activities in the leaves and
stems of in vitro plantlets. In this study, key genes showing
differential expression were screened, however, there was a lack of
analysis of gene regulatory network structure. Similarly, Fu et al.
(2021) carried out comparable work using peony stems and leaves.
Nevertheless, both studies overlooked the potential influence of
different sampling sites on the results and thus were unable to
provide a precise elucidation of the mechanism underlying in vitro
shoot apical dormancy in tree peony. Therefore, the regulatory
network governing in vitro shoot dormancy in tree peony shoot
apices needs to be further investigated.

Paeonia x lemoinei ‘High Noon’ is an inter-subsectional hybrid
known for its ornamental value and stress resistance. It has strong
potential for use as a potted flower, cut flower, scented tea, and
landscaping plant. Although an efficient micropropagation protocol
has been developed for this cultivar (Wen et al., 2016b, Wen et al,,
2016¢, Wen et al, 2018), in vitro shoot apical dormancy continues to
limit its commercial propagation. To elucidate the molecular
mechanisms underlying this dormancy, we used shoot apices from
Paeonia x lemoinei ‘High Noon’ at four root induction stages (0, 10,
20, and 30 days) as experimental materials. First, we analyzed the
endogenous hormone levels in the shoot apices during adventitious
root formation. Then, we conducted transcriptome sequencing using
Mumina HiSeq to identify dormancy-related genes and regulatory
networks. This research provides a foundation for regulating shoot
apical dormancy in in vitro tree peony plantlets and will contribute
significantly to improving transplant survival rates—thus advancing
the industrial development of the tree peony industry.

2 Materials and methods
2.1 Plant material

According to the rooting protocol we previously reported (Wen
et al., 2016a, Wen et al., 2021), in vitro shoots of Paeonia x lemoinei
‘High Noon’ in good growth conditions were transferred to half-
strength Murashige and Skoog medium (MS; Murashige and Skoog,
1962) with all microelements at half-strength. The medium contained
1.0 mg-L" indole-3-butyric acid (IBA), 1.0 mg-L™" putrescine (PUT),
30.0 g'L" sucrose, and 6.0 g-L ™" agar. PUT was filter-sterilized using a
0.22 pum filter and added to the medium after autoclaving (120°C, 101
kPa, 20 min). The cultures were grown at 24 + 1 °C in the dark for 30
days to induce rooting. During this process, the shoot apices entered a
dormant state. Therefore, shoot apices (0.5 cm) were harvested at
four stages (0d, 10d, 20d, 30d) of root induction and designated as RO,
R10, R20, and R30. Each treatment was repeated three times. Samples
were immediately frozen in liquid nitrogen and stored at -80°C for
subsequent experiments.

2.2 Measurement of endogenous hormone
content

The methods for extraction and purification of trans-Zeatin-
riboside (ZR), gibberellin acid (GAj), indole-3-acetic acid (IAA),
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and abscisic acid (ABA) followed those described by Bollmark et al.
(1988). Fresh tissue samples (0.3 g) were homogenized using a pre-
chilled mortar with 10 mL of 80% methanol (v/v) extraction
solution supplemented with 1 mM butylated hydroxytoluene as
an antioxidant. Following a 4-hour incubation at 4°C, the
homogenate was centrifuged at 4,000 rpm for 15 min at 4°C. The
resulting supernatant was filtered through Chromosep C18
columns (C18 Sep-Park Cartridge, Waters Corp., Milford, MA),
which had been preconditioned sequentially with 10 mL of absolute
methanol and 5 mL of 80% methanol (v/v). The hormone fractions
were eluted using 10 mL of absolute methanol followed by 10 mL of
diethyl ether, then evaporated under nitrogen gas and reconstituted
in 2 mL of phosphate-buffered saline (PBS, pH 7.5) containing 0.1%
Tween 20 (v/v) and 0.1% gelatin (w/v) for ELISA analysis. The
quantification of GAj, IAA, ZR, and ABA was performed using
enzyme-linked immunosorbent assay (ELISA) kit, as described by
(Yang et al,, 2001). ELISA reagents—including mouse monoclonal
antigens/antibodies against ZR, IAA, GAj;, and ABA, and
horseradish peroxidase (HRP)-conjugated IgG—were provided by
the Phytohormones Research Institute (China Agricultural
University). Color development in each well was detected using
an ELISA Reader (model EL310, Bio-TEK, Winooski, VT) at an
optical density of A490. The contents of ZR, TAA, GAj, and ABA
were calculated according to Weiler et al. (1981), and all experiment
were performed in triplicate.

2.3 RNA extraction, library construction,
and sequencing

Total RNA was extracted from three biological replicates of
shoot apices using the EASYspin Plus Plant RNA Kit (Aidlab,
China). RNA integrity was assessed via 1.2% agarose gel
electrophoresis, while RNA quantification and purity were
determined using a Nanodrop spectrophotometer. After
confirming RNA quality, cDNA library construction and
transcriptome sequencing were conducted by Nuohe Zhiyuan
Technology Co., Ltd. (Beijing, China). Library purification, PCR
enrichment, and quality assessment were performed using the
AMPure XP system. Sequencing was carried out on the Illumina
HiSeq platform after successful library inspection. Additional
quality control was performed using the Agilent Bioanalyzer 2100
system (Agilent Technologies, CA, USA) and the NanoPhotometer
spectrophotometer (IMPLEN, CA, USA).

2.4 De novo assembly and unigene
functional annotation

Clean reads were obtained by removing raw reads containing
adapters, more than 10% poly-N, or low-quality sequences. The
percentages of bases with Phred scores >20 (Q20) and >30 (Q30),
GC content, and sequence duplication levels were calculated. Clean
reads were assembled de novo into contigs using Trinity (Grabherr
et al., 2011). Hierarchical clustering was performed using Corset
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(Nadia and Alicia, 2014) to obtain high-quality single-gene
sequences were obtained. The assembled unigenes were annotated
using BLASTx alignment (E-value < 1x107°) to seven databases,
including NCBI non-redundant protein (NR), nucleotide (NT),
Pfam, Clusters of Orthologous Groups (KOG/COG), Swiss-Prot,
Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene
Ontology (GO) databases. Estscan (3.0.3) was used to decide the
sequence direction of unigenes with no match in the database or
marched unknown sequences.

2.5 Analysis of differentially expressed
genes

The number of mapped clean reads for each unigene was
quantified using RNA-seq by Expectation Maximization (RSEM)
(Li and Dewey, 2011) and normalized into fragments per kilobase
per million fragments (FPKM). Transcriptomes comparisons across
experimental conditions were performed using the DESeq R
package (v1.10.1). P-value adjustments were implemented
following the Benjamini-Hochberg procedure to control the false
discovery rate. Genes with P-value < 0.05 and absolute log2 fold-
change > 1 were considered significantly differentially expressed.
Gene Ontology (GO) enrichment analysis was conducted using the
GOseq R package (Young et al., 2010), and KOBAS (Mao et al,
2005) was used to assess KEGG pathway enrichment. KEGG
pathways with FDR < 0.05 were considered significantly enriched.
In addition to global DEG enrichment analysis, DEGs were also
analyzed separately according to their upregulation
or downregulation.

2.6 Gene expression validation by qRT-PCR

Total RNA derived from RNA sequencing was reverse-
transcribed into cDNA using the Novozan HiScript II First
Strand cDNA Synthesis Kit. Four genes with high expression
levels and strong annotation support were randomly selected for
validation. Primers were designed using Oligo 7 software
(Supplementary Table S1) and synthesized by Shanghai Jierui
Bioengineering Corporation. Primer specificity was verified using
Novozan 2x Rapid Taq Master Mix. Real-time fluorescence
quantitative PCR was performed using ChamQ Universal SYBR
qPCR Master Mix as the fluorescent dye on a StepOne Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). Each
reaction was conducted using three biological replicates, each with
three technical replicates. Relative gene expression levels were

AACT

calculated using the 2° method and normalized to Ubiquitin

as the internal reference gene (Wang et al., 2012).
2.7 Statistical analyses

The data were collated using Excel 2020 (Microsoft
Corporation, Redmond, WA, USA). SPSS 26.0 (SPSS Inc,
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Chicago, IL, USA) was used for single-factor completely
randomized statistical analysis of variance, and the LSD method
was used to test the significant differences of the experimental data
(p < 0.05). Figures were generated via Origin 2021 and Adobe
Tllustrator 2020 (Adobe Inc., San Jose, CA, USA).

3 Results

3.1 Hormone changes of shoot apices
during adventitious root formation

The contents of endogenous GAs, ABA, ZR, IAA, and their ratios
to ABA varied significantly during in vitro rooting of Paeonia x
lemoinei ‘High Noon’ (Figure 1). GA; content decreased gradually
and was negatively correlated with rooting progression. IAA content
showed a trend of decreasing, then increasing, and finally decreasing,
reaching a low of 13.40 ng/g on the 10th day and peaking at 37.37 ng/
g on day 20. ZR content initially increased and then declined, peaking
on the 10th day. In contrast, ABA content showed a sharp decline
during the first 10 days but showed no significant difference between
days 10 and 30 on rooting medium. The trends in the ratio of the
three hormones (GAs, IAA, and ZR) to ABA first increased and then
decreased; all ratios were higher than those at day zero during in vitro
rooting (Figure 1). The ratios of GAs, IAA, and ZR to ABA first
increased and then decreased, with all ratios higher than those at day
0. The GA3;/ABA and TAA/ABA ratios peaked on day 20, while the
ZR/TAA ratio peaked on day 10. These elevated hormone-to-ABA
ratios during root culture stages may contribute to plantlet dormancy
after rooting” for improved logical flow.

3.2 Analysis of transcriptome sequencing
data and unigene functional annotation

In this study, cDNA libraries were constructed from shoot
apices of Paeonia x lemoinei ‘High Noon’ at 0, 10, 20, and 30
days during adventitious root formation. Approximately 7G of
clean reads were obtained, with an error rate of 0.03%. Q20 and
Q30 scores reached at least 96.6% and 91.3%, respectively. A total of
263,543 contigs 2200 bp were obtained and further assembled into
121,843 single genes. The average unigene length was 1,003 bp, with
an N50 of 1,387 bp. Data from the same sampling time points
exhibited good reproducibility (Figure 2A). As shown in Figure 2B,
there were 77,000 unigenes with length > 500 bp and 12,525
unigenes with length > 2000 bp, with the highest proportion
(36.8%) between 301 and 500 bp—indicating that the data were
of high quality for downstream analysis.

Using BLASTx analysis, 85,174 unigenes (69.9%) were annotated
against seven databases (NR, NT, KEGG, SwissProt, PFAM, GO, and
COG/KOG) (Table 1). Based on the annotation information from the
NR database, GO functional annotation was conducted using
Blast2GO (Supplementary Figure S1A; Supplementary Table S3),
assigning 60,033 unigenes to 56 branches across three main
categories: biological processes, molecular functions, and cellular
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components with. Comparison with the KEGG database annotated
19,390 unigenes to 132 pathways across five categories and 19
branches (Supplementary Figure S1; Supplementary Table S4).

3.3 Analysis of DEGs at different stages of
rooting induction

To explore differentially expressed genes (DEGs) involved in
shoot apical dormancy, 13,020 DEGs were identified across four
comparison groups: RO vs R10, RO vs R20, RO vs R30, and R20 vs
R30 (adjusted P < 0.05 and |log2FoldChange| >1 (Figure 3). The
largest number of DEGs (8,908) occurred in RO vs R10 comparison
and the number of DEGs in R20 vs R30 comparison (1,302) was
lowest, indicating that the in vitro shoot apical entered dormancy at
30 days of root induction, and gene expression began to stabilize.
Notably, 54.48% of DEGs were downregulated in RO vs R10, while
42.99% and 42.56% were downregulated in RO vs R20 and RO vs
R30, respectively, indicating suppression of shoot apical activity
around day 10 (Figure 3A). Across all comparisons, 453 DEGs were
expressed in all four stages (Figure 3B), including 173 upregulated
(Figure 3C) and 236 downregulated genes (Figure 3D). In
comparison between RO and R10, 3,703 distinctive DEGs were
observed, while fraction of unique DEGs were identified in RO vs
R20 (543), RO vs R30 (1656) and R20vsR30 (94) comparisons,
indicating that genes undergo drastic transcriptional level changes
in the stem tip tissue at 10 days of root induction.

3.4 Functional classification and
enrichment of DEGs

Through GO enrichment analysis revealed significant alterations
in biological functions related to in vitro shoot apical dormancy
during root formation (Figure 4). In RO vs R10, DEGs were enriched
in protein modification, metabolism, and cell wall formation
(biological processes); cell wall and ubiquitin ligase complex
(cellular components); and protein kinase activity, heme binding,
and protein binding (molecular functions)—mostly dominated by
downregulated genes (Figure 4A; Supplementary Table S5). In RO vs
R20, DEGs were enriched in the molecular function subclass of heme
binding, and the biological process subclass of protein
phosphorylation to the highest extent, and DEGs were enriched in
the defense response and biotic stimulus response, which were
dominated by upregulated genes (Figure 4B; Supplementary Table
56). There was a certain similarity in the enriched terms between R0
vs R30 and RO vs R10. Both comparisons were enriched highly in the
functional branches of protein modification such as protein
phosphorylation but less in cellular components, dominated by
upregulated genes (Figure 4C; Supplementary Table S7). Further
comparison between R20 and R30 revealed that DEGs were
significantly reduced compared to the other three groups, and most
of them were downregulated (Figure 4D; Supplementary Table S8).

By KEGG enrichment analysis showed that DEGs in RO vs R10, RO
vs R20, RO vs R30, and R20 vs R30 were enriched in 111, 101, 112, and
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FIGURE 1

Changes in endogenous hormone levels in shoot apices during the in vitro rooting of Paeonia x lemoinei ‘High Noon'. Different letters indicate
significant differences between samples at different rooting stages (p < 0.05).

79 pathways, respectively. We found that the major enriched pathways
were essentially the same (Figure 5). The DEGs of RO vs R10, RO vs
R20, and RO vs R30 had the highest enrichment in the
phenylpropanoid biosynthesis, followed by higher enrichment in the
photosynthesis, plant hormone signal transduction, cutin, suberine and
wax biosynthesis, starch and sucrose metabolism, and plant-pathogen
interaction. pathways. Comparing the R20 and R30 groups showed
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that DEGs were mainly enriched in cuticles; suberine and wax
biosynthesis; phenylpropanoid biosynthesis; plant-pathogen
interaction; carotenoid biosynthesis; terpene biosynthesis; and starch
and sucrose metabolism pathways. There were significant differences in
the number of DEGs enriched in the same pathway at different periods
of root induction. At 10, 20, and 30 days of root induction, 93, 70, and
87 DEGs were enriched in the phenylpropanoid biosynthesis pathway,
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while 72, 46, and 61 DEGs were enriched in plant hormone signal
transduction. These findings suggest that plant hormone signaling,
phenylpropanoid biosynthesis, starch and sucrose metabolism, and
pathogen response pathways play key roles in shoot apical dormancy
during adventitious root formation.

3.5 Screening of key dormancy-associated
DEGs

Based on KEGG analysis and expression profiling of related
pathways, a total of 62 shoot apical dormancy-associated DEGs
were identified in this study (Figure 6), including 27 DEGs related

TABLE 1 Statistics of unigene function annotation.

Annotation Number Percentage
of Genes (%)
NR 53,311 43.75
NT 63,453 52.07
KEGG 19,390 1591
SwissProt 56,022 45.97
PFAM 60,033 49.27
GO 60,033 49.27
COG/KOG 17,139 14.06
All Databases 8,810 7.23
At least one Database 85,174 69.9
In NR, NT, PFAM, GO and 12255 10.06
COG/KOG
Total Unigenes 121,843 100
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to plant hormone signaling, 18 in phenylpropanoid biosynthesis,
and 17 in starch and sucrose metabolism. Among them, DEGs in
the plant hormone signal transduction pathway were mainly
involved in cytokinin (CTKs), gibberellin (GA), auxin (IAA),
abscisic acid (ABA), and ethylene (ET) signaling pathways
(Figure 7A). ARR-A and ARR-B were identified from the
cytokinin signal transduction pathway and encoded two-
component response regulators of the ARR family. The
gibberellin signaling pathway included the receptor gene GIDI,
DELLA protein gene RGLI1, GAI, GATA transcription factor
GATAI2, F-box protein gene GID2, and transcription factors
PIF3 and PIF4. Six DEGs in the auxin signal transduction
pathway were identified, including YUCCA6 encoding indole-3-
pyruvate monooxygenase (YUC), AUXI encoding auxin influx
carrier protein (AUX1), JAA4 and IAA17 encoding auxin-
responsive proteins (AUX/IAA), and ARF7 and ARFI9 encoding
ARF transcription factors. Ten DEGs were identified from ABA
synthesis, signal transduction, and metabolic pathways, including
zeaxanthin epoxidase gene ABAI; 9-cis-epoxycarotenoid
dioxygenase genes NCEDI and NCED4 in ABA biosynthesis; 8-
hydroxylase gene CYP707A1 in ABA catabolism; as well as ABA
receptor gene PYL4, protein phosphatase gene PP2C, serine/
threonine protein kinase gene SnRK2, and ABA response
element-binding factor genes ABI5 and ABI3 in the ABA
signaling pathway. Two key genes were identified in the ethylene
signal transduction pathway: ETR encoding the ethylene receptor
and ERFI encoding the ethylene-responsive transcription factor.
POD, COMT, CAD, CCoAOMT, PAL, 4CL, and CCR genes were
involved in the phenylpropanoid biosynthetic pathway (Figure 7B).
The DEGs identified in the starch and sucrose metabolism pathway
included PB-fructofuranosidase gene INV, beta-glucosidase gene
BGLU/BGLX, sucrose synthase gene sacA, 1,4-a-glucan branching
enzyme gene GBEI, and phosphatase genes TPS and
otsB (Figure 7C).
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FIGURE 3

DEGs at different stages of rooting induction. (A) Number of upregulated and downregulated DEGs at each stage of rooting induction. (B) Venn
diagram of DEGs across dormancy stages. (C) Venn diagram of upregulated DEGs during different dormancy stages. (D) Venn diagram of

downregulated DEGs during different dormancy stages.

3.6 Validation of RNA-seq by qRT-PCR

To validate the reliability of the RNA-seq results, four DEGs
(Unigene-37121.37224, Unigene-37121.18476, Unigene-
37121.10140, Unigene-37121.11553) with high expression and
rich annotation information were randomly selected for qRT-
PCR validation during in vitro shoot apical dormancy (Figure 6).
The expression levels of Unigene-37121.18476 and Unigene-
37121.10140 were significantly downregulated after rooting
compared with before rooting, while the remaining two DEGs
were significantly upregulated. Although the fold changes
obtained from qRT-PCR did not exactly match the FPKM values
from transcriptome sequencing, they showed the same expression
trends, indicating that the RNA-seq data were accurate and reliable.

4 Discussion

Plant dormancy is regulated by multiple factors, including
endogenous hormones, carbohydrates, and phenolic acids, acting in a
coordinated manner (Rohde and Bhalerao, 2007). Among these, changes
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in endogenous hormone levels are key factors influencing tree peony
dormancy (Zheng et al., 2009; Zhang et al., 2018b, Zhang et al., 2020).
Specifically, trans-Zeatin-riboside (ZR), gibberellin acid (GA;), indole-3-
acetic acid (IAA), and abscisic acid (ABA) interact synergistically to
regulate the dormancy in tree peony (Fu et al,, 20215 Xu, 2021).

4.1 Regulation mechanism of endogenous
ZR

Studies have shown that ZR facilitator the release of tree peony
dormancy (Zheng et al., 2009; Liu et al,, 2004). In this study, the ZR
content increased rapidly during days 0 tol0, then decreased
significantly and remained low during days 10 to 30 of root
induction. These results were consistent with previous studies in tree
peony (Fu et al,, 2021). Therefore, a reduction in endogenous ZR is
critical for inducing dormancy in the apical shoot of in vitro tree
peony plantlets.

Recent studies have reported molecular mechanisms by which
ZR regulates dormancy release. In Arabidopsis, type-B Arabidopsis
response regulator (B-ARR) activate the transcription of type-A
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FIGURE 4

Top 20 enriched GO terms of DEGs. (A), RO vs R10, (B), RO vs R20, (C), RO vs R30, (D), R20 vs R30. Light blue bars represent upregulated DEGs, and
dark blue bars represent downregulated DEGs. GO terms are listed in ascending order of -log;oQvalue results. The top term had the highest

significance.

response regulator (A-ARR) which acts as a negative regulator of
CTK (Hutchison et al., 2006; Punwani et al., 2010; Punwani and
Kieber, 2010). This regulatory mode has also been observed in Zea
mays (Zeng et al., 2021), Oryza sativa (Gao et al., 2014), and Glycine
max (Le et al, 2011). In this study, A-ARR expression was
significantly upregulated, while B-ARR expression was
significantly downregulated during days 10 to 30 of root
induction. Therefore, we speculate that the upregulation of A-
ARR may be associated with suppression of B-ARR transcription
(Figure 8). This regulatory cascade may reduce ZR content in shoot
apices, ultimately inducing shoot apical dormancy.

4.2 Regulation mechanism of endogenous
GAs

Previous studies have shown that high level of GA; levels promote
dormancy release during chilling in tree peony, while low GA; levels
induce dormancy (Zhang et al,, 2021; Zheng et al,, 2009; Niu et al,
2025). In this study, the GA; content decreased rapidly after transfer
to the rooting medium and remained low, which was consistent
with Fu et al. (2021). This suggests that the maintained low levels of
GA; are associated with the dormancy state.

Currently, a large number of studies have explored the
molecular mechanisms of GA in bud dormancy under natural
conditions. The classical GA-GID1-DELLA module mediates GA
signaling, with GA perception dependent on GA-INSENSITIVE
DWARF1 (GID1). Upon binding GA, GID1 interacts with DELLA
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proteins to form the GA-GID1-DELLA complex (Locascio et al.,
2013; Liu et al., 2015). Transcriptome-based analysis in this study
suggests that reduced GAj; in the apical shoot may inhibit GA-GID1
binding, upregulating DELLA protein gene RGLI, consistent with
the dormancy model by Gao et al. (2023). Meanwhile sustained
GID2 reduction may weaken DELLA protein ubiquitination,
thereby inhibiting PIF3 and PIF4 transcription (Zhang et al,
2023) (Figure 8). This suppresses downstream GA pathway genes,
maintaining shoot apex dormancy.

4.3 Regulation mechanism of endogenous
IAA

Studies have shown that IAA and ABA act synergistically to inhibit
seed germination, and exogenous application of IAA effectively enhances
plant dormancy (Liu et al,, 2013; Shuai et al,, 2017). It was shown that
exogenous IBA significantly increased the content of endogenous IAA
(Wang et al., 2014). In this study, the rooting medium was supplemented
with IBA, which promoted IAA accumulation in the in vitro plantlets.
Ultimately, the accumulation of IAA in the apical shoots promoted in
vitro shoot apical dormancy in tree peony.

It has been shown that the YUCCA gene family maintains seed
dormancy by encoding flavin monooxygenase to regulate the synthesis
of TAA (Liu et al,, 2017). When auxin levels are high, auxin-responsive
transcription factors ARF10 and ARFI6 are released to activate ABI3
transcription, thereby enhancing ABA signaling transduction without
increasing ABA levels. This contributes to the maintenance of seed
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FIGURE 5

Top 20 KEGG pathways enriched for DEGs related to in vitro shoot apical dormancy. (A) RO vs R10, (B) RO vs R20, (C) RO vs R30, (D) R20 vs R30. The
Y-axis represents KEGG pathways; the X-axis shows the enrichment factor. The color of the dot corresponded to a different g-value. g-value (red =
more significant), and dot size indicates the number of DEGs in each pathway.

dormancy (Liu et al, 2013). In this study, after 20 days of root
induction, the TAA content was significantly upregulated and
reached its peak. The expression of auxin response factor ARF7 and
ARF9 was significantly upregulated as the JAA content increased. It
might have promoted ABI3 transcription to activate the ABA signaling
pathway, and ultimately induced in vitro shoot apical dormancy in tree
peony. The result was also consistent with Fu et al. (2021) and Pan et al.
(2025). Notably, Sun et al. (2013) found that PIF4 increased IAA
content by activating the expression of auxin synthesis genes in a dark
environment. Meanwhile, the expression of PIF3 and PIF4 were
downregulated in the early stage of root induction, which negatively
regulated the key gene YUCCAG for IAA synthesis, then in turn affected
the accumulation of IAA to promote shoot apical dormancy.

4.4 Regulation mechanism of endogenous
ABA

A high level of ABA content plays a dominant role in
establishing bud dormancy in tree peony under natural

Frontiers in Plant Science

conditions, and dormancy release mainly depends on the GA/
ABA ratio (Mornya and Cheng, 2013). In in vitro tree peony
plantlets, Fu et al. (2021) also suggested that high levels of ABA
content determine dormancy. However, in contrast to previous
research, our study observed a sharp decrease in ABA content
during the root induction process of in vitro tree peony plantlets.
We attribute this phenomenon to two main factors. First, our
experimental material consisted of shoot apices, whereas previous
studies used stem and leaf tissues. Second, we employed a two-step
rooting method in which samples were frozen during the first 0 - 8
days of root induction. The initially high ABA level may be related
to enhanced resistance to low-temperature stress (Wang et al,
2019). Therefore, we propose that ABA levels are not the
dominant factor inducing dormancy in in vitro tree peony plantlets.

Recent studies have revealed complex regulatory interactions
among ABA, IAA, and GA signaling pathways. The PYR/PYL/
RCAR-PP2C-SnRK2 cascade is the core ABA-mediated signaling
network, where ABA directly acts on the negative regulator PP2C
phosphatase and the positive regulator SnRK2 (Ma et al., 2009; Park
et al, 2009). PYL could positively regulate the plant responses to
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gRT-PCR confirmed DEG expression levels, with error bars showing standard deviation from triplicate replicates. Expression patterns of four DEGs
associated with in vitro shoot apical dormancy were detected by qRT-PCR (blue bars) and RNA-Seq (red lines).
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Hypothetical model of the endogenous hormone regulatory networks underlying in vitro shoot apical dormancy in Paeonia X lemoinei "High Noon'.

extreme temperature through inducing the expression of
downstream genes in Arabidopsis (Zhang et al., 2019). In this
study, the expression of PYL4 was significantly upregulated
during the 0-10 day period of root induction. It is likely that
ABA bound to PYR/PYL receptors during this period, leading to
increased expression of resistance-related genes and enhanced plant
resistance to low-temperature stress. Sun et al. (2013) found that
PIF4 increases IAA levels by activating the expression of auxin
synthesis genes in dark environments. In our study, however, the
expression levels of PIF3 and PIF4 were downregulated at the early
stage of root induction. This downregulation may have negatively
regulated the key auxin biosynthesis gene YUCCAG6, thereby
modulating TAA accumulation. As TAA levels increased, auxin-
responsive transcription factors ARF10 and ARFI6 were released,
which in turn activated ABI3 transcription. This activation likely
promoted in vitro shoot apical dormancy in tree peony. Therefore,
we speculate that during the 10-30 day period of root induction,
GA;, and TAA synergistically activate the ABA signaling pathway,
which plays a regulatory role in inducing shoot apical dormancy in
in vitro tree peony plantlets (Figure 8).

5 Conclusion

In this study, Paeonia x lemoinei ‘High Noon’ shoot apices
were used as the experimental material to investigate the
mechanisms by which endogenous hormones affect in vitro
shoot apical dormancy in tree peony. ZR and GA; were
identified as key hormones regulating apical shoot dormancy,
and the accumulation of TAA in shoot apices promoted dormancy.
ABA was not found to be a determinant of shoot apical dormancy,
but GA; and TAA may synergize with ABA to regulate dormancy
in tree peony.

Transcriptome analyses revealed 27 key dormancy-regulated
genes in the plant hormone pathway, including ABAI, NCEDI,
CYP707A1, PYL4, PP2C, RGL1, GATAI12, YUCCAG6, ARF7, ARFI9,
ERFI, and others. Eighteen genes, including POD, COMT, CAD,
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HCT, etc., were identified in the phenylpropane biosynthetic
pathway. Seventeen genes, including INV, BGLU, BGLX, sacA,
GBEI, TPS, and others, were identified in the starch and sucrose
metabolic pathways. Based on these findings, a regulatory network
for shoot apical dormancy in tree peony centered on endogenous
ZR and GAj; was established.

In summary, this study comprehensively explored the
mechanism of endogenous hormone regulation of shoot apical
dormancy at multiple levels. The results contribute to a
comprehensive understanding of the molecular mechanisms
underlying shoot apical dormancy and provide a valuable
theoretical basis and practical guidance for improving the
transplanting survival rate of micropropagation, thereby promoting
industrial application of this technology in tree peony.

This study only covered the exploration of relevant genes
involved in the regulation of shoot apical dormancy by
endogenous hormones. In the future, key genes identified in this
study can be further investigated using model plants or through the
establishment of a genetic transformation system in tree peony,
thereby providing deeper insight into the molecular mechanisms
underlying in vitro shoot apical dormancy.

Data availability statement

The data presented in the study are deposited in the NCBI
repository, accession number PRINA1274627.

Author contributions

YY: Data curation, Formal analysis, Visualization, Writing -
original draft, Writing - review & editing. YG: Formal analysis,
Visualization, Writing — review & editing, Writing - original draft.
PG: Funding acquisition, Visualization, Writing - review & editing.
LC: Validation, Writing - original draft. QZ: Investigation,
Visualization, Writing - review & editing. JL: Investigation,

frontiersin.org


https://doi.org/10.3389/fpls.2025.1610747
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

Writing - review & editing. DM: Visualization, Writing - review &
editing. SW: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing - review & editing. YD:
Project administration, Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research received
additional support from: (1) the National Natural Science
Foundation of China (32001359), Shusheng Wen, corresponding
author, received the support. (2) Sichuan Tianyi Ecological Garden
Group Co., Ltd. Program (TYST202401). Sichuan Tianyi, was
involved in the decision to publish and the preparation of the
manuscript. Ping Gao, received the support.

Conflict of interest

Author PG was employed by the company Sichuan Tianyi
Ecological Garden Group Co., Ltd. JL was employed by the
company Chengdu Municipal Engineering Design & Research
Institute Co., Ltd. YD was employed by the company Chengdu
Architectural Design & Research Institute Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

Appleford, N. E. J., Evans, D. J., Lenton, J. R., Gaskin, P., Croker, S. J., Katrien, M. D.,
et al. (2006). Function and transcript analysis of gibberellin-biosynthetic enzymes in
wheat. Planta. 223, 568-582. doi: 10.1007/s00425-005-0104-0

Beruto, M., Lanteri, L., and Portogallo, C. (2004). Micropropagation of tree peony
(Paeonia suffruticosa). Plant Cell Tissue Organ Cult. 79, 249-255. doi: 10.1007/s11240-
004-0666-8

Bollmark, M., Kubat, B., and Eliasson, L. (1988). Variations in endogenous cytokinin
content during adventitious root formation in pea cuttings. Plant Physiol. 132, 262-265.
doi: 10.1016/S0176-1617(88)80102-0

Bouza, L., Jacques, M., and Miginiac, E. (1994). In vitro propagation of Paeonia
suffruticosa Andr. cv. ‘Mme de Vatry’: developmental effects of exogenous hormones
during the multiplication phase. Sci. Hort-Amsterdam. 57, 241-251. doi: 10.1016/0304-
4238(94)90144-9

Bouza, L., Sotta, B., Bonnet, M., Jacques, M., and Arnaud, Y. (1992). Hormone
content and meristematic activity of Paeonia suffruticosa Andr. cv. ‘Mme de Vatry’
vitroplants during in vitro rooting. Acta Hortic. 213, 219-226. doi: 10.17660/
ActaHortic.1992.320.29

Chi, T. Y., Gai, S. P., Liu, C. Y., Yuan, Y. S, and Zhang, Y. X. (2021). Bioinformatics
and prokaryotic expression analysis of PsGAI in tree peony. Plant Physiol. J. 57, 121-
128. doi: 10.13592/j.cnki.pp;.2020.0302

Fu, Z. Z., Xu, M. L, Wang, H. ], Wang, E. Q,, Li, Y. M., Wang, L. M, et al. (2021).
Analysis of the transcriptome and related physiological indicators of tree peony
(Paeonia suffruticosa Andr.) plantlets before and after rooting in vitro. Plant Cell
Tissue Organ Cult. 147, 529-543. doi: 10.1007/s11240-021-02145-9

Gao, S. P, Fang, ], Xu, F, Wang, W,, Sun, X. H, Chu, J. F, et al. (2014).
CYTOKININ OXIDASE/DEHYDROGENASE4 integrates cytokinin and auxin
signaling to control rice crown root formation. Plant Physiol. 165, 1035-1046.
doi: 10.1104/pp.114.238584

Gao, L. Q, Niu, D. M, Chi, T. Y., Yuan, Y. C, Liu, C. Y., Gai, S. P,, et al. (2023).
PsRGLI negatively regulates chilling-and gibberellin-induced dormancy release by PsF-

Frontiers in Plant Science

12

10.3389/fpls.2025.1610747

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/
full#supplementary-material

box1-mediated targeting for proteolytic degradation in tree peony. Hortic. Res. 10,
uhad044. doi: 10.1093/hr/uhad044

Gao, X. K,, Zhang, Y. X, Liu, C. Y., Dou, B. L,, and Gai, S. P. (2018). Cloning of
somatic embryogenesis receptor-like kinase gene PsSERK2 and cell division rate
analysis during dormancy release in tree peony (Paeonia suffruticosa). Acta Hortic.
Sini. 45, 511-518. doi: 10.16420/j.issn.0513-353x.2017-0387

Grabherr, M. G., Haas, B. ., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I, et al.
(2011). Full-length transcriptome assembly from RNA-Seq data without a reference
genome. Nat. Biotechnol. 29, 644-652. doi: 10.1038/nbt.1883

Hutchison, C. E., Li, J., Argueso, C., Gonzalez, M., Lee, E., Lewis, M. W., et al. (2006).
The Arabidopsis histidine phosphotransfer proteins are redundant positive regulators
of cytokinin signaling. Plant Cell 11, 3073-3087. doi: 10.1105/tpc.106.045674

Le, D. T., Nishiyama, R., Watanabe, Y., Mochida, K., Yamaguchi-Shinozaki, K.,
Shinozaki, K., et al. (2011). Genome-wide expression profiling of soybean two-
component system genes in soybean root and shoot tissues under dehydration stress.
DNA Res. 18, 17-29. doi: 10.1093/dnares/dsq032

Li, B., and Dewey, C. (2011). RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinf. 12, 323. doi: 10.1186/1471-
2105-12-323

Liu, S. S, Chen, ], Li, S. C,, Zeng, X., Meng, Z. X, Guo, S. X,, et al. (2015). Comparative
transcriptome analysis of genes involved in GA-GID1-DELLA regulatory module in
symbiotic and asymbiotic seed germination of Anoectochilus roxburghii (Wall.) Lindl.
(Orchidaceae). Int. J. Mol. Sci. 16, 30190-30203. doi: 10.3390/ijms161226224

Liu, H. B, Zhang, Q. Y., and Men, S. Z. (2017). The expression patterns of
YUCCA during embryo development in Arabidopsis. Acta Sci. Nat. Univ.
Nankaiensis 50, 1-7.

Liu, X, Zhang, H., Zhao, Y., Feng, Z., Li, Q., Yang, H. Q,, et al. (2013). Auxin controls
seed dormancy through stimulation of abscisic acid signaling by inducing ARF-
mediated ABI3 activation in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 110, 15485
15490. doi: 10.1073/pnas.1304651110

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1610747/full#supplementary-material
https://doi.org/10.1007/s00425-005-0104-0
https://doi.org/10.1007/s11240-004-0666-8
https://doi.org/10.1007/s11240-004-0666-8
https://doi.org/10.1016/S0176-1617(88)80102-0
https://doi.org/10.1016/0304-4238(94)90144-9
https://doi.org/10.1016/0304-4238(94)90144-9
https://doi.org/10.17660/ActaHortic.1992.320.29
https://doi.org/10.17660/ActaHortic.1992.320.29
https://doi.org/10.13592/j.cnki.ppj.2020.0302
https://doi.org/10.1007/s11240-021-02145-9
https://doi.org/10.1104/pp.114.238584
https://doi.org/10.1093/hr/uhad044
https://doi.org/10.16420/j.issn.0513-353x.2017-0387
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1105/tpc.106.045674
https://doi.org/10.1093/dnares/dsq032
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.3390/ijms161226224
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.3389/fpls.2025.1610747
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

Liu, B., Zhen, G. S, Yan, Z. P., and Wang, Z. Z. (2004). Effect of different chilling
treatments on forcing culture of tree peony in winter and changes of nutrient substance.
Acta Bot. Boreal.-Occident. Sin. 24, 1635-1639.

Locascio, A., Blazquez, M. A., and Alabadi, D. (2013). Genomic analysis of DELLA
protein activity. Plant Cell Physiol. 54, 1229-1237. doi: 10.1093/pcp/pct082

Ma, Y., Szostkiewicz, 1., Korte, A., Moes, A., Yang, L., Christmann, A., et al. (2009).
Regulators of PP2C phosphatase activity function as abscisic acid sensors. Science 324,
1064-1068. doi: 10.1126/science.1172408

Mao, X. Z, Tao, C, Olyarchuk, J. G., and Wei, L. P. (2005). Automated genome
annotation and pathway identification using the KEGG Orthology (KO) as a controlled
vocabulary. Bioinformatics 21, 3787-3793. doi: 10.1093/bioinformatics/bti430

Mornya, P. M. P., and Cheng, F. Y. (2013). Seasonal changes in endogenous hormone
and sugar contents during bud dormancy in tree peony. J. Appl. Hortic. 15, 159-165.
doi: 10.37855/jah.2013.v15i03.31

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth and bio
assays with tobacco tissue cultures. Physiologia Plantarum. 15 (3), 473-497.

Nadia, M. D., and Alicia, O. (2014). Corset: enabling differential gene expression
analysis for de novo assembled transcriptomes. Genome Biol. 15, 410. doi: 10.1186/
513059-014-0410-6

Niu, D. M,, Liu, F,, Gao, L. Q, Zhang, H. L, Liu, N. B, Zhang, L., et al. (2025).
MADS-domain transcription factor AGAMOUS LIKE-9 participates in the gibberellin
pathway to promote bud dormancy release of tree peony. Horitic Res. 12, 43-44.
doi: 10.1093/hr/uhaf043

Pan, Q. W,, Huang, R. R, Xiao, Q., Wu, X. T,, Jian, B. X, Xiang, Y. N,, et al. (2025).
Inhibition of histone deacetylase in Arabidopsis root calli promotes de novo shoot
organogenesis. Front. Plant Sci. 15), 1500573. doi: 10.3389/fpls.2024.1500573

Park, S. Y., Fung, P., Nishimura, N., Jensen, D. R., Fujii, H., Zhao, Y., et al. (2009).
Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of start
proteins. Science 324, 1068-1071. doi: 10.1126/science.1173041

Punwani, J. A., Hutchison, C. E., Schaller, G. E., and Kieber, J. J. (2010). The
subcellular distribution of the Arabidopsis histidine phosphotransfer proteins is
independent of cytokinin signaling. Plant J. 62, 473-482. doi: 10.1111/j.1365-
313X.2010.04165.x

Punwani, J. A., and Kieber, J. J. (2010). Localization of the Arabidopsis histidine
phosphotransfer proteins is independent of cytokinin. Plant Signal. Behav. 5, 896-898.
doi: 10.4161/psb.5.7.12094

Rohde, A., and Bhalerao, R. P. (2007). Plant dormancy in the perennial context.
Trends Plant Sci. 12, 217-223. doi: 10.1016/j.tplants.2007.03.012

Shuai, H. W,, Meng, Y. J,, Luo, X. F.,, Chen, F.,, Zhou, W. G,, Dai, Y. J,, et al. (2017).
Exogenous auxin represses soybean seed germination through decreasing the gibberellin/
abscisic acid (GA/ABA) ratio. Sci. Rep. 7, 12620. doi: 10.1038/541598-017-13093-w

Sun, J. Q, Qi, L. L, Li, Y. N,, Zhai, Q. Z, and Li, C. Y. (2013). PIF4 and PIF5
transcription factors link blue light and auxin to regulate the phototropic response in
arabidopsis. Plant Cell 25, 2102-2114. doi: 10.1105/tpc.113.112417

Wang, S. L, Beruto, M., Xue, J. Q., Zhuy, F. Y,, Liu, C. J,, Yan, Y. M, et al. (2015).

Molecular cloning and potential function prediction of homologous SOCI genes in tree
peony. Plant Cell Rep. 34, 1459-1471. doi: 10.1007/s00299-015-1800-2

Wang, X,, Cheng, F. Y., Zhong, Y., Wen, S. S,, Li, L. Z. M., and Huang, N. Z. (2016).
Establishment of in vitro rapid propagation system for tree peony (Paeonia ostii). Sci.
Silvae Sin. 52, 101-110. doi: 10.11707/j.1001-7488.20160512

Wang, Y. J., Dong, L., Zhang, C., and Wang, X. Q. (2012). Reference gene selection
for real-time quantitative PCR normalization in tree peony (Paeonia suffruticosa
Andr.). J. Agric. Biotechnol. 20, 521-528. doi: 10.3969/j.issn.1674-7968.2012.05.008

Wang, M., He, X. M,, Jiang, B., Liu, W. R, Lin, Y. E, Xie, D,, et al. (2019).
Transcriptome analysis in different chieh-qua cultivars provides new insights into
drought-stress response. Plant Biotechnol. Rep. 13, 663-675. doi: 10.1007/s11816-019-
00564-x

Wang, L., Wu, Z. ], and Liu, J. (2014). Effects of exogenous IBA on endogenous
hormones in tepals of cut lily flowers. J. Anhui Agric. Sci. 974-975, 995. doi: 10.13989/
j.cnki.0517-6611.2014.04.071

Weiler, E. W., Jordan, P. S., and Conrad, W. (1981). Levels of indole 3-acetic acid in
intact and decapitated coleoptiles as determined by a specific and highly sensitive solid
phase enzyme immunoassay. Planta 153, 561-571. doi: 10.1007/BF00385542

Frontiers in Plant Science

13

10.3389/fpls.2025.1610747

Wen, S. S., Chen, L., and Tian, R. N. (2020). Micropropagation of tree peony
(Paeonia sect. Moutan): A review. Plant Cell Tissue Organ Cult. 141, 1-14. doi: 10.1007/
$11240-019-01747-8

Wen, S. S., Cheng, F. Y., and Zhong, Y. (2016c). Micropropagation of tree peony
(Paeonia x lemoinei ‘High Noon’) and the assessment of genetic stability by SSR
analysis. Propag. Ornam. Plants 16, 19-27. doi: 10.1016/j.scienta.2016.01.022

Wen, S. S., Cheng, F. Y., and Zhong, Y. (2021). Optimization of the
micropropagation protocol of paeonia x lemoinei ‘High noon’. Sci. Silvae Sini. 57,
68-78. doi: 10.11707/j.1001-7488.20211207

Wen, S. S., Cheng, F. Y., Zhong, Y., Wang, X, Li, L. Z. M., and Huang, N. Z. (2016a).
Protocol for the micropropagation of tree peony (Paeonia xlemoinei ‘High Noon’).
Plant Sci. J. 34, 143-150. doi: 10.11913/PS].2095-0837.2016.10143

Wen, S. S., Cheng, F. Y., Zhong, Y., Wang, X,, Li, L. Z,, Zhang, Y. X,, et al. (2016b).
Efficient protocols for the micropropagation of three tree peony cultivars (Paeonia
suffruticosa ‘Jin Pao Hong’, P. suffruticosa “‘Wu Long Peng Sheng’, and P.xlemoinei
‘High Noon’) and application of arbuscular mycorrhizal fungi to improve plantlet
establishment. Sci. Hortic. 201, 10-17. doi: 10.1016/j.scienta.2016.01.022

Wen, S. S., He, R. R,, Zheng, J. K., and Tian, R. N. (2018). Research advances in tissue
culture of tree peony. Sci. Silvae Sin. 54, 146-158. doi: 10.11707/j.1001-7488.20181017

Xin, H., Zhang, Y. X., Wang, X. T,, Liu, C. Y., Feng, W. R, and Gai, S. P. (2019).
Morphological, anatomical and DNA methylation changes of tree peony buds during
chilling induced dormancy release. Plant Physiol. Biochem. 144, 64-72. doi: 10.1016/
j.plaphy.2019.09.017

Xu, M. L. (2021). Study on the related mechanism of dormancy in the rooting
induction process of peony test-tube seedings (Luoyang (Henan: Henan Agricultural
University).

Yang, J. C,, Zhang, J. H., Wang, Z. Q., Zhu, Q. S., and Wang, W. (2001). Hormonal
changes in the grains of rice subjected to water stress during grain filling. Plant Physiol.
1, 315-323. doi: 10.1104/pp.127.1.315

Young, M. D., Wakefield, M. J., Smyth, G. K., and Alicia, O. (2010). Gene Ontology
Analysis for RNA-Seq: accounting for selection bias. Genome Biol. 11, R14.
doi: 10.1186/gb-2010-11-2-r14

Zeng, L. L. (2022). Screening and functional verification of gibberellin-related
transcription factors related to dormancy release of floral buds in tree peony (Xian:
Northwest A&F University).

Zeng, R, Li, Z. Y., Shi, Y. T, Fu, D. Y,, Yin, P., Cheng, J. K,, et al. (2021). Natural
variation in a type-A response regulator confers maize chilling tolerance. Nat.
Commun. 12, 4713. doi: 10.1038/s41467-021-25001-y

Zhang, Q., Kong, X. G., Yu, Q,, Ding, Y. Q,, Li, X. Y., and Yang, Y. (2019). Responses
of PYR/PYL/RCAR ABA receptors to contrasting stresses, heat and cold in arabidopsis.
Plant Signal Behav. 14, 1670596. doi: 10.1080/15592324.2019.1670596

Zhang, Y. X, Niu, D. M,, Yuan, Y. C, Liu, F,, Wang, Z. W, Gao, L. Q, et al. (2023). PsSOCI
is involved in the gibberellin pathway to trigger cell proliferation and budburst during
endodormancy release in tree peony. New Phytol. 243, 1017-1033. doi: 10.1111/nph.19893

Zhang, Y. X,, Si, F. H,, Wang, Y. Y,, Liu, C. Y, Tao, Z,, Yuan, Y. C, et al. (2020).
Application of 5-azacytidine induces DNA hypomethylation and accelerates dormancy
release in buds of tree peony. Plant Physiol. Biochem. 147, 91-100. doi: 10.1016/
j.plaphy.2019.12.010

Zhang, Y. X, Wang, Y. Y., Gao, X. K,, Liu, C. Y., and Gai, S. P. (2018a). Identification
and characterization of microRNAs in tree peony during chilling induced dormancy
release by high-throughput sequencing. Sci. Rep. 8 (1), 7887-7899. doi: 10.1038/
541598-018-22415-5

Zhang, Y. X,, Yu, D,, Liu, C. Y., and Gai, S. P. (2018b). Dynamic of carbohydrate
metabolism and the related genes highlights PPP pathway activation during chilling
induced bud dormancy release in tree peony (Paeonia suffruticosa). Sci. Hort-
Amsterdam 242, 36-43. doi: 10.1016/j.scienta.2018.07.022

Zhang, Y. X,, Yuan, Y. C, Liu, Z. ],, Zhang, T., Li, F,, Liu, C. Y., et al. (2021). GA; is
superior to GA, in promoting bud endodormancy release in tree peony (Paeonia
suffruticosa) and their potential working mechanism. BMC Plant Biol. 21, 323.
doi: 10.32615/bp.2021.044

Zheng, G. S., Gai, S. P, and Gai, W. L. (2009). Changes of endogenous hormones
during dormancy release by chilling in tree peony. Sci. Silvae Sini. 45, 48-52.
doi: 10.11707/j.1001-7488.20090208

frontiersin.org


https://doi.org/10.1093/pcp/pct082
https://doi.org/10.1126/science.1172408
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.37855/jah.2013.v15i03.31
https://doi.org/10.1186/s13059-014-0410-6 
https://doi.org/10.1186/s13059-014-0410-6 
https://doi.org/10.1093/hr/uhaf043
https://doi.org/10.3389/fpls.2024.1500573
https://doi.org/10.1126/science.1173041
https://doi.org/10.1111/j.1365-313X.2010.04165.x
https://doi.org/10.1111/j.1365-313X.2010.04165.x
https://doi.org/10.4161/psb.5.7.12094
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1038/s41598-017-13093-w
https://doi.org/10.1105/tpc.113.112417
https://doi.org/10.1007/s00299-015-1800-2
https://doi.org/10.11707/j.1001-7488.20160512
https://doi.org/10.3969/j.issn.1674-7968.2012.05.008
https://doi.org/10.1007/s11816-019-00564-x
https://doi.org/10.1007/s11816-019-00564-x
https://doi.org/10.13989/j.cnki.0517-6611.2014.04.071
https://doi.org/10.13989/j.cnki.0517-6611.2014.04.071
https://doi.org/10.1007/BF00385542
https://doi.org/10.1007/s11240-019-01747-8
https://doi.org/10.1007/s11240-019-01747-8
https://doi.org/10.1016/j.scienta.2016.01.022
https://doi.org/10.11707/j.1001-7488.20211207
https://doi.org/10.11913/PSJ.2095-0837.2016.10143
https://doi.org/10.1016/j.scienta.2016.01.022
https://doi.org/10.11707/j.1001-7488.20181017
https://doi.org/10.1016/j.plaphy.2019.09.017
https://doi.org/10.1016/j.plaphy.2019.09.017
https://doi.org/10.1104/pp.127.1.315
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1038/s41467-021-25001-y
https://doi.org/10.1080/15592324.2019.1670596
https://doi.org/10.1111/nph.19893
https://doi.org/10.1016/j.plaphy.2019.12.010
https://doi.org/10.1016/j.plaphy.2019.12.010
https://doi.org/10.1038/s41598-018-22415-5
https://doi.org/10.1038/s41598-018-22415-5
https://doi.org/10.1016/j.scienta.2018.07.022
https://doi.org/10.32615/bp.2021.044
https://doi.org/10.11707/j.1001-7488.20090208
https://doi.org/10.3389/fpls.2025.1610747
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Analysis of endogenous hormones and transcriptomes involved in in vitro shoot apical dormancy during adventitious root formation in tree peony
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Measurement of endogenous hormone content
	2.3 RNA extraction, library construction, and sequencing
	2.4 De novo assembly and unigene functional annotation
	2.5 Analysis of differentially expressed genes
	2.6 Gene expression validation by qRT-PCR
	2.7 Statistical analyses

	3 Results
	3.1 Hormone changes of shoot apices during adventitious root formation
	3.2 Analysis of transcriptome sequencing data and unigene functional annotation
	3.3 Analysis of DEGs at different stages of rooting induction
	3.4 Functional classification and enrichment of DEGs
	3.5 Screening of key dormancy-associated DEGs
	3.6 Validation of RNA-seq by qRT-PCR

	4 Discussion
	4.1 Regulation mechanism of endogenous ZR
	4.2 Regulation mechanism of endogenous GA3
	4.3 Regulation mechanism of endogenous IAA
	4.4 Regulation mechanism of endogenous ABA

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


