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Abstract: Culinary rhubarb is a vegetable crop, valued for its stalks, very rich in different natural
bioactive ingredients. In commercial rhubarb stalk production, the bud dormancy development
and release are crucial processes that determine the yields and quality of stalks. To date, reports on
rhubarb bud dormancy regulation, however, are lacking. It is known that dormancy status depends
on cultivars. The study aimed to determine the dormancy regulation in a valuable selection of
rhubarb ‘Malinowy’. Changes in carbohydrate, total phenolic, endogenous hormone levels, and
gene expression levels during dormancy development and release were studied in micropropagated
rhubarb plantlets. Dormancy developed at high temperature (25.5 °C), and long day. Leaf senescence
and dying were consistent with a significant increase in starch, total phenolics, ABA, IAA and SA
levels. Five weeks of cooling at 4 °C were sufficient to break dormancy, but rhizomes stored for a
longer duration showed faster and more uniformity leaf growing, and higher stalk length. No growth
response was observed for non-cooled rhizomes. The low temperature activated carbohydrate and
hormone metabolism and signalling in the buds. The increased expression of AMY3, BMY3, SUS3,
BGLU17, GAMYB genes were consistent with a decrease in starch and increase in soluble sugars
levels during dormancy release. Moreover, some genes (ZEP, ABF2, GASA4, GA20X8) related to
ABA and GA metabolism and signal transduction were activated. The relationship between auxin
(IAA, IBA, 5-CI-IAA), and phenolic, including SA levels and dormancy status was also observed.

Keywords: endogenous hormone; gene expression; phenolics; soluble sugars; starch; temperature

1. Introduction

Perennial herbaceous plants from temperate climate regions, such as rhubarb (Rheum;
Polygonacea family), have an adaptive mechanism that alters active growth and bud dor-
mancy that allows them to survive in adverse conditions during winter. These plants use
cyclically changing environmental signals, such as temperature and day-length, to coordi-
nate their growth and development with seasonal climate changes [1-3]. Thus, the proper
timing of the onset and release of dormancy impact the survival, productivity, and spatial
distribution [4]. The annual dormancy is classified into paradormancy, endodormancy,
and ecodormancy based on the internal or external repression signals [5]. Studies on some
woody plant species (Prunus mume, Prunus avium) [6,7], and several herbaceous perennials,
such Paeonia lactiflora [8] and Euphorbia esula [9] have shown that dormancy induction and
release are involved in numerous physiological changes, such as alteration in respiration
rate, carbohydrate metabolism, growth regulator levels, water content, and the activities of
other compounds. To date, reports on rhubarb in this area, however, are lacking.

Most Rheum species are native to the northern and central regions of Asia, where they
have been cultivated for medical purposes for thousands of years [10]. Culinary rhubarb
is popular as a vegetable crop, valued for its long, thickened leaf petioles (stalks) [11].
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They contain high levels of organic acids (malic, citric, fumaric, and ascorbic acid), dietary
fiber, protein, potassium, calcium, magnesium, and high levels of different phenolics, such
as stilbenes, anthocyanins, and flavonols which have a range of bioactivities relevant to
human health [12,13]. Rhubarb is grown commercially in the northern part of Europe, the
USA, Canada, and Australia. In Poland, in the Subcarpathia region, rhubarb has been
cultivated since the beginning of the 20th century, and the ‘Malinowy’ cultivar is the most
popular. Consumers and the food industry prefer red stalks that are sweeter and have
a higher content of polyphenolics [14]. The length, width, and colour of leaf stalks vary
significantly among rhubarb cultivars [13].

It is known that the red-stalked cultivars and selections should be propagated vege-
tatively to maintain desirable traits. However, the production of rhubarb by division of
crowns is limited by the low yield of mother plants (2-8 divisions per plant) and the risk
of virus transfer. Tissue cultures are a useful tool for vegetative propagation of virus-free
rhubarb plants and rapid multiplication of valuable genotypes [15-17]. Recently, an ef-
fective method of in vitro propagation of selected genotype of rhubarb ‘Malinowy” was
developed [18].

In commercial rhubarb stalk production, either under the field or forcing cultivation,
the bud dormancy development and release are crucial processes that determine the yields
and quantity of stalks [19]. It is known that rhubarb cultivars vary in their depth of
dormancy. However, this cultivar characteristic is not sufficiently understood. In the
Northern Hemisphere, bud sprouting is observed in early Spring (March). Most rhubarb
cultivars reach full maturity within two months of the growing season. When temperature
declines in autumn (October), the process of the rhubarb leaf senescence starts, and the
underground buds enter dormancy (Figure 1). After the cold winter period passes, bud
sprouting is observed. It takes six to seven months under natural conditions to break
dormancy.

Figure 1. Annual growth cycle of rhubarb "‘Malinowy” in the field; (A) 1 April, (B) 23 April, (C) 15 May,
(D) 10 October.

On the other hand, during in vitro propagation of rhubarb, dormancy has not been
developed. Shoots growing on MS medium containing growth regulators stay active
around the year [18]. As it was shown, after in vitro rooting, the shoots were successfully
acclimatized to ex vitro conditions. After planting to the field (in May), the plantlets of
rhubarb "‘Malinowy’ become dormant, and then activate the growth after winter chilling
(data not shown). So far, there is no information on bud dormancy regulation of rhubarb
plantlets propagated in vitro.

The study aimed to determine the dormancy regulation in the valuable selection
of thubarb ‘Malinowy’ characterized by a high content of anthocyanins—cyanidin-3-O-
rutinoside and cyanidin-3-O-glucoside. Changes in carbohydrate, total phenolic, endoge-
nous hormone levels, and expression levels of related genes during dormancy development
and release were studied in micropropagated rhubarb plantlets.
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2. Results
2.1. Growth of In Vitro Propagated Plantlets in the Greenhouse and Dormancy Induction

After the acclimatization in a growth room, the in vitro propagated plantlets of culi-
nary rhubarb ‘Malinowy” were transferred to the greenhouse (early March) to determine
the growth characteristic of planting material. The monthly air temperature changes for the
period March-June are shown in Figure 2. It has been observed that after the short adap-
tation period (approximately one-two weeks) to the greenhouse conditions, the rhubarb
plantlets showed intensive growth of leaves and rhizomes. Maximum petiole length and
leaf area were observed after two months of growth in the greenhouse (Table 1). After
this period, the pace of growth was slowing down, and yellowing of the oldest leaves was
observed (Figure 3). On the other hand, the mass of rhizomes was increasing. Over the
fourth month of growth in the greenhouse, a rapid increase in leaf senescence has been
observed. At the end of the fourth month approx. 50% of plantlets were leafless (Table 1;
Figure 3).
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Figure 2. Temperature change during rhubarb growth in the greenhouse.

Table 1. Growth and senescence of rhubarb ‘Malinowy” plantlets propagated in vitro after differ-
ent growth periods in the greenhouse. Means indicated with the same letter within each growth
parameter do not differ significantly (p = 0.05) according to Duncan’s test.

. Length of Leaf Petioles Leaf Area Yellow Leaves Rhizome Mass
Growth Duration by o
(cm) (cm?) (%) (g)
1 month 7.27 a 2874 a - 0.883 a
2 months 10.25b 74.75b - 2.200Db
3 months 9.63b 7421b 29.6 4.325c¢
4 months - - 79.7 6.574 d
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Figure 3. Plantlets of rhubarb ‘Malinowy” propagated in vitro after different growth periods (A—
1 month, B—2 months, C—3 months, D—4 months) in the greenhouse.

2.2. Growth of In Vitro Propagated Plantlets in the Greenhouse and Dormancy Induction

To characterise the physiological changes that occur during four months of the rhubarb
‘Malinowy’ growth in the greenhouse, the content of soluble sugars, starch, phenolic and
endogenous hormones in the buds was determined.

2.2.1. Changes in the Carbohydrates and Total Phenolic Contents

The contents of soluble sugars, starch, and total phenolics in the rhubarb buds were
analysed after 1, 2, 3 and 4 months of growing in the greenhouse. All tested parameters
were the lowest at the beginning of the growth in the greenhouse (Figure 4). The contents
of soluble sugars increased 2.6-fold over the three months of growth in the greenhouse but
decreased rapidly over the next month by 25%. The starch content in the rhubarb buds
remained constant to the end of the second month, then started to increase. The highest
increase of starch was observed over the fourth month of the growth in the greenhouse.
The levels of phenolics in the buds also increased slowly over three months, then enhanced
rapidly over the fourth month (Figure 4C). During four months of growth in the greenhouse,
levels of starch and total phenolics were enhanced by 62% and 48%, respectively (Figure 4B).
The high starch levels and total phenolics in the rhubarb buds coincided with rapid leaf
yellowing of the rhubarb plantlets.
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Figure 4. Variation in the content of soluble sugars (A), starch (B), and total phenolics (C) in the
rhubarb buds during four months of growth in the greenhouse after in vitro conditions. Means
indicated with the same letter within each growth parameter do not differ significantly (p = 0.05)
according to Duncan’s test.

2.2.2. Change in the Phytohormone Contents

The contents of endogenous hormones in the rhubarb buds were also analysed after
1, 2, 3 and 4 months of cultivation in the greenhouse. The abscisic acid (ABA) contents
remained essentially unchanged to the end of the third month, then increased by 50% over
the fourth month of growth in the greenhouse (Figure 5). As shown in Figure 5B, rhubarb
buds contained three types of auxin. The most abundant was indole-3-acetic acid (IAA),
followed by indole-3-butyric acid (IBA), and 5-chloroindole-3-acetic acid (5-CI-IAA). Their
levels changed during the growth of plantlets in the greenhouse. At the beginning, the
buds were characterized by a high content of both IAA and IBA. However, the level of IBA
decreased drastically (by 96.3%) over the second month of the growth in the greenhouse,
and a low level remained throughout all transition stages. The content of IAA in the buds
also lowered over second month of the growing in the greenhouse, but only by 31.1%,
and then started to increase to reach maximum value at the end of the fourth month
(Figure 5B). The content of 5-CI-IAA first increased over the second month, then decreased
and remained constant to the end of cultivation. However, the levels of 5-CI-IAA were
almost significantly lower than the IAA. For example, dormant buds contained IAA and
5-CI-IAA at a ratio of 9:1. These results demonstrated that a high level of IAA in the buds
was consistent with a rapid senescence of rhubarb plantlets. It might suggest that auxin is
involved in the development of rhubarb bud dormancy.
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Figure 5. Variation in the content of ABA (A), auxins (B); IAA—indole-3-acetic acid, IBA—indole-3-
butyric acid, 5-Cl-IAA—5-chloroindole-3-acetic acid, and salicylic acid (C) in the rhubarb buds during
four months of the growth in the greenhouse after in vitro conditions. Means indicated with the same
letter within each phytohormone and auxin type do not differ significantly (p = 0.05) according to
Duncan’s test.
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The content of salicylic acid (SA) in the rhubarb buds increased slowly over three
months, then enhanced rapidly over the fourth month (Figure 5C). During four months of
growth in the greenhouse, levels of SA were enhanced by 80%.

2.3. Break of Dormancy/Chilling Requirements for Shoot Induction and Growth

As shown in Figure 6A, cold treatment (4 °C) duration had a strong effect on breaking
the dormancy of the rhubarb ‘Malinowy’. All of the control rhizomes (non-cooled) failed to
sprout under growing conditions of 17 °C in a growing room until the end of the experiment
and the next 12 months (data not shown). No sprouting response was also observed for
rhizomes cooled for two weeks. Five weeks of cooling were sufficient to break dormancy
(96.9%) in four weeks. However, rhizomes stored for a longer duration at 4 °C showed
faster and more uniform leaf sprouting (Figure 6A). Rhizomes cooled for six, seven, and
eight weeks sprouted 97.5%, 95%, and 100%, respectively, within two weeks. However,
the rhizomes cooled for eight weeks produced the longest leaf petioles after four weeks of
cultivation at 17 °C (Figure 6B). On the other hand, an increasing cooling period from five
weeks to eight weeks had no influence on the number of formed leaves (Figure 6C).
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Figure 6. Effect of chilling duration (0, 2,4, 5, 6, 7, 8 weeks) at 4 °C on a break of dormancy of rhubarb
buds (A). The sprouting percentage was determined after two, three, and four weeks of growing at
17 °C following cold treatment. The green dashed line suggests the time of bud transition from endo-
to ecodormancy. Leaf length and leaf number were determined after four weeks of cold treatment
(B,C). Means indicated with the same letter within each growth parameter do not differ significantly
(p = 0.05) according to Duncan’s test.

2.4. Physiological Responses of the Underground Buds during Cold Treatment

For the determination of physiological indices related to rhubarb ‘Malinowy” dor-
mancy breaking, after each chilling duration, the content of soluble sugars, starch, total
phenolics, and endogenous hormone were analysed.

2.4.1. Changes in the Carbohydrates and Total Phenolic Contents

The contents of soluble sugars, starch, and total phenolics in the rhubarb buds were
analysed after 0, 2, 3, 4, 5, 6, 7, and 8 weeks of the storage of the rhizomes at 4 °C. As shown
in Figure 7, the buds of uncooled rhubarb rhizomes were characterized by a high level of
starch and total phenolics, and low levels of soluble sugars. Exposure of rhizomes to a low
temperature resulted in a decrease of starch and phenolic compounds and the accumulation
of soluble sugars in the buds. Starch content in the rhubarb buds was inversely proportional
to cooling duration. A significant decrease of starch content (by 3.4 times) was observed
over two weeks of cold treatment. The lowest starch level was found in the buds after
eight weeks of cooling (Figure 7B). The content of the soluble sugars was the lowest in the
non-cooled rhubarb buds. Increasing chilling duration resulted in a significant increase
of the soluble sugars over five weeks of storage at 4 °C. Then, the soluble sugar contents
remained essentially unchanged to the end of the eight weeks (Figure 7A). High levels of
soluble sugars in the buds coincided with dormancy release (Figures 6A and 7A).
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Figure 7. Variation in soluble sugars (A), starch (B), and total phenolic contents (C) in rhubarb buds
during storage at 4 °C after different durations (0, 2, 3, 4, 5, 6, 7, and 8 weeks). Means indicated
with the same letter within each growth parameter do not differ significantly (p = 0.05) according to
Duncan’s test.

As shown in Figure 7C, the amount of total phenolics in the rhubarb buds showed no
changes over three weeks of the rhizomes cooling at 4 °C. Then, their levels decreased by
40% with increasing cooling duration to seven weeks. Decreased phenolic levels coincided
with increased bud sprouting (Figures 6A and 7C).

2.4.2. Change in the Endogenous Hormone Contents

The contents of endogenous hormones in the rhubarb buds were analysed after 0, 2,
4,5, 6,7, and 8 weeks of the storage of the rhizomes at 4 °C. As shown in Figure 8, the
buds of uncooled rhubarb rhizomes are characterized by high levels of ABA, IAA, and
SA. Exposure of rhizomes to low temperatures resulted in a decrease of all parameters.
The ABA contents remained essentially unchanged for two weeks of cooling, then started
to decrease reaching the lowest value after seven weeks of cold treatments (Figure 8A).
The uncooled buds were characterized by a very high level of IAA. Its levels decreased
drastically (by 83%) until week five of cooling, reached their lowest level after week six and
then began to increase to the end of cooling treatment. Extending cooling to eight weeks
resulted in a 50-fold increase of IBA levels in the rhubarb buds. The content of 5-CI-IAA
was the highest at the beginning of cooling treatment, then began to decrease from the
fourth to the sixth week of cooling and remained constant to the end of cooling duration
(Figure 8B). As shown in Figure 5C, the levels of SA in the rhubarb buds decreased by 76%
over five weeks of cooling, then remained unchanged to the end of cooling treatments.

250 180 4 500
®IAA mIBA = 5-Cl-IAA
400 I

300

200 150

H o
E o
(2]
o

120

=g
H o

150
90

C
¢ !
100 200

60

b
b
b . ab bc I a a a
50 2 100 = = &
30 c d ab a
= fib= ar |2 a ad a
0 0 d = 3 = T 0
0 2 4 5 6 8

0 2 45 6 7 8 7 0 2 456 7 8
A chilling duration (weeks) B chilling duration (weeks)

ABA [ng/g FM]

ab
=

o
o
Auxins [ng/g FM]

Salicylic acid [ng/g FM]

C chilling duration (weeks)

Figure 8. Variation in the content of ABA (A), auxins (B); IAA—indole-3-acetic acid, IBA—indole-3-
butyric acid, 5-CI-IAA—5-chloroindole-3-acetic acid, and salicylic acid (C) in thubarb buds during
storage at 4 °C after different durations (0, 2, 4, 5, 6, 7, and 8 weeks). Means indicated with the same
letter within each phytohormone and auxin type do not differ significantly (p = 0.05) according to
Duncan’s test.
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2.5. Expression Analysis of Dormancy-Related Genes in Plants during Cold Treatment
2.5.1. Expression of Genes Related to Carbohydrate and Flavonoid Metabolism

We examined the expression of genes related to carbohydrate and flavonoid metabolism
to determine whether changes in gene expression are linked to a shift in carbohydrate and
phenolic compound levels during rhubarb dormancy release. The gene expression was
analysed after 0, 2, 3,4, 5, 6, 7, and 8 weeks of the storage of rhizomes at 4 °C.

As shown in Figure 9, the levels of relative expression of sucrose synthase 3 (SUS3)
and B-glucosidase (BGLU17) were the highest in the buds eight weeks after cold treatment
and were almost 8.0-fold and 3.0-fold higher, respectively, as compared to buds taken
from non-cooled rhizomes. Among the starch amylases gene examined, a-amylase (AMY3)
were drastically upregulated at a five-week cooling period. However, B-amylase 3 (BMY 3)
was slightly upregulated after three weeks and then increased significantly, reaching the
maximum value after five and eight weeks, 3.3-fold and 3.6-fold higher, respectively, as
compared to the control. The starch synthase 3 (S53) was drastically up-regulated after two,
and three weeks of cool storage, then up-regulated slightly from five to eight weeks of cool
treatments. The gene of 3-hydroxy-3-methylglutaryl-coenzyme A reductase 1 (HMGR) related
to phenolic metabolism, reached the maximum value after eight weeks of cold treatment,
which was 3.0-fold higher than the control.

SS83 BGLU17
14.0 5.0
12.0 4.0
10.0
S‘D 3-0
6.0 2.0

ﬁmﬁﬂﬁﬁn ggﬁ Elﬁ ﬁ lZﬁ ﬁ Elﬁﬁ

0 2 3 4 5 6 7 8 0 2 3 4 5 6 7 8 3 4 5 6 7 8
chilling duration (weeks) B chilling duration (weeks) C chilling duration (weeks)
BMY3 AMY3 HMGR
3.5 4.0
3.0 3.5
2.5 3.0
2.0 2.5
15 2.0
’ 1.5
i ﬂ ﬁ i
Dala 0o i s o0
0o 2 3 5 6 7 8 3 4 5 6 7 4 5 6 7 8
chilling duration (weeks) E chilling duration (weeks) F chilling duration (weeks)

Figure 9. The relative expression of the genes involved in carbohydrate metabolism (A-E) and
flavonoids (F) in rhubarb ‘Malinowy”’ plants during cold treatment.

2.5.2. Expression of Genes Related to Hormone Metabolism and Hormone Signal
Transduction Pathway

We examined the expression of genes related to ABA and GA metabolism and hormone
signal transduction to determine whether changes in gene expression are linked to shift in
endogenous ABA levels during bud dormancy release in rhubarb. The gene expression
was analysed after 0, 2, 3, 4, 5, 6, 7, and 8 weeks of the storage of rhizomes at 4 °C.
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Among the genes related to ABA metabolism, 9-cis-epoxycarotenoid dioxygenase 3
(NCED3), and abscisic acid responsive elements-binding factor 2 (ABF2) showed an increased
level of relative expression compared to control. In cooled plants, the increase of ABF2
transcripts level was observed up to the three weeks and reached the maximum value
after eight weeks of cold treatment. The highest level of relative expression of NCED3
was observed in plants after five weeks of cold treatment and was almost 3.0-fold higher
compared to control. Zeaxanthin epoxidase (ZEP) gene related to ABA biosynthesis was
down-regulated for all cooling treatments (Figure 10A-C).

NCED3 ABF2
3.5 3.5
3.0 3.0
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Figure 10. The relative expression of the genes involved in plant hormone metabolism, ABA (A-C)
and GA (D-F) in thubarb "‘Malinowy’ plants during cold treatment.

The expression of genes related to GA synthesis—GAST1 protein homolog 4 (GASA4)
and gibberellin 2-oxidase 8 (GA20X8) increased in rhubarb buds with cooling duration in time.
The relative expression level of these genes peaked at eight weeks of cold treatment and was
4.0-fold higher than control. Additionally, for gibberellin-dependent a-amylase (GAMYB), the
level of relative expression was the highest after eight weeks of cold treatment and reached
the value 2.7-fold higher compared to control. The increased expression level of this gene
was also observed after three, five and seven weeks of cold treatment (Figure 10D-F).

3. Discussion
3.1. Dormancy Induction

In the literature, there is no information on bud dormancy induction and release
in planting material of rhubarb propagated in vitro. Kozak and Satata [15] reported the
survival rate and growth of in vitro propagated rhubarb ‘Karpov Lipskiego’, first after one
month of growth in the greenhouse and then after eight months of the growth in the field,
following overwintering. For Rheum rhabarbarum, Clapa et al. [16] mentioned the formation
of rhizomes after six months of growing ex vitro. The present work has shown, that the
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growth of rhubarb ‘Malinowy’ plantlets stopped over the third month of growth in the
greenhouse at an average temperature of 21.4 °C and 16 h photoperiod, and then rapid leaf
senescence was observed over the fourth month at an average air temperature of 25.5 °C
(max. 28.1 °C). Growth cessation may suggest induction of paradormancy in rhubarb
plantlets, however, yellowing and dying of leaves may indicate transition from para- to
endodormancy. A similar result was reported in raspberry, where deeper dormancy was
induced at 20 °C than at 4 °C [20]. So far, little is known about the role of high temperature
in the induction of endodormancy. Generally, high temperature is considered a critical
factor determining the growth pattern of rhubarb plants in the field. The yield and quality
of rhubarb decrease when average summer temperatures rise above 27-32.2 °C, but the
plants usually develop endodormancy in the autumn when the temperature decrease [19].
To reveal if high temperature is the main factor inducing the dormancy in rhubarb plantlets,
further study is needed.

It is known that changes in carbohydrate dynamics are linked to changes in dormancy
status [21-23]. Similar to results presented for leafy spurge [24], the inhibition of rhubarb
petiole growth coincided with high carbohydrate levels in the buds. This suggests a high
metabolic activity of rhubarb buds during paradormancy. In leafy spurge, it has been
demonstrated that high sugar levels inhibited growth by antagonizing the perception
of GA and increasing ABA perception [25,26]. Soluble sugars were shown to decrease
in the buds with endodormancy development, and starch accumulation increased [27].
Similarly, we observed a clear relationship between the leaf senescence of rhubarb plantlets
and the accumulation of starch in the buds. Starch is the most common storage form of
carbohydrates in trees, and herbaceous perennials, that act as reserve molecules in order to
support future growth [3,28].

The endogenous hormone contents and balance are important factors regulating a
bud dormancy induction [29]. Abscisic acid (ABA) is considered a key endogenous in-
ductor of dormancy. As shown in our study, ABA levels significantly were enhanced
in the micropropagated rhubarb plantlets over the fourth month of growing in a green-
house. An increase in the ABA levels during dormancy induction has been previously
reported for different plant species, including Vitis vinifera, Prunus persica, Pyrus pyrifolia,
and Paeonia lactiflora [8,29-31]. Under artificial stimuli, the depth of dormancy significantly
depended on ABA concentrations [29]. Additionally, crosstalk was reported between ABA
and sugars. It is known that ABA inhibits the activity of a-amylases, the key enzymes in
starch degradation. Similar to the study on Vitis vinifera [32], we observed a simultaneous
increase in ABA and starch levels in the rhubarb buds.

In contrast to ABA, the role of auxin in the bud dormancy is less known. Simi-
lar to our study, enhanced levels of endogenous IAA were found in dormant buds of
Paeonia lactiflora [8] and Solanum tuberosum [33]. However, many reports are showing the op-
posite trend, for example, in Euphorbia esula [9], Betula pendula [34], and Polianthes tuberosa [35].
Recent studies have indicated that auxin-mediated seed dormancy is dependent on ABA [36]
and is involved in the flavonol biosynthetic process [37].

In the present study, significant enhancement of total phenolics level and SA suggested
that also phenolics might participate in the rhubarb bud dormancy development. Phenolics
are known to be a very diverse group of secondary metabolites varying in composition
and amount between genotypes, tissues, developmental stage, and environmental condi-
tions [38]. The phenylpropanoid biosynthetic pathways can be induced by various stresses,
low availability of nutrients, increased C/N ratio, and various growth regulators, including
auxins, cytokinins, and jasmonic acid [38]. Phenolics protect plants from oxidative stress
and are involved in the regulation of organogenesis and dormancy [39,40]. Salicylic acid
(SA), a phenolic compound, has been the focus of intensive research due to its function
as an endogenous signal mediating response to major biotic and abiotic stresses [41]. Xie
et al. [42] found that SA inhibited a-amylase production by decreasing a GA-mediated
a-amylase expression during rice germination. So far, little is known about the role of SA
in bud dormancy.
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3.2. Dormancy Release

Low temperature is the primary environmental signal regulating dormancy release in
different plant species [21,43-45]. It has been reported that rhubarb requires at least 500 h
of winter temperatures between 2.2 °C and 9.4 °C to break dormancy [46]. It is known that
cold requirements do vary significantly among rhubarb cultivars, but their characteristics
are not sufficiently understood. This study indicates that rhizomes of rhubarb ‘Malinowy’
treated at 4 °C for eight weeks showed the largest sprouting rate in the shorter time period
and produce the longest stalks than those cooled for five to seven weeks. A positive
relationship between cooling duration and sprouting has been previously reported for
different plant species, including Paeonia lactiflora [47] and Lilium [45,48].

Carbohydrate availability is considered to be of major relevance to the control of
bud growth [27]. Many reports have shown that bud dormancy release is related to a
decrease of starch levels and an increase of soluble sugars in the buds [6,8,45,48]. It is
known that soluble sugars, mainly sucrose, could promote bud dormancy release, not
only as an energy supply but also as a signalling molecule [26,49]. This study showed that
low-temperature treatment was sufficient to activate carbohydrate metabolism in rhubarb
buds. The increased expression of a-amylase (AMY3) and B-amylase 3 (BMY3) genes were
consistent with a decrease in starch during dormancy release. An increased expression
of sucrose synthase 3 (SUS3) in the rhubarb buds at the end of the cooling period might
suggest that an earlier increase of soluble sugar content was related to starch catabolism
than de novo sucrose synthesis. With the dormancy release process in rhubarb buds, up-
regulation of BGLU17 involved in sugar transport was also observed (Figure 11). Similar
results have been reported in other plant species, including Paeonia lactiflora, Lilium, and
Prunus mume [6,8,45,48]. In rhubarb, a little surprising was a significant up-regulation of
starch synthase 3 (553) for two weeks of chilling duration that was not consistent with the
starch content in buds.

chilling duration (weeks)

NCED3 -

ABF2
GA20X8
GASA4
GAMYB
SUSs3

BMY3
BGLUI7{
HMGR |

M‘ —

Figure 11. Heat map representation of relative dormancy-related genes expression. Samples are
represented in columns, whereas genes are shown in rows. The differences in expression level are
shown in distinct colors. Red indicates high relative gene expression and green indicates low relative
gene expression.

It is known that sugar alone, or through interaction with hormones, can induce
or suppress many growth-related genes [49]. Additionally, crosstalk has been reported
between sugar and hormones, including ABA, GA, IAA, and SA [26,50]. It has been
demonstrated that «-amylases, key enzymes in starch degradation, playing a critical role
in dormancy release are negatively regulated by ABA and positively by GA [32]. The
enhanced expression of GAMYB in rthubarb buds during dormancy release might suggest
the GA-promoted production of x-amylases. Generally, the balance between ABA and
GA significantly influences dormancy regulation [51-53]. These results indicated that the
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decreased expression of ABA precursor (ZEP) and increased levels of ABF2 involved in ABA
signal transduction and metabolism were consistent with the reduced levels of ABA in the
rhubarb buds during dormancy release. The opposite trend was observed in the expression
of genes involved in gibberellin synthesis and metabolism (GASA4, GA20XS8) (Figure 11).
Our results are in agreement with the response of Paconia lactiflora [8] and Prunus mume [54].
Trangenic studies showed that ABA and GA are involved in the metabolic regulation of
each other [55], and GA responses can be inhibited by high levels of ABA [56].

Additionally, this research showed significant changes in auxin concentrations and
types during bud dormancy release. The most abundant was IAA, the main active auxin in
different plant species, followed by IBA (auxin precursor), and chlorinated auxin 5-CI-IAA,
known to be more active than IAA, but found only in certain higher plant species [57,58].
Being a major growth promotor, IAA has been implicated in dormancy release in many
plant species. However, in some plant species, including silver birch and tea plants [34,59],
the IAA levels remain low during the dormancy induction and increase steadily after
dormancy release until bud break. These results are in agreement with those obtained for
Solanum tuberosum [33], where deep dormancy correlated with high auxin levels. Then
its content first decreased during cooling treatment and then started to increase when
dormancy was released. In rhubarb, extending rhizome cooling to eight weeks resulted in
a significant increase both of IAA, and IBA levels in the buds.

Data in the literature also indicate a link between the changes of phenolic levels and
dormancy release. However, the relationship between phenolic levels and dormancy release
has remained controversial, due to the differences in temperature and chilling duration.
For example, in grapevine [60,61] and pistachio [62], the total phenolic levels, including SA
enhanced during dormancy release. It was explained as a defensive mechanism to improve
tolerance and adaptability to low temperatures. Our study is in agreement with those for
different kiwi cultivars [63] and onion [64], that phenolics levels decreased with cooling
duration. Those results indicated that the reduced levels of phenolics in the rhubarb buds
were consistent with the enhanced expression HMGR gene related to phenolic metabolism
(Figure 11).

4. Materials and Methods
4.1. Plant Material

Micropropagated planting material of selected genotype of rhubarb ‘Malinowy’ char-
acterized by a high content of anthocyanins-cyanidin-3-O-rutinoside and cyanidin-3-O-
glucoside was used for the study. In vitro shoot cultures were established and multiplicated
by axillary shoot growth stimulation [18]. Then, the in vitro rooted shoots were planted in
multicellular trays of 33 mm diameter with a mixture of peat (Alonet, Skierniewice, Poland)
and perlite (2:1), in plastic plug boxes covered with transparent plastic caps to prevent
dehydration. Plantlets were grown in a growth room (25 + 2 °C; PPFD—50 umol m~2s~1).
The plantlets were hardened by gradually decreased air humidity. After ten days, they
were fed with 0.1% Kristalon (Yara, Oslo, Norway) containing 18:18:18 (w/w/w) NPK.

4.2. Growth in the Greenhouse/Dormancy Induction

After four weeks of acclimatization, the rhubarb planting material was transferred
to a greenhouse in early March 2021. They were grown at natural temperature and 16 h
photoperiod provided by additional lighting (120 umol m~2 s~1). Plants were manually
watered and fed with 0.1% Kristalon every two weeks. After 1, 2, 3, 4 months, plantlets
growth (length of leaf petioles, leaf area, rhizome mass) and quality (yellow leaves) were
determined. Every month, twenty buds were selected randomly and pooled to determine
the contents of soluble sugars, starch, total phenolics and endogenous hormone.

4.3. Evaluation of Dormancy Breaking in Buds at Controlled Conditions

After leaf-fall (four months after the transfer to the greenhouse), the rhubarb ‘Mali-
nowy’ dormant rhizomes were stored at 4 °C without light for different cooling durations
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0,2,3,4,5,6,7,and 8 weeks). After that, seventy rhizomes from each cooling duration
were placed in a growing room at a temperature of 17 °C, under a 16/8 h photoperiod
of 60 pumol m~2 s~! (cool-white fluorescent lamps) to determine dormancy breaking and
growth of leaves. The control plants (dormant rhizomes) grew continuously in the growing
room at 17 °C. Sprouting was determined when the bud tip was slightly opened, or one
leaf had emerged. The number of sprouting rhizomes was determined 2, 3, and 4 weeks
after each cooling duration. After 4 weeks of growing in inducing conditions, the length of
petioles and leaf number were also evaluated.

For each cooling duration, 20 buds were selected randomly and pooled to determine
the contents of soluble sugars, starch, total phenolics, endogenous hormone, and gene
expression.

4.4. Measurements of Soluble Sugar Contents

After homogenization, bud samples (approx. 100 mg) were extracted with 1.5 mL of
80% aqueous ethanol, then centrifuged at 833 x g for 10 min. The amounts of total soluble
sugars were estimated by the phenol-sulfuric method [65]. The supernatant was mixed
with 5% phenol and 96% sulfuric acid. The absorbance (A = 490 nm) of the samples was
measured spectrophotometrically (Thermo Electron Corporation (Waltham, MA, USA),
type Evolution 300 BB). The amounts of soluble sugars were determined against a glucose
standard and expressed in grams per 100 g of fresh mass (FM) of plant tissue.

4.5. Measurements of Starch Content

Starch was determined in pellets remaining after soluble sugars analysis using Megazyme
Total Starch Assay Kit (Neogen, Lansing, MI, USA). The pellets were rinsed with ethanol,
and then 3 mL of thermostable alpha-amylase solution (1/30; alpha-amylase/sodium
acetate buffer, pH 5.0) was added. The samples were vortexed and placed in a boiling water
bath for 12 min. The samples were allowed to cool before 100 uL of amyloglucosidase
solution was added, and the samples were placed in a 50 °C water bath for 30 min. The
supernatant was mixed with glucose determination reagent (GOPOD Reagent, Neogen,
Lansing, MI, USA) and incubated at 50 °C for 20 min. The absorbance (A = 510 nm) of the
samples was measured spectrophotometrically (Thermo Electron Corporation (Waltham,
MA, USA), type Evolution 300 BB). The percentage of starch was directly calculated follow-
ing the specific Megazyme equation based on the measured absorbance values.

4.6. Measurements of Total Phenolic Contents

To estimate the phenolic content, approx. 100 mg of plant tissue was homogenized
in 1.5 mL of 80% ethanol and centrifuged at 2800 rpm for 20 min. The supernatant was
mixed with 20% Nap;CO3 and Folin-Ciocalteu reagent [66]. The absorbance (A = 760 nm) of
samples was estimated spectrophotometrically (Thermo Scientific Evolution 300, Waltham,
MA, USA). The total phenolic content was calculated as milligrams of chlorogenic acid per
gram of FM of plant tissue.

4.7. Quantification of Aux, ABA and SA

The rhubarb buds were frozen in liquid nitrogen immediately after collection, and then
they were lyophilized and homogenized while still frozen. Then, 50 mg of pulverized plant
material was used for each sample. Phytohormones were extracted with a 1 mL mixture of
methanol/water/formic acid (15/4/1; v/v/v) according to Dobrev and Kaminek [67] with
modifications by Stefancic et al. [68]. An internal isotopic standard mixture consisting of
deuterated IAA, SA, and ABA was added to each sample. The extract was then centrifuged,
the supernatant was collected, and the extraction procedure was repeated. The combined
supernatant was dried and reconstituted in 1 mL 1 M formic acid. This extract was
fractionated with SPE columns Oasis MCX 1cc/30 mg (Waters, Milford, MA, USA).

The acidic fraction was eluted from the SPE column with 1 mL methanol, evaporated
to dryness, and reconstituted in 50 uL. methanol. Samples prepared in this manner were
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analysed on HPLC column Supelco Ascentis RP-Amide (Saint Louis, MO, USA) (7.5 cm,
4.6 mm, 2.7 um). Mobile phases were 0.1% formic acid solution in water (solvent A) and
acetonitrile/methanol (1/1) mixture. Gradient elution was applied under the flow rate
of 0.5 mL/min. HPLC apparatus was Agilent Technologies 1260 equipped with Agilent
Technologies 6410 Triple Quad LC/ MS with ESI (Electrospray Interface, Agilent Tech-
nologies, Santa Clara, CA, USA). The two most abundant secondary ions were monitored
(MRM—multiple reaction monitoring modes) for the most analysed compounds. One was
used for quantification (quantifier ion), whereas the second was used for additional identity
confirmation (qualifier ion). The monitored ions were: indole-3-acetic acid (IAA)—m/z
176.1 primary, 130.3, 77.2 secondary; indolebutyric acid (IBA)—m/z 204.1 primary, 186.4,
130.3 secondary; D-IAA (deuterated IAA used as internal standard)—m/z 181.1 primary,
134.7 secondary; salicylic acid (SA)—m/z 139.0 primary, m/z 121.0 and 39.0 secondary;
D-SA (deuterated SA used as internal standard)—m/z 143.1 primary, m/z 125.1 secondary;
abscisic acid (ABA)—m/z 265.2 primary, m/z 229.1, 247.1 secondary; D-ABA (deuterated
ABA wused as internal standard)—m/z 271.2 primary, m/z 167.1 secondary. Ten-point
calibration curves were prepared for the analyzed compounds.

4.8. Molecular Analysis

Molecular studies included the expression analysis of 12 genes related to carbohydrate,
flavonoids and phytohormone metabolism and signal transduction pathways. To examine
the expression of genes, RNA was extracted according to Chang et al. [69]. DNA traces were
removed from RNA samples by digestion with RQ RNase-Free DNase (Promega, Madison,
WI, USA), and then RNA samples were purified using RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the protocol for RNA clean-up. Concentration and purity of the
total RNA were examined using an Epoch spectrophotometer (BioTek, Highland Park, VT,
USA) in duplicate. From each sample, 1 ng of RNA was reverse-transcribed using M-MLV
reverse transcriptase (Promega, Madison, WI, USA) and oligo (dT);5 primer (Promega,
Madison, WI, USA) in a 25 puL reaction volume. Obtained cDNA samples were used for
the gene expression analysis performed using the quantitative real-time PCR (qRT-PCR)
technique with specific primers [8,69]. Relative expression was based on expression of the
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene which was applied as a reference
gene [70]. Quantitative RT-PCR was carried out in LightCycler®480 machine (Roche, Basel,
Switzerland) using KAPA™ SybrFast qPCR Master Mix (Kapa Biosystems, Amsterdam,
The Netherlands), according to manufacturer’s instructions, in a total volume of 20 puL and
1/10 cDNA dilution for each tested sample. The annealing temperature for all primers
was 58-60 °C, depending on primers. Four ten-fold dilutions of cDNA were run together
with analyzed samples for a calculation of the standard curve (correlation coefficient >0.99)
and the PCR efficiency. The relative quantification of the mRNA level of tested genes was
read out from the standard curve and normalized to the reference gene. Fold change was
calculated using the standard 2~ 24T method.

4.9. Statistical Analysis

All the gene expression data were analyzed by using the LighCycler®480 software v.
1.5.0. (Roche, Basel, Switzerland). Quantitative RT-PCR data represented the medium of
at least two independent biological replications with each done using the three technical
repetitions. Standard deviation represents the variation between the biological repetitions.
Microsoft Office 365 (Redmond, WA, USA) was used for figure construction.

5. Conclusions

Morphological changes, such as the growth cessation, and yellowing and dying of
leaves reflect the process of para- and endodormancy development in micropropagated
rhubarb ‘Malinowy’ plantlets under the high temperature. This study indicates a significant
increase in the starch, total phenolics, ABA, IAA and SA levels in the buds during transition
from para- to endodormancy. The rhizomes cooled at 4 °C for eight weeks showed the
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largest sprouting rate in the shorter time period and produce the longest stalks rhubarb
‘Malinowy’ than those cooled for five to seven weeks. These results provide the first
indication of carbohydrate metabolism, plant hormone synthesis and signal transduction in
underground buds of rhubarb associated with dormancy release. The relationship between
phenolics, including SA levels and dormancy status was also observed. Understanding the
mechanisms of dormancy regulation of rhubarb may be essential for the development of
successful techniques for rhubarb forcing and off-season production of planting material.

Author Contributions: Conceptualization, A.W.; Funding acquisition, Investigation, A.W., M.M.,
PW.; Methodology, A.W., M.M., PW.; Project administration, A.W.; Resources, A.W.; Supervision,
A.W.; Writing—original draft preparation, A.W., M.M.; Writing—review and editing, A.W. All authors
have read and agreed to the published version of the manuscript.

Funding: The Agency for Restructuring and Modernisation of Agriculture (ARMA, Poland), Rural
Development Program (2014-2020) under the “European Agricultural Fund for Rural Development:
Europe investing in rural areas”; project number: 00009.DDD.6509.00020.2019.09.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Authors thank Matgorzata Podwyszyriska (M.P.) for kindly revising this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Anderson, J.V,; Chao, W.S.; Horvath, D.P. A current review on the regulation of dormancy in vegetative buds. Weed Sci. 2001, 49,
571-589. [CrossRef]

2. Chao, W.S; Foley, M.E.; Horvath, D.P.; Anderson, ].V. Signalling regulating dormancy in vegetative buds. Int. J. Plant Dev. Biol.
2007, 1, 49-56.

3. Podwyszyriska, M. The mechanisms of in vitro storage organ formation in ornamental geophytes. Floricult. Ornam. Biotechnol
2012, 6, 9-23.

4. Shim, D.; Ko, ].H.; Kim, W.C.; Wang, Q.; Keatthley, D.E.; Han, K.H. A molecular framework for seasonal growth-dormancy
regulation in perennial plants. Hortic. Res. 2014, 1, 14059. [CrossRef]

5. Lang, G.A; Early, ].D.; Martin, G.C.; Darnell, R.L. Endo-, para-, and ecodormancy: Physiological terminology and classification
for dormancy research. HortScience 1987, 22, 371-377.

6. Zhuang, W.; Gao, Z.; Wen, L.; Huo, X.; Cai, B.; Zhang, Z. Metabolic changes upon flower bud break in Japanese apricot are
enchanced by exogenous GAy. Hortic. Res. 2015, 2, 15046. [CrossRef]

7. Michailidis, M.; Karagiannis, E.; Tanou, K.; Sarrou, E.; Adamakis, I.D.; Karamanoli, K.; Martens, S. Metabolic mechanisms
underpinning vegetative bud dormancy release and shoot development in sweet cherry. Environ. Exp. Bot. 2018, 155, 1-11.
[CrossRef]

8.  Zhang, R.; Wang, X,; Shi, X,; Shao, L.; Xu, T.; Xia, Y.; Li, D.; Zhang, J. Chilling requirement validation and physiological and
molecular responses of the bud endodormancy release in Paeonia lactiflora Pall. Int. |. Mol. Sci. 2021, 22, 8382. [CrossRef]

9.  Horvath, D.P,; Chao, W.S.; Suttle, ].C.; Thimmapuram, J.; Anderson, J.V. Transcriptome analysis identifies novel responses and
potential regulatory genes involved in seasonal dormancy transitions of leafy spurge (Euphorbia esula L.). BMC Genom. 2008, 9,
536. [CrossRef]

10. Xiang, H.; Zuo, J.; Guo, F; Dong, D. What we already know about rhubarb: A comprehensive review. Chin. Med. 2020, 15, 88.
[CrossRef]

11.  Bratsch, A.; Mainville, D. Specialty Crop Profile: Rhubarb; VTP: Blacksburg, VA, USA, 2005.

12.  Krafczyk, N.; Kotke, M.; Lehnert, N.; Glomb, M.A. Phenolic composition of rhubarb. Eur. Food Reseach Technol. 2008, 228, 187-196.
[CrossRef]

13. Takeoka, G.R.; Dao, L.; Harden, L.; Pantoja, A.; Kuhl, J.C. Antioxidant activity, phenolic and anthocyanin contents of various
rhubarb (Rheum spp.) varieties. Int. J. Food Sci. Technol. 2013, 48, 172-178. [CrossRef]

14. Kalisz, S.; Oszmianiski, J.; Kolniak-Ostek, J.; Grobelna, A.; Kieliszek, M.; Cendrowski, A. Effect of a variety of polyphenols
compounds and antioxidant properties of rhubarb (Rheum rhabarbarum). Food Sci. Technol. 2020, 118, 108775. [CrossRef]

15. Kozak, D.; Satata, A. Effect of cytokinins on in vitro multiplication of rhubarb (Rheum rhaponticum L.) ‘Karpov Lipskiego’ shoots

and ex vitro acclimatization and growth. Acta Sci. Pol. Hortorum Cultus 2011, 10, 75-87.


http://doi.org/10.1614/0043-1745(2001)049[0581:RCROTR]2.0.CO;2
http://doi.org/10.1038/hortres.2014.59
http://doi.org/10.1038/hortres.2015.46
http://doi.org/10.1016/j.envexpbot.2018.06.024
http://doi.org/10.3390/ijms22168382
http://doi.org/10.1186/1471-2164-9-536
http://doi.org/10.1186/s13020-020-00370-6
http://doi.org/10.1007/s00217-008-0922-y
http://doi.org/10.1111/j.1365-2621.2012.03174.x
http://doi.org/10.1016/j.lwt.2019.108775

Int. . Mol. Sci. 2022, 23, 1480 16 of 17

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Clapa, D.; Borsai, O.; Harta, M.; Bonta, V.; Szabo, K.; Coman, V.; Bobis, O. Micropropagation, genetic fidelity and phenolic
compound of Rheum rhabarbarum L. Plants 2020, 9, 656. [CrossRef] [PubMed]

Thomas, J. Virus Identification and Development of Long-Term Management Strategies for the Rhubarb Industry; Final Report Hal Project
VG05053; Department of Agriculture, Forestry and Fisheries: Pretoria, South Africa, 2011; p. 93.

Wojtania, A.; Mieszczakowska-Frac, M. In Vitro Propagation Method for Production of Phenolic-Rich Planting Material of
Culinary Rhubarb “Malinowy’. Plants 2021, 10, 1768. [CrossRef]

Schrader, W.L. Rhubarb Production in California; UCANR Publications: San Diego, CA, USA, 2000.

Palonem, P. Vegetative growth, cold acclimation, and dormancy as affected by temperature and photoperiod in six reed raspberry
(Rubus idaeus L.) cultivars. Eur. |. Hort. Sci. 2006, 71, 1-6.

Anderson, ].V,; Gesch, R.W.; Jia, Y.; Chao, W.S.; Horvath, D.P. Seasonal shifts in dormancy status, carbohydrate metabolism, and
related gene expression in crown buds of leafy spurge. Plant Cell Environ. 2005, 28, 1567-1578. [CrossRef]

Yuxi, Z.; Dan, Y.; Chunyng, L.; Shupeng, G. Dynamic of carbohydrate metabolism and the related genes highlights PPP pathway
activation chilling induced bud dormancy release in tree peony (Paeonia suffruticosa). Sci. Hortic. 2018, 242, 36—42. [CrossRef]
Baldermann, S.; Homann, T.; Neugart, S.; Chmielewski, EM.; Gotz, K.P.; Godeke, K.P.; Huschek, G.; Morlock, G.E.; Rawal, H.M.
Selected plant metabolites involved in oxidation-reduction process during bud dormancy and ontogenetic development in sweet
cherry buds (Prunus avium L.). Molecules 2018, 23, 1197. [CrossRef]

Horvath, D.P. Role of mature leaves in inhibition of root bud growth in Euphorbia esula L. Weed Sci. 1999, 47, 544-550. [CrossRef]
Horvath, D.; Anderson, ].V.; Chao, W.S.; Foley, M.E. Knowing when to grow: Signals regulating bud dormancy. Trends Plant Sci.
2003, 8, 534-540. [CrossRef] [PubMed]

Chao, W.S,; Serpe, M.D.; Anderson, ].V.; Gesch, R.W.; Horvath, D.P. Sugars, hormones, and environment affects the dormancy
status in underground adventitious buds of leafy spurge (Euphorbia esula). Weed Sci. 2006, 54, 59—68. [CrossRef]

Tarancoén, C.; Gonzélez-Grandio, E.; Oliveros, J.C.; Nicolasand, M.; Cubas, P. Conserved carbon starvation response underlies
bud dormancy in woody and herbaceous species. Front. Plant Sci. 2017, 8, 788. [CrossRef]

Larisch, C.; Dittrich, M.; Wildhagen, H.; Lautner, S.; Fromm, ].; Polle, A.; Hedrich, R.; Rennenberg, H.; Miiller, T.; Ache, T. Poplar
wood rays are involved in seasonal remodeling of tree physiology. Plant Physiol. 2012, 160, 1515-1529. [CrossRef]

Zheng, C.; Halaly, T.; Acheampong, A K.; Takebayashi, Y.; Jikumaru, Y.; Kamiya, Y.; Or, E. Abscisic acid (ABA) regulates grape
bud dormancy, and dormancy release stimuli may act through modification of ABA metabolism. ]. Exp. Bot. 2015, 66, 1527-1542.
[CrossRef]

Wang, D.; Gao, Z.; Du, P;; Xiao, W,; Tan, Q.; Chen, X,; Li, L.; Gao, D. Expression of ABA metabolism-related genes suggests
similarities and differences between seed dormancy and bud dormancy of peach (Prunus persica). Front. Plant Sci. 2016, 6, 1248.
[CrossRef]

Tuan, P.A.; Bai, S.; Saito, T.; Ito, A.; Moriguchi, T. Dormancy-Associated MADS-Box (DAM) and the abscisic acid pathway regulate
pear endodormancy through a feedback mechanism. Plant Cell Physiol. 2017, 58, 1378-1390. [CrossRef]

Rubio, S.; Noriega, X.; Pérez, FJ. ABA promotes starch synthesis and storage metabolism in dormant grapevine buds.
J. Plant Physiol. 2019, 234, 1-8. [CrossRef]

Sorce, C.; Lombardi, L.; Giorgetti, N.; Parisi, B.; Ranalli, P.; Lorenzi, R. Indoleacetic acid concetration and metabolism changes
during bud development in tubers of two potato (Solanum tuberosum) cultivars. J. Plant Physiol. 2009, 166, 1023-1033. [CrossRef]
Li, C; Junttila, O.; Ernstsen, A.; Heino, P.; Palva, E.T. Photoperiodic control of growth, cold acclimation and dormancy develop-
ment in silver birch (Betula pendula) ecotypes. Physiol. Plant. 2003, 117, 206-212. [CrossRef]

Nagar, PK. Changes in abscisic acid, phenols and indole acetic acid in bulbs of tuberose (Polianthes tuberosa L.) during dormancy
andsprouting. Sci. Hortic. 1995, 63, 77-82. [CrossRef]

Liu, X.; Zhang, H.; Zhao, Y.; Feng, Z.; Li, Q.; Yang, H.Q.; Luan, S; Li, J.; He, ZH. Auxin controls seed dormancy.
Proc. Natl. Acad. Sci. USA 2013, 110, 15485-154490. [CrossRef] [PubMed]

Li, Z.; Zhang, J.; Liu, Y,; Zhao, J.; Fu, J.; Ren, X.; Wang, G.; Wang, J. Exogenous auxin regulates multi-metabolic network and
embryo development, controlling seed secondary dormancy and germination in Nicotiana tabacum L. BMC Plant Biol. 2016, 16, 41.
[CrossRef]

Sharma, E.; Sharma, R.; Borah, P; Jain, M.; Khurana, J.P. Emerging roles of auxin in abiotic stress responses. In Elucidation of
Abiotic Stress Signaling in Plants; Pandey, G.K., Ed.; Springer: New York, NY, USA, 2015; pp. 299-328.

Franklin, G.; Dias, A.C.P. Chlorogenic acid participates in the regulation of shoot, root and root hair development in
Hypericum perforatum. Plant Physiol. Biochem. 2011, 49, 835-842. [CrossRef]

Bach, A.; Kapczyniska, A.; Dziurka, K.; Dziurka, M. The importance of applied light quality on the process of shoot organogenesis
and production of phenolics and carbohydrates in Lachenalia sp. cultures in vitro. S. Afr. ]. Bot. 2018, 114, 14-19. [CrossRef]
Rivas-San Vicente, M.; Plasencia, J. Salicylic acid beyond defence: Its role in plant growth and development. J. Exp. Bot. 2011, 62,
3321-3338. [CrossRef]

Xie, Z.; Zhang, Z.L.; Hanzlik, S.; Cook, E.; Shen, Q.]. Salicylic acid inhibits gibberellin-induced alpha-amylase expression and
seed germination via a pathway involving an abscisic-acid-inducible WRKY gene. Plant Mol. Biol. 2007, 64, 293-303. [CrossRef]
Bankeblia, N. Low temperature and breaking of dormancy effects on respiration rate, sugars, phenolics and peroxidase activity
changes in inner buds of onion Allium cepa L. Acta Agric. Scand. Sect. B Soil Plant Sci. 2003, 53, 16-20. [CrossRef]


http://doi.org/10.3390/plants9050656
http://www.ncbi.nlm.nih.gov/pubmed/32456105
http://doi.org/10.3390/plants10091768
http://doi.org/10.1111/j.1365-3040.2005.01393.x
http://doi.org/10.1016/j.scienta.2018.07.022
http://doi.org/10.3390/molecules23051197
http://doi.org/10.1017/S0043174500092249
http://doi.org/10.1016/j.tplants.2003.09.013
http://www.ncbi.nlm.nih.gov/pubmed/14607098
http://doi.org/10.1614/WS-05-088R.1
http://doi.org/10.3389/fpls.2017.00788
http://doi.org/10.1104/pp.112.202291
http://doi.org/10.1093/jxb/eru519
http://doi.org/10.3389/fpls.2015.01248
http://doi.org/10.1093/pcp/pcx074
http://doi.org/10.1016/j.jplph.2019.01.004
http://doi.org/10.1016/j.jplph.2008.12.003
http://doi.org/10.1034/j.1399-3054.2003.00002.x
http://doi.org/10.1016/0304-4238(95)00773-M
http://doi.org/10.1073/pnas.1304651110
http://www.ncbi.nlm.nih.gov/pubmed/23986496
http://doi.org/10.1186/s12870-016-0724-5
http://doi.org/10.1016/j.plaphy.2011.05.009
http://doi.org/10.1016/j.sajb.2017.10.015
http://doi.org/10.1093/jxb/err031
http://doi.org/10.1007/s11103-007-9152-0
http://doi.org/10.1080/09064710310003358

Int. . Mol. Sci. 2022, 23, 1480 17 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Podwyszynska, M. Improvement of bulb formation in micropropagated tulips by treatment with NAA and paclobutrazol or
ancymidol. Acta Hortic. 2004, 725, 679-684. [CrossRef]

Tang, N.; Jia, R.; Yin, J.; Wang, Y.; Tang, D. Effects of cold treatments on seedling emergence and growth of Lilium davidii var.
unicolor bulblets. HortScience 2021, 56, 1119-1124. [CrossRef]

Country Folks Grower. Growing Rhubarb in Warmer Climates. Available online: https:/ /cfgrower.com/growing-rhubarb-in-
warmer-climates (accessed on 28 December 2021).

Evans, M.R.; Anderson, N.O.; Wilkins, H.F. Temperature and GA3 effects on emergence and flowering of potted Paeonia lactiflora.
HortScience 1990, 25, 923-924. [CrossRef]

Xu, R.Y,; Niimi, Y.; Han, D.S. Changes in endogenous abscisic acid and soluble sugars levels during dormancy-release in bulbs of
Lilium rubellum. Sci. Hortic. 2006, 111, 68-72. [CrossRef]

Gibson, S.I. Sugar and phytohormone response pathways: Navigating a signalling network. J. Exp. Bot. 2004, 55, 253-264.
[CrossRef]

Ciereszko, I. Regulatory roles of sugars in plant growth and development. Acta Soc. Bot. Pol. 2018, 87, 1-13. [CrossRef]
Saniewski, M.; Kawa-Miszczak, L.; Wegrzynowicz-Lesiak, E.; Okubo, H. Role of ABA, gibberellins and auxin in dormancy and
dormancy release of tulip bulbs. In Dormancy in Plants: From Whole Plant Behaviour to Cellular Control; Viémont, J.D., Crabbé¢, J.,
Eds.; CABI Publishing: Wallingford, UK, 2000.

Yuxi, Z.; Yanchao, Y.; Zejun, L.; Tao, Z.; Feng, L.; Chunying, L.; Shupeng, G. GA3 is superior to GA4 in promoting bud
endodormancy release in tree peony (Paeonia suffruticosa) and their potential working mechanism. BMC Plant Biol. 2021, 21, 323.
[CrossRef]

Pan, W,; Liang, J.; Sui, J.; Li, J.; Liu, C,; Xin, Y,; Zhand, Y.; Wang, S.; Zhao, Y.; Zhang, ].; et al. ABA and bud dormancy in perennials:
Current knowledge and future perspective. Genes 2021, 12, 1635. [CrossRef]

Zhang, Z.; Zhuo, X.; Zhao, K.; Zheng, T.; Han, Y,; Yuan, C.; Zhang, Q. Transcriptome profiles reveal the crucial roles of hormone
and sugar in the bud dormancy of Prunus mume. Sci. Rep. 2018, 8, 5090. [CrossRef]

Seo, M.; Hanada, A.; Kuwahara, A.; Endo, A.; Okamoto, M.; Yamauchi, Y.; North, H.; Marion-Poll, A.; Sun, T.; Koshiba, T.; et al.
Regulation of hormone metabolism in Arabidopsis seeds: Phytochrome regulation of abscisic acid metabolism and abscisic acid
regulation of gibberellin metabolism. Plant J. 2006, 48, 354-366. [CrossRef]

Ariizumi, T.; Hauvermale, A.L.; Nelson, S.K.; Hanada, A.; Yamaguchi, S.; Steber, C.M. Lifting DELLA repression of Arabidopsis
seed germination by nonproteolytic gibberellin signaling. Plant Physiol. 2013, 162, 2125-2139. [CrossRef]

Korasick, D.A.; Enders, T.A.; Strader, L.C. Auxin biosynthesis and storage forms. J. Exp. Bot. 2013, 64, 2541-2555. [CrossRef]
[PubMed]

Frick, E.M,; Strader, L.C. Roles for IBA-derived auxin in plant development. J. Exp. Bot. 2018, 69, 169-177. [CrossRef] [PubMed]
Nagar, PK.; Sood, S. Changes in endogenous auxins during winter dormancy in tea (Camellia sinensis L.) O. Kuntze.
Acta Physiol. Plant. 2006, 28, 165-169. [CrossRef]

Said, Q.; Ez-Zohra, L.E; Mohamed, F.; Tayeb, K. Changes in levels of hydrogen peroxide and phenolic compounds in grapevine
latent buds during the annual cycle. Int. ]. Sci. Res. Public 2014, 4, 1-5.

Karimi, R.; Ershadi, A. Role of exogenous abscisic acid in adapting of ‘Sultana’ grapevine to low temperature stress.
Acta Physiol. Plant. 2015, 37, 151. [CrossRef]

Pakkish, Z.; Rahemi, M.; Baghizadeh, A. Seasonal changes of peroxidase, polyphenol oxidase enzyme activity and phenol content
during and after rest in pistachio (Pistacia vera L.) flower buds. World Appl. Sci. ]. 2009, 6, 1193-1199.

Gheshlaghi, E.A.; Rabiei, V.; Ghasemi, M.; Fattahi, J.; Razavi, F. Phenolic metabolism and antioxidant activity during endodor-
mancy of Kiwifruit buds. Adv. Hortic. Sci. 2017, 31, 225-337.

Benkeblia, N.; Selselet-Attou, G. Effects of low temperature on chandes in oligosaccharides, phenolics and peroxidase in inner
bud of onion Allium cepa L. during break of dormancy. Acta Agric. Scand. Sect. B Soil Plant Sci. 1999, 49, 98-102.

Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350-356. [CrossRef]

Singleton, V.S.; Rossi, J.J.A. Colorimetry of total phenolics with phosphomolybdic phosphotungstic acid reagent. Am. J. Enol. Vitic.
1965, 16, 144-158.

Dobrev, P.I.; Kaminek, M. Fast and efficient separation of cytokinins from auxin and abscisic acid and their purification using
mixed-mode solid-phase extraction. J. Chromatogr. A 2002, 950, 21-29. [CrossRef]

Stefancic, M.; Stampar, E; Veberic, R.; Osterc, G. The levels of IAA, IAAsp and some phenolics in cherry rootstock ‘GiSelA 5 leafy
cuttings pretreated with IAA and IBA. Sci. Hortic. 2007, 112, 399—405. [CrossRef]

Chang, S.; Puryear, J.; Cairney, J. A simple and efficient method for isolating RNA from pine trees. Plant Mol. Biol. Rep. 1993, 11,
113-116. [CrossRef]

Mala, D.; Awasthi, S.; Sharma, N.K.; Swarnkar, M.K.; Shankar, R.; Kumar, S. Comparative transcriptome analysis of Rheum australe,
an endangered medicinal herb, growing in its natural habitat and those grown in controlled growth chambers. Sci. Rep. 2021, 11,
3702. [CrossRef]


http://doi.org/10.17660/ActaHortic.2006.725.94
http://doi.org/10.21273/HORTSCI15951-21
https://cfgrower.com/growing-rhubarb-in-warmer-climates
https://cfgrower.com/growing-rhubarb-in-warmer-climates
http://doi.org/10.21273/HORTSCI.25.8.923
http://doi.org/10.1016/j.scienta.2006.08.004
http://doi.org/10.1093/jxb/erh048
http://doi.org/10.5586/asbp.3583
http://doi.org/10.1186/s12870-021-03106-2
http://doi.org/10.3390/genes12101635
http://doi.org/10.1038/s41598-018-23108-9
http://doi.org/10.1111/j.1365-313X.2006.02881.x
http://doi.org/10.1104/pp.113.219451
http://doi.org/10.1093/jxb/ert080
http://www.ncbi.nlm.nih.gov/pubmed/23580748
http://doi.org/10.1093/jxb/erx298
http://www.ncbi.nlm.nih.gov/pubmed/28992091
http://doi.org/10.1007/s11738-006-0043-9
http://doi.org/10.1007/s11738-015-1902-z
http://doi.org/10.1021/ac60111a017
http://doi.org/10.1016/S0021-9673(02)00024-9
http://doi.org/10.1016/j.scienta.2007.01.004
http://doi.org/10.1007/BF02670468
http://doi.org/10.1038/s41598-020-79020-8

	Introduction 
	Results 
	Growth of In Vitro Propagated Plantlets in the Greenhouse and Dormancy Induction 
	Growth of In Vitro Propagated Plantlets in the Greenhouse and Dormancy Induction 
	Changes in the Carbohydrates and Total Phenolic Contents 
	Change in the Phytohormone Contents 

	Break of Dormancy/Chilling Requirements for Shoot Induction and Growth 
	Physiological Responses of the Underground Buds during Cold Treatment 
	Changes in the Carbohydrates and Total Phenolic Contents 
	Change in the Endogenous Hormone Contents 

	Expression Analysis of Dormancy-Related Genes in Plants during Cold Treatment 
	Expression of Genes Related to Carbohydrate and Flavonoid Metabolism 
	Expression of Genes Related to Hormone Metabolism and Hormone Signal Transduction Pathway 


	Discussion 
	Dormancy Induction 
	Dormancy Release 

	Materials and Methods 
	Plant Material 
	Growth in the Greenhouse/Dormancy Induction 
	Evaluation of Dormancy Breaking in Buds at Controlled Conditions 
	Measurements of Soluble Sugar Contents 
	Measurements of Starch Content 
	Measurements of Total Phenolic Contents 
	Quantification of Aux, ABA and SA 
	Molecular Analysis 
	Statistical Analysis 

	Conclusions 
	References

