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With the global temperature increase, diverse endogenous factors and environmental
cues can lead to severe obstacles to bud endodormancy release for important economic
plants, such as herbaceous peony (Paeonia lactiflora Pall.). Knowing the underlying
mechanism in bud endodormancy release is vital for widely planting herbaceous peony
at low latitudes with warm winter climates. A systematic study was carried out between
the southern Chinese cultivar ‘Hang Baishao’ with low-chilling requirement (CR) trait
and the northern cultivar ‘Zhuguang’ with high-CR trait. Peony buds were sampled at
regular intervals under natural cold during the crucial bud endodormancy release stage.
Physiology and morphology of the buds were observed, and the roles of reactive oxygen
species (ROS) and relevant genes in the regulation of bud endodormancy release were
also highlighted, which has been rather rare in previous bud dormancy studies of both
herbaceous and tree peonies. The expression of the starch metabolism- and sucrose
synthesis-related genes PlAMY PlSPS and PlSUS was lower in the high-CR ‘Zhuguang’
and corresponded to a lower content of soluble sugars. The expression of polyamine
oxidase gene PlPAO2 correlated with a higher level of hydrogen peroxide (H2O2) in high-
CR ‘Zhuguang’ than in low CR ‘Hang Baishao’ during bud endodormancy. Expression
of PlMAPKKK5, an intermediate gene in the abscisic acid (ABA) response to ROS
signaling, correlated with ROS levels and ABA content. We present the hypothesis
that accumulation of ROS increases ABA content and decreases GA3 content and
signal transduction leading to reduced expression of PlSVP and PlSOC1. Reduced cell
division and increased cellular damage which probably blocked bud endodormancy
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release were also observed in high-CR ‘Zhuguang’ through histological observation and
related genes expression. This study provides a comparative analysis on physiological
responses and gene expression patterns of bud dormancy of geophytes in an
increasingly unsuitable environment.

Keywords: bud endodormancy release, reactive oxygen species, abscisic acid, Paeonia lactiflora, warm winter,
geophyte, underground bud, gene expression

INTRODUCTION

Bud dormancy is an important physiological phenomenon
that allows perennial plants to endure harsh environmental
conditions during winter (Azeez et al., 2021), and generally
includes three types: paradormancy, endodormancy, and
ecodormancy (Falavigna et al., 2018). Paradormancy is generally
caused by apical dominance, and the growth of lateral buds is
suppressed by actively growing parts of the plant (Horvath et al.,
2003). Prolonged exposure to short days or low temperatures
in late autumn induce the establishment of endodormancy in
buds. Endodormancy is growth cessation controlled by internal
physiological factors, and in this stage, the buds cannot sprout
and elongate without meeting chilling requirements (CRs),
even under favorable conditions (Yordanov et al., 2014; Zhu
et al., 2020). Sufficient CRs progressively lead to endodormancy
release, following which growth arrest is primarily maintained
by low temperatures in the winter. As growth arrest is controlled
by external environmental factors, buds are described as being
in ecodormancy. In ecodormant state, warm temperatures
in the spring are necessary for bud burst (Yang et al., 2021).
Global warming has resulted in countless perennial plants
facing incomplete endodormancy associated with insufficient
CR and poses obstacles to bud sprouting (Prudencio et al., 2020;
Wang et al., 2021). This hinders the ability of these plants to
grow well and consequently reduces their economic value after
warm winters, especially in northern cultivars grown at lower
latitudes (Zhang et al., 2017; Jewaria et al., 2021). Therefore,
elucidating the mechanism controlling endodormancy release
may help researchers address the problems caused by warming
winter climates.

The induction and release of bud dormancy are controlled by
various regulators (Horvath et al., 2008; Chao et al., 2017; Singh
et al., 2017). Currently, it is widely accepted that bud dormancy is
controlled by the balance of phytohormones, especially abscisic
acid (ABA) and gibberellins (GAs), which show an antagonistic
effect on dormancy process regulation (Singh et al., 2018;
Yang et al., 2020). The establishment of endodormancy is
accompanied by an increasing ABA content and a decrease in
GAs, while endodormancy release is dependent on sufficient GA
concentrations (Li Z. et al., 2020). Bud dormancy is affected not
only by the contents of ABA and GAs but also, more importantly,
by the ABA signal transduction pathway (Dong et al., 2019).
In the ABA signal transduction pathway, ABA combined with
ABA receptor pyrabactin resistance 1 protein (PYR1)/PYR1-like
(PYL) could inhibit the enzyme activity of protein phosphatase
2C (PP2C). Inhibition of PP2C activity enables activation of
SNF1-RELATED KINASE 2 (SnRK2) protein kinases, which

then activates downstream transcription factors that induce
ABA-responsive gene expression (Shu et al., 2016). In the
GA signal transduction pathway, the DELLA protein inhibits
bud growth and development of plants in the absence of GA
(Yuxi et al., 2021). In the GA signal transduction pathway,
the bud growth and development of plants are inhibited by
the DELLA protein in the absence of GA (Yuxi et al., 2021).
Binding of bioactive GA to the GA-INSENSITIVE DWARF1
(GID1) receptor, which in turn promotes the interaction between
GID1 and DELLAs, subsequently leads to the degradation of
DELLA proteins and consequently relieves their suppressive
effect, thereby controlling seed dormancy (Ariizumi et al., 2013;
Tuan et al., 2021). In buds, it has been demonstrated that ABA
can close symplastic communication to the meristems (Tylewicz
et al., 2018) and GA signaling is required for re-opening these
channels (Rinne et al., 2011).

The ability to break endodormancy even under high winter
temperatures while still ensuring normal bud dormancy progress
is a crucial trait for perennial plants to adapt to a global
warming trend (Baumgarten et al., 2021; Yang et al., 2021). One
particular pathway seems central and is almost always highlighted
in breaking bud dormancy: the response to oxidative stress,
especially reactive oxygen species (ROS) (Liao et al., 2021). ROS
function as a signaling molecule in plants, acting as a regulator of
plant growth and development, dormancy regulation, hormone
signaling, and responses to biotic and abiotic stresses (Balazadeh
et al., 2012; Raja et al., 2017). Evidence is emerging that
ROS, especially (hydrogen peroxide) H2O2, together with plant
hormones are part of the signaling network involved in dormancy
release (Barba-Espin et al., 2011; Oracz and Karpinski, 2016).
This fits with suggestions that inhibited catalase (CAT) activity
(Liang et al., 2019) and increased level of H2O2 stimulate bud
dormancy in grape buds (Meitha et al., 2015; Sudawan et al.,
2016). Although several lines of evidence indicate that ROS
(mainly is H2O2) promote dormancy release, with exception of
some work on grape bud dormancy (Pérez et al., 2008; Zheng
et al., 2015), there is little information establishing a direct link
between ROS and the release of bud dormancy by affecting the
ABA content under stressful environments.

MIKCC-type MADS-box genes encode transcription factors
that have key roles in controlling bud dormancy and flowering
time in plants (Kumar et al., 2016, 2021). Several crucial
MIKCC genes, specifically SHORT VEGETATIVE PHASE LIKE
(SVP)/Dormancy Associated MADS-Box (DAM), FLOWERING
LOCUS C (FLC) and SUPPRESSOR OF OVEREXPRESSION OF
CO 1 (SOC1), have been found to be vital for releasing bud
dormancy (Falavigna et al., 2018; Singh et al., 2019; Yang et al.,
2021). In poplar, SVL (SVP like), which is induced by ABA
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and forming a positive feedback loop with ABA signaling, is
a crucial transcription factor suppressing the release of bud
endodormancy (Singh et al., 2019). Meanwhile, SVL also inhibits
the expression of GA 20-oxidase 1 (GA20ox1) and GA20ox2
and increases the expression of GA2ox8, thus decreasing the
level of GAs and deepening bud endodormancy (Wu et al.,
2017). SOC1 is a vital flowering signal integrator that promotes
bud dormancy and flowering (Li et al., 2019). SVP directly
binds to the CArG box of the SOC1 promoter, represses the
expression of SOC1 and thus delays flowering in Arabidopsis
(Li et al., 2008). Therefore, SVP/SVL and SOC1 can interact and
integrate the metabolism of ABA and GA to maintain or release
endodormancy (Yang et al., 2021).

Herbaceous peony (Paeonia lactiflora Pall.) is a world-famous
ornamental geophyte with underground buds (Bian et al.,
2020). Annual life cycle of herbaceous peony shows a typical
characteristic in underground bud dormancy, which could be
used as crucial material for studying bud dormancy of geophytes.
Buds of herbaceous peony begin to differentiate into flora organs
in October, then develop throughout the winter and sprout in
early spring. Afterward, the buds elongate rapidly and enter
the state of vegetative growth. When the aboveground parts
wither in later September or early October, the underground buds
enter endodormancy and release it after receiving sufficient CRs
around January (Halevy et al., 2005). Enriching the research on
the dormancy of underground buds could help fully elucidate
the bud dormancy mechanism of geophytes, and then promote
the cultivation of herbaceous peony with a short endodormancy
duration (low-CR trait) at low latitudes with warm winters
(Prudencio et al., 2020).

Here, a systematic study was carried out comparing the
introduced northern Chinese cultivar ‘Zhuguang’ with high-CR
trait, and the native southern Chinese cultivar ‘Hang Baishao’
with low-CR trait at low latitudes under warm winters. The
aim of this study was to find the key factors that may induce
obstacles to bud endodormancy release caused by warm winters
and lay a foundation for further study of molecular mechanisms
of bud dormancy in herbaceous peony. In this study, systematic
physiological and morphological observations were carried out
during the crucial bud dormancy stages; the expression of the
genes involved in key pathways was also analyzed. Finally,
we developed a mechanistic model for investigating obstacles
to bud endodormancy release of herbaceous peony caused by
warm winters. Although this study is primarily observational
and designed to obtain information needed to develop testable
hypotheses, some interesting findings discovered in this study
and several testable hypotheses throughout the discussion
provide additional insights about the interaction between the
environment and genotypes and suggestions for further research.

MATERIALS AND METHODS

Plant Materials
Paeonia lactiflora Pall. ‘Hang Baishao’ (native southern low-
CR cultivar) (Figure 1A) and ‘Zhuguang’ (introduced northern
high-CR cultivar) (Figure 1B) were selected herbaceous peony

materials with contrasting responses to endodormancy release
(Zhang et al., 2019a; Wang et al., 2020) (Figure 1C and
Table 1). In the autumn of 2018, three-gallon pots of 4-year-
old crowns of ‘Hang Baishao’ and ‘Zhuguang’ were placed in
the Perennial Flower Resources Garden of Zhejiang University
in Hangzhou (E 118◦21′-120◦30′, N 29◦11′-30◦33′), Zhejiang
Province, China, where they grew under natural sunlight and
standard maintenance before subsequent treatments.

Experimental Design and Sampling
Sufficient potted crowns of ‘Hang Baishao’ and ‘Zhuguang’ were
subjected to natural chilling in the field during the winters of
2018–2019. Previous records about winter conditions and chill
accumulation in 2012–2014, 2016–2018, please refer to Wang
et al. (2020). On October 17, November 14, December 12,
December 26, January 09, January 23, February 06, and February
27, which covered the bud endodormancy, ecodormancy and
bud break stages of herbaceous peony in Hangzhou from
2018 to 2019, plants (three biological replicates and three
potted crowns per replicate) were moved to a glasshouse for
morphological observations (25–15◦C day/night, 80% relative
humidity, regular watering and fertilizer applications). At the
same time, underground buds were sampled from another
group of potted crowns in the filed under nature cold on each
move date. Sampled buds for physiological measurements and
gene expression analysis (three biological replicates and nine
plants per replicate) were washed with distilled water, frozen
immediately in liquid nitrogen and stored at −80◦C until use,
while buds for paraffin section were fixed with FAA (formalin,
acetic acid and alcohol).

Morphological Observations
Morphological indices were evaluated for potted crowns (three
biological replicates, three potted crowns per replicate) of
‘Hang Baishao’ and ‘Zhuguang’ after transported into the
glasshouse (Table 2). The date on which most indices did
not increase or decrease significantly, even if more chilling
duration exposure occurred, was defined as endodormancy
release (Wang et al., 2020).

Bud Morphology Analyses
A subsample of buds from each time point were separately fixed
in FAA and embedded in paraffin. Sections were cut at 8–10 µm
thickness. Safranine fast green staining was used to observe cell
division and vascular bundles. Sections were put into xylene for
5 min to mounted the tissue section with neutral balsam. After
sealing with neutral balsam, the sections were observed under a
microscope (NIKON ECLIPSE E100, Tokyo, Japan).

Chilling Requirement Evaluation
The Utah (UT) model was determined to be the optimal model
for CR evaluation of herbaceous peony at low latitudes according
to our previous study and thus was selected to evaluate the
CRs of ‘Hang Baishao’ and ‘Zhuguang’ (Richardson et al., 1974;
Cesaraccio et al., 2004; Wang et al., 2020). The start time of the
UT model was defined as 0:00 am on the day when the daily
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FIGURE 1 | Plant materials, CR evaluation and morphological observations in this study. (A,B) Plant materials ‘Hang Baishao’ and ‘Zhuguang’. (C) Performance of
the two cultivars on the transport date January 09 after regrowth in the glasshouse. (D) Air temperatures, BPF and CR evaluation in 2018–2019. The date in red
(November 08) was the start date of the CR evaluation. The line chart represents BPF. The CR value was 677.5 CUs on January 09 (red bar) and 956.5 CUs on
January 23 (blue bar) for ‘Hang Baishao’ and ‘Zhuguang,’ respectively. Error bars represent the standard deviation from three biological replicates, and different
letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar. (E) Daily accumulated CUs for
determining the start time of CR evaluation. November 08 was the date on which the daily accumulated CUs first became positive. (F) Morphological index ADS of
the two cultivars. (G) Division of bud dormancy stages of the two cultivars. Dashed lines indicate the division of bud dormancy stages, H represents ‘Hang Baishao’
and Z represents ‘Zhuguang.’ The gray shaded part represents the CR difference between the two cultivars, which was 279.0 CUs.
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TABLE 1 | Details of Paeonia lactiflora ‘Hang Baishao’ and ‘Zhuguang.’

Names Origins Latitudes Flower types CRs (CUs) CR traits

‘Hang Baishao’ Zhejiang, China N 28◦–29◦ Single 685.5–746.0 Low-CR

‘Zhuguang’ Shandong, China N 34◦–35◦ Crown 1017.0–1062.0 High-CR

The latitudes here refer to the latitude at which these two cultivars are concentrated for cultivation in China. CRs of the two cultivars were obtained in the previous study
(Wang et al., 2020).

TABLE 2 | Full names and definitions of the seven morphological indices for potted crowns of low-CR ‘Hang Baishao’ and high-CR ‘Zhuguang’ transported
into the glasshouse.

Morphological
indices

Full names Definitions

WFS (w) The number of weeks until the first plant sprouted. Sprouting was defined as bud scales opened and tender shoots/leaves emerged.

WAS (w) The number of weeks until all plants sprouted. If a plant in a pot grew at least one sprouted bud, we defined it as a sprouted plant.

BPF(%) The bud break percentage 5 weeks after transported to the
glasshouse.

ANS The average number of mature and normal stems. A stem with at least three compound leaves and plant height longer than 20 cm as
a mature and normal stem.

ADS (mm) The average diameter of mature and normal stems. Diameter of mature and normal stem at five cm from the ground of the plant.

APH (cm) The average plant height. The distance (cm) from the ground to the top of the plant.

APW (cm) The average plant height and width. Maximum width (cm) of aboveground projection of the plant.

The indices ANS, ADS, APH, and APW were measured after the plants moved to glasshouse and regrowth to a stable state.

accumulated chill units (CUs) increased and first became positive
after October. The cumulative CUs were calculated from the start
time to the last observation day (March 10) in the field. CRs of the
two cultivars were the specific accumulated CUs corresponded
to the dates that released endodormancy, respectively. Air
temperatures were automatically recorded hourly with a GM200-
TH temperature and humidity recorder (Zhituo Instruments
Limited Company, Hangzhou, China) in the field.

Carbohydrate Concentration
Measurements
Anthrone colorimetry was used for the determination of soluble
sugar and starch contents. The relevant detailed procedures are
introduced in detail in Supplementary Methods 1.

Endogenous Hormone Quantitation
Endogenous hormone levels of buds were determined using
an enzyme-linked immunosorbent assay (ELISA), and detailed
procedures are introduced in Supplementary Methods 2.

Reactive Oxygen Species Related
Physiological and Biochemical
Measurements
An underground bud sample (0.3 g) was fully ground with
3 mL phosphate-buffered saline (1X, PH = 7.4). Then, the
homogenate was transferred to a 10 mL centrifuge tube and
centrifuged at 4◦C and 3,500 rpm centrifugation for 10 min.
Afterward, the supernatant was collected and the indices were
measured using detection kits purchased from Nanjing Jiancheng
Bioengineering (Nanjing, China) Co., Ltd. and following the
manufacturer’s instructions (Zhao et al., 2020). Specifically, The
contents of malondialdehyde (MDA) and soluble protein were

measured using thiobarbituric acid and Coomassie brilliant blue
methods, respectively, according to the MDA assay kit (A003-3)
and soluble protein assay kit (A045-2). The H2O2 concentrations
were measured using a H2O2 Detection Kit (A064-1). For enzyme
assays, Superoxide dismutase (SOD) activity was measured using
a SOD Detection Kit (A001-3). Catalase (CAT) activity was
measured using a CAT Detection Kit that detects degradation
of H2O2 at 405 nm (A007-1). Peroxidase (POD) activity was
detected with a POD Detection Kit for plants (A084-3). Three
biological replicates of each assay were performed.

Screening of the Key Genes Involved in
the Regulation of Bud Dormancy
In combination with previous studies on bud dormancy and
physiological measurements in this study, we focused on
metabolic pathways that play important roles in the regulation
of bud dormancy, such as carbohydrate metabolism, hormone
signal transduction, ROS signaling, and MADS-box gene-related
pathways. In 2017–2018, we have performed transcriptome
sequencing on buds of ‘Hang Baishao’ and ‘Zhuguang’ under
natural cold. The experimental period was from fall to winter,
with the specific dates for sampling being October 17, 2017,
November 14, 2017, December 12, 2017, December 26, 2017,
January 09, 2018, January 23, 2018, February 06, 2018, and
February 27, 2018. Chill accumulation of each sampling date
from October 17, 2017–February 27, 2018 evaluated by UT
model were: – (no result), −38.5, 277.0, 479.5, 746.0, 980.0,
1062.0, and 1434.5 CUs, respectively (Wang et al., 2020). Total
RNA was extracted from the sampled buds (three biological
replicates, three plants per replicate) and the quality and
quantity of the RNA were checked. Afterward, cDNA libraries
of the two cultivars were constructed and sequenced using
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Illumina Hiseq X-Ten platform, respectively. Transcripts were
obtained by de novo assembly according to the method of
Liu B. et al. (2020). According to the differentially expressed
transcript (DET) annotation and FPKM expression values
obtained based on the database of transcriptome sequences
of ‘Hang Baishao’ and ‘Zhuguang’ (unpublished data), the
key genes related to the above four metabolic processes
were selected to carry out subsequent gene expression studies
(Supplementary Table 1).

Identification and Classification of
Crucial MIKCC-Type MADS-Box Genes in
P. lactiflora
To identify crucial MIKCC-type MADS-box genes SVP, SOC1,
AP1, and FLC in P. lactiflora, a profile hidden Markov model
(HMMER) of the SRF-TF domain (Pfam accession: PF00319)
was obtained from the Pfam database1. BLAST results obtained
were further filtered with a query coverage of 90%, and the best
hits were retrieved. Selected P. lactiflora proteins are provided
in Supplementary Table 2. In addition, the following species
were also selected to investigate their evolutionary relationships:
Amborella trichopoda (scaffold), Arabidopsis thaliana (At),
Vitis vinifera (VIT), Oryza sativa (LOC_Os), Prunus persica
(Prupe.), Populus trichocarpa (Potri.), Euphorbia esula (PJAD),
Actinidia chinensis (Actinidia) and Paeonia suffruticosa (psu).
The sequences were aligned using MAFFT (Katoh and Standley,
2013) with default parameters to assign the four putative MIKCC-
type MADS-box genes to specific gene subfamilies. A maximum-
likelihood phylogenetic tree was constructed using FastTree
software using the JTT + CAT model (Price et al., 2009).

Total RNA Extraction and Quantitative
Real-Time PCR Analysis
Total RNA was isolated from underground buds via an RNAprep
Pure Plant Kit (polysaccharide- and polyphenolic-rich) (Tiangen,
Beijing, China). The quality and quantity of RNA and the validity
of the reference gene Alpha-tubulin (ATUBA) used for qRT–PCR
were introduced in Supplementary File 1. Reverse transcription
was performed with a PrimeScript RT Reagent Kit (Takara
Biotechnology, Dalian, China). Primers and candidate genes
were listed in Supplementary Table 1. qRT–PCR was conducted
with SYBR Premix Ex Taq (Takara Biotechnology). The PCR
procedure used was according to the manufacturer’s instructions.
Three biological replicates were prepared per sample, and the
2−11CT method was used to calculate the gene expression level
(Livak and Schmittgen, 2001).

Statistical Analysis
All experiments in this study were conducted in accordance with
a completely randomized design. One-way analysis of variance
(ANOVA) was used to compare differences among different
indices or treatments via SPSS 26.0 (IBM Corp., Armonk, NY,
United States), with a probability value of P < 0.05 considered
significant. GraphPad Prism 9.0 (GraphPad Software, Inc., La

1http://pfam.xfam.org/

Jolla, CA, United States) and Tbtools Software (Chen et al., 2020)
were used for figure construction.

RESULTS

Chilling Requirement Evaluation of the
Two Cultivars
With the decrease in air temperatures during autumn to winter
(Figure 1D), the daily accumulated CUs calculated according to
the UT model increased correspondingly (Figure 1E). November
08 was the day when the daily accumulated CUs first became
positive after October (Figure 1E) and represented the start
time for the calculation of chill accumulation. Cumulative CUs
increased gradually after November 08, and decreased slightly
around December 03 due to raised temperatures, then continued
to increase until the last observation day in the field (Figure 1D).
The end time of CR evaluation was based on morphological
indices. The BPF, APH, APW, ANS, and ADS of the two
cultivars increased while the WFS and WAS decreased gradually
and then stabilized over time. Most of the indices for low
CR ‘Hang Baishao’ were stable on January 09, while those for
high-CR ‘Zhuguang’ were stable on January 23 (Figure 1F and
Table 3). Thus, January 09 and January 23 were determined as the
endodormancy release (CR fulfillment) dates for low CR ‘Hang
Baishao’ and high-CR ‘Zhuguang,’ respectively (Wang et al.,
2020). Low CR ‘Hang Baishao’ fully broke endodormancy when
CR reached 677.5 CUs, 2019, while high-CR ‘Zhuguang’ required
956.5 CUs for full endodormancy breaking (Figure 1D).

Bud morphological indices and trends in carbohydrate
content are closely related to the dormancy process and are often
used to divide bud dormancy stages. In this study, morphological
indices, such as the WFS, APW and APH, changed little from
October 17 to November 14 but changed significantly from
November 14 to the CR fulfillment dates in both low CR ‘Hang
Baishao’ and high-CR ‘Zhuguang’ (Table 3). This correlated
with the trend for the sucrose and starch contents (Figure 2A).
Thus, October 17, 2018, to November 14, 2018, was divided
into the bud endodormancy maintenance stage in both cultivars
(Figure 1G). November 14, 2018, to January 09, 2019, and
January 23, 2019, were divided into the bud endodormancy
release stages for low CR ‘Hang Baishao’ and high-CR ‘Zhuguang,’
respectively. Ecodormancy stages were established afterward in
the two cultivars (Figure 1G).

Natural and Histological Observations of
Underground Buds
Developmental growth stages from bud endodormancy
maintenance to bud break of buds were observed continuously
in low-CR ‘Hang Baishao’ (Figures 3A–D) and high-CR
‘Zhuguang’ (Figures 3I–L). Leaf primordia (Le) and bract
primordia (Br) were observed during the endodormancy
maintenance stage of low CR ‘Hang Baishao’ on October 17,
2018 (Figure 3E). The apical meristem differentiated into
sepal primordia (Se) during the endodormancy release stage
on December 12, 2018 and further differentiated into entire
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TABLE 3 | Morphological observations of the two cultivars after moved into glasshouse under natural chilling treatments in 2018–2019.

Name Move dates APH (cm) APW (cm) ANS WFS (w) WAS (w)

H October 17 24.40 ± 2.38 d 27.73 ± 5.28 e 2.33 ± 0.58 c 20.00 –X

November 14 25.73 ± 0.86 d 29.37 ± 4.38 e 1.27 ± 0.25 c 16.00 –

December 12 38.07 ± 4.97 c 37.00 ± 5.10 d 2.00 ± 0.70 c 3.00 –

December 26 44.43 ± 9.55 bc 47.07 ± 2.75 c 4.10 ± 0.35 b 3.00 ± 0.00 a 6.00 ± 0.00 a

January 09 52.50 ± 2.09 ab 54.00 ± 1.65 b 5.90 ± 1.93 a 2.00 ± 0.00 b 4.00 ± 0.00 b

January 23 44.83 ± 2.34 bc 38.13 ± 2.83 d 6.43 ± 0.51 a 1.00 ± 0.00 c 2.00 ± 0.00 c

February 06 57.20 ± 3.87 a 61.17 ± 2.11 a 5.33 ± 0.35 ab 1.00 ± 0.01 c 2.00 ± 0.00 c

February 27 58.37 ± 4.45 a 54.23 ± 1.15 b 5.57 ± 1.25 ab 1.00 ± 0.02 c 1.00 ± 0.00 d

Name Move dates APH APW ANS WFS WAS

Z October 17 15.40 ± 4.65 e 23.93 ± 7.28 c 1.50 ± 0.50 d 28.00 –

November 14 16.27 ± 1.65 e 19.43 ± 2.72 c 1.17 ± 0.29 d 23.00 –

December 12 26.27 ± 3.29 d 33.10 ± 1.83 b 1.77 ± 0.50 cd 5.00 –

December 26 28.33 ± 4.41 cd 37.67 ± 4.63 b 2.90 ± 0.85 bc 3.00 ± 0.01 a 8.33 ± 4.62 a

January 09 41.83 ± 0.61 a 56.47 ± 5.62 a 4.43 ± 1.21 a 2.00 ± 0.00 b 3.00 ± 0.00 b

January 23 37.30 ± 0.46 ab 52.67 ± 1.92 a 3.53 ± 0.40 ab 2.00 ± 0.00 b 2.00 ± 0.00 b

February 06 38.53 ± 0.35 ab 53.53 ± 4.29 a 4.20 ± 0.17 a 1.00 ± 0.00 c 2.00 ± 0.00 b

February 27 34.27 ± 6.83 bc 49.70 ± 4.74 a 3.43 ± 0.81 ab 1.00 ± 0.01 c 1.00 ± 0.00 b

X The morphological data were non-existent because only partial plants sprouted finally due to insufficient chill accumulation. APH and APW, the average plant height and
width, respectively; ANS, the average number of mature and normal stems; WFS, the number of weeks until the first plant sprouted in the glasshouse; WAS, the number
of weeks until all plants sprouted in the glasshouse. H represents ‘Hang Baishao’ and Z represents ‘Zhuguang.’ All values are means ± standard deviation, different letters
indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.

FIGURE 2 | Starch and sucrose metabolism and the expression of related key genes during bud dormancy. (A) Concentrations of soluble sugar and starch in the
two cultivars. The data were fitted with a third-order polynomial by GraphPad Prism 9.0. The dashed red line indicates the bud endodormancy release date of low
CR ‘Hang Baishao,’ and the dashed blue line indicates the bud endodormancy release date of high-CR ‘Zhuguang.’ (B) Relative mRNA levels related to sucrose and
starch metabolism analyzed by qRT–PCR. (C) Summary of different factors in the starch and sucrose metabolism pathways during bud dormancy. Red indicates
upregulation, and blue indicates downregulation. Error bars represent standard deviation from three biological replicates and different letters indicate significant
differences (P < 0.05). Differences were compared among different move dates for each cultivar.
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FIGURE 3 | Observations of developmental growth stages and bud differentiation in P. lactiflora. (A–D) Developmental growth stages from bud endodormancy
maintenance to bud break of buds in low CR ‘Hang Baishao.’ (E–H) Bud differentiation of buds in low CR ‘Hang Baishao.’ Le, Leaf primordia; Br, Bract primordia;
Se, Sepal primordia; Pe, Petal primordia; St, Stamen primordia; Pi, Pistil primordia; and Ap, Apical meristem (Scale bar: 625 µm). (I–L) Developmental growth stages
from bud endodormancy maintenance to bud break of buds in high-CR ‘Zhuguang.’ (M–P) Bud differentiation of buds in high-CR ‘Zhuguang’ (scale bar: 625 µm). H
represents ‘Hang Baishao’; Z represents ‘Zhuguang.’

floral organs, including petal primordia (Pe), stamen primordia
(St), and pistil primordia (Pi) after endodormancy release
in low-CR ‘Hang Baishao’ (Figures 3F–H). However, bud
differentiation was obviously blocked in high-CR ‘Zhuguang.’
Paraffin sections showed that only Le, Br, and Se were
differentiated during ecodormancy stage on February 27,
2019 (Figures 3M–P).

Carbohydrate Contents and Related
Gene Expression
With the accumulation of natural chilling, the soluble
sugar contents of the two cultivars declined during the
endodormancy maintenance stage and then increased
rapidly during the endodormancy release stage and
peaked on January 23. Afterward, there was a sharp
decline during ecodormancy (Figure 2A). However, the

content of soluble sugar in the low-CR ‘Hang Baishao’ was
higher than that in the high-CR ‘Zhuguang’ during the
endodormancy release and ecodormancy stages (Figure 2A
and Supplementary Table 3). In contrast, starch content
continued to decrease during all dormancy stages in the two
cultivars (Figure 2A).

The expression of the key genes involved in starch metabolic
and sucrose synthesis pathways was also investigated (Figure 2C).
The expression levels of PlSS and PlAPL were downregulated,
while PlAMY was upregulated in both low CR ‘Hang Baishao’
and high-CR ‘Zhuguang’ during endodormancy (Figure 2B).
PlSPS and PlBMY were upregulated in low-CR ‘Hang Baishao’,
and the expression levels were obviously higher than those
in high-CR ‘Zhuguang’ during endodormancy (Figure 2B and
Supplementary Table 3). Nevertheless, the expression of PlSUS,
PlBGLU17 and PlPFK3 was downregulated in the two cultivars
during endodormancy (Figure 2B).
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FIGURE 4 | Expression patterns of genes involved in the GA3 and ABA signal transduction pathway and changes in concentrations of GA3 and ABA in ‘Hang
Baishao’ and ‘Zhuguang’ during bud dormancy. (A) Concentrations of ABA and GA3 and ratio of GA3 to ABA in ‘Hang Baishao’ and ‘Zhuguang’ during bud
dormancy. (B) Expression patterns of genes involved in the GA3 and ABA signal transduction pathway. The dashed red line indicates the bud endodormancy release
date of low CR ‘Hang Baishao,’ and the dashed blue line indicates the bud endodormancy release date of high-CR ‘Zhuguang.’ H represents ‘Hang Baishao’; Z
represents ‘Zhuguang.’ Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05).
Differences were compared among different move dates for each cultivar.
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Contents and Related Gene Expression
of Abscisic Acid and GA3
The ABA concentration of the high-CR ‘Zhuguang’ was
significantly increased during endodormancy maintenance stage
and maximized at the end of endodormancy maintenance stage,
followed by a gradual reduction through to the end of the
study. In low CR ‘Hang Baishao,’ the ABA content also increased
gradually during early endodormancy release stage reaching
levels similar to the peak ABA levels of high-CR ‘Zhuguang’
when endodormancy release, and then sharply increased and
peaked during ecodormancy on January 23 (Figure 4A). The GA3
content of low CR ‘Hang Baishao’ declined to the lowest level
when endodormancy release on January 09 and then increased
gradually until late ecodormancy before again declining further.
However, the GA3 content of high-CR ‘Zhuguang’ sharply
decreased during endodormancy maintenance stage and then
gradually decreased until February 27 (Figure 4A). Generally, the
GA3 content in low CR ‘Hang Baishao’ was significantly higher
than that in high-CR ‘Zhuguang’ throughout endodormancy and
ecodormancy (Figure 4A and Supplementary Table 3). The ratio
of GA3 to ABA decreased during endodormancy but increased
during ecodormancy (Figure 4A).

The expression of the ABA synthesis-associated gene
PlNCED3 was upregulated during endodormancy maintenance
stage (Supplementary Figure 1), while the GA synthesis-related
gene PlGA20ox8 was upregulated and PlSPT was downregulated
in the two cultivars during endodormancy release (Figure 4B). In
the ABA signal transduction pathway, PlPYR and PlSNRK were
upregulated and PlPP2C, PlABI5 and PlbZIP were downregulated
in the two cultivars during endodormancy release (Figure 4B).
The GA signal transduction-related genes PlGID1 and PlSPY
were both upregulated in the two cultivars during endodormancy
release (Figure 4B). A heatmap of known genes involved in
ABA and GA synthesis and signal transduction based on qRT–
PCR was plotted (Supplementary Figure 1). Genes related to
ABA signaling, such as PlPP2C, PlABI5, PlSNRK, and PlbZIP,
displayed distinctly earlier expression in high-CR ‘Zhuguang,’
which corresponds to the early accumulated ABA content in
contrast to that in low CR ‘Hang Baishao’ during endodormancy
release (Figures 4A,B). Most GA signal transduction genes
were first upregulated and then downregulated in both cultivars
(Supplementary Figure 1). In addition, PlXERICO, which
connects the ABA and GA signal transduction pathways, was
obviously expressed earlier in high-CR ‘Zhuguang’ than in low
CR ‘Hang Baishao’ (Figure 4B).

Phylogenetic Tree and Gene Expression
Analysis of Crucial MIKCC-Type
MADS-Box Genes
A total of eight non-redundant unitranscripts were assigned
in P. lactiflora (Supplementary Table 2) after searching the
integrated transcriptome database with HMM profile of the
MADS-box domain. All the genes from the nine species were
phylogenetically classified into four clades (scaffolds were placed
as the root branch), which included the AP1/FUL, SOC1,
SVP, and FLC clades (Figure 5A). The eight transcripts in

P. lactiflora contained four SVP, three AP1 and one SOC1
transcript. However, no FLC transcripts clustered in the FLC
clade. Phylogenetic and sequence analysis of SVP transcripts
showed only one SVP in P. lactiflora, while the other three
resulted from alternative splicing events of the SVP. Similarly, one
AP1 and one SOC1 were identified in P. lactiflora (Figure 5A).

The expression of the PlSVP was upregulated during early
endodormancy release stage followed by a slight decrease until
January 23 in the low-CR ‘Hang Baishao’ (Figure 5B). However,
an increased expression of PlSVP in the high-CR ‘Zhuguang’
was observed before late endodormancy release, followed by
downregulation when endodormancy release, which was later
than that in low CR ‘Hang Baishao’ (Figure 5B). PlSOC1 and
PlAP1, which are downstream of PlSVP, were upregulated in
low CR ‘Hang Baishao’ during endodormancy release. However,
the expression of PlSOC1 and PlAP1 in the high-CR ‘Zhuguang’
was distinctly lower than that in the low-CR ‘Hang Baishao’
(Figure 5B and Supplementary Table 3).

Changes in Physiological and
Biochemical Indices and Gene
Expression Related to Oxidative Stress
H2O2 decreased sharply before December 12 and gradually
declined afterward, and the H2O2 content of the high-CR
‘Zhuguang’ was always higher than that of low CR ‘Hang
Baishao,’ especially in the endodormancy maintenance and early
endodormancy release stages (Figure 6 and Supplementary
Table 3). In contrast, the MDA content gradually increased with
the prolongation of natural chilling, and low CR ‘Hang Baishao’
reached its maximum value during ecodormancy, which was later
than that for high-CR ‘Zhuguang’ when endodormancy release
(Figure 6). Moreover, the MDA content of high-CR ‘Zhuguang’
was always higher than that of low CR ‘Hang Baishao’ (Figure 6
and Supplementary Table 3). The soluble protein content of
both cultivars gradually decreased before December 12 and
stabilized afterward (Figure 6). In general, the soluble protein
content of low CR ‘Hang Baishao’ was always higher than that
of high-CR ‘Zhuguang’ (Figure 6 and Supplementary Table 3).
In contrast to the H2O2 content, the CAT activity gradually
increased, and there were significant changes in CAT activity in
the endodormancy maintenance BEM and early endodormancy
release stages. However, the CAT activity of high-CR ‘Zhuguang’
was always higher than that of low CR ‘Hang Baishao’ (Figure 6
and Supplementary Table 3). Similarly, the activity of POD
first increased and then decreased, and low CR ‘Hang Baishao’
reached its peak when endodormancy release, which was later
than that of high-CR ‘Zhuguang’ which peaked in the middle
endodormancy release stage. In contrast, the activity of SOD
decreased rapidly during early endodormancy release stage in the
two cultivars and then shows no significant change though trends
downward after January 23 in both varieties (Figure 6).

The expression of the ROS-generating gene polyamine oxidase
2 (PlPAO2) correlated with dormancy states. Notably, the
expression of PlPAO2 in the high-CR ‘Zhuguang’ was higher and
earlier than in low CR ‘Hang Baishao’ during endodormancy
release stage (Figure 7 and Supplementary Table 3). However,
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FIGURE 5 | Phylogenetic analysis of the four MIKCC-type MADS-box genes in P. lactiflora with its homologs from the other plants and expression patterns of key
MADS-box genes in the two cultivars during bud dormancy. (A) Phylogenetic analysis of MADS-box gene family in P. lactiflora and homologs from the other plants.
The tree was generated after multiple sequence alignment using MAFFT and the ML method. The number at each node indicates the percentage of bootstrapping of
a 1,000 replications. Scale bar = 0.05. The P. lactiflora MADS-box genes were marked with red and yellow colors, and the genes for qRT–PCR were marked with red
color. The full names of the species were shown in the main body of the text. (B) Expression patterns of key MADS-box genes in the two cultivars during bud
dormancy. Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were
compared among different move dates for each cultivar.
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FIGURE 6 | Effect of natural chilling on oxidative stress related physiological and biochemical indices in ‘Hang Baishao’ and ‘Zhuguang’ during bud dormancy.
Dashed red line indicates the bud endodormancy release date of low CR ‘Hang Baishao’ and dashed blue line indicates the bud endodormancy release date of
high-CR ‘Zhuguang.’ Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05).
Differences were compared among different move dates for each cultivar.

the upregulated ROS-scavenging genes (PlGRXS17, PlPER52,
PlGSH2, and PlCAT2) were higher in low CR ‘Hang Baishao’
than in high-CR ‘Zhuguang’ during endodormancy release
stage. Moreover, higher expression of stress-response genes
(PlWRKY413, PlCOR413, PlHSP70, PlHISI-3, and PlLEA) and
lower expression of cold response- and cell division-related
genes (PlMAPKKK5, PlLEA, PlCOR413, and PlEXLA2) were
observed in high-CR ‘Zhuguang’ than in low CR ‘Hang
Baishao’ during endodormancy release stage (Figure 7 and
Supplementary Table 3).

Comparison of Histological and
Cytological Observations Between the
Two Cultivars
To further confirm the relationship between ROS and bud
endodormancy release, bud histology was observed in the
crucial bud endodormancy release stage. The morphology of
underground buds was observed on October 17 and January
09, which corresponded to the bud endodormancy maintenance
and release stages, respectively (Figure 8). The results showed
that the underground buds differentiated into Le, Se, and Br in
the low-CR ‘Hang Baishao’ during endodormancy maintenance
stage (Figure 8A). In addition, a large number of cells in the
apical meristem were observed to divide, and some of them
began to differentiate into vessel elements (Figures 8C,D).
Compared with low CR ‘Hang Baishao,’ there was no obvious
differentiation of buds during endodormancy maintenance stage,
and the division of apical meristem cells was relatively lower in
the high-CR ‘Zhuguang’ (Figures 8E,G,H). Notably, most of the

cell division did not occur in the apical meristem but occurred
below it and near the axillary bud (Figure 8F). The complete
floral organs of low CR ‘Hang Baishao’ were differentiated,
and complete vascular tissues were formed due to vigorous cell
division and differentiation during late endodormancy release
stage (Figures 8I–L). In contrast, the buds in the high-CR
‘Zhuguang’ failed to differentiate and showed abortion associated
with ruptured cells and blocked vascular tissues (Figures 8M–P).

Multiple Index Correlation Analysis
The correlations between morphological indices and
physiological indices were analyzed using Spearman’s
correlation analysis and displayed with heatmaps (Table 4).
Generally, the correlation coefficients obtained for these indices
corresponding to carbohydrate metabolism, plant hormones
and the ROS system in low CR ‘Hang Baishao’ were higher
than those in high-CR ‘Zhuguang,’ especially the bud break
and growth related morphological indices BPF, WFS, and
ANS, which were considered closely related to bud dormancy
progress as noted by their darker color/significance in the
heatmap (Table 4).

Compared with ZR, IAA, and BR, ABA, and GA3 had
higher correlation coefficients in both low CR ‘Hang Baishao’
and high-CR ‘Zhuguang,’ but these coefficients were still lower
than those for GA3/ABA (Table 4). Correlation analysis among
carbohydrate metabolism indices showed significantly higher
correlation coefficients in low CR ‘Hang Baishao’ than in high-
CR ‘Zhuguang.’ In addition, ROS system-related indices both had
high correlation coefficients in the two cultivars, especially H2O2,
CAT, and POD (Table 4).
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FIGURE 7 | Effect of natural chilling on oxidative stress related genes expression in ‘Hang Baishao’ and ‘Zhuguang’ during bud dormancy. Error bars represent
standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were compared among different move
dates for each cultivar.

DISCUSSION

Knowing the Underlying Mechanism in
Bud Endodormancy Release Is Vital for
Widely Planting Herbaceous Peony in
Warm Winter Climates
Herbaceous peony is mainly cultivated in temperate regions with
relatively cool climate of the Northern Hemisphere, including
North America, Europe, and Asia, the introduction of herbaceous

peony from higher to lower latitudes can enhance the ornamental
diversity and promote plant landscaping in low-latitude areas
(N 30◦00′–S 30◦00′ areas) (Zhang et al., 2019b; Wang et al.,
2020). However, the global warming trend aggravates the lack of
chilling fulfillment at low latitudes or beyond the natural habitat
of herbaceous peony, and seriously hinders bud endodormancy
release, results in low flowering and thus degrades the growth
of plants year by year (Zhang et al., 2017; Baumgarten et al.,
2021). Introducing, screening and breeding cultivars is not
enough to solve the problem. However, studying CR traits
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FIGURE 8 | Histocytological observations of underground buds in the two cultivars during bud endodormancy release maintenance and release stages. (A,E,I,M)
Differentiation of buds (scale bar: 400 µm). (B,F,J,N) Meristem inside the buds (scale bar: 200 µm). (C,G,K,O) Cell division (scale bar: 100 µm). (D,H,L,P) Vascular
tissues (scale bar: 100 µm). H represents ‘Hang Baishao’; Z represents ‘Zhuguang.’ BEM, bud endodormancy maintenance; BER, bud endodormancy release.

and knowing the underlying mechanism in the obstacles to
bud endodormancy release may provide effective ways to
solve the CR deficiency caused by the warm winter climate
(Wang et al., 2020).

The length of the endodormancy period is dependent on the
CRs of each species, subspecies or cultivars (Prudencio et al.,
2020). How to shorten the duration of the endodormancy period
of buds and make them easier to release (showing the low-CR
trait) needs to be studied. This problem can be further explored
from the aspects of carbohydrate metabolism, ROS signaling,
hormone regulation and the interaction of the above factors.
In addition, the mining of related key genes is of great help
for elucidating the mechanism of bud dormancy and obtaining
transgenic plants with a short endodormancy period, which could
greatly accelerate the breeding of germplasms with a low-CR
trait (Zhang et al., 2017). This method is fundamentally different
from the introduction and cultivation of low-CR cultivars or
forcing cultivation to solve the obstacles to bud endodormancy
release caused by warm winters. Many similar researches have
also been conducted for deciduous fruit-bearing, forest and
tea trees as well as tree peony (Zhang et al., 2015; Azizi
Gannouni et al., 2017; Xue et al., 2018; Gougherty et al., 2021).

These researches are vital for the introduction, planting and
production of economic plants at low latitudes under warm
winter climates.

Sugars Actively Participate in the Bud
Dormancy Transition of Herbaceous
Peony
Many studies have shown that sugar is closely related to
dormancy (Chao and Serpe, 2010; Rubio et al., 2019),
the levels of which were confirmed to be correlated with
the transition of vegetative buds from paradormancy to
endodormancy (Kaufmann and Blanke, 2017). Although
less studied than it is in terminal vegetative and floral buds,
dormancy-associated conversion of starch to sucrose occurs
in other underground buds from other herbaceous plants
(Anderson et al., 2005). In this study, it was found that
sugar levels were associated with the dormancy process.
In both cultivars, sugar levels decreased slightly during
the endodormancy maintenance stage; rise and peaked
during endodormancy; and then they declined during
ecodormancy (Figure 2A). The continuous conversion of
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TABLE 4 | Correlation analysis of bud endodormancy release related crucial indices in the low-CR ‘Hang Baishao’ and high-CR ‘Zhuguang.’

H ZR IAA ABA GA3 GA3/ABA BR JAMe SUC SUG STA POD SOD CAT MDA H2O2 BPF WFS ANS

ZR 1.00

IAA −0.39 1.00

ABA −0.70** 0.46 1.00

GA3 0.83** −0.58* −0.64* 1.00

GA3/ABA 0.88** −0.56* −0.88** 0.90** 1.00

BR 0.11 0.17 −0.23 0.36 0.30 1.00

JAMe −0.14 0.01 0.02 0.27 0.05 0.63* 1.00

SUC −0.64** 0.44 0.80** −0.70** −0.81** −0.47 −0.19 1.00

SUG −0.69** 0.44 0.78** −0.78** −0.84** −0.55* −0.23 0.95** 1.00

STA 0.60* −0.15 −0.75** 0.52* 0.73** 0.35 0.07 −0.46 −0.50 1.00

POD −0.87** 0.50 0.89** −0.80** −0.94** −0.26 0.04 0.80** 0.83** −0.74** 1.00

SOD 0.23 0.11 −0.50 0.20 0.29 0.10 0.09 −0.26 −0.29 0.30 −0.26 1.00

CAT −0.81** 0.54* 0.59* −0.68** −0.68** 0.01 0.11 0.59* 0.65** −0.35 0.73** −0.23 1.00

MDA −0.84** 0.47 0.90** −0.74** −0.92** −0.29 0.02 0.87** 0.85** −0.71** 0.92** −0.31 0.72** 1.00

H2O2 0.68** −0.70** −0.59* 0.71** 0.66** −0.13 0.05 −0.54* −0.60* 0.25 −0.64* 0.38 −0.84** −0.60* 1.00

BPF −0.71** 0.55* 0.82** −0.83** −0.87** −0.39 −0.32 0.91** 0.94** −0.53* 0.84** −0.36 0.70** 0.86** −0.75** 1.00

WFS 0.93** −0.34 −0.93** 0.87** 0.96** 0.51 0.10 −0.87** −0.92** 0.86** −0.93** 0.59 −0.73* −0.96** 0.59 −0.89** 1.00

ANS −0.42 0.37 0.62* −0.62* −0.66** −0.58* −0.38 0.83** 0.79** −0.42 0.69** −0.07 0.32 0.62* −0.35 0.80** −0.74** 1.00

Z ZR IAA ABA GA3 GA3/ABA BR JAMe SUC SUG STA POD SOD CAT MDA H2O2 BPF WFS ANS

ZR 1.00

IAA 0.81** 1.00

ABA −0.30 −0.17 1.00

GA3 0.77** 0.60* −0.23 1.00

GA3/ABA 0.58* 0.29 −0.66** 0.77** 1.00

BR 0.25 0.42 −0.24 0.25 0.04 1.00

JAMe −0.45 −0.10 0.38 −0.74** −0.75** 0.15 1.00

SUC −0.01 0.18 −0.75** −0.09 0.25 0.37 0.08 1.00

SUG −0.15 −0.04 −0.65** −0.20 0.24 0.23 0.13 0.92** 1.00

STA 0.42 0.46 0.06 0.46 0.25 −0.15 −0.29 −0.27 −0.44 1.00

POD −0.58* −0.32 0.58* −0.81** −0.93** 0.05 0.83** −0.18 −0.12 −0.33 1.00

SOD 0.54* 0.45 −0.48 0.74** 0.69** −0.04 −0.79** 0.25 0.07 0.49 −0.83** 1.00

CAT −0.67** −0.57* 0.28 −0.89** −0.69** −0.16 0.76** −0.02 0.07 −0.54* 0.78** −0.85** 1.00

MDA −0.78** −0.64** 0.32 −0.82** −0.72** −0.01 0.63* 0.00 0.13 −0.40 0.77** −0.65** 0.657** 1.00

H2O2 0.70** 0.61* −0.30 0.82** 0.59* 0.17 −0.67** 0.04 −0.13 0.64** −0.71** 0.89** −0.91** −0.62* 1.00

BPF −0.63* −0.56* −0.13 −0.86** −0.41 −0.28 0.53* 0.38 0.52* −0.58* 0.51 −0.55* 0.79** 0.58* −0.77** 1.00

WFS −0.02 0.03 −0.08 −0.15 −0.07 −0.06 0.29 0.14 0.12 −0.10 −0.05 −0.20 0.35 −0.13 −0.25 0.29 1.00

ANS −0.44 −0.37 −0.17 −0.75** −0.33 −0.05 0.59* 0.43 0.51 −0.48 0.54* −0.52* 0.66** 0.62* −0.63* 0.83** 0.06 1.00

The symbol “**” indicates extreme significance (P < 0.01), and the symbol “*” represents significance (P < 0.05). The darker the background color is, the more significant the correlation is. Green indicates a positive
correlation, and red indicates a negative correlation. H, ‘Hang Baishao’; Z, ‘Zhuguang’; ZR, zeatin riboside; IAA, indole-3-acetic acid; BR, brassinosteroid; JAMe, methyl jasmonate; SUC, sucrose; SUG, sugars; STA,
starch. The other full names of the acronyms are shown in the main body of the article. The contents of IAA, ZR, BR and JAMe were shown in Supplementary Figure 2.
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starch to sugars has been correlated with the transition
of the bud dormancy stage. Thus, carbohydrates in bud
endodormancy release could serve as a marker for the
division of dormancy stages (Kaufmann and Blanke, 2017).
Interestingly, SUCROSE TRANSPORTER 2 (SUC2) which
encodes a sucrose transport protein, up-regulated during
endodormancy release stage and down-regulated after
endodormancy release both in the two cultivars (Supplementary
Figure 2). However, the expression level of SUC2 in the low-
CR ‘Hang Baishao’ was always higher than in the high-CR
‘Zhuguang’ and correlated with sugar levels, which indicated
that accumulation and transportation of sugars might play
important roles in the regulation of endodormancy release
(Figure 2A and Supplementary Figure 2). In addition, the
results showed that sucrose was the most abundant soluble
sugar; the content of sucrose significantly increased during
endodormancy release stage (Figure 2A and Supplementary
Figure 2), which suggested that sucrose may be used to
provide energy following the release of bud endodormancy
(Mornya and Cheng, 2011).

Several reports have shown that low temperatures induce
starch degradation, and the main enzymes involved in this
pathway, including AMY (α-Amylase), BMY (β-Amylase), SUS
(Sucrose synthase), and SPS (Sucrose phosphate synthase),
are differentially regulated and facilitate dormancy release
(Chao and Serpe, 2010; Liu X. et al., 2020). For instance,
BMY has been identified as being regulated by The C –
repeat binding factor (CBF) gene which is a key regulator
of cold-acclimation in many plants (Li W. et al., 2020).
In this study, PlAMY and PlBMY were both upregulated
until endodormancy release in the two cultivars (Figure 2B).
Similarly, PlSUS and PlSPS, which are related to sucrose
synthesis, were upregulated during endodormancy release stage
(Figure 2B). Nevertheless, the expression of PlAMY, PlSPS, and
PlSUS was lower in the high-CR ‘Zhuguang’ and corresponded
with a lower content of soluble sugars (Figures 2A,B and
Supplementary Table 3). This suggested that the low-CR
‘Hang Baishao’ could promote bud endodormancy release
through higher expression of sucrose synthesis genes and
starch decomposition genes. Although we cannot rule out
that the lower sucrose content in high-CR ‘Zhuguang’ is
not because it initiated the conversion of starch to sugars
later in the fall and thus lagged behind low CR ‘Hang
Baishao’ or because it had accumulated less starch than
low CR ‘Hang Baishao’ during the growing season. Some
accumulated sugars can act as signals to trigger a series
of transcription programs to promote bud endodormancy
release through its regulators, such as SnRK1, to regulate the
expression of certain cold-related genes and could mediate
ABA and/or ethylene synthesis to respond to cold temperatures
(Rubio et al., 2019; Xue et al., 2021). SnRK1 and ABA
both negatively regulate the TARGET OF RAPAMYCIN
(TOR) kinase complex. Repression of the TOR kinase inhibits
growth in all Eucaryotes that have been investigated. This
complex serves as the central hub for collecting information
on nutrients and stress and transducing that information
to control cell division and growth (Burkart and Brandizzi,

2020), and thus may well play a central role in controlling
bud dormancy.

The Balance Between Abscisic Acid and
Gibberellin Regulates the Bud Dormancy
of Herbaceous Peony
The importance of hormone homeostasis in bud dormancy has
been well reviewed (Wang et al., 2015; Falavigna et al., 2018).
In many cases, the determination of dormancy or sprouting
mainly depends on an intrinsic balance of GA and ABA
biosynthesis and catabolism (Yang et al., 2021). GA positively
regulates the release of dormancy, whereas ABA is involved
in the induction and maintenance of dormancy (Horvath
et al., 2003). ABA levels may increase with short days and
low temperatures in autumn, resulting in the inhibition of
cell division and the induction of endodormancy (Polanski
et al., 2020). The findings in this study regarding endogenous
GA/ABA confirmed the decreasing trend during endodormancy
and increasing trend during ecodormancy in both cultivars
(Figure 4A), which is consistent with results in grapes, sweet
cherry and tree peony (Sudawan et al., 2016; Falavigna et al.,
2018; Xue et al., 2018). After comparing the ratio of GA/ABA
in the two cultivars, it was found that the GA/ABA of the
low-CR ‘Hang Baishao’ was higher than that of high-CR
‘Zhuguang’ (Figure 4A and Supplementary Table 3) prior to
bud endodormancy release, indicating it may play a role in
endodormancy maintenance and could possibly be responsible
for a higher level of dormancy establishment in high-CR
‘Zhuguang.’ However, GA/ABA were at similar levels at the
point of endodormancy release and thereafter, indicating that
the GA/ABA ratio may not play a major role in endodormancy
release in peony.

However, it should be noted that the spike in ABA levels
in low CR ‘Hang Baishao’ corresponded to a brief warming
trend near the end of January. ABA also negatively regulates
the TOR kinase complex (Burkart and Brandizzi, 2020). This
observation suggests that perhaps, this increase in ABA levels
might be a protective mechanism that has evolved in low
CR ‘Hang Baishao’ to prevent growth and protect it from
such events, as they would be more common in the warmer
climates to which low CR ‘Hang Baishao’ is adapted. It
should also be noted that a similar if less dramatic trend
was observed for MDA levels suggesting some correlative
mechanism- either one regulating the other or both being
regulated by some other factor.

Abscisic acid levels are positively regulated by the DELLA
protein by upregulating the expression of the PlXERICO gene
(Guan et al., 2019). In this study, we observed upregulation of
PlXERICO near the endodormancy release in the two cultivars
(Figure 4B). Interestingly, PlXERICO, PlSNRK, and PlPP2C
were highly coordinately expressed, and roughly correlated
with ABA levels, but only in low CR ‘Hang Baishao.’ These
correlations do not hold for high-CR ‘Zhuguang,’ and thus
may point to another possible adaptation to warmer winters
in low CR ‘Hang Baishao.’ Regardless of the actual ABA
levels, PlXERICO was slightly upregulated near the end of
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FIGURE 9 | Proposed mechanistic model for the obstacle in bud dormancy release caused by warm winters in herbaceous peony. BER, bud endodormancy release.

endodormancy maintenance in the high-CR ‘Zhuguang,’ which
was about 2 weeks earlier than in low CR ‘Hang Baishao’
(Figure 4B). These observations suggest other factors may
play a role in ABA accumulation and endodormancy release,
particularly in high-CR ‘Zhuguang.’ Interestingly, contrary to
ABA levels, GA levels and associated gene expression appears
to correspond to the timing of endodormancy release in both
cultivars, although it tends to precede it by at least 2 weeks.
This would be consistent with the observed role of GA in
opening symplastic connections prior to and facilitating bud
endodormancy release in other systems (Rinne et al., 2011), but
inconsistent with an inhibitory role for ABA in the same process
(Tylewicz et al., 2018).

Gibberellin concentrations were found to increase during
the dormancy phase transition in low CR ‘Hang Baishao’ but
not in high-CR ‘Zhuguang’ (Figure 4). A similar situation
was implicated in peach and apicot with low-CR genotypes
having higher GA3 levels than the high-CR genotype (Yu et al.,
2020). Increased active GA further controls bud dormancy and
flowering by promoting the expression of PlSOC1. In tree peony,
altered GA levels affected the expression of SVP and SOC1
associated with flowering time and improved flower quality
(Guan et al., 2019). However, in this study, changes in GA
levels do not correspond to changes in PlSOC1 and PlSVP
expression, as these genes do not show differences in expression
between the two cultivars until January 09, while GA levels are

significantly different starting November 14. That said, PlSOC1
and PlSVP expression does correlate to the differences in bud
endodormancy release between the two cultivars (Figure 5B
and Supplementary Table 3) as would be expected, with
significantly higher expression of PlSVP and significantly lower
PlSOC1 levels in high-CR ‘Zhuguang’ corresponding to bud
endodormancy release.

Reactive Oxygen Species
Over-Accumulated to Increase
Resistance to Warm Winters in the
High-Chilling Requirement Cultivar of
Herbaceous Peony During Bud
Endodormancy Release
Warm winters will not only lead to obstacles to bud
endodormancy release but are also accompanied by a series
of abiotic stresses. ROS is over-accumulated under abiotic
stresses, which can cause oxidative damage to cell structures,
leading to restriction of plant growth or even to death
(Choudhury et al., 2017; Ishibashi et al., 2017) and must be
strictly controlled (Barba-Espin et al., 2011; Sudawan et al.,
2016). Antioxidant control systems involving the enzymes CAT,
SOD, and POD are increased to maintain the level of ROS in
plant tissues (Mujahid et al., 2020). The high ROS level caused
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the upregulation of PlGRXS17, PlCAT2, and PlPER52, which
led to increased activities of CAT and POD in both ‘Hang
Baishao’ and ‘Zhuguang’ during endodormancy maintenance
stage (Figures 6, 7). However, the expression levels of these ROS
scavenging genes were lower in high-CR ‘Zhuguang’ (Figure 7
and Supplementary Table 3), which suggests it is under higher
oxidative stress. Yet, it must be recognized that CAT activity
was still higher in high-CR ‘Zhuguang.’ This result indicates
that it was difficult for the ROS scavenging system of high-CR
‘Zhuguang’ to maintain ROS at a normal level, which could be
one of the factors that induced obstacles to bud endodormancy
release (Porcher et al., 2020). It should be noted that the highest
levels of damage, as indicated by MDA concentrations, was
observed in high-CR ‘Zhuguang’ during one of the unusually
warm periods in late January (Figure 6). Thus, suggesting the
hypothesis that high-CR ‘Zhuguang’ incurs greater damage than
low CR ‘Hang Baishao’ during short warming periods in winter.

High levels of H2O2 early in endodormancy fell precipitously
and then stabilized slightly earlier in low CR ‘Hang Baishao’
than in high-CR ‘Zhuguang.’ Also, the levels of H2O2 was higher
in high-CR ‘Zhuguang’ than in low CR ‘Hang Baishao’ and
roughly negatively correlated with expression of the GA synthesis
gene PlGA20ox8 and positively correlated with expression of GA
synthesis suppressor gene PlSPT in the two cultivars (Figures 4B,
6 and Supplementary Table 3). These observations would be
consistent with oxidative stress stabilizing earlier in low CR ‘Hang
Baishao’ and opening of the symplastic channels earlier in low CR
‘Hang Baishao’ than in high-CR ‘Zhuguang.’ The coordination
of the H2O2 levels with GA synthesis and the stabilization of
H2O2 levels just prior to increases in PlGA20ox8 expression
opens the intriguing possibility that H2O2 might regulate GA
synthesis and thus be a driver for bud endodormancy release and
provides a second way for oxidative stress levels to regulate bud
endodormancy release in peony.

Interestingly, in grapes, higher ROS production has been
hypothesized to serve as a signal to enhance endodormancy
release (Halaly et al., 2008). Contrary to that hypothesis, in this
study, high levels of H2O2 and higher expression of PlWRKY413,
PlHSP70, and PlbZIP were found in the high-CR ‘Zhuguang’
(Figure 7 and Supplementary Table 3). This further indicated
that high-CR ‘Zhuguang’ showed strong oxidative stress during
endodormancy release stage, but that it did not lead to bud break.

A Proposed Model for the Different
Formation Mechanisms of Bud
Endodormancy Release in Herbaceous
Peony Cultivars With High- and
Low-Chilling Requirement Traits Under
Warm Winters
Through a detailed comparative study on herbaceous peonies
with high- and low- CR traits during bud endodormancy release,
an important role for ROS and GA, and a potential role for
ABA in protecting southern-adapted cultivars like ‘Hang Baishao’
from damage during warm spells- although the mechanism is
unclear, it is possible that it acts through ABA repression of

TOR. In the high-CR cultivar ‘Zhuguang,’ the insufficient chill
accumulation caused by warm winters results in high level of
ROS during the early endodormancy maintenance period, and
a high level of ROS subsequently correlates with an earlier
accumulation of ABA in high-CR ‘Zhuguang’ than in low CR
‘Hang Baishao.’ High oxidative stress in high-CR ‘Zhuguang’
also correlates to cellular damage and thus poorer adaptation to
warmer winters. Lower GA levels in high-CR ‘Zhuguang’ may
lead to blocked vascular tissue and abnormal bud differentiation
potentially by inhibiting the expression of PlSOC1, which finally
create obstacles to bud endodormancy release under warm
winters (Figure 9).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

XW, JZ, and YX conceived and designed the entire study
plan. XW completed most of the experiments. RZ, QH, and
XS completed the partial experiments. XW, DL, JZ, and DH
analyzed the data and drafted the manuscript. JZ, DH, DL,
and YX reviewed the manuscript. All authors approved the
final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (NSFC; 32071822 and 31600567) and
the Fundamental Research Funds for the Central Universities
(2021QNA6017). The authors acknowledge the support of two
research projects.

ACKNOWLEDGMENTS

The authors acknowledge Yebiao Yu and Meilin Zhao at the
Perennial Flower Resources Garden of Zhejiang University for
their meticulous care for all herbaceous peony plants during
the last 8 years. The authors also acknowledge the excellent
suggestions raised from Songling Bai and Yuanwen Teng in the
College of Agriculture and Biotechnology, Zhejiang University,
Hangzhou, China.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
772285/full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org 18 February 2022 | Volume 12 | Article 772285

https://www.frontiersin.org/articles/10.3389/fpls.2021.772285/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.772285/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-772285 January 27, 2022 Time: 15:36 # 19

Wang et al. Bud Dormancy in Herbaceous Peony

REFERENCES
Anderson, J. V., Gesch, R. W., Jia, Y., Chao, W. S., and Horvath, D. P. (2005).

Seasonal shifts in dormancy status, carbohydrate metabolism, and related gene
expression in crown buds of leafy spurge. Plant Cell Environ. 28, 1567–1578.
doi: 10.1111/j.1365-3040.2005.01393.x

Ariizumi, T., Hauvermale, A. L., Nelson, S. K., Hanada, A., Yamaguchi, S., and
Steber, C. M. (2013). Lifting della repression of Arabidopsis seed germination
by nonproteolytic gibberellin signaling. Plant Physiol. 162, 2125–2139. doi:
10.1104/pp.113.219451

Azeez, A., Zhao, Y. C., Singh, R. K., Yordanov, Y. S., Dash, M., Miskolczi, P., et al.
(2021). EARLY BUD-BREAK 1 and EARLY BUD-BREAK 3 control resumption
of poplar growth after winter dormancy. Nat. Commun. 12:1123. doi: 10.1038/
s41467-021-21449-0

Azizi Gannouni, T., Campoy, J. A., Quero-García, J., Barreneche, T., Arif, A.,
Albouchi, A., et al. (2017). Dormancy related traits and adaptation of sweet
cherry in Northern Africa: a case of study in two Tunisian areas. Sci. Hortic.
219, 272–279. doi: 10.1016/j.scienta.2017.03.013

Balazadeh, S., Jaspert, N., Arif, M., Mueller-Roeber, B., and Maurino, V. G. (2012).
Expression of ROS-responsive genes and transcription factors after metabolic
formation of H(2)O(2) in chloroplasts. Front. Plant Sci. 3:234. doi: 10.3389/fpls.
2012.00234

Barba-Espin, G., Diaz-Vivancos, P., Job, D., Belghazi, M., Job, C., and
Hernandez, J. A. (2011). Understanding the role of H(2)O(2) during
pea seed germination: a combined proteomic and hormone profiling
approach. Plant Cell Environ. 34, 1907–1919. doi: 10.1111/j.1365-3040.2011.
02386.x

Baumgarten, F., Zohner, C. M., Gessler, A., and Vitasse, Y. (2021). Chilled to be
forced: the best dose to wake up buds from winter dormancy. New Phytol. 230,
1366–1377. doi: 10.1111/nph.17270

Bian, T., Ma, Y., Guo, J., Wu, Y., Shi, D., and Guo, X. (2020). Herbaceous
peony (Paeonia lactiflora Pall.) PlDELLA gene negatively regulates dormancy
release and plant growth. Plant Sci. 297:110539. doi: 10.1016/j.plantsci.2020.
110539

Burkart, G. M., and Brandizzi, F. (2020). A tour of TOR complex signaling in
plants. Trends Biochem. Sci. 46, 417–428.

Cesaraccio, C., Spano, D., Snyder, R. L., and Duce, P. (2004). Chilling and forcing
model to predict bud-burst of crop and forest species. Agric. For. Meteorol. 126,
1–13. doi: 10.1016/j.agrformet.2004.03.002

Chao, W. S., Dogramaci, M., Horvath, D. P., Anderson, J. V., and Foley,
M. E. (2017). Comparison of phytohormone levels and transcript profiles
during seasonal dormancy transitions in underground adventitious buds
of leafy spurge. Plant Mol. Biol. 94, 281–302. doi: 10.1007/s11103-017-
0607-7

Chao, W. S., and Serpe, M. D. (2010). Changes in the expression of carbohydrate
metabolism genes during three phases of bud dormancy in leafy spurge. Plant
Mol. Biol. 73, 227–239. doi: 10.1007/s11103-009-9568-9

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al.
(2020). TBtools: an Integrative Toolkit Developed for Interactive Analyses
of Big Biological Data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.
06.009

Choudhury, F. K., Rivero, R. M., Blumwald, E., and Mittler, R. (2017). Reactive
oxygen species, abiotic stress and stress combination. Plant J. 90, 856–867.
doi: 10.1111/tpj.13299

Dong, Z., Xiao, Y., Govindarajulu, R., Feil, R., Siddoway, M. L., Nielsen, T.,
et al. (2019). The regulatory landscape of a core maize domestication module
controlling bud dormancy and growth repression. Nat. Commun. 10:3810. doi:
10.1038/s41467-019-11774-w

Falavigna, V. D. S., Guitton, B., Costes, E., and Andres, F. (2018). I Want to (Bud)
Break Free: the Potential Role of DAM and SVP-Like Genes in Regulating
Dormancy Cycle in Temperate Fruit Trees. Front. Plant Sci. 9:1990. doi: 10.
3389/fpls.2018.01990

Gougherty, A. V., Keller, S. R., and Fitzpatrick, M. C. (2021). Maladaptation,
migration and extirpation fuel climate change risk in a forest tree species. Nat.
Clim. Chang. 11, 166–171. doi: 10.1038/s41558-020-00968-6

Guan, Y.-R., Xue, J.-Q., Xue, Y.-Q., Yang, R.-W., Wang, S.-L., and Zhang, X.-X.
(2019). Effect of exogenous GA3 on flowering quality, endogenous hormones,
and hormone- and flowering-associated gene expression in forcing-cultured

tree peony (Paeonia suffruticosa). J. Integr. Agric. 18, 1295–1311. doi: 10.1016/
s2095-3119(18)62131-8

Halaly, T., Pang, X., Batikoff, T., Crane, O., Keren, A., Venkateswari, J., et al.
(2008). Similar mechanisms might be triggered by alternative external stimuli
that induce dormancy release in grape buds. Planta 228, 79–88. doi: 10.1007/
s00425-008-0720-6

Halevy, A. H., Barzilay, A., and Kamenetsky, R. (2005). Flowering Advancement in
Herbaceous Peony. Acta Hortic. 673, 279–285. doi: 10.17660/ActaHortic.2005.
673.34

Horvath, D. P., Anderson, J. V., Chao, W. S., and Foley, M. E. (2003). Knowing
when to grow: signals regulating bud dormancy. Trends Plant Sci. 8, 534–540.
doi: 10.1016/j.tplants.2003.09.013

Horvath, D. P., Chao, W. S., Suttle, J. C., Thimmapuram, J., and Anderson, J. V.
(2008). Transcriptome analysis identifies novel responses and potential
regulatory genes involved in seasonal dormancy transitions of leafy
spurge (Euphorbia esula L.). BMC Genomics 9:536. doi: 10.1186/1471-2164-
9-536

Ishibashi, Y., Aoki, N., Kasa, S., Sakamoto, M., Kai, K., Tomokiyo, R., et al. (2017).
The Interrelationship between Abscisic Acid and Reactive Oxygen Species Plays
a Key Role in Barley Seed Dormancy and Germination. Front. Plant Sci. 8:275.
doi: 10.3389/fpls.2017.00275

Jewaria, P. K., Hanninen, H., Li, X., Bhalerao, R. P., and Zhang, R. (2021). A
hundred years after: endodormancy and the chilling requirement in subtropical
trees. New Phytol. 231, 565–570. doi: 10.1111/nph.17382

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol. Evol.
30, 772–780. doi: 10.1093/molbev/mst010

Kaufmann, H., and Blanke, M. (2017). Changes in carbohydrate levels and relative
water content (RWC) to distinguish dormancy phases in sweet cherry. J. Plant
Physiol. 218, 1–5. doi: 10.1016/j.jplph.2017.07.004

Kumar, G., Arya, P., Gupta, K., Randhawa, V., Acharya, V., and Singh, A. K. (2016).
Comparative phylogenetic analysis and transcriptional profiling of MADS-box
gene family identified DAM and FLC-like genes in apple (Malusx domestica).
Sci. Rep. 6:20695. doi: 10.1038/srep20695

Kumar, K., Srivastava, H., Das, A., Tribhuvan, K. U., Durgesh, K., Joshi, R.,
et al. (2021). Identification and characterization of MADS box gene family in
pigeonpea for their role during floral transition. 3 Biotech 11:108. doi: 10.1007/
s13205-020-02605-7

Li, C., Gu, H., Jiang, W., Zou, C., Wei, D., Wang, Z., et al. (2019). Protein
interactions of SOC1 with SVP are regulated by a few crucial amino acids in
flowering pathways of Brassica juncea. Acta Physiol. Plant. 41:43. doi: 10.1007/
s11738-019-2838-5

Li, D., Liu, C., Shen, L., Wu, Y., Chen, H., Robertson, M., et al. (2008).
A repressor complex governs the integration of flowering signals
in Arabidopsis. Dev. Cell 15, 110–120. doi: 10.1016/j.devcel.2008.
05.002

Li, W., Chen, Y., Ye, M., Lu, H., Wang, D., Chen, Q., et al. (2020). Evolutionary
history of the C-repeat binding factor/dehydration-responsive element-binding
1 (CBF/DREB1) protein family in 43 plant species and characterization of
CBF/DREB1 proteins in Solanum tuberosum. BMC Evol. Biol. 20:142. doi:
10.1186/s12862-020-01710-8

Li, Z., Liu, N., Zhang, W., Wu, C., Jiang, Y., Ma, J., et al. (2020). Integrated
transcriptome and proteome analysis provides insight into chilling-induced
dormancy breaking in Chimonanthus praecox. Hortic. Res. 7:198. doi: 10.1038/
s41438-020-00421-x

Liang, D., Huang, X., Shen, Y., Shen, T., Zhang, H., Lin, L., et al. (2019). Hydrogen
cyanamide induces grape bud endodormancy release through carbohydrate
metabolism and plant hormone signaling. BMC Genomics 20:1034. doi: 10.
1186/s12864-019-6368-8

Liao, X., Li, Y., Hu, Z., Lin, Y., Zheng, B., and Ding, J. (2021). Poplar acetylome
profiling reveals lysine acetylation dynamics in seasonal bud dormancy release.
Plant Cell Environ. 44, 1830–1845. doi: 10.1111/pce.14040

Liu, B., Wang, X. Y., Cao, Y., Arora, R., Zhou, H., and Xia, Y. P. (2020). Factors
affecting freezing tolerance: a comparative transcriptomics study between field
and artificial cold acclimations in overwintering evergreens. Plant J. 103, 2279–
2300. doi: 10.1111/tpj.14899

Liu, X., Huang, X., Kong, X.-X., Zhang, J., Wang, J.-Z., Yang, M.-L., et al. (2020).
Sucrose synthase is involved in the carbohydrate metabolism-based regulation

Frontiers in Plant Science | www.frontiersin.org 19 February 2022 | Volume 12 | Article 772285

https://doi.org/10.1111/j.1365-3040.2005.01393.x
https://doi.org/10.1104/pp.113.219451
https://doi.org/10.1104/pp.113.219451
https://doi.org/10.1038/s41467-021-21449-0
https://doi.org/10.1038/s41467-021-21449-0
https://doi.org/10.1016/j.scienta.2017.03.013
https://doi.org/10.3389/fpls.2012.00234
https://doi.org/10.3389/fpls.2012.00234
https://doi.org/10.1111/j.1365-3040.2011.02386.x
https://doi.org/10.1111/j.1365-3040.2011.02386.x
https://doi.org/10.1111/nph.17270
https://doi.org/10.1016/j.plantsci.2020.110539
https://doi.org/10.1016/j.plantsci.2020.110539
https://doi.org/10.1016/j.agrformet.2004.03.002
https://doi.org/10.1007/s11103-017-0607-7
https://doi.org/10.1007/s11103-017-0607-7
https://doi.org/10.1007/s11103-009-9568-9
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1038/s41467-019-11774-w
https://doi.org/10.1038/s41467-019-11774-w
https://doi.org/10.3389/fpls.2018.01990
https://doi.org/10.3389/fpls.2018.01990
https://doi.org/10.1038/s41558-020-00968-6
https://doi.org/10.1016/s2095-3119(18)62131-8
https://doi.org/10.1016/s2095-3119(18)62131-8
https://doi.org/10.1007/s00425-008-0720-6
https://doi.org/10.1007/s00425-008-0720-6
https://doi.org/10.17660/ActaHortic.2005.673.34
https://doi.org/10.17660/ActaHortic.2005.673.34
https://doi.org/10.1016/j.tplants.2003.09.013
https://doi.org/10.1186/1471-2164-9-536
https://doi.org/10.1186/1471-2164-9-536
https://doi.org/10.3389/fpls.2017.00275
https://doi.org/10.1111/nph.17382
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.jplph.2017.07.004
https://doi.org/10.1038/srep20695
https://doi.org/10.1007/s13205-020-02605-7
https://doi.org/10.1007/s13205-020-02605-7
https://doi.org/10.1007/s11738-019-2838-5
https://doi.org/10.1007/s11738-019-2838-5
https://doi.org/10.1016/j.devcel.2008.05.002
https://doi.org/10.1016/j.devcel.2008.05.002
https://doi.org/10.1186/s12862-020-01710-8
https://doi.org/10.1186/s12862-020-01710-8
https://doi.org/10.1038/s41438-020-00421-x
https://doi.org/10.1038/s41438-020-00421-x
https://doi.org/10.1186/s12864-019-6368-8
https://doi.org/10.1186/s12864-019-6368-8
https://doi.org/10.1111/pce.14040
https://doi.org/10.1111/tpj.14899
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-772285 January 27, 2022 Time: 15:36 # 20

Wang et al. Bud Dormancy in Herbaceous Peony

of seed dormancy release in Pyrus calleryana Decne. J. Hortic. Sci. Biotechnol.
95, 590–599. doi: 10.1080/14620316.2020.1740612

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Meitha, K., Konnerup, D., Colmer, T. D., Considine, J. A., Foyer, C. H., and
Considine, M. J. (2015). Spatio-temporal relief from hypoxia and production
of reactive oxygen species during bud burst in grapevine (Vitis vinifera). Ann.
Bot. 116, 703–711. doi: 10.1093/aob/mcv123

Mornya, P., and Cheng, F. (2011). The levels of hormone and carbohydrate in
autumn and non-autumn flowering tree peonies. Can. J. Plant Sci. 91, 991–998.
doi: 10.4141/cjps2011-043

Mujahid, Z., Tounekti, T., and Khemira, H. (2020). Cold plasma treatment to
release dormancy and improve growth in grape buds: a promising alternative
to natural chilling and rest breaking chemicals. Sci. Rep. 10:2667. doi: 10.1038/
s41598-020-59097-x

Oracz, K., and Karpinski, S. (2016). Phytohormones Signaling Pathways and ROS
Involvement in Seed Germination. Front. Plant Sci. 7:864. doi: 10.3389/fpls.
2016.00864

Pérez, F. J., Vergara, R., and Rubio, S. (2008). H2O2 is involved in the dormancy-
breaking effect of hydrogen cyanamide in grapevine buds. Plant Growth Regul.
55, 149–155. doi: 10.1007/s10725-008-9269-4

Polanski, K., Young, M. D., Miao, Z. C., Meyer, K. B., Teichmann, S. A.,
and Park, J. E. (2020). BBKNN: fast batch alignment of single cell
transcriptomes. Bioinformatics 36, 964–965. doi: 10.1093/bioinformatics/
btz625

Porcher, A., Guerin, V., Montrichard, F., Lebrec, A., Lothier, J., and Vian, A. (2020).
Ascorbate glutathione-dependent H2O2 scavenging is an important process in
axillary bud outgrowth in rosebush. Ann. Bot. 126, 1049–1062. doi: 10.1093/
aob/mcaa130

Price, M. N., Dehal, P. S., and Arkin, A. P. (2009). FastTree: computing Large
Minimum Evolution Trees with Profiles instead of a Distance Matrix. Mol. Biol.
Evol. 26, 1641–1650. doi: 10.1093/molbev/msp077

Prudencio, ÁS., Martínez-Gómez, P., and Dicenta, F. (2020). Analysis of the
Modulation of Dormancy Release in Almond (Prunus dulcis) in Relation
to the Flowering and Ripening Dates and Production under Controlled
Temperature Conditions. Agronomy 10:277. doi: 10.3390/agronomy100
20277

Raja, V., Majeed, U., Kang, H., Andrabi, K. I., and John, R. (2017). Abiotic
stress: interplay between ROS, hormones and MAPKs. Environ. Exp. Bot. 137,
142–157. doi: 10.1016/j.envexpbot.2017.02.010

Richardson, E. A., Seeley, S. D., and Walker, D. R. (1974). A model for estimating
the completion of rest for Redhaven and Elberta peach trees. Hortscience 9,
331–332.

Rinne, P. L. H., Welling, A., Vahala, J., Ripel, L., Ruonala, R., Kangasjärvi, J., et al.
(2011). Chilling of dormant buds hyperinduces FLOWERING LOCUS T and
recruits GA-inducible 1,3-β-glucanases to reopen signal conduits and release
dormancy in Populus. Plant Cell 23, 130–146.

Rubio, S., Noriega, X., and Perez, F. J. (2019). ABA promotes starch synthesis and
storage metabolism in dormant grapevine buds. J. Plant Physiol. 234-235, 1–8.
doi: 10.1016/j.jplph.2019.01.004

Shu, K., Liu, X. D., Xie, Q., and He, Z. H. (2016). Two Faces of One Seed:
hormonal Regulation of Dormancy and Germination. Mol. Plant 9, 34–45.
doi: 10.1016/j.molp.2015.08.010

Singh, R. K., Maurya, J. P., Azeez, A., Miskolczi, P., Tylewicz, S., Stojkovic, K., et al.
(2018). A genetic network mediating the control of bud break in hybrid aspen.
Nat. Commun. 9:4173. doi: 10.1038/s41467-018-06696-y

Singh, R. K., Miskolczi, P., Maurya, J. P., and Bhalerao, R. P. (2019). A
Tree Ortholog of SHORT VEGETATIVE PHASE Floral Repressor Mediates
Photoperiodic Control of Bud Dormancy. Curr. Biol. 29, 128–133.e2. doi: 10.
1016/j.cub.2018.11.006

Singh, R. K., Svystun, T., AlDahmash, B., Jonsson, A. M., and Bhalerao, R. P.
(2017). Photoperiod- and temperature-mediated control of phenology in trees
- a molecular perspective. New Phytol. 213, 511–524. doi: 10.1111/nph.14346

Sudawan, B., Chang, C. S., Chao, H. F., Ku, M. S., and Yen, Y. F. (2016). Hydrogen
cyanamide breaks grapevine bud dormancy in the summer through transient
activation of gene expression and accumulation of reactive oxygen and nitrogen
species. BMC Plant Biol. 16:202. doi: 10.1186/s12870-016-0889-y

Tuan, P. A., Nguyen, T. N., Jordan, M. C., and Ayele, B. T. (2021). A shift in
abscisic acid/gibberellin balance underlies retention of dormancy induced by
seed development temperature. Plant Cell Environ. 44, 2230–2244. doi: 10.1111/
pce.13963

Tylewicz, S., Petterle, A., Marttila, S., Miskolczi, P., Azeez, A., Singh, R. K., et al.
(2018). Photoperiodic control of seasonal growth is mediated by ABA acting on
cell-cell communication. Science 360, 212–215.

Wang, D., Gao, Z., Du, P., Xiao, W., Tan, Q., Chen, X., et al. (2015). Expression of
ABA Metabolism-Related Genes Suggests Similarities and Differences Between
Seed Dormancy and Bud Dormancy of Peach (Prunus persica). Front. Plant Sci.
6:1248. doi: 10.3389/fpls.2015.01248

Wang, H., Xia, X., and An, L. (2021). Effect of Hydrogen Cyanamide on Bud Break,
Fruit Yield and Quality of Highbush Blueberry in Greenhouse Production.
Agriculture 11:439. doi: 10.3390/agriculture11050439

Wang, X., Li, D., Zhang, D., Shi, X., Wu, Y., Qi, Z., et al. (2020). Improving crucial
details and selecting the optimal model for evaluating the chilling requirement
of Paeonia lactiflora Pall. at low latitudes during four winters. Sci. Hortic.
265:109175. doi: 10.1016/j.scienta.2020.109175

Wu, R., Wang, T., Warren, B. A. W., Allan, A. C., Macknight, R. C., and Varkonyi-
Gasic, E. (2017). Kiwifruit SVP2 gene prevents premature budbreak during
dormancy. J. Exp. Bot. 68, 1071–1082. doi: 10.1093/jxb/erx014

Xue, J., Li, T., Wang, S., Xue, Y., Hu, F., and Zhang, X. (2018). Elucidation of the
mechanism of reflowering in tree peony (Paeonia suffruticosa) ‘Zi Luo Lan’
by defoliation and gibberellic acid application. Plant Physiol. Biochem. 132,
571–578. doi: 10.1016/j.plaphy.2018.10.004

Xue, X., Yu, Y. C., Wu, Y., Xue, H., and Chen, L. Q. (2021). Locally restricted
glucose availability in the embryonic hypocotyl determines seed germination
under abscisic acid treatment. New Phytol. 231, 1832–1844. doi: 10.1111/nph.
17513

Yang, Q., Gao, Y., Wu, X., Moriguchi, T., Bai, S., and Teng, Y. (2021). Bud
endodormancy in deciduous fruit trees: advances and prospects. Hortic. Res.
8:139. doi: 10.1038/s41438-021-00575-2

Yang, Q., Yang, B., Li, J., Wang, Y., Tao, R., Yang, F., et al. (2020). ABA-
responsive ABRE-BINDING FACTOR3 activates DAM3 expression to promote
bud dormancy in Asian pear. Plant Cell Environ. 43, 1360–1375. doi: 10.1111/
pce.13744

Yordanov, Y. S., Ma, C., Strauss, S. H., and Busov, V. B. (2014). EARLY BUD-
BREAK 1 (EBB1) is a regulator of release from seasonal dormancy in poplar
trees. Proc. Natl. Acad. Sci. U. S. A. 111, 10001–10006. doi: 10.1073/pnas.
1405621111

Yu, J., Conrad, A. O., Decroocq, V., Zhebentyayeva, T., Williams, D. E., Bennett,
D., et al. (2020). Distinctive Gene Expression Patterns Define Endodormancy
to Ecodormancy Transition in Apricot and Peach. Front. Plant Sci. 11:180.
doi: 10.3389/fpls.2020.00180

Yuxi, Z., Yanchao, Y., Zejun, L., Tao, Z., Feng, L., Chunying, L., et al. (2021).
GA3 is superior to GA4 in promoting bud endodormancy release in tree peony
(Paeonia suffruticosa) and their potential working mechanism. BMC Plant Biol.
21:323. doi: 10.1186/s12870-021-03106-2

Zhang, J., Li, D., Shi, X., Zhang, D., Qiu, S., Wei, J., et al. (2017). Mining
and expression analysis of candidate genes involved in regulating the chilling
requirement fulfillment of Paeonia lactiflora ‘Hang Baishao’. BMC Plant Biol.
17:262. doi: 10.1186/s12870-017-1205-1

Zhang, J., Wang, X., Zhang, D., Qiu, S., Wei, J., Guo, J., et al. (2019a). Evaluating
the Comprehensive Performance of Herbaceous Peonies at low latitudes by
the Integration of Long-running Quantitative Observation and Multi-Criteria
Decision Making Approach. Sci. Rep. 9:15079. doi: 10.1038/s41598-019-
51425-0

Zhang, J., Zhang, D., Wei, J., Shi, X., Ding, H., Qiu, S., et al. (2019b).
Annual growth cycle observation, hybridization and forcing culture for
improving the ornamental application of Paeonia lactiflora Pall. in the
low-latitude regions. PLoS One 14:e0218164. doi: 10.1371/journal.pone.02
18164

Zhang, R., Wang, X., Shi, X., Shao, L., Xu, T., Xia, Y., et al. (2021). Chilling
Requirement Validation and Physiological and Molecular Responses of the Bud
Endodormancy Release in Paeonia lactiflora ‘Meiju’. Int. J. Mol. Sci. 22:8382.
doi: 10.3390/ijms22168382

Zhang, Y. X., Yu, D., Tian, X. L., Liu, C. Y., Gai, S. P., and Zheng, G. S. (2015).
Differential expression proteins associated with bud dormancy release during

Frontiers in Plant Science | www.frontiersin.org 20 February 2022 | Volume 12 | Article 772285

https://doi.org/10.1080/14620316.2020.1740612
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/aob/mcv123
https://doi.org/10.4141/cjps2011-043
https://doi.org/10.1038/s41598-020-59097-x
https://doi.org/10.1038/s41598-020-59097-x
https://doi.org/10.3389/fpls.2016.00864
https://doi.org/10.3389/fpls.2016.00864
https://doi.org/10.1007/s10725-008-9269-4
https://doi.org/10.1093/bioinformatics/btz625
https://doi.org/10.1093/bioinformatics/btz625
https://doi.org/10.1093/aob/mcaa130
https://doi.org/10.1093/aob/mcaa130
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.3390/agronomy10020277
https://doi.org/10.3390/agronomy10020277
https://doi.org/10.1016/j.envexpbot.2017.02.010
https://doi.org/10.1016/j.jplph.2019.01.004
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.1038/s41467-018-06696-y
https://doi.org/10.1016/j.cub.2018.11.006
https://doi.org/10.1016/j.cub.2018.11.006
https://doi.org/10.1111/nph.14346
https://doi.org/10.1186/s12870-016-0889-y
https://doi.org/10.1111/pce.13963
https://doi.org/10.1111/pce.13963
https://doi.org/10.3389/fpls.2015.01248
https://doi.org/10.3390/agriculture11050439
https://doi.org/10.1016/j.scienta.2020.109175
https://doi.org/10.1093/jxb/erx014
https://doi.org/10.1016/j.plaphy.2018.10.004
https://doi.org/10.1111/nph.17513
https://doi.org/10.1111/nph.17513
https://doi.org/10.1038/s41438-021-00575-2
https://doi.org/10.1111/pce.13744
https://doi.org/10.1111/pce.13744
https://doi.org/10.1073/pnas.1405621111
https://doi.org/10.1073/pnas.1405621111
https://doi.org/10.3389/fpls.2020.00180
https://doi.org/10.1186/s12870-021-03106-2
https://doi.org/10.1186/s12870-017-1205-1
https://doi.org/10.1038/s41598-019-51425-0
https://doi.org/10.1038/s41598-019-51425-0
https://doi.org/10.1371/journal.pone.0218164
https://doi.org/10.1371/journal.pone.0218164
https://doi.org/10.3390/ijms22168382
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-772285 January 27, 2022 Time: 15:36 # 21

Wang et al. Bud Dormancy in Herbaceous Peony

chilling treatment of tree peony (Paeonia suffruticosa). Plant Biol. 17, 114–122.
doi: 10.1111/plb.12213

Zhao, Q., Fan, Z., Qiu, L., Che, Q., Wang, T., Li, Y., et al. (2020).
MdbHLH130, an Apple bHLH Transcription Factor, Confers Water Stress
Resistance by Regulating Stomatal Closure and ROS Homeostasis in
Transgenic Tobacco. Front. Plant Sci. 11:543696. doi: 10.3389/fpls.2020.
543696

Zheng, C., Halaly, T., Acheampong, A. K., Takebayashi, Y., Jikumaru, Y.,
Kamiya, Y., et al. (2015). Abscisic acid (ABA) regulates grape bud
dormancy, and dormancy release stimuli may act through modification
of ABA metabolism. J. Exp. Bot. 66, 1527–1542. doi: 10.1093/jxb/
eru519

Zhu, H., Chen, P. Y., Zhong, S., Dardick, C., Callahan, A., An, Y. Q.,
et al. (2020). Thermal-responsive genetic and epigenetic regulation
of DAM cluster controlling dormancy and chilling requirement
in peach floral buds. Hortic. Res. 7:114. doi: 10.1038/s41438-020-0
336-y

Conflict of Interest: The 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.

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.

Copyright © 2022 Wang, Zhang, Huang, Shi, Li, Shao, Xu, Horvath, Xia and Zhang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 21 February 2022 | Volume 12 | Article 772285

https://doi.org/10.1111/plb.12213
https://doi.org/10.3389/fpls.2020.543696
https://doi.org/10.3389/fpls.2020.543696
https://doi.org/10.1093/jxb/eru519
https://doi.org/10.1093/jxb/eru519
https://doi.org/10.1038/s41438-020-0336-y
https://doi.org/10.1038/s41438-020-0336-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Comparative Study on Physiological Responses and Gene Expression of Bud Endodormancy Release Between Two Herbaceous Peony Cultivars (Paeonia lactiflora Pall.) With Contrasting Chilling Requirements
	Introduction
	Materials and Methods
	Plant Materials
	Experimental Design and Sampling
	Morphological Observations
	Bud Morphology Analyses
	Chilling Requirement Evaluation
	Carbohydrate Concentration Measurements
	Endogenous Hormone Quantitation
	Reactive Oxygen Species Related Physiological and Biochemical Measurements
	Screening of the Key Genes Involved in the Regulation of Bud Dormancy
	Identification and Classification of Crucial MIKCC-Type MADS-Box Genes in P. lactiflora
	Total RNA Extraction and Quantitative Real-Time PCR Analysis
	Statistical Analysis

	Results
	Chilling Requirement Evaluation of the Two Cultivars
	Natural and Histological Observations of Underground Buds
	Carbohydrate Contents and Related Gene Expression
	Contents and Related Gene Expression of Abscisic Acid and GA3
	Phylogenetic Tree and Gene Expression Analysis of Crucial MIKCC-Type MADS-Box Genes
	Changes in Physiological and Biochemical Indices and Gene Expression Related to Oxidative Stress
	Comparison of Histological and Cytological Observations Between the Two Cultivars
	Multiple Index Correlation Analysis

	Discussion
	Knowing the Underlying Mechanism in Bud Endodormancy Release Is Vital for Widely Planting Herbaceous Peony in Warm Winter Climates
	Sugars Actively Participate in the Bud Dormancy Transition of Herbaceous Peony
	The Balance Between Abscisic Acid and Gibberellin Regulates the Bud Dormancy of Herbaceous Peony
	Reactive Oxygen Species Over-Accumulated to Increase Resistance to Warm Winters in the High-Chilling Requirement Cultivar of Herbaceous Peony During Bud Endodormancy Release
	A Proposed Model for the Different Formation Mechanisms of Bud Endodormancy Release in Herbaceous Peony Cultivars With High- and Low-Chilling Requirement Traits Under Warm Winters

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




