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Abstract
Background: Magnolia is a traditional and important ornamental plant in urban greening, which has been
cultivated for about 2,000 years in China for its elegant �ower shape and gorgeous �ower color. Most
varieties of Magnolia bloom once a year in the spring, whereas a few others, such as Magnolia lilii�ora
Desr. ‘Hongyuanbao’, also bloom for the second time in summer or a little late. Such a twice �owering
trait is desirable because of its high ornamental values, but its underlying mechanism remains unclear.

Results: To explore the peculiar metabolism twice-�owering in ‘Hongyuanbao’, the chemical metabolites
and the relevant genes encoding them in the �ower buds during the entire �owering period were analyzed.
It appears that there was a signi�cant variation between the metabolic pro�les of �ower differentiation
between the �rst and secondary �ower buds. The sucrose and trehalose metabolic pathways were
signi�cantly upregulated during both �owering periods as shown by a Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis. This was further veri�ed by quantitative real-time polymerase
chain reaction analysis which showed that the expression levels of a number of trehalose-6-phosphate
synthase (TPS) genes including MlTPS1, MlTPS5, MlTPS6, MlTPS7, and MlTPS9 were substantial
increased. To further investigate the potential functional role of sucrose and trehalose in �owering
regulation, the leaves of ‘Hongyuanbao’ were sprayed with the sucrose or trehalose solution with a
gradient of concentrations including 30 mM, 60 mM, and 90 mM. While both trehalose and sucrose of 60
mM in concentration were able to accelerate the process of �ower bud differentiation, their molecular
pathways appeared to be different. Sucrose treatment increased the transcription levels of MlTPS5 and
MlTPS6, whereas trehalose treatment increased MlTPS1. The expression of a number of �owering-related
genes, such as MlFT, MlLFY, and MlSPL was also increased in response to the sprays of sucrose and
trehalose.

Conclusions: Overall, the �ndings on the functional roles of sucrose/trehalose and their underlying
molecular mechanism in �owering of ‘Hongyuanbao’ improves our current understanding on of the
biochemical triggers for �owering in Magnolia and provides a useful tool in Magnolia cultivation and
�owering management.

Background
Flowering is an prominent feature and essential part of the reproductive process in �owering plants which
constitute the largest and most diverse group of the plant kingdom [1,2]. It is also an important indication
that plants can adapt to their environment, and the choice of �owering time is crucial in the life cycle of a
plant to ensure maximum reproductive success [3–5]. During the process of cultivation and breeding,
ornamental plants bearing �owers with rich colors, changeable patterns and longer �owering period are
generally favored [2]. The majority �owering plants bloom once a year at certain seasons and these
plants are called once �owering plants [6]. While some can bloom again within a year as twice �owering
plants, or continue to bloom under favorable conditions as continuous �owering (CF) plants. In
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horticulture, multiple �owering is a popular trait which has been introduced in a wide range of cultivated
varieties [7].

In recent years, there have been a number of in-depth studies on the molecular mechanisms of plant
�owering, especially in model plant Arabidopsis thaliana, which is a once �owering plant. It has been
found that six major pathways including photoperiod, vernalization, thermosensory, gibberellin,
autonomous, and aging, respond to multiple signaling pathways to regulate �ower development [8–10].

The investigation on the multiple �owering habit has so far been focusing on strawberry and rose. In CF
roses, the absence of the �oral repressor provokes continuous blooming because of an insertion of
retrotransposon in the second intron of the TERMINAL FLOWER1(TFL1) homologue [11,12]. Similarly, in
woodland strawberry (Fragaria vesca,), a 2-bp deletion in the coding region of the TFL1 homologue
introduces a frame shift and is responsible for its CF behavior [13]. However, the function loss of TFL1
resulting in CF during the whole growth phase appears to be not applicable to all the CF species in rose
and strawberry [14].

Further, it is known that the development of �owers requires the strict regulation of ecological processes
accompanied by changes in sugar metabolism [15,16]. Sugars were found to act as signaling molecules
interacting with the �owering pathways, as exempli�ed by the transcription factor ATIDD8 which
regulates �ower by regulating sucrose transport and metabolism in A. thaliana [17]. In addition, trehalose
has been identi�ed as a signaling molecule that regulates many important metabolic and developmental
processes in plants [15, 18–20]. Trehalose-6-phosphate (T6P) is synthesized from UDP-glucose and
glucose-6-phosphate by T6P synthase (TPS) and then converted to trehalose by T6P phosphatase
[21,22]. Since T6P exists in plants in trace amount, it is thought to act as a signaling molecule for the
regulation of sugars [23]. In many plants, the content of T6P is closely related to that of endogenous
sucrose at both day and night. This signi�cant correlation suggests that T6P may be a signal of sucrose
availability and a negative feedback regulator of sucrose accumulation [18]. In studies of A. thaliana, it
was found that the T6P pathway can directly regulate �owering at two sites: TPS1 activity is required for
the induction of the �origen FT, which provides a convenient way for the plant to integrate an
environmental signal [24]; in addition, the T6P pathway affects the expression of important �owering-
time and �ower-patterning genes such as SPLs via the age pathway to regulate �owering [25]. Taken
together, sugars may have been involved in the regulation of �owering processes in plants in through
various �owering pathways. To our knowledge, the role of sugars in twice �owering process has not been
studied, which prompted our current investigation on the interactions between sugars and continuous
�owering in Magnolia.

Magnolia is a traditional and important ornamental plant in urban greening, which has been cultivated for
about 2,000 years in China for its elegant �ower shape and gorgeous �ower color [26,27]. Most species of
Magnolia bloom once a year in spring, while fewer were found to be able to �ower again in summer or
later [28]. The characteristic of twice �owering of Magnolia has greatly enhanced its ornamental and
research values, and therefore, it is of signi�cant interest to understand the molecular mechanism
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controlling the secondary �owering in order to explore the commercial application of this valuable trait in
Magnolia. Magnolia lilii�ora ‘Hongyuanbao’ is one of the twice �owering Magnolia varieties that bloom in
both spring and summer with regular �owering time [29]. In this study, we investigated the biochemical
metabolism during the differentiation of �ower buds in M. li�i�ora ‘Hongyuanbao and identi�ed a variety
of metabolic compounds that are shown to in�uence the �owering process, which provides important
clues to understanding the metabolic regulation of twice �owering and its underlying molecular
mechanisms.

Results

Identi�cation of two distinct periods of �ower bud
differentiations in M. li�i�ora ‘Hongyuanbao’
M. li�i�ora ‘Hongyuanbao’ �owers in both spring and summer. The entire �ower bud differentiation
process was studied by microscopy observation of para�n sections of �ower buds sampled at regular
intervals (Fig. 1A). In spring, ‘Hongyuanbao’ �owers from late March to the middle of April, which is
relative later than the once �owering Magnolia plants. In summer, it started to �ower from early June to
middle August and continued to bloom for a longer period than the �owers in spring (Fig. 1B).

The �ower bloomed in spring was borne primarily at the top of the raw branches from the previous year.
Unlike other Magnolia, the �owering in ‘Hongyuanbao’ was rather synchronized. When the spring �owers
had fallen, the axillary buds sprouted new shoots and formed �ower buds at the top. The differentiation
of buds occurred with simultaneous elongation of new shoots. In summer, these differentiated �ower
buds would bloom from early June to middle August, which lasted longer than the spring �owers. It
appeared that some variations existed in the development and opening process of �ower buds between
spring and summer �owers, which could be attributed to the variations in plant nutritional status and
environmental conditions.

Untargeted metabolomic analysis of various primary
metabolites between the �rst and second �ower bud
differentiation
In order to explore the mechanism of twice �owering trait in ‘Hongyuanbao’, the primary metabolites of
different �ower buds periods during twice �owering were analyzed using gas chromatography-mass
spectrometry (GC-MS).

In most metabolomic data analyses, compounding factors orthogonal to the variables of interest may
obscure the intended class separation, and an orthogonal projection to latent structures discriminant
analysis (OPLS-DA) was used as a common analytical method. In the study, OPLS-DA
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was used to �lter out the orthogonal variables that are not related to the classi�cation variables and
analyze both the nonorthogonal and orthogonal variables in order to investigate the relationship between
the metabolites and twice �ower bud differentiation(Fig. 2). The coordinates value for to1 and t1 showed
a clear separation of the �rst predicted component between the two groups (Fig. 2D-F), and the value of
the Q2 is deemed to represent the prediction ability of OPLS-DA model. In this study, Fig. 2-A was
compared with Fig. 2-D, which had an overall cross-validation coe�cient, Q2(y), of 58%. In addition, when
Fig. 2-B was compared with Fig. 2-E, it had an overall cross-validation coe�cient, of 78% and the model
had an overall cross-validation coe�cient, of 77% when Fig. 2-C was compared with Fig. 2-F. Thus, the
OPLS-DA model can be used to reliably identify the categories, and OPLS-DA is more suitable than
principal components analysis to identify the source of ‘Hongyuanbao’ samples.

To investigate the impact of twice �owering on metabolism in �ower buds, the metabolic pro�les of both
the �rst and the secondary �ower buds, each with �ve replications, were used to conduct hierarchical
cluster analysis (Fig. 2). A total of 41 differential metabolites were identi�ed (Supplementary Table 1).

For the purpose of identifying the metabolites during various stages of �ower bud differentiation, the
responses of all the 41 metabolites were analyzed. Based on the Mass Bank and Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Human Metabolome Database analyses, the metabolites were divided
into six groups: Carboxylic acids and derivatives (including 12 compounds), Organooxygen compounds
(13), Fatty Acyls (5), Prenol lipids (3), Indoles and derivatives (2), and other compounds (6). The levels of
most sugars tended to increase compared with the twice differentiation in �ower buds,while the levels of
glutamate and pyroglutamate were lower in the �ower buds, and the level of organic acids, such as
pyruvate, tended to signi�cantly increase. The level of malate tended to decrease in the second �ower
buds. Furthermore, the levels of citrate and 2-oxoglutarate were lower in the �ower buds. These data
suggest that many metabolites, especially sugars, are necessary for the differentiation of secondary
�ower buds.

The correlation analysis of metabolite-metabolite
interaction network in M. li�i�ora ‘Hongyuanbao’
To study the correlation between the metabolites in different stages of �ower bud differentiation in M.
li�i�ora ‘Hongyuanbao’, Pearson correlation coe�cients were used to calculate the data of differential
metabolites between the �rst and secondary �ower bud differentiations in three different developmental
stages. MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) was used to map the correlation network
among metabolites. There were 22 groups of metabolites in S1, 41 groups in S2, and 25 groups in S3 that
were measured and the False Discovery Rate (FDR) was 0.05. The correlation network of S2 was found to
be much closer than that of S1 and S3 (Fig. 3). These data suggest that various metabolic activities of
S2 are active during �ower bud differentiation and we would focus on the correlations between the
metabolites in S2.

KEGG Enrichment Analysis of sugar metabolites and the
expression of MlTPS genes
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KEGG enrichment analysis showed that sucrose and trehalose in the sucrose and starch metabolic
pathways were signi�cantly upregulated. To reveal how the sugars affect continuous �owering, genes in
relevant metabolic pathways were mined and �ve MlTPS genes, which were related to sugar pathways,
were obtained from transcriptome data. The expression of MlTPS genes during the second differentiation
process was signi�cantly upregulated as revealed by qRT-PCR analysis. Further analysis found that
MlTPS1 and MlTPS7 were the most prominent in expression, and MlTPS5 was barely discernible during
the second differentiation. The overall trend demonstrates that the level of expression of MlTPS genes
increased signi�cantly during the middle stage during the second �ower bud differentiation (Fig. 4),
suggestive of potential function role of MlTPS genes in the secondary �ower bud differentiation.

Trehalose promoted early �owering
In order to con�rm the effects of sucrose and trehalose on the twice �owering trait in M. li�i�ora
‘Hongyuanbao’, the plants grown in the nursery of Zhejiang A&F University, were sprayed with a solution
of sucrose and trehalose (Fig. 5A). Once the plants stopped �owering, leaf spraying commenced with
three concentrations (30 mM, 60 mM, 90 mM) of sucrose or trehalose. The leaves were sprayed once
every 5 days and the samples were taken for microscopy observation on the 20th and 35th day following
the �rst spraying.

Following 20 days spaying, the plants that had been sprayed with solutions of 90 mM and 30 mM of
sucrose were still in the undifferentiated status, while the plants sprayed with a solution of 30 mM
trehalose had reached the sepal differentiation status. Simultaneously, the �ower buds of the plants
sprayed with a solution of 60 mM trehalose had reached petal differentiation stage. Among the samples
taken after 35 days spraying, the control (CK- plants without any treatment) was still in the stage of pistil
development, but the plants that had been sprayed with solutions of 60 mM and 90 mM of trehalose had
started to show �ower bud differentiation. However, the plants treated with a 30 mM solution of sucrose
were in the petal developmental stage, while those treated with a 60 mM solution of sucrose were in the
pistil developmental stage. The plants treated with a 90 mM solution of sucrose were in the stamen
developmental stage. Taken together, these results demonstrate that spraying of ‘Hongyuanbao’ leaves
with different concentrations of sugars, either sucrose or trehalose, have variable effects on �ower bud
differentiation, with trehalose showing prominent promotion effects on the process of �ower bud
differentiation (Fig. 5B).

Expression of TPS genes and �owering genes under
sucrose treatment
To investigate the effect of trehalose and sucrose on the levels of expression of the MlTPS genes in
‘Hongyuanbao’, the expression patterns of the MlTPS genes in ‘Hongyuanbao’ leaves that had been
treated with 60 mM of trehalose or sucrose were examined (Fig. 6). It was apparent that the MlTPS genes
were widely expressed throughout the �ower bud differentiation period. In the treatment with a solution of
60 mM trehalose, relative to CK, the expression of MlTPS1 increased during the middle and later stage,
the expression of MlTPS5 continuously increased, the expression of MlTPS6 decreased following an
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initial increase, while the expression of MlTPS7 and MlTPS9 remained unchanged. Under the treatment
with 60 mM sucrose, the expression of MlTPS1 was barely detectable, the expression of MlTPS5
decreased following an initial increase, the expressions of MlTPS6 and MlTPS7 was always higher than
that of the CK, and the MlTPS9 expression remained unchanged.

Moreover, the �owering integrators also responded to sugar treatment (Fig. 6). MlFT might have
in�uenced the differentiation of �ower buds in the beginning, particularly when the plants were sprayed
with a solution of trehalose. The level of expression of MlLFY was higher in the beginning of �ower
differentiation compared to the later stages, suggestive of its functional role in the development of �oral
meristem. The expression of MlCO was raised moderately by the sugar treatments, while MlAP1 was not
responsive. These results directly demonstrated that MlTPS genes could be responsive to sugar signal to
regulate �oral differentiation and the acceleration in �owering promotion may depend on the enhanced
expression of MlFT and MlLFY.

Analysis of the expression of transcription factor SPL
following sugar treatment
SPL genes have been shown to be regulated by diverse �owering signals and to form the molecular
output of a pathway that regulates �owering as a function of a plant’s age [30]. In the current studies, the
age pathway gene SPL3 have been suggested as a participant in the T6P pathway and affect the process
of �owering. Two MlSPL3 genes (MlSPL3-1 and MlSPL3-2) were identi�ed from the ‘Hongyuanbao’
transcriptome. MlSPL3-1 showed signi�cantly higher expression relative to CK under both sugar
treatments, with the sucrose treatment showing relatively higher expression than the trehalose treatment.
While the expression level of MlSPL3-2 did not differ signi�cantly between the spraying treatments with
trehalose and sucrose, the overall expression of MlSPL3-2 was higher following spraying with trehalose
(Fig. 7). These results suggest that the T6P pathway can directly affect the expression of important
�owering-time and �ower-patterning genes MlSPL via the age pathway to promote the �oral
differentiation process.

Discussion

A different multiple �owering mechanism exist in M.
li�i�ora ‘Hongyuanbao’
As the timing of �owering is critical for successful sexual reproduction, crop productivity and yield [30,31],
numerous models have been established in model plants such as Arabidopsis and some crop plants.
These models have also been used to study the molecular mechanisms that underlie the control of �ower
bud differentiation in ornamental plants. Nevertheless, the speci�c requirements for multiple �owering in
ornamental plants have only recently become a popular research topic due to the increasing commercial
interest. Flower bud differentiation is a physiological and morphological sign of the transformation from
vegetative to reproductive growth [32], and the whole process consists of the induction stage before
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�ower bud differentiation and the speci�c processes of in�orescence and �ower differentiation [33].
‘Hongyuanbao’ is a M. li�i�ora variety that was introduced to China in 2001 [5], and its ornamental
features have been relatively stable for many years, especially the twice �owering phenotype. The
phenomenon of twice �owering has been described in one previous study [5], but the in-depth
understanding on its �owering mechanism is still lacking. In this study, we made observations on the
�owering time and the differentiation of �ower buds throughout the entire �owering period and it was
revealed that ‘Hongyuanbao’ had two distinct �ower bud differentiations, the �rst and secondary
differentiations in spring and summer respectively, not the whole growth phase, which is different from
the continuous �owering species in rose and strawberry.

In previous reports, the functional loss of TFL1, and KSN caused continuous �owering in rose and
strawberry [34–36], and multigenic control of continuous �owering was proposed in cultivated strawberry
[37,38]. However, the unaltered expression pattern of TFL1 gene in the transcriptome of ‘Hongyuanbao’,
prompt us to consider for an alternative mechanism which regulates the formation of �owers twice a year
in ‘Hongyuanbao’.

In recent years, increasing amounts of attention have been paid to plant metabolism, and, sugars have
been deemed as signaling molecules that regulate a variety of genes involved in various aspects of plant
developments. In order to further uncover the potential mechanism underlying the twice �ower bud
differentiation in ‘Hongyuanbao’, the whole �ower bud differentiation process was categorized into six
stages. A metabonomic analysis of the differential �ower buds of these six stage suggested that the
�ower bud differentiation mainly occurred in the middle stage at which the content of sugars, such as
sucrose and trehalose, and the content of isozymes had increased signi�cantly. It indicated that sucrose
and trehalose may play important roles during the process of �ower bud differentiations, especially the
secondary �ower bud differentiation.

Sucrose and trehalose play important roles during twice
�ower bud differentiation and blossom
Sugars, as the basic molecules of carbon metabolism, can be used as energy substances or signaling
molecules playing an important role in the entire life cycle of plants. A number of plant systems, such as
Chrysanthemum [39], A. thaliana [15,40], and apple [41,42] have been well established for studying sugar
metabolism. Recent studies found that sugars could in�uence the phase transition from vegetative to
reproductive growth in plants, by acting as a signaling molecule which could interact with other inorganic
regulatory networks [43,44]. Consistent with previous researches, metabolomics analysis of �ower buds
in ‘Hongyuanbao’ veri�es the importance of sugars during �ower bud differentiation process. In order to
investigate the functional role that sugars may play during the twice �ower bud differentiation and bloom
in M. li�i�ora ‘Hongyuanbao’, solutions of sucrose or trehalose were sprayed on plant leaves, revealing
that both sucrose and trehalose can promote �ower formation, with trehalose showing more prominent
effect (Fig. 5).
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As illustrated in Fig. 8, T6P acts as a signaling molecule that relays information about carbohydrate
availability to other signaling pathways, and plays an important role in sugar metabolism pathway [15].
T6P pathway responses to sugar signal and regulate �owering based on two different aspects. In the
plant leaves, TPS1 is activated by the elongation in day length in spring, which produces T6P and induces
the expression of �origen FT, integrating the environmental and physiological signals for �owering
[15,45]. The signals ensure the expression of FT when the conditions are optimal to support the energy
demanding processes of �owering. Besides, the T6P pathway affects the expression of SPL3 via the age
pathway directly at the SAM independently of the photoperiod pathway (Fig. 8).

Therefore, we screened and characterized �ve MlTPS and two MlSPL3 genes derived from M. li�i�ora
‘Hongyuanbao’. The MlTPS genes that were expressed in various stages was simultaneously veri�ed
using qRT-PCR and the expression levels of MlTPS1 MlTPS6 MlTPS7 increased signi�cantly under
sugars treatment, indicating the important function of MlTPS during the �owering pathways that are
regulated by sugars. Previous studies [45] in Arabidopsis have also found that TPS1 can promote
�owering, while knocking out TPS1 gene will result in delay in �owering. But the correlation of TPS6 and
TPS7 on the mechanism of �owering had not been studied further. TPS9, however, was more inclined to
be involved in stress resistance [46]. It is attempting to assume that the longer photoperiod leads to the
accumulation of polysaccharides, which promote the expression of MlTPS1 and the secondary �owering
(Fig. 8). The T6P pathway may also function by the pathway of aging to promote �owering through the
expression of MlSPL3 [15, 47], that the activation of MlSPL3 expression by sugars as revealed in this
study could promote the expression of �oral integrator (Fig. 8).

In conclusion, our study demonstrates that M. lilii�ora ‘Hongyuanbao’ could go through two cycles of
�ower bud differentiations in spring and summer, distinct from the continuous �owering in roses and
strawberry. Sucrose and trehalose are important players during the secondary �ower bud differentiation
and bloom by activating the expression of TPS and SPL genes.

Materials And Methods

Plant materials
The experiment was conducted with �ower buds from 10-year-old M. lilii�ora ‘Hongyuanbao’, that were
collected from the entire �ower bud differentiation process on April 22 and August 21, 2018, from the
Magnolia trees grown in the Zhejiang Agricultural and Forestry University, Zhejiang, China. The �ower
buds were stored at -80°C until extraction.

Gas chromatography-mass spectrometry analysis
A total of 50 mg of each sample was placed in a 2 mL polyethylene tube, mixed with 400 µL cold
methanol, and 20 µL of methanol as the internal standard. A steel ball was added to the tube to assist the
grinding with a 40 Hz grinder (JXFSTPRP-24, Shanghai Jingxin Experimental Technology, Shanghai,
China) Following grinding for 4 min, the samples were treated with sonication in an ice bath for 5 min.
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The samples were then mixed with 200 µL of chloroform and 400 µL of water and centrifuged at 13,500x
g for 15 min at 4°C. Finally, 200 µL of supernatant was collected and evaporated by vacuum drying in a
glass sampling vial. The samples were analyzed using gas chromatograph-mass spectrometry (GC-MS)
Agilent 7890 GC-TOFMS which was equipped with an Agilent DB-5 ms capillary column (30 M × 250 µm
× 0.25 µm, J & W Scienti�c, Folsom, CA, USA) [53].

Data processing and analysis
The peak extraction, baseline correction, deconvolution, peak integration, and peak alignment of the mass
spectrometry data were carried out using chromat of software (v. 4.3x, LECO Corporation, St. Joseph, MI,
USA). SIMCA software (v.14) was used for multivariate pattern recognition and data normalization.
Principal component analysis and the OPLS-DA method were used to discriminate the metabolic changes
in the experimental group. The corresponding metabolic pathways were mapped in the KEGG database,
and P values were calculated with the level of statistical signi�cance set at p < 0.05. Pathway enrichment
analysis was conducted using metaboanalyst3.0 and the heat map was generated by OriginPro2015
(OriginLab Corporation, Northampton, MA, USA).

Screening and identi�cation of metabolic differences
A total of 569 non-targeted metabolites were obtained based on the naming conditions of ion peak
matching. All the differentially expressed compounds in the treated group were selected by comparing the
compounds in the treated group with the control using the multivariate statistical method. For biologically
duplicated metabolites, the combination of P-value and Variables with variable importance in the
projection (VIP) value of the OPLS-DA (29 Thévenot E A, 2015) model was used to screen differential
metabolites. The screening criteria were P < 0.05. VIP > 1.0 was considered relevant for group
discrimination.

The induction of �owering by sucrose and trehalose
treatments
Eighteen red and golden plantlets of similar size and growth were selected to grow in the Pingshan base
experimental station. The leaves were sprayed from top to bottom with different sucrose or trehalose
solutions with concentrations of 30 mM, 60 mM, and 90 mM. There were seven equal groups of three
plants each. The stem tips were collected for cytological observation when the shoot apical meristems
begin to expand which is used as the indicator of �oral bud initiation.

The qRT-PCR analysis of MlTPS genes in response to
sucrose treatment
The sequences of MlTPS genes were identi�ed from M. lilii�ora ‘Hongyuanbao’ and all qRT-PCR
experiments were conducted in triplicates with three biological replicates. The statistical analyses were
performed using SigmaPlot 10.0 (Systat Software Inc., San Jose, CA, USA), and the relative expression
was calculated using the 2-ppCt method [22].
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Abbreviations

KEGG Kyoto Encyclopedia of Genes and Genomes

TPS trehalose-6-phosphate synthase

T6P trehalose-6-phosphate

OPLS-DA orthogonal projection to latent structures discriminant analysis

CK plants without any treatment

FT FLOWERING LOCUS T

LFY LEAFY

AP1 APETALA1
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Figure 1

Observation of �ower buds and plant phenotypes in Magnolia li�i�ora ‘Hongyuanbao’. (A) The
morphological change of �ower bud differentiation in April and June. White bars, 2 mm; Red bars, 50 µm.
(B) The time course of �ower bud differentiation. Red bars, 50 µm.
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Figure 2

Comparisons of metabolite levels in spring and summer �ower bud differentiations. (A-C) Heatmap of the
classi�cation in the different stage (respectively represent the early, middle and later stage) comparing
between spring and summer �ower bud differentiations on metabolite pro�les. (D-F) orthogonal
projection to latent structures discriminant analysis (OPLS-DA) score plot for the different stage
(respectively represent the early, middle and later stage) comparing metabolite between spring and
summer �owering.

Figure 3

Metabolite-Metabolite Interaction Network in different stages. A, B, C represent the early, middle and later
stage of �ower bud differentiation, respectively. S1, S2, S3 represent the early, middle, and later stage of
the �rst �ower bud differentiation, respectively. S4, S5, S6 represent the early, middle, and later stage of
the secondary �ower bud differentiation, respectively.
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Figure 4

Important metabolite pathways during the spring and summer �ower bud differentiations. (A) Enrichment
of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. Relatively high numbers of
metabolites were annotated as starch and sucrose metabolism with rich factor. (B) The levels of
expression of MlTPS genes in the three stages of the �rst and secondary �ower bud differentiation
processes in Magnolia li�i�ora ‘Hongyuanbao’.



Page 21/24

Figure 5

The effect of spraying on the leaves of M. li�i�ora ‘Hongyuanbao’ plants with the solution of trehalose or
sucrose. (A) Treatment with different concentrations of trehalose or sucrose solutions. (B) The 20th and
35th day after treatment were chosen to observe the process of �ower bud differentiation. Red bars, 50
µm; White bars, 2 mm.



Page 22/24

Figure 6

Expression levels of TPS and �owering genes in Magnolia li�i�ora ‘Hongyuanbao’. (A) The relative
expression of TPS genes in response to treatment with trehalose or sucrose during the �oral induction.
(B) The relative expression of �owering genes in response to treatment with trehalose or sucrose during
�oral induction.
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Figure 7

Analysis of the expression of SPL3 gene after treatment with sugars. (A) The relative expression of SPL3-
1. (B) The relative expression of SPL3-2.

Figure 8

A simple schematic network of sugar metabolism that regulates �owering time in ‘Hongyuanbao
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