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Preface

The transition from vegetative to reproductive growth is crucial in plant life cycles, regulated

by five key pathways: photoperiod, vernalization, age, autonomy, and gibberellin, alongside

environmental stressors like drought, salinity, and nutrient deficiency. Flower quality/quantity

determines crop yield and fruit quality, with developmental mechanisms described by the ABCDE

model. Although numerous flowering-related genes have been identified in annual and perennial

plants, and molecular understanding has advanced significantly, deeper exploration of flowering

mechanisms remains essential for future crop breeding improvements. This Special Issue of Agronomy

is focused on the latest fundamental discoveries in the field of flowering and flower development

in plants.

Jinzhi Zhang and Avi Sadka

Guest Editors
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Flowering and Flower Development in Plants

Min Chen and Jin-Zhi Zhang *
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In the life cycle of a plant, flowering marks the transition from vegetative growth to
reproductive development. The optimal flowering time of different plants is an important
agricultural trait that ensures the yield and quality of their harvested products. In the case
of ornamental plants, the period of time between anthesis and floral senescence facilitates
pollination and ensures the seed production necessary for the survival of the species. In
addition, the development of flower organs also plays a crucial role in the reproductive
development of plants. Many plant species have evolved multiple ways of regulating
flowering to improve their adaptability to endogenous factors and complex environmental
conditions. The importance of flowering and flower development, as well as the more
comprehensive understanding of this issue that we have developed in recent years, make a
systematic summary of the progress of research related to this topic quite necessary.

Extensive physiological and molecular genetic analyses have revealed that plant flow-
ering is largely regulated by six major floral regulatory pathways in Arabidopsis, namely,
the vernalization, photoperiod, autonomous, gibberellin, thermosensory (ambient temper-
ature perception), and age pathways [1–5]. These pathways are ultimately intertwined
with several central transcription factors, including FLOWERING LOCUS T (FT), TER-
MINAL FLOWER1 (TFL1), LEAFY (LFY), and SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOC1) [6]. Many plant species have demonstrated that FT promotes their
flowering and TFL1 inhibits it [7–10]. An updated article on the role of transcription factors
in the regulation of flowering highlights the involvement of PsFT, PsTFL1, and PsFD in the
continuous flowering of tree peony (Paeonia × lemoinei ‘High Noon’) [11]. The authors of
this article also discuss how this understanding of the molecular regulatory mechanisms
underlying continuous flowering will be conducive to further investigation, and will be
of great importance for the breeding of tree peonies and other perennial woody plants. In
many species, the role of flowering genes in regulating plant flowering is highly conserved.
A recent publication on the function of MADS-box family genes detailed two MADS-box
genes—LsAG2 and LsDEF1, isolated from Lagerstroemia speciosa—that were ectopically
expressed in Arabidopsis, and how those transgenic plants exhibited early flowering and
floral organ aberrations, during which the expression of genes associated with flowering
(e.g., AP1, LFY, and FT) were up-regulated [12].

Floral organs are the basis of plant classification and evolution [13]. Studies of the
MADS-box family have shown that members of this family are extensively involved in
the floral transition and floral organ morphogenesis [14,15]. However, there are still
many members of the MADS-box gene family that have not yet been discovered, and the
molecular regulatory mechanisms of flower organ development require further exploration.
Qin et al. 2023 recently established the evolution and divergence patterns of MIKC-type
MADS-box gene family members in six Rosaceae plants [13]. This is important for predicting
functional regions of the MIKC-type MADS-box genes and will be extremely useful in the
discovery of other genes that regulate key traits.

Flower development was first summarized using the ABC model [16], which classifies
the genes involved in the differentiation of floral organs into three categories—A, B, and

Agronomy 2024, 14, 256. https://doi.org/10.3390/agronomy14020256 https://www.mdpi.com/journal/agronomy1



Agronomy 2024, 14, 256

C—which individually or cooperatively regulate the development of stamens, pistils, petals,
and the calyx. Following the cloning and functional identification of a large number of
transcription factors related to flower development in both annual plants and perennials,
flower development was then summarized using the ABCDE model [17]. The newly
identified D-class genes are involved in the regulation of ovule development and formation,
while E-class genes are considered to be independent from ABC genes, able to regulate
the expression of ABC genes, and ultimately participate in the regulation of flower organs
during the floral transition and flower development. It is well known that studies on
the molecular mechanisms of flower development are well established in angiosperms,
while research into gymnosperms is relatively scarce [18,19]. In this Special Issue, a new
publication compares the transcriptomic profiles of male and female Pinus halepensis cones at
different developmental stages in order to uncover the genes involved in their reproductive
induction and development [20]. The authors demonstrate that the expression of the C-class
genes MADS1 and DAL14 correlate with female cone development, whereas male cone
development is associated with the expression of the B-class genes PhDAL11 and PhDAL13
and the C-class gene PhMADS2. These results can provide important reference values for
further investigation into the developmental stages of reproduction in gymnosperms.

Floral longevity is an important functional trait that reflects the ornamental value of
flowering plants. Numerous researchers have conducted studies on the flowering process,
including the morphological structure of flowers, and their mineral elements, nutrients,
and related genes, in order to elucidate the biological and morphological characteristics
that regulate the flowering period of various plants [21,22]. Another cutting-edge article
in this Issue depicts the relationship between the water balance and different floral struc-
tural traits in six tree peonies, and investigates the relevant mechanism that causes the
discrepancies seen in their flower longevity [23]. It is particularly important to understand
the morphological development and physiological characteristics of flower organs during
different stages of flower development, which makes the development of effective scientific
techniques for investigating these traits so significant. A recent publication performed
experiments to explore the structure of petals, their nutrient content, hormones, and min-
eral elements, and the activity of antioxidant enzymes at different flowering stages of
Styrax japonicus, in order to indicate which specific factors are important for flowering, and
thus lay the foundation for extending the flowering period [24]. Similar to studies on the
extension of flower longevity, research on the flower color of ornamental plants is also
important for future selective breeding. A recently updated study was the first to elucidate
the molecular mechanisms of flavonoid biosynthesis and flower coloring in Loropetalum
chinense and Loropetalum chinense var. rubrum via flavonoid metabolomics, transcriptomics,
and full-length sequencing [25]. The authors demonstrated that significant differences in
flavonoid content were observed among four cultivars with similar genetic backgrounds,
and that the expression of the flavonoid synthesis gene correlates to a high proportion of
flavonoids in Loropetalum chinense var. rubrum.

It is well known that plant flowering is also affected by various environmental fac-
tors [26]. A new review summarizes our current knowledge on the role of environmental
factors, such as drought stress, low-temperature stress, and high-temperature stress, in
the regulation of annuals and perennials’ flowering time [27]. Recently, plant growth
regulators have been widely used in agricultural production due to their significant ability
to promote flowering and control the branching of fruit trees [28]. Of these regulators, the
inhibitory effect of gibberellin (GA) on flowering has been demonstrated in fruit trees such
as pear, plum, peach, and apple [29]. Conversely, the application of paclobutrazol (PBZ)
can promote the flowering of plants [30]. A publication in this Issue records the results of
spraying lemons with different concentrations of GA and PBZ in order to study the effects
of these two plant growth regulators on the nutritional physiology and flower formation
of lemons [29]. The authors discovered that the optimal PBZ concentration for promoting
lemon flowering was 600 mg/L, and that the quality of the lemons was also improved
accordingly. The physiological effect of GA on lemon flowering was the opposite to that
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of PBZ. The selection of appropriate concentrations of plant growth regulators is of great
significance in controlling the flowering and fruit setting of fruit trees; it can also provide a
theoretical basis for the high quality, high yield, and stable production of fruit trees.

Flowering and flower development are critical to the reproductive success of plants
and still require further investigation for future plant breeding. The series of articles
presented in this Special Issue clearly illustrate that there are both conservative and highly-
specific ways to regulate the flowering and flower development of different plants. We
look forward to future scientific advancements in the reproductive development of plants,
which may be influenced by our understanding of these Special Issue articles, as well as to
the development of eco-friendly and innovative strategies for the regulation of flowering
and flower development.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Plants experience a variety of adverse environments during their vegetative growth and
reproductive development, and to ensure that they complete their life cycle successfully, they have
evolved specific defense mechanisms to cope with unfavorable environments. Flowering is a vital
developmental stage and an important determinant of productivity in the lifetime of plants, which
can be vulnerable to multiple abiotic stresses. Exposure to stress during this period can have dramatic
effects on flower physiological and morphological development, which may ultimately lead to a
substantial loss of yield in seed-producing plants. However, there has been increasing research
evidence that diverse abiotic stresses, ranging from drought, low temperature, and heat stress can
promote or delay plant flowering. This review focuses on how plants alter developmental direction
to balance between survival and productivity under drought and extreme temperature conditions.
Starting from the perspective of the functional analysis of key flowering-regulated genes, it is of great
help for researchers to quickly gain a deeper understanding of the regulatory effects of abiotic stress
on the flowering process, to elucidate the molecular mechanisms, and to improve the regulatory
network of abiotic-stress-induced flowering. Additionally, the important agronomic significance of
the interaction between abiotic stress and the flowering regulation of perennial plants under climate
change conditions is also discussed after summarizing studies on the mechanisms of stress-induced
flowering in annual plants. This review aims to clarify the effects of abiotic stresses (mainly drought
and temperature) on plant flowering, which are significant for future productivity increase under
unfavorable environmental conditions.

Keywords: flowering; abiotic stress; drought; temperature; perennial plants

1. Introduction

Plants are sessile and cannot move to escape from adverse environmental conditions.
Hence, the developmental process of many plants is highly changeable in response to
the environmental stresses they encounter. Abiotic stresses, including drought, salinity,
devastating temperature (extreme high or low), and nutrient (mainly nitrogen, phosphorus,
and potassium) starvation [1], can have a dramatic impact on plant growth and produc-
tivity, such as cellular water scarcity, cell membrane damage, enzyme inactivation, and
other defects, ultimately leading to severe yield reductions and huge economic losses [2–5].
Therefore, abiotic stress has been an important issue in plant vegetative [6,7] and reproduc-
tive [8,9] development, for which the study of abiotic stress effects during reproductive
development is of great significance for the maintenance of food production as well as for
the world economy.

Flowering is an important agricultural trait in the successful transition of plants from
vegetative to reproductive growth, as the optimal flowering time is critical for maximizing
reproductive success and ensuring seed production, which is a key step in the evolutionary
success of plants. Due to the continuously fluctuated environmental conditions, plants
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have evolved specific defense mechanisms to ensure maximum reproductive success [10].
For example, when individuals cannot survive under severe stress conditions, they produce
seeds by adjusting the timing of flowering. In recent years, the effects of abiotic stresses on
flowering induction have been documented in numerous plant species [11–19]. The ability
of abiotic stresses to regulate flowering, with drought and temperature being important
stress factors, suggests that plants can combine abiotic stresses effects with flowering
signaling pathways. Thus, stress-induced flowering has been recognized as a new means
of flowering response due to its important biological benefits throughout the plant life
cycle [20].

Extensive physiological and molecular genetic analyses have revealed six major
floral regulatory pathways in Arabidopsis thaliana, namely, photoperiod, autonomous,
thermosensory (ambient temperature perception), vernalization, gibberellin, and age
pathways [21–26]. These pathways are ultimately integrated through several flowering
genes that regulate flowering in plants. Under long-day conditions, the transcription factor
CONSTANS (CO) (1, Table 1) acts upstream to activate the expression of FLOWERING
LOCUS T (FT) (2, Table 1), a core floral integrator gene transcribed in the leaves. Plants
sense seasonal changes in day length via leaves, and subsequently, when the optimum
environmental conditions are achieved, FT protein is translated into the bast cells as a
long-distance signal (florigen), which is eventually delivered to the shoot apical meristem
to activate phloem tissue genes, such as LEAFY (LFY) (3, Table 1) and APETALA1 (AP1)
(4, Table 1), to induce flowering in Arabidopsis [27,28]. The study of the Arabidopsis flower
formation pathway is a crucial step in revealing the regulatory network of flower-forming
in plants. With the continuation of related research, accumulating evidence indicates that
the key integrating genes of the flowering network can also be induced by abiotic stress in
regulating flowering time. Abiotic-stress-induced flowering has become a research hotspot,
which has attracted extensive attention from worldwide researchers. For example, drought
as well as UV-C stress induced the expression of FT in Arabidopsis [11,29], resulting in early
flowering, while the expression of FT in pharbitis [30,31] was induced by low temperature
and nutrient deficiency. Early flowering in response to drought stress in Arabidopsis re-
quires the combined function of the flowering gene GIGANTEA (GI) (5, Table 1) and the
floral integration factor SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) (6,
Table 1) in addition to the upregulation of FT [11]. Arabidopsis responds to salt stress by
inhibiting FT and CO expression with delayed flowering. Meanwhile, GI is also involved
in salt-stress tolerance in Arabidopsis [32]. These findings suggest that the key integrating
genes of the flower-forming network have dual roles in regulating the flowering time and
stress tolerance response, and they may be potential genes involved in stress-induced
flowering. Taken together, flowering is subject to a combination of an endogenous gene
regulatory network as well as external environmental stimuli, which also supports the
importance and necessity of further research on abiotic-stress-induced flowering.

Despite its importance, there have been fewer studies concerning the effects of abiotic
stresses on plant reproductive development compared to those in the vegetative growth
process. Moreover, abiotic-stress-induced flowering has been reported mainly in annual
plants, especially during seed germination, seedling growth, and yield. In contrast to annual
plants, there are fewer cases of abiotic-stress-induced flowering in perennials, especially
woody plants. This may be partly due to the fact that studies involving reproductive
development, such as flowering, require longer plant growth cycles and years of study,
which can be a great challenge for relevant materials acquisition as well as for researchers.
Seasonal flowering is a typical feature that distinguishes perennials from annuals [33].
Citrus is representative of perennial fruit trees that generally bloom once in the spring
or several times a year, depending on the variety and genotype, and flowering induction
is affected by drought and low-temperature stresses [34,35]. Drought-induced flowering
provides an applicable method for shortening the vegetative growth of woody plants,
which can be utilized in genetic research and breeding [36]. These cases of stress-induced
vegetative growth and flowering indicate that the vegetative growth and reproductive
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developmental programs of perennial plants can also be affected by abiotic stress, which
might conceal some biological significance [13,36,37]. Therefore, we collected articles
on the topic of drought and temperature affecting plant flowering over the last decade
through PubMed. The study discusses the similarities and differences between annual
and perennial plants. Some insights are provided for further research on the mechanisms
by which drought and temperature affect flowering in perennial plants. Accordingly,
this review summarizes current knowledge showing that diverse abiotic stresses (mainly
drought and temperature) modify the flowering time of plants and examines physiological
alterations in their response to stress. Meanwhile, the role of critical flowering regulation
genes in response to stress was identified with consideration of the cross-talk molecular
mechanisms underlying flowering time regulation and stress response. Finally, valuable
agronomic implications of the cross-talk between abiotic stress and flowering regulation
under climate change conditions is discussed in perennial plants.

Table 1. Specialized terms and their abbreviations appearing in this review.

Number Abbreviations Full-Name Number Abbreviations Full-Name

1 CO CONSTANS 24 HDA6 HISTONE DEACETYLASE 6

2 FT FLOWERING LOCUS T 25 FES1 FRI ESSENTIAL 1

3 LFY LEAFY 26 FRL1 FRI-LIKE 1

4 AP1 APETALA1 27 FLX FLC EXPRESSOR

5 GI GIGANTEA 28 SUF4 SUPPRESSOR OF FRI 4

6 SOC1
SUPPRESSOR OF

OVEREXPRESSION OF
CONSTANS 1

29 VRN1 VERNALIZATION1

7 ROS reactive oxygen species 30 FUL FRUITFULL

8 ABA abscisic acid 31 VAL CAULIFLOWER

9 SD short-day conditions 32 PIF4
PHYTOCHROME-

INTERACTING
TRANSCRIPTION 4

10 LD long-day conditions 33 MAF2 MADSAFFECTING
FLOWERING 2

11 TSF TWIN SISTER OF FT 34 FCA FLOWERING CONTROL
LOCUS A

12 SVP SHORT VEGETATIVE PHASE 35 FVE FLOWERING LOCUS VE

13 FLC FLOWERING LOCUS C 36 FLM FLOWERING LOCUS M

14 Hd3a HEADING DATE 3a 37 HOS1
HIGH EXPRESSION OF

OSMOTICALLY RESPONSIVE
GENE 1

15 RFT1 RICE FLOWERING
LOCUS T1 38 HSR heat stress response

16 Ehd1 EARLY HEADING DATE 1 39 HSPs heat shock proteins

17 RCN1 RICE CENTRORADIALIS 1 40 HSFs heat stress transcription factors

18 FD FLOWERING LOCUS D 41 BOB1 BOBBER1

19 FAC florigen activation complex 42 FTL3 FLOWERING LOCUS T-like 3

20 FRI FLOWERING CONTROL
LOCUS A 43 PRR PSEUDO RESPONSE

REGULATOR

21 OST1 OPEN STOMATA 1 44 LUX LUX ARRHYTHMO

22 VOZ1 VASCULAR PLANT
ONE-ZINC FINGER 1 45 Eps-D1 Earliness per se locus

23 RFS Regulator of Flowering
and Stress 46 EG1 EXTRA GLUME 1
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2. Drought-Induced Flowering

Global warming and the continued increase in the world’s population have led to
a shortage of freshwater resources and a further decline in groundwater levels, posing
a major challenge to agriculture worldwide [38]. Drought, which is defined as being in
a state of water shortage for several consecutive weeks [39], is the most common abiotic
stress around the world and severely affects flowering time, flower morphological devel-
opmental processes, and the seed productivity of several plant species. It is particularly
noteworthy that drought stress can also cause flower abortion and eventually plant sterility
by altering the expression levels of various genes critical to flowering regulation path-
ways, which regulate both flowering time and response to drought stress [40]. In the
following, we discuss how plants perceive and respond to drought stress, further sum-
marize the differential physiological phenotypes of various plant species under drought
stress conditions, and, finally, we focus on the potential molecular mechanisms underlying
drought-stress-induced flowering.

2.1. Perception and Coping Strategies of Drought Stress

Plants perceive drought stress signals mainly through the leaves and the root system.
Stomatal movement can be observed in leaves, and drought stress can lead to the accumu-
lation of reactive oxygen species (ROS) (7, Table 1) and of abscisic acid (ABA) (8, Table 1) in
leaves, which, in turn, regulates the movement of guard cells and ultimately determines the
opening and closing state of stomata [41]. However, it is difficult to determine how plants
respond to drought stress in the root system [42,43]. A deficiency of water can constrain
the growth and development process of plants, and can even have a significant impact on
plant survival [1,44]. As a result, plants have evolved a variety of strategies to cope with
damage caused by drought stress. The process by which plants sense water deficit signals
and further initiate coping strategies in response to drought stress is known as drought
resistance. The adaptability of plants to drought stress mainly consists of three different
coping strategies, namely, drought escape, drought avoidance, and drought tolerance [45].
Drought escape, a common strategy exploited in response to drought stress, refers to plants
that accelerate flowering and shorten their entire life cycle before severe drought stress hin-
ders their survival [46,47]. However, in order to achieve early flowering, a drought escape
strategy will terminate vegetative growth in advance, which can severely influence the
growth and development of vegetative organs, and eventually lead to a dramatic decrease
in seed yield. Drought avoidance (also known as drought dehydration) is another strategy
for plants to cope with external drought conditions by increasing the internal water content
(by reducing water loss or maximizing water uptake) [48]. The drought tolerance strategy
is the ability of plants to tolerate low internal water content and to adapt to the drought
stress while initiating reproduction [49].

Under drought stress conditions, plants can respond by early or late flowering, de-
pending on the onset, duration, and severity of drought [20,50]. A bibliometrics analysis
showed that plant response to drought has become an important research topic [51]. When
plants are adequately supplied with water, the stomata remain open to a large extent to
enable the plants to fully photosynthesize, while under mild drought stress, plants will
appropriately regulate stomatal closure to minimize water loss by reducing transpiration,
but this will result in a decrease in the rate of photosynthesis. When subjected to severe
drought stress, the stomata are generally in a minimally open state to ensure that some
photosynthesis can take place, thus guaranteeing the normal survival needs of plants [52].
This is one of the main approaches for plants to avoid damage caused by drought stress in
the short term [53]. Influenced by geography, many terrestrial plants are frequently affected
by drought stress and have developed various drought-tolerant mechanisms to adapt to or
to resist the drought environment through a long-term evolutionary process [54,55]. The
adaptation of plants to the drought environment is mainly reflected both morphologically
and biochemically [56–58]. Morphologically, adaptation is manifest in the presence of a
very thick cuticle on the leaf surface, with the fenestrated cells being tightly arranged, while
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some leaves have a tomentum on the surface, which can effectively control water loss, and
can also absorb dew at night to replenish the plant’s own water [59]. Generally, there is a
very well-developed root structure with greater water and nutrient absorption capacity
and a poorly developed aboveground branching structure with weaker transpiration and
better water retention capacity [60]. The more drought-resistant the plant, the greater the
root–crown ratio. These morphological adaptations are closely related to the cell division,
elongation, and differentiation of the root apex. Plant vascular tissue systems, such as the
xylem and phloem, are involved in the transport of substances, while their developmental
status also affects plant drought resistance [61]. In Arabidopsis, drought-escape-induced
early flowering is associated with the phloem tissue transport of the florigen FT protein
from the leaves to the shoot apical meristems [62]. Biochemically, it is manifested in the
high expression of some drought resistance genes that positively increase the content of
amino acids and sugars in plants (such as proline and trehalose), the enhanced activity of
antioxidant-related enzymes, and inhibition of the activity of enzymes involved in degrada-
tion pathways to ensure that normal metabolic homeostasis is maintained under drought
stress condition [63]. ROS, including superoxide radicals (O2

−), hydrogen peroxide (H2O2),
and hydroxyl radicals (OH−), regulate plant growth and development at lower concentra-
tions [64,65]. Excessive accumulation of ROS under drought stress leads to membrane lipid
peroxidation [66,67]. Previous studies have shown that excessive ROS in plants will be
scavenged by antioxidant mechanisms, including the enzymatic antioxidants, SOD (super-
oxide dismutase), CAT (catalase), POD (peroxidase), and the non-enzymatic antioxidants,
ascorbic acid, proline, flavonoids, and polyphenols, which ultimately improve the plant’s
drought resistance [68–71]. Ascorbic acid has also been reported to play a role in control-
ling the flowering time in plants [72]. Understanding the perception of drought stress
and the coping strategies (early or late flowering) used by plants in response to drought
provides a physiological basis for subsequent studies on the molecular mechanisms of
drought-stress-induced flowering.

2.2. Flowering Time of Various Plant Species in Response to Drought Stress

Most plants have evolved and adapted to the frequent fluctuations in the natural envi-
ronment, especially the severe damage caused by droughts due to water deficit. Drought
stress can lead to alterations in the flowering time of various plants, effects on flower
development (including reduced flower number, restricted filament elongation, and de-
layed anther development), immature seed development, and reduced yields [40,73,74].
Therefore, the flowering time is an important agricultural characteristic for the develop-
ment of adaptation to drought stress in a wide range of plants (Table 2). The discrepancy
between early and late flowering resulting from the effects of drought stress depends on
the plant species [20,75]. For example, forage and biofuel crops generally have delayed
flowering as a desirable target for them due to the importance of the plant vegetative
biomass. Cereal crops, by contrast, usually exhibit early flowering as an ideal trait to
shorten the harvest time, and, thus, increase the number of plantings during the growing
season, while growing as fast as possible to minimize damage from drought stress caused
by environmental fluctuations [73,76]. Drought stress caused by water deficit delays the
flowering time of Arabidopsis under short-day (SD) (9, Table 1) conditions but accelerates
flowering time under long-day (LD) (10, Table 1) conditions [11,46]. Drought stress causes
premature bolting of Chinese cabbage in the growing season, which leads to insufficient
vegetative growth and influences yield and quality [77]. By studying the effect of drought
stress on flowering time in Brassica rapa offspring, it was found that materials with seeds
collected after drought flowered earlier than those collected before drought, suggesting
that Brassica rapa responds to drought stress and evolves towards earlier flowering [78].
Studies of drought-induced flowering in the chickpea suggest that drought stress generally
accelerates the flowering time of temperate grain legumes [79,80]. The role of drought
in influencing the flowering time varies among plant species and with environmental
conditions, so that drought regulation of flowering is the result of multiple factors.
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Recently, there have been studies on drought-induced flowering in several other plant
species [12,31,81–83]. In contrast to early flowering induced by drought stress, the flower-
ing time of rice is delayed under water deficit conditions to avoid reproductive growth in
unfavorable environmental conditions, but water shortage still results in the retardation of
plant growth and spikelet development, which leads to reduced crop yield and ultimately
economic losses [84–86]. Water deficiency can also delay the first flowering of Medicago
polymorpha. The effect of drought stress on early and late flowering in plants is closely
related to the intensity and duration of the water deficit, in addition to varying by plant
species. The artificial control of the duration and intensity of drought treatment in agri-
cultural production plays an important role in accelerating plant development, especially
regarding flowering. It was found that the response of rice to drought stress was dependent
on the intensity of drought, and mild water deficit in the early development stage triggered
a drought escape response with accelerated flowering and reduced tillering [87,88]. In
a study of wheat response to drought stress, it was also found that the flowering time
showed a nonlinear relationship with the plant water content status, with mild water deficit
shortening the flowering time, while severe drought stress delayed flowering [89].

Drought-induced flowering is a phenomenon more common in annual plants. The
drought stress regulation of plant flowering has been less well studied in woody plants
and remains poorly understood, mainly due to the long duration of vegetative growth in
perennials and the excessive long period of research. Drought stress is one of the major
environmental factors inducing flowering in adult citrus in subtropical regions. Different
citrus species are induced to flower by different environmental conditions, with lemon,
four-season orange, and kumquat being mainly affected by drought stress, while sweet
orange, trifoliate orange, mandarin orange, grapefruit, and tangerine are mainly affected by
seasonal low temperature [39,90]. Notably, drought-induced flowering in citrus was also
accompanied by the upregulation of the CiFT expression level [37,90]. Earlier studies have
also shown that Citrus latifolia flowering is also induced by drought stress, and that all citrus
plant species share this same flowering mechanism [91,92]. Additionally, the perennial
woody plant Sapium sebiferum takes 3–5 years to flower normally, but one-year-old seedlings
under drought stress flower early, which provides a feasible way to shorten the vegetative
growth years of woody plants in genetic research and breeding efforts [36]. These indicate
that the effect of drought stress on the flowering time is not specific to a particular plant
species but is conserved in annuals as well as perennials. There are few studies on the
regulation of flowering time by drought stress in perennials due to the long study time and
the lack of phenotypes, but the available evidence supports the feasibility of researching
this topic in perennials. Moreover, studies on drought-induced flowering in perennial
plants can be carried out on the basis of sufficient theoretical evidence in annual plants.

2.3. Molecular Regulatory Mechanisms of Flowering Involved in Drought Stress

Drought-stress-induced flowering, as well as the traditional flower formation pathway,
accomplish the same flowering purpose, but the traditional pathway is the primary option
for flowering under normal environmental conditions, whereas drought-induced flowering
is an emergency response under stressful conditions [20,93]. Compared with the in-depth
studies of the flower formation regulatory pathways in plants, the molecular regulatory
mechanisms of flowering involved in drought stress are still obscure. Drought stress
triggers the differential expression of a variety of genes, including flowering time regulation
genes and transcription factors associated with the stress response. Among them, the key
genes of flowering regulation in response to drought stress tolerance are FT, CO, LFY, GI,
SOC1, and TWIN SISTER OF FT (TSF) (11, Table 1) [11,40,46,94] (Figure 1).
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Figure 1. Simplified regulatory pathways linking drought stress and flowering in Arabidopsis thaliana.
Drought escape: ABF3/ABF4 further activates the expression of LFY, AP1, and SOC1 by targeting NF-
YC [95]. GI accelerates flowering under drought conditions by positively regulating the expression of
CO and miR172 [94], which, in turn, activate the expression of FT, or directly activate the transcription
of TSF, which ultimately upregulates the expression levels of LFY, AP1, and SOC1 [11,32,46]. Drought
tolerance: miR169 targets NF-YA2 to reduce its transcriptional abundance [96], which attenuates
the repressive effect on downstream genes FLC and SVP [97], while FRI positively regulates the
expression of FLC and SVP, resulting in the repression of FT transcription and delayed flowering
under drought conditions [98]. Solid lines indicate identified associations, arrows indicate positive
regulation, and horizontal bars indicate negative regulation.

The molecular mechanisms by which drought stress regulates flowering time in Ara-
bidopsis have been partially elucidated. Emerging evidence suggests that GI, a photoperiodic
pathway gene that promotes flowering, is a pivotal regulator of the abiotic stress response
and can influence plant tolerance to abiotic stresses, especially drought [11,99]. Under
long-day environmental conditions, water deprivation achieves drought-induced early
flowering in Arabidopsis through ABA-dependent control of GI signaling that activates
expression of the florigen genes FT and TSF. Under short-day conditions, the drought
and plant stress hormone ABA is considered to inhibit the transcription of FT and TSF
via activating repressors of floral formation, which, in turn, leads to late flowering in
Arabidopsis [11,20,32,46,100]. It has been confirmed that the GI-miR172 pathway is in-
volved in drought-induced early flowering by downregulating WRKY44 (directly repressed
by miR172) [94] (Figure 1). Several other flowering inhibition genes are also induced by
drought stress. For example, water deficit induces the flowering repressor gene SHORT
VEGETATIVE PHASE (SVP) (12, Table 1), which represses the transcription of genes related
to ABA catabolism, and increases ABA accumulation, which improves drought tolerance
in Arabidopsis, but flowering is delayed [97]. Similarly, FLOWERING LOCUS C (FLC) (13,
Table 1), a flowering suppressor gene, also plays a role in the drought stress pathway,
and the loss of FLC function leads to early flowering and decreased drought tolerance in
Arabidopsis [101]. In rice (Oryza sativa), activation of the florigen genes HEADING DATE
3a (Hd3a) (14, Table 1), flowering integration factor OsMADS50 (an orthologue gene of
SOC1 in Arabidopsis), and RICE FLOWERING LOCUS T1 (RFT1) (15, Table 1) (AtFT-like
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gene) coordinates the modulation of the drought escape response [87]. Meanwhile, the
CCT domain protein Ghd7 plays an important role in delaying the rice heading date and
regulating drought stress tolerance under long-day conditions [102,103]. The transcrip-
tion levels of Hd3a, RFT1,and EARLY HEADING DATE 1 (Ehd1, upstream of the florigen
genes) (16, Table 1) are drastically decreased under drought environmental conditions,
which eventually leads to delayed floral transition [85]. RICE CENTRORADIALIS 1 (RCN1,
an orthologue of TFL in Arabidopsis) (17, Table 1) is reported in rice as a flowering time
regulation gene in the pathway of drought-regulated floral transition that interacts with
the 14-3-3 protein and OsFD1 to repress Hd3a protein function but not its transcriptional
level, causing delayed flowering in rice under drought stress [84,104] (Table 2). These
results suggest that when plants are subjected to drought stress, a large number of genes
are induced to be expressed, including genes critical to the flowering pathway, and that
differences in the expression of these genes between species ultimately lead to different
flowering outcomes.

Table 2. Some examples of stress-induced flowering associated with flowering pathway genes. The
yellow areas show examples of flowering induced by drought stress, the blue areas represent low
temperature stress, and the red areas represent heat stress.

Abiotic Stress Factors Species Flowering Response Related Flowering Pathway Genes References
Drought (LD) Arabidopsis early flowering FT, GI, SOC1, TSF [11]
Drought (SD) Arabidopsis delayed flowering FT, TSF [46]

Rice
early flowering Hd3a (AtFT), OsMADS50 (AtSOC1),

RFT1, Ehd1, OsTIR1, OsABF2, OsmiR393 [85,87,105]

delayed flowering RCN1 (AtFT) [84]
Maize early flowering ZmNF-YA3 [106]
Barley early flowering miR172, AP2-like [107]

CiNF-YA1 [92]
Citrus induction CiFD [13]

Brachypodium delayed flowering BdRFS [17]
Solanum lycopersicum early flowering SlOST1, SlVOZ1 [18]

OXS3, AP1 [49]
delayed flowering OXS2, SOC1 [82]Arabidopsis

ABF3/4, NF-YC, SOC1 [95]
early flowering miR169d, AtNF-YA2 [96]

Drought

Sapium sebiferum induction GA1, AP2, CYR2 [36]
FCA, FVE, SVP, FLM [23,108]

MAF2 [109,110]
HOS1, CO, FLC [111–113]delayed flowering

HOS15, GI [114]
Arabidopsis

early flowering miR169d, AtNF-YA2 [96]
Phaibitis induction PnFT1, PnFT2 [30,31]

Chrysanthemum induction MAF2 (AtFLC) [110]
Poplar induction FT1 [115]

CiNF-YA1, CiFT [92]
CiFD [13]Citrus induction

CiFT, CsFT [39,116]
Medicago sativa delayed flowering MsFRI-L [117]

Barley/Wheat induction VRN1, VIN2, VRN3 [118–120]

Low
temperature

Cymbidium goeringii induction CgSVP [121]
FT [122]Arabidopsis early flowering PIF4, PIF5 [123,124]

Soybean induction GmFT2a, GmFT5a [125]
Barley delayed flowering FLC gene family [126]
Rice early flowering EG1, OsGI [127]

Maize early flowering ZmNF-YA3, ZmFTL12 [106]
Chrysanthemum delayed flowering FTL3 (AtFT) [128]

Heat stress

Brassica rapa delayed flowering H2A.Z, FT [129]

A nuclear factor-Y (NF-Y) transcription factor, ZmNF-YA3, has the dual function of
promoting maize flowering while increasing plant drought tolerance, but there is a lack
of evidence on the specific mechanism of ZmNF-YA3 in drought-affected maize flower
formation [106]. Also, Arabidopsis ABF3 and ABF4 act with NF-YCs to mediate drought-
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accelerated flowering by regulating SOC1 [95] (Figure 1). In citrus, CiNF-YA1 was also
found to promote drought-induced flowering by forming a complex with CiNF-YB2 and
CiNF-YC2 to activate CiFT expression, and overexpression of CiNF-YA1 in citrus increased
plants drought-sensitivity [92]. It is evident that NF-YAs are likely to be functionally
conserved in regulating flowering in annual and perennial plants, with functional diversity
resulting from physiological differences in response to stress. These studies support a
critical role for NF-YAs in promoting not only the flowering time but also drought response
(tolerance/sensitivity). However, future studies are needed to clarify whether NF-YAs are
directly involved in regulating drought-affected flowering. The bZIP transcription factor
FLOWERING LOCUS D (FD) (18, Table 1), together with FT and the 14-3-3 proteins, is
the florigen activation complex (FAC) (19, Table 1) that regulates plant flowering [130].
CiFD was found to form two distinct proteins through alternative splicing, CiFDα and
CiFDβ, that both initiate flowering in citrus. Among them, CiFDα was induced by low
temperature while CiFDβ was induced by drought stress. The regulatory mechanism
of CiFDβ promoting drought-induced flowering is independent of FAC and interacts
directly with AP1 [13] (Table 2). FRIGIDA (FRI) (20, Table 1) is an essential regulator of
flowering in various plant species, including Populus balsamifera [131], Medicago sativa [117],
Brassica napus [132], and Vitis vinifera [133]. Importantly, FRI modulates drought tolerance
through the FLC–OST1 regulatory module [101] (Figure 1). CiFRI, a homologue of FRI in
citrus, was drought-induced, and overexpression of CiFRI enhanced drought tolerance in
Arabidopsis and citrus, whereas silenced plants showed drought sensitivity, and the ectopic
expression in Arabidopsis exhibited late flowering. The citrus dehydrogenase gene CiDHN
may maintain the stability of the CiFRI protein during drought-induced degradation [14].
Therefore, the drought-induced flowering regulation genes are conserved between annual
and perennial plants. Together, these studies strongly support the pivotal roles of flowering-
time-regulated genes in drought stress response and tolerance. The main challenge in
woody plants is that the regulatory role of genes in drought-induced flowering can be
demonstrated, but there is no phenotypic evidence of flowering, which is related to its own
longer developmental process.

In addition, drought-induced transcription factors are closely related to the existing
flowering regulatory pathways, and these TFs affect the flowering process of plants by reg-
ulating the transcription level of flowering-regulated genes [12,17,134]. The tomato OPEN
STOMATA 1 (SlOST1) (21, Table 1) loss-of-function mutant causes reduced drought toler-
ance in plants, and the slost1 mutant exhibits a late-flowering phenotype under both normal
and drought environmental conditions. SlOST1 combines with the flowering integrated
gene VASCULAR PLANT ONE-ZINC FINGER 1 (SlVOZ1) (22, Table 1) to form a regulatory
module, and then interacts with the promoter of SINGLE FLOWER TRUSS to regulate
tomato flowering under drought stress [18]. A conserved and specific gene family in plants,
the Regulator of Flowering and Stress (RFS) family (23, Table 1), produces dramatic alterations
in transcriptional levels in response to drought environmental stimuli. Overexpression
of BdRFS in Brachypodium distachyon not only substantially delayed flowering but also
promoted drought tolerance. The rfs mutants in Arabidopsis and Brachypodium distachyon
displayed an early flowering phenotype and were susceptible to water deprivation [17].

Studies have reported that epigenetic mechanisms, including histone acetylation as
well as methylation, are involved in the plant stress response and flowering time regula-
tion. Histone deacetylase HISTONE DEACETYLASE 6 (HDA6)-deficient mutant plants (24,
Table 1) exhibited a phenotype of reduced drought stress tolerance and delayed flowering
with the repression of FLC expression [135–137]. The histone H4 gene BrHIS4.A04, which
interacts with BrVIN3.1, is overexpressed in Chinese cabbage and reduces plant susceptibil-
ity to drought stress and accelerates flowering under normal growth conditions, whereas
under water deficit environmental conditions, the histone H4 gene represses the expression
of photoperiodic flowering genes to prevent premature bolting [77]. The regulation of
flowering time under drought stress is also related to microRNAs (miRNAs). miRNAs are
considered to be important suppressors of gene expression at the transcriptional and post-
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transcriptional levels. The involvement of miRNAs in regulating drought-stress-induced
plant flowering responses has been found in many species, such as the annual plants
Arabidopsis [138], rice [139], wheat [140], and maize [141], as well as in perennial plant
species [142]. miR172 acts in the process of drought tolerance and flowering time regula-
tion. miR172b-3p and miR172b-5p, derived from a common precursor, promoted flowering
and enhanced drought tolerance in barley (Table 2). miR172b-3p expression was upregu-
lated under drought stress treatment, which suppressed the four AP2-like transcription
factors in barley to accelerate flowering. The expression of miR172b-5p was inhibited under
drought conditions; thus, trehalose-6-phosphate synthase (TPS), a key enzyme for trehalose
biosynthesis targeted by miR172b-5p, was significantly accumulated to enhance drought
tolerance in barley [107]. miR156, which is in the same age pathway regulating plant
flowering as miR172, is also induced by drought stress and delays flowering of Arabidopsis
and tobacco [138,143]. miR169 family members play an important role in stress-induced
flowering by inhibiting NF-YA2, which, in turn, decreases FLC expression, allowing the
promotion of flowering [96] (Figure 1). In OsmiR393-overexpressing rice plants, miR393
responds to drought stress by targeting and, thus, repressing the expression of the auxin
receptor genes OsTIR1 and OsAFB2 for early flowering [105]. In addition, differential
expression of key proteins and post-translational modifications, such as SUMOylation, act
in regulating plants’ flowering processes under drought stress conditions [144]. Taken to-
gether, when plants are subjected to drought, a variety of molecular regulatory mechanisms
can be activated, suppressed, and integrated to maintain survival through the adjustment
of flowering time.

3. Temperature-Induced Flowering

With global climate fluctuation, extreme temperature conditions become more intense
and more frequent, and temperature becomes another abiotic stress factor that has an
enormous impact on flowering time [145]. Temperature stress, including heat and cold
stress, are a serious threat to the physiological and developmental processes of plants,
particularly in terms of floral transition and crop productivity [20,93,146]. For many
plants, the process of prolonged exposure to non-freezing temperatures to allow for a
successful floral transition the following spring is called vernalization. Heat and cold
acclimation have been considered as a possible strategy for plants to mitigate the damage
caused by temperature stress [12]. Clearly, understanding the response of plants to diverse
environmental temperatures is essential to discriminate between the effects of vernalization
and temperature stress on plants’ floral transition. Below, we discuss the vernalization
pathway in model plants, further summarize the differential physiological phenotypes of
various plant species under cold and heat stress conditions, and, finally, we focus on the
potential molecular mechanisms underlying temperature-induced flowering.

3.1. Vernalization-Mediated Floral Transition

The successful transition of plants from vegetative growth to reproductive devel-
opment relies on the completion of flowering at an appropriate time to cope with the
hazards caused by adverse environmental conditions. Accordingly, several plant species
have evolved mechanisms to integrate diverse environmental cues, thereby coordinat-
ing flowering time with favorable seasonal conditions, and the vernalization pathway
constitutes a typical example of such a process [147–149]. Vernalization is an essential
adaptation of plants to natural environmental temperatures, ensuring the acquisition of the
competence to flower in spring by prolonged exposure to low winter temperatures so that
reproductive developmental processes can be carried out under appropriate temperature
conditions [150]. This programmed physiological response does not directly initiate flow-
ering, but rather provides meristematic tissue with the ability to perceive environmental
flowering signals. In temperate regions, many annual winter crops, such as wheat (Triticum
aestivum) and barley (Hordeum vulgare), flower in the spring of the following year, which
is conducive to successful reproduction, and adequate exposure to low temperatures for
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several months in winter (0–10 ◦C for about a month or more) is one of the determinants
of their flowering [151–153]. Vernalization is also widely found in biennial and perennial
plant species, such as vegetables and fruit trees, which require a prolonged period of
cold to break dormancy and initiate flowering [154]. Plant perception of low temperature
during the vernalization response consists of two distinct but continuous processes, namely,
cold perception to induce tolerance and output of a vernalization dosage to accelerate the
developmental transition [154,155].

The major molecular mechanisms and diverse genetic networks controlling vernal-
ization have been intensively studied in several plant species, especially in Arabidopsis,
wheat, and barley. In the model plant Arabidopsis, the vernalization requirement is, to
a large extent, conferred by the interaction of two determinant proteins: the MADS-box
protein FLC [156,157] and the scaffold protein FRI [158]. In the autumn prior to winter cold
exposure, FRI transcriptionally activates FLC by forming complexes with FRI ESSENTIAL
1 (FES1), FRI-LIKE 1 (FRL1), FLC EXPRESSOR (FLX), and SUPPRESSOR OF FRI 4 (SUF4)
(25–28, Table 1) [98]. High levels of FLC expression subsequently act both in leaves and
meristems to delay flowering through the transcriptional repression of genes encoding the
flowering promoters, such as FT, FD, SOC1, and LEAFY [159,160] (Figure 2). Therefore,
winter-annual Arabidopsis undergoes vegetative growth in the fall, and the vernalization
response leads to the inhibition of the floral repressor FLC expression, which ultimately ini-
tiates flowering in the following spring [161]. In contrast, Arabidopsis summer annuals with
lower FLC expression can flower rapidly within a single growing period, thus completing
the entire life cycle [98].

 

Figure 2. Vernalization pathways in Arabidopsis and wheat. Solid lines indicate identified connections,
arrows indicate positive regulation, horizontal bars indicate negative regulation, red arrows indicate
increases, and blue arrows indicate decreases. Left: FRI interacts with FES1, FRL1, FLX, and SUF4
to activate the transcription of the downstream gene FLC, which regulates flowering in Arabidopsis
by repressing the flowering integrative genes FT, FD, and LFY, and low temperature suppresses
FRI expression [98,157,159,162–164]. Right: prior to vernalization, VRN1 expression levels are low,
and high levels of VRN2 inhibit VRN3 expression, thereby preventing flowering. During prolonged
cold winter exposure, VRN1 expression is activated by chromatin modification via decreased H3K27
methylation and increased H3K4 methylation, which downregulates VRN2 expression and promotes
the accumulation of VRN3 in the leaf, and VRN3 moves to the apical meristem to maintain high levels
of VRN1 and accelerate flowering [118,120,147,165–167].
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Comparatively, genes associated with vernalization requirements vary from Arabidop-
sis to the winter cereals wheat and barley. Thus far, a model of vernalization has been
established in wheat and barley in which VERNALIZATION1 (VRN1) (29, Table 1), VRN2,
and VRN3 are the core regulatory genes in the molecular framework of vernalization-
responsive flowering time control (Figure 2). VRN1 encodes a MADS-box transcription
factor and acts as a plant flowering activator in grasses by vernalization-induced regula-
tion of the plant transition from vegetative growth to reproductive development and is
putatively presumed to be orthologous to the Arabidopsis FRUITFULL (FUL), AP1, and
CAULIFLOWER (VAL) (30–31, Table 1) genes. VRN2, a floral repressor encoding a CCT
domain and zinc-finger containing protein, delays flowering until the plant’s vernalization.
VRN3 is the orthologous gene of Arabidopsis FT encoding a polyethanolamine-binding
protein whose expression is induced by the photoperiod and vernalization, and acts as
a mobile florigen to accelerate the flowering of plants [168–171]. Prior to vernalization,
which is the stage of vegetative growth in winter cereals, VRN1 expression levels are low,
whereas high levels of VRN2 repress VRN3 expression, thereby preventing flowering [172].
During prolonged winter cold exposure, VRN1 expression is activated via chromatin
modifications of reduced H3K27 methylation and increased H3K4 methylation, thereby
downregulating the expression of VRN2 and ultimately promoting VRN3 accumulation in
the leaves after vernalization [119,120,165]. Subsequently, VRN3 in the leaves then moves
to the shoot apical meristem in the form of a mobile florigen to maintain high levels of
VRN1 and accelerates flowering [165]. In recent years, the molecular mechanisms of the
vernalization response in Brachypodium distachyon, which belongs to the same subfamily as
wheat and barley, have been gradually revealed. The regulatory mechanisms of VRN1 and
VRN3 are similar to those of wheat and barley, but VRN2 can be induced under long-term
low-temperature exposure, indicating that the molecular mechanisms of the vernalization
response are not conserved despite being in the same subfamily [148]. The vernalization
requirement is a crucial trait of the transition from the vegetative to the reproductive stage
in many crop species, and, therefore, the studies of the molecular mechanisms underlying
vernalization-regulated flowering in plants are of great significance for the understanding
of low-temperature-induced flowering.

3.2. Cold-Stress-Responsive Flowering

The vernalization response in plants can only be achieved by exposure to winter cold
for a sufficiently long period of time, whereas cold stress acclimation involves a rapid
response to low, non-freezing temperatures. The vernalization pathway accomplishes
developmental transitions mainly by accumulating prolonged cold exposure, whereas cold
stress induces low-temperature tolerance in plants mainly by sensing low temperatures for
a short period of time. Thus, unlike the extensive studies of the vernalization pathways
in annual plants, the regulatory pathway of cold stress acclimation may be distinct. Cold
acclimation is the cold or freeze stress tolerance acquired by plants exposed to low positive
temperatures of 0–5 ◦C for short periods of time [173,174]. The adaptation of diverse
temperature ranges is specific in various plant species, with 0–15 ◦C during rice growth
considered to be cold or chilling stress, while near or below 0 ◦C is considered to be freezing
stress. Additionally, Arabidopsis is adapted to growth in a different temperature range with
rice, and the temperatures for cold (also referred to as chilling) and freezing stresses are
4–10 ◦C and below 0 ◦C, respectively [175–177].

During cold and freezing stress, plant growth and developmental processes are in-
hibited, but plants have evolved the competence to resist, tolerate, escape, or adapt to
the stresses through biochemical, morphological, and transcriptional alterations to pro-
tect themselves from stressful environmental conditions. The biological membrane is the
main damaged part of plants under low-temperature stress. Low temperature will reduce
the fluidity of the membrane, thus enhancing the permeability of the membrane to elec-
trolytes and other small molecules, resulting in an imbalance in ion exchange [66,178]. Also,
low-temperature stress triggers lipid peroxidation. Malondialdehyde (MDA) is the final de-
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composition product of membrane lipid peroxidation, which reflects the degree of damage
to the plant and serves as one of the indicators of cold tolerance, and the accumulation of
MDA will cause the disruption of the integrity of biological membranes, thereby altering the
membrane permeability and affecting the normal physiological and biochemical reactions
of plants [66,179,180]. Cold or chilling stress refers to the low, but non-freezing, temper-
ature that occurs frequently in nature, which has a tremendous restrictive effect on the
geographic location and crop yield of plants (especially tropical plants), leading to reduced
membrane fluidity and cellular dysfunction, which can cause plant wilting, etiolation,
and even necrosis, ultimately constraining growth and development [181–183]. Freezing
stress refers to the subzero temperatures in nature that have a dramatic impact on plant
photosynthesis, respiration, and metabolic processes, and mainly involves the formation of
ice, which leads to cell dehydration and membrane damage, accompanied by alterations in
calmodulin, intracellular Ca2+ levels, ROS signaling, and phytohormones [173]. It should
also be noted that the influence of low-temperature stress depends not only on the actual
temperature, but also on whether the cold or freezing stress appears gradually or suddenly,
and on the duration of the low-temperature stress. Additionally, the regulation of flowering
time by the ambient temperature has been reported in multiple plants range from annuals
to perennials, where short-term low-temperature stress can cause delayed flowering in a
wide range of plants [23] (Table 2).

Plants regulate the activity of many classical floral pathway regulators, such as
AP1 [184], FT [46,164], PHYTOCHROME-INTERACTING TRANSCRIPTION 4 (PIF4) [123],
PIF5 [124], MADSAFFECTING FLOWERING 2 (MAF2) [109] (32–33, Table 1), and SVP [121],
by sensing changes in the ambient temperature, thereby optimizing flowering time and
improving cold acclimation or freezing tolerance (Figure 3). The exposure of vernalization-
sensitive Arabidopsis to prolonged cold promotes floral transition via the vernalization
pathway. By contrast, cold stress caused by short-term cooler temperatures delays flower-
ing through activation of FLC. In Arabidopsis, FLOWERING CONTROL LOCUS A (FCA),
FLOWERING LOCUS VE (FVE), SVP, and FLOWERING LOCUS M (FLM) (34–36, Table 1)
are the cross-talk regulators between flowering time and the cold stress response. SVP
prefers to bind to FLM-β to regulate low-temperature-responsive flowering [108]. FCA and
FVE are floral-autonomous pathway genes and act to repress the expression of FLC, while
SVP forms a flowering repressor complex with FLC to become a floral repressor, which
ultimately co-regulates FT expression (Figure 3). The mutants fca, fve, and svp are insensitive
to ambient low-temperature-induced flowering [23,185–187]. More recent studies have
shown that the photoperiodic flowering pathway plays an important role in temperature
perception, mediated by the circadian clock genes GI and CO, which, in turn, regulate the
floral integrators SOC1 and FT. The transcript levels of GI are elevated together with upreg-
ulation of cold-responsive genes under low-temperature stress (Figure 3). Compared with
the control, gi mutants with a genetic background of the Col-0 ecotype are more resistant to
freezing stress [100], whereas gi mutants with a genetic background of the Ler ecotype have
increased susceptibility to freezing stress and are defective in freezing tolerance [188]. Also,
GI responds to temperature-regulated flowering time in Medicago truncatula [189]. Secondly,
CO serves as a molecular link that combines cold signaling with the photoperiodic flower-
ing pathway. The degradation of CO induced by low-temperature stress is mediated by
the E3 ubiquitin ligase HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENE 1
(HOS1) (37, Table 1), which, in turn, inhibits the CO-mediated activation of FT and ulti-
mately regulates the delayed flowering of Arabidopsis [111] (Figure 3). Additionally, HOS1
and FVE negatively regulate the cold stress response, with fve and hos1 mutants having
enhanced cold stress tolerance and hos1 mutants exhibiting an early flowering phenotype.
The chromatin modification factor FVE forms a histone repressor complex with HDA6,
which inhibits FLC transcription by directly binding to FLC chromatin, ultimately leading
to altered flowering time. Under short-term cold stress, HOS1 induces FLC expression at
the chromatin level by antagonizing the actions of FVE and HDA6, interfering with the
association of HDA6 with FLC chromatin in an FVE-dependent manner, which, in turn,
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leads to late flowering [112,113]. Moreover, other transcription factors are also important
for plants to regulate flowering in response to cold stress. HOS15 can interact with GI and
mediate GI degradation to repress flowering in response to low ambient temperature in
Arabidopsis [114] (Figure 3). The atho9 mutant exhibits a delayed flowering phenotype and
is extremely sensitive to cold stress.

Figure 3. A simplified regulatory pathway for the link between ambient temperature and flowering
in Arabidopsis thaliana. Low-temperature stress: HOS15 and HOS1 were able to degrade GI and
CO proteins, respectively, indirectly inhibiting the expression of FT [111,114], in addition to HOS1
positively regulating the expression of FLC [113], whereas FLM-β regulated the expression of FT,
SOC1, and TSF by enhancing the stabilization of SVP [108,186]. miR156 directly targeted TSF,
reducing its transcript abundance, and delayed flowering in Arabidopsis under low temperature [138].
Heat stress: under higher temperature conditions, miR172 negatively regulated the expression of FLC
and deregulated the inhibitory effect of FLC on TSF. H2A.Z was repressed at high temperature, which
attenuated its inhibitory effect on PIF4, resulting in an increase in the transcript level of FT [129].
FLM-δ accelerated the degradation of SVP at high temperatures, which deregulated the inhibitory
effect on genes such as FT, SOC1, and TSF [108]. Solid lines indicate identified links, arrows indicate
positive regulation, and horizontal bars indicate negative regulation.

In contrast, the short-day plant Pharbitis nil, when exposed to a temperature range of
16–18 ◦C shows restricted vegetative growth and is induced to flower; thus, the process is
considered to be cold-stress-induced flowering [190]. PnFT1 and PnFT2, two homologs of
Arabidopsis FT in Pharbitis (Table 2), are major regulatory genes involved in low-temperature-
induced flowering [30,31]. Further studies are required to elucidate the gene networks that
regulate flowering under cold stress environmental conditions. The effect of cold stress on
the floral transition has also been reported in perennials, such as chrysanthemum (Chrysan-
themum morifolium) [110] and poplar (Populus spp.) trees [115] (Table 2). Similarly, among
subtropical and tropical tree species, including macadamia, mango, avocado, lychee, lime,
trifoliate orange, and satsuma mandarin, flowering is also induced by low-temperature
stress [116,191–193]. The increase in flower density under cold stress is associated with
upregulation of CiFT expression in citrus buds and leaves. The citrus transcription factor
CiNF-YA1 has been reported to control the response process to low-temperature stress by
forming a complex with CiNF-YB2 and CiNF-YC2 as an upstream regulator of CiFT [92].
The CiFDα protein produced by FD alternative splicing is induced by low temperature,
together with FT and the 14-3-3 proteins, forming a complex that regulates plant flow-
ering [13]. Furthermore, two FT homologues in poplar trees have been shown to play
important roles in coordinating the transition between vegetative growth and reproductive
development, with FT1 determining the initiation of reproductive development in response
to low winter temperatures [115] (Table 2). However, the molecular mechanisms involved
in the regulation of flowering by cold stress in perennials, especially in woody plants,

18



Agronomy 2023, 13, 3034

remain rudimentary compared to those in annual plants. Further studies are necessary
to elucidate the specific gene networks that regulate flowering in perennial plants under
cold-stress environmental conditions by referring to the relevant mechanisms involved in
annual plants.

3.3. Heat-Stress-Responsive Flowering

With predicted global warming and climate change approaching, crop growth and
development can be limited by high ambient temperature [194–196]. Heat stresses are
considered to be above the normal optimal temperature and exceed the critical threshold of
plant tolerance, which is ultimately sufficient to cause irreversible damage to plant growth
and development [197]. The temperature threshold is defined as the optimal tempera-
ture range for regulating growth throughout the plant life cycle, which varies according
to the plant species, developmental stage, and organ type. Warm-season crops, such as
maize, soybean, tomato, and rice, generally exhibit higher temperature thresholds than
barley and wheat from temperate zones. Many crops display slightly lower temperature
thresholds at the early seed development and fruit-setting stages compared to other devel-
opmental phases [198,199]. Reproductive organs are more sensitive to moderate or extreme
temperatures during plant growth and development compared to vegetative organs [200].

A recent review also indicates that how plants respond to high-temperature stress
has become a hot topic of research [51]. Plants are sensitive to temperature, and heat
stress affects a range of physiological, biochemical, morphological, and developmental
processes, which, in turn, mitigate excessive damage from high temperature through such
alterations [122,201]. Heat stress interferes with cellular homeostasis, mainly manifested as
increased fluidity of lipid bilayers at high temperatures, increased membrane permeability,
protein denaturation, organelle function destruction, and even cell death [202,203]. It
has been reported that the nucleus and cytoplasm oxidation of Arabidopsis thaliana is
increased under heat stress, as evidenced by elevated levels of H2O2, which, in turn, induces
various reactive oxygen scavenging enzymes at the transcriptional level [178,204,205].
Moreover, heat stress can also induce accelerated plant growth, which, in turn, generates
plant thermal adaptation by moving susceptible parts away from the stress, a process
known as thermomorphogenesis [202,203,206–208]. For example, Arabidopsis display a
tendency for hypocotyl and petiole elongation under moderately high ambient temperature
conditions [201], whereas the stomata of barley, tomato, and Arabidopsis are induced to
remain open under extreme heat conditions [194,209]. Similarly, monocotyledonous crops,
such as rice, wheat, barley, and maize, or dicotyledonous crops, such as soybean and
tomato, showed elongation of leaves and hypocotyls at moderately high temperatures,
with tomato also exhibiting hypoplastic leaves [194,210–212]. Importantly, the series of
changes that occur when plants are gradually or briefly exposed to high temperatures are
conducive to the enhancement of heat stress tolerance, whereas the sudden occurrence and
prolonged duration of heat stress can be detrimental to plant growth and development.

The reproductive development stage, especially the floral transition process, is greatly
affected by high-temperature fluctuations compared to the adaptive growth of vegetative
development under heat stress conditions [213–215]. Plants avoid high-temperature expo-
sure during fertilization by altering flowering time under heat stress [216–218] (Table 2).
Wheat, sorghum, and rice, for example, flower in the morning or in the cooler evening
to complete fertilization before extreme temperatures lead to sterility [76,219,220]. Plant
species that cannot change their flowering time in response to high-temperature fluctu-
ations gradually disappear from their former natural habitats and eventually migrate to
higher altitudes and latitudes [201]. Moreover, heat stress also has a tremendous effect
on floral organ development in addition to flowering time. The adaptability of plants to
high-temperature stress in the natural environment is different, which can be reflected in
the great differences in flowering responses to heat stress. Heat stress has been reported to
accelerate flowering in Arabidopsis and to delay flowering in Brassica rapa [129], suggesting
that the effect of high ambient temperatures on flowering time is not a universal outcome.
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High temperatures induce early flowering in the monocotyledonous bulb plant Narcissus
tazetta [221,222], in contrast to elevated summer temperatures that delay flowering in
Chrysanthemum morifolium [128,223]. The accelerated flowering of crops in response to high
ambient temperature fluctuations does not translate into higher yields, due to the fact that
accelerated flowering in response to heat stress is also accompanied by faster senescence,
which leads to stunted grain growth, ultimately causing lower crop yields [224]. Therefore,
understanding the specific mechanisms of plant flowering in response to heat stress is
of great significance for improving adaptive growth at high temperatures and for more
effectively balancing the relationship between plant tolerance to heat stress and normal
growth at critical developmental stages.

The plant heat stress response (HSR) acquires high-temperature tolerance through the
induction of heat shock proteins (HSPs) and heat stress transcription factors (HSFs) [225]
(38–40, Table 1). Transcriptional regulation is extremely important in the plant response to
heat stress, especially HSFs, which are responsible for the rapid transcriptional activation of
downstream genes. The HSF-encoding genes are defined by 21 members in Arabidopsis and
25 members in rice, which are differentiated by the structural features of the oligomerized
domains into A, B, and C categories [226]. Based on an analysis of HSFs in Arabidopsis
and tomato, it was shown that the thermal-response-related genes of the HSF family
are also closely related to plant reproductive development [227]. The development of
gametophytes under heat stress in Arabidopsis is regulated by the homeostasis between
AtHSFB2a and its natural antisense RNA [228]. In tomato (Solanum lycopersicum), moderate
heat treatment (37.5 ◦C) leads to the accumulation of SlHSFA2 and enhances the tolerance of
seedlings under extreme heat stress conditions (47.5 ◦C). Meanwhile, SlHSFA2 expression
was inhibited when pollen was subjected to heat stress in the early developmental stage of
pollen formation, thus reducing pollen viability and the germination rate, suggesting that
SlHSFA2 is an important regulator of heat tolerance during pollen development [229]. HSPs
were initially recognized as proteins strongly induced by heat stress and which protected
plants from stress by re-establishing normal protein conformation and cellular homeostasis
under the control of HSFs [230]. The Arabidopsis BOBBER1 (AtBOB1) (41, Table 1) protein
belongs to a class of small HSPs (sHSPs), and atbob1 mutants have been reported to exhibit
developmental defects in flowers and the inflorescence meristem and lower tolerance to
high temperature, indicating that HSPs play a central role in both heat tolerance and the
floral development of plants [231].

The molecular regulatory mechanisms of floral transition in response to heat stress dif-
fer in plants. The accelerated flowering in Arabidopsis under moderately high temperatures
is due to increased AtFT expression [122,232]. ft mutants did not exhibit accelerated flower-
ing in response to heat stress [233]. Flowering response to heat stress was also achieved
in soybean by promoting GmFT2a and GmFT5a expression and repressing the upstream
negative regulators E1 and E2 [125]. Similarly, high temperature, which delays flowering
in chrysanthemum, is also associated with downregulation of FLOWERING LOCUS T-like 3
(FTL3, an FT homologue) (42, Table 1) expression [128]. However, there is no difference
in the expression levels of FT1 in barley and wheat subjected to high-temperature treat-
ment, indicating that the flowering of cereals responds to heat stress in an FT-independent
manner [214] (Table 2). Knowledge about the specific mechanism of floral transition in
Arabidopsis in a fluctuating high-temperature environment provides a framework for further
research on flowering response to heat stress in different plants. At the molecular level,
the histone variant H2A.Z decreases the incorporation of nucleosomes during flowering at
higher temperatures, which, in turn, permits the binding of the bHLH transcription factor
PIF4 to the FT promoter, and ultimately accelerates flowering in a temperature-dependent
manner. Neither pif4 nor pif5 mutants can accelerate flowering under heat stress, and pif4
pif5 double mutants flower later compared with the single mutation, suggesting that PIF4
and PIF5 are related to high-temperature-responsive flowering [123,234]. Additionally, PIF4
has been reported to be involved in controlling temperature-sensing memory and repro-
ductive transition in Arabidopsis [123], and the PIF4 homologue in soybean exhibits unique
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high-temperature adaptability [235]. SVP tends to bind FLM-δ to regulate the expression of
FT, SOC1, and TSF, ultimately mediating flowering in response to high temperature [108]
(Figure 3).

Due to the influence of extreme high temperatures, the alteration of flowering time
can have a huge impact on crop productivity. In barley, high-temperature-dependent ELF3
increased transcription levels of the core circadian clock genes GI, PSEUDO RESPONSE
REGULATOR (PRR), and LUX ARRHYTHMO (LUX) [236,237] (43–44, Table 1). A late-
flowering mutant allele, Ppd-1, was reported to retard flower development and reduce the
flower and seed number in spring barley at high temperatures, in contrast to the Ppd-1
and elf3 mutants, both of which showed earlier flower development and unchanged seed
number [237]. Moreover, an allelic variation of ELF3 in wheat may underlie an Earliness
per se locus (Eps-D1) (45, Table 1), which regulates flowering time depending on tempera-
ture [238,239]. High-temperature-delayed short-day flowering was also accompanied by
increased expression of HvODDSOC2, the MADS box flowering suppressor associated
with the FLC gene family [126]. Heat stress during flowering of rice, a short-day plant, can
lead to sterility. EXTRA GLUME 1 (EG1) (46, Table 1), a gene encoding a lipase primarily
located in mitochondria, acts upstream of flower identity genes (OsG1, OsMADS1, and
OsMADS6) in a high-temperature-dependent manner, thereby promoting robust flower de-
velopment [127]. In contrast, the eg1 mutants exhibit high plasticity in spikelet development
at high temperature and have a detrimental effect on maintaining flower development [127].
In maize, ZmNF-YA3 binds to the FT-like12 promoter to accelerate maize flowering, and
the Zmnf-ya3 mutant exhibits different high-temperature tolerance compared with the con-
trol, indicating that NF-Y transcription factors play an important role in maize flowering
response to heat stress [106] (Table 2). In summary, studies on the mechanisms of flowering
in response to heat stress vary widely between model plants and crops, and the regulatory
networks that have been studied are still relatively basic. Therefore, future research on
the floral transition caused by heat stress can enrich the overall regulatory network by
cross-referencing the components of molecular mechanism studies in different plant species,
laying an extraordinarily important foundation for research on perennial plants.

The effects of heat stress on the reproductive development of perennial plants, espe-
cially woody plants, are poorly understood. Woody plants growing in the temperate zone
follow an annual growth cycle of sprouting in spring, flowering in summer, followed by
the emergence of new buds in the fall [240]. However, the current global warming has a
great impact on the timing of spring bud germination, so the control of temperature on
the timing of bud burst in woody plants has become a new trend in research. In sexually
mature poplar, FT1 has been reported to initiate reproductive development in response to
low temperatures, whereas FT2 promotes vegetative growth as well as bud set inhibition
under high-temperature conditions [115]. Additionally, GtFT2 was found to be involved in
dormancy regulation induced by temperatures in the perennial herb gentian, peaking at the
time of dormancy release [241]. Due to the lack of available model plant species, the current
understanding underlying the molecular regulation mechanisms of the bud dormancy
cycle in woody plants is still incomplete. Similarly, due to the long study period and the fact
that the effects of heat stress on reproductive growth in woody plants are not immediately
apparent, the analysis of the mechanisms of this aspect in woody plants is limited. Taken
together, future studies on the molecular mechanisms of flowering response to heat stress
in woody plants can be further expanded by utilizing Arabidopsis as the framework. A
detailed knowledge of the molecular mechanisms by which heat stress affects flowering
is critical for breeding plant species with higher yields and greater tolerance to heat and
provides crucial information for mitigating the effects of climate alteration.

4. Conclusions and Future Perspectives

The optimal flowering time is crucial for maximizing reproductive success, a process
that is precisely regulated by a wide variety of environmental and internal factors. Accord-
ingly, this review outlines the current knowledge showing that diverse abiotic stresses, such
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as drought, low-temperature and high-temperature stress, alter the flowering time of plants.
Meanwhile, the roles of the critical flowering regulation genes and stress-response-related
genes are identified with consideration of the cross-talk molecular mechanisms underlying
flowering time regulation and the stress response. Compared with annual plants, especially
the model plant Arabidopsis, perennials, especially woody plants, involve a longer period of
time, and a heavier workload, to study the molecular mechanisms related to reproductive
development, resulting in the fact that little is known about abiotic stresses controlling
flowering time in perennial plants. Hence, it is important to understand the molecular
mechanisms of flowering time regulation in perennials under environmental stress. Al-
though our understanding underlying the effects of abiotic stress on flowering timing has
increased considerably in perennials, most of the regulatory mechanisms associated with
abiotic stress have been identified in Arabidopsis and currently remain elusive in perennials.
More importantly, the molecular pathways by which abiotic stress affects flowering time in
different plants are similar, but also exhibit many unique aspects. In future studies, it will
be both challenging and necessary to utilize the molecular network obtained in Arabidopsis
to advance the understanding of the molecular pathways involved in perennial plants
flowering time in response to abiotic stresses, as well as to conduct comparative studies on
different plant species.

Flowering time is affected by abiotic stresses through a complex network, but most of
the existing studies focus on the role of individual genes in the stress-regulated flowering
process, which makes it difficult to localize the key factors and is insufficient to show that
the whole process is controlled by one pathway only. Currently, multi-omics combined
analysis can provide in-depth analysis of complex regulatory networks, including gene
expression, protein function, and metabolites [242–244]. Comparative transcriptomics has
revealed differentially expressed genes for drought-stress-induced flower formation in
Curcuma kwangsiensis [74], as well as a regulatory cascade for flower development under
drought stress in Arabidopsis thaliana [40]. Meanwhile, the detection of protein changes
under abiotic stresses by comparative proteomics analysis is essential for revealing stress-
induced signal perception as well as response, and this information cannot be revealed
by transcriptomic analysis [245]. Certainly, metabolomics is also an important molecular
tool for identifying plant responses to different abiotic stresses [246,247]. However, the
application of omics approaches to abiotic-stress-regulated flowering time in plants is
relatively rare, so the combination of different omics tools is a new trend for future research
to identify complex regulatory networks involved in the abiotic stress regulation of plant
flowering. Since environmental alteration generally entails the simultaneous existence of
multiple abiotic stress factors, it is also necessary to focus on the effects of the combination
of various abiotic stresses on plant flowering in the future, so as to provide better tools for
breeders to cultivate reproductive traits in response to environmental alterations.
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Abstract: Styrax japonicus is a small ornamental tree with medicinal values, although its flowering
period is short. To date, information about the morphological and physiological characteristics of the
petals during the flowering period is limited. In this study, we observed the structure of the petals at
the full flowering stage with a scanning electron microscope and detected the contents of nutrients,
minerals, and endogenous hormones and the activities of enzymes at different flowering stages. The
results showed that the content of soluble sugar exhibited an ‘increase-decrease’ trend, whereas the
contents of soluble protein, nitrogen (N), phosphorus (P), and abscisic acid (ABA) showed a ‘decrease-
increase’ pattern. The content of starch descended continuously, but the contents of potassium (K),
gibberellic acid (GA3), indoleacetic acid (IAA), and malondialdehyde (MDA) ascended continuously.
The activities of peroxidase (POD) and superoxide dismutase (SOD) first rose and then declined
during the flowering period. Higher contents of soluble sugar, N, K, and IAA promoted S. japonicus
flowering; meanwhile, lower contents of starch, soluble protein, P, and GA3 in addition to the lower
activity of SOD might be some of the causes of the short flowering period. This work will serve
as the foundation for a scientific technique to utilize the flowers and extend the flowering period
in S. japonicus.

Keywords: Styrax japonicus; enzymes; hormones; minerals; nutrients; senescence

1. Introduction

Controlling the flowering time and understanding the physiological mechanism of
the induction of flowers are essential to the tourism, research, and flower industries [1]. In
recent years, many researchers have studied the flowering process, including flower mor-
phological structure, nutrients, mineral elements, enzymes, and relevant genes in flowers,
so as to reveal the biological characteristics and regulate the flowering period of different
plants [2–5]. Based on the study of flower morphology in the genus Capsella, Neuffer and
Paetsch [6] specifically disclosed the petal size, pollen number, stigma length, and so on
in Capsella grandiflora, C. rubella, and C. bursa-pastoris. Experiments were conducted to
determine whether changing nutrient concentrations helped to induce Eichhornia crassipes
flowering, and the result demonstrated that very low nutrient concentration conditions
induced inflorescence formation [7], which reconfirmed the conclusion of Richards [8].
High soluble sugar content promoted S. tonkinensis flowering [9], while it was the opposite
for olive [10]. Starch is one of the nutrients that may be converted into soluble sugar to
meet the need for metabolic energy during the process of flower bud differentiation [9].
Moreover, soluble protein is one of the most important energy sources in plant bud ini-
tiation and the basis for flower organ morphogenesis [11]. Shahri et al. [12] pointed out
that the soluble protein content in the Helleborus orientalis flower was similar from the tight
bud stage to the half-open stage, but its content increased at the fully open stage and then
decreased during senescence. Research on the changes of endogenous hormones is of great
significance for the regulation of plant flowering. It was suggested that IAA content was
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directly related to flowering [13], ABA affected flowering through the regulation of the
vegetative growth of plants [9], and GA controlled various development processes, such as
flower development [14,15]. IAA may be an inhibitor of flower bud formation because the
photoperiod induction of leaves was interfered with by IAA [16]. GA is also considered to
inhibit flower bud growth, although it could contribute to the flowering of Juglans regia [17].
SOD, POD, and catalase (CAT) belong to the protective enzyme system and are considered
to be key enzymes in removing reactive oxygen species (ROS). To investigate the activity
of antioxidant enzymes in Dahlia pinnata petals, Kan et al. [18] divided its flowering pe-
riod into six stages. They concluded that an ‘increase-decrease’ trend of CAT and SOD
activity appeared with the development of flowers, but POD activity was the opposite.
Li et al. [19] used RNA-seq technology to examine the expression of flowering-related
genes during S. japonicus flower development. The experimental data showed that 31,471
differentially expressed unigenes were generated, and these genes were associated with
four pathways, including phytohormone signaling, transcription factor, protein kinase,
and circadian rhythms.

Numerous researchers have carried out studies about the regulation of the flower-
ing period. Severe nutrient stress delayed Arabidopsis thaliana from flowering; however,
flowering was accelerated when plants were grown with alternating ‘high-low’ nutrient
levels [3]. Insufficient nutrients and cell membrane damage were the main causes of petal
senescence and a short flowering period, which was proved by Liu et al. [20] in the research
of Nelumbo nucifera flowering regulation. On the basis of mastering the law of plant growth
and development, some technical measures could be adopted to regulate the flowering
time or prolong the flowering period [21]. Exogenous GA3 application could replace low
temperature to enable some plants that need to undergo vernalization to bloom at room
temperature and promote the flowering of wild A. thaliana under short-day conditions [22].
It was found that the exogenous application of KNO3 advanced the flowering time of
Mangifera indica and enhanced its flowering rate [23].

Styrax japonicus, a low-branched landscape tree species with slight fragrance [24],
is widely distributed in Korea, Japan, and southern China [25]. Although S. japonicus is
an ornamental species with a huge number of flowers, the flowering period is relatively
short, which limits its production and ornamental value to some extent. Hence, artificial
methods to prolong the flowering period and improve flowering quality are in demand.
According to our observation of phenology, a single flower bloomed for 4–5 days then
withered, and the flowering period for a group of flowers was about two weeks. Until
now, little information has been available regarding the morphological and physiological
characteristics of S. japonicus petals during the flowering period.

Therefore, we conducted experiments to investigate the structure of petals at the
full flowering stage and the contents of nutrients, mineral elements, hormones, and the
activities of antioxidant enzymes in petals at different flowering stages. We attempted to
answer the following questions: (1) Which physiological indexes have the greatest effects
on S. japonicus flowering? (2) What is the relationship between these indexes and flowering?
We hope our work may contribute to a better understanding of the flowering physiological
mechanism of S. japonicus and consequently facilitate effective methods to regulate its
flowering period.

2. Materials and Methods

2.1. Plant Material

Plant material was collected and processed at the Jiangsu Guoxing Biotechnology Co.
Ltd., located in Luhe District, Nanjing, China (32◦54′ N, 118◦50′ E) in 2019. The average
temperature, length of the day, and rainfall per year were 15.3 ◦C, 2200 h, and 970 mm,
respectively. S. japonicus blooms in late April and quickly enters the blooming stage with
white flowers (Figure 1). Nine-year-old S. japonicus trees originating from Yichang, Hubei
Province, were used in our experiment. These plants grew in natural conditions, and no
fertilizer was used. Ten trees with similar height, growth, and development conditions
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were selected and tagged. Hence, each tree was regarded as one biological repetition.
S. japonicus bloomed with stamens and pistil exposed at first, and then stigma exerted
with bright anthers. Stigma, anthers, and petals were dry when flowers began to fall.
Its flowering period was divided into three stages, including initial flowering (5% of the
flowers on a flowering tree blossomed), full flowering (50% of the flowers on a flowering
tree blossomed), and end flowering (95% of the flowers on a flowering tree blossomed).

Figure 1. General look of a flowering tree.

2.2. Sample Collection

To avoid the influence caused by different water, temperature, and light conditions,
we harvested all the samples between 9:00–9:30 a.m. on a single day [26]. Thirty flowers
were collected from the middle part of each tree at three stages. Then samples were
mixed and taken back to the laboratory. Ten flowers from the full flowering stage were
observed and photographed by scanning electron microscope (SEM) observation. Thirty
flowers were chosen to measure the length and width of petals, calyx, and pedicel using a
vernier caliper. The rest of the flowers at three flowering stages were used to determine
several physiological indexes (including soluble sugar, starch, soluble protein, N, P, K, IAA,
GA3, ABA, SOD, POD, and MDA). Each index measurement contained three technical
repetitions, then the average of the three values was calculated.

2.3. Determination Methods

SEM: Fresh petals were fixed in 4% glutaraldehyde in 0.2 M phosphate buffer and
rinsed with 0.1 M phosphate buffer solution. Then these petals were fixed in 1% osmium
tetroxide and rinsed with 0.1 M phosphate buffer again. After being dehydrated in ethanol,
replaced with anhydrous alcohol and isoamyl ester, dried in a Hitachi HCP-2 critical point
dryer (Hitachi, Tokyo, Japan) and coated with a mixture of gold/palladium in a Hitachi
E-1010 sputter coater (Hitachi, Tokyo, Japan), fixed petals were observed and photographed
by an FEI Quanta-200 SEM (FEI Company, Hillsboro, OR, USA) [27].

Soluble sugar and starch: A 0.2 g of sample in each replicate was ground and diluted to
10 mL. After two times of 30-min extraction with boiling water, they were diluted to 25 mL.
Then 0.2 mL of extracting solution, 1.8 mL of distilled water, 0.5 mL of anthrone ethyl
acetate, and 5 mL of 98% H2SO4 were added, respectively. Calculation of soluble sugar
content was accomplished according to the method described by Li [28] and Wu et al. [29],
and the OD value (at 630 nm) was read by a Beckman DU 800 UV-visible spectrophotometer

34



Agronomy 2021, 11, 1498

(Beckman Coulter, Inc., Brea, CA, USA; the same hereafter). The residues from extracting
soluble sugar were transferred into test tubes and diluted to 10 mL. The tubes were placed
in boiling water for full extraction for 15 min, then 2 mL of 9.2 mol/L perchloric acid were
added, then the residues were extracted for another 15 min. The measurement steps were
the same as above [9].

Soluble protein: A 0.2 g sample was ground and diluted to 5 mL. After centrifugation
at 8000 r/min for 15 min at 4 ◦C (Allegra X-22R, F1010 Rotor, Beckman Coulter, Inc., USA),
1 mL of extraction and 5 mL of Coomassie brilliant blue G-250 were added to measure
soluble protein content according to Li [28] and Bradford [30]. The OD value at 560 nm
wavelength was read by a spectrophotometer.

Hormones: A fresh sample (0.3 g) was extracted with 80% cold methanol at 4 ◦C for
4 h. After purifying, vacuuming, and drying, the filtering samples were solved with PBS.
GA3, IAA, and ABA contents were measured using enzyme-linked immunosorbent assay
(ELISA) according to Koshita et al. [31] and Weiler et al. [32].

N, P, and K: Petals were dried at 65 ◦C for 72 h, and then 0.1 g of petals were transferred
into a Kjeldahl flask. A total of 9 mL of H2SO4 and 1 mL of HClO4 were added, boiled, and
filtered into a glass bottle for determination. Indigo colorimetry was adopted to estimate
N using a spectrophotometer at 625 nm, molybdenum-antimony colorimetry to estimate
P using a spectrophotometer at 700 nm, and flame atomic absorption spectrophotometry
(AA900T, PerkinElmer, Waltham, MA, USA) to estimate K at 776 nm according to National
Standards of the People’s Republic of China.

POD, SOD, and MDA: A total of 0.2 g of petals were ground in 5 mL of phosphate
buffer (pH = 7.8) using a pre-chilled mortar and pestle. The homogeneous liquid was made
to determine POD, SOD, and MDA. The activities of POD and SOD were estimated based
on the methods described by Beauchamp and Fridovich [33]. Specifically, 2.9 mL of the
reaction solution (containing 28 μL of guaiacol and 19 μL of hydrogen peroxide) and 0.1 mL
of the supernatant were mixed. POD activity was estimated with a spectrophotometer
at 470 nm.

The homogenate was transferred to a centrifuge tube and centrifuged at 10,000 rpm for
20 min. The reaction system, including 1.5 mL of 50 mmol/L phosphate buffer, 0.3 mL of
130 mmol/L methionine, 0.3 mL of 750 μmol/L nitroblue tetrazolium, 0.3 mL of 100 μmol/L
ethylene diamine tetraacetic acid, 0.3 mL of 20 μmol/L riboflavin, and 50 μL of phosphate
buffer or supernatant, was made to estimate SOD activity using a spectrophotometer
at 560 nm.

The homogenate was centrifuged at 3000 rpm for 20 min, 2 mL of supernatant and
2 mL of 0.6% thiobarbituric acid were added to the tube and placed in boiling water
for 20 min. The OD values at 450 nm, 532 nm, and 600 nm were read, and the content
of MDA was estimated according to the methods described by Hodges et al. [34] and
Ennajeh et al. [35].

2.4. Data Analysis

Statistics were processed by Excel (Office 2013 Pro Plus, Microsoft Corporation, Red-
mond, WA, USA), and values were expressed as mean ± standard deviation for three
replicates. One-way analysis of variance of assessments in S. japonicus petals at different
flowering stages was performed by SPSS 22.0 (IBM, Armonk, NY, USA). The homogeneity
of variance test was conducted and verified. The differences in Duncan’s multiple com-
parisons at the significance level of 0.05 were established. p values less than 0.05 were
considered to indicate significance within groups.

3. Results

3.1. Structure Observation of S. japonicus Flowers

S. japonicus flowers were comprised of 5–6 white petals and looked like pendulous
bells. Flowers at the full flowering stage were used as an example to exhibit the struc-
tural characteristics. Unfolded petals had a length of 18.504 ± 0.302 mm and a width of
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8.184 ± 1.621 mm. Many stellate hairs were present on both sides of the petals, and the
hairs were bigger and in greater number on the upper surface of the petals (Figure 2a).
Hairs on the lower surface of the petals were sparser and darker (Figure 2b). The pistil
was covered by several stamens, which consisted of yellow-narrow anthers (Figure 2c).
Pollens were dense and oval-shaped (Figure 2d). The length of the calyx and pedicel was
5.02 ± 0.211 mm and 24.251 ± 2.472 mm, respectively.

Figure 2. Structure of S. japonicus flowers at full flowering stage. (a) upper surface of petals; (b) lower
surface of petals; (c) anthers; (d) pollens.

3.2. Comparison of Soluble Sugar, Starch, and Soluble Protein at Different Flowering Stages

To analyze the contents of soluble sugar, starch, and soluble protein in S. japonicus
petals at different flowering stages, we applied one-way analysis of variance and found
an ‘A’ pattern in the change of soluble sugar content (Figure 3). The content at the full
flowering stage (36.91 mg/g FW) was significantly higher than at the initial flowering
and end flowering stages; however, the contents at these two stages were very close
(30.77 mg/g FW and 29.54 mg/g FW, respectively). Starch content displayed a continuous
decreasing trend from the initial flowering to end flowering stages (Figure 3). As shown in
Figure 3, the content of soluble protein at the initial flowering stage was 2.33 mg/g FW
and then decreased to 2.22 mg/g FW at the full flowering stage. Soluble protein content
exhibited a ‘decrease-increase’ trend and reached the maximum at the end flowering stage
(2.37 mg/g FW). No significant differences were found among the three stages.
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Figure 3. Changes of soluble sugar, starch, and soluble protein in S. japonicus petals during the
flowering period. Data were shown as the average of three repetitions ± SD; different lowercase
letters indicated significant differences at different stages.

3.3. Relationship between Mineral Elements and Flowering

The content of N at the initial flowering stage was significantly higher than at the full
flowering and end flowering stages (Figure 4). With regard to P, the highest contents ap-
peared at the initial flowering stage, and the lowest contents appeared at the full flowering
stage, so the change trends of the content were ‘decrease-increase’ patterns (Figure 4). The
contents of K at the initial flowering and full flowering stages were 0.30% DW and 0.31%
DW, respectively, with no significant difference. Whereas the content at the end flowering
stage was 0.39% DW, which was a significant difference from those at the other two stages
(Figure 4).

Figure 4. Changes of N, P, and K in S. japonicus petals during the flowering period. Data were shown
as the average of three repetitions ± SD; different lowercase letters indicated significant differences
at different stages.

3.4. Differences of the Contents of Hormones in S. japonicus Petals

GA3 content increased continuously during the flowering period (Figure 5), and the dif-
ference between the full flowering and end flowering stages was significant (3.49 ng/g FW
and 3.76 ng/g FW, respectively). The content of GA3 increased slightly at the early stage
and increased sharply at the late stage. The content of IAA increased continuously, and
the difference among the three flowering stages was significant (Figure 5). The contents
of ABA were more abundant at the initial flowering (54.50 ng/g FW) and end flower-
ing (55.40 ng/g FW) stages than at the full flowering (51.90 ng/g FW) stage; however,
no significant difference was observed among the three stages (Figure 5).
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Figure 5. Changes of IAA, ABA, and GA3 in S. japonicus petals during the flowering period. Data
were shown as the average of three repetitions ± SD; different lowercase letters indicated significant
differences at different stages.

3.5. Changes of Antioxidant Enzymes and MDA in S. japonicus Petals

The activity of POD ascended significantly from the initial flowering (472.17 U/g FW)
to the full flowering (930.99 U/g FW) stage and thereafter descended significantly at
the end flowering (666.16 U/g FW) stage (Figure 6a). The activity of POD at the full
flowering stage was 97.2% higher than at the initial flowering stage. Figure 6a shows
an ‘increase-decrease’ trend of the activity of SOD. Although there were no significant
differences between the initial flowering and full flowering stages (23.43 U/g FW and
29.08 U/g FW, respectively), SOD activity at the end flowering (11.52 U/g FW) stage was
significantly lower than those at the former two stages. MDA contents at the full flowering
(2.61 μmol/mg FW) and end flowering (2.86 μmol/mg FW) stages were very close with no
significant differences; however, they had significant differences with MDA content at the
initial flowering (1.81 μmol/mg FW) stage. The changing pattern of the content of MDA
rose continuously (Figure 6b).

Figure 6. Changes of (a) POD, SOD, and (b) MDA in S. japonicus petals during the flowering period. Data were shown as
the average of three repetitions ± SD; different lowercase letters indicated significant differences at different stages.

4. Discussion

4.1. Abundant Nutrients Promoted S. japonicus Flowering

Flowers are important reproductive organs of angiosperms, and the formation process
of flowers consumes a large amount of energy. The dynamic changes of nutrients, for
instance, soluble sugar, starch, and soluble protein, could reflect the growth and develop-
ment of plants. Soluble sugar is a carrier of plant energy, as well as the main form of the
transportation of carbohydrates, which could be directly utilized by plants, and its content
change connects to the quality of flowers [36,37]. The present study indicated that soluble
sugar content in petals at the initial flowering stage was 30.77 mg/g FW and then reached
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36.91 mg/g FW at the full flowering stage; however, content declined to 29.54 mg/g FW
at the end flowering stage. The possible reason behind this was the transition of the
source-sink relationship caused by the energy demand during flowering. At the initial
flowering stage, the flower organ was an important sink, which contained sufficient soluble
sugar. The growth rate of S. japonicus flowers slowed down at the full flowering stage,
resulting in the accumulation of soluble sugar [38]. Towards the end flowering stage, a
decrease in soluble sugar content was presented because the flower as a sink was reduced.
It was reported that soluble sugar was the main energy for flowers to sustain lifespan,
and the decrease in soluble sugar in the late stage caused flower resistance to decline and
accelerated the aging process [39]. Therefore, it was possible to enhance soluble sugar
content so that the S. japonicus flowering period might be extended. Girdling would be an
appropriate approach to accumulate soluble sugar content, thus facilitating bud induction
and flowering [40].

Starch is a carbohydrate that has been reported as a resource for respiration and
metabolic intermediates and structural components [41]. Numerous evidence confirmed
that starch had great effects on plant flowering [42–44]. Wang et al. [44] explored starch mo-
bilization in Oncidium ‘Gower Ramsey’ during the flowering process, and they indicated
that little relationship was observed between the transition mechanism from vegetative to
reproductive growth and the onset of starch mobilization. Obviously, their experimental
result was not consistent with our common understanding that starch mobilization was
helpful for floral induction [45]. Starch accumulation emerged as an ‘S’-curve during
sorghum flowering [46], whereas in the current experiment, starch content was much lower
and decreased during the flowering period. We assumed that the starch in S. japonicus
petals might be converted into soluble sugar to meet the need for metabolic energy during
the flowering process.

Yu et al. [47] reported that soluble protein was one of the factors that impacted plant
flowering, and our research proved their viewpoint. At the early stage, soluble protein
was maintained at a relatively high level. Due to the flower’s development, S. japonicus
consumed many nutrients; thus, soluble protein content declined, then the petals absorbed
and stored soluble protein from vegetative organs, leading to an increase in content.

4.2. Mineral Elements Affected S. japonicus Flowering Variously

In the present study, the average contents of N, P, and K were 0.5% DW, 0.13% DW,
and 0.33% DW, respectively, and the change trends of these elements during the flowering
stages were different. Yang et al. [48] analyzed the content of several minerals in Rosa
hybrida petals and found that K was the most abundant mineral, followed by P, which was
consistent with our results. Li et al. [49] discussed the link between the amount of minerals
and the color of the petals in P. lactiflora and stated that red or purple petals had a higher
amount of minerals than those that were white. K was the highest element in P. lactiflora
petals (1.26%), which was much higher than in S. japonicus petals. In light of the above
evidence, we might adopt some artificial measures to enhance K content in petals in order
to attempt to change flower color. Fertilization was a common mineral supplement that
directly affected plant growth. A profound understanding of the appropriate time and type
of fertilization could effectively alleviate the increase of membrane permeability of petals,
improve the activity of SOD, and significantly increase the longevity of flowers [50]. Low
phosphorus content in Matricaria chamomilla petals promoted the synthesis of anthocyanin,
which played a crucial role in free radical scavenging [51]. Similarly, P content in our study
was lower when compared to N and K, so it could be considered to apply P fertilization to
investigate its effect on the flowering of S. japonicus.

4.3. Hormones Closely Correlated with S. japonicus Flowering Period

Flowering is influenced by a complex network of genes that integrate multiple envi-
ronmental factors and endogenous signals, thus ensuring that flowering occurs at the right
time. Hormone regulation is vital in this process, and its signal transduction pathways are
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involved in the formation of flowers [52,53]. A study conducted by Halevy and Mayak [54]
revealed that ABA content correlated with flower longevity negatively. Muller et al. [55]
reached the same conclusion. Although no significant difference existed in ABA content at
the three flowering stages, the average ABA content (53.93 ng/g FW) was much higher
when compared to the other two hormones. Hence, we assumed that high ABA content
could shorten the flowering period in S. japonicus, and lowering ABA content was favored
for flowering regulation [56].

GAs are crucial plant growth regulators that play an important role in flowering
pathways and affect floral transition [14,57]. Chrispeels and Varner [58] expounded that the
action of GAs and ABA was antagonistic in most physiological processes. As we mentioned
above, high ABA content probably shortened the S. japonicus flowering period, so we
speculated that more GA3 was used in other physiological activities or transferred to other
organs, leading to the low content of GA3 when compared to ABA. With the development of
S. tonkinensis, GA3 content in petals displayed an increasing trend [39], which was identical
to our experimental result. A high concentration of GA3, especially 25 mg/kg, obviously
postponed M. indica flowering, but the fruiting quality was improved [59]. Therefore, the
impacts of GA3 on flowering depended on the plant species and varieties [60].

Keeping IAA at a suitable level was beneficial for plant growth and development [61].
Additionally, high IAA content correlated with intense cell division [62]. Distribution or
gradient of auxin within plant tissues was different because of the polar movement of
IAA, and these changes were dynamic during the plant development process, such as
flowering [62,63]. Xu et al. [39] determined IAA content in petals during S. tonkinensis
flowering, and the result showed that IAA content first increased and then decreased; how-
ever, IAA content increased continuously in S. japonicus petals. It was concluded that IAA
acted dissimilarly on flower development in different tree species, even in the same genus.
Compared to CK, IAA extended the Brassica napus flowering period for five days, and Zhu
et al. [64] attributed this phenomenon to the capacity of IAA in increasing antioxidants.
We wondered whether exogenous IAA treatment could regulate the S. japonicus flowering
time, and if yes, reasonable IAA concentration required further research.

4.4. Antioxidant Enzyme Activity and MDA Content Significantly Impacted S. japonicus Flowering

MDA is produced by membrane lipid peroxidation of unsaturated fatty acids in mem-
brane lipids and could be inactivated by binding with proteins and enzymes. Normally,
MDA is recognized to evaluate the degree of membrane damage [34]. The content of MDA
is extremely low in growing plants, but it increases during flowering. Generally, MDA
content equals the degree of petal senescence. As described in our study, MDA content
increased gradually, indicating that the degradation of cell inclusions was intensified. The
function of the enzymatic defense system decreased, and the degree of membrane lipid
peroxidation was enhanced, revealing that flowering is an aging process.

POD is a biochemical marker, which could characterize the induction phase of the
flowering process [65,66]. In addition, POD is involved in the production of ethylene
and the oxygenolysis of IAA. McCord and Fridovich [67] found that SOD was capable of
removing various free radicals and ROS produced by aerobionts. Both POD and SOD can
convert superoxide anions or hydrogen peroxide into less active substances, reducing or
eliminating their attacks on membrane lipids, so those membrane lipids are protected. The
activities of POD and SOD in S. japonicus petals had the same trend of rising first and then
declining. We supposed that S. japonicus could eliminate excessive ROS by enhancing the
activities of POD and SOD to maintain the balance of metabolism at the early flowering
stage; nonetheless, due to the reduction of protein degradation or synthesis, the activities
of these two enzymes and scavenging capacity of ROS decreased at the late flowering stage.
Our result was in agreement with Bartoli et al. [68] that the activities of SOD and POD
increased first and then decreased. To conclude, S. japonicus inevitably produced MDA and
other aging-promoting substances during the flowering period, but at the same time, SOD,
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POD, and other anti-aging substances were generated, illustrating that these substances
were antagonistic.

5. Conclusions

The current study elaborated the change trends of nutrients, minerals, hormones, and
antioxidant enzymes and established the relationship between them and S. japonicus flow-
ering. These physiological indexes were closely related to plant flowering, and they could
be regulated by using appropriate flowering control techniques to achieve early, delayed,
or even prolonged plant flowering periods. In general, light, temperature, and hormone
regulation could be manipulated to affect the plant’s flowering period. In recent years,
with the deepening of flowering mechanism study, genetic engineering technology has
also been applied to regulate plant flowering. Combined with high-throughput techniques,
such as genomics, transcriptomics, and proteomics, genes associated with flowering were
isolated, and the mechanism of plant flowering was illuminated, thereby realizing accurate
regulation of the flowering period and improvement of flowering quality.
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Abstract: Wizened buds are frequently observed in pear (Pyrus spp.) trees, which greatly reduces
the yield. However, little is known about the mechanism of wizened bud formation. Here, we
analyzed physiological and transcriptomic differences between normal buds and wizened buds
of ‘710’ pear trees. The results indicated that the sorbitol and boron (B) contents, during bud
differentiation, were significantly reduced in wizened buds. The microscopic observation and
transcriptome analysis revealed that the collapse of the organ structure and cell wall loosening
process may have a close relation with wizened bud formation. Moreover, reduced transcript
levels of PpyMYB39.1 and its downstream genes (PpyHT1, PpyHT2, PpyPMEI1 and PpyPMEI2) were
found in wizened buds. However, the transcript levels of pentose and glucuronate interconversion
pathway genes (PpyPME3, PpyPL18.1, PpyPL18.2, PpyPG1 and PpyPG2) and the concentration of
pectin-degradation-related enzymes were increased in wizened buds. Correspondingly, the pectin
concentration was significantly reduced in wizened buds. Taken together, PpyMYB39.1 may promote
pectin degradation and decrease carbohydrate transport by regulating its downstream genes and is
supposed to play a vital role in the wizened bud formation resulting from the cell wall loosening
process. Our study provides fundamental insights into wizened bud formation and strategies to
reduce the wizened bud occurrence in pear trees.

Keywords: pear; wizened bud; cell wall loosening; pectin degradation; carbohydrate transport

1. Introduction

Pear (Pyrus spp.) is one of the major temperate fruit crops [1], which has grown widely
with the global production of over 23.1 million tons in the year 2020 [2]. In China, pear is
an economical fruit crop, and its yield is affected by developmental processes, especially
bud germination [3,4]. However, the bud differentiation is frequently hindered in many
traditional pear species, such as ‘Yuluxiang’ (P. bretschneideri.), showing the occurrence of
wizened bud, and results in a great loss of pear production [5,6]. Moreover, previous studies
demonstrated that wizened bud formation is closely related to management practices and
the nutritional status of buds [6,7].

The occurrence of wizened buds has been reported in many Rosaceae fruit trees,
including pear [5], apple [8] and peach [9]. Typically, wizened buds have external scales
loosening, internal bud organs browning and bud bursting and the presence of wizened
buds at the later stage of bud differentiation [5]. Hence, the wizened bud formation is due
to the impediment of bud differentiation. Mineral nutrients and carbohydrate utilization in
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buds are essential for the differentiation process [10,11]. For example, boron (B) is involved
in the cell wall development of bud meristem, and sugar alcohols act as the carbon source
for the cell division of bud organs during bud differentiation [12–14]. Sugar alcohols serve
as major photo-assimilates and can be distributed to various tissues [15,16]. In pear, sorbitol
is the dominant photosynthetic product that is synthesized in leaves [17]. Once the sorbitol
is transported from the leaves to sink tissues, it is primarily converted into fructose by
sorbitol dehydrogenase (SDH) for plant utilization [18,19]. Therefore, sorbitol, in addition
to the energy source, plays an important role in reproductive development by regulating
the expression of SDH genes [20,21].

Several genes are involved in the bud differentiation process, among which transcrip-
tion factors play regulatory roles in the interaction with downstream target genes [22,23].
The MYB subfamily, which consists of MYB genes with conserved DNA-binding domains,
play a vital role in bud development. For example, CmMYB2 determines the bud differenti-
ation time in chrysanthemum by regulating the gibberellin metabolism [24]. From Japanese
morning glory (Ipomoea nil), InMYB1 is active in the floral bud developmental stage and
functions from young flower buds to bloomed flowers [25]. The triple knockdown mutant
of Arabidopsis (AtMYB37, AtMYB38 and AtMYB84) displayed a defect in axillary bud
formation, showing the importance of MYBs in meristem bud formation [26]. DhMYB1 is
involved in the morphogenesis of epidermal cells in Dendrobium hybrida and is therefore
supposed to be required for floral bud development [27]. In addition to MYB transcrip-
tion factors, the pectin methylesterase (PME) and pectin methylesterase inhibitor (PMEI)
encoded genes have also been reported to play key roles in the bud growth of different
species [28–30]. However, little is known about the molecular mechanisms of wizened bud
formation in pears.

Here, we chose ‘710’ sand pear plants, with typical wizened occurrence in the bud, as
research material. Microscopic observations and metabolite quantification analyses were
conducted to determine the physiological changes during the wizened bud formation.
Moreover, RNA-seq analyses were used to conduct the transcriptomic profiling of normal
buds and wizened buds. The aim of this study was to investigate the possible mechanisms
of wizened bud formation and provide new insights to overcome wizened bud occurrence
in pear.

2. Materials and Methods

2.1. Plant Materials and Sampling

The experiment was conducted from May 2021 to November 2021 in the Wuchang
Sand Pear Germplasm Collection, Wuhan, China. For this experiment, 7-year-old ‘710’ sand
pear (Pyrus Pyrifolia, ‘An Nong No. 1 × Cui Guan’) grafted on Callery pear (P. calleryana)
plants were selected. There were a total of 30 representative trees with 10 individual trees
as a replication. The samples of wizened buds, normal buds and leaves were collected
from the 1-year-old stem of selected trees in September 2020. Each bud sample consisted
of more than 20 buds and the leaf sample consisted of more than 10 leaves, which were
randomly collected from stems. Rhizosphere soil samples were collected from a depth of
30 cm around the selected trees.

2.2. Phloem Sap Extraction

Phloem sap was collected as described by Du et al. [31]. Briefly, wizened bud stems
were washed with ultra-pure water twice. The bark was peeled off, and the xylem residues
were removed by scalpel. Subsequently, the clean epidermis was cut into small pieces of
1 cm2 and transferred into a 0.5 mL centrifuge tube punctured at the bottom. Then, a 0.5 mL
centrifuged tube was inserted into a 2 mL centrifuge tube for centrifugation (12,000 rpm,
15 min, 20 ◦C), and about 200 μL phloem sap of each tube was collected for further analysis.
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2.3. Determination of Nutrient Concentration

A fresh bud sample weighing around 0.1 g was used to measure the N concentration,
by using the Vario MACRO Cube Analyzer (Elementar, Germany), following the protocol
of Tian et al. [32]. Moreover, the concentrations of P, K, Ca, Mg, S, Fe, Mn, B, Cu and
Zn were determined by taking a 0.3 g dried bud sample. The dried sample was ashed
in a muffle furnace at 500 ◦C for 6 h; afterwards, the sample was dissolved in 30 mL of
HNO3 (1%) solution. The solution was used to determine the above-mentioned nutrient
concentration by an inductively coupled plasma-optical emission spectrometer (ICP-OES,
Finnigan MAT, Element I, Germany).

2.4. X-ray Micro-Computed (μCT) Tomography

X-ray micro-computed (μCT) tomography was performed as described by Buss et al. [33]
with some modifications. Virtual image stacks of all bud specimens were detected by μCT
(Versa 510, Carl Zeiss, Germany). Briefly, the samples were stored in dry tubes during the
μCT-scanning process. Then, the samples were scanned with a Versa 510 X-ray microscope
with the following parameters: 30–40 kV, 5–8 W, 2001 projections, 10–22 s acquisition time,
objective: ×0.4, and voxel size: 5.0 μm.

2.5. RNA-seq, Data Processing and Gene Annotation

Transcriptome libraries were constructed from samples of normal buds and wizened
buds in the early stage of wizened bud occurrence (September 2020) with 3 biological
replications. Total RNA was isolated by using a TaKaRa Plant RNA Extraction Kit (TaKaRa,
Dalian, China), and the transcriptome profiles were obtained by using NR604-VAHTS®

Fast RNA-seq Library Prep Kit for Illumina (Vazyme, Nanjing, China), following the
manufacturer’s protocol. The original data have been submitted to NCBI (BioProject ID:
PRJNA804671). Clean reads (high-quality reads) of 6 transcriptome libraries were filtered
from raw reads by removing low-quality reads with ambiguous nucleotides (read length:
300 bp, total reads: 72,777,662 to 84,315,630) and adaptor sequences, and Tophat2 was
used to map clean reads to the reference genome Pyrus pyrifolia in GDR (https://www.
rosaceae.org/Analysis/9597119, 1 May 2021). Gene expression levels were calculated
by the FPKM (Fragments Per Kilobase of transcript per Million mapped reads) method
using the RSEM tool. A differential expression analysis was performed using the DESeq R
package (1.10.1). The resulting p values were adjusted using Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with a p-value < 0.05 found by
DESeq were assigned as differentially expressed genes. The overview of RNA-seq statistics
and the FPKM of differentially expressed genes (DEGs) are mentioned in Tables S3 and S4.

Gene annotation was conducted using the Blastp search against the nr database
in NCBI, Swiss-Prot database and Pfam database. BlastKOALA was used to annotate
the KOs of the KEGG ORTHOLOGY database. The protein sequences of genes were
aligned against the GO database and KEGG pathway database using KOBAS 3.0 (http:
//kobas.cbi.pku.edu.cn/, 1 May 2021) to perform the enrichment analysis. A corrected
p-value < 0.01 was set as a cut-off for GO enrichment 2.6. Quantitative Real-Time PCR
(qRT-PCR) Analysis

The qRT-PCR experiment was conducted following the previous protocol [34]. Briefly,
the total RNA of each sample was extracted by an OminiPlant RNA Kit (CWBIO, Beijing,
China). One microgram of high-quality total RNA was used for the first-strand cDNA
synthesis by TransScript One-step gDNA Removal and cDNA Synthesis SuperMix (Trans-
Gen Biotech, Beijing, China). The qRT-PCR was conducted by 3 biological replicates, and
each biological replicate had 3 technical replicates. qRT-PCR was performed in a 10 μL
reaction volume using Luna® Universal qPCR Master Mix (NEB) on a qRT-PCR system
(CFX real-time PCR system, BioRad, Hercules, CA, USA) following the manufacturer’s
protocol. The reaction was started by an initial incubation at 94 ◦C for 2 min and then
subjected to 34 cycles of 94 ◦C for 30 s, 57 ◦C for 30 s and 72 ◦C for 80 s, and then ended
with 72 ◦C for 3 min. The primers used in this study are listed in Table S2. PpyPP2A
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(sequence ID: Pbr020268.1) was used as an internal control to normalize the expression
level of the target genes between samples. The Livak method was employed to calculate
relative expression values [35].

2.6. Determination of Pectin, Lignin, Cellulose, Pectin Methylesterase, Pectate Lyase,
Polygalacturonase and Sorbitol Concentration

Two decigrams of fine powder of each bud sample were used to determine the pectin
(by a plant pectin ELISA Kit), lignin (by a plant lignin ELISA Kit), cellulose (by a plant
cellulose ELISA Kit), pectin methylesterase (by a plant PME ELISA Kit), pectate lyase (by
a plant PL ELISA Kit) and polygalacturonase (by a plant PG ELISA Kit) concentration
following the instructions of the kits (Comin Biotechnology Co., Ltd., Suzhou, China).
Moreover, 1 g of fine powder of leaves, 1 g of buds and 0.5 mL of phloem sap were used to
determine the sorbitol concentration using a gas chromatography-mass spectrometer. The
detailed method for sorbitol detection was mentioned in the Supplementary Methods.

2.7. Statistical Analysis

Unless specially stated, each value was expressed as the means ± standard deviation
(SD) of three replications. Data analysis was performed by using an independent-samples
t-test (p < 0.05) in SPSS Statistics 19.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Phenotype and Structure Comparison between Normal Buds and Wizened Buds

At the time of flower bud differentiation, wizened buds were observed on ‘710’ sand
pear plants. Phenotypically, the bud scales were wrapped tightly around normal buds
with a hub shape; however, the bud scales were loosely surrounded by wizened buds with
irregular shape and appeared like the bud burst from the inside to the outside (Figure 1A).
Compared with normal buds, more than half of the total buds were wizened buds with
significantly lower fresh weight (Figure 1B). Moreover, the ratio of leaf to bud in normal
bud stems was 139:114, which was 2.5 times that of the wizened bud stems (54:112).

Figure 1. Phenotypic differences between normal buds and wizened buds, and their characteristics.
The phenotypic illustration of normal buds and wizened buds (A). The proportion of wizened buds
and normal buds and the comparison of fresh weight between normal buds and wizened buds (B).
The comparison of leaf to bud ratio between normal bud stems and wizened bud stems (C). Values
are the mean ± SD. The asterisk indicates a significant difference between normal bud and wizened
bud (t-test, p < 0.05). In Figure 1A, the side length of each square indicates 1 cm.
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According to the microscopic observations, the shape of inflorescence in the normal
buds was trigonal pyramidal with a tight arrangement above the bud axis (Figure 2A);
however, the inflorescence of wizened buds presented an irregular shape with a loose
arrangement on the bud axis (Figure 2D). Internally, all inflorescences in normal buds were
healthy with an integral structure (Figure 2B); by contrast, all inflorescences in the wizened
bud were abnormal or even dead, with a collapsed structure and a shriveled and cracked
appearance (Figure 2E). Furthermore, the structure of the flower parts in the normal bud
was distinct and can be completely differentiated (Figure 2C); on the contrary, the structure
of the wizened bud was indistinct, with an incomplete differentiation of stamen and pistil,
and a lack of petal differentiation (Figure 2F).

 

Figure 2. Microscopic illustration of normal buds and wizened buds. Appearance and inflores-
cence (A,D); longitudinal section (B,E); floral components (C,F) of normal buds and wizened
buds, respectively.

3.2. Comparison of B Concentration between Normal Buds and Wizened Buds

Leaf nutrient analysis indicated that the concentration of K, Mg and B was significantly
lower in wizened buds than in normal buds (Table S1). Moreover, the Mg concentration in
orchard soil was higher than the normal threshold, while the B concentration in orchard
soil was lower than the normal threshold (Table S1). According to Figure 3, wizened bud
occurrence was started after 22 July and, before that, the B concentration in both types
of bud tissues was the same. After 22 July, the B concentration started to reduce quickly
in the wizened bud, but normal bud presented an increasing profile of B concentration;
moreover, the B concentration of wizened buds was significantly lower than that of normal
buds (Figure 3).
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Figure 3. Changes of B concentration profile during flower bud differentiation starting from 27 May
to 19 October. Values are the mean ± SD. The asterisk indicates a significant difference between
normal buds and wizened buds at a given time point (t-test, p < 0.05).

3.3. Functional Enrichment and Coexpression Network of Differentially Expressed Genes

To further explore the differences in the molecular regulation of wizened bud for-
mation, a comparative transcriptome analysis was performed between normal buds and
wizened buds. In total, 546 differentially expressed genes (DEGs) were identified; of them,
462 genes were down-regulated in wizened bud samples (Figure S1). The DEGs were
enriched in ‘response to wounding’, ‘suberin biosynthetic process’, ‘regulation of defense
response’, ‘syncytium formation’, ‘nitrate transport’ and ‘plant-type cell wall loosening’
processes (Figure 4A). Subsequently, a KEGG enrichment analysis revealed 10 typical
pathways, and the ‘pentose and glucuronate interconversions’ pathway was related to the
‘plant-type cell wall loosening’ process (Figure 4B). To identify the key regulatory genes,
we constructed gene networks via WGCNA and Cytoscape. Among all DEGs, 54 DEGs
encoded transcription factors (TFs) and the highest edges of PpyMYB39 were observed in
the network analysis (Figure 4C).

3.4. Expression Levels of Differentially Expressed Genes and Candidate Target Genes
of PpyMYB39

To verify the authenticity of RNA-seq data, the DEGs belonging to the ‘pentose and
glucuronate interconversions’ pathway and key TFs of the coexpression network were
selected. The qRT-PCR results showed strong coherence with the finding of the RNA-
seq results. Briefly, the expression level of PpyPME3, PpyPL18.1, PpyPL18.2, PpyPG1 and
PpyPG2 were significantly higher in wizened buds than those of normal buds (Figure 5A).
However, the expression level of PpySDH and all selected TFs were significantly lower in
wizened buds than in normal buds (Figure 5A,B).
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Figure 4. Go term enrichment analysis (A), KEGG pathway enrichment analysis (B) and correlation
network of differentially transcription factors (C) between normal buds and wizened buds. Each
rectangle of graph A is a single cluster, joined into ‘superclusters’ of loosely related terms, and the
size of the rectangles is adjusted to reflect the P-value. The term logFC means log2 (FPKM_Wizened
bud/FPKM_Normal bud) and the color of a bar from dark blue to light blue represents a hint
regarding the pathway that is more likely to be decreased or increased in graph B. The transcription
factors are shown by large circles in graph C, and the color from green to red represented the number
of edge genes related to the transcription factor.
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Figure 5. Transcript analysis of differential genes between normal buds and wizened buds. (A) refers
to the transcript analysis of the pentose and glucuronate interconversions pathway-related genes,
and (B) refers to the expression analysis of transcription factors. Values are the mean ± SD. PME:
Pectin methylesterase. SDH: Sorbitol dehydrogenase, PL: Pectate lyase. PG: Polygalacturonase. The
asterisk indicates a significant difference between normal bud and wizened bud (t-test, p < 0.05).

MdMYB39L plays a key role in sorbitol-modulated stamen development by regulating
its downstream target genes, which are involved in hexose uptake, cell wall formation
and modification, and microsporogenesis [21]. Based on the findings of this research,
8 candidate target genes of PpyMYB39 were screened for qRT-PCR analysis between normal
buds and wizened buds. These genes were related to bud development and derived from
2 functional categories, including hexose transporters (PpyHT1 to PpyHT4) and pectin
methylesterase inhibitors (PpyPMEI1 to PpyPMEI4) (Figure 6A,B). The expression levels of
PpyHT1, PpyHT2, PpyPMEI1 and PpyPMEI2 in wizened buds were significantly lower than
those in normal buds; however, no significant difference was observed in the expression
levels of PpyHT3, PpyHT4, PpyPMEI3 and PpyPMEI4 between normal buds and wizened
buds (Figure 6A,B).
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Figure 6. Transcript analysis of the comparison of PpyMYB39 mRNA responsive genes between
normal buds and wizened buds. (A) refers to the expression analysis of PpyHT-encoded genes,
and (B) refers to the expression analysis of PpyPMEI-encoded genes. HT: hexose transporters.
PMEI: pectin methylesterase inhibitors. Values are the mean ± SD. The asterisk indicates a significant
difference between normal buds and wizened buds (t-test, p < 0.05).

3.5. Comparison of Pectin, Lignin, Cellulose and Pectin Methylesterase, Pectate Lyase
Polygalacturonase Content Related to Pectin Degradation

According to the KEGG enrichment analysis, the pectin degradation process was
mainly induced after wizened bud occurrence. The quantitative analysis further confirmed
that the pectin concentration in wizened buds was significantly lower than in normal buds
(Figure 7A). However, no significant change was observed for the lignin and cellulose
concentration between the normal buds and wizened buds (Figure 7B,C). Moreover, the
content of pectin methylesterase, pectate lyase and polygalacturonase were all significantly
higher in wizened buds than in normal buds (Figure 7D–F).

3.6. Changes in Sorbitol Content in the Buds, Leaves and Phloem Sap

The determination of sorbitol content in different parts of the plant was conducted to
compare the translocation and utilization of sorbitol content between normal bud stems
and wizened bus stems. The results indicated that the sorbitol concentration in wizened
buds and stem phloem sap was significantly lower than that in normal buds and stem
phloem sap (Figure 8A,C); however, no difference was observed in leaf samples taken from
normal bud stems and wizened bud stems (Figure 8B).
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Figure 7. Comparison of pectin (A), lignin (B), cellulose (C), pectin methylesterase (D), pectate lyase
(E) and polygalacturonase (F) concentration between normal buds and wizened buds. The values are
the mean ± SD. The asterisk indicates a significant difference between normal buds and wizened
buds (t-test, p < 0.05).

Figure 8. Comparison of sorbitol concentration in the buds (A), leaves (B), phloem sap (C) between
normal bud stems and wizened bud stems. Values are the mean ± SD. The asterisk indicates a
significant difference between normal bud stems and wizened bud stems (t-test, p < 0.05).

4. Discussion

In pear orchards, wizened bud occurrence is frequently observed, which impedes
flower bud growth, resulting in a great loss of yield [6]. According to the present study,
more than 60% of buds presented a wizened performance in ‘710’ sand pear trees at the
time of flower bud differentiation (Figure 1A,B), indicating that ‘710’ sand pear trees have
a typical character of wizened bud formation and could be used as interesting material
to investigate the underlying mechanism. Mineral nutrients and carbohydrates play key
roles in floral bud differentiation [36,37], and these are dominantly supplied from leaves
by the source-sink transport mechanism [38,39]. In pear, sorbitol is the main transportable
photo-assimilate, which was confirmed to contribute to flower bud differentiation [40,41].
The present study found that the number of source organs or the sorbitol concentration of
buds and phloem sap was significantly lower in wizened bud stems than in normal bud
stems (Figures 1C and 8A,C), thereby suggesting that wizened bud occurrence is related to
the insufficient supply of sorbitol from source (leaves) to sink (bud) organs, and sorbitol
may play a key role in the process of wizened bud formation.
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According to the previous reports, B is crucial for floral bud differentiation by par-
ticipating in cell wall development and membrane maintenance [42,43]; furthermore, its
translocation via phloem is assisted with the presence of sorbitol in Rosaceae family plants,
including pear [12,44]. Our results also found that B was typically decreased in wizened
buds than in normal buds (Table S1). Temporal analysis indicated that the B concentration
was the same in all buds during the early stages of floral bud differentiation; however,
when buds showed wizened performance, the B concentration was rapidly decreased and
was significantly lower than that of normal buds (Figure 3). These results supposed that the
decrease of sorbitol transport from the leaves reduced the B concentration in buds, leading
to abnormal bud differentiation.

A microscopic study showed that wizened buds might occur at or before the sepal
differentiation phase in pear [5]. However, little is known about the inner structure of
wizened buds and the microstructure of inflorescence in wizened buds. In the present study,
the wizened buds showed loose and collapsed structures when compared with normal
buds (Figure 2A,B,D,E). Moreover, the differentiation of stamen and pistil was initiated, but
the formation of stamen and pistil was incomplete with indistinct structures in wizened
buds (Figure 2C,F), indicating that the occurrence of wizened buds is likely due to the
collapse of the organ structure, resulting in burst bud appearance.

To understand the molecular mechanism of wizened bud occurrence in pear, the sam-
ples with typical wizened bud occurrence (during the wizening process) were collected, and
an RNA-seq experiment was conducted between normal buds and wizened buds. From
546 DEGs, many function-specific genes were identified between normal buds and wizened
buds, which may contribute to the wizened bud formation process. It has been reported
that cell wall modification can affect the bud formation process in woody plants [45,46]. In
our study, the DEGs were enriched in different biological processes (Figure 4A); among
them, the ‘plant-type cell wall loosening’ process was considered to be directly related
to the collapse of the organ structure in buds (Figure 2). Then, the top 10 most enriched
pathways and the DEGs enriched in these pathways were visualized using the GO plot
package [47] (Figure 4B). Among these pathways, the ‘pentose and glucuronate intercon-
versions’ pathway, which contained 5 DEGs associated with the pectin degradation process,
was particularly focused on (Figure 4A,B). The expression levels of these genes, PpyPME3
related to pectin methyl esterification, PpyPL18.1 and PpyPL18.2 related to pectin lysis, and
PpyPG1 and PpyPG2 related to polygalacturonate were significantly higher in wizened
buds than in normal buds (Figure 4A). Moreover, the concentration of pectin (except for
lignin and cellulose) and the enzymes corresponding to these genes were significantly
lower in wizened buds than in normal buds (Figure 7). These results suggested that the
pectin degradation process was initiated after wizened bud occurrence. Previous studies
demonstrated that pectin is one of the major components of the cell wall [48,49], and the
degradation of pectin can trigger the cell wall loosening process either in reproductive or
vegetative organs [50–52]. Taken together, we supposed that the occurrence of wizened
buds has resulted from the cell wall loosening process induced by pectin degradation.

Gene network analyses identified some TFs, which were supposed to play vital roles
in the regulation of wizened bud formation (Figure 4C). The qRT-PCR analysis indicated
that 10 TFs genes related to the wizened bud formation process had a down-regulated
expression in the wizened bud when compared with those of normal buds (Figure 5B).
Most importantly, one MYB39-like transcription factor, PpyMYB39.1, showed a significantly
lower expression in wizened buds (Figure 5B). As MYB39 genes can negatively regulate
the flower bud growth either during the differentiation or the blooming stage [21,53,54],
the lower expression of PpyMYB39.1 in wizened buds suggested that the function of
PpyMYB39.1 is closely related to wizened bud occurrence. Moreover, its putative target
genes based on the previous study [21], PpyHT1, PpyHT2 and PpyPMEI1, and PpyPMEI2
genes presented the same expression trend as PpyMYB39.1 in wizened buds relative to
normal buds (Figures 5B and 6). Taken together, PpyMYB39.1 could be a key regulator of
the wizened bud formation process.
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Previous studies revealed that pectin methylesterases (PMEs) were involved in bud
development by modifying cell wall stability [55–57], and PMEIs were able to inhibit PME
activities [58,59]. In this study, lower expression levels of PpyPMEI1 and PpyPMEI2 genes
and the higher expression level of PpyPME3 suggested that both PpyPMEI genes were
involved in bud development in pear by mediating PMEs that induced wizened bud oc-
currence (Figure 6B). On the other hand, PpyHT1 and PpyHT2 showed lower expression
levels in wizened buds (Figure 6A). It has been reported that the hexose transporters con-
tribute to bud formation and development by taking up hexoses for adequate carbohydrate
utilization in the bud [60,61]. Our findings suggested that the lower expression levels of
PpyHT1 and PpyHT2 in wizened buds suppressed the transport of hexose sugars into buds,
thereby hindering bud formation and leading to wizened bud occurrence in pear plants
(Figures 5A, 6A and 8A).

5. Conclusions

At the time of wizened bud occurrence, wizened buds were found to be deficient in
sorbitol and B as compared to normal buds. The RNA-seq and metabolic analysis revealed
that the cell wall loosening process induced by pectin degradation might be the main
factor of wizened bud occurrence. The co-expression network of TFs further suggested
that PpyMYB39.1 might play a vital role in bud differentiation by regulating the pectin
degradation and carbohydrate transport-related genes (PpyPMEI1, PpyPMEI2, PpyHT1
and PpyHT2).
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Abstract: The molecular regulation of induction and development of reproductive organs is well
established in angiosperms, while it is slowly accumulating in gymnosperms. Here, we conducted
comparative transcriptomic profiles at different stages of male and female cone development in
Pinus halepensis. Our aim was to reveal transcription factor encoding genes involved in reproductive
induction and development. For accurate developmental stage identification, histological analysis
preceded the molecular analysis. The flowering induction genes FT/TFL were expressed mainly at
the late developmental stages of the male cone, suggesting involvement in vegetative bud dormancy
instead of flowering induction. The male cone development was associated with the expression of the
C-class PhMADS2, and the B-class genes PhDAL11 and PhDAL13, while the female cone development
was associated with the expression of the C-class MADS1 and DAL14 genes. This study adds valuable
knowledge to the profile of transcription factors and MADS-box genes regulating cone development
in gymnosperms.

Keywords: flowering induction; conifers; cone development; MADS-box; Pinus halepensis

1. Introduction

Reproduction in plants includes induction and organ differentiation stages. The
molecular regulation of these processes is well characterized in angiosperms compared to
gymnosperms [1–5]. Yet, the current genomic tools permit a slow bridging of this gap and
provide valuable knowledge to understand cone development in conifers.

Flowering induction in angiosperms is regulated by transcription factors, includ-
ing LEAFY (LFY), APETALA1 (AP1), CAULIFLOWER (CAL), and FRUITFUL (FUL) [1].
Other key regulators are genes belonging to the FLOWERING LOCUS T (FT)/TERMINAL
FLOWER 1 (TFL1) family [6,7]. The FT protein (also known as florigen) is produced in
the leaves, then transported to the meristem, where it forms a complex with the FLOW-
ERING LOCUS D (FD) transcription factor, to induce flowering. In contrast, TFL1 is
produced in the meristem and forms a complex with FD that inhibits the expression of the
flowering-promoting genes LFY and the MADS-box gene, APETALA1 (AP1), preventing
flowering induction [8,9]. SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), encod-
ing a MADS-box transcription factor, is another key gene in flowering induction [2,10,11].
The photoperiodic regulation of SOC1 is mediated by CONSTANS (CO), mainly through FT,
which acts as an activator. SOC1 directly activates LFY and AGL24, a MADS-box transcrip-
tion factor [2]. Genes encoding basic helix-loop-helix-type (bHLH) transcription factors are
also related to flowering induction. These include FLOWERING BHLH (FBH1-4), which
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together with TEOSINTE BRANCHED 1/CYCLOIDEA/PROLIFERATING CELL NUCLEAR
ANTIGEN FACTOR (TCP) positively regulate CO [3].

Studies on induction of reproductive organs in gymnosperms, specifically in the
Pinaceae, indicate similar and dissimilar mechanisms to angiosperms [12]. Contrary to the
one copy of LFY in angiosperms, gymnosperms possess two copies; LFY and Needly
(NLY) [13–15]. Both are expressed in vegetative buds, male, and female developing
cones [14,16–18]. However, the Picea abies LFY (PaLFY) mRNA levels are slightly increased
prior to the female cone setting in the early-cone-setting mutant acrocona [18]. Similarly,
the Pinus caribaea LFY homolog, PcLFY, is found to be expressed dominantly in the female
cone in early developmental stages [19]. Furthermore, both LFY and NLY from Pinus
radiata as well as LFY from P. caribaea largely rescued the Arabidopsis lfy mutant phenotype,
suggesting a role in transition to the reproductive stage [15,17,19].

The gymnosperm homologous of FT/TFL1 was identified in Pinaceae [20,21]. The
expression levels of the P. abies homologs PaFTL1 and PaFTL2 reached their maximum
level before growth cessation, suggesting a role in dormancy regulation. Moreover, ex-
pression of FTL1 and FTL2 from P. abies and Pinus tabuliformis in Arabidopsis inhibited
floral transition, demonstrating the functional homology of these genes to the FT/TFL1
in angiosperms [21,22]. A SOC1 homolog of P. abies, DEFICIENCE-AGAMOUS-LIKE 19
(DAL19) was highly expressed in the acrocona mutant prior to cone set, suggesting a role in
flower induction similarly to SOC1 [18].

Following flower induction, the development of flower organs is regulated mainly by
transcription factors from the MADS-box family [23]. The ABC model, later expanded to the
ABCDE model, describes the interactions between gene groups that regulate the different
floral organs development [5,24]. In Arabidopsis, overlapping expression of E-class genes,
which include SEPALLATA1,2,3,4 (SEP1,2,3,4) and AGL6-like, and A-class genes, which
include AP1 and APETALA2 (AP2), induce sepal formation; E-class together with B-class,
which include APETALA3 (AP3) and PISTILLATA (PI), and A-class induce petal formation;
E-class together with B- and C-class, which include AGAMOUS (AG) genes, form stamens;
E- and C-class induce carpels, while E- together with C- and D-classes are responsible for
ovule formation [5,25].

Many genes homologous to angiosperm floral organ determining genes were found
in gymnosperms [5,21]. It appears that B-class homologous genes, including the P. radiata
PrDGL and DAL11-13 from P. abies and P. tabuliformis, are expressed specifically in develop-
ing male cones [21,26,27]. Gymnosperm genes homologous to angiosperm C-class genes
include PrMADS1-3 in P. radiata, as well as DAL2 in P. abies and P. tabuliformis [21,28,29]. The
DAL2 homologs in other conifers such as Podocarpus reichei and Taxus globose exhibit female
cone expression [30]. Interestingly, the DAL10 MADS-box gene from P. abies, which do not
show homology to any known angiosperm gene, exhibits a male specific function similar
to that of B-class genes [31]. The overexpression of the P. tabuliformis DAL10 homolog
in Arabidopsis resulted in very early flowering induction, suggesting also a role in the
transition to the reproductive phase in gymnosperms [21].

According to the gymnosperms model, overlapping C- and B-class gene expression
results in male cone development, while the expression of only C-class genes causes fe-
male cone development. In both cases, the tetramers contain A class proteins [5]. A
recent study revealed several physical interactions among MADS-box proteins in P. tabu-
liformis, supporting the hypothesis of the requirement for tetramerization of MADS-box
proteins [21]. Furthermore, the large number of MADS-box homologous genes in conifers
suggest complex regulatory interaction.

P. halepensis is a monoecious species (bearing male and female cones on the same tree),
which begins its reproductive phase with the production of female cones approximately at
the age of five years. Once the tree grows sufficiently in size, it begins to form male cones as
well, usually one to two years later [32,33]. An early female cone development and a spatial
distribution of the cones on a mature tree (female cones at the upper part and male cones
at the middle and lower part, Supplementary Figure S1) facilitate outcrossing, ensuring
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high genetic diversity [32]. Female cone buds occur in a lateral position on a vegetative
shoot bud. The female cone contains ovule-bearing scales (megasporophylls) attached
to bracts and arranged spirally on a central axis, while the male cones are organized in
clusters around a central axis (Figure 1). Vegetative to reproductive transition occurs in
October–November depending on the provenance and environmental conditions, and cone
development continues until March when pollination takes place [34].

Figure 1. Developmental stages of vegetative buds, and female and male cones in P. halepensis.
(A–C) Vegetative buds at stages 1–3. (A) VS1, Early vegetative buds. (B) VS2, Dwarf shoots are
visible. (C) VS3, Needles are visible. (D–G) Female cones. (D) FS1, Tightly enclosed bud. (E) FS2,
Elongated and swelled bud. (F) FS3, Cone emergence through the top of the scales. (G) FS4, A visible
cone. (H–K) Male cones. (H) MS1, Tightly enclosed bud. (I) MS2, Apparent buds. (J) MS3, Cone
emergence from the scales. (K) MS4, Fully developed cones.

To gain knowledge on the molecular regulation of the reproductive phase of P. halepen-
sis, we analyzed differentially expressed genes encoding for transcription factors at different
stages of male and female cones development. The transcriptomic analysis was accom-
panied by histological analysis to achieve an accurate developmental stage identification.
We identified several TF families that were dominantly expressed in either female or male
cones, and also showed the cone specific expression of several MADS-box genes.

2. Materials and Methods

2.1. Plant Material

Plant material was collected from Pinus halepensis trees that grow at the Volcani Center
(31.9872, 34.8212, Rishon LeZion, Israel). For transcriptome analysis, samples (13–18 shoot
apices from 3–5 trees) were collected every week from December 2019 to March 2020 between
10:00 and 11:00 a.m. to minimize the effect of the circadian rhythm. Each shoot apex was
immediately cut longitudinally into two parts. One part was frozen in liquid nitrogen and
stored at −80 ◦C for mRNA extraction and sequencing, while the other half was fixated
in formaldehyde-acetic acid–alcohol (FAA, 10:5:50 in double-distilled water) solution for
histological analysis. The aim of the histological analysis was to determine the developmental
stage and meristem identity (male/female/vegetative) of each collected sample.

For candidate gene analysis, samples were collected in a similar way from October
2020 to February 2021.

61



Agronomy 2022, 12, 1588

2.2. Histological Analysis

Samples in FAA were put in a vacuum chamber for 15 min and were stored overnight
at 4 ◦C. Following dehydration in an ethanol series (70, 80, 90, and 100%, 30 min each),
the samples went through a gradual Histoclear solution change up to 100% Histoclear.
Overnight incubation at room temperature with Paraplast chips (Leica, Wetzlar, Germany,
Paraplast Plus) was followed by several hours of incubation at 42 ◦C. Dissolved pure paraf-
fin was changed twice a day for four days at 62 ◦C oven. The samples were embedded in
blocks, sectioned into 10 μm width longitudinal sections (using Leica, RM2245 Microtome),
and mounted on slides, which were incubated overnight on a 40 ◦C plate. The sections
were then stained with Fast Green and Safranin [35], observed in a light microscope (Nikon
Eclipse Ni-E), and images were taken using DS-Ri2 camera (Nikon, Tokyo, Japan).

2.3. Sample Selection for RNA Sequencing

Following histological analysis, terminal buds were chosen for mRNA sequencing
according to their developmental stage [36] (Table 1). All developmental stages were
identified, except for stage 1 for vegetative, male, and female, which was absent (probably
due to late sampling). For each stage, we included three biological replicates.

Table 1. Developmental stages of vegetative shoot, and male and female buds.

Meristem Stage Description

Vegetative 1 * Undifferentiated lateral meristems.
2 Differentiated non-visible needles.
3 Visible elongated needles.

Male 1 * Male flowering bud clearly identified.
2 Differentiated microsporophyll.

3 Developed pollen sacs with a tapetal layer on the edges,
containing pollen mother cells.

Female 1 * Female flowering bud (ovulate cone) clearly identified.
2 Bract differentiation, ovuliferous scales are not differentiated.
3 Ovuliferous scales are at early differentiation.
4 Ovuliferous scales are differentiated, ovules are visible.

* Stages that were missing from the collected samples for RNA-seq.

2.4. RNA Isolation, Library Preparation and Sequencing

The selected buds were ground with liquid nitrogen, using a mortar and pestle. Total
RNA was extracted with SpectrumTM Plant Total RNA Kit (Sigma, St Louis, MO, USA)
following the manufacturer’s instructions, and the RNA quantity was determined using
a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc.). The RNA samples
were sent to Macrogen Inc. (Amsterdam, the Netherlands) for the following sequencing
procedure: RNA quality analysis using the 2200 TapeStation System (Agilent Technologies,
Santa Clara, CA, USA), mRNA enrichment, library preparation using Illumina TruSeq
RNA Library v2 kit, and 100 bp paired end sequencing by Illumina NovaSeq (Illumina, San
Diego, CA, USA).

2.5. Transcriptome Analysis: Assembly and Differential Expression Analysis

A transcriptome database was de novo assembled using Trinity software (version:
v2.1.1) [37] based on the sequences derived from the RNA sequencing. The transcript
quantification from the RNA-Seq data was performed using the Bowtie2 aligner [38] and the
expectation maximization method (RSEM) by estimating maximum likelihood expression
levels [39] via the perl script align_and_estimate_abundance.pl with –est_method RSEM
from Trinity protocol [40]. According to the sample correlation matrix (Supplementary
Figure S2), three samples showed expression patterns which were not sufficiently correlated
with their equivalent biological replicates. These samples (Male stage 3 replicate 1, Female
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stage 2 replicate 2, and Vegetative stage 1 replicate 1) were excluded from further analyses.
Differential expression analyses were done using the edgeR R package [41].

2.6. Sequence Similarity and Functional Annotation

The merged transcriptome was used as a query term for a search of the NCBI non-
redundant (nr) protein database that was carried out with the DIAMOND program [42].
Homologous sequences were also identified by searching the Swiss-Prot database with the
BLASTx tool [43] and an E-value threshold of 10–5. The search results were imported into
Blast2GO version 4.0 [44] for gene ontology (GO) assignments. Enzyme codes and KEGG
pathway annotations were based on the mapping of GO terms to their enzyme codes. The
KAAS tool (Kegg Automatic Annotation Server; http://www.genome.jp/tools/kaas/,
accessed on 1 July 2021) was used for KEGG orthology and KEGG pathway assignments.
Gene ontology enrichment analysis was carried out using the Blast2GO program based on
Fisher’s exact test [45] with multiple testing correction of false discovery rate (FDR) [46].
The threshold was set as FDR with a corrected p-value of less than 0.05. Gene ontology
analysis was done by comparing the GO terms in the test sample to the GO terms in a
background reference. Every comparison had hundreds to thousands of DE genes. In order
to focus on transcription factors, the differentially expressed (DE) genes were blasted against
the transcription factors database PlantFTDB (http://planttfdb.gao-lab.org/, accessed on
1 September 2021). In addition, the homologs of the MADS-box genes were isolated from
the identified DE transcription factors.

2.7. Phylogenetic Analysis

A phylogenetic tree of the MADS-box transcription factors was constructed with
MEGA X [47] using the maximum likelihood method. In silico translated amino acid
sequences were used for this analysis. One isoform was selected from each gene, according
to the highest protein annotation score. The P. halepensis proteins were aligned using the
MUCSLE algorithm [48] with MADS-box protein sequences from Arabidopsis (retrieved
from The Arabidopsis Information Resource, TAIR) and other conifer MADS-box proteins
(retrieved from UniProt, https://www.uniprot.org/, accessed on 1 September 2021). The
conserved MADS and K domains together with the linker between them were used for the
alignment. A thousand replicates were used for bootstrapping. The evolutionary history
was inferred by using the maximum likelihood method and JTT matrix-based model [49].
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model,
and then selecting the topology with a superior log likelihood value.

2.8. Quantitative Polymerase Chain Reaction (qPCR) Analysis

Candidate genes were analyzed by qPCR in samples that were collected in the second
year (see above). Primers were designed to amplify 70–200 bp segment of each candi-
date gene (Supplementary Table S1). Each type of bud at each developmental stage was
represented by three to four biological replicates, with two technical replicates for each.
Since sample collection for the qPCR analysis started earlier in the second year than in the
first year, it included earlier developmental stages; 1, 3 and 4 for female, and 2 and 3 for
male. RNA was extracted as described above from all the samples and diluted equally to
reach a concentration of 1000 ng/μL. DNA was degraded using RQ1 RNase-Free DNase
(Promega, Madison, WI, USA). cDNA was synthesized using the qScript cDNA Synthesis
Kit (QIAGEN, Hilden, Germany). Finally, qPCR was done using ABsolute Blue QPCR
Mix, SYBR Green, ROX (Thermo Scientific™, Waltham, MA, USA). The expression level
of the chosen genes was normalized according to the expression levels of the P. halepensis
homologs of UPL6 (E3 ubiquitin-protein ligase) TRINITY_DN211436_c2_g2_i2. This gene
showed little variation in expression levels between the different bud types, suggesting
reliability for qPCR relative expression levels normalization. The relative gene expression
was calculated according to the 2−ΔΔCT method [50], using the housekeeping gene CT
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values, and the average CT values of vegetative stage 1 tissues, defined as the control group.
The derived values were converted to its logarithmic base 2 for stabilization of variances.

3. Results

3.1. Phenotypic Characterization of the Developmental Stages

To gain insights into the genes involved in reproduction in P. halepensis, we collected
the three different bud types, vegetative, female and male at different developmental stages
(Figure 1), for RNA-seq, and a year later for qPCR analysis as described in Material and
Methods. The buds presented in Figure 1 and the histology analysis in Figure 2 represent
all stages identified in this study.

Figure 2. Longitudinal sections of vegetative, female and male P. halepensis buds at different devel-
opmental stages. (A–D) Vegetative buds developmental stages. (A) S1, Dwarf shoot (Brachyblasts)
primordia (DSP) with apical meristem (AM). (B) (S2) and (C) (S3), Dwarf shoots (DS) emerge through
the scales. (D) S4, Visible needles (VN). (E–H) Female cones developmental stages. (E) S1, Bulge-like
structure enclosed within the scales with few lateral bract anlagen. (F) S2, bract primordia (BP)
and ovuliferous primordia (OP). (G) S3, Bracts (B) are fully developed covering the developing
ovuliferous scales. (H) S4, bract and ovuliferous scale (OS) complex with developing ovule (O).
(I–L) Male cones developmental stages. (I) S1, Lateral microsporophyll primordia (MIP). (J) S2,
Young cones hidden within the scales, contains developing microsporophyll. (K) S3, Cone emer-
gence from bud scales and the microsporophyll (MI) contains microsporangium (MS). (L) S4, fully
developed cones with pollen sacs (PS) and pollen mother cells (P). Scale Bar, (A–E,I) 500 μM,
(F–H,J–L) 250 μM.

At their early developmental stage, the vegetative, female and male closed buds look
similar (Figure 1A,D,H). Soon after the buds elongate and swell, their different morphology
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becomes clearly visible (Figure 1B,E,I). The vegetative shoot develops needles, which
further elongate (Figure 1C), and the female cone emerges through the top of the scales
(Figure 1F,G), while the many small male cones emerge from the bud scales to be ready for
pollen release (Figure 1J,K).

3.2. Histological Analysis

Histological analysis that was performed on half of each sample (see Materials and
Method) revealed the developmental stages of the three different bud types (Figure 2). In
early developmental stage, the lateral meristems of the vegetative bud are still not fully
developed and enclosed within the bud scales, this stage was called “vegetative stage 1”
(VS1). At stage 2 (VS2), the lateral meristems are apparent, and the developing brachyblasts
(dwarf shoots) are growing outside the bud scales. At stage 3 (VS3), the bud is fully
developed and the elongated needles are visible.

At stage 1 of the female cone developmental (FS1), a huge swollen structure with a few
lateral primordial bracts appear, enclosed within the bud scales. At stage 2 (FS2), the bud
is enlarged in size, the bract primordia are elongated, and the ovuliferous scale anlagen
becomes visible. During stage 3 (FS3), developed bracts cover the developing ovuliferous
scales. At stage 4 (FS4), the cone is fully developed with ovules, ready to be pollinated.
The developmental stages presented in Figure 2 for the female cone are consistent with the
previously defined stages [51].

The first stage of the male cone development is characterized by lateral microsporophyll
primordia. In the second stage (MS2), a swollen structure, hidden within the bud scales,
contains developing microsporophyll. At MS3, the cones are emerged from the bud scales,
and the microsporophyll contains a microsporangium (pollen sac), with pollen mother cells
surrounded by a tapetal layer. In the final stage of male cone development (MS4), the cone
contains fully developed pollen grains ready to be carried by wind for pollination.

3.3. Transcriptome Analysis of the Three Bud Types at Early and Late Differentiation Stages

Based on the developmental stages determined by the histology analysis in the first
year, we realized that we started our sampling a little late. Thus, the selected buds for
RNA-seq represented stages 2 and 3 for vegetative bud (VS2 and VS3) and male cone
(MS2 and MS3), and stages two to four for the female cone (FS2-FS4). Twenty-one cDNA
libraries yielded an average of 44 million 100 bp paired-end reads, which were assembled
using Trinity as described in Material and Methods. The transcriptome catalog contained
546,815 transcripts corresponding to 414,456 genes. The average contig length was 735.42
bp, with an N50 size of 1487 bp corresponding to a total length of 402 Mbp. Annotating
the transcriptome catalog resulted in 81,521 contigs. Differential gene expression analyses
between the three buds, both at early and late developmental stages, revealed that the
number of DE genes between male and vegetative types is the highest, whereas between the
female and the vegetative types is the lowest (Table 2, full list of genes in Supplementary
Table S2). Moreover, more genes were DE at late developmental stages than in early
developmental stages (Table 2), reflecting the advanced differentiation of each organ.
Comparison between stage 2 and stage 3 of each bud type revealed that the vegetative
bud exhibits the smallest number of DE between the two stages, whereas the male cones
exhibited the largest number of DE genes. A similar number of genes were up- and down-
regulated between stage 2 and stage 3 in all three bud types (Table 2). Shared expressed
genes between the three developmental stages of the female cone are presented in Figure 3.
It appears that 649 genes were uniquely up-regulated in developmental FS3 compared to
FS4, suggesting that at the latter stage, some processes were completed.
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Table 2. Number of differentially expressed genes between the different bud types, and between the
developmental stages in each bud type.

Comparison Up-Regulated Down-Regulated Total

Early developmental Stage FS2 vs. MS2 417 405 822
FS2 vs. VS2 92 88 180
MS2 vs. VS2 519 689 1208

Late developmental Stage FS3 vs. MS3 2382 2115 4497
FS3 vs. VS3 1020 1300 2320
MS3 vs. VS3 2042 2521 5563

Vegetative bud development VS2 vs. VS3 139 224 363

Male cone development MS2 vs. MS3 2200 2155 4355

Female cone development
FS2 vs. FS3 558 738 1296
FS2 vs. FS4 1219 1023 2242
FS3 vs. FS4 1283 832 2115

S, developmental stage; F, female; M, male; V, vegetative; DE, differentially expressed.

Figure 3. Venn diagram of up-regulated and down-regulated genes showing shared genes between
the female cone three developmental stages. S2–S4, developmental stages.

3.4. Transcription Factors Families Involved in Early and Late Stages of Cone Development

To identify transcription factors related to cone development, we blasted the DE
genes against the transcription factors database PlantFTDB (http://planttfdb.gao-lab.org/,
accessed on 1 September 2021) and grouped the genes into TF families (Figure 4). Included
in Figure 4 are TF families with at least three members differentially expressed in at least
one comparison. The number of TFs that were DE during the male cone development
was dramatically higher than DE TFs during the female cone development (Figure 4).
For female cone development, more TFs were up-regulated in the late than in the early
developmental stages. The most represented TF families (>10 members in both stages) in
the male cone were bHLH, ERF, MYB-related, NAC, and MIKC-MADS (Figure 4). The
MYB-related family was highly represented in the late female stages, while the ERF, bHLH,
and MYB families were highly represented in the most advanced developmental stage, FS4.
Interestingly, the HD-ZIP family was dominantly expressed at MS2 with 15 family members.
In addition, male cone development exhibited TFs (GRF, HB-other, bZIP, ZF-HD, NF-YC,
FAR1, and Nin-like) that were not DE during the female or vegetative bud development.
MICK_MADS and M-type_MADS were enriched in the early and late stages of male and
female cone development (Figure 4).
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Figure 4. Heat-map of up-regulated transcription factors (TF) grouped into families involved in cone
development. Included are families which showed at least three up-regulated members in at least
one meristem type in the early (a) and late (b) stages of cone development. Color intensity of the
heat-map reflects the number of genes. Common families between the early and late stages share the
same color, while uncommon families are not colored. Asterisks indicate TF families found only in
the male cone. MS2, Male Stage 2; MS3, Male Stage 3; FS2, Female Stage 2; FS3, Female Stage 3; FS4,
Female Stage 4; VS2, Vegetative Stage 2; VS3, Vegetative Stage 3.

3.5. Differentially Expressed TFs Involved in Flowering Induction

The LFY homolog gene (TRINITY_DN212345_c0_g2) exhibiting 97.5% similarity to
the P. radiata NLY (Accession U76757) had higher expression level in MS2 compared to
MS3 (log2FC = 2.48, Supplementary Table S2). Except for that, LFY homologs did not show
differential expression between meristem types or developmental stages.

Two FT/TFL1 homologous contigs (TRINITY_DN197941_c0_g2 and TRINITY_DN19
7941_c0_g3) were up-regulated in the male cones at S3, compared to vegetative buds at S3
(log2FC = 10.33 and 5.75, respectively), and also up-regulated in MS3 compared to MS2
(log2FC = 4.8 and 10.5, respectively). Both contigs exhibit high similarity (93% and 97%,
respectably) to the Pinus armandii FT/TFL protein. TRINITY_DN197941_c0_g3 (FT/TFL1)
was found to decline in female cones as development proceeded. In addition, a MOTHER
OF FT and TFL1-like homolog (MFT) (TRINITY_DN203996_c0_g3) was highly expressed
at S3 of the female cone (Supplementary Table S2, Figure S3).

From the bHLH family, 31 TFs were identified as DE among the six comparisons
between different bud types at early and late developmental stages (Figure 5). DE bHLH
TFs were more pronounced in the male than the female cones. Early differentiated female
cones had one up-regulated gene, a MYC2–like homolog. Early differentiated male cones
had seven up-regulated genes, including homologous to HEC2, EAT1 and bHLH63. Three
down-regulated genes in early differentiated male cones included homologs of ABORTED
MICROSPORES, bHLH112 and bHLH16. Late differentiated female cones had two up-
regulated genes (bHLH094, bHLH49 homologs) and one down-regulated gene (BHLH140).
Like MADS-box genes, the most DE bHLH TFs were up-regulated in late differentiated
male cones. Substantial down-regulation of the bHLH041 homolog was observed in late
differentiated male cones (Figure 5).
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Figure 5. bHLH TFs differentially expressed in six comparisons. Gene ID is composed of the TRINITY
accession ID, followed by NCBI BLASTP derived homolog. ED, Early development (Stage 2); LD,
Late development (Stage 3); F, female; V, vegetative; M, male.

3.6. Differentially Expressed TF Involved in Female Cone Differentiation

Altogether, 25 MADS-box TFs were identified as DE in six comparisons (Figure 6).
Three of them, homologs of DAL3 were up-regulated in early differentiating female cones.
Late differentiating female tissues had six up-regulated genes, including DAL14, MADS1,
MADS2 and MADS5 homologous genes. Those tissues had five down-regulated genes
as well, among them are DAL13, AGL1 and SOC1 homologous genes, together with two
putative MADS-box genes.

Figure 6. MADS-box TFs differentially expressed in six comparisons. Gene ID is composed of the
TRINITY accession ID, followed by NCBI BLASTP derived homolog gene. ED, Early development
(Stage 2); LD, Late development (Stage 3); F, female; V, vegetative; M, male.

3.7. Differentially Expressed TF Involved in Male Cone Differentiation

Seven genes, including homologs of MADS1, MADS2, DAL3, DAL11 and DAL13, were
up-regulated in early differentiating male cones. Late differentiated male cones were the
most prominent bud type in terms of the magnitude of DE MADS-box genes, with nine
up-regulated genes (DAL3, DAL5, DAL11, DAL13, DAL14, MADS2, AGL66, and a putative
MADS-box homologous gene), and seven down-regulated genes (MADS-box 2, MADS8,
SOC1, MADS5, AGL1, DAL19, and a putative MADS-box homologous gene).

3.8. Phylogenetic Analysis

The importance of MADS-box genes in flowering regulation as well as other devel-
opmental processes, led us to focus on those genes for further analysis. We found that
most of MADS-box homologs had several isoforms. Thus, we generated a phylogenetic
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tree of the 25 identified MADS-box TFs together with homologs from Arabidopsis and
representative gymnosperms, including P. radiata, Ginkgo biloba, and P. abies. The 25 TFs
were divided into 14 different clades, while the clade containing the higher number of
P. halepensis MADS-box proteins was the sister clade of the Arabidopsis SOC1 TF, which
included the P. abies proteins DAL3 and DAL19 as well (Supplementary Figure S4).

3.9. Differentially Expressed Gene Validation

Eight MADS-box genes were chosen for further characterization by qPCR. We chose
them due to their potential role in cone development manifested by their up-regulation in at
least one developmental stage (Figure 6; Supplementary Table S3). Each gene was represented
by its most expressed isoform. The selected genes were named according to their closest
coniferous homologous inferred from their closest NCBI BLASTP results, as well as the
derived phylogenetic tree.

Homogeny of variances between the different bud types was determined by the
Bartlett test. We found the variances to be unequal in PhDAL11 and PhMADS1. Therefore,
significant differences in PhDAL11 and PhMADS1 were determined by six different t-tests,
under the assumption of unequal variances. Bonferroni correction was applied in PhMADS1
and PhDAL11 resulting in α values of 0.0083. The Tukey–Kramer HSD test supported
significant differences found by the independent t-tests. Therefore, the differences in
relative expression levels of all genes were determined using the Tukey–Kramer HSD test.

The qPCR showed that PhDAL11 and PhDAL13 were highly expressed across the male
cone developmental stages (Figure 7). PhDAL14, PhMADS1, and PhMADS2 were highly
expressed across the female cone developmental stages; however, they were also highly
expressed at late developmental stages of the male cone. The expression of PhMADS1 was
increasing gradually throughout the female cones development, while PhMADS2 showed
a weak correlation with cone development. The expression patterns of all genes described
above, corresponded to the RNA-seq results (Figure 6, Supplementary Table S3). However,
the expression patterns of PhDAL3.1, PhDAL3.2, and PhMADS5 were not consistent with
the RNA-seq results (Figure 7).

Figure 7. Relative expression levels of eight MADS-box genes in vegetative buds, male, and fe-
male cones during several developmental stages. Uppercase letters indicate significant differences
(p < 0.05). Bars represent standard errors. VS1, Vegetative Stage 1; VS2, Vegetative Stage 2; MS1, Male
Stage 1; MS3, Male Stage 3; FS1, Female Stage 1; FS3, Female Stage 3; FS4, Female Stage 4.

69



Agronomy 2022, 12, 1588

4. Discussion

This study describes the involvement of transcription factors in the induction and
development of the male and female cones in P. halepensis. Identification of the different
developmental stages through histology prior to the molecular analysis allowed us to
identify differentially expressed TFs at early and late developmental stages. This study
enriches our knowledge on the regulation of reproductive development in gymnosperms,
and particularly in pines.

By analyzing the transcriptome of vegetative, male, and female tissues at different
developmental stages, we found that the higher number of DE genes correlated with the
male tissues (Table 2). That may be attributed to a more complexed regulation of male
compared to female cone development [5]. Male cone development follows the BC model,
according to which expression of both B- and C-class TFs are required, whereas female cone
development requires solely C-class TFs [5]. DE genes were also prominent in all tissues
in late compared to early developmental stages, suggesting that cone structure and tissue
specification at late developmental stages are complex.

4.1. Reproductive Development Is Accompanied by Enriched TF Expression

TFs that were DE in early and late cone developmental stages were enriched in the five
families bHLH, ERF, MYB-related, NAC, and MIKC-MADS (Figure 4). These TF families
are essential in many processes throughout the plant’s life cycle. In cone development,
the bHLH family was prominent with more than 20 genes in early and late male cone
development stages. This suggests that bHLH genes may have a significant regulatory role
in reproductive organ development in conifers, similar to what was previously described in
Arabidopsis [3]. A study on Arabidopsis and the liverwort Marchantia polymorpha showed
that bHLH genes are crucial for the formation of generative cells that give rise to the male
gametes, suggesting that bHLH may be key regulators of reproductive development across
plant species [52]. Recently, it was shown that the bHLH expression in P. tabuliformis is
age dependent, suggesting a role in the vegetative growth transition [53]. In light of these
reports, the current study results, which suggest massive involvement of bHLH genes in
the reproductive stage, encourage additional studies in conifers. Another noticeable TF
family is the ERF, a subfamily within the AP2/ERF super-family [54]. We found that most
ERF genes were up-regulated in late female cone development (Figure 4). AP2 homologs,
AP2L1 and AP2L2, were identified in P. abies and Pinus thunbergii. AP2L1 was dominantly
expressed in the female cone, whereas AP2L2 was expressed in both cone types in both
species [55,56]. In addition, PaAP2L2 was able to rescue the ap2-1 Arabidopsis mutant
phenotype [57]. These functional studies imply that ERF TFs in P. halepensis likely possess
AP2/ERF homologs regulating late stages of female cone development.

4.2. Floral Induction Homologous Genes

Unexpectedly, we found only one LFY homolog, which was DE in the male cone
tissue only. Its expression level was higher at stage 2 compared to stage 3. This result is
inconsistent with previous studies that showed high expression of LFY and NLY in early
stages of male and female cone development [58]. It has been shown that NLY is expressed
in reproductive as well as in vegetative tissue in pines. However, its capacity to rescue
the Arabidopsis lfy mutant implies that it also plays a role in flowering induction [17]. In
the current study, the absence of LFY homologs in the DE genes may be due to late tissue
collection for the RNA-seq analysis, after the expression peak of LFY and NLY.

The expression patterns of the two FT/TFL1 genes imply a role in late male cone
development (Figure S3A). One of those genes (TRINITY_DN197941_c0_g3) had the highest
expression level at FS2 and then declined as development progressed (Figure S3B). The
FT/TFL homologs exhibited a similar expression level in vegetative and female buds. Yet, an
additional FT/TFL homolog (a MOTHER OF FT and TFL1-like, Table S2) was DE between
the three developmental stages of the female cone, with highest expression level seen at
stage 3, suggesting that FT/TFL may have a role in female cone development. The opposite
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expression pattern of the FT/TFL1 homologs in female and male cones indicates a different
function, which may be antagonistic. It has been shown that FT/TFL1 homologs from
conifers act similarly to TFL1 in repressing instead of promoting flowering, and do not
seem to have a major role in the reproductive development of pines [20,22]. A recent
publication reporting on age-related gene expression in Pinus tabuliformis suggests that
interactions between the MADS-box genes MADS11 and DAL1 mediate flowering induction
in pines [53]. The same study showed that the over-expression of PtMADS11 in Arabidopsis
rescued the late flowering ft phenotype, implying a role in flowering induction [53]. Since
in our study we did not include pre-cone differentiation stages in the RNA-seq analysis,
we could not confirm that MADS11 and DAL1 are involved in the flowering induction in P.
halepensis.

The PhDAL3.1 and PhDAL3.2 genes exhibited high expression level during early
differentiation stages of both cone types. The closest homologous gene of PhDAL3.1 and
PhDAL3.2 is DAL3, which belongs to an orthologous sister clade and thus to the entire
angiosperm SOC1 clade [58]. Our phylogenetic analysis also classified the P. halepensis
DAL3 homologs in a sister clade of the SOC1 clade, together with the P. abies DAL3
(Figure S4). The central role of SOC1 in the transition to flowering in Arabidopsis through
multiple pathways [2] also implies a central role for PhDAL3.1, PhDAL3.2 in pine, assuming
functional similarity between angiosperms and gymnosperms. The qPCR results showed no
difference in PhDAL3.1, PhDAL3.2 expression between both cone types and the vegetative
buds, in all developmental stages. The only significant difference observed was a lower
expression of PhDAL3.2 in FS3 cones. Therefore, our data suggest a role for PhDAL3.1 and
PhDAL3.2 in the development of all bud types, including vegetative growth.

Although the RNA-seq data showed that PhMADS5 is up-regulated in late developing
female cones, the qPCR results found no difference in the expression levels of this gene in
any specific tissue (Figure 7). The closest Arabidopsis homolog of PhMADS5 is SHORT
VEGETATIVE PHASE (SVP), involved in flowering time regulation and transition to flow-
ering [59,60]. Like SOC1 orthologs, SVP is a multiple copies family in gymnosperms [61],
which indicates that like SOC1, different SVP paralogs may have a different role in devel-
opmental processes in conifers.

4.3. Genes Involved in Male and Female Cone Development

We found that the MADS-box genes PhDAL11 and PhDAL13 expressed dominantly
in the Male cones. These genes were previously found to be phylogenetically related
to B- class MADS-box genes, expressed specifically in male cones of P. abies and P. tab-
uliformis [58,62], and had similar phenotypic effects to endogenous Arabidopsis B-class
proteins when expressed ectopically in Arabidopsis [27]. A new study published recently
further demonstrated the male cone specific expression of DAL11 and DAL13 in P. tabuli-
formis, and showed physical interactions between these two proteins [21]. Together with
these studies, our study supports the model proposing that B- class genes are essential for
male identity determination [5]. An additional B-class gene examined in the current study,
PhMADS2, was up-regulated in both cone types, yet most prominently in the male cone.
Niu et al. [21] showed that PtMADS2 interacts with PtDAL11 and PtDAL13, supporting
the involvement of PhMADS2 in the male cone development.

PhMADS1 was up-regulated in female cones (Figure 7). The most compatible align-
ment of PhMADS1 in Arabidopsis was the AP1 protein, which is an A-class TF, important
for both floral meristem identity transition and the development of petal and sepals [1,5].
MADS1 in P. radiata was shown to be highly expressed in early cone development and was
localized to the ovuliferousscale primordia [13]. MADS1 homologs from P. tabuliformis, Pt-
MADS1 and PtMADS10 were also specifically expressed in the developing female cone [21].
They were shown to physically interact with other female-related MADS-box proteins,
such as PtDAL14 and PtDAL1, to regulate the female cone development. It is likely that
PhMADS1 plays a similar role in P. halepensis.
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In our study, PhDAL14 was highly expressed throughout the female cone development;
however, it was also up-regulated in the male cone during the middle to late developmental
stages (Figure 7). This expression pattern is in agreement with PaDAL14 expression in
P. abies and P. tabuliformis female and male cone development [21,58]. AGL6 is the most
closely related Arabidopsis protein to PhDAL14. AGL6 has an E function of floral organ
development, with additional functions including floral meristem regulation, ovule and
seed development [63]. The function of AGL6 and other E class proteins in angiosperms
seem similar to that of PhDAL14 in conifers. This suggests that PhDAL14 is an essential
component for both female and male cone development [28,64]. Physical interactions
between DAL14 and the male-specific proteins DAL11 and DAL13 in P. tabuliformis support
its involvement in regulating both cone types [21].

Function of the genes presented in the current study is confirmed by heterologous
complementation done in Arabidopsis mutants in similar studies, as mentioned above.
However, gene silencing via the CRISPR/Cas9 approach offers a better understanding of
gene function, assuming that transformation and regeneration platforms are available for
coniferous species. Silencing key genes in the development of the female pine cone can
result in sterile trees, an outcome desirable for both commercial and ecological purposes.
Sterile trees might direct the energy to vegetative growth, offering a great economic poten-
tial for timber production. In particular, sterility in P. halepensis might prevent the negative
environmental impacts caused by uncontrolled regeneration in forests, thereby increasing
the efficiency of forest management.

5. Conclusions

Our study contributes to the accumulating evidence of the molecular regulation of the
reproduction phase in conifers. The expression pattern of the P. halepensis MADS-box genes
was very similar to that found in other conifers, as well as to the newly studied homologs
from P. tabuliformis [21], suggesting highly conserved mechanisms in Pinaceae. Yet, the
large number of transcription factors revealed in our study suggests that the reproductive
phase in Pinaceae is much more complex. We believe that this study will urge further
investigation into the regulation of reproductive development in conifers.
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Abstract: Lemon is an important economic crop in the world and can bloom several times each year.
The Dehong prefecture of Yunnan province is one of the main lemon-producing areas in China, and
is a suitable area for planting high-quality lemons in China. However, the hot and rainy summers in
Yunnan are not conducive to flower bud differentiation, which leads to low lemon yield. Therefore,
normal flower bud differentiation is important to guarantee lemon production and quality. In this
study, we selected some lemon trees for a pot experiment, and we sprayed the lemon leaves with
gibberellin and paclobutrazol to regulate lemon flower formation. We set four separate concentration
gradients for each regulator: 50, 100, 150, and 200 mg/L. The PBZ concentration gradients were 200,
400, 600, and 1200 mg/L. After the experiment, we determined and analyzed the morphological
index and fruit quality of the lemon trees. The results showed that under the same cultivation and
management conditions, spraying paclobutrazol substantially inhibited the growth of lemon shoots,
increased the fruit setting rate, and improved the fruit yield. However, gibberellin considerably
reduced the number of lemon flowering branches and promoted the vegetative growth of the lemons.
When the concentration of paclobutrazol was 600 mg/L, the amount of lemon fruits reached the
maximum, which remarkably increased the titratable acid and soluble solids contents of the fruit and
ultimately increased the fruit quality compared with the control. Altogether, selecting the appropriate
concentration of regulators to control the flowering and fruit setting of fruit trees is important and
has value in guiding actual production.

Keywords: lemon; paclobutrazol; gibberellin; flowering; fruit quality

1. Introduction

Lemons (Citrus limon (L.) Burm. F.), a fruit tree that can bloom several times a year,
is an important economic crop in the world. The fruit ripening time of lemons is in the
fruit-offseason—spring—so is suitable for the domestic market when spring fruits are
scarce. The Dehong prefecture of Yunnan province is one of the main lemon-producing
areas and is suitable for planting high-quality lemons in China [1] due to its early, high-
quality, off-season production, and annual output [2]. However, the high temperatures and
rainy summers in Yunnan hinder lemon flowering, which considerably reduce the fruit
yield. Therefore, normal flower bud differentiation is crucial for the quality and production
of lemons.

In recent years, plant growth regulators have been widely used in agricultural produc-
tion. They have a remarkable effect on promoting flowers and controlling branches of fruit
trees [3,4]. Plant growth regulators, such as gibberellin (GA), play an important role in the
transportation and distribution of nutrients from the source to the reservoir in fruit trees,
and inhibit the flowering effect of fruit loads [5]. This inhibiting effect of gibberellin has
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been confirmed in fruit trees, such as peach [6], plum [7], pear [8], and apple [9]. The appli-
cation of gibberellin during the stage of citrus flower bud differentiation can reduce the
flowering intensity [10], increase the fruit setting rate of non-pollinated ovaries [11], delay
chlorophyll decomposition, inhibit carotenoid accumulation, and promote the vegetative
growth of plants. Spraying GA3 can deploy enough nutrients to the growing branches in
time, which promotes vegetative growth but is not conductive to the reproductive growth
(flowering) of branches [12,13]. Gibberellin treatment resulted in a decreased expression
of many MADS-box genes in shoots, some of which are involved in the development
of floral meristems and floral organs [14]. When performing foliar spraying with GA3
(20–50 mg/L), the flowering of citrus was reduced by 25–60%. In the process of the flower
bud differentiation of citrus, GA3 inhibited the production of flower buds, resulting in
leafy branches in the apex as well as a higher percentage of flowers, which promoted fruit
development [10]. Pollination induced GA1 synthesis in the ovary, and when pollination
was presented by removing the male flowers, the levels of this hormone reduced in the
ovary, and young fruit abscission increased. However, these effects can be counteracted by
the administration of GA3 [11]. Paclobutrazol (PBZ) is an inhibitor of GA biosynthesis. The
use of paclobutrazol has considerable potential for controlling excessive branch growth in
citrus. The effect of PBZ on the stem is reflected in its control of the longitudinal expansion
of cells, thereby shortening the length of the internodes and dwarfing the plant. At the
same time, the number of vascular tissues in the stem increases, the thickness of the stem
wall increases, and the basal stem thickens [15]. The application of PBZ can increase the
flowering and fruiting of plants [16,17]. In a previous study, the application of PBZ to
mangoes changed the contents of gibberellin, abscisic acid, and cytokinin, and induced
early flowering [18]. Moreover, PBZ promotes flowering in many citrus species, such
as C. aurantifolia and C. sinensis. Limes planted in Nepal even had their flowering date
advanced by 70 days through PBZ application [19]. The effect of PBZ on citrus flowering
depends on the fruit load, and PBZ cannot promote flowering beyond its threshold. Flower
bud differentiation is associated with changes in hormones and sugars in plants [20,21]. In
citrus, PBZ can inhibit growth by influencing the biosynthesis of gibberellin and inducing
flowering [22]. High and low levels of endogenous GA in leaves were inversely or pos-
itively proportionally correlated with the number of flowers, respectively [23]. In citrus
varieties with a low parthenocarpic ability, the application of the exogenous hormone GA3
can substantially reduce the ABA content in the ovary after flowering, thereby reducing the
shedding of small fruits. In contrast, in parthenocarpic cultivars such as mandarin oranges,
the inhibition of GAs synthesis by PBZ increases ABA levels and fruitlet abscission [24].

However, few detection methods for the positive and negative regulation of lemon
flower promotion are available either at home or abroad. As such, in this study, we used
different concentrations of PBZ and gibberellin to spray lemons to investigate the effects
of the two regulators on flower formation and nutritional physiology, to provide some
theoretical basis for high-quality, high volumes, and stable yields of lemons.

2. Materials and Methods

2.1. Plant Materials

We obtained the plant materials from three-year-old grafted Eureka lemons, which
were located at the scientific research base of the Lemon Experimental Station of the Institute
of Tropical and Subtropical Economic Crops of the Yunnan Academy of Agricultural
Sciences, Ruili city, Dehong prefecture (97◦52′12′′ E, 24◦1′9′′ N, elevation 750.4 m).

2.2. Experiment Design and Methods

We conducted the experiment under potting conditions. The growth medium was
a 3:1 mixture of latosolic red soil and perlite, using 65 kg of the mixture per pot. We
selected lemon trees with the same growth status for exogenous hormone treatment. In the
experiment, we used gibberellin (GA3) and paclobutrazol (PBZ) as plant growth regulators,
and we set four concentration gradients to each regulator. The GA3 concentration gradient
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was 50 (GA 50), 100 (GA 100), 150 (GA 150), and 200 mg/L (GA 200). The PBZ concentration
gradient was 200 (PBZ 200), 400 (PBZ 400), 600 (PBZ 600), and 1200 mg/L (PBZ 1200). We
sprayed the plant growth regulators on the leaves once every 10 days for 30 days, for a
total of 3 times. According to the experimental design, we set 9 treatments (1 control) and
9 replicates, with a total of 81 lemon trees. The experiment duration was 72 days.

2.3. Measurement Indexes and Methods
2.3.1. Investigation of Plant Growth Index

At the end of the experiment, we observed the morphology of the plants and leaves
that we had treated with different hormones. We measured the length of the topmost
branches, number of leaves, leaf longitudinal and transverse diameter, petiole length,
length of the internode, and diameter of the stem were measured with Vernier calipers
and rulers. We manually counted the total, flowering, and new branches on the 52nd
and 72nd days of the experiment (when the lemons began to blossom). We divided the
flowering branches into four types: the top flowering branch with leaves, the top flowering
branch without leaves, the branch with inflorescences and leaves, and the non-leaf branch
with inflorescences. We separately recorded the number of these four types of flowering
branches on the 52nd and 72nd days.

2.3.2. Fruit Load and Fruit Quality of Lemons Regulated by Different Hormones

We counted the number of fruits per tree for each treatment, then, we fit the data of the
hormone concentration-fruit number curve. For each treatment, we randomly selected nine
fruits on the basis of health, size consistency, color uniformity, and features of commercial
maturity. We brought these fruits back to the laboratory to determine the fruit quality.
We measured the longitudinal and transverse diameters and skin thickness of the lemons
with a Vernier caliper. The fruit shape index is the ratio of the transverse and longitudinal
diameters of the fruit. We also weighed the single fruits. We used a citrus juice squeezer,
extract the juice. Juice yield was calculated by using the weight of juice divided by the
weight of lemons. We determined the soluble solids (TSS) and titratable acid (TA) of the
lemon fruits with a hand-held refractometer (PAL-BX|ACID1, Atago Co., Ltd., Tokyo,
Japan). We titrated vitamin C (VC) with 2, 6-dichlorindophenol [25].

2.3.3. Dynamic Changes C/N Ratio in Leaves

We sampled the leaves every seven days from the beginning of the experiment. We
collected 15 leaves from each treatment, and we sampled 3 replicates to obtain the total
soluble sugar, starch, and nitrogen contents. We determined the total soluble sugar contents
in the leaves with the modified anthrone method [26], and the starch content in the leaves
using the anthrone-sulfuric acid method [27]. We determined the nitrogen content using
the Kjeldahl method [28]. Our calculations of the leaf carbon-to-nitrogen (C:N) ratio were
based on the total content of both carbon (the total soluble sugar and starch) and nitrogen.

2.4. Data Processing and Analysis

We used SPSS 17.0 statistical software (SPSS Inc., Chicago, IL, USA) for variance
analysis and the least significant difference (LSD) test. We used Origin 8.5 software (Origin
lab cooperation, Hampton, MA, USA) for drawing.

3. Results

3.1. Effects of Hormone Treatment on Lemons

Different hormone types and levels had different effects on the lemon shoot charac-
teristics (Figure 1). Compared with the control, we found a substantial difference in the
length of the topmost shoots according to the PBZ spraying concentration. The length of the
topmost shoots increased under PBZ600 and PBZ1200, but decreased under PBZ200 and
PBZ400 treatments (Figure 1A). The length of the topmost shoots varied from 27.34 (GA50)
to 35.06 (GA200) cm after spraying GA3. The length of the topmost shoots increased with
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the increase in the gibberellin concentration. For the number of leaves, PBZ600 (22.60)
and PBZ1200 (33.06) plants had more leaves than the control plants (Figure 1B). GA100
treatment decreased the number of leaves, but other gibberellin treatments increased the
number of leaves. The leaf longitudinal diameter of the lemons was no different in any PBZ
or GA treatments (Figure 1C). Moreover, spraying PBZ notably increased the leaf transverse
diameter (Figure 1D), and shortened the petiole and internode lengths (Figure 1E,F), but
we noted no significant association with the spraying concentration. The GA3 treatment
increased the leaf longitudinal diameter of the lemon compared with that in the control
(Figure 1C), and we found no significant difference among the spraying concentration
treatments. With the increase in the GA3 concentration, GA3 substantially shortened
the transverse diameter of the leaves (Figure 1D), but had little effect on the petiole and
internode lengthes or stem diameter (Figure 1E–G).

 

Figure 1. Effects of hormone regulation on the length of the topmost shoots (A), number of leaves (B),
leaf longitudinal diameter (C), leaf transverse diameter (D), petiole length (E), length of internode (F),
diameter of stem (G). (H) Plant and leaf morphology after treatment with different hormones. The
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red and blue bars represent PBZ and GA, respectively. Different letters (a, b, c and d) denote
significant differences based on a p value < 0.05. * denotes significant difference (p < 0.05), and
** denotes extremely significant difference (p < 0.01).

3.2. Types of Lemon Branches Regulated by Different Hormones

We found no significant difference in the total branches of the trees treated with
different hormones (Figure 2A), but the effects on the number of flowers and new branches
were different (Figure 2). On the 52nd day of the experiment, the application of PBZ,
which we applied in the same way as GA3, considerably reduced the number of flowering
branches. At the end of the experiment (72nd day), the application of PBZ increased
the number of branches for all types of lemons. However, the number of new branches
increased, and the number of flowering branches was reduced under the GA treatment
(Figure 2B,C). When the concentration of PBZ was 600 mg/L, the number of flowers and
inflorescence branches reached the maximum 211.00 (Figure 2B).

Figure 2. Effects of hormone regulation on types of lemon total (A), flowering (B), and new
branches (C). Different letters (a, b, c and d) denote significant differences based on a p value < 0.05.
** denotes extremely significant difference (p < 0.01).

We mainly observed the effects of hormone regulation on the number of lemon flower
branches on the 72nd day of the treatment (Figure 3). The number of top flowering branches
with leaves first increased and then decreased with the increase in the PBZ concentration on
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the 72nd day (Figure 3A). The number of top flowering branches without the leaves of the
lemons increased with the increase in the PBZ concentration on the 72nd day (Figure 3B).
The number of top flowering branches without leaves was 13.15- to 43.45-fold higher than
that of the control, indicating the promoting effect of PBZ on flowering branches. The
numbers of branches with inflorescences and leaves were also higher than in the control,
especially for plants in the PBZ600 treatment (Figure 3C). The branches with inflorescences
and leaves were the largest in number of the other three types of flowering branches.
The PBZ application also increased the number of non-leaf branches with inflorescences,
especially for plants under the PBZ200 and PBZ1200 treatments (Figure 3D). The application
of gibberellin substantially reduced the number of flowering branches of all types (Figure 3),
which all decreased with the increase in the gibberellin concentration. Thus, GA treatments
would not be favorable for the four types of flower branches.

Figure 3. Effects of hormone regulation on the types and number of lemon flower branches: top
flowering branch with leaves (A), top flowering branch without leaves (B), branch with inflorescences
and leaves (C), and non-leaf branch with inflorescences (D).Different letters (a, b, c and d) denote
significant differences based on a p value < 0.05. ** denotes extremely significant difference (p < 0.01).

3.3. Fruit Load, Fruit Morphology, and Fruit Quality of Lemons Regulated by Different Hormones

The effects of different types of hormones and hormone levels on the fruit load
of lemon were remarkably different (Figure 4A). PBZ substantially increased the fruit
load of the lemons, and the fruit load of the lemons first increased and then decreased
with the increase in the PBZ concentration, which reached the maximum when the PBZ
concentration was 600 mg/L. However, gibberellin application was not conducive to
increasing the fruit load. We observed only a small amount of fruit in the GA50 treatment.
The curve fitting between PBZ concentration and fruit load showed that when the PBZ
spraying concentration was 850 mg/L (Figure 4B), the fruit load reached a maximum of
48 per plant, which was 5.2 times higher than that in the control. Different types of hormone
treatments affected the lemon fruit quality and morphology (Figure 4D and Table 1). The
PBZ treatment considerably reduced the fruit weight, fruit longitudinal diameter, fruit
transverse diameter, and skin thickness of the lemons, but notably increased the juice yield.
The GA50 treatment plants had higher values than the control plants in terms of fruit
weight, fruit thickness, and juice yield. The fruit shape index values ranged from 0.70
(PBZ200) to 0.92 (PBZ600). A high concentration of PBZ (600 and 1200 mg/L) improved
the fruit shape index, but GA had no noticeable effect. With PBZ1200 concentration, the
juice yield of the lemon fruits was 1.4 larger than that of the control. The application of
gibberellin decreased the VC content and increased the TA and TSS contents (Figure 4C).
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The VC content also decreased in the PBZ treatment group, and the TA and TSS varied
with the PBZ concentration.

 

Figure 4. Effects of hormone regulation on fruit load and quality of lemons. (A) Effects of hormone
regulation on number of fruits; (B) PBZ concentration–fruit number curves fit to pooled data cal-
culated by an equation; (C) effects of hormone regulation on TSS, TA, and VC contents; (D) fruit
morphologies under different treatments. Different letters (a, b, c and d) denote significant differences
based on a p value < 0.05. *** denotes extremely significant difference (p < 0.001).

Table 1. Effects of hormone regulation on quality of lemon fruit. Different letters (a, b, c and d) denote
significant differences based on a p value < 0.05.

Treatment
Fruit Weight

(g)
Longitudinal

Diameter (cm)
Transverse

Diameter (cm)
Fruit Shape

Index
Fruit Thick

(cm)
Juice Yeild (%)

CK 133.87 ± 3.40 a 7.91 ± 0.23 a 5.69 ± 0.13 a 0.72 ± 0.00 c 0.61 ± 0.03 ab 39.83 ± 1.23 e
PBZ200 132.90 ± 2.02 a 8.18 ± 0.03 a 5.71 ± 0.07 a 0.70 ± 0.01 c 0.57 ± 0.01 cd 45.11 ± 1.22 d
PBZ400 128.90 ± 1.37 b 7.48 ± 0.23 b 5.47 ± 0.12 b 0.73 ± 0.04 c 0.59 ± 0.02 bc 48.02 ± 0.32 c
PBZ600 123.10 ± 1.47 c 6.23 ± 0.16 d 5.75 ± 0.09 a 0.92 ± 0.04 a 0.64 ± 0.02 a 52.35 ± 1.02 b

PBZ1200 127.83 ± 1.65 b 7.05 ± 0.14 c 5.45 ± 0.07 b 0.77 ± 0.01 b 0.56 ± 0.02 d 55.81 ± 1.48 a
GA50 134.6 ± 4.21 a 7.84 ± 0.42 a 5.56 ± 0.11 a 0.71 ± 0.02 c 0.64 ± 0.04 ab 42.70 ± 3.11 d

3.4. Contents of Soluble Sugar, Starch, and C/N Ratio Regulated by Different Hormones

With the growth of lemons from July to August in 2017, the soluble sugar contents
in the lemon leaves increased under the PBZ treatment, but decreased under the GA3
treatment (Figure 5A,B). When the concentration of PBZ was 600 mg/L, the soluble sugar
content of the lemon leaves reached the maximum during the prophase of sampling. Most
of the plants in the treatments (except for PBZ1200) had a lower TSS content than those
in the control on 12 August 2017. The starch content in the lemon leaves decreased with
the increase in both the PBZ and GA3 hormone levels (Figure 5C,D). The results also
revealed that the starch content of the plants in the PBZ and GA3 treatments decreased as
the experiment continued. Carbohydrates are the main product of plant photosynthesis
and are an important substance involved in plant life metabolism, the C/N ratio of the
lemon leaves showed a trend of first increasing and then decreasing with the increase in
PBZ concentrations (Figure 5E). Among the different PBZ concentrations treatments, when
the concentration of PBZ was 1200 mg/L, the C/N of the leaves was the highest. For the
GA3 treatment, the C/N ratio of the lemon leaves was lower compared to those in the
control as the experiment continued (Figure 5F).
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Figure 5. Effects of hormone regulation on total soluble sugar (A,B), and the starch contents (C,D),
and C/N ratio (E,F) of lemon leaves. The left-hand plants were treated with paclobutrazol, and the
right-hand plants were treated with gibberellin. Different letters (a, b, c and d) denote significant
differences based on a p value < 0.05.

4. Discussion

4.1. Lemon Growth and Development under the Regulation of Different Hormones

Spraying PBZ on fruit trees can inhibit the growth of new shoots, promote fruit
setting, and increase the fruit yield [29]. The application of PBZ can not only increase the
number and ratio of fruit flower buds, but can also improve the quantity and quality of
flowers, and promote the flowering process and early flowering [30]. In this experiment, the
lengths of the petiole and interleaf of the lemons were shortened by spraying PBZ. Liu [31]
also reached the same conclusion when studying the regulation effect of different flower
promotion measures on lemons. Figure 2B shows that the application of PBZ increased
the number of all flowering branches of lemons. Our results showed that the application
of gibberellin reduced the numbers of lemon flower, terminal flower, and inflorescence
branches: all decreased with the increase in gibberellin concentration, which is consistent
with the finding reported by Du [32], who found that the application of gibberellin inhibited
the flowering of lemons and reduced the number of lemon flower buds. Sun [33] also
reached the same conclusion in Vernicia fordii.

The physiological effect of PBZ is mainly directly or indirectly regulating the distribu-
tion of photosynthetic products by blocking the synthesis of gibberellin in plants. Thus,
the flowering, fruit setting rate, and fruit yield of fruit trees increase [34,35]. In this study,
the application of PBZ increased the fruit load of the lemons, and with the increase in the
PBZ concentration, the fruit load of the lemons first increased and then decreased, which
reached a maximum when the PBZ concentration was 600 mg/L. Gibberellin reduced the
fruit load of the lemons, which was consistent with the findings of Du [32]. PBZ application
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increased the titratable acid and soluble solids contents, but reduced the VC content of the
lemon fruits, which is consistent with the results reported by Yan [36] and Yang [37].

4.2. Effects of Hormone Regulation on the Nutritional Physiology of Lemon Leaves

Spraying PBZ can regulate the nutritional growth of fruit trees, improve the soluble
sugar and starch contents in plants, and increase the C/N ratio, which promotes flower
bud differentiation, improves the flowering rate, and increases the yield [38,39]. The
application of gibberellin inhibits the formation of flower buds by altering the distribution
of carbohydrates in plants [40]. In this study, the soluble sugar content in the lemon leaves
treated with PBZ first increased and then decreased with the increase in hormone levels,
and the soluble sugar content in the lemon leaves reached a maximum when the PBZ
concentration was 600 mg/L, but the starch content in the lemon leaves was reduced for
different PBZ concentrations. This is consistent with the results of Yang [37]. Gibberellin
treatment reduced the soluble sugar and starch contents in lemon leaves, and both of them
decreased with the increase in hormone level. Zhang [41] also reached the same conclusion
using litchi.

The C/N ratio of lemon leaves was increased by the application of PBZ. Yang [42]
studied the effects of PBZ application, and drought stress on seedling vigor, photosynthetic
capacity, and non-structural carbohydrates of Phyllostachys edulis, and concluded that
drought stress increases the carbon–nitrogen ratio in the leaves of Phyllostachys edulis.
However, spraying PBZ at the same time of drought stress may reduce the carbon–nitrogen
ratio in the leaves. Gibberellin also reduced the C/N ratio of the lemon leaves.

4.3. Effects of Hormone Regulation on the Nutritional Physiology of Lemon Leaves

Spraying PBZ reduced the single fruit weight, fruit longitudinal diameter, fruit trans-
verse diameter, skin thickness, and VC content of the lemons, but increased the juice yield
and TSS content of the lemons, which is similar to the research results obtained by Fu [43]
and Cao [44]. After spraying GA, the content of VC decreased, but the TSS of the fruit
increased. However, Wu [45] found that spraying GA resulted in a substantial increase in
the acid content of the pulp and a notable decrease in the sugar content of the pulp, which
may have related to the spraying time and concentration. From the field experiment in this
study, we found that the regulation technical measures used for autumn-flowering and
fruiting can considerably improve the yield of lemon autumn flowers and fruits, but has
little effect on the quality of autumn lemon flowers and fruits.

5. Conclusions

By regulating the distribution of photosynthetic products in plants, PBZ applications
can promote the flowering process of fruit trees and make them bloom earlier. In this study,
we found that the optimum PBZ concentration to promote lemon flowering was 600 mg/L,
and the fruit quality increased by spraying PBZ on fruit trees. The physiological effect of
gibberellin was the opposite to that of PBZ. Therefore, hormones should be reasonably
applied to control the flowering and setting of fruit trees, and the concentration of hormones
should be controlled.
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Abstract: To explore the mechanism underlying the leaf color variation of Populus × euramericana
‘Zhonghuahongye’ (‘Zhonghong’ poplar) leaves at different maturation stages, we used ‘Zhonghong’
poplar leaves and analyzed the L* (lightness), a* (redness), and b* (yellowness) color difference
values and the pigment contents in the three maturation stages. The Illumina HiSeqTM 2000 high-
throughput sequencing platform was used for transcriptome sequencing analysis, and leaf color
changes during stage transitions were preliminarily explored. Overall, with the increase in L* and b*
during leaf development, the a*, C* (colour saturation), and chromatic values decreased, the total
anthocyanin content decreased, and the chlorophyll and carotenoid content increased. A total of
11,868 differentially expressed genes were identified by transcriptome sequencing. Comparing the
expression differences of structural genes involved in anthocyanin synthesis in the leaves at different
stages, we identified 5612 genes in the R1 vs. R2 comparison, 10,083 in the R1 vs. R3 comparison,
and 6068 in the R2 vs. R3 comparison (R1, R2, R3 refer to samples obtained on 1 April, 6 April, and
11 April, respectively). Key genes such as DFR•(Dihydroflavanol 4-reductase), ANS (anthocyanidin
synthase), FLS (flavonol synthase), CHS (chalcone synthase), BZ1 (Bronze 1), bHLH35, and bHLH63
were identified. These structural genes and those that encode transcription factors may be related
to the regulation of anthocyanin synthesis. Here, the key genes related to leaf color change in
‘Zhonghong’ poplar were discovered, providing an important genetic basis for the subsequent genetic
improvement of ‘Zhonghong’ poplar.

Keywords: Populus × euramericana ‘Zhonghuahongye’; anthocyanins; transcriptome sequencing;
differential analysis

1. Introduction

‘Zhonghong’ poplar, full name Populus × euramericana ‘Zhonghuahongye’, a decidu-
ous tree species with brightly colored leaves, is an attractive tree species used both as an
ornamental and for independent breeding in China [1,2]. ‘Zhonghong’ poplar, which was
officially released by the Chinese Academy of Forestry (Beijing, China), is a bud mutation
variety of L2025 poplar (variety right number: 20,060,007). New leaves of ‘Zhonghong’
poplar trees are an attractive rose, then they gradually change from bright purplish red to
brownish green as the seasons change, and they do not produce feathery seeds that are spread
in the air, making this species very suitable for urban, garden, and road beautification [3].

Leaf color is the result of a combination of genetic and environmental factors and is
related to the type, mass fraction, and distribution of pigments in leaf cells [4]. At present,
research on the color of plant leaves has mainly focused on the mechanism underlying leaf
color and the regulation of chemicals that drive plant leaf color; moreover, research on the
physiological and morphological characteristics of leaves, their functional natural products,

Agronomy 2022, 12, 2396. https://doi.org/10.3390/agronomy12102396 https://www.mdpi.com/journal/agronomy87



Agronomy 2022, 12, 2396

and leaf pigment composition has greatly advanced [5]. Many studies on the mechanism
of leaf color variation have explored the relationship between leaf color changes and
pigment content in leaves, and candidate genes related to anthocyanin synthesis have been
identified [5]. Poplar, as a woody model plant, has been the focus of many studies on the
mechanism of phloem regulation. MYB6, which is mainly expressed in young leaves, was
isolated from Populus tremula, and overexpression of MYB6 promoted the expression of
flavonoid synthesis genes [6]. Among the reported MYB transcription factors in poplar, not
only positive regulatory factors but also a class of transcriptional repressive effect factors
were found. For example, the activation of the MYB182 transcription factor suppresses the
expression of structural and regulatory genes, thus reducing the accumulation of poplar
anthocyanins [7].

The amount of anthocyanin accumulated is the end result of biosynthesis and degra-
dation processes. The degradation of anthocyanins occurs in different plant organs due to
various environmental and developmental conditions. For example, anthocyanins usually
accumulate in young/juvenile leaves and are degraded as the leaves mature [8]. In cases
where there is no apparent benefit to the plant, anthocyanin degradation may occur due to
changes in the vesicles that contain this pigment. Also the vesicle pH can have an effect on
the pigment stability, and an increase in pH in the vesicles of senescent tissues may reduce
the stability of anthocyanins and cause their chemical degradation [9]. The degradation of
anthocyanins in Cabernet Sauvignon grape skins at high temperatures may be the result of
chemical degradation but may also be due to heat stress-induced activity of degradative
enzymes (β-glucosidase, peroxidase) in the vesicles [10]. In other cases, such as in flowers
or photosynthetic tissues of mandarin jasmine, the drastic color changes caused by phloem
degradation are likely to be a signal for pollinators with a clear cause, and this process may
be regulated by specific genes and proteins [11].

In order to investigate the causes of leaves color change, this study was conducted
to identify genes related to anthocyanin synthesis by RNA sequencing (RNA-seq) of
three different developmental stages of ‘Zhonghong’ poplar. The results provided basic
data for elucidating the molecular mechanism of leaf color development at the color-
changing stage of the leaves of ‘Zhonghong’ poplar.

2. Materials and Methods

2.1. Plant Materials and Sampling

In the state-owned Mengzhou forest farm on the south side of Xiguo town, Mengzhou
city, Henan Province, three healthy, growing ‘Zhonghong’ poplar trees were selected as test
material, and their leaves were collected on April 1 (R1), April 6 (R2), and April 11 (R3).
Each leaf was divided into 2 parts along the main leaf vein (excluding the leaf secondary
veins). Half of the fresh samples were used for pigment content and color difference
determinations, and half was immediately flash frozen in liquid nitrogen and stored at
−80 ◦C for subsequent transcriptome-related tests. Each sample was biologically replicated
3 times.

2.2. Leaf Colour Analysis

A CR2500 color difference meter (Minolta, Japan) was used to measure the L* value
(representing lightness; positive means white, and negative means black), a* value (rep-
resenting the red/green phase; positive means red, and negative means green), and b*
value (representing the yellow/blue phase; positive mean yellows, and negative means
blue) of fresh leaves. For each leaf, 10 randomly selected opaque points (avoiding the leaf
veins) were measured, and the average of these 10 values was taken as the final value of the
indicators [12]. Through the measured redness (hue a*), yellowness (hue b*), and lightness
(L*) values, the chroma (C*) value and colored light value were calculated. C* is used to
describe the vividness of a color. The higher the chroma is, the purer the color, and the
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brighter the leaf color; the lower the chroma is, the more astringent the color, and the more
turbid the leaf color [13].

C∗= (a∗2 + b∗2
) 1

2 (1)

coloured light value =
2000·a∗

L∗·(a∗2 + b∗2)
1
2

(2)

2.3. Determination of Leaf Pigment Contents

The contents of photosynthetic pigments in the leaves were determined by the direct
extraction method [14,15]. The leaves were washed, ground (after removing the veins)
and weighed to 0.1 g (to a precision of 0.01 g). Ten milliliters of 80% acetone was added
to the samples, after which the samples were incubated in the dark for 72 h. Afterwards,
the supernatant was removed, and chlorophyll was extracted. For this, the samples were
ground in 10 mL of a 10% HCl methanol solution, incubated at room temperature for 4 h,
and then centrifuged at 3500× g for 15 min. The absorbance values of the chlorophyll
extracts at 445 nm, 644 nm, and 662 nm and the absorbance values of anthocyanin extracts
at 530 nm and 657 nm were measured by UV spectrophotometry (Jinghua Instruments
752, Shanghai, China); each measurement involved 3 biological replicates and 3 technical
replicates. The anthocyanin content (CA), chlorophyll a content (Ca), chlorophyll b content
(Cb), total chlorophyll content (CT), and carotenoid content (Ccar) were calculated according
to Formulas (3)–(7):

Chlorophyll a content
(

mg·g−1
)

: Ca = (9.78 × A662 − 0.99 × A644)V/(W × 1000) (3)

Chlorophyll b content
(

mg·g−1
)

: Cb = (21.40 × A644 − 4.65 × A662)V/(W × 1000) (4)

Total chlorophyll content
(

mg·g−1
)

: CT = Ca + Cb (5)

Carotenoid content
(

mg·g−1
)

: Ccar = (4.69 × A445)V/(W × 1000)− 0.27×(Ca+Cb)

(6)
Anthocyanin content

(
mg·g−1

)
: CA = (A530 − 0.25 × A657)V/(W × 1000) (7)

Notes: A, absorbance value; V, extract volume; W, sample mass.

2.4. Total RNA Extraction and Detection

Extraction and transcriptome sequencing of the RNA samples were performed by staff
of Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China). The RNA integrity and DNA
contamination were analyzed by agarose gel electrophoresis. A NanoPhotometer spec-
trophotometer and Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA)
were used to determine the concentration and purity of the RNA samples, and an Agilent
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) was used to accurately determine the
RNA integrity and total RNA amount.

2.5. Library Construction and Sequencing

After verifying the quality of the RNA samples, mRNA was enriched using Oligo
(dT) magnetic beads. A sequencing library was subsequently constructed, and an Illumina
HiSeqTM 2000 sequencer (San Diego, CA, USA) was used for high-throughput sequencing.
The off-machine data were filtered to obtain clean data, and sequence alignments with
the specified reference genome were performed using Hisat2 software (version 2.1.0, The
Kim Lab, Dallas, TX, USA) to obtain mapped data [16]. Differential expression analysis,
functional annotation, and functional enrichment analysis of differentially expressed genes
(DEGs) were performed according to the expression levels of the genes in different samples
or different sample groups.

89



Agronomy 2022, 12, 2396

2.6. Screening and Functional Annotation of DEGs

DESeq2 (Bioconductor, Coronado, CA, USA) [17,18] was used to analyze the dif-
ferential expression between sample groups, and the DEG set between groups was ob-
tained according to the conditions of |log2(fold-change)| ≥ 1 and a false discovery rate
(FDR) < 0.05. Functional annotation and enrichment analysis of the DEGs were performed
through the Kyoto Encyclopedia of Genes and Genomes (KEGG) [19], Gene Ontology (GO)
and EuKaryotic Orthologous Groups (KOG) [20,21] databases. The number of DEGs and
significant enrichment results for each KEGG pathway, GO term, and KOG functional
classification were determined.

2.7. Construction of a Coexpression Network

The DEGs were then used to perform a weighted gene coexpression network analysis
using WGCNA v1.69. The resulting coexpression network was visualized using the free
software Cytoscape 3.9.1.

2.8. Transcription Factor Analysis

Plant transcription factor prediction was performed using the iTAK [22] software
(Shanghai, China); iTAK integrates two databases, PlnTFDB [23] and PlantTFDB [24].

2.9. Quantitative Real-Time PCR (RT-qPCR)

The synthesized cDNA was used as a template for amplification in a real-time flu-
orescence quantitative PCR machine (Bio-Rad CFX96, Hercules, CA, USA) according to
the instructions of the Taq Pro Universal SYBR qPCR Master Mix kit (Q712 of Vazyme,
Nanjing Vazyme Biotech Co., Nanjing, China), and each sample was analyzed three times.
Gene-specific primers for RT-qPCR were designed by Oligo 7 software and synthesized
by Henan Shangya Biological Co., Ltd. (Zhengzhou, China) Using β-actin as the internal
reference gene, we tested the amplification reaction background of the target gene, and the
relative expression of the genes in the list was calculated by the 2−ΔΔCt method [25]. The
RT-qPCR specific primers and internal reference primers used are listed in Table S4.

3. Results

3.1. Analysis of Leaf Colour Phenotypes at Different Stages of Leaf Maturation

As the leaves matured, they gradually changed from a bright purplish red to a purplish
green (Figure 1A), and the changes in the leaf color parameters at different stages of leaf
maturation were analyzed (Figure 1B). We found that the lightness (L*) increased, and the
hue (b*) value was positive, which means that the yellow/blue color was yellowish, and
the yellowing degree increased. The hue (a*) of the R3 leaves was negative, indicating that
the red/green color was greenish, and the hue (a*) and saturation (C*) tended to decrease
gradually. The saturation value comprehensively reflects the color and lightness of a leaf
surface. The saturation value gradually decreased, indicating that the comprehensive
characteristics of leaf color and lightness showed a decreasing trend with increasing leaf
development (the red color became lighter, and the lightness intensified). The greater the
colored light value is, the darker the leaf redness, and the less intense the lightness; these
parameters can be used as representative features to reflect the changes in the color and
lightness of ‘Zhonghong’ poplar leaves.

The main leaf pigments of ‘Zhonghong’ poplar are anthocyanins, chlorophyll, and
carotenoids; chlorophyll includes both chlorophyll a and chlorophyll b. The change trend
of leaf pigment contents at different maturation stages is shown in Figure 1C: the content
of chlorophyll a was much higher than those of carotenoids and anthocyanins. Since
both chlorophyll and carotenoids are photosynthetic pigments, the change in carotenoid
content in the leaves was essentially the same as that of total chlorophyll. Although the
content of total anthocyanins decreased gradually, the contents of the other pigments
showed a tendency to increase. Through the results of the above comparative analysis,
it could be preliminarily inferred that with the decrease in anthocyanin content in the
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leaves of ‘Zhonghong’ poplar, the content of chlorophyll increased, and the shift from a
predominance of anthocyanins (61.2%) to that of chlorophyll (67.7%) was the main factor
driving the gradual transformation of the leaves from bright purplish-red to purplish-green
(Figure 1D).

 

Figure 1. Leaves’ physiological characteristics. (A) ‘Zhonghong’ poplar leaves; (B) Leaf color differ-
ence values of ‘Zhonghong’ poplar leaves; (C) content of photosynthetic pigments in ‘Zhonghong’
poplar leaves; (D) percentage content of each pigment in the leaves.

3.2. Sequencing Data Quality Assessment

To further explore the molecular mechanisms of anthocyanin biosynthesis during leaf
color change, we constructed nine cDNA libraries to analyze the transcriptome at three
stages of leaf development (three biological replicates at each stage). A total of 65.86 Gb of
clean data was obtained by sequencing the cDNA libraries. There were 6 Gb of clean data
per sample, and the Q30 base percentage was 93.97% or more (Table S1). HISAT2 was used
to compare the clean read sequences with the sequence information in the Mullein reference
genome database. Most of the gene sequences matched the reference genome sequence,
and the comparison percentage of each sample ranged from 82.98 to 85.53% (Table S2).
Based on the location information of the reads in the genome, a total of 1273 new genes
were identified (Table S3).

The expression level of the genes was measured according to the fragments per
kilobase of transcript per million mapped reads (FPKM), and the gene expression of all
samples was restricted to the range 2 ≥ log10(FPKM) ≥ −2. (Figure S1). The samples were
subsequently subjected to principal component analysis (Figure S2) and correlation analysis
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(Figure S3). The Pearson correlation coefficient (R2) between samples was higher than 0.8,
and the clustering was obvious, indicating that the transcriptome data were reliable for
subsequent analysis. The clean data are available in the NCBI database.

3.3. DEG Analysis

DeSeq2 was used to analyze the genes differentially expressed in the leaves of ‘Zhonghong’
poplar at different times; a total of 11,868 DEGs were identified. The statistics and distribu-
tion of the DEGs in each group are shown in Figure 2A,B. With respect to the three periods
of leaf color change, we identified fewer DEGs in the R1 vs. R2 comparison group (5612)
than in the R2 vs. R3 comparison group (6068), indicating that with the development of
the leaves, the number of DEGs involved in color regulation increased, and the related
process of gene regulation became more complex. The expression level of most DEGs
gradually decreased, which suggests that the biological response involved in the leaf color
transformation process was mainly driven by the downregulation of genes. In addition, a
heatmap was constructed to visualize the overall picture of all DEG expression patterns,
to better understand the overall variation in DEG expression (Figure 2C). The expression
patterns of some DEGs were consistent with the transition period, and most DEGs showed
great differences in terms of their expression profiles between R1 and R3. Further analysis
showed that 1633 DEGs were commonly identified in all three sets of comparative analyses
(Figure 2D). To study the expression patterns of genes differentially expressed in different
periods, the FPKM of the genes was centralized and standardized, and a total of 10 expression
patterns were obtained by k-means cluster analysis. The results suggested that a group of
genes with similar changes in their expression could have similar functions (Figure 2E).

3.4. Coexpression Network Analysis

We performed a weighted gene coexpression network analysis (WGCNA) to search
for genes related to anthocyanin synthesis in ‘Zhonghong’ poplar from an integrated net-
work perspective and constructed a coexpression network involving all DEGs in the three
different developmental stages. Genes with similar expression patterns were clustered into
the same modules, and different modules were distinguished by color. Finally, 11 different
merged modules were identified, and the subsequent analysis was performed according to
the merged modules (Figure 3A). The results of a correlation analysis revealed that these
modules corresponded to specific distribution patterns in different periods. The charac-
teristic gene expression profiles of the 11 modules were analyzed, the results of which are
shown in Figure 3B. The genes of the blue-green module had higher expression levels in
stage 1 and lower expression levels in stage 3, consistent with the change in anthocyanin
production (Figure 3C). The genes of the blue module had higher expression levels in
stage3 and lower expression levels in stage 1, indicating an opposite trend with respect to
the change in anthocyanin production (Figure 3D).

To understand the biological processes associated with the genes of the different mod-
ules and identify the categories of enriched pathways linked to the genes in each module,
the genes in the blue-green and blue modules were further annotated by GO, KEGG, and
KOG enrichment analysis (Figure S4). The DEGs of the blue and blue-green modules were
extensively annotated in pathways such as RNA degradation, RNA transport, biosynthesis
of secondary metabolites, carotenoid biosynthesis, glutathione metabolism, metabolic path-
ways, phenylpropanoid biosynthesis, and porphyrin and chlorophyll metabolism; these
DEGs were also significantly enriched in the biosynthesis of various secondary in metabo-
lites, terpenoid backbone biosynthesis, metabolic pathways, carotenoid biosynthesis, and
porphyrin and chlorophyll metabolism. According to the results of the KOG analysis of the
DEGs, the blue modules were mainly enriched in pathways related to posttranslational
modification, protein turnover, chaperones, and signal transduction mechanisms. Similarly,
the blue-green modules were mainly enriched in posttranslational modification, protein
turnover, chaperones, translation, ribosomal structure and biogenesis, and protein function.
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Figure 2. Differential gene expression. (A) Comparison of the genes differentially expressed in leaf
maturation stages; (B) number and distribution of the differentially expressed genes; (C) cluster heat
map of all differentially expressed genes; (D) Venn diagram of annotated transcripts in multiple
samples; (E) K-means cluster plot of all differentially expressed genes.

3.5. Functional Annotation and Enrichment Analysis of DEGs

The DEGs were classified into three categories of GO functional annotations, namely,
biological processes, cellular components, and molecular functions, and the types and
quantities of annotations for each category were different. The numbers of DEGs in the
three developmental stage comparison groups were different, but the main enriched entries
were very similar. In the biological process category, the DEGs were mainly associated with
subcategories including metabolic processes, cellular processes, stress responses, biological
regulation, and biological process regulation. In the category of cellular components,
the DEGs were mainly associated with subcategories such as cells, cell parts, organelles,
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membranes, and membrane parts. In the molecular function category, the DEGs were
mainly associated with subcategories such as catalytic activity, linkage, transcriptional
regulator activity, transport activity, and molecular function regulation.

Figure 3. Weighted gene co-expression network analysis (WGCNA) of DEGs identified in
‘Zhonghong’ poplar leaves. (A) Relationships between modules and different samples, includ-
ing petals. Each row in the table corresponds to a module, and each column corresponds to a sample;
(B) gene dendrogram obtained by hierarchical clustering with the module color indicated by the
color of the row underneath. A total of 11 distinct modules were identified; (C) Eigengene expression
profile for the turquoise module in different tissues. The Y-axis indicates the module eigengene
value; the X-axis indicates the samples; (D) Eigengene expression profile for the blue module in
different tissues.

The DEGs associated with the accumulation of flavonoids and anthocyanins were
subjected to KEGG functional enrichment analysis, and the metabolic pathways of the
DEGs were determined. In the R1 vs. R2 comparison, metabolic pathways were enriched
in the most DEGs, photosynthesis-antenna proteins were highly enriched in DEGs, and
monoterpene biosynthesis was the pathway most significantly enriched in DEGs. In the
R1 vs. R3 comparison, biosynthesis of secondary metabolites was enriched in most DEGs,
the enrichment of caffeine metabolism was the greatest, and the biosynthesis of secondary
metabolites was the most significantly enriched in DEGs. In the R2 vs. R3 comparison,
ribosomes were enriched in most DEGs, and ABC transport was the pathway most sig-
nificantly enriched in DEGs. Taken together, these findings indicated that some DEGs in
leaves at different stages were related to the synthesis pathways of monoterpenes and
secondary metabolites. Based on the results of the functional annotation and enrichment
analysis, the following metabolic pathways related to anthocyanin synthesis were identified:
the phenylpropane biosynthesis pathway (ko00940), the flavonoid biosynthesis pathway
(ko00941), the anthocyanin biosynthesis pathway (ko00942), the flavonoid biosynthesis
pathway (map00943), and the flavonoid and flavonol biosynthesis pathway (map00944).
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3.6. Analysis of DEGs Related to Anthocyanin Synthesis

Factors that affect leaf color formation mainly include structural genes and regulatory
genes. Based on the functional classification and enrichment analysis results of the DEGs
via the GO, KEGG, and KOG databases, 24 differentially expressed structural genes associ-
ated with flavonoid metabolic pathways, anthocyanin biosynthesis, and phenylpropane
biosynthesis were identified. Each gene had multiple transcripts, and those that were
differentially expressed in the R1 vs. R2, R1 vs. R3, R2 vs. R3 comparisons as well as
those that were downregulated included dihydroflavonol 4-reductase (DFR), BZ1, HCT,
and FLS. In addition, the gene POPTR_008G138600v3 (DFR) was upregulated in all three
comparisons, and the expression of multiple transcripts of the POPTR_009G133300v3 (BZ1)
and ANS, CHS, and 3AT genes decreased during the three periods, which is consistent
with the leaf color changes (Figure 4).

Figure 4. Heat map of gene expression of anthocyanin synthesis-related enzymes.

The correlation network of DEGs involved in flavonoid biosynthesis (ko00941), an-
thocyanin biosynthesis (ko00942), isoflavone biosynthesis (ko00943), and biosynthesis
of flavonoids and flavonols (ko00944) is shown in Figure 5. There was a positive cor-
relation between anthocyanin 3-O-glycoside 6′ ′-O-POPTR_009G063500v3 and three an-
thocyanin 3-O-glucosyltransferases (BZ1:POPTR_009G133300v3, POPTR_013G118700v3,
POPTR_013G143900v3) in the anthocyanin biosynthesis regulatory network. In the flavonoid
biosynthesis pathway, a complex regulatory relationship involving CYP73A, caffeoyl-
coenzyme A O-methyltransferase, CHS, CHI, ANS, FLS, CYP75B1, ANR, HCT, LAR, DFR,
CYP75A, codeine 3-O-demethylase, and salicylic acid 3-hydroxylase appeared.

3.7. Transcription Factor (TF) Analysis

TFs are the main proteins that control biological metabolic processes. During the leaf
color change period in ‘Zhonghong’ poplar, we identified a total of 149 DEGs encoding TFs
in the three R1 vs. R2, R1 vs. R3, and R2 vs. R3 comparisons. Of the 121 DEGs encoding
TFs, 90 were consistently downregulated in terms of their expression in all three periods,
and 31 were upregulated: 13 AP2, 7 B3, 6 basic helix–loop–helix (bHLH), 3 bZIP, 6 C2C2,
5 C2H2, 4 GRF, 9 HB, 2 HSF, 2 HMG, 11 MYB and MYB-related, 8 NAC, 4 WRKY, and
6 zf-HD genes encoding TFs, as well as others. These 121 TFs are thought to be important
factors regulating differences in anthocyanin synthesis at different developmental stages of
‘Zhonghong’ poplar leaves (Figure 6).

3.8. qRT-PCR-Based Verification of DEGs

To confirm the expression patterns of candidate genes identified in the transcriptome
data, 10 key DEGs (Table S4, Figure S5) involved in the main pathways of anthocyanin
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accumulation were successfully validated via qRT-PCR analysis. Although the level of ex-
pression was not exactly the same, the expression trends were consistent with the RNA-seq
expression data, confirming the reliability of the current RNA-seq data and the computa-
tional analysis results, enabling subsequent DEG analysis.

Figure 5. Correlation network diagram. (A) Flavonoid biosynthesis (ko00941); (B) anthocyanin
biosynthesis (ko00942); (C) isoflavone biosynthesis (ko00943); (D) biosynthesis of flavonoids and
flavonols (ko00944).

Figure 6. Frequency distribution of transcription factors in the transcriptome data.

4. Discussion

As ‘Zhonghong’ poplar leaves mature, their brightness (L*) and yellowing (b*) increase,
while their redness (a*), saturation (C*), and chromatic value decrease; the color of new
leaves is red and bright, and the chromaticity varies in a wide range. The values of these
parameters are significantly different and can be used as representative to describe the
color change of ‘Zhonghong’ poplar leaves. As the leaves matured, the content of total
anthocyanin in the leaves of ‘Zhonghong’ poplar decreased sharply, while the content
of chlorophyll and carotenoids first increased and then decreased. A high content and a
high proportion of anthocyanins play important roles in the appearance of leaf traits [26].
The different colors of plant tissues are determined by the ratio and distribution of three
pigments (chlorophyll, carotenoids, flavonoids/anthocyanins) [27]. In green-leaf plants,
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the proportion of chlorophyll is high; in yellow-leaf plants, the proportion of carotenoids
is high; in purple- and blue-leaf plants, anthocyanins account for more than the other
two pigments [28]. The flavonoids involved in color formation are mainly anthocyanins,
which give flowers, fruits, and other plant tissues their characteristic red, purple, and blue
colors. Many transgenic experiments have shown that the red color of plant leaves is related
to the overexpression of genes promoting anthocyanin synthesis [29–31]. However, in this
study, it was found that the leaves of ‘Zhonghong’ poplar also had a high chlorophyll
content, and the final leaf color was determined by the ratio of the leaf chlorophyll content
to the anthocyanin content. Therefore, the high ratio of total anthocyanin content to chloro-
phyll content in the leaves of ‘Zhonghong’ poplar may be the physiological mechanism
underlying the bright red color of the leaves of ‘Zhonghong’ poplar.

The leaves of many plants in nature gradually become less red as they develop.
Hughes found that the anthocyanin content of newborn young leaves was high, and as the
fenestra tissue differentiated significantly, the accumulation of anthocyanin decreased, but
the chlorophyll content tended to increase at the same time, resulting in the phenomenon
of reddening [32]. Since anthocyanins absorb light in both the visible and the UV regions,
their accumulation in developing young leaves can act as a kind of “sunscreen”, protecting
the leaves, especially their photosynthetic machinery, from the damaging UV rays as well
as the high-intensity photoinhibition caused by visible light. As the leaves mature and form
protective waxes that reflect the sunlight, providing photoprotection, they typically change
from red to green. This loss of red pigmentation may be due to the increased chlorophyll
accumulation during leaf expansion and growth, the termination of anthocyanin biosynthe-
sis, and the slowing of growth, or anthocyanin degradation that is actively induced when it
is no longer needed as a photoprotectant. In heathy plants, anthocyanin concentration is
directly related to the age of the leaf; anthocyanin concentration is higher in young leaves,
and as the leaf develops, it gradually decreases due to dilution and degradation, resulting
in green leaf traits. The decrease in anthocyanin concentration as the leaves matured in this
study was due partly to the dilution of the pigment in the growing tissue and partly to the
degradation process that actually occurred. In some plants, the change from red young
leaves to mature green leaves is not due to the degradation of anthocyanins but simply to
increased chlorophyll synthesis, termination of anthocyanin synthesis, and accumulation
of anthocyanins caused by the dilution effect in the leaves.

The transcriptome revealed a large-scale upregulation of genes involved in the flavonoid
and anthocyanin biosynthetic pathways. Our study found that some structural genes, i.e.,
DFR, BZ1, ANS, CHS, 3AT, HCT, and FLS, were differentially expressed. Among these
DEGs, some were involved in flavonoid biosynthesis and anthocyanin biosynthesis path-
ways. According to some studies, HCT genes are mainly involved in chlorogenic acid
biosynthesis and lignin biosynthesis pathways [33]. ANR catalyzes the reduction of an-
thocyanins to synthesize epicatechin and epigallocatechin. UFGT glycosylation makes
anthocyanins more stable [34,35]. Studies have revealed that there is a competitive re-
lationship between ANR and UFGT. The upregulation of ANR expression increases the
procyanidin catechin content and decreases the anthocyanin content [36,37]. Genes related
to the flavonoid pathway can be divided into structural genes directly involved in flavonoid
production and regulatory genes that control the expression of structural genes. In a study
of blue grape hyacinth, it was found that substrate competition among metabolites may
occur. Flavonol synthase (FLS) competes with flavonoid substrates for DFR, resulting in
the elimination of blue pigments and a lower cyanidin content in white flower mutants
than in blue flowers [38]. Through the analysis of flavonoid pathway gene expression,
studies have shown that the red or purple leaf color traits of many transgenic plants are
related to the overexpression of genes related to anthocyanin synthesis [29–31]. Compared
with wild-type plants, transgenic tomato plants overexpressing AtPAP2 accumulated more
anthocyanins [39], and poplar plants overexpressing PtrMYB119 accumulated more an-
thocyanins [31]. We found that the expression of BZ1, DFR, ANS, CHS, HCT, FLS, and
3AT biosynthetic genes decreased with increasing leaf growth and development. Their

97



Agronomy 2022, 12, 2396

downregulated expression with increasing leaf growth and development is consistent with
a role in anthocyanin and flavonoid biosynthesis.

In addition to substrate competition, plant leaf color differences may also be due to TFs.
Flavonoid biosynthesis is driven by three types of TFs, namely, R2R3-MYBs, bHLH proteins,
and WD40 repeat proteins, which form a MYB–bHLH–WD40 TF complex [38,40]. Among
the components of this complex, MYBs are the main factors determining anthocyanin
production [6]. Our results identified transcription factors that may be associated with leaf
aging and anthocyanin changes during aging, such as MYB102, MYB73, MYB8, MYB306,
MYB108, MYB90, and MYB113. Previous studies in rice showed a signaling response of
MYB102 through the downregulation of ABA accumulation during leaf senescence [41]. In
apple, MYB306 was shown to regulate anthocyanin synthesis by suppressing DFR gene ex-
pression [42] Our study also found that MYB102 and MYB306 expression was upregulated
as the leaves matured, which was consistent with the leaf phenotype. However, at the same
time, we found that MYB108 was highly expressed in senescing petals by ethylene signaling
in moonflower petals, while in our results, MYB108 expression gradually decreased with
leaf senescence, which may be due to the difference between flowering plants and trees [43].
Some transcription factors that promote anthocyanin synthesis, i.e., MYB8, MYB90, and
MYB113, showed a tendency to be downregulated as the leaves matured, but MYB113
still retained a high expression, probably because MYB113 is mainly expressed in mature
leaves [44,45]. Jiao’ results suggested that MYB73 is involved in SA and JA signaling
pathways [46], and a study showed that ethylene and jasmonic acid affect anthocyanin
synthesis [47]. A previous study showed that, when the JMJ25 gene is overexpressed, its
product can bind to the TF MYB182 locus and demethylate its chromatin, thereby inhibiting
the expression of structural genes involved in the anthocyanin biosynthesis pathway in
poplar, resulting in a decrease in anthocyanin content; gene expression levels negatively reg-
ulate the synthesis and accumulation of anthocyanins [48]. By analyzing our transcriptomic
data, we identified several key genes encoding TFs of these three families that may regulate
poplar flavonoid and anthocyanin production. Among them, the transcript abundance of
three R2R3-MYB TFs was altered in all the leaves, suggesting that these TFs may play a key
role in leaf color determination. These results suggest that these MYBs have important roles,
but their functions in flavonoid or anthocyanin biosynthesis need to be further investigated
via functional analysis.

5. Conclusions

In this study, the transcriptomes of ‘Zhonghong’ poplar red leaves in three develop-
mental periods were sequenced and analyzed. A total of 11,868 DEGs were identified by
pairwise comparison. GO and KEGG annotations and enrichment analysis found that the
differentially expressed genes primarily regulate biological processes such as metabolic
processes, cellular processes, stress responses, bioregulation, and bioprocess regulation.
During the leaf color transchromation period, a total of 24 genes related to anthocyanins
were screened, and by comparing gene expression in leaves at different developmental
stages, structural genes such as DFR, BZ1, ANS, CHS, 3AT, HCT, and FLS appeared to
be expressed differently in different samples; we speculate that these genes mediate the
regulation of leaf color in ‘Zhonghong’ poplar during the transient phase through mecha-
nisms such as flavonoid biosynthesis, anthocyanin biosynthesis, isoflavone biosynthesis,
and flavonoid and flavonol biology. Transcriptome data provide valuable information and
gene sequences for future studies on the variation of related genes during the transcoloriza-
tion of ‘Zhonghong’ poplar leaves and lay a foundation for further research to confirm
the precise mechanisms by which transcription factors regulate anthocyanin biosynthesis
and degradation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy12102396/s1, Figure S1: The expression violin plot shows the distribution status and
probability density of the sample data, Figure S2: Pearson correlation between samples, Figure S3:
2D PCA Plot, Figure S4: Enrichment maps of genes in the turquoise and blue modules for GO, KEGG,
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and KOG, Figure S5: Consistency of genes in the qRT-PCR and transcriptome results. Table S1:
Sequencing output statistics table, Table S2: Comparison statistics table, Table S3: Novel genes
annotation table, Table S4: Primer sequences used for qRT-PCR.
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Abstract: Lagerstroemia speciosa is an important ornamental plant, and there is only one double-petaled
variety, ‘Yunshang’, produced by natural mutation, in the whole genus of Lagerstroemia. The members
of the MADS-box family play important roles in floral organ development. However, little is known
about the biological function of the MADS-box gene in L. speciosa. In our study, two MADS-box genes
(LsAG2 and LsDEF1) were isolated from L. speciosa, and their expression levels in different tissues
and developmental stages were analyzed by RT-qPCR. Subcellular localization showed that LsAG2
and LsDEF1 are localized in the nucleus. The overexpression of LsAG2 and LsDEF1 in Arabidopsis
thaliana caused transgenic plants to exhibit different phenotypes, such as floral organ aberrations,
early flowering, and dwarf plants, and resulted in the up-regulation of endogenous genes related
to flowering (i.e., AP1, PI, FLC, FUL, LFY, and FT). Our results provide a theoretical basis for the
flowering time, flower development, and genetic improvement of double-petaled flowers in the
genus of Lagerstroemia.

Keywords: Lagerstroemia speciosa; MADS-box gene; LsAG2; LsDEF1; flowering time; flower development

1. Introduction

A flower is the reproductive organ of angiosperms. Studying the flower develop-
mental process of ornamental plants is of great significance for measures aiming to adjust
the flowering period and flower shape, and to improve the ornamental and economic
value of the plants. Floral meristem determination is a complex developmental event
that is regulated by a variety of genetic factors [1]. The flower of A. thaliana is typically
representative of angiosperm flowers. The flower development process of A. thaliana was
initially summarized as the “ABC model” [2] and then gradually expanded to the “ABCDE
model” [3]. The “ABC model” divides the genes involved in flower organ differentiation
into three categories: A, B, and C, which, respectively, regulate the development of the
calyx, petal, stamen, and pistil, either separately or coordinately. In addition, Arabidopsis
mutations in class A and class C genes lead these genes to exhibit ectopic expressions of
each other, thereby altering the flower morphology and suggesting that the class A and C
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genes are antagonistic to each other [4,5]. In the study of Petunia hybrida flower develop-
ment, the newly proposed class D genes were proven to be involved in the regulation of
P. hybrida ovule formation [6], and the A. thaliana homologous genes of the class D gene
in P. hybrida have also had their involvement in the regulation of the development and
formation of A. thaliana ovules [7] confirmed. Moreover, researchers have found that if
the functions of SEP1 (SEPALLATA1), SEP2, and SEP3 in A. thaliana are simultaneously
inhibited, all the floral organs of Arabidopsis will be completely changed to sepals [8]. There
is speculation that these genes are independent of ABC genes and have regulatory effects
on the expression level of ABC genes. These genes were named as E-type genes, which are
considered to be involved in floral organ regulation during flower development and floral
transition [9].

The different flower forms of angiosperms, especially the double petal trait, can greatly
improve the ornamental value of plants. There are many origins of existing double-petaled
ornamental plants, and the existing studies on a variety of plants that naturally form
double flowers and single flowers have shown that the formation of double flowers is
mostly related to changes in the plant MADS-box gene sequence or expression. For example,
the Arabidopsis mutant resulting from AG (AGAMOUS) gene deletion shows a double-petal
phenotype [10], and the formation of the double-petal variety ‘Double White’ in Thalictrum
thalictroides is due to the deletion of the K domain of the ThtAG1 gene transcription protein,
which affects interactions with the E-type protein ThtSEP3 [11].

Studies on the MADS-box family genes have shown that members of this family are
also widely involved in the transformation of plants into flowers and the formation of
the flower organ morphology. For example, the overexpression of two SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS 1 (SOC1) homologs in Pyrus bretschneideri leads
to early flowering in Arabidopsis [12]. Most of the other genes affect the development of
plant flowers by participating in the regulation of MADS-box genes. For example, the
LEAFY (LFY) gene in A. thaliana interacts with the APETALA1 (AP1) gene to promote the
transformation of inflorescences into floral meristems and participates in the determination
of floral organ meristems through the regulation of APETALA3 (AP3) and PISTILLATA
(PI) [13]. The WUSCHEL (WUS) gene regulates floral organ determination by inducing
the expression of the AG gene, while AG counteracts WUS and inhibits its role in floral
meristem differentiation [14]. Among the ABCE-type genes, there are some APETALA2
(AP2) family genes, while the other genes are MIKC-type MADS-box family genes [15,16].
With the advancement of whole-genome sequencing technology, the MADS-box family
genes of many ornamental plants have been identified and analyzed, including carnations
(Dianthus caryophyllus) [17], wild chrysanthemum (Chrysanthemum nankingense) [18], mei
(Prunus mume) [19], and so on.

Crape myrtle is an ornamental woody plant used worldwide. It blooms in midsummer,
and the flowering period is as long as three months. Lagerstroemia speciosa is a special species
of the Lagerstroemia genus, among which the flowers of L. speciosa are very large (5–7 cm
in diameter) and colorful, with high garden application and ornamental value. There are
approximately 55 species in the whole Lagerstroemia genus and approximately 200 cultivated
varieties of crape myrtle, but there is only one double-petaled variety, ‘Yunshang’, produced
by a natural bud mutation of L. speciosa, with defined double petals resulting from stamen
petalization. Differential transcriptome sequencing of single-petaled L. speciosa and double-
petaled L. speciosa at different stages of flower organ development was carried out, and four
flower-development-related genes were identified [20]. However, our knowledge of the
biological function of the flower-development-related genes in Lagerstroemia is still limited.
In our study, we cloned two MADS-box family genes related to the regulation of flower
organ development in L. speciosa. The temporal and spatial expression patterns of the
two genes were analyzed, and the biological functions were further verified in Arabidopsis,
which provided a theoretical basis for the flower time, flower development, and genetic
improvement of double-petal flowers in Lagerstroemia.
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2. Materials and Methods

2.1. Plant Material

Plant materials were obtained from the resource garden of Guangxi Academy of
Forestry (Nanning City, Guangxi Province). The samples were quick-frozen in liquid
nitrogen and then stored at −80 ◦C in a freezer. The double-petaled L. speciosa (DPL) is
derived from the single-petaled L. speciosa (SPL). Flower buds of different developmental
stages (S1: buds 4–6 mm in diameter, S2: buds 6–10 mm in diameter, S3: buds 10–14 mm
in diameter, and S4: full bloom but not powered) and different floral organ tissues (calyx,
petals, stamens/petalized stamens, and pistils) at S4 stage of the SPL and DPL were
collected, as in our previous study [20]. In total, 16 samples were used to analyze the gene
expression patterns of MADS-box genes related to flower development in L. speciosa.

Arabidopsis thaliana (Col-0) plants were grown in an artificial climate chamber with an
average temperature of 22 ± 2 ◦C, with 16 h of light and 8 h of darkness, 100 μmol·m−2·s−1

light intensity, and 65–75% relative humidity.

2.2. Sequence Analysis and Phylogenetic Tree Construction

Physicochemical properties such as the molecular weight (MW) and theoretical isoelec-
tric point (pI) were predicted in Prot Param (https://web.expasy.org/protparam/, accessed
on 7 May 2020). Protein hydrophobicity was predicted with an online tool in Prot Scale
(https://web.expasy.org/protscale/, accessed on 7 May 2020). The SOPMA online software
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html, accessed
on 7 May 2020) was used to predict the secondary structures of the proteins. The con-
served protein domains of LsAG2 and LsDEF1 were predicted using an online tool in NCBI
(https://www.ncbi.nlm.nih.gov/cdd, accessed on 7 May 2020). Phosphorylation sites
were predicted in NetPhos (https://services.healthtech.dtu.dk/service.php?NetPhos-3.1,
accessed on 10 May 2020). Plant-mPLoc in Cell-PLoc 2.0 (https://services.healthtech.
dtu.dk/service.php?SignalP-5.0, accessed on 10 May 2020) was used for subcellular lo-
calization analysis. TMHMM Server 2.0 was employed to predict transmembrane he-
lices in the proteins (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0, ac-
cessed on 10 May 2020). The results of the gene structure were visualized in GSDS 2.0
(http://gsds.gao-lab.org/, accessed on 10 May 2020). We used the NCBI Blastx website
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 May 2020) to align the gene-
encoded protein sequences with other plant protein sequences in the database and the NJ
method to construct a phylogenetic tree between the two gene-encoded proteins and the
aligned homologous proteins.

2.3. RNA Extraction and RT-qPCR Analysis

A total of 16 samples representing 4 different developmental stages and 4 different
floral organ tissues of the DPL and SPL were collected. Total RNA was extracted from
the 16 samples using an RNAprep Pure Plant Kit (TianGen, Beijing, China). First-strand
cDNAs were synthesized using a PrimeScriptTM RT Reagent Kit (TaKaRa, Dalian, China),
according to the manufacturer’s instructions.

RT-qPCR was performed using TB Green® Premix Ex Taq™ II (TaKaRa) and a CFX Con-
nect Real-Time System (Bio-Rad, Hercules, CA, USA). The primers for RT-qPCR (Table S1)
were designed using Integrated DNA Technologies tools (https://sg.idtdna.com/scitools/
Applications/RealTimePCR/, accessed on 15 July 2020) and synthesized by Sangon Biotech
(Shanghai, China) Co., Ltd. RT-qPCR was performed in 20 μL volumes containing 10 μL of
TB Green Premix, 0.8 μL of forward primer (10 μM), 0.8 μL of reverse primer (10 μM), 2 μL
of cDNA template (50 ng/μL), and 6.4 μL ddH2O. Each test included three technical repeti-
tions and three biological replicates. The Elongation factor-1-alpha (EF-1α) gene of L. speciosa
was employed as a reference gene [21]. For the same type of tissue or developmental stage,
the sample with the lowest expression was selected as the control, and the gene expression
levels were calculated using the 2−ΔΔCt method [22].
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The total RNA was isolated from whole flowers of transgenic and wild-type plants
using a MiniBEST Plant RNA Extraction Kit (TaKaRa), and we detected the expression
levels of the LsAG2 and LsDEF1 genes in the transgenic plants and the endogenous flower-
development-related genes in A. thaliana. Specific primers (Table S1) were designed for AP1,
FRUITFULL (FUL), LFY, FLOWERING LOCUS T (FT), FLOWERING LOCUS C (FLC), and
PI. Then, RT-qPCR analysis was performed, with the Actin gene employed as a reference
gene [23].

2.4. Cloning of the Two MADS-Box Genes

The specific primers (Table S1) of LsAG2 and LsDEF1 were designed using Primer
premier 5.0 software, according to the transcriptome data. Then, the sequences of LsAG2
and LsDEF1 were amplified from the cDNA of the SPL and DPL flower buds with specific
primers (Table S1). The purified PCR products were constructed into a pCloneEZ Blunt
Cloning vector (Taihe Biotechnology, Beijing, China), and the final LsAG2 and LsDEF1
sequences were further verified by sequencing (Sangon Biotech Co., Ltd., Shanghai, China).

2.5. Subcellular Localization Analysis

To analyze the subcellular localization of LsAG2 and LsDEF1, the CDSs (without
a stop codon) of LsAG2 and LsDEF1 were cloned into the vector pSuper1300-GFP to
generate the LsAG2-GFP and LsDEF1-GFP fusion genes driven by CaMV35S, respectively.
The recombinant plasmids pSuper1300-LsAG2-GFP and pSuper1300-LsDEF1-GFP were
transformed into Agrobacterium tumefaciens competent cells, GV3101, and the recombinant
Agrobacterium and empty vector control were injected into healthy Nicotiana benthamiana
leaves, respectively. The infected tobacco plants were cultured in the dark for 24 h and then
placed in an incubator for normal long-day culture for 2–3 d. Finally, the green fluorescent
signals were observed using a TCS SP8 confocal microscope (Leica, Wetzlar, Germany).
4′,6-diamidino-2-phenylindole (DAPI) was used to dye the nuclear DNA as a positive
control for nuclear localization.

2.6. Vector Construction and Plant Transformation

The plant expression vector was constructed using the method of seamless cloning,
and the PCR primers (Table S1) of the target fragments were synthesized according to the
instructions for the CV12-Seamless Assembly and Cloning kit (Aidlab, Beijing, China).
With pCAMBIA1304 linearized by double digestion using restriction enzymes, Nco I and
Bst E II, the PCR fragments of LsAG2 and LsDEF1 were inserted into the linearized vector to
form the recombinant vectors (pCAMBIA1304-LsAG2, pCAMBIA1304-LsDEF1). Finally, the
recombinant vectors were transferred into GV3101 using the freeze–thaw transformation
method and transformed into A. thaliana via the floral dip method.

Transgenic Arabidopsis seeds were selected and placed on 1/2 MS medium containing
50 mg/L Kanamycin. After these positive seedlings developed four true leaves, they were
then transferred into pots containing a mixture of turf peat, vermiculite, and pearlite (3:1:1
v/v) in an artificial climate chamber.

2.7. Phenotypic Observation

The number of days that a single flower lasted from the beginning to the end of the
experiment was regarded as the flowering time. The phenotypes of transgenic lines were
observed every 2 d from the opening of the first flower, such as flower and leaf deformity
variation, etc., and we recorded indicators such as the flower volume and flowering period.
The flowering period refers to the time from the blooming of the first flower to the fading
of the last flower.
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2.8. Statistical Analyses

Statistical analyses were performed using the SPSS 19.0 (SPSS, Chicago, IL, USA).
ANOVA was used for multiple-group comparisons, and statistical significance (p < 0.05)
was determined by Student’s t-test.

3. Results

3.1. Cloning of LsAG2 and LsDEF1 and Bioinformatics Analysis

On the basis of the differentially expressed genes (DEGs) derived from previous
transcriptome data, two genes related to flower development in the MADS-box family
of L. speciosa were cloned. Comparing the CDS and DNA sequences of these two genes
cloned from the SPL and DPL, it was found that there was no difference in the amino
acid sequences, indicating that the formation of stamen petalization in L. speciosa was not
caused by the gene structure differences between LsAG2 and LsDEF1. Prediction of the
upstream promoter sequences of these genes showed that the basic cis-elements, such
as TATA-box and CAAT-box, were found in LsAG2 and LsDEF1, and there are multiple
cis-acting elements involved in the hormone response and light response (Table S2). In
terms of gene structure, LsAG2 and LsDEF1 contain 6 and 0 intron regions, respectively,
and encode proteins of 237 and 252 amino acids in length, with relative molecular weights
of 27.2 kDa and 29.07 kDa, respectively. These two proteins are hydrophilic, basic, and
unstable proteins. They do not contain signal peptide sites or transmembrane domains
and are not secreted proteins. LsAG2 and LsDEF1 contain 19 and 25 phosphorylation
sites, and both contain a conserved MADS-MEF2-like domain and a K-box domain, but
there are some differences between the two protein sequences, which we observed in the
start and end positions of the two domains (Table S3, Figure S1). The secondary structures
of LsAG2 and LsDEF1 were predicted, demonstrating that they both have four types of
coils: α-helix, β-sheet, extended chain, and random coil, of which the main components are
α-helix (46.41%–51.98%) and random coil (29.11%–31.75%) (Table S4). A phylogenetic tree
was constructed by comparing the homologous proteins of LsAG2 and LsDEF1 with other
homologous protein sequences, and we found that both LsAG2 and LsDEF1 were closest
to the homologous protein in pomegranate in terms of genetic distance (Figure 1). That
is, LsAG2 and LsDEF1 have the typical characteristics of MADS-box family transcription
factors, and both belong to the MADS-box family.

3.2. Spatiotemporal Specificity Expression Analysis of LsAG2 and LsDEF1

In order to study the spatiotemporal specificity expression of LsAG2 and LsDEF1,
the expression levels of LsAG2 and LsDEF1 in different flower development stages and
different floral organ tissues of the SPL and DPL were determined using RT-qPCR. The
results showed that LsAG2 was not expressed in the calyx of SPL, and the expression level
was extremely low in the single-petaled pistils and petals; however, its expression was
significantly up-regulated in the pistils and petals of DPL. In the S3 stage, the expression
level of LsAG2 in the SPL was significantly higher than in the other three periods, while
in the DPL, the expression level of LsAG2 in the S4 stage was slightly higher than in the
other three stages (Figure 2a,b; Table S5). LsDEF1 was very low or not expressed in the
calyces and pistils of the DPL and SPL and was relatively high in the petals. The expression
level of LsDEF1 in the stamens of the DPL was higher than that in the stamens of SPL
but slightly lower than that in the petals of SPL. LsDEF1 was expressed in each stage of
flower development in the DPL and showed a gradual upward trend, reaching the highest
value in the S4 stage. In the SPL, the expression level of LsDEF1 first increased and then
decreased (Figure 2c,d; Table S5).
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Figure 1. Phylogenetic analysis of LsAG2, LsDEF1, and other MADS-box proteins from different
species. (a) Phylogenetic analysis of LsAG2 and MADS-box proteins of Paeonia suffruticosa, Punica
granatum, Tripterygium wilfordii, Herrania umbratical, Theobroma cacao, Manihot esculenta, Hevea brasilien-
sis, Kerria japonica, Carya illinoinensis, Juglans regia, Quercus robur, Quercus lobata, and Quercus suber.
(b) Phylogenetic analysis of LsDEF1 and MADS-box proteins of Punica granatum, Syzygium oleo-
sum, Eucalyptus grandis, Rhodamnia argentea, Ziziphus jujuba, Coffea eugenioides, Striga hermonthica,
Antirrhinum majus, Camellia lanceoleosa, Camellia sinensis, Camellia oleifera, Mercurialis annua, and
Hibiscus syriacus.

Figure 2. The expression patterns of LsAG2 and LsDEF1. (a) Expression level of LsAG2 during different
developmental stages. (b) Expression level of LsAG2 in different flower tissues. (c) Expression level
of LsDEF1 during different developmental stages. (d) Expression level of LsDEF1 in different flower
tissues. S1 to S4, four different development stages of flower budding. SPL, single-petaled L. speciosa;
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DPL, double-petaled L. speciosa. In the same type of tissue or developmental stage, the sample with
the lowest expression was selected as the control, and the gene expression levels were calculated
using the 2−ΔΔCt method. The symbol ‘#’ indicates that the gene cannot be detected.

3.3. Subcellular Localization of LsAG2 and LsDEF1

The LsAG2-GFP and LsDEF1-GFP fusion genes (pSuper-35S::LsAG2-GFP, pSuper-
35S::LsDEF1-GFP) were used to examine the subcellular localization of LsAG2 and LsDEF1
transiently expressed in N. benthamiana leaves. The results showed that the GFP signals of
LsAG2-GFP and LsDEF1-GFP were detected only in the nucleus of the tobacco cells, while
the GFP signal of the empty plasmid control was distributed throughout the whole cell
(Figure 3).

 

Figure 3. Subcellular localization of LsAG2 and LsDEF1 proteins in tobacco leaf cells. (a–e) Subcellular
localization of GFP. (f–j) Subcellular localization of LsAG2-GFP. (k–o) Subcellular localization of
LsDEF1-GFP. Bright field: white light. GFP: green fluorescence signal. DAPI: 4′,6-diamidino-2-
phenylindole (DAPI) nuclear DNA fluorescent stain. Red fluorescent: chloroplast auto-fluorescence.
Combination: combined signals of different fluorescence.

3.4. Phenotype of Overexpression of LsAG2 and LsDEF1 in Arabidopsis

LsAG2 and LsDEF1 were transferred into A. thaliana using A. tumefaciens-mediated
floral organ dipping. Finally, 15 and 16 transgenic lines overexpressing the LsAG2 and
LsDEF1 genes were obtained (Figure S2), respectively. Under long-day light conditions,
the wild-type A. thaliana took approximately 45 d from sowing to flowering. However,
many 35S::LsAG2 and 35S::LsDEF1 T2 transgenic lines emerged in the flowering period,
approximately 30 d after sowing (Table S6), and very few lines appeared before the seedlings
were transplanted (just about 10 d). Compared to the wild-type, some 35S::LsDEF1 T2
transgenic lines had more flowers and a longer flowering time.

In addition to the significant changes in the flowering period, the leaves and flowers
of the transgenic lines also changed. The 35S::LsAG2 transgenic plant had smaller flower
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diameters than the wild-type A. thaliana (Figure 4a,e,f), and similar abnormal flower phe-
notypes, such as smaller petals, a sepal-like shape, hypoplasia, or the absence of petals,
enlarged stamens, and less loose powder, were detected in the 35S::LsAG2 transgenic plants
(Figure 4b–d). These transgenic plants were still fertile. On the other hand, abnormal
development of the flower organs may be the reason of for 35S::LsDEF1’s infertility, as a
few of the plants lacked pistils, and the number of stamens was 7–10 (Figure 4j,k). A few
were missing petals or showed malformed development of the entire flower (Figure 4l,m),
and in some lines, the number of pistils increased to four, and the number of stamens in-
creased to eight. Both the 35S::LsAG2 and 35S::LsDEF1 transgenic plants showed significant
early flowering (Figure 4g,h,n), and the T2 generation of the 35S::LsDEF1 transgenic plants
showed a lack of fruiting, with a larger flower volume and longer flowering period than
the wild-type A. thaliana (Figure 4i).

Figure 4. Phenotypes of overexpression of LsAG2 and LsDEF1 in Arabidopsis. (a) Flower of wild-
type A. thaliana. (b–d) Flowers of 35S::LsAG2 transgenic A. thaliana. (e) Inflorescence of wild-type
Arabidopsis. (f) Inflorescence of 35S::LsAG2 transgenic A. thaliana. (g) A 30-day-old 35S::LsAG2
transgenic A. thaliana starts flowering. (h) A 30-day-old wild-type A. thaliana. (i) The 35S::LsDEF1
transgenic A. thaliana has a longer flowering time and more flowers than the wild-type. (j–m) Flowers
of 35S::LsDEF1 transgenic A. thaliana. (n) A 35-day-old 35S::LsDEF1 transgenic A. thaliana starts
flowering earlier than the wild-type.

3.5. Detection of Endogenous Genes Related to the Flower Time and Flower Development

In order to identify whether the transcription levels of endogenous genes related to
the flower time and flower development in A. thaliana are affected by the overexpression of
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the LsAG2 and LsDEF1, RT-qPCR was used to detect the transcription levels of endogenous
genes (AtAP1, AtLFY, AtFLC, AtFT, AtPI, and AtFUL) in transgenic A. thaliana. The results
showed that in the overexpression of the LsAG2 gene in A. thaliana, the expression levels of
endogenous genes significantly decreased, except for AtPI and AtFUL. Upon overexpressing
LsDEF1 in A. thaliana lines, the expression level of AtLFY was slightly down-regulated,
while the expression levels of AtAP1, AtPI, AtFLC, and AtFUL were up-regulated (Figure 5;
Table S7).

Figure 5. Expression levels of endogenous genes related to the flower time and flower development.
The wild-type was selected as the control, and the gene expression levels were calculated using the
2−ΔΔCt method.

4. Discussion

Lagerstroemia speciosa is an ornamental tree in summer, originating from Asia. The
analysis of its flower development process is of great significance for the flowering period
and flower type in breeding. Using the DPL and SPL as materials, the CDS, full-length DNA,
and the promoter sequence approximately 1800 bp upstream of the LsAG2 and LsDEF1
genes were cloned by PCR. Previous studies have found that the formation of double-petal
phenomena in many plants is closely related to structural differences in MADS-box or AP2
family genes. For example, the formation of the double rose is related to the deletion of
the target site of miR172 on AP2 [24]. In sakura (Prunus lannesiana), there is a 190 bp skip
reading in the exon of AGAMOUS (PrseAG), and the protein encoded by it also shows
several amino acid differences from the protein encoded by the same gene in single-petaled
P. lannesiana [25]. Comparing the CDS and DNA sequences cloned from the DPL and SPL,
we found that there was no difference between the sequences, indicating that the formation
of the stamen petalization of L. speciosa may not be caused by the differences in the gene
structures of LsAG2 and LsDEF1. Meanwhile, there was no difference in the upstream
promoter region sequence, indicating that the differences in the gene expression levels of
LsAG2 and LsDEF1 may be caused by other unknown regulation-related genes.

The LsAG2 is the homologous gene of C-type gene AG in A. thaliana. Its expression
pattern in different flower organs of the SPL showed more resemblance to the characteristics
of the C-type gene in the ABCDE model, and the expression pattern in different floral organs
of the DPL was very different from that in the SPL, indicating that the ectopic expression
of LsAG2 may be closely related to the formation of the DPL. LsDEF1 is a B-type gene in
the flower development model, and its expression pattern in different floral organs of L.
speciosa was completely consistent with the characteristics of B-type genes. The DEFICIENS
(DEF) homologous genes in other species also show the same trend [26], suggesting that the
function of DEF may be conserved in angiosperms. In addition, the results of subcellular
localization showed that the fusion proteins formed by the LsAG2-GFP and LsDEF1-GFP
proteins were all localized in the nucleus, indicating that the proteins should have the
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function of transcription factors and may participate in the related processes of L. speciosa
flower development.

AG has important and conserved functions in floral organ development in a variety
of plants and is closely related to the double petal formation of angiosperm. For example,
the overexpression of JcAG from Jatropha (Jatropha curcas) in A. thaliana also causes early
flowering [27]. The overexpression of TeAG1 and TeAGL11-1 of marigold (Tagetes erecta)
leads to leaf curling and early flowering in A. thaliana [28]. Here, the 35S::LsAG2 transgenic
plants exhibited multiple phenotypes, such as flower aberration (shortened petal length,
sepalization, or even its absence), early flowering, leaf curling, dwarf plants, and a reduced
seed yield, indicating that LsAG2 is widely involved in a variety of lifecycle activities,
including flower development, in A. thaliana. The overexpression the LsDEF1 in A. thaliana
resulted in the phenotypes of degenerated pistils and increased stamens in the flowers.
The overexpression of BcAP3 (APTEROUS3) of turnip (Brassica rapa ssp.) in A. thaliana
can lead to abnormal anther development and low pollen viability, resulting in male
sterility [29]. The ectopic expression of FaesAP3 of buckwheat (Fagopyrum esculentum)
can rescue the stamen development and lack of petal development in A. thaliana ap3
mutants [30], indicating that DEF1/AP3 may be conserved in different plants.

In order to explore the reason for the double petalization of DPL, we measured the
expression levels of LsAG2 and LsDEF1 in different tissues and performed functional
verification on A. thaliana. RT-qPCR showed that the expression level of LsAG2 in the
petals of the DPL was significantly higher than that in the petals of the SPL, and the main
phenotype of 35S::LsAG2 transgenic Arabidopsis is the distortion of petals. The expression
level of LsDEF1 in the stamens of the DPL was significantly higher than that in the stamens
of the SPL, and the main phenotype of 35S::LsDEF1 transgenic Arabidopsis is the increase
in the number of stamens, indicating that these two genes are, indeed, involved in the
process of petal morphological transformation, but there is still a lack of key steps that
result in petaloid stamens or increase the number of petals. A large number of studies
have shown that changes in the expression patterns of AG homologous genes can lead to
the formation of double flowers. This change in expression patterns includes the loss of
gene expression [31,32] or the loss of key regions of the protein during transcription [25,33].
Therefore, future research should focus on exploring the effects of changes in the expression
patterns of AG homologous genes on L. speciosa flower development and the screening
of interacting proteins using yeast two-hybrid technology to analyze the mechanism of
double flower formation in L. speciosa.

5. Conclusions

The LsAG2 and LsDEF1 genes of L. speciosa were cloned, and their expression patterns
were verified by RT-qPCR. The results of subcellular localization showed that both genes
were localized in the nucleus, and when LsAG2 and LsDEF1 were overexpressed in A.
thaliana, the floral organs of the transgenic plants were changed, and the expression levels
of endogenous genes related to the flower time and flower development also changed. In
brief, LsAG2 and LsDEF1 have important roles in L. speciosa flower development, and the
results of this research provide a theoretical basis for the regulation of flowering time and
flower development in L. speciosa.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13040976/s1, Figure S1: Bioinformatics analysis of
LsAG2 and LsDEF1; Figure S2: PCR detection of transgenic A. thaliana; Table S1: The primer sequences
for cloning, RT-qPCR and vector construction; Table S2: Analysis of promoter cis-regulatory elements;
Table S3: Physicochemical properties of MADS-box proteins of L. speciosa; Table S4: Secondary
structures of MADS-box proteins of L. speciosa; Table S5: Relative expression data of LsAG2 and
LsDEF1 in different samples; Table S6: Flowering time of LsAG2 and LsDEF1 transgenic A. thaliana
plants under long-day conditions; Table S7: Relative expression data of LsAG2 and LsDEF1 in
wild-type and transgenic Arabidopsis.
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Abstract: The Loropetalum chinense and Loropetalum chinense var. rubrum are typical as well as
traditional ornamental and Chinese herbal medicines in Asia; however, more information is needed
on the mechanisms underlying their flower coloring. Here, we profiled the flavonoid metabolome and
carried out full-length sequencing in addition to transcriptome analyses to investigate the flavonoid
biosynthesis and global transcriptome changes among different petal coloring cultivars of L. chinense
and L. chinense var. rubrum. The total anthocyanins in addition to the RHSCC values and CIE 1976
L*a*b* values of petals were highly consistent with petal color. Moreover, a total of 207 flavonoid
components were identified. Of these, 13 flavonoid compounds were considered significantly
different expression compounds highly consistent with color information in the 4 samples. Meanwhile,
the first reference full-length transcriptome of L. chinense var. rubrum was built, which had 171,783
high-quality nonredundant transcripts with correcting with next-generation sequencing (NGS).
Among them, 52,851 transcripts were annotated in the seven databases of NR, KOG, GO, NT,
Pfam, Swiss-Port, and KEGG. Combined with NGS analyses, the DETs involved in flavonoids and
anthocyanins contributed greatest to the flower coloring. Additionally, the different expressions of
eight LcDFRs and four LcANS genes were positively correlated with flavonoid biosynthesis, and the
four LcBZ1 as well as one Lc3Mat1 were positively correlated with the content of seven anthocyanins
revealed by coupling with metabolomics and transcriptomics analyses. Together, these results were
used to mine candidate genes by analyzing flower coloring changes at comprehensive metabolic and
transcriptomic levels in L. chinense and L. chinense var. rubrum.

Keywords: Loropetalum chinense var. rubrum; flavonoid biosynthesis; anthocyanins; flower coloring;
metabolomic; transcriptomic
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1. Introduction

Loropetalum chinense var. rubrum belongs to the Hamamelidaceae family and is com-
monly used in landscaping plazas, neighborhoods, gardens, roads, green areas, etc. [1,2]. It
was first identified in Changsha, Hunan Province, and its wild resources are distributed in
the Luoxiao Mountains among Liuyang, Pingjiang, and Liling [3]. Moreover, L. chinense var.
rubrum has gorgeous flower and leaf coloring, in addition to flowering two–three times per
year [4]. The petal coloring of L. chinense and L. chinense var. rubrum could be divided into
five groups: poly-chromatic, yellowish-white, green-white, purplish-pink, and purplish
red [5]. The different distributions of anthocyanins in the petals of parenchymal cells lead
to the petal coloring differences in L. chinense var. rubrum [5]. Furthermore, the different
components and contents of flavonoids in leaves lead to the different leaf colorings in L.
chinense var. rubrum [6], while little is known about the flavonoid biosynthesis in petals of
L. chinense var. rubrum [5–7].

Flavonoids are the primary pigments that contribute to the millions of flower colors
in the petals of plants [8]. The water-soluble flavonoids are responsible for the range of
colors from yellow to red to violet to blue, including aurones, chalcones, flavones, flavonols,
flavanones, flavanones, isoflavones, and anthocyanins [8,9]. Flavones and flavonols are the
co-pigments that contribute to flower colors and bluing [10]. The O-glycosides of antho-
cyanins are the colored flavonoids, which are the main determinants of flower color, found
in the vacuoles of petal cells [11,12]. They have a basic structure of 3,5,7-trihydroxy benzene-
2-phenyl benzofuran; further modification by glycosylation, acylation, and methylation
depends on the plant species and varieties [9], which acquire diversified anthocyanidin
structures and variable flower colors [13]. Hundreds of anthocyanins have been reported,
and they are divided into six classes, including Pg (pelargonidin), Cy (cyanidin), Dp (del-
phinidin), Pn (peonidin), Pt (petunidin), and Mv (malvidin) [13,14]. Cyanidin derives
peonidin, and delphinidin derives petunidin and malvidin formed by methylation, hy-
droxylation, glycosylation, and acylation. Additionally, then, this deriving of anthocyanins
further creates orange-yellow, red, purple, and blue petals [15–18]. Thus, the flavonoid
component and relative content are significant factors in determining the flower color, and
the synthetic genes, regulatory genes, and modification genes create these.

The flavonoid biosynthetic pathway is well understood in plants [19]. Flavonoids (including
anthocyanins) are generated through the phenylpropanoid pathway, which is divided into three
stages [20,21]: The first stage is the general phenylpropanoid pathway catalyzed via phenylala-
nine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), and 4-coumarate-CoA ligase
(4CL) [22]. The second stage involved is the production of colorless dihydroflavonols succes-
sively catalyzed via chalcone synthase (CHS) [23,24], chalcone isomerase (CHI) [25], flavanone 3-
hydroxylase (F3H) [26], flavonoid-3’5’-hydroxylase (F3′5′H) [27,28], and flavonoid-3’-hydroxylase
(F3′H) [29]. The third stage is the anthocyanins derivates catalyzed via dihydroflavonol 4-reductase
(DFR) [28,30] and anthocyanidin (ANS) [31,32]. Additionally, then, the anthocyanidins and antho-
cyanins are catalyzed via glycosyltransferase (GT) [33] and methyltransferase (MT) [34], as well as
acyltransferase (AT) [15] into stable anthocyanins and their further modifications. Of note, some
of the flavonoid biosynthetic genes of LcvrCHS1 [35], LcCHS1, LcCHS2 [36], LcCHI [37], LcDFR1,
and LcDFR2 [38] were reported in L. chinense var. rubrum.

Transcriptional control also plays a vital role in the modulation of flavonoid biosynthe-
sis, and several transcription factors involved in the pathway have been elucidated [39–41].
The MBW (MYB-bHLH-WD40) complex is well conserved and the central transcriptional
regulator of activating structural genes to flavonoid pathway enzymes [42,43], which reg-
ulate the biosynthesis of flavan-3-ols [44]. WD40 is a ‘master regulator’ in activating the
flavonoid pathway independently [45]. The MYB transcription factor is the core component
of the MBW complex, and its subgroup of R2R3-MYB is mainly involved in regulating
flavonoid metabolism [46]. The overexpression of AN4 (an R2R3-MYB gene) promotes the
expression of the anthocyanin biosynthesis gene of CHI, F3H, and DFR [47]. LhMYB12
activated the lily’s CHS as well as DFR gene promoter directly and obstructed anthocyanin
biosynthesis under high temperatures [48]. Although MYB can stimulate its companion
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of bHLH, its expression depends on different pigmented tissues [44]. TT8 (a bHLH gene)
accumulates anthocyanin and proanthocyanin biosynthesis by expressing DFR in Ara-
bidopsis thaliana [49]. The MADS-box genes of ScAGL11 and ScAG inhibit anthocyanin
accumulation in the cineraria capitulum by downregulating the expression of ScCHS2,
ScDFR3, and ScF3H1 [50]. To date, the molecular mechanisms of flavonoid biosynthesis are
more demonstrated in plants, while there are no reports on L. chinense var. rubrum.

Here, one L. chinense, ‘Xiangnong Xiangyun’, and three L. chinense var. rubrum, ‘Huaye
Jimu 2’, ‘Xiangnong Fenjiao’, and ‘Xiangnong Nichang’, were studied (Figure 1A). We
identified the components of the flavonoid biosynthesis pathway in the three L. chinense
var. rubrum and one L. chinense cultivar with MRM (multiple reaction monitoring). Then,
the full-length transcriptome data and the next-generation sequencing data were obtained
by combining NGS and SMRT sequencing. Moreover, this approach, combined with the
flavonoid metabolic data, was applied to explain the molecular mechanisms of the flower
coloring of Loropetalum cultivars, in which flavonoids are produced and accumulated.
Accordingly, this study provides a valuable resource for further investigating flavonoid
biosynthesis and ornamental flower coloring modification as well as breeding.

Figure 1. Phenotypes of Loropetalum cultivars and total anthocyanin content. (A). Phenotypes of 4
Loropetalum cultivars, namely ‘Xiangnong Xiangyun’ (XX), ‘Huye Jimu 2’ (HJ), ‘Xiangnong Fenjiao’,
(XF) and ‘Xiangnong Nichang’ (XN), 2 days after the flowering stage, scale bars = 0.5 cm. (B).
Transverse section of petals of four Loropetalum cultivars, namely ‘Xiangnong Xiangyun’ (XX), ‘Huye
Jimu 2’ (HJ), ‘Xiangnong Fenjiao’ (XF), and ‘Xiangnong Nichang’ (XN), scale bars = 100 μm. (C). Total
anthocyanin content in the petals of four Loropetalum cultivars, namely ‘Xiangnong Xiangyun’ (XX),
‘Huye Jimu 2’ (HJ), ‘Xiangnong Fenjiao’ (XF), and ‘Xiangnong Nichang’ (XN). Error bars indicate the
standard error (+SE) of the mean. Different letters indicated significant differences at a p ≤ 0.05 level
based on Duncan’s test.

2. Materials and Methods

2.1. Plant Materials

One Loropetalum chinense (‘Xiangnong Xiangyun’, XX) and three L. chinense var. rubrum
(‘Huaye Jimu 2’, HJ; ‘Xiangnong Fenjiao’, XF; and ‘Xiangnong Nichang’, XN) were planted
in the germplasm garden of Loropetalum spp. at Hunan Agricultural University, Changsha,
Hunan Province, China (E 113.08, N 28.17). XX, XN, and XF were the naturally pollinated
offspring of HJ. The flowers (flowers in full bloom for one day), stems, leaves, and roots
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of HJ were harvested for Iso-Seq library construction. The flowers of XX, HJ, XF, and XN
were also collected for total anthocyanin detection and sequencing library construction. We
considered 50 flowers comprising 1 biological sample for each Loropetalum cultivar, and
each sample was segregated as 3 independent biological replicates. All of these samples
were frozen in liquid nitrogen immediately and stored at −80 ◦C.

2.2. Petal Color Comparison

The RHS color chart (sixth edition 2015, Royal Horticultural Society, 80 Vincent
Square, London SW1P 2 PE, UK) was used to describe the color differences among the four
Loropetalum spps. A spectrophotometer (YS3020, Technology Co. Ltd., Shenzhen, China)
was used to measure the color-related values of fresh petals’ L*, a*, and b*. The parameters
of L*, a*, and b* were described in CIELAB (CIE 1976). In this system, the value of L*
represented lightness (those that had higher L* values represented a white or near-white
color, while those with lower ones had a black or near-black color), a* was a positive or
negative coordinate representing a purplish-red-bluish-green color, and b* was a positive
or negative coordinate representing a yellow-blue color.

2.3. Transverse Section Observation

For transverse section observations, the different Loropetalum spp. petals were cut
into thin slices by using a razor blade. Additionally, the thin slice was then fully extended
flat on a temporary slide with a clean filter covering. Next, the temporary glazing of
petals was observed and photos were taken with a microscope (DMIL LED, Leica, Wetzlar,
Germany) and its imaging system (LEICA DFC295 and Leica Microsystems CMS GmbH,
Leica, Wetzlar, Germany).

2.4. Total Anthocyanins Analysis

The total anthocyanins content was determined as described by Zhang et al. [51] and
Dong et al. [52]. Briefly, 0.5 g of Loropetalum spp. petals was ground to a powder in liquid
nitrogen. These powders were then extracted with 5 mL of a mixture solution of 0.05% HCl
in methanol at 4 ◦C for 24 h in darkness. The supernatant was transferred into a clean tube
after centrifugation at 1000× g at 4 ◦C for 15 min. Additionally, 1 mL of supernatant was
then transferred into a clean tube with 4 mL of buffer A (0.4 M KCl, pH 1.0) and buffer
B (1.2 N citric acid, pH 4.5), respectively. Absorbance measurements of the mixture were
taken at 510 and 700 nm for mixtures A and B, separately. The total anthocyanin content
was calculated via the use of the following formula: TA = A × MW × 5 × 100 × V/e
(Romero et al., 2008). TA represents the total anthocyanin content of the detected sample
(mg/100 g, as cyanidin-3-O-glucose equivalent), and V represents the final volume (mL).
A = [A510 (pH 1.0)–A700 (pH1.0)]–[A510 (pH 4.5)–A700 (pH 4.5)]. The value of 449.2
represents the molecular mass of cyanidin-3-O-glucose. Furthermore, the value of 26,900
reflects the molar absorptivity (e) at 510 nm [53]. Each biological replicate was repeated
in triplicate.

2.5. Flavonoid Extraction and MRM

Freeze-dried flowers were crushed via the use of a mixer mill (MM 400, Retsch,
Haan, Germany) with a zirconia bead for 1.5 min at 30 Hz. Of the fine powder, 100 mg was
extracted overnight at 4 ◦C with 1.0 mL of 70% aqueous methanol. The extract’s supernatant
was absorbed (CNWBOND Carbon-GCB SPE Cartridge, 250 mg, 3 mL; ANPEL, Shanghai,
China, www.anpel.com.cn/, 25 August 2019) after centrifugation at 10,000× g for 10 min
before the LC-MS analysis. The supernatant was analyzed using an LC-EMS-MS/MS
(HPLC, Shim-pack UFLC SHIMADZU CBM30A system, Kyoto, Japan, www.shimadzu.
com.cn/, accessed on 24 April 2023; MS, Applied Biosystems 4500 Q TRAP, Waltham,
MA, USA, www.appliedbiosystems.com.cn/, accessed on 24 April 2023). Moreover, the
analytical conditions were composed of a column of Waters ACQUITY UPLC HSS T3 C18
(1.8 μm, 2.1 mm × 100 mm). Water and acetonitrile with 0.04% acetic acid were used as
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solvent systems. The gradient program of HPLC was performed as 100:0 v/v at 0 min,
5:95 v/v at 11.0 min, 5:95 v/v at 12.0 min, 95:5 v/v at 12.1 min, and 95:5 v/v at 15.0 min. The
flow rate was 0.40 mL/min with an injection volume of 5 μL, and the column temperature
was 40 ◦C. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion
trap (Q TRAP)-MS [6,38].

A triple quadrupole-linear ion trap mass spectrometer (Q TRAP) API 4500 Q TRAP
LC/MS/MS System equipped with LIT and triple quadrupole (QQQ) scans were used
to obtain the information on the flavonoid metabolites. Moreover, the analysis system
was equipped with an ESI Turbo Ion-Spray interface, operating in a positive ion mode
and controlled by Analyst 1.6.3 software (AB Sciex). The ESI system index sets were
followed by Chen et al. [6] and Zhang et al. [38]. Instrument tuning and mass calibration
were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT
modes, respectively. QQQ scans were acquired as MRM experiments with the collision gas
(nitrogen) set to 5 psi. DP and CE for individual MRM transitions were performed with
further DP and CE optimization. MassBank, KNAPSACK, HMDB, MOTDB, and METLIN
were used to analyze the structures of metabolites. The KEGG pathway public database
was used to identify the specific metabolic pathways. The qualitative and quantitative
data of each flavonoid metabolite were identified and quantified based on the MWDB and
open public metabolite database. A specific set of MRM transitions was monitored for
each period according to the metabolites eluted within this period. The target substance
was screened and identified by the parent ion (Q1), fragment ions (Q2), and characteristic
fragment ions (Q3) [6,38].

2.6. RNA Sample Preparation

Total RNA was prepared by grinding tissues into powder in liquid nitrogen and
mixing 0.5 g of said powder with 1 mL of TRIzol reagent (GenStar P124-01). It is processed
following the protocols provided by the manufacturer (#124-01, GenStar, Beijing, China,
https://www.gene-star.com/pro_cont_10220.html#coming, accessed on 24 April 2023). All
samples were replicated three times. Then, 1% agarose gels and NanoDrop (NanoDrop
products, Wilmington, NC, USA) were used to detect RNA degradation as well as contami-
nation. The quantity and quality of total RNA were assessed using a Qubit® RNA Assay
Kit in a Qubit® 2.0 Fluorometer (Life Technologies, South San Francisco, CA, USA) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), respectively. Two
experiments were conducted: One was the different organs (leaf, flower, root, and stem)
of the total RNA extracted and mixed with equal amounts to be a pool of L. chinense var.
rubrum RNA. The other was 4 flower cultivars (HJ, XNNY, XF, and XN) with 12 libraries
subjected to 2 × 150 paired-end RNA-seq using ILLUMINA novaseq 6000. All of the
qualified RNA samples were stored at −20 ◦C and used for SMRT sequencing in addition
to RNA-seq within one week.

2.7. PacBio Iso-Seq Library Preparation and SMRT Sequencing

A total of 3.9 μg of equal mixed RNA was sequenced on the PacBio Sequel platform
(Pacific Bioscience, Menlo Park, CA, USA) according to the manufacturer’s instructions,
as previously described (Hoang et al., 2017; Hoang et al., 2019). The Oligo (dT) magnetic
beads were used to enrich mRNA for the cDNA libraries. The Iso-Seq library was pre-
pared with a Clontech SMARTer PCR cDNA synthesis kit (#634926; Clontech, Takara Bio
Inc., Shiga, Japan) and BluePippin Size Selection System protocol described by Pacific
Biosciences (PN 100-092-800-03). Fractions of cDNA with a size over 4 kb were run on the
BluePippinTM System to remove the short SMRTbell templates. After size fraction, the
optimal library was sequenced on a PacBio RS II instrument at the Novogene technology
company (Beijing, China).

The circular consensus sequence was generated from subread BAM files and then
classified into non-full-length and full-length FASTA files by using pbclassify.py with ignore
polyA false and min Seq Length 200. Next, the isoform-level clustering (ICE) and final
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arrow polishing were fed into the clustering step via following the parameter configuration
of hq_quiver_min_accuracy 0.99, bin_by_primer false, bin_size_kb 1, qv_trim_5p 100, and
qv_trim_3q 30. Additionally, the nucleotide errors in consensus reads were corrected via the
use of Illumina RNA-seq data with the LoRDEC software [54]. Finally, the final transcripts
were obtained in corrected consensus reads by removing the redundant sequences with the
CD-HIT software (-c0.95-T6 -G0 -Al 0.00 -aS 0.99) [55]. The raw sequence data reported in
this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics
& Bioinformatics 2021) in the National Genomics Data Center (Nucleic Acids Res 2022),
China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy
of Sciences (GSA: CRA009285 and CRA009284), publicly accessible at https://ngdc.cncb.ac.
cn/gsa, accessed on 24 April 2023.

2.8. Illumina RNA-Seq Library Construction and Sequencing

Twelve libraries of four cultivars of RNA samples were prepared and sequenced, respec-
tively. A total of 2 μg of RNA was used for shot read sequencing on the HiSeq4000 platform,
and 150 bp paired-end reads were generated at the Novogene technology company in Beijing,
China. The NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA)
was used for sequencing libraries, following the manufacturer’s recommendations.

2.9. Gene Functional Annotation, Coding Sequence (CDS) Prediction, Transcription Factor (TF),
and Long Non-Coding RNA (lncRNA) Identification

All final transcript annotations were carried out via comparison against the following
databases: NCBI nonredundant protein sequences (NR) [56], NCBI nonredundant nu-
cleotide sequences (NT) [57], Protein family (Pfam) [58], Clusters of Orthologous Groups of
proteins (KOG/COG) [59], a manually annotated and reviewed protein sequence database
(Swiss-Port) [60], KEGG Ortholog database (KO) [61], and Gene Ontology (GO) [62]. The
BLAST software with the set of e-values ‘1e−10’ was used for NT database analyses [63].
Diamond Blast with the option of e-value ‘1e−10’ was applied to the NR, KOG, Swiss-Port,
and KEGG database analyses [64]. Moreover, the Hmmscan software was used for the
Pfam database analyses [65].

The ANGEL pipeline, a long-read ANGLE implementation, was used to determine
cDNA protein-coding sequences. We used L. chinense var. rubrum and closely related species
confident protein sequences for ANGEL training and then ran the ANGEL prediction for
final transcripts [66]. The iTAK software [67] and Plant Transcription Factor database [68]
were used to identify TFs, transcriptional regulators (TRs), and protein kinases (PKs) with
final transcripts of L. chinense var. rubrum. The following four tools were used to predict
the lncRNAs of L. chinense var. rubrum: Coding-Non-Coding-Index (CNCI) [63], Coding
Potential Calculator (CPC) [69], Pfam-scan [70], and PLEK [54]. The detected transcripts
predicted with coding potential by either/all of the four tools were filtered out, and those
without coding potential were our candidate set of LncRNAs.

2.10. Quantitation and Differential Expression of Transcripts and Genes Analysis

The twelve samples of raw data were subjected to quality control, including adapters,
lower reads, and ploy-N, by fastQC v0.11.2 [71]. Additionally, the clean data were then
obtained and mapped onto the L. chinense var. rubrum full-length transcriptome of final tran-
scripts via the use of Bowtie2 (v2.2.5) [72]. The readcount for each transcript was estimated
by the expected number of fragments per kilobase of transcript sequence per millions of
base pairs sequenced (FPKM) [73] method through using RESM [74]. A correlation analysis
between samples of each cultivar was used to test the repeatability of the samples. The three
biological samples with a correlation coefficient value more considerable than 0.92 were
performed for differentially expressed gene (DEG) and differentially expressed transcript
(DET) analyses. The DEGs and DETs between each paired sample were performed by
the DESeq R packages [75]. Genes and transcripts with |log2 fold change| ≥2 and an
adjusted p-value ≤ 0.05 were considered significant DEGs and DETs. The Gene Ontology

119



Agronomy 2023, 13, 1296

(GO) enrichment of all of the DEGs and DETs was performed via the use of the GO-seq R
packages [76]. The KEGG database and KOBAS software were subjected to KEGG pathway
enrichment analyses; significantly enriched metabolic or signal transduction pathways
with an adjusted p value of ≤0.05 were selected.

2.11. The Correlation Analysis between DETs and DCMs

The differential content metabolites (DCMs) of flavonoids and anthocyanins in addi-
tion to the differentially expressed transcripts (DETs) based on KEGG enrichment analyses
of flavonoid biosynthetic pathway and anthocyanin biosynthetic pathway genes were used
for integrative analyses. Moreover, Spearman’s method was used to analyze the correlation
coefficients for transcriptome and metabolome data integration. The connection between
DETs and DCMs was shown through a heat plot.

3. Results

3.1. Petal Color Phenotype and Total Anthocyanins Content among the Four
Loropetalum Cultivars

Four Loropetalum cultivars were selected to elucidate the mechanisms of flavonoid
biosynthesis in petals, a white flower petal control cultivar, namely ‘Xiangnong Xiangyun’
(XX) (Royal Garden Color Card, NN155B), and three L. chinense var. rubrum, namely
‘Huaye Jimu 2’ (HJ) (white part: Royal Garden Color Card, NN155C; purple part: Royal
Garden Color Card, 61A), ‘Xingnong Fenjiao’ (XF) (Royal Garden Color Card, 61C), and
‘Xiangnong Nichang’ (XN) (Royal Garden Color Card, 63A) (Figure 1A). The transverse
section of petals showed that the distribution of anthocyanins was significant different in
four Loropetalum spp. (Figure 1B). The a* value representing redness was 0.79, 1.5, 4.52,
and 2.24 among XX, HJ, XF, and XN, respectively. The b* value of these four Loropetalum
cultivars (XX, HJ, XF, and XN) was −5.89, −6.29, −4.36, and −4.74, which represented
blueness. The L* value, representing lightness, showed at 80.43, 100.91, 96.49, and 98.91 in
four Loropetalum cultivars.

The total anthocyanins in the blooming petals for two days were detected with a
spectrophotometric pH differential method. Among these four Loropetalum cultivars, the
lowest level of anthocyanin accumulation (23.03 mg/g of FW) was detected in XX. Among
the three L. chinense var. rubrum cultivars, the flower color with chimera (Huaye Jimu
2, HJ, 37.71 mg/g of FW) contains more anthocyanins than XX (Figure 1C). The results
indicated that the highest level of anthocyanin content was in ‘Xiangnong Nichang’ (XN,
264.96 mg/g of FW) (Figure 1C). It was shown that the sharp differences in anthocyanin
accumulation are due to genetic diversity and specificity. Additionally, a surprising degree
of anthocyanin accumulation was observed in the four Loropetalum cultivars, especially in
XN and XF.

3.2. Identification and Qualification of Flavonoid Metabolite Profiles from the Petals of
Loropetalum Cultivars

To identify flavonoid metabolite profiles in Loropetalum cultivars, extracts from the petals
of XX, HJ, XF, and XN were analyzed via MRM. A total of 207 flavonoid metabolites were
identified from the 4 samples, including 39 flavonol metabolites, 7 isoflavone metabolites,
25 flavonoid metabolites, 79 flavone metabolites, 20 flavanone metabolites, 19 polyphenol
metabolites, 15 anthocyanin metabolites, and 3 proanthocyanin metabolites, which were isolated
and identified in all 4 of the Loropetalum cultivars’ petal extracts (Table S1 and Figure 2A). The
total content of each flavonoid compound was significantly different. For example, in HJ, XN,
and XF the anthocyanin metabolites were the most abundant ones, followed by flavonol or
polyphenol metabolites, while flavonol metabolites were the most abundant in XX, followed
by polyphenol ones (Figure 2A). In addition, we performed a principal component analysis
(PCA), and these 207 flavonoid metabolites could be divided into 4 groups, which is consistent
with the flower color phenotypical characteristics of the four Loropetalum plants (Figure 2B). To
sum up, the accumulation of flavonoid components in flowers is significantly correlated with
variety specificity.
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Figure 2. Global metabolic changes among the different cultivars of L. chinense var. rubrum. (A) Clas-
sification and proportion of 207 flavonoid compounds in different cultivars of XX, XF, XN, and HJ.
(B) PCA of metabolites in different cultivars of XX, XF, XN, and HJ. (C) Upset plot showing overlap of
metabolites in different cultivars of XX, XF, XN, and HJ. (D) Volcano plot of metabolites between HJ
and XN. (E) Volcano plot of metabolites between HJ and XF. (F) Volcano plot of metabolites between
HJ and XX. (G) Volcano plot of metabolites between XN and XF. (H) Volcano plot of metabolites
between XN and XX. (I) Volcano plot of metabolites between XF and XX.

3.3. Differential Accumulation of Flavonoid Metabolites in Loropetalum Plant’s Petals

To investigate the different metabolites’ changes and the expression levels of flavonoids
involved in L. spps., the types and relative accumulation levels of flavonoid compounds
were analyzed among the four selected cultivars (Supplementary Tables S1–S7). The re-
sults shown in the upset plot (Figure 2C) and volcano plot (Figure 2D–I) demonstrate that
metabolites significantly differed among them. In total, 168 flavonoid metabolites were
commonly found in the 4 samples. Notably, eight flavonols (Kaempferide, Ayanin, Chryso-
eriol 6-C-hexoside, ‘di-C, C-hexosyl-apigenin’, 8-C-hexosyl chrysoeriol O-hexoside, Tricin
7-O-hexosyl-O-hexoside, Acacetin O-glucuronic acid, and Apigenin 6,8-C-diglucoside),
one flavanone (Hesperetin O-Glucuronic acid), and three anthocyanins (Peonidin, Pe-
onidin 3-sophoroside-5-glucoside, and Petunidin 3-O-glucoside) were coexisting in the
petals of HJ, XF, and XN (Figure 2C, Supplementary Table S8). Furthermore, five flavones
(Apiin, Tricin O-rhamnosyl-O-malonylhexoside, C-hexosyl-chrysin O-feruloylhexoside,
Chrysoeriol O-sinapoylhexoside, and Apigenin 7-rutinoside (Isorhoifolin)) and one an-
thocyanin (Malvidin 3-acetyl-5-diglucoside) commonly existed in XF and XN (Figure 2C,
Supplementary Table S8). Additionally, three anthocyanidins (Peonidin, Petunidin 3-O-
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glucoside, and Peonidin 3-sophoroside-5-glucoside), one flavanone (Hesperetin O-Glucuronic
acid), six flavones (Chrysoeriol 6-C-hexoside, di-C,C-hexosyl-apigenin, 8-C-hexosyl chrysoe-
riol O-hexoside, Tricin 7-O-hexosyl-O-hexoside, Acacetin O-glucuronic acid, and Apigenin
6,8-C-diglucoside), and two flavonols (Kaempferide, Ayanin) were found in HJ, XN, and
XF, respectively. Moreover, one flavone (C-hexosyl-luteolin O-hexoside) and one isoflavone
(Glycitin) were detected in XX (Figure 2C, Supplementary Table S8). In addition, Cyanidin
3-O-glucoside was found in XF, XN, XX, and HJ, significantly differing in the four samples
(Figure 2C, Supplementary Table S8).

The flavonoid metabolites’ distribution could be divided into up- and downregulated
types. Based on the fold changes and VIP values of the OPLS-DA of flavonoid metabolites
in the four samples, 59, 48, 50, 59, 56, and 48 differential concentrations of flavonoid metabo-
lites (DCMs) (fold change ≥ 2 or fold change ≤ 0.5, and VIP ≥ 1) were detected in HJ VS XN
(Figure 2D, Supplementary Table S9), HJ VS XF (Figure 2E, Supplementary Table S10), HJ VS
XX (Figure 2F, Supplementary Table S11), XN VS XF (Figure 2G, Supplementary Table S12),
XN VS XX (Figure 2H, Supplementary Table S13), and XF VS XX (Figure 2I, Supplementary
Table S14), respectively. These DCMs were then introduced into the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database and KEGG enrichment analyses to explore the
potential metabolic pathways affected by the different colored petals. The ‘Biosynthesis of
secondary metabolites’ (ko01110), ‘Flavonoid biosynthesis’ (ko00941), ‘Anthocyanin biosyn-
thesis’ (ko00942), ‘Isoflavonoid biosynthesis’ (ko00943), and ‘Flavone and flavonol biosyn-
thesis’ (ko00944) were screened out to be the most relative metabolic pathways related
to the petals’ coloring (Figure S1, Supplementary Tables S15–S20). Notably, the different
relative contents of Kaempferide (Flavonol), Glycitin (Isoflavone), Apiin (Flavone), Tricetin
(Flavone), Naringenin 7-O-glucoside (Flavanone), Cyanidin 3,5-O-diglucoside (Antho-
cyanin), Cyanidin 3-O-glucoside (Anthocyanin), Delphinidin (Anthocyanin), Delphinidin
3-O-glucoside (Anthocyanin), Petunidin 3-O-glucoside (Anthocyanin), and Pelargonidin
(Anthocyanin) were significantly different in the four cultivars of petals. Additionally,
the Kaempferide, Malvidin 3-acetyl-5-diglucoside, Peonidin, Peonidin 3-sophoroside-5-
glucoside, Petunidin 3-O-glucoside, Cyanidin 3,5-O-diglucoside, Cyanidin 3-O-glucoside,
Delphinidin 3-O-glucoside, and Pelargonidin had much higher contents in XN, XF, and
HJ, while the content of Delphinidin was the highest in XX (Figure S2, Supplementary
Tables S15–S20). The phenomenon mentioned above, flavonoid compounds from the
three purple petals, indicated that these purple cultivars might differ in the expression of
anthocyanin biosynthetic or regulatory gene expression from the white one.

3.4. Combined Sequencing Approach to Tissues of L. chinensis var. rubrum

To identify and differentiate the flower transcriptome of L. chinense, two sequencing
strategies were adopted by using the NGS and SMRT sequencing platforms. First, the twelve
mRNA samples from four flower petals (HJ, XN, XF, and XX, each in triplicate) were performed
via 2 × 150 paired-end sequencing by using a HiSeq 4000 platform, with each sample yielding
8.14 Gb of clean data on average, and the Q30 values of all of the 12 samples were higher than
93.82%. The average coverage of each Illumina transcriptome data mapping to the L. chinense
var. rubrum full-length transcriptome was 82.92% (80.36~86.77%), which indicated that the data
were comparable (Supplementary Table S21). The second strategy was that full-length cDNAs
from 12 pooled total RNA samples were normalized and SMRT sequencing was performed by
using the PacBio platform (Supplementary Table S22). In total, 46.16 Gb of polymerase read
bases (1,562,962 polymerase reads) were generated by the PacBio sequence, with an average
read length of 29,532 bp and N50 of 51,440 bp. After filtering using the RS Subreads.1 of the
PacBio RS, 35,173,249 subreads representing 43.50 Gb were obtained. After clustering and
polishing with ICE and arrow, 723,655 full-length non-chimeric reads were obtained. Finally,
the clean Illumina reads were used to correct the SMRT reads of the polished consensus via the
use of the LoRDEC software, the redundant sequences were removed by CD-HIT software, and
171,783 high-quality nonredundant transcripts were produced, with a total length of 406,454,922
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bp and N50 length of 2935 bp; their lengths were in the range of 132 to 14,258 bp. High-quality
full-length transcriptome data were obtained.

The final transcripts were annotated with the NR, KOG, GO, NT, Pfam, Swiss-Port,
and KEGG databases, and they were also analyzed in terms of metabolic pathways and
functional classifications. In total, 144,893 transcripts (84.35% of the total) were functionally
annotated, and 52,851 transcripts (24.94% of the total) were subjected to all databases
(Figure 3A). Furthermore, 5 public protein databases shared 43,776 transcripts (Figure 3B),
with 131,741 transcripts (76.69% of the total) being assigned to the NR database. The
NR databases had the most matched sequences, and the top five species, including Vitis
vinifera, Juglans regia, Theobroma cacao, Nelumbo nucifera, and Ziziphus jujuba, had the best
Blast hits ratios of over 50% (Figure S3). In the KOG database, 85,328 transcripts were
subjected to 26 functional categories (Figure S4), and the largest group was general function
prediction only, with 19,255 transcripts (22.57% of the total). Especially in the Q group, 3830
transcripts were assigned to the category of ‘Secondary metabolites biosynthesis, transport
and catabolism’. A total of 76,974 transcripts were grouped into three GO categories of
biological processes (BPs), cellular components (CCs), and molecular functions (MFs).
All of the hit transcripts were divided into 54 subgroups, with many transcripts related
to ‘metabolic process’ (35,888 of the total) and ‘biological regulation’ (9532 of the total)
(Figure S5). A total of 129,856 transcripts were annotated into 6 categories subjected to
the KEGG database (Figure S6). The most enriched was ‘Metabolism’ (40,595 of the total),
and these transcripts were associated with the biosynthesis of carbohydrate metabolism
(5657 of the total), phenylpropanoid biosynthesis (641 of the total), flavonoid biosynthesis
(267 of the total), isoflavonoid biosynthesis (5 of the total), and flavone as well as flavonol
biosynthesis (62 of the total) pathways.

Figure 3. The annotation results of full-length nonredundant final transcripts to public databases.
(A) The static annotation results of full-length nonredundant final transcripts to seven databases.
(B) Annotation of full-length nonredundant final transcripts to NR, NT, KOG, KEGG, and GO.

The protein-coding and long non-coding RNA were obtained via full-length transcrip-
tome sequencing. A total of 16,1387 CDSs were predicted from the transcripts (Figure S7A).
Furthermore, these CDSs were blasted and hit with PlnTFDB and iTAK software for TF
annotation. In total, 5487 TFs were identified and divided into more than 28 families
(Figure S7B). The most abundant family was C2H2 (397 of the total), followed by C3H (341
of the total), bHLH (324 of the total), FAR1 (291 of the total), and SNF2 (254 of the total). In
addition, 26,590 LncRNAs were predicted from the final transcripts, ranging from 200 to
11,293 bp (Figure S7C,D). These data provided an abundant gene and transcript pool for
the further study of metabolic processes.
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3.5. Global Transcriptomic Characteristics of Flowers during the Full-Bloom Stage

To acquire insight into the molecular mechanisms of L. chinense var. rubrum flowers,
RNA samples from the four cultivars with dissimilar flower colorings were used for
transcript quantification. The box histogram showed that all of the transcripts’ expression
levels were significantly different in the four samples, and that the lowest level was in
XN (Figure 4A); however, a correlation analysis indicated that all of the samples in each
group had good reproducibility (Figure 4B). Moreover, the cluster dendrogram analysis
and PCA analysis revealed that all of the samples within each group had high consistency
(Figure 4C,D). A total of 8713, 17,085, 11,818, 17,652, 9803, 17,687, 13,412, 15,772, 1412,
16,058, 7854, and 7521 differential expression transcripts (DETs) were identified in the
XF vs. HJ, XF vs. XN, XF vs. XX, XN vs. HJ, XN vs. XX, and XX vs. HJ compared
combinations, respectively (Figure 4E). In particular, focusing on the pairwise comparisons
group content of XF and XN (petals with a pearl coloring), the number of upregulated DETs
was higher than that of downregulated ones, while the downregulated DETs were higher
than upregulated ones in the XX vs. HJ group (petals with white and mosaic coloring).
Additionally, the number of upregulated differentials expressing LncRNA was higher than
downregulated ones in the groups of XF vs. HJ and XF vs. XX (Figure S8).

Figure 4. RNA-seq data profiles of L. chinense var. rubrum. Note: XF1–XF3 belong to XF, XN1–
XN3 belong to XN, XX1–XX3 belong to XX, and HJ1–HJ3 belong to HJ. (A) Box histogram of all
transcripts’ expressions among all of the samples. Note: FPKM value means fragments per kilobase of
transcript per million mapped reads. (B) Heatmap of Pearson’s correlation coefficient of all transcripts’
expressions among all of the samples. (C) Clustering tree of transcripts’ expressions of all of the
samples, which shows the distance between samples. (D) PCA of transcripts’ expressions of all of
the samples, which shows that principal components 1 and 2 represent high cohesion within groups
and good separation among different cultivars. (E). The number of up- and downregulated different
expression transcripts in the different compared combinations. Note: DEG_number is the number of
differentially expressed genes and transcripts.
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Differences in transcripts were analyzed in order to determine genes that may be
involved in flower coloring formation among colorful petal cultivars. Furthermore, GO
enrichment analysis was used to classify the function of the DETs. The results showed
that the main enriched GO terms of DETs in the selected group belong to the ‘biological
process’ (BP), ‘cellar component’ (CC), and ‘molecular function’ (MF) GO categories. In
the groups of XN vs. HJ (Figure S9, Supplementary Table S23), XN vs. XX (Figure S10,
Supplementary Table S24), XF vs. HJ (Figure S11, Supplementary Table S25), XF vs. XN
(Figure S12, Supplementary Table S26), XF vs. XX (Figure S13, Supplementary Table S27),
and XX vs. HJ (Figure S14, Supplementary Table S28) paired comparisons, the BP had 15,
15, 15, 15, 15, and 15 significantly enriched GO terms, respectively; the CC had 11, 12, 3,
6, 8, and 1 significantly enriched GO terms, respectively; and the MF had 15, 15, 16, 15,
15, and 15 significantly enriched GO terms, respectively. Moreover, the ‘biding’, ‘catalytic
activity’, ‘metabolic process’, ‘cellular process’, and ‘organic substance metabolic process’
were the top five processes and molecular functions of significantly enriched GO terms.

The KEGG enrichment analysis of the differential expressed transcripts was analyzed
for their biological functions (Supplementary Tables S23–S28, Figure S15). The results
indicated that the ‘Phenylpropanoid biosynthesis’, ‘Flavonoid biosynthesis’, ‘Carotenoid
biosynthesis’, ‘Monoterpenoid biosynthesis’, ‘Phenylalanine, tyrosine, and tryptophan
biosynthesis’, ‘Photosynthesis-antenna proteins’, and ‘Plant hormone signal transduction’
enrichment pathways were obtained in the six paired comparisons, which demonstrated
that those DETs had significant effects on petal coloring. Furthermore, phenylpropanoids
and flavonoids are the most significant contributors to flower and leaf coloring. Therefore,
the DETs involved in ‘Phenylpropanoid biosynthesis’ and ‘Flavonoid biosynthesis’ might
play critical roles in different petal coloring formations within L. chinenses var. rubrum and
L. chinenses.

3.6. Expression Analysis Indicates Flavonoid Compounds’ Biosynthesis and Accumulation

Flavonoids are the primary pigments in plants, which can be classified into several
subgroups, such as flavones, flavonols, anthocyanins, et al. In total, 433 DETs were detected
in 6 compared subgroups (Figure S16). The KEGG enrichment analysis indicated that the
“flavonoid biosynthesis” pathway was one of the most representative pathways in XN vs.
HJ (Supplementary Table S29), XN vs. XX (Supplementary Table S30), XF vs. HJ (Supple-
mentary Table S31), XF vs. XN (Supplementary Table S32), XF vs. XX (Supplementary
Table S33), and XX vs. HJ (Supplementary Table S34). Based on the KEGG enrichment
analysis of DCMs and DETs, the flavonoid biosynthetic pathway of L. chinense var. rubrum
was constructed according to the KEGG public database (Figure 5A). Eight flavonoid
compounds were significantly different among the four samples (Figure 5A). The XX had
the highest relative contents of myricetin, Naringenin-7-O-glucoside, Glycitin, Tricetin,
and Delphinidin, while the XN and XF had higher relative contents of Apiin, Kaempferol,
and Pelargonidin. Furthermore, 73 DETs were related to the biosynthesis of flavonoid
compounds, including eight LcCYP73A (encoding trans-cinnamate 4-monooxygenase),
twenty LcCHS (encoding chalcone synthase), three LcCHI (encoding chalcone isomerase),
nineteen LcF3H (encoding naringenin 3-dioxygenase), eight LcDFR (encoding bifunctional
dihydroflavonol 4-reductase or flavanone 4-reductase), and four LcANS (encoding antho-
cyanidin reductase) (Figure 5B). Additionally, all of the differentially expressed LcDFR as
well as LcANS genes were highly expressed in XF or XN. Moreover, there was a strong
correlation between the expression of flavonoid-biosynthesis-related gene DETs and the
KEGG enrichment DCMs of flavonoids (Figure S17).
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Figure 5. Simplified representation of flavonoid metabolism and heat map produced by significantly
different genes related to the flavonoid synthetic of L. chinense var. rubrum. (A) Simplified represen-
tation of flavonoid metabolism. Red rectangular boxes represent significantly changed metabolism
according to a KEGG enrichment analysis. (B) Heat map produced by significantly different genes
related to the flavonoid synthetic. Additionally, the gray rectangular boxes represent the enzyme
coded by related genes. The orange square represent upregulated, and the purple square represent
downregulated. The white square represent the gene related to the flavonoid synthetic that had not
significant changed.

3.7. Co-Expression Analysis for the Investigation of Anthocyanin Biosynthesis

Anthocyanins were the primary coloring pigments that provided the orange, red, blue,
and purple colors in flowers, leaves, fruits, seeds, and other tissues (Bueno et al., 2012). An-
thocyanins were the essential products in the flavonoid pathway biosynthesis. Moreover, the
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colored unstable anthocyanidins (pelargonidin, cyanidin, and delphinidin) were converted into
stable anthocyanins (pelargonidin-3-O-glucoside, cyanidin-3-O-glucoside, and delphinidin-3-
glucoside) and their further modifications (such as acylation, glycosylation, and methylation)
(Liu et al., 2021b). The KEGG enrichment analysis indicated that eight anthocyanins, including
pelargonidin, delphinidin, cyanidin-3-O-glucoside, cyanidin-3,5-O-glucoside, petunidin-3-O-
glucoside, peonidin-3-O-sophoroside-5-O-glucoside, malvidin-3-acetyl-5-O-diglucoside, and
Delphinidin-3-O-glucoside, were significantly different among the four samples (Supplementary
Table S1, Figure 6A). Furthermore, the relative concentrations of pelargonidin, peonidin-O-3-
sophoroside-5-O-glucoside, and Malvidin-3-acetyl-5-O-diglucoside were consistent with the
petal coloring of all of the samples (Supplementary Table S1, Figure 6A). Twenty DET-related
genes of anthocyanin biosynthetic were identified (Figure 6B). The results indicated that the
genes UFOG1, UFOG7, UFOG9, UFOG12, and 3AT1_2 were relatively higher expressed in the
darker petals of the samples.

Figure 6. Simplified representation of anthocyanins’ metabolism and heat map of genes related
to L. chinense var. rubrum. (A) Simplified representation of flavonoid metabolism. (B) Heat map
produced by significantly different genes related to flavonoid synthetic. Additionally, the gray
rectangular boxes represent the enzymes coded by related genes. The orange square represents
upregulated, and the purple square represents downregulated. The white square represents the gene
related to flavonoid synthetic that had not significant changed.
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To explore the roles of the DETs involved in the accumulation of anthocyanins, a
correlation analysis of the relative expression profiles of the DETs and the DCMs of an-
thocyanins mentioned above was performed (Figure S18). As a result, the expressions
of UFOG1, UFOG7, UFOG9, UFOG12, and 3AT1_2 were positively correlated with the
contents of cyanindin-3-O-glucoside, delphinidin-3-O-glucoside, petunidin-3-O-glucoside,
pelargonidin, malvidin-3-acetyl-5-O-diglucoside, peonidin, and peonidin-3-sophoroside-
5-O-glucoside, and negatively correlated with the content of delphinidin. In addition,
UFOG2, UFOG10, and GT1_2 positively correlated with the content of delphinidin.

4. Discussion

What flowers do we like? Flower color is one of the most important factors influ-
encing flowers’ beauty [12]. Flavonoids are common pigment components that present a
broad spectrum of colors, from pale yellow to blue to purple, especially the case in petals.
Flavonoids are a large group of plant biosynthetic compounds that can be classified as an-
thocyanins, flavones, flavanols, flavanones, isoflavones, or other flavonoid compounds [77].
The anthocyanin in leaves is the primary coloring pigment in L. chinense var. rubrum [6]; the
total anthocyanins of PL are much higher than ML and GL, and the lowest is GL [7]. In the
present study, we found that the anthocyanin contents of red L. chinense var. rubrum flowers
are higher than those of white L. chinense flowers. Moreover, the content of anthocyanins
is a vital factor influencing their flower coloring. XN had the highest total anthocyanins
(XNNC, 264.96 mg/g of FW) and the redness color of a* value (a*, 4.52), while XX had
the lowest total anthocyanins (23.03 mg/g of FW) and lightness (L*, 80.43). It might be
the main reason for the transformation from white to pink to purple. These results also
showed that L. chinense var. rubrum was a critical resource of anthocyanins compared to
Asparagus officinalis (22.04 mg/g of FW) [52], Vaccinium corymbosum (about 1.8 mg/g of
FW) [78], Lycoris longituba (1.25 mg/g of FW) [79], and other horticultural plants.

Flavonoids are some of the essential pigments in many ornamental plant petals, and
the composition of flavonoids’ composition may vary among different color petals of the
same species. The white chrysanthemum flowers only contain flavones and flavonols, and
the pink ones mainly contain anthocyanins, flavones, and flavonols [80]. The derivatives
of delphinidin and cyanidin were more complicated in the red group of water lily than in
others [81]. In total, 15 anthocyanins and 20 flavonols were identified in primula vulgaris
cultivars, while peonidin-type anthocyanins, cyanindi-3-O-glucoside, and dephininidin-
3,5-di-O-glucoside-3′-caffeic ester were accumulated in pink flowers [36]. We found that
207 flavonoid metabolites were identified in the 4 cultivars (Table S1 and Figure 2A), and
they were mainly involved in 39 flavonols, 7 isoflavones, 25 flavonoids, 79 flavones, 20
flavanones, 19 polyphenols, 15 anthocyanins, and 3 proanthocyanins in L. chinense var.
rubrum and L. chinense; it is similarly the case with the leaves of L. chinense var. rubrum [7].
About 168 flavonoids were common in the 4 samples, indicating no apparent alternatives
of flavonoids among the samples of Loropetalum species. The same result was found in
Nicotiana species [82], which might be the same species’ close genetic background. Eight
flavonols, one flavone, and three anthocyanins, reported for the first time in Loropetalum
species, were identified in the petals of HJ, XF, and XN. These DCMs had a close correlation
with the petal colorings of Loropetalum species. Furthermore, the enrichment analysis
showed that these DCMs were identified in the metabolic pathways of ‘Biosynthesis
of secondary metabolites’ (ko01110), ‘Flavonoid biosynthesis’ (ko00941), ‘Anthocyanin
biosynthesis’ (ko00942), ‘Isoflavonoid biosynthesis’ (ko00943), and ‘Flavone and flavonol
biosynthesis’ (ko00944).

The structural and functional genomic analyses provide good insights into discovering
the metabolic processing pathways in plants. The full-length transcripts, based on the SMRT
sequencing stratagem that improves genome and transcriptome assembly, are essential
for structural, functional, and comparative genomic studies [83–85]. The NGS strategies
for transcriptomes were a convenient tool for correcting the SMRT sequencing errors
reported in many plants [43,86]. In this study, we obtained 46.16 GB of raw data via
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PacBio sequencing, with an average length of 29,523 bp and N50 of 51,440 bp. After
correcting the SMRT reads with NGS data and CD-HIT software, 171,783 high-quality
nonredundant transcripts were produced. This is a much larger number than Carthamus
tincorius (79,926 transcripts) [87], Litchi chinense (50,808 transcripts) [88], Camellia oleifera
(40,143 transcripts) [89], and Lolium multiflorum (72,722 transcripts) (Chen et al., 2018).
These transcripts were then annotated with the NR, KOG, GO, NT, Pfam, Swiss-Port, and
KEGG databases for gene function annotation and metabolic pathway analysis. As a result,
144,893 transcripts were functionally annotated, and the most enriched were ‘Metabolism’,
including phenylpropanoid biosynthesis, flavonoid biosynthesis, isoflavonoid biosynthesis,
and flavone as well as flavonol biosynthesis pathways (Figures 3A,B and S5–S8). Thus,
SMRT sequencing, combined with an NGS strategy, established an accurate abundant
reference transcriptome of L. chinense var. rubrum for the first time.

Cultivar-specific flavonoids in L. chinense var. rubrum might be associated with the
differential expression of essential biosynthetic genes. Flavonoid biosynthesis and antho-
cyanin biosynthesis genes have been well summarized in some reviews [22,42,44,85]. The
transcriptomes are based on an NGS strategy as a convenient tool for quantitative gene
expression data in plants. This study used four cultivars with twelve samples for transcript
qualification. All of the differentially expressed genes were annotated with high-quality
full-length nonredundant reference transcriptomes. The DETs’ enrichment, analyzed with
KEGG annotation, demonstrated that they were involved in ‘Phenylpropanoid biosynthe-
sis’ and ‘Flavonoid biosynthesis’. Combined with the DCMs analyzed, eight LcCYP73A
(encoding trans-cinnamate 4-monooxygenase), twenty LcCHS (encoding chalcone syn-
thase), three LcCHI (encoding chalcone isomerase), nineteen LcF3H (encoding naringenin
3-dioxygenase), eight LcDFR (encoding bifunctional dihydroflavonol 4-reductase or fla-
vanone 4-reductase), four LcANS (encoding anthocyanidin reductase), and twenty genes of
anthocyanin biosynthetic were identified in our study (Figures 5A,B and 6A,B). Moreover,
the correlation of DCMs and flavonoid-pathway (including the anthocyanin pathway)-
related genes were also discovered. The genes UFOG1, UFOG7, UFOG9, UFOG12, and
3AT1_2 were expressed relatively higher in the darker petals of samples. Furthermore,
UFOG2, UFOG10, and GT1_2 were positively correlated with delphinidin content.

5. Conclusions

For the first time, this study reports on the intergrade application of phenotypes,
metabolomics, and transcriptomics to elucidate the flower coloring mechanisms of L. chi-
nense var. rubrum. The different pigment combinations and their accumulations were the
crucial factors caused by the different petal coloration in L. chinense var. rubrum. Most
flavonoids had significantly different contents among the four cultivars for close genetic
backgrounds. Additionally, the relative contents of Kaempferide, Apiin, Glycitin, Tricetin,
Naringenin 7-O-glucoside, pelargonidin, delphinidin, cyanidin-3-O-glucoside, cyanidin-3,5-
O-glucoside, petunidin-3-O-glucoside, peonidin-3-O-sophoroside-5-O-glucoside, malvidin-
3-acetyl-5-O-diglucoside, and Delphinidin-3-O-glucoside were the main differential con-
tents of components in L. chinense var. rubrum. An accurate abundant referent transcriptome
was established by combining SMRT with an NGS strategy. The flavonoid biosynthesis
genes, such as LcCYP73A, twenty LcCHS, three LcCHI, nineteen LcF3H, eight LcDFR, four
LcANS, four UFOGs, and one 3AT1_2, correlated with the specific flavonoids’ high determi-
nations of the flower color of L. chinense var. rubrum. Together, these findings offer novel
insights into the molecular basis for flavonoid biosynthesis in L. chinense var. rubrum, and
could serve as the basis for future research on the selective breeding of colorful ornamen-
tal plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13051296/s1, Figure S1: The metabolism view map
of the significant metabolism pathways of the four different cultivars of L. chinense and L. chinense
var. rubrum. (A) Significantly changed pathways on the enrichment of HJ VS XN. (B) Significantly
changed pathways on the enrichment of HJ vs. XF. (C) Significantly changed pathways on the
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enrichment of HJ vs. XX. (D) Significantly changed pathways on the enrichment of XN vs. XF. (E)
Significantly changed pathways on the enrichment of XN vs. XX. (F) Significantly changed pathways
on the enrichment of XN vs. XX. (G) Significantly changed pathways on the enrichment of XF vs.
XX.; Figure S2: The top 20 differential metabolites among the different cultivars of L. chinense var.
rubrum. (A) The top 20 changed metabolites of HJ vs. XN. (B) The top 20 changed metabolites of HJ
vs. XF. (C) The top 20 changed metabolites of HJ vs. XX. (D) The top 20 changed metabolites of XN
vs. XF. (E) The top 20 changed metabolites of XN VS XX. (F) The top 20 changed metabolites of XF
vs. XX; Figure S3: The annotation static results of full-length nonredundant final transcripts to NR
databases in different species; Figure S4: The classification map of full-length nonredundant final
transcripts to the GO database; Figure S5: The classification map of full-length nonredundant final
transcripts to the GO database; Figure S6: The classification chart of the annotation of full-length
nonredundant final transcripts to the KEGG metabolic pathway; Figure S7: The annotation and
prediction of the CDS, transcription factors, and LncRNAs of L. chinense var. rubrum. (A) The number,
percentage, and length of CDS predicted by the final transcripts of L. chinense var. rubrum. (B) The top
30 transcription factor families predicted by the final transcripts of L. chinense var. rubrum. (C) Scatter
diagram of LncRNAs and mRNA length distributions of L. chinense var. rubrum. (D) Annotation of
full-length noncoding final transcripts predicted by cnci, pfam, plek and cpc software; Figure S8:
The number of up- and downregulated different expression LncRNAs in the different compared
combinations; Figure S9: GO enrichment analysis of DETs between the XN and HJ groups; Figure S10:
GO enrichment analysis of DETs between the XN and XX groups; Figure S11: GO enrichment analysis
of DETs between the XF and HJ groups; Figure S12: GO enrichment analysis of DETs between the
XF and XN groups; Figure S13: GO enrichment analysis of DETs between the XF and XX groups;
Figure S14: GO enrichment analysis of DETs between the XX and HJ groups; Figure S15: The top 20
enriched KEGG pathways of the differentially expressed genes (DEGs) among the different cultivars
of L. chinense var. rubrum. (A) The enrichment pathway of XN vs. HJ. (B) The enrichment pathway of
XN vs. XX. (C) The enrichment pathway of XF vs. HJ. (D) The enrichment pathway of XF vs. XN.
(E) The enrichment pathway of XF vs. XX. (F) The enrichment pathway of XX vs. HJ; Figure S16:
The Venn diagram of DETs between different comparisons; Figure S17: Correlation analyses of
differentially expressed transcripts (DETs) involved in flavonoids; Figure S18: Correlation analyses
of differentially expressed transcripts (DETs) involved in anthocyanins; Table S1: Type and content
of flavonoids in four Loropetalum cultivars; Table S2: The differentially accumulated metabolites in
the group of HJ vs. XN; Table S3: The differentially accumulated metabolites in the group of HJ
vs. XF; Table S4: The differentially accumulated metabolites in the group of HJ vs. XF; Table S5:
The differentially accumulated metabolites in the group of XN vs. XF; Table S6: The differentially
accumulated metabolites in the group of XN vs. XX; Table S7: The differentially accumulated
metabolites in the group of XF vs. XX; Table S8: The differentially accumulated flavonoid metabolites
in all groups of L. chinense and L. chinense var. rubrum; Table S9: The differential concentration of
flavonoid metabolites analysis in the group of HJ vs. XN; Table S10: The differential concentration of
flavonoid metabolites analysis in the group of HJ vs. XF; Table S11: The differential concentration of
flavonoid metabolites analysis in the group of HJ vs. XX; Table S12: The differential concentration of
flavonoid metabolites analysis in the group of XN vs. XF; Table S13: The differential concentration of
flavonoid metabolites analysis in the group of XN vs. XX; Table S14: The differential concentration of
flavonoid metabolites analysis in the group of XF vs. XX; Table S15: The compared transcriptome
of HJ vs. XN on KEGG metabolic pathway annotation; Table S16: The compared transcriptome of
HJ vs. XN on KEGG metabolic pathway annotation; Table S17: The compared transcriptome of HJ
vs. XX on KEGG metabolic pathway annotation; Table S18: The compared transcriptome of XN vs.
XF on KEGG metabolic pathway annotation; Table S19: The compared transcriptome of XN vs. XX
on KEGG metabolic pathway annotation; Table S20: The compared transcriptome of XF vs. XX on
KEGG metabolic pathway annotation; Table S21: Quality statistics of filtered reads; Table S22: Major
indicators of the full-length transcriptome of Loropetalum chinense var. rubrum; Table S23: The GO
enrichment analysis of DETs between the XN and HJ groups; Table S24: The GO enrichment analysis
of DETs between the XN and XX groups; Table S25: The GO enrichment analysis of DETs between the
XF and HJ groups; Table S26: The GO enrichment analysis of DETs between the XF and XN groups;
Table S27: The GO enrichment analysis of DETs between the XF and XX groups; Table S28: The
GO enrichment analysis of DETs between the XX and HJ groups; Table S29: The KEGG enrichment
analysis of DETs between the XN and HJ groups; Table S30: The KEGG enrichment analysis of DETs
between the XN and XX groups; Table S31: The KEGG enrichment analysis of DETs between the XF
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and HJ groups; Table S32: The KEGG enrichment analysis of DETs between the XF and XN groups;
Table S33: The KEGG enrichment analysis of DETs between the XF and XX groups; Table S34: The
KEGG enrichment analysis of DETs between the XX and HJ groups.
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Abstract: Floral longevity (FL) is an important floral functional trait which is critical for flowering
plants. FL shows great diversity among angiosperms; however, there is limited information on the
mechanisms that influence differences in floral longevity, especially the relationship between petal
anatomical traits and floral longevity. We aimed to examine (1) the relationships between petal
anatomical traits and FL in tree peony cultivars and (2) the petal anatomical characteristics of longer
FL cultivars. Eleven traits of six tree peony cultivars with different FL were investigated, including
six water conservation traits (petal thickness, cuticle thickness, number of cell layers, mesophyll
thickness, adaxial epidermis thickness and abaxial epidermis thickness), three water supply traits
(vein density, number of xlylem vessels and xylem vessel diameter), petal fresh mass and petal
dry mass across cultivars. There are significant differences in traits related to water conservation
and water supply ability of tree peonies with different FL. Tree peony cultivars with long FL were
characterized by the thicker Mesophyll, cuticles, adaxial and abaxial epidermis of the petals. There
was a positive correlation between FL and vessel number and vessel diameter. These results suggest
that the ability to retain water in flowers is associated with floral longevity. Petal traits related to water
conservation and supply, including vein densities, mesophyll thickness, and epidermis thickness, are
beneficial for prolonging the flower longevity in tree peonies.

Keywords: Paeonia suffruticosa; cuticle thickness; petal thickness; vein density; dry mass

1. Introduction

Floral longevity (FL), the period of time between anthesis and floral senescence, plays
an important role in the ornamental value of flowering plants. A longer duration of the
flowering not only enhances the ability of plants to attract pollinators, but also significantly
increases their ornamental appearance, which is critical for ornamental crops. The FL
trait shows great diversity in angiosperms [1]. For example, the flowers of Epiphyllum
oxypetalum and Oenothera spp. remain open for only a few hours, while other species,
such as Phalaenopsis aphrodite and Cattleya × hybrida, can last for weeks or even several
months [1–3]. The factors that affect floral longevity have been a focus of recent theoretical
and empirical research [1–4].

Previous studies have found that FL is closely related to biotic and abiotic factors [5–12].
In many flowering plants, flowering senescence is triggered by pollination. Premature
artificial or insect pollination shortens FL [11–13], which may be an adaptive trait that
minimizes water loss and resource expense incurred by maintaining open flowers [14,15].

FL depends on temperature and water balance and is affected by floral respiration and
transpiration [2,16]. A previous study on cut flower preservation found that preservative
application can improve the water balance of cut flowers, maintain petal swelling pressure,
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and extend the life of cut flowers [17]. Oblique trimming or recutting of the stems can
increase the water absorption efficiency of cut flowers and prolong FL [18]. Reducing
temperature and the content of carbon dioxide and oxygen in the air can reduce plant
respiration, thereby slowing down the rate of energy and water loss [19]. For example,
hemerocallis (daylily) flowers, affected by temperature, usually last one day and bloom for
two days in September and three days in late October [20].

The balance of water in petals is closely related to the epidermal features and anatomi-
cal traits of plant petals. Long FL is basically accompanied by thicker adaxial and abaxial
epidermis of the flower, and tightly coupled with water conservation in flowers [21]. Cu-
ticle as one of epidermal features not only minimizes water loss and provides protection
against desiccation, but also has a role in plant development and environmental interac-
tions [22]. For example, Kirsch et al. [23] reported that species with short leaf longevity
have relatively thin cuticles, while species where foliage has a longer leaf longevity tend to
possess relatively thicker/denser cuticles with a more robust leaf to maximize net photo-
synthesis [24]. Flower dry mass is also strongly and positively related to drought tolerance
of the flowers and FL [25]. Zhang et al. conducted a systematic study and concluded that
there was a positive relationship between FL and floral dry mass per unit area in 11 species
of Paphiopedilum (slipper orchids) [26]. An adequate water supply is needed during all
periods of floral display [27–29]. Therefore, understanding the relationship between the
floral water transport system (xylem vessels in veins) and FL may provide new insights
into the evolution of flowers [30–32]. At present, studies on longevity in plants focus only
on the functional link between leaf longevity and morphology, whereas the mechanisms
that influence the FL difference between longer-FL and shorter-FL plants are still unclear.

Tree peony (Paeonia sect. Moutan) is well known for its high ornamental value, with
approximately nine species, two subspecies, and more than 1500 cultivars [33]. Our long-
term observation showed that most cultivars of tree peonies with very thin and soft petals
have a flowering period of only 3–5 days, but some cultivars with hard petals have a
flowering period of 8–10 days. The differences in FL, morphology, habitat, and physiology
between long FL cultivars and shorter FL cultivars make them ideal candidates for exploring
the association between FL and petal structure in tree peonies.

The current study explores the relationship between epidermal characteristics, anatom-
ical structures and tree peony FL and examines three questions regarding tree peony FL
and petal characteristics: (i) Could epidermal cuticle and thickness be associated with FL?
It can be hypothesized that that the presence of the epidermal cuticle is associated with a
long floral life. (ii) Do cultivars with a higher number of petal cell layers have longer FL?
One may expect that petals with a high number of cell layers, which have an enhanced
water retention capacity, have a longer FL than petals of cultivars with a low number of cell
layers. (iii) Do petal flowers with dense veins and well-developed vascular bundles live
longer? It can be hypothesized that petals with denser vasculatures and well-developed
vascular bundles have increased FL due to their enhanced ability to transport water, which
helps maintain water balance within the petals. The aim of this paper was to investigate
the floral structural traits related to water balance and six tree peony FL and to explore the
related mechanism that affects the differences in FL between six tree peonies.

2. Materials and Methods

2.1. Study Site and Species

FL and other floral traits (Table 1) were observed for three cultivars with longer
FL (‘Souvenir de Maxime Cornu’, ‘Haihuang’, ‘Changshoule’) and three cultivars with
shorter FL (‘Sihelian’, ‘Zhihong’ and ‘Shanhutai’). Six decade-old tree peony cultivars with
different FLs (Figure 1) were planted in the National Peony Garden (112◦41′′ E, 34◦71′′ N) in
Luoyang city. The weather conditions during the observation and sampling periods were as
follows: the highest daily average temperature was 19 ◦C and the lowest was 10.4 ◦C, wind
speed < 10 km/h with no precipitation.
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Table 1. Floral traits and floral longevity of six Paeonia suffruticosa cultivars.

Code Name Flower Color Flower Type FL (Days)

1 ‘Souvenir de Maxime’ Cornu’ Yellowish
orange double-petaled 8.5 ± 1.5 a

2 ‘Haihuang’ Yellow single-petaled 9.0 ± 1.2 a

3 ‘Changshoule’ Light pink double-petaled 8.9 ± 1.1 a

4 ‘Sihelian’ Pink single-petaled 4.0 ± 1.1 b

5 ‘Zhihong’ Rouge red double-petaled 3.5 ± 1.5 b

6 ‘Shanhutai’ Pink double-petaled 3.7 ± 1.3 b

Note: Data shown are average ± standard deviation. The data with different lowercase letter indicate significant
differences at the 0.05 level, the same below.

 

Figure 1. Flowers of six tree peony cultivars. (A) ‘Souvenir de Maxime Cornu’; (B) ‘Hahuang’;
(C) ‘Changshoule’; (D) ‘Sihelian’; (E) ‘Zhihong’; (F) ‘Shanhutai’.

The experiments were carried out at the Henan Horticultural Plant Resources In-
novation and Utilization Engineering Research Center in April 2021. The surfaces of
epidermal cells on the petals were examined by scanning electron microscopy (SEM).
The cross-sectional anatomy of the petals was prepared following the method detailed by
Chavarria et al. [34] and Olsen et al. [35] and visualized under a light microscope (LM) [36–38].
Several anatomical characteristics including petal thickness, number of petal cell layers,
cuticle thickness, mesophyll thickness, adaxial epidermal thickness, abaxial epidermal
thickness, and vessel diameter were measured with the help of the Olympus cellSens
standard software [37].

2.2. Flower Longevity

The floral longevity was defined from the beginning of the petals opening slightly and
exposing the stamens to the wilting or abscission of the petals. To investigate the FL of a
single flower for each cultivar, 8–10 newly emerging floral buds we randomly selected of
3–5 plants per cultivar over three consecutive years (2018–2020). Their individual opening
and wilting dates were recorded throughout the flowering season.

2.3. Fresh Weight and Dry Weight of Petals

A 4 cm × 4 cm sample was taken from midway between the midrib and the margin
of five petals per species, and the fresh mass of the samples was recorded. Subsequently,
these samples were oven-dried at 70 ◦C for 48 h to obtain petal dry mass [26,39].

137



Agronomy 2023, 13, 1372

2.4. Scanning Electron Microscope

For scanning electron microscope observation, the fragments of about 5 mm × 5 mm
were taken from the central part of each tree peony petal and glued to the sample table with
double-sided black conductive tape without any treatment. The samples were sputtered
with gold–palladium. Then, the micromorphological details (stomata, sculptures, and
epidermal cells) of samples were observed and photographed under a scanning electron
microscope (Quanta 200, FEI Corporation, Hillsboro, OR, USA). The analysis of epidermis
sculptures involved the observation and description of the epidermal cells, calculated
following the method of Zhou et al. [40].

2.5. Light Microscope

Fragments of 1 cm2 were cut from the central part of the outer whorl petals and
soaked in distilled water to avoid rapid dehydration. Subsequently, the fragments were
cut into 0.1–0.3 mm fragments quickly along the direction perpendicular to the texture of
the petal epidermal with razor blade. These fragments were placed in a drop of water on a
slide, covered with cover slides, and later observed under a microscope (BX53, Olympus,
Tokyo, Japan).

The fragments in the same batch were fixed in formalin–acetic acid–alcohol (FAA)
fixing solution (5% formaldehyde, 5% acetic acid and 70% alcohol) at 4 ◦C for three days,
and then rinsed with distilled water for 24 h. The samples were then dehydrated in 50%,
70%, 90%, 95% and 100% graded ethanol solutions, infiltrated in the mixtures of anhydrous
ethanol and dichloromethane (3:1, 1:1, 1:3 [V]: [V]) and embedded in a mixed solution of
dichloromethane and paraffin wax (3:1, 1:1, 1:3 [V]: [V]). For observations of the anatomical
structure of petals, thin (10 μm) sections were obtained using an RM2245 semiautomatic
rotary microtome (Leica Microsystems, Nussloch, Germany). These paraffin sections were
stained with safranin and fast green dye [41], and observed and photographed under a
fluorescence microscope (BX53, Olympus, Tokyo, Japan). Petal thickness, cuticle thickness,
adaxial epidermal thickness, abaxial epidermal thickness, and mesophyll thickness of the
petals were determined with the help of the Olympus cellSens standard software 1.12 [37].
Vein density was measured as the total length of the vascular tissue per mm2 of petal
surface area. The xylem vessel number of each cultivar was the mean of the xylem vessels
in 18 veins. Xylem vessel diameter was determined as the average of 18 randomly selected
xylem vessel diameters.

2.6. Statistical Analysis

To assess the stability of micromorphological details, three petals per flower, two
flowers per bush and three bushes per cultivar were analyzed. Petal micromorphology
data are the average of at least 18 replicates. The correlation among variables was statis-
tically evaluated using Pearson’s correlation coefficient (r) at a p value of 0.05. Duncan’s
multiple comparisons were used to evaluate the differences in petal micromorphology of
six cultivars of tree peonies at a 95% confidence interval (p < 0.05). The classification of
six tree peony cultivars with different FL was determined based on petal traits using the
Principal Component Analysis (PCA) method. Differences in floral traits among six tree
peony cultivars were determined by the Mann–Whitney U test. All statistical analyzes for
petal traits were performed with the SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). All
figures were drawn using the SigmaPlot 14.0 software.

3. Results

3.1. Flower Longevity

The length of FLs in different cultivars of tree peonies was significantly different
(p < 0.05) (Table 1). The longest floral longevity was recorded in ‘Haihuang’ and the
shortest was recorded in ‘Zhihong’.
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3.2. Epidermal Morphological Characteristics of Petals

The size and shape of epidermal cells varied among the six cultivars. Epidermal cells viewed
from above in three cultivars with long FL exhibited an elongated cell shape, and the epidermal
cells were arranged in parallel, with a larger cell area (Figures 2A–C and 3A–C). Rectangular cell
shapes were observed on the epidermis of ‘Sihelian’, ‘Zhihong’ and ‘Shanhutai’, especially
in the adaxial direction (Figure 2D–F). The pattern of anticlinal cells was straight to curved
in all studied cultivars.

 

Figure 2. Top view of the abaxial epidermis of the petals of the six tested tree peony cultivar samples.
(A) ‘Souvenir de Maxime Cornu’; (B) ‘Haihuang’; (C) ‘Changshoule’; (D) ‘Sihelian’; (E) ‘Zhihong’;
(F) ‘Shanhutai’. Bar = 50 μm.

 
Figure 3. Top view of the adaxial epidermis of the petals of the six tested tree peony cultivar samples.
(A) ‘Souvenir de Maxime Cornu’; (B) ‘Haihuang’; (C) ‘Changshoule’; (D) ‘Sihelian’; (E) ‘Zhihong’;
(F) ‘Shanhutai’. Bar = 50 μm.

Consistent with our hypothesis, the surface of the epidermis was covered with smooth
(Figure 4B) or sculpted cuticles (Figure 5D,E) to various degrees. Within the observed culti-
vars, we recognized two types of epidermal cuticle. The smooth parallel filamentous cuticle
was present on the outer surfaces of the petal epidermal cells in ‘Haihuang’, ‘Souvenir de
Maxime Cornu’ and ‘Changshoule’ (Figure 4A,C) [42]. The curly and rough cuticle was
recorded in ‘Shanhutai’, ‘Sihelian’ and ‘Zhihong’ (Figure 4D). The texture of graininess was
present on both surfaces of ‘Sihelian’, ‘Zhihong’, and ‘Shanhutai’, but absent in ‘Souvenir
de Maxime Cornu’, ‘Haihuang’, and ‘Changshoule’. This diversity is particularly evident
on the abaxial surface (Figure 5).
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Figure 4. Scanning electron micrographs of the abaxial epidermis of the petals of the six tested
tree peony cultivar samples. (A) ‘Souvenir de Maxime Cornu’; (B) ‘Haihuang’; (C) ‘Changshoule’;
(D) ‘Sihelian’; (E) ‘Zhihong’; (F) ‘Shanhutai’. Abbreviations: cu: cuticle; W: wax. Bar = 50 μm.

 

Figure 5. Scanning electron micrographs of the adaxial epidermis of the petals of the six tested
tree peony cultivar samples. (A) ‘Souvenir de Maxime Cornu’; (B) ‘Haihuang’; (C) ‘Changshoule’;
(D) ‘Sihelian’; (E) ‘Zhihong’; (F) ‘Shanhutai’. Abbreviations: cu: cuticle; W: wax. Bar = 50 μm.

The adaxial and abaxial epidermis are covered with cuticle (Figure 6). The thickest
cuticle on the adaxial surface was observed in ‘Jinge’, followed by ‘Haihuang’ and ‘Chang-
shoule’, and the thinnest cuticle was recorded in ‘Shanhutai’. The thickest cuticle was
observed on the abaxial surface in ‘Haihuang’, while the thinner cuticle was found on the
epidermis of ‘Sihelian’, ‘Zhihong’ and ‘Shanhutai’. Overall, the cuticle on the adaxial and
abaxial epidermis of the petals with long FL was significantly thicker than that in petals
with shorter FL (Table 2).
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Figure 6. Cross-sectional micrographs of petals of the six tree peony cultivars. (A) ‘Souvenir
de Maxime Cornu’; (B) ‘Haihuang’; (C) ‘Changshoule’; (D) ‘Sihelian’; (E) ‘Zhihong’; (F) ‘Shan-
hutai’. Abbreviations: ad: adaxial epidermis; ab: abaxial epidermis; cu: cuticle; m: mesophyll cells.
(Bar = 50 μm).

Table 2. Petal anatomical characteristics of the six tree peony cultivars.

Traits
‘Souvenir de

Maxime Cornu’
‘Haihuang’ ‘Changshoule’ ‘Sihelian’ ‘Zhihong’ ‘Shanhutai’

Petal thickness (μm) 183.3 ± 10.9 ab 198.1 ± 9.2 a 188.9 ± 16.8 ab 164.8 ± 8.3 b 75.3 ± 5.1 d 136.8 ± 8.2 c

Cuticle thickness (μm) 11.8 ± 1.6 a 4.2 ±0.6 c 6.3 ± 0.5 b 3.7 ± 1.2 cd 1.6 ± 0.6 e 2.6 ± 1.0 d

Number of cell layers 10.5 ± 1.2 b 11.3 ± 1.2 b 18.2 ± 2.0 a 8.3 ± 2.0 bc 9.2 ± 2.0 bc 9.0 ± 2.0 bc

Mesophyll thickness (μm) 127.6 ± 3.8 ab 142.3 ± 3.0 a 137.0 ± 3.2 ab 120.3± 1.8 b 50.4 ± 1.2 d 98.5 ± 3.5 c

Adaxial epidermis thickness (μm) 23.5 ± 0.6 b 26.7 ± 1.3 a 22.7 ± 0.8 b 19.7 ± 0.8 bc 12.3 ± 0.6 d 18.9 ± 3.5 c

Abaxial epidermis thickness (μm) 20.3 ± 1.2 b 25.4 ± 2.2 a 22.1 ± 1.3 ab 18.2 ± 2.1 bc 11.0 ± 1.2 d 16.7 ± 1.2 c

Vein density (mm/mm2) 2.3 ± 0.2 a 2.6 ± 0.21 a 2.0 ± 0.3 ab 1.6 ± 0.1 b 1.4 ± 0.1 c 1.5 ± 0.1 c

Vessel number per vein 8.0 ± 1.00 b 8.7 ± 0.6 b 12.2 ± 0.10 a 7.7 ± 1.15 bc 5.6 ± 0.58 c 7.9 ± 0.5 bc

Vessel diameter (μm) 7.8 ± 0.2 a 6.7 ± 0.25 b 6.2 ± 0.4 b 4.8 ± 0.5 c 5.3 ± 0.3 c 3.9 ± 0.2 d

Petal fresh mass (mg/cm2) 24.6 ± 0.3 a 23.8 ± 0.4 a 19.8 ± 0.9 b 16.0 ± 0.8 c 12.9 ± 0.1 d 13.5 ± 0.3 d

Petal dry mass (mg/cm2) 4.0 ± 0.1 a 4.2 ± 0.1 a 3.5 ± 0.2 b 3.0 ± 0.1 c 2.4 ± 0.1 d 2.2 ± 0.2 d

Note: Data shown are average ± standard deviation. Data with different lowercase letters in the same row
indicate a significant difference at the 0.05 level.

No stomata were found on either surface of the petals in all examined cultivars
(Figures 4 and 5).

3.3. Analysis of the Petal Cross-Sectional Anatomy

Petal thickness, cuticle thickness, and number of cell layers differed significantly
(p < 0.05) among the studied cultivars (Table 2). The thickest petal (198.1 μm) was found in
‘Haihuang’, and the thinnest (75.3 μm) was in detected ‘Zhihong’, whereas the maximum
petal cuticle thickness (11.8 μm) was reported in ‘Souvenir de Maxime Cornu‘ and the
minimum (1.6 μm) was reported in ‘Zhihong’ (Table 2). Consistent with our prediction, the
number of petal cell layers of the three long-flowering tree peony cultivars (‘Haihuang’,
‘Souvenir de Maxime Cornu’ and ‘Changshoule’) was significantly higher (p < 0.05) than
that of the three short-flowering tree peony cultivars (‘Sihelian’, ‘Zhihong’ and ‘Shanhutai’).

The petal mesophyll of the six tree peony cultivars was loosely arranged with many
intercellular spaces with mesophyll thickness ranging between 50.4 and 142.3 μm (Figure 6,
Table 2). The mesophyll thickness in the cultivars with long FL was significantly higher
than in the cultivars with shorter FL. The values for mesophyll thickness of the petals did
not differ significantly between cultivars with shorter FL (Table 2).

Veins (vascular bundles) were found in all of the observed tree peony cultivars. The
mean density of the vein varied from 1.4 to 2.6. The maximum vein density was recorded
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for ‘Haihuang’ (2.6 per mm2), followed by ‘Souvenir de Maxime Cornu’ (2.3 per mm2) and
the minimum in ‘Zhihong’ (1.4 per mm2). The vessel number per vascular bundle and
vessel diameter varied significantly (p < 0.05) with different tree peony cultivars (Table 2,
Figure 7). The largest vessel number (12.2) was found in ‘Changshoule’, and the lowest
number (5.6) was in ‘Zhihong’, while the maximum vessel diameter (7.8 μm) was reported
in the ‘Souvenir de Maxime Cornu’ and the minimum (3.9 μm) in ‘Shanhutai’ (Table 2,
Figure 7). The cultivars with long FL differed significantly from the cultivars with shorter
FL in vein density, vessel number, and vessel diameter (p < 0.05).

 

Figure 7. Cross-sections of petals from the six tree peony cultivars. (A) ‘Souvenir de Maxime Cornu’;
(B) ‘Haihuang’; (C) ‘Changshoule’; (D) ‘Sihelian’; (E) ‘Zhihong’; (F) ‘Shanhutai’. Abbreviations: ad:
adaxial epidermal cell; m: mesophyll; xy: xylem; cu: cuticle. Bar = 50 μm.

Among the six examined tree peony cultivars, we found broad range of diversity
in the petal dry mass and the petal fresh mass. The maximum petal dry mass was re-
ported in ‘Haihuang’ with 4.2 mg/cm2, followed by the ‘Souvenir de Maxime Cornu’ with
4.0 mg/cm2, and the minimum petal dry mass was recorded in ‘Shanhutai’, whereas the
maximum petal fresh mass (24.6 mg/cm2) was reported in ‘Souvenir de Maxime Cornu’
and the minimum (12.9 mg/cm2) was reported in ‘Zhihong’ (Table 2).

3.4. The Correlations between Water-Related Traits and Floral Longevity

Table 3 shows that significant relationships were found among traits associated with
FL, petal dry mass, petal fresh mass, and flower maintenance. FL was significantly pos-
itively correlated with petal dry mass, petal fresh mass, mesophyll thickness, and vein
density (p < 0.05), but not with xylem vessel number (Table 3). We also observed a signifi-
cantly positive correlation between petal dry mass and petal fresh mass (p < 0.05).

Table 3. Pearson’s correlations between water-related traits and floral longevity in tree peony cultivars.

Traits Floral
Longevity

Petal
Thickness

Cuticle
Thickness

Mesophyll
Thickness

Epidermis
Thickness

Vein
Density

Vessel
Number

Vessel
Diameter

Fresh
Weight

Dry
Weight

Floral longevity 1
Petal thickness 0.54 * 1

Cuticle thickness 0.40 * 0.32 1
Mesophyll thickness 0.82 ** 0.92 ** 052 * 1
Epidermis thickness 0.63 * 0.94 ** 0.22 0.68 * 1

Vein density 0.81 ** 0.57 * 0.54 * 0.95 ** 0.50 * 1
Vessel number per vein 0.42 * 0.51 * 0.11 0.74 ** 0.43 * 0.70 1

Vessel diameter 0.74 ** 0.29 0.63 * 0.76 ** 0.32 0.54 * 0.07 1
Petal fresh mass 0.80 ** 0.75 ** 0.43 * 0.86 ** 0.82 ** 0.58 * 0.23 0.73 ** 1
Petal dry mass 0.79 ** 0.67 * 0.42 * 0.69 * 0.73 ** 0.56 * 0.20 0.78 ** 0.90 ** 1

Note: ‘*’ indicates significant differences (p < 0.05). ‘**’ indicates very significant differences (p < 0.01).
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3.5. Principal Component Analysis

The principal component analysis demonstrated that the first two components com-
prised 70.4% and 15.5% of the total variation, respectively (Figure 8). Variables that corre-
lated mainly with component 1 were petal fresh mass, petal dry mass, abaxial epidermis
thickness, adaxial epidermis thickness, and petal thickness. The parameters such as vessel
number, number of cell layers and vein density were mainly positively loaded on com-
ponent 2, while vessel diameter, petal fresh mass, petal dry mass, and cuticle thickness
were negatively loaded on component 2. Species-loadings showed that the three tree peony
cultivars, ‘Haihuang’, ‘Souvenir de Maxime Cornu’ and ‘Changshoule’ were grouped on
the positive side, while Shanhutai’, ‘Sihelian’ and ‘Zhihong’ clustered on the negative
side, indicating that there was a significant difference in flower traits between cultivars
with long FL and one with short FL. Scatter plots are often helpful in detecting patterns of
variation, and as can be seen in the plot (Figure 8), the first and second components help to
distinguish between long- and short-FL tree peony cultivars.

Figure 8. Scatter plot based on the first component and the second component.

4. Discussion

Using six tree peony cultivars with different FL, we examined the relationships be-
tween FL and petal anatomical traits. The principal novel findings of our study are the
following: (1) long FL is closely coupled with the petal traits related to water conservation
in tree peonies, such as mesophyll thickness, epidermis thickness, cuticle thickness, and no
stomata; (2) the petals of the tree peony cultivars with long FL are basically accompanied by
developed conducting tissues. These results suggest that most petal traits related to water
conservation and supply, including the vein density, mesophyll thickness, and epidermis
thickness, are closely related to floral longevity in the tree peonies, as demonstrated in
orchid species [21].

Reducing water loss is important to maintain the water balance of whole plants and
the flower turgor. Stomatal transpiration and cuticular transpiration are the two main
pathways for water loss in flowers, leaves, and fruits [43–45]. Cuticular barriers play a key
role in protecting plants against water loss in organs with closed stomata or no stomata [46].
The epidermis, including epidermal cells and epidermal cuticle, acts as a protective layer
for water conservation, and its thickness is closely related to the lifespan of the flower or
leaf; thicker epidermis was more tolerant to drought stress [37,47,48]. Zoran Ristic et al. [49]
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reported that there is an inverse relationship between epidermal water loss and cell wall and
cuticle thickness [50]. The epidermal cuticle of plant organs can greatly reduce excessive
water evaporation by plant cells [51–53]. Studies have shown that plant cuticular wax
has diverse crystal structures [54] and the content, distribution and size of wax crystals
greatly influence water loss [55,56]. In addition, the smooth parallel filamentous cuticular
wax layer can reflect sunlight to avoid the rise of leaf temperature and reduce radiation
damage [57]. Our results showed that the petals of a flower with long FL were covered
by thicker cuticle on the surface of the epidermis, while the cuticle of the petals of flowers
with shorter FL is sparsely sculpted in curls. Furthermore, FL was significantly associated
with epidermal and mesophyll thickness. This indicated that thicker epidermal cells and
cuticular layer provide the ability of petal epidermis to function as a hydrophobic barrier,
which in turn prolongs the FL of tree peony. The smooth parallel filamentous wax layer
of long FL petals can reduce the radiation of sunlight to reduce water loss. There are no
stomata on the petals of tree peonies. Tree peony cultivars with petals containing veins
but without stomata represent an obvious case in which vein–stomatal coordination was
absent. These findings are consistent with the results previously reported in leaves and
flowers of different plant species [26,51,58,59], indicating that FL may be determined by
water conservation and storage. Therefore, the improvement in FL of tree peony occurs
mainly due to the reduction in the water loss of the flower and the improvement of the
water storage capacity.

The high leaf dry mass is typical of stress-tolerant species [60,61]. Leaf dry mass
correlates with water transport and utilization, and leaves with longer lifespan usually
have higher dry mall per unit area [62]. High LMA is generally associated with greater
drought resistance [60,61]. Our results showed that the FMA of the tree peony cultivars
with longer FL was significantly higher than that of cultivars with shorter FL, indicating
that FL is evolutionarily correlated with flower dry mass per unit area (Figure 3). This
relationship seems to mirror a critical indicator of plant adaptive strategies [61].

In leaves and petals, water supply (vein density, number and diameter of vessels) and
water storage are usually coordinated with water loss to keep the water balance [63–66].
Xylem vessels participate in the water transport and supply of water [59]. The size of the
vascular bundle and the number of its vessels affect the conduction efficiency of plants [58].
We found the large diversity in petal vein density in the examined cultivars. Long FL was
often accompanied by a greater number of vessels and a larger vessel diameter, probably
suggesting that the flower with long FL has strong water supply capacity which can
effectively meet the water requirements to maintain the petal turgor.

FL diversity usually reflects the adaptation of plants to their habitats [9,10,50]. Species
with short FL usually bloom in weather conditions suitable for pollinator visiting, while
species with long FL open in the environments that are not suitable for pollinator visit-
ing [67,68]. Long FL can compensate for the lack of pollinators and improve reproductive
success [14]. Tree peonies usually bloom in spring when pollinators could visit their flowers,
which may be one of the explanations for the shorter blooming period of the six examined
tree peony cultivars compared to Paphiopedilum [21].

5. Conclusions

Our results supported the hypothesis that the cost of maintaining floral function
measured by the floral anatomical traits is correlated with FL. The floral anatomical details
related to water conservation and water storage capacity including the number of layers of
petal cells, the thickness of cuticle and epidermis, and the mesophyll thickness are beneficial
in prolonging the flower longevity in tree peonies. In addition, the tree peony cultivars with
longer FL have more developed vascular tissue, which can be more efficient in transporting
the water and other nutrients needed to maintain the flower life. Our findings provided
strong evidence for a functional association between FL and water conservation and supply
capacity in tree peonies.
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Abstract: MADS-box is an important transcriptional regulatory element in plant growth. The
MIKC-type MADS-box genes play important roles. However, the identification and evolutionary
investigation of MIKC-type MADS-box family members in Rosaceae have been inadequate. Therefore,
based on whole-genome data from Prunus dulcis, Prunus salicina, Prunus armeniaca, Prunus persica,
Prunus mira, and Amygdalus nana, we depicted the evolution and divergence patterns of MIKC-type
MADS-box family genes. In this study, we found 222 MIKC-type MADS-box genes from six Rosaceae
species. These genes were classified into five clades, and only motif 1 was identified across all
MIKC-type MADS-box proteins, except PdMADS42 and PmiMADS16. The structural properties
of these genes significantly varied in sequence lengths between species, despite the high levels of
similarity in exon lengths and numbers. MIKC-type MADS-box genes were found to have mostly
been limited through purifying selection processes. Remarkably divergent regions were found inside
the MIKC-type MADS-box genes’ domains, where clade III displayed more conserved activities and
may have retained more original functions over the evolutionary process; clade I, on the other hand,
may have undergone substantial functional limitations in a specific functional role. These findings
provide the groundwork for future research into the molecular evolutionary processes of the plant
MIKC-type MADS-box gene family.

Keywords: selective evolutionary pressure; MIKC-type MADS-box genes; Rosaceae plants; gene
evolution; functional differences

1. Introduction

Flower organs are the basis of plant evolution and classification, and have always
played important roles in plant development and biological research [1]. The MADS-box
gene family is a class of transcription factors widely distributed among animals, plants,
fungi, and other organisms [2,3]. MADS-box derives its name from the first initials of
fore groups of genes: the mini chromosome maintenance 1 genes from yeast (MCM1), the
agamous genes from Arabidopsis Thaliana (AG), deficiens genes from snapdragon (DEF),
and serum response factor genes from humans (SRF). These genes all contain a MADS-box
conserved region of about 180 bp at the N-terminal, while identifying the similar DNA
sequences [4,5]. The plant MADS-box genes were discovered from the mutant study of
the model plants Arabidopsis and Snapdragon. MADS-box genes are widely distributed
throughout the genome and expressed at different development stages. Their functions
are involved in all aspects of plant growth and development, especially the development
and regulation of flower organs, including initiation, differentiation, morphogenesis, and
gene transcription regulation, and have become some of the most relevant transcription
factor family in plants [6]. The MADS-box gene family in plants can be divided into Type
I and Type II. Due to the relatively simple structure and functional redundancy of Type
I genes, studies on plant MADS-box genes mostly focus on Type II genes, also known as
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MIKC-type genes [1]. The encoded protein consists of four domains: MADS domain, I
domain (intervening domain), K domain (keratin-like domain), and C-terminal domain. [7].
The MADS-box domain and region I are associated with the formation of protein dimers,
the K-box domain mediates protein interactions, and the C-terminal is associated with
transcription factor activation and the formation of higher-order protein complexes [8,9].

With the development of sequencing technology and bioinformatics, more and more
plants have been thoroughly studied through genome or transcriptome sequencing. Many
MADS-box gene family members and their functions within the flower organs of various
species have been identified and revealed, including genes controlling flowering time
and flowering inhibition (FLC, SVP, SOC1, AGL24), genes regulating floral meristem
differentiation (CAL and FUL), and genes governing floral organ characteristics [10–13].
The pathway controlling flowering initiation and the genes involved, response pathway,
and expression regulation mechanism were also analyzed. For example, overexpression of
BpAP1 gene in European silver birch can cause early flowering [14], while overexpression
of PvMADS5, a SEP homologous gene in bamboo, causes delayed flowering in Arabidopsis
plants [15]. These studies have improved understanding of the MADS-box gene family, but
many members are yet to be discovered, and the regulation mechanism of flower organ
development requires further research.

Prunus dulcis, Prunus salicina, Prunus armeniaca, Prunus persica, Prunus mira, and
Amygdalus nana are important economic forestry species in Rosaceae. The study of genes
related to flower regulation is of great value not only in phylogeny and taxonomy, but
also in genetic improvement and cultivation techniques. In previous studies, researchers
have conducted the identification and function analysis of the MADS-box gene family in
Prunus persica, Prunus armeniaca, and Prunus dulcis, obtaining a number of genes, illustrating
the genes’ structure and sequence features, and analyzing the gene functions. However,
studies investigating its evolution between different species are limited. Thus, in this study,
we used genome-wide data of six Rosaceae plant species (Prunus dulcis, Prunus salicina,
Prunus armeniaca, Prunus persica, Prunus mira, and Amygdalus nana) to screen for MIKC-
type MADS-box gene family members. We also looked at the evolutionary relationship,
areas of functional divergence, and amino acid structures of the discovered MIKC-type
MADS-box genes. These findings are not only important for elucidating the adaptive
history of the Rosaceae species, but also for predicting the functional area of the MIKC-type
MADS-box genes.

2. Materials and Methods

2.1. Gene Family Identification

Genomic sequence and annotation data for Prunus dulcis, Prunus salicina, Prunus arme-
niaca, Prunus persica, and Prunus mira were obtained from the GDR database (rosaceae.org),
and the Amygdalus nana genome assembly was obtained through our research facility
(private information). We utilized the sequences of Arabidopsis MADS-box proteins as a
search basis to retrieve MIKC-type MADS-box proteins, employing the local alignment
searching modality (BLASTP) with an E value of 1 × 10−10 [16,17]. Then, HMMER v3.3.2
with the hidden Markov model (HMM) profile (PF00319 and PF01486) was employed to ex-
plore the proteomes with parameters ‘hmmsearch—notextw—acc—cut_ga_’ [18]. Next, we
compared the MADS-box domain using SMART (smart.embl.de) with the Pfam database
in the normal smart mode.

2.2. Sequence Analysis

We used MAFFT 7.310 with parameters ‘mafft—maxiterate 1000—globalpair input
> output’ to perform multiple protein sequence alignment [19]. The conserved motifs of
the MIKC-type MADS-box proteins were investigated using the MEME Suite 5.5.0 with
parameters ‘meme julei_6_species. fasta—protein—oc.—nostatus—time 14,400—mod anr—
nmotifs 10—minw 6—maxw 100—objfun classic—markov_order 0′ [20]. WebLogo 2.8.2
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was used to display the sequences [21], and Tbtools software v1.106 was used to visualize
the MEME and gene structure results.

2.3. Phylogenetic and Conservative Analyses

ProtTest 3.4 with model ‘LG + I + G + F’ was used to construct the optimum protein
substitution model [22]. Using the neighbor-joining technique and MEGA Version 10.2.2
software, we built a phylogenetic tree using JTT + G with 1000 bootstrap repetitions [23].
Then, we used R-ggtree software 1.8.1 to enhance the phylogenetic tree [24–26].

2.4. Selective Evolutionary Pressure Analysis

The Codeml program EasyCodeml Version 1.4 was used to analyze the selective
evolutionary pressure at the branch, site, and branch-site models (BM, SM, and BSM,
respectively) [27]. Branch models are used to identify the adaptive development of several
branches. Site models can discover the ω ratio between the sites and positive selected sites.
Provided that the ω ratio varies between the sites and branches, BSMs may be used [28–31].

2.5. Functional Difference Analyses

The DIVERGE 3.0 tool was used to analyze the functional divergences and distance
of the gene family members [32]. Type-I mutations result from functional deviations
following gene duplication, subsequently causing distinct evolutionary rates to be shown
by duplicate genes. The residues in duplicate genes that showed striking variations in
amino acid properties across copies tested using type-II functional divergences [33,34].
Clusters i and j had a type-I functional distance equal to dF(i,j) = −ln(1 − θij). Wang and Gu
proved that the dF is additive under a scenario of independence, such that the functional
branch dimension for a given gene cluster x is bF(x), and the functional branch dimension
of clusters i and j is bF(i) plus bF(j). In the case of a known ij, the cluster branch of the
functional branch length may be calculated using the normal least squares technique; if
bF = 0, then the duplicate site of the gene has evolved at a pace very close to that of the
ancestor gene [35].

3. Results

3.1. Phylogenetic and Sequence Analyses

We identified 222 MIKC-type MADS-box proteins from six Rosaceae species’ whole
genome data. Of those identified, 54, 27, 23, 69, 23, and 26 MIKC-type MADS-box genes
could be detected in Prunus dulcis (PdMADS1-54), Prunus salicina (PsMADS1-27), Prunus
armeniaca (PaMADS1-23), Prunus persica (PpMADS1-69), Prunus mira (PmiMADS1-23), and
Amygdalus nana (AnMADS1-26), respectively. The amino acid lengths ranged from 162 aa
to 670 aa.

Phylogenetic analysis revealed five distinct groups (clades I–V) within the MIKC-type
MADS-box gene family. There was a significant difference in the number of genes across
the five clades, with the largest and smallest clades (clade I and III) having 110 and 6,
respectively (Table 1, Figure 1). The six species’ genes were found in nearly every clade.
The genes of Prunus dulcis and Prunus persica were the most abundant in clades I, IV and V.
Prunus persica had most genes in clade II, but Prunus armeniaca was missing. The six species
had the same amount of genes in clade III (Table 1, Figure 2). The results suggested that the
MIKC-type MADS-box genes in Rosaceae are nearly identical, but serve distinct purposes.
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Table 1. The MIKC-type MADS-box genes of six Rosaceae species.

Species Common Name MIKC-Type MADS-Box Gene Numbers
Clade

I II III IV V

Amygdalus nana Short almond 26 14 3 1 1 7
Prunus mira Light walnut 23 11 3 1 2 6

Prunus persica Peach 69 26 9 1 5 28
Prunus armeniaca Apricot 23 15 0 1 2 5

Prunus salicina Plum 27 14 3 1 2 7
Prunus dulcis Almond 54 30 3 1 7 13

Total 222 110 21 6 19 66

Figure 1. NJ phylogenetic tree of the MIKC-type MADS-box gene family from Prunus mira (Pmi-
MADS), Prunus armeniaca (PaMADS), Prunus persica (PpMADS), Prunus dulcis (PdMADS), Prunus
salicina (PsMADS), and Amygdalus nana (AnMADS) in Rosaceae plants. Blue is clade I, green is II,
purple is III, light blue is IV, and pink is V.

151



Agronomy 2023, 13, 1695

0

10

20

30

I II III IV V
Clade

n
u
m

b
er

Species

Almond

Apricot

Light walnut

Peach

Plum

Short almond

Figure 2. The distribution of MIKC-type MADS-box genes from six Rosaceae species in different
clades. Species are represented by different colored boxes.

3.2. Motif and Structure Analyses

Ten conserved motifs, ranging from 21 to 80 amino acids, were found in this inves-
tigation. Only Motif 1 was found in all of the MIKC-type MADS-box proteins (Figure 3),
except PdMADS42 and PmiMADS16. Furthermore, MIKC-type MADS-box proteins had
substantially identical sequences for 10 amino acid residues (alanine, cysteine, glutamic
acid, glycine, lysine, leucine, glutamine, arginine, serine, and threonine) (Figure 4). On
the other hand, some MIKC-type MADS-box proteins lacked certain motifs; for example,
Motifs 1 and 6 did not exist in PmiMADS16, and Motifs 4 and 6 did not exist in AnMADS23.
However, there were similar or identical arrangement orders and motif types within the
same clades. The results showed that the six Rosaceae species’ MIKC-type MADS-box
proteins were relatively conserved within a specific clade; the structural analysis produced
similar results.

The results of the exon-intron structure analysis showed that the amino acid lengths
ranged from 163 to 671. Among them, PsMADS3, PsMADS4, PsMADS7, PsMADS8, and
PsMADS24 had no introns (Figure 5). The remaining MIKC-type MADS-box genes had
2–42 exon and 1–41 intron structures. Genes with 8 exons accounted for 47.75 percent
of the total (106/222), most genes contained 7 or 8 exons, and only one gene contained
42 exons. This proves that the structures are specialized after gene duplication. These
genes also have somewhat complicated architectures, including lengthy initial exons. In
conclusion, the conserved motifs, gene architectures, and evolutionary connections of the
MIKC-type MADS-box proteins were quite similar. Additionally, the diversification of gene
roles was suggested due to the differences in the retained motifs and gene architectures
among clades.
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Figure 3. The conserved motifs of 222 MIKC-type MADS-box family members. Motifs 1 to 10 are
represented by different colored boxes.
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Figure 4. Sequence logo of Motif 1. Amino acid residues are represented by different colored letters.

Figure 5. Gene structure of 222 MIKC-type MADS-box gene family members. The green boxes
represent exons, and the gray lines represent introns.
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3.3. Selective Pressure Analysis

We used EasyCodeML to analyze the selective pressure, used the branch model to test
the evolutionary rate difference, and used the branch-site model to increase the detection
of positive selection sites in the foreground branches. The results showed that the genetic
differentiation had no significant differences (p > 0.05), and no positive sites were obtained
according to the branch model and branch-site model results (Tables 2 and 3). Thus, we
assumed the same selection pressure for each point and used the site model for testing
the selection site positivity in these sequences. We found that most sites were subjected
to purifying and neutral selections, and only the M8 model identified one site as having
a significant positive selection site (Table 4). Although we obtained the positive selection
sites, the MIKC-type MADS-box genes mainly underwent purifying selection events.

Table 2. Branch model parameters of selective pressure analysis.

Model np/aa ln L Parameters Estimates Compared Model p-Value

Two ratio
Model 2 448 −3172.993 ω: ω0 = 1.533

ω1 = 0.768;
ω2 = 999.000;
ω3 = 0.862;
ω4 = 2.208;
ω5 = 2.452

Model 0
vs.

Two ratio Model 2

>0.05

Model 0 443 −3175.884 ω= 1.558

Table 3. Branch-site model parameters of selective pressure analysis.

Model np/aa ln L Parameters Estimates
Compared

Model
p-Value

Positive
Sites

Model A 446 −3166.858

Site class 0 1 2a 2b
Model A

vs. Model A
null

>0.05
Not

allowed
f 0.000 0.000 0.156 0.844
ω0 0.229 1.000 0.229 1.000
ω1 0.229 1.000 999.000 999.000

Model A
null 445 −3165.206 1 Not

allowed

Table 4. Site model parameters of selective pressure analysis.

Model np ln L Parameters Estimates Compared Model p-Value
Positive

Selected Sites

M0 443 −3144.848 ω = 0.318 M0 vs. M3 <0.001 Not allowed

M3 447 −3054.877
p: 0.266, 0.519, 0.216 Not allowed
ω: 0.095, 0.432, 0.955

M1a 444 −3071.511
p: 0.330, 0.670 M1a vs. M2a <0.001 Not allowed
ω: 0.193, 1.000

M2a 446 −3062.176
p: 0.289, 0.528, 0.183 Not allowed
ω: 0.204, 1.000, 2.045

M7 444 −3055.573 p = 0.760, q = 1.042 M7 vs. M8 >0.05 Not allowed
M8 446 −3053.688 p0 = 0.778 11 E 0.616

p = 0.852

3.4. Functional Divergence Analysis

Gene families comprise multiple homologous genes with similar structures but dif-
ferent functions. In order to see whether changes in amino acid sequences within the
MIKC-type MADS-box genes led to adaptive functional variation, we investigated the
functional divergence of five distinct groups. The results suggest that, except for clades
I/V, most type I coefficient θ values across the clades were statistically > 0, which indicates
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the presence of type I functional divergences across the clades. Six clades (I/II, I/III, II/III,
II/IV, III/IV, and III/V) were remarkable (p < 0.001) for type I functional divergence. Clades
III/V had the highest functional divergence coefficient θ (= 1.150), whereas clades I/V had
the lowest (=−0.002). Other clades’ type I θ values also varied, indicating that their rates of
evolution were unique. In addition, type I functionally divergent sites were not detected in
clades I/II, I/V, II/V, III/V, and IV/V (Table 5).

Table 5. Functional divergence analysis of MIKC-type MADS gene family in Rosaceae.

Clade
θ ± SE MFE

z-Scores

p-Value
Amino Acid Position with Q(k) > 0.9

Type I Type II Type I Type II

I/II 0.579 ± 0.156 −0.112 ±0.189 −4.115715 <0.001 >0.05 —

I/III 0.871 ± 0.158 0.005 ± 0.182 −6.191108 <0.001 >0.05 193,299,307,316.332,341,343,
346,359,370,371,374,386,397,400,403,407

I/IV 0.327 ± 0.225 −0.081 ± 0.207 −1.505518 >0.001 >0.05 190,301,302,310,311,316.346,349.361,
388,403

I/V −0.002 ± 0.263 −0.660 ± 0.379 0.009046 >0.001 >0.05 —

II/III 1.058 ± 0.159 0.299 ± 0.050 −7.305373 <0.001 >0.05

190,192,193,195,272,273,290,292,295,
297,298,299,300,301,303,305,307,314,
316,318,320,321,332,342,343,345,347,
349,356,358,359,366,370,371,373,374,
385,386,387,395,396,397,403,404,405,

406,409,411

II/IV 0.874 ± 0.239 0.193 ± 0.070 −3.826513 <0.001 >0.05

193,271,272,290,296,298,299,301,302,
305,310,311,313,316,319,320,331,341,
347,350,352,361,370,371,373,382,388,

394,397,403,409
II/V 0.831 ± 0.288 −0.221 ± 0.203 −2.974702 >0.001 >0.05 —

III/IV 1.085 ± 0.232 0.232 ± 0.063 −4.882459 <0.001 >0.05

190,193,195,271,292,296,301,302,307,
310,311,313,314,319,321,331,332,341,
343,345,347,349,350,352,358,359,361,
374,382,386,387,388,394,395,404,406

III/V 1.150 ± 0.279 −0.233 ± 0.205 −4.220686 <0.001 >0.05 —
IV/V 0.205 ± 0.410 −0.425 ± 0.248 −0.50314 >0.001 >0.05 —

3.5. Functional Distance Analysis

Type I functional divergence-related cluster analyses were unable to determine which
groups of duplicated genes were hampered by functional bottlenecks. Therefore, we
compared the bF values across the five clades and found that they changed, indicating
that unique roles evolved in the MIKC-type MADS-box gene family throughout time.
Furthermore, the MIKC-type MADS-box genes tended to be conserved, as shown by bF
values above 0. The lowest bF value (−2.453) was found in clade III, suggesting that the
functions of the genes in this clade were more conserved and may have kept more of their
original forms during evolution. With the longest functional branch length (0.405), clade I
likely underwent considerable alterations to its functional restrictions in order to fulfill its
specialized functional purpose (Table 6).

Table 6. Type I functional distance analysis of MIKC-type MADS gene family in Rosaceae.

Clade bF

I 0.405
II −1.270
III −2.453
IV −0.801
V −0.403
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4. Discussion

The MADS-box gene family plays an essential role in plant reproductive growth, and
it also provides a research hotspot. However, most studies on the MADS-box gene family in
Rosaceae mainly focus on identification and functional analysis in only one species [36–39].
In order to understand the variation pattern of MADS-box gene structure and function
among different species, our study performed MIKC-type MADS-box gene identification
between six key species in Rosaceae, and investigated their evolutionary relationship. These
results are of great significance in understanding the MADS-box family function.

In the present study, we identified 222 MIKC-type MADS-box genes within six Rosaceae
species. Among them, there were 54, 27, 23, 69, 23, and 26 genes in Prunus dulcis, Prunus
salicina, Prunus armeniaca, Prunus persica, Prunus mira, and Amygdalus nana, respectively,
which was almost consistent with other findings in Rosaceae [36,37]. However, the number
of MIKC-type MADS-box family members was quite different from other families. For
instance, comparing with 232 members in legumes (92 genes in Glycine max, 45 genes in
Medicago truncatula, 50 genes in Vitis vinifera, and 45 genes in Arabidopsis thaliana), the
number was generally smaller in Rosaceae [40]. In the studies of conserved motifs and
structure analysis, we found that no motif was shared by all MIKC-type MADS-box proteins,
however Motif 1 was shared by almost all proteins, with the exception of PdMADS42 and
PmiMADS16. These results suggested that Motif 1 was conserved across members of this
gene family, and that PdMADS42 and PmiMADS16 had distinct purposes. Additionally,
different species had varied sequence lengths, although the exon number and length
were highly similar. Identified from Prunus salicina, the PsMADS3, PsMADS4, PsMADS7,
PsMADS8, and PsMADS24 had no introns, and the gene annotation did not determine the
intron structure. The result showed that intron-involving alleles or inversion might have
deleted these introns due to homologous recombination, after the reverse transcription of
mature mRNA [41].

Phylogenetic analysis revealed five distinct clades within the MIKC-type MADS-box
gene family of the six Rosaceae species. The six species genes could be found in almost
every clade, but Prunus armeniaca did not exist in clade II. The results showed that the six
species could not be distinguished by them, and the genes in clade II might have some
special functions which were missing in Prunus armeniaca. According to previous research,
we found that Prunus armeniaca had some differences in the phenotypic characteristics
of its flowers and fruit compared with the other five species. For instance, the petal was
round-to-obovate, and the calyx tube was cylindrical with short fluff at base; moreover,
the florescence and fruit stage were relatively early in Prunus armeniaca [42]. With further
analysis and verification, we may be able to obtain several specific genes associated with
these traits.

Using three models (branch, branch-site, and site models) to perform selective pressure
analysis of the six species, we obtained only one positive site in the site model, and there
were no positive sites in the branch and branch-site models. It suggested that various
places undergo various selection forces, but the evolution and function of MIKC-type
MADS-box genes were conserved, and purifying selection limited the MIKC-type MADS-
box gene family in Rosaceae [43,44]. Inadequate site-related positive selection data may
have been eliminated because they were reduced by the vast majority of the remainder
of sites being under the evolutionary condition of neutral or purifying selection [45]. In
addition, we found the results of the branch and branch-site models indicated no significant
differences, which might be due to the six species being sibling species, or the conformity
of the genomes and annotation level among the six species; nevertheless, further analysis is
required to clearly understand the reasons.

Functional divergence analysis may be utilized to outline the putative residues of
amino acids that cause the functional diversification of gene families, which occurs as a
result of gene duplication. In this investigation, we found Type I functionality was shown
to vary significantly among clades, and obtained locations that had functional divergence
(Q(k) > 0.90). It suggested that the functional divergence of the current Rosaceae gene
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family was mostly attributable to the differing proportions of evolution following genetic
duplications. In addition, members of clade III kept more of their original roles throughout
evolution, whereas those of clade I specialized theirs to serve a specific purpose. In future,
we can research the gene functions of clade I to analyze their different functions throughout
their evolution.

In order to better study the gene mutations in Rosaceae, our research facility has assem-
bled the genome-wide sequence of Amygdalus nana for the first time. Amygdalus nana is
a treasured wild species of the Tertiary period deciduous forests in the ancient Mediter-
ranean [46]. At present, there are only several natural populations in China, Kazakhstan,
and Russia, which are listed as endangered plants in China [47]. The kernel of Amygdalus
nana, a vital species of non-timber forestry, has an oil content of 51.1%, similar to that of
almond and higher than that of oil crops, such as rapeseed, cottonseed, and soybean [48].
In addition, having a strong ability to adapt to an extremely harsh environment, especially
with cold and drought tolerance, it can grow in the hilly and mountainous areas at −35 ◦C
and annual precipitation of 50mm. Therefore, further research on Amygdalus nana may
shed light on the evolution of and relationships between Rosaceae species.

5. Conclusions

In this study, the evolution of MIKC-type MADS-box gene family members in six
Rosaceae plants was analyzed for the first time. 222 MIKC-type MADS-box family genes
were identified from Prunus dulcis, Prunus salicina, Prunus armeniaca, Prunus persica, Prunus
mira, and Amygdalus nana. The results of sequence and phylogenetic analyses showed that
these genes were divided into five groups, the six species genes could be found in almost
every clade, but Prunus armeniaca did not exist in clade II. Using selective evolutionary pres-
sure and functional difference analyses, a number of positive selection sites and functional
divergence locations were obtained. In addition, the conservation between different clades
was evaluated, and it was concluded that the genes of clade I were specialized to serve a
specific purpose. These results provide great help in the further mining of functional genes
for key traits.
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Abstract: Tree peonies are an economically important crop with flowers of high ornamental value.
Most tree peony cultivars in gardens are once-flowering, and the continuous flowering (CF) trait has
been revealed only in a few tree peony cultivars, such as ‘High Noon’ (‘HN’). However, the molecular
mechanism underlying its CF remains unclear. Here, we demonstrated that PsTFL1 functions as a
floral inhibitor via the ectopic expression of PsTFL1 in transgenic Arabidopsis thaliana plants. Our
findings suggest that PsFT and PsTFL1 interact with PsFD, and the detected interactions may occur
in the nucleus. Compared with the non-CF variety, the gene expression patterns of PsFT, PsTFL1,
and PsFD during the flower development indicate that these three genes may be related to the CF
habit in tree peony ‘HN’. These findings will aid future investigations of CF behavior and promote
the breeding of tree peonies and other perennial woody plants.

Keywords: tree peony; continuous flowering; FT; TFL; FD

1. Introduction

The transition from vegetative to reproductive development (flowering) requires envi-
ronmental signals, such as the photoperiod and vernalization, which trigger the expression
and regulation of genes and their integration in the shoot apical meristem (SAM). Continu-
ous flowering (CF), a unique reproductive process, has been reported to be regulated by
flowering integrator genes [1–3]. Some flowering integrator genes include FLOWERING
LOCUS T (FT), TERMINAL FLOWER1 (TFL1), SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOC1), and LEAFY (LFY) [4–7], and the roles of FT and TFL1 have been
widely studied in Arabidopsis [8], Antirrhinum [9], Rosa [1,10,11], Jatropha [12], and many
other species. The FT and TFL1 belong to the phosphatidyl ethanolamine-binding protein
(PEBP) family; however, FT promotes flowering, and TFL1 represses it [1,4,8–13]. Structural
studies of FT and TFL1 have revealed that they both exist in an external loop along with
an adjacent peptide, serving as a potential ligand-binding site. The structures formed by
the rest of the proteins play a key role in determining the antagonistic functions of FT and
TFL1 [14]. The molecular antagonistic mechanism between these two genes has also been
investigated in some plants. In contrast to the role of FT as a florigen that promotes plant
flowering, the overexpression or RNAi silencing of TFL1 genes in rape [15], ragweed [16],
apple [17], and pear [18] results in delayed or early flowering.

FD, a member of the basic region leucine zipper (bZIP) family, interacts with FT and can
have a major effect on early flowering [14]. FT has been reported to be a florigen in previous
studies [10,14,19,20], and an FT/FD heterodimer formed from the combination of FT with
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FD binds to the promoter of APETALA1 (AP1) to activate flowering initiation [19–22]. In
rice, 14-3-3 (the FT-like protein in rice) and FD form a hexametric structure, which has been
referred to as the ‘florigen activation complex’ [13]. However, in Arabidopsis, TFL1 represses
the floral transition and maintains the indeterminacy of the shoot apex [17,23,24]. In contrast
to loss-of-function phenotypes, overexpression of TFL1 delays flowering and inhibits the
transition of the inflorescence meristem (IM) to the floral meristem (FM), resulting in an
extended IM stage [25,26]. Therefore, TFL1 as a negative regulator regulates the phase
transition from vegetative growth to reproductive growth and from IM to FM in the shoot
apical meristem (SAM). TFL1 is involved in transcriptional repression mechanisms that
control FM identity genes, which are also FT-targeted [27]. Studies of the fusion of TFL1
with activator or repressor domains have revealed that TFL1 does not possess the functional
domains commonly found in transcription factors or regulators. Therefore, TFL1 and FT
act as adhesive proteins rather than transcriptional regulators and interact with FD-like
proteins [14].

In Chinese rose and woodland strawberry, the recessive mutation of KSN (homolog
of TFL1) results in continuous flowering and determinate/indeterminate growth, making
the TFL1 homologs provide promising candidate genes for examining the remontancy
of flowering [10]. The TFL1 protein sequence is highly similar to FT, and TFL1 shares
71% of amino acid residues, including 55% identical residues, with FT [27]. Because of
a retrotransposon insertion, the transcription of RoKSN is blocked in CF roses, and the
absence of the floral repressor induces continuous blooming [11]. In Fragaria vesca, a 2-bp
deletion in the coding region of the TFL1 homolog introduces a frame shift that leads to
CF [11]. In Rosa, fluorescence resonance energy transfer (FRET) assays have been used to
clarify competition between RoFT and RoKSN for interaction with RoFD. The FRET results
suggest that RoFT and RoKSN are able to interact strongly with RoFD, with a FRET value
of >10% [10]. Advances in our understanding of CF in model plants can provide insights
into the remontancy and CF of other species such as tree peonies.

Tree peony species, or Mudan, is a woody species in the genus Paeonia. Known as the
‘king of flowers’, it has been cultivated in China since the Tang Dynasty (618 A.D.). More
than 1000 cultivars of tree peonies have been released worldwide [28], and they can be
divided into three flowering classes: once-flowering (OF), autumn-flowering (AF), and
continuous-flowering (CF) classes [5,28–30]. Particularly, the CF trait has drawn more
attention, but the molecular regulatory mechanisms underlying CF in tree peonies remain
elusive. We previously cloned PsFT and showed that its overexpression can promote
flowering in transgenic Arabidopsis thaliana plants, suggesting that PsFT may be associated
with flowering [29,30]. In CF roses, some studies have revealed that the interaction between
FT, TFL1, and FD in flower bud differentiation is related to the regulatory mechanism of
CF [1,10]. Does such a regulatory mechanism exist in CF tree peonies? In this study, we
isolated PsTFL1 and PsFD in tree peonies and analyzed the sequences of FT/TFL1/FD and
the structures of the proteins that they encode. We also studied the expression patterns of
PsFT, PsTFL1, and PsFD during bud differentiation in CF and OF tree peonies and explored
their protein–protein interactions. These findings provide insights into the understanding
of the molecular mechanism of CF in tree peonies and will aid future studies concerning
the CF habits of plants, especially in ornamental species such as roses and tree peonies.

2. Materials and Methods

2.1. Plant Materials

Two classes of tree peonies with different flowering traits were used in this study:
CF and OF. The CF cultivar P. × lemoinei ‘HN’ was obtained from the Jiufeng Experiment
Station of Beijing Forestry University (Haidian District, Beijing, China, 40◦03′ N, 116◦05′ E).
P. delavayi var. lutea, a potential CF resource, was obtained from GuoSe Peony Nursery
(Yanqing district, Beijing, China, 40◦45′ N, 115◦97′ E). The OF cultivars P. suffruticosa ‘LYH’
were also obtained from GuoSe Peony Nursery. Changes in gene expression during the
floral differentiation process in the common buds of CF ‘HN’, the potential CF potential
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P. delavayi var. lutea, and the OF ‘LYH’ were analyzed. The flower buds were collected from
25 May to 5 September every 10 days in CF ‘HN’, OF ‘LYH’, and the potential CF potential
P. delavayi var. lutea was analyzed also. Common flower bud initiation coincides with the
enlargement of the meristem, and bract primordia become visible in early July, according to
Zhou et al. [29]. The apical buds used for expression analysis were immediately frozen in
liquid nitrogen. Changes in gene expression in the CF bud of ‘HN’ were also characterized
during the differentiation process. CF buds in ‘HN’ were divided into four periods (bud
sprouting, S1; bud development and elongation, S2; flower establishment, S3; and flower
expansion, S4) according to their morphological characteristics. To compare the expression
patterns in common buds in the dormant stage, we collected common buds from ‘HN’.

2.2. Sequence Isolation

Total RNA was extracted using an Aidlab RNA Isolation Kit (Aidlab Biotechnologies
Co., Ltd., Beijing, China), and cDNA was synthesized using the FastQuant RT Kit with
DNase (Tiangen Biotech, Beijing, China). The raw gene fragments screened from the
transcriptome sequencing database were sequenced in a previous study [29]. Polymerase
chain reaction (PCR) and the rapid amplification of cDNA ends (SMARTer® RACE 5′/3′Kit)
were used to obtain TFL1 and FD from buds. The primers used are presented in Table S1.
The FT gene was sequenced in a previous study [30].

2.3. Protein Structure and Phylogenetic Analysis

The Online SWISS-MODEL (https://swissmodel.expasy.org/interactive, (accessed on
18 August 2022)) software was used to predict the secondary structures of PsFT, PsTFL1,
and PsFD. The sequences from other species were analyzed along with sequences from
‘HN’. The complete nucleotide sequences, protein sequences, and corresponding annotation
information for all these species were downloaded from the JGI and NCBI databases. The
BLAST method was used to identify homologous genes of FT in 10 species (or cultivars),
TFL1 in 11 species (or cultivars), and FD in 14 species (or cultivars) from the protein
database (Table S2). We used RA × ML software v1.0 to construct the maximum-likelihood
(ML) phylogenetic tree. The tree topology was visualized using online software (https:
//itol.embl.de/, (accessed on 9 May 2023)). Support (BS) values for each node were
calculated based on 10,000 bootstrap replicates.

2.4. Expression Analysis

To investigate the expression levels of PsFT, PsTFL1, and PsFD at different times during
flower bud differentiation, we conducted real-time fluorescent quantitative PCR using a
CFX96 Real-Time PCR System (Bio-rad, Hercules, CA, USA) in a 20-μL reaction volume
comprising 10 μL of FastStart Universal SYBR Green II Master Mix (TaKaRa, Tokyo, Japan),
6 μL of ddH2O, 1 μL of 10 mM forward and reverse primers, and 2 μL of diluted cDNA as
the template for target genes. Real-time PCR was performed with the following thermal
cycling conditions 95 ◦C for 10 min, followed by 40 cycles of 2 min at 95 ◦C, 5 s at 95 ◦C,
and 30 s at annealing temperature (PsFT: 55 ◦C; PsTFL1: 50 ◦C; PsFD: 60 ◦C). Melting curve
analysis was conducted using the default settings of the CFX96 Real-Time PCR System
(Bio-rad, Hercules, CA, USA). The annealing temperature ranged from 50–60 ◦C (PsFT:
55 ◦C, PsTFL1: 50 ◦C, PsFD: 60 ◦C, and reference gene: 60 ◦C). There were three replicates
for each sample. The qRT-PCR results were analyzed using the 2−ΔΔCt method [31], and all
primers used in this study are listed in Table S1.

2.5. Subcellular Localization

The full-length open reading frame (ORF) of three genes (PsFT, PsTFL1, and PsFD)
were inserted into the 35S-GFP vector. Three vectors (35S::FT-GFP, 35S::TFL1-GFP, and
35S::FD-GFP) were generated and transformed into tobacco epidermal cells for two days
under low-light density and room-temperature conditions (Invitrogen, Carlsbad, CA, USA).
Autofluorescence showed the chlorophyll fluorescence signal was excited at a wavelength
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of 640 nm and emitted at a wavelength of 675 nm. The protoplasts were observed via a
laser-scanning confocal microscope (Leica, Wetzlar, Germany).

2.6. Plant Transformation

Full-length PsTFL1 ORF was cloned onto the vector pEarleyGate 100. The resulting
construct, PsTFL1-PEG100, was transformed into A. thaliana (Col-0) using the floral dip
method [30]. After vernalization for 2 days at 2 ◦C, the transformants (T0 lines) from the
dipped plants that survived exposure to the Basta solution (1/500) were transplanted into
a substrate consisting of vermiculite and nutrient soil (v:v = 1:1) in a growth chamber at
21 ◦C under long-day (LD) conditions (16 h photoperiod, light intensity: 50 mmol·m–2·s–1).
Morphological observations of 15 plants from the second generation (T2) were recorded.
The number of rosette leaves and the day when the first flower bloomed were determined.

2.7. Yeast 2-Hybrid (Y2H) Analysis

Y2H analysis was used to clarify the interactions among PsFT, PsTFL1, and PsFD
using the Y2H gold system (Clontech, Mountain View, CA, USA). The ORFs of PsFT and
PsTFL1 (without signal peptide) were introduced into the pGBKT7 vectors as bait. The
ORFs of PsFD and PsTFL1 (without signal peptide) were introduced into pGADT7 as prey.
Transformed yeast cells were assayed for growth on synthetic dropout SD/-Leu with agar,
SD/-Leu/-Trp with agar, SD/-Leu/-Trp/-His with agar, and SD/-Ade/-His/-Leu/-Trp
with agar containing X-α-galactosidase (X-α-gal) and aureobasidin A (AbA).

2.8. Bimolecular Fluorescence Complementation (BiFC)

The coding regions of PsTFL1 and PsFT were introduced into the pCAMBIA1300-
35S-YC155 vector and PsFD into the pCAMBIA1300-35S-NY173 vector using a Gateway
cloning system (Invitrogen, Carlsbad, CA, USA). The loaded vectors were transferred
into Agrobacterium tumefaciens (GV3101) and then infiltrated into the abaxial air spaces of
4-week-old Nicotiana benthamiana plants. Fluorescent signals and bright-field pictures were
taken using a confocal laser scanning microscope (LeicaSP8, Wetzlar, Germany).

2.9. Co-IP Assay

To confirm the heterodimization of PsFT-PsFD and PsTFL1-PsFD, we performed pro-
tein co-immunoprecipitation assays. The full-length coding sequences of PsFT and PsTFL1
were recombined into the pBinGFP2 vector to be expressed as PsFT-GFP and PsTFL1-GFP,
respectively, and PsFD was recombined into the pCAMBIA vector to be expressed as
PsFD-Myc. Three-week-old N. benthamiana plants were transiently co-expressed with
anti-flag antibodies (Abmart) using a Pierce Crosslink IP kit (Thermo, Shanghai, China) fol-
lowing the manufacturer’s instructions. Finally, a 10% SDS-polyacrylamide gel immunoblot
analysis was performed with anti-GFP (Abmart) and anti-Myc (Abmart) antibodies.

2.10. Sequencing Analysis and Primer Synthesis

All resultant constructs were commercially sequenced, and all primers (Table S1) were
synthesized by RuiBiotech (Beijing, China).

3. Results

3.1. Comparison of Tree Peony Flowering Traits

Most tree peony cultivars in gardens are OF; they generally complete floral differ-
entiation before winter and then flower in the following spring with dormancy release
through winter. Common buds continue to flower in the following spring after winter
dormancy. The CF trait has been revealed only in a few tree peony cultivars, such as
‘High Noon’ (‘HN’), which can continuously bloom throughout the annual growth cycle
from spring through summer to autumn as the buds differentiate continuously [29,30]
(Figure 1). We described the buds in the two classes of cultivars blooming in spring (late
April to early May) as common buds and those blooming in other specific times as CF
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buds. Our previous studies indicated that the bract primordia of common buds become
visible in early July both in CF and in OF cultivars, which corresponds to the initiation
of flower bud differentiation, and the CF buds of CF cultivars; additionally, the common
buds in all cultivars differentiate simultaneously [29]. These varieties differ significantly in
their flowering times, which makes them an excellent system for exploring the molecular
regulatory mechanisms underlying CF in tree peonies.

Figure 1. Different blooming modes of tree peonies. (a) OF genotype ‘Luo Yang Hong’ (‘LYH’)
that only flowers in spring. After the first flower appears in early May, scale buds enter the bud
primordium differentiation stage in late May. The bud primordium differentiation stage is from
late May to November, and floral induction occurs in early July. The dormancy stage is in mid-
November to the following March. Budding growth is initiated in March of the following year, and
flowering is initiated in early May. (b) CF genotype (‘HN’). After the first flower appears in early
May, a portion of the buds continue germinating, and floral induction occurs in early July. CF bud
differentiation is completed shortly after, and flowering occurs between early August and early
October. The overwinter buds enter the floral induction stage in early July, the dormancy stage is
from mid-November to the following March, and the germination stage begins in early March of the
following year. Anthesis is initiated in early May. Common flowering is indicated by a red box; CF is
indicated by yellow box.

3.2. Sequencing Analyses of FD and TFL1 in Tree Peonies

The complete full-length sequences of PsFD and PsTFL1 were amplified using the
RACE method. Multiple sequence alignment showed detailed information on the coding
sequences and corresponding amino acid (aa) sequences of these two genes (Figure S1).
PsTFL1 and PsFD contained 171 aa and 249 aa, respectively. Phylogenetic analysis revealed
homologous genes in each clade—FT-like, TFL1-like, and FD-like (Figure S2)—and these
homologous genes belonged to their own clade. The PsTFL1 protein showed high sequence
similarity to the PsFT protein, and both proteins, belonging to the PEBP family, had greater
than 70% sequence conservation (Figure S1a,b). They were not only very similar in the
overall protein fold but also in the putative ligand binding and neighboring effector sites
(Figure 2). However, there were substantial differences in the FD-like clade among species
(Figure S1c). PsFD, a member of the basic region leucine zipper (bZIP) protein family,
contained a chained mode structure (Figure 2). Moreover, the heterodimers could be
formed as PsFD-PsFT and PsFD-PsTFL1 with high confidence (Figure 2).
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Figure 2. Secondary protein structures of PsFT, PsTFL1, and PsFD; interaction model construction of
PsFD-PsFT and PsFD-PsTFL1. (Interaction confidence analysis: PsFD-PsFT: 0.8671; PsFD-PsTFL1: 0.8551).

3.3. Expression of PsTFL1, PsFD, and PsFT in Different Flowering Cultivars

The qRT-PCR results of common buds in ‘HN’, ‘LYH’, and P. delavayi var. lutea revealed
that PsFT expression increased continuously from late June to mid-July and then decreased
from mid-July to early September (Figure 3a). The expression of PsFD from early June to
mid-August was consistent with that of PsFT, although its variation was observed in the
three peony cultivars (or species) (Figure 3b). These findings indicate that the expression of
PsFT and PsFD increased as floral bud differentiation was initiated with bract primordia
formation, as in a previous study [29]. The expression level of PsFT and PsFD was increased
in the process of flower bud differentiation, despite differences in degrees among the three
cultivars (species). However, the expression of PsTFL1 was only detected in the OF cultivar
‘LYH’, and the expression started to be elevated around August 5, reached the peak around
August 15, and decreased until it became silent around September 5, which was exactly
the CF stage (Figure 3c). However, this phenomenon was not observed in CF ‘HN’ and
potential CF P. delavayi var. lutea, thus implying the essential role of PsTFL1 in CF.

We further analyzed the expression patterns of PsTFL1, PsFT, and PsFD in different
floral buds in HN and found that during the flower bud differentiation of CF ‘HN’, the
expression of PsTFL1 gradually decreased as the expression of PsFT increased (Figure 3d–g).
In ‘HN’ common buds in dormancy, the expression of PsFT was hardly detected, but the
expression of PsFD and PsTFL1 was high (Figure 3e–g). During CF bud differentiation,
the increased expression of PsFT and PsFD was accompanied by a decrease in PsTFL1
expression. The results indicate that PsFT and PsFD were at peak expression during the S3
stage of the CF buds in CF ‘HN’, while the expression of PsTFL1 gradually decreased from
the S1 to S4 stages for the CF buds.
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Figure 3. Expression patterns of PsFT, PsFD, and PsTFL1 in buds during flower differentiation.
(a) PsFT. (b) PsFD. (c) PsTFL1. Red arrow indicates the period of CF flowering. (d) The morphological
structure of common and CF bud in ‘HN’. (e–g) Expression pattern of PsFT (e), PsFD (f), and PsTFL1
(g) in common and CF buds of ‘HN’. The common buds of OF ‘HN’ and the S1, S2, S3, and S4 stages
of CF ‘HN’ were collected in mid-September during continuous flowering. The curves show the
mean values of three biological replicates for each sample. Data are the means of three biological
replicates, and three technical replicates were performed for each biological replicate. Error bars
show the standard deviation. Horizontal axis: plant data; vertical axis: gene expression levels relative
to PsUBIQUITIN. Significance levels are calculated via analysis of variance (ANOVA) and indicated
by asterisks: * (p < 0.05); ** (p < 0.01).

3.4. Subcellular Localization of PsTFL1, PsFD, and PsFT

To reveal the subcellular localization of PsTFL1, PsFD, and PsFT, we made the indi-
cated constructs to express fusion proteins with GFP driven by a 35S promoter (Figure 4).
In this experiment, the fused GFP fluorescence signal could indicate the subcellular local-
ization of the proteins of interest. In this study, laser confocal microscopy revealed that
the PsFT-GFP and PsTFTL1-GFP proteins were primarily expressed in the nucleus and
cytoplasm, while the PsFD-GFP protein was expressed in the nucleus (Figure 4). The GFP
control (35S::GFP) demonstrated the subcellular localization of the GFP proteins alone,
which was observed in the nucleus and cytoplasm. Considering the autofluorescence signal
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and the merged image (Figure 4), we concluded that PsFT and PsTFL1 are localized in the
cytoplasm and nucleus, whereas PsFD is localized in the nucleus.

Figure 4. Subcellular localization of PsFT, PsTFL1, and PsFD in tobacco epidermal cells. GFP, Green
fluorescence protein; Auto-fluorescence, chlorophyll fluorescence signal; Merge, merged image of
GFP, auto-fluorescence, and bright-field images. Bars = 20 μm.

3.5. Ectopic Expression of PsTFL1 in A. thaliana

To examine the role of PsTFL1 in the bud differentiation regulations of CF ‘HN’, we
generated PsTFL1-overexpressing transgenic A. thaliana plants, and 15 independent kan-
resistant T1 plants were obtained. The T2 lines were again filtrated with a kan solution, and
morphological observations were taken from 18 plants from the second generation (T2).
Under LD conditions, transgenic T2 lines exhibited later flowering characters and more
rosette leaves than WT plants (Figure 5a,b). As quantified, the average number of rosette
leaves in transgenic Arabidopsis lines was around 30, and the time from germination to
flowering was around 64 days. In contrast, the number of rosette leaves in wild-type (WT)
Arabidopsis plants was around 17, and the time from germination to flowering was around
46 days (Figure 5c). Therefore, the ectopic expression of PsTFL1 in A. thaliana revealed the
function of PsTFL1 in delaying blooming.
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Figure 5. PsTFL1 from tree peonies induced late flowering in transgenic A. thaliana. (a) The transgenic
line that constitutively expressed PsTFL1 exhibited the late-flowering phenotype in contrast to the
wild-type (WT) and vector controls under long-day conditions. (b) Vertical view. Bars = 0.5 cm.
(c) The statistics of days to flowering and rosette leaves in WT and over expression of PsTFL1 in
A. thaliana.

3.6. PsFT and PsTFL1 Physically Interact with PsFD

To investigate the direct interaction between PsFT and PsTFL1 with PsFD, as hypothe-
sized (Figure 2), we performed yeast two-hybrid (Y2H) assays. The results showed that the
yeast cells co-transformed with PsFT-PsFD or PsTFL1-PsFD exhibited survival and growth,
indicating that PsFT and PsTFL1 can interact with PsFD in vitro, while PsFT did not interact
with PsTFL1 (Figure 6a). We further conducted BiFC and Co-IP assays to further clarify the
observed interactions between the above pairs of proteins. In BiFC assays, a yellow fluores-
cent protein fluorescence signal was observed in the epidermal cells of tobacco leaves when
PsFD-YFPn and PsFT-YFPc, as well as PsFD-YFPn and PsTFL1-YFPc, were co-expressed
compared with the set negative controls (Figure 6b), indicating that PsFD physically inter-
acts with PsFT and PsTFL1 in plant cells. In Co-IP assays, we found that PsFT and PsTFL1
were recombined into pBinGFP2 vectors to yield GFP-PsFT and GFP-PsTFL1, respectively,
and PsFD was recombined into pCAMBIA to yield the CAM-PsFD vector (Figure 6c).
GFP-PsFT and GFP-PsTFL1 co-immunoprecipitated with CAM-PsFD at a protein size from
55 to 72 kD in both anti-GFP and anti-myc media (Figure 6c). These results confirmed the
existence of protein–protein interactions between PsFD-PsFT and PsFD-PsTFL1.
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Figure 6. Protein–protein interactions among PsFT, PsTFL1, and PsFD. (a) Yeast two-hybrid assay.
Yeast transformed with combinations of PsFT-PsFD and PsTFL1-PsFD with PsFT and PsTFL1, as
pGBKT7-bait and PsFD as pGADT7-bait were cultured on both nonselective media (SD/leu/-trp)
and selective media (X-a-gal/Aba). (b) BiFC assays were conducted to confirm the interaction
between PsFT-PsFD and PsTFL1-PsFD in tobacco leaves. Dark-field, bright-field, and merged im-
ages are shown, Bars = 25 μm. (c) Co-immunoprecipitation assays. Input: PsFD-pCAMBIA and
PsFT-pBinGFP2, as well as PsFD-pCAMBIA and PsTFL1-pBinGFP2, were co-expressed in N. ben-
thamiana. Immunoprecipitated proteins (IPs) were analyzed via immunoblotting and probing with
either anti-GFP (α-GFP) or anti-myc (α-myc). Proteins were extracted and subjected to Western blotting.
Output: The bands observed between 55 kDa and 72 kDa in the output are the result of the binding
between PsFT-PsFD and PsTFL1-PsFD in the Co-IP experiment.

4. Discussion

Clarifying the regulatory mechanisms of plant flowering has implications for crop
production and breeding [32]. Many studies have examined the molecular mechanism
underlying the CF phenotype to promote improvement in the ornamental and economic
value of plants. FT, TFL1, and FD have been shown to be involved in the differentiation of
CF buds in some perennial plants such as R. rugosa [1], R. hybrid RI [10,11], and Fragaria
vesca [11], but whether these genes play an important role in CF tree peonies as well remains
unclear. The results of this study proposed the regulatory roles of PsFT, PsTFL1, and PsFD
in CF ‘HN’ tree peonies.

4.1. The Different Roles of PsFT-PsFD and PsTFL1-PsFD in Flowering Control

The FT and TFL1 genes are members of the PEBP family, and PEBP proteins are
generally well conserved [8]. FT is a mobile protein that triggers flowering, and its sequence
is highly conserved across species [12,20,33]. In this study, we found that the key amino
acid residues of PsFT and PsTFL1 are conserved, but they are different in PsFD. Moreover,
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they are not only very similar in the overall protein fold, but they are also similar in the
putative ligand binding site. This structure can act as a switch between two downstream
possibilities in Arabidopsis, FT converts FD into a strong activator, while TFL1 converts FD
into a strong repressor [14]. This similar site suggested that the biological functions of these
molecules are similar [8,14,34]. PsFT and PsTFL1 may possess a buckle structure that binds
with PsFD. The similarity in their binding site and interaction confidence analysis, with
PsFD–PsFT = 0.8671 and PsFD–PsTFL1 = 0.8551, indicates that PsFT and PsTFL1 can both
interact with PsFD.

In A. thaliana, both FT and TFL1 were localized in the nucleus and cytoplasm and
interacted with FD in the nucleus [27,35]. In this study, subcellular localization assays
showed that PsFD was localized in the nucleus, and PsFT and PsTFL1 were localized
both in the nucleus and cytoplasm. These results indicated that there is overlap in the
localization of PsFT, PsTFL1, and PsFD in the cell, which is necessary for their interactions,
and that PsFT and PsTFL1 can interact with PsFD in the nucleus in tree peonies, similar to
their function in A. thaliana [8,35]. In this study, our Y2H, BiFC, and Co-IP assays revealed
interactions between PsFT, PsTFL1, and PsFD and confirmed protein–protein interactions
between PsFT and PsFD and between PsTFL1 and PsFD. Furthermore, the differential
structure of the functional groups of PsFT and PsTFL1 might have different functions in
tree peonies. We reported previously that the overexpression of the PsFT gene promoted
flowering in transgenic A. thaliana [30]. In this study, we confirmed that PsTFL1 delayed
flowering and resulted in more rosette leaves in transgenic Arabidopsis plants. In line with
the findings in Arabidopsis [14], we suggested that PsFT-PsFD or PsTFL1-PsFD may promote
or delay flowering in tree peonies.

4.2. The Role of PsFT, PsTFL1, and PsFD in Regulating CF

As a florigen, FT promotes flower induction or regulates blooming [12], and its ho-
mologs have often been reported in apple [36,37], Arabidopsis [8,20], poplar [38], citrus [39],
loquat [40], and other species. In loquat, there are two copies of FT; the expression of EjFT1
is involved in bud sprouting and leaf development in mid-May, and EjFT2 is involved
in floral bud induction in mid-June [40]. However, in ‘HN’, we only detected a single
copy of PsFT, an FT-like gene. The expression of PsFT in common bud differentiation
increased continuously from late June to mid-July and then decreased from mid-July to
early September. PsFT is also expressed during CF in CF cultivars. Our previous study
showed that transferring PsFT from ‘HN’ into A. thaliana significantly advanced flowering
compared with WT plants [30]. The PsFT sequenced from tree peony ‘HN’ was detected to
be expressed during common bud differentiation, CF flowering. PsFT may act as a florigen
in tree peonies.

In this work, a single-copy TFL1 homolog sequence was identified in ‘HN’. We found
that the expression of PsTFL1 remained low in the CF ‘HN’ and CF potential P. delavayi
during common bud differentiation from early June to late August but increased as bud
differentiation finished in the OF ‘LYH’ when a peak appeared from 5 August to 15 August.
PsTFL1 was always expressed both in the common buds in dormant stages of all cultivar
classes, but its expression gradually decreased from S1 to S4 in CF buds of ‘HN’. This might
suggest that the low expression of PsTFL1 in CF tree peonies could allow them to flower
continuously under suitable conditions. The overall expression of KSN (a homologous
gene of TFL1 in rose) has been shown to inhibit the floral transition in a CF rose, and
the expression of KSN was significantly repressed in the CF cultivar compared with OF
varieties [1,10,11]. Therefore, we deduced that PsTFL1 might inhibit bud differentiation,
and the decrease in its expression during floral differentiation might be related to the
flowering of CF ‘HN’ in mid-August.

We found that the expression of PsFD was first upregulated in CF ‘HN’ on 5 June,
followed by ‘LYH’ and P. delavayi on 15 June and 25 June. After entering the floral dif-
ferentiation stage, the expression of PsFD first increased, and this was followed by an
increase in the expression of PsFT. Therefore, PsFD might mediate the expression of PsFT,
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thereby regulating the process of floral differentiation. In the development and flowering
of ‘HN’, the expression of both PsFD and PsFT increased, and the expression of PsTFL1
decreased. PsFT, PsTFL1, and PsFD may play a role in inducing CF in ‘HN’. In dormant
buds of ‘HN’, we found that PsFT was weak expressed; however, PsTFL1 and PsFD were
highly expressed. These findings suggest that PsFD may be involved in the expression
of PsFT and PsTFL1 in CF cultivars. The function of FD is not limited to the regulation
of flowering time, but it also involves several aspects of plant development [36]. FD may
function as a molecular connector that can form an FD–FT or FD–TFL1 florigen activation
or inhibition complex by binding with FT and TFL1 [14].

According to the expression curves during the bud differentiation of CF ‘HN’, the
expression of PsTFL1 was gradually reduced, while the expression of PsFT was increased,
which coincides with the increased expression of PsFD. In common buds from ‘HN’, a
high expression of PsTFL1 coincides with the absence of PsFT expression, indicating that
PsTFL1 and PsFD could be related to the inhibition of flowering in the common buds of
‘HN’. Therefore, PsFT likely plays a key role in flower bud differentiation and flowering
in tree peony, and it is inhibited by PsTFL1. The results of our study showed that PsFT,
PsTFL1, and PsFD may be related to the CF trait in the tree peony ‘HN’.

In our study, the results of the qRT-PCR assays suggested that PsFD and PsFT could
be expressed during common bud differentiation, common flowering, and CF flowering in
‘HN’. The expression level of PsTFL1 remained low during the common floral differentiation
of CF ‘HN’ and CF potential P. delavayi compared with OF ‘LYH’. Furthermore, PsTFL1
expression gradually decreased from S1 to S4 in the CF buds of ‘HN’. We also found that the
expression of PsFT and PsFD increased during CF in CF ‘HN’. The regulation of PsFD, PsFT,
and PsTFL1 could be correlated with CF flowering in ‘HN’. Ectopic expression in A. thaliana
revealed that PsFT acts as a florigen and PsTFL1 acts as a repressor protein. Protein–protein
interaction assays revealed that PsFT and PsTFL1 could interact with PsFD. Our findings
suggest that the regulation of PsFT and PsTFL1 may be involved in the flowering or lack
thereof in tree peonies during common and CF flowering.

5. Conclusions

In this study, we demonstrated that PsTFL1 functions as a floral inhibitor in tree
peonies. Our findings suggest that PsFT and PsTFL1 can interact with PsFD to form a
complex, and the gene regulation patterns of PsFD, PsFT, and PsTFL1 may be involved
in the CF flowering of ‘HN’. However, the mechanisms underlying the differences in
expression require further clarification.
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