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Abstract

Background: Environmental conditions, such as photoperiod, affect the developmental response of plants; thus, plants have evolved
molecular mechanisms to adapt to changes in photoperiod. In Bougainvillea spp., the mechanism of flower formation underlying flow-
ering control techniques remains poorly understood, and the physiological changes that occur during flower bud formation and the
expression of related genes are not yet fully understood. Methods: In this study, we induced flowering of potted Bougainvillea glabra
‘Sao Paulo’ plants under light-control treatments and analyzed their effects on flowering time, number of flower buds, flowering quality,
as well as quality of flower formation, which was analyzed using transcriptome sequencing. Results: Light-control treatment effectively
induced the rapid formation of flower buds and early flowering in B. glabra ‘Sao Paulo’, with the time of flower bud formation being
119 days earlier and the flowering period extended six days longer than those of the control plants. The light-control treatment caused
the bracts to become smaller and lighter in color, while the number of flowers increased, and the neatness of flowering improved. Tran-
scriptome sequencing of the apical buds identified 1235 differentially expressed genes (DEGs) related to the pathways of environmental
adaptation, biosynthesis of other secondary metabolites, glycan biosynthesis and metabolism, and energy metabolism. DEGs related to
gibberellin metabolism were analyzed, wherein five DEGs were identified between the control and treatment groups. Transcriptomic
analysis revealed that the gibberellin regulatory pathway is linked to flowering. Specifically, GA and GID1 levels increased during this
process, enhancing DELLA protein degradation. However, decreasing this protein’s binding to CO did not halt FT upregulation, thereby
advancing the flowering of B. glabra ‘Sao Paulo’. Conclusions: The findings of our study have implications for future research on
photoperiod and its role in controlling flowering timing of Bougainvillea spp.
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1. Introduction
Bougainvillea spp. include woody evergreen vines

from the family Nyctaginaceae, which originated from
Brazil and other South American regions. Members of
this genus are also referred to as leafflowers in China and
Guangdong Province, because the plant has thorns, and the
ornamental part of the bracts resemble a leaf on the out-
side. As the primary ornamental feature, three small flow-
ers cluster in colorful bracts. Because of the bright and
colorful bracts, diverse varieties, long ornamental periods,
drought resistance, ease of planting, and other characteris-
tics, Bougainvillea spp. are adored by people and widely
used in urban landscaping [1].

Recently, technical measures such as water control,
shading, and growth regulators have been widely used to
regulate the flowering period of Bougainvillea spp. to con-
form to the supply and demand of flowers in the domestic
flower market during festivals. Moreover, studies have re-
vealed that the photoperiod affects the flowering time of
plants. For example, a study of two varieties of camel-
lia, ‘White Snow Pagoda’ and ‘Flowering Peony’, revealed

that treating the plants for a duration less than their critical
day length resulted in the absence of reproductive growth
and delayed flowering, whereas treating them with a light
duration greater than the critical day length resulted in an
earlier flowering period and a corresponding increase in
the flowering duration [2]. Similarly, a study on chrysan-
themum photoperiods demonstrated that a shorter photope-
riod promoted bud formation and flower quality [3]. A
study on the effects of different photoperiods on chrysan-
themums, revealed that under 10 h of light, their inflores-
cences were longer, and the number of flowers increased;
however, treating spring orchids with 8 h of short sun-
light drove nutritive growth, while 16 h of long sunlight
led to their reproductive growth, promoted early blooming,
and increased the number of flowers [4]. Previous studies
have shown that the main factor limiting the flowering of
Bougainvillea is light, whereas water is an important fac-
tor for plant survival and significantly impacts growth and
flowering [5].
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However, the mechanism of change in flower forma-
tion in response to these flowering control techniques re-
mains poorly understood, and the physiological changes
that occur during flower bud formation and the expression
of related genes remain unclear. Therefore, in this study,
we aimed to induce flower formation of potted B. glabra
‘Sao Paulo’ under different light-control treatments (pho-
toperiods) and observe their effects on flowering time, and
number of flower buds, as well as quality of flower forma-
tion, which was assessed using transcriptome sequencing.
Our results provide a research basis for further exploration
of the regulatory mechanism of shortened photoperiod to
regulate the flowering time of Bougainvillea.

2. Materials and Methods
2.1 Experimental Design

The experiment was conducted from May 2021 to
July 2021 at the Baiyun Base (113.23° E, 23.16° N) of
the Guangzhou Houde Agricultural Technology Co. Ro-
bust perennial B. glabra ‘Sao Paulo’ free of pests and dis-
eases and demonstrating consistent growth and potting con-
ditions were used in the experiment. The experiment was
conducted in a joint plastic greenhouse, thus controlling for
rain or other weather factors. Water and fertilizer manage-
ment was consolidated throughout the experiment.

Themanipulated treatment was shortened photoperiod
(SP) which based on the planting experience of our coop-
erative enterprises. The SP group refers to controlling the
photoperiod to 14 hours of darkness and 8 hours of natu-
ral light exposure, and control group (CK) refers to natural
photoperiod of 10.5 hours of darkness and 13.5 hours of
natural light exposure without any treatment. The short-
ened photoperiod treatment during normal water and fertil-
izer management lasted for 20 days.

2.2 Plant Sampling

Potted 3-year-old B. glabra ‘Sao Paulo’ plants with
height of 70 cm and crown width of 80 cm were culti-
vated from stem cuttings. Based on the shortened photope-
riod treatment time and flower bud development state of B.
glabra ‘Sao Paulo’, samples were collected at 0, 3, and 20
days from both the treatment and control groups.

Young leaves (3–5), which are essential for the forma-
tion of flower buds, were first collected near the top bud of
each plant and embedded in paraffin sections. Then, nor-
mal mature leaves were harvested from the middle of each
B. glabra ‘Sao Paulo’ branch; leaf samples were used to de-
termine physiological contents such as chlorophyll, soluble
protein, malondialdehyde, and other physiological indica-
tors. All leaf samples were transported to the laboratory
in an ice box, part of the young leaves was immobilized in
Formalin-Aceto-Alcohol (FAA) fixation solution, and the
other samples were stored in the refrigerator at –80 °C after
quick-freezing with liquid nitrogen.

2.3 Experimental Methods
2.3.1 Determination of Endogenous Hormone Contents

Plant hormone contents, including those of gibberellin
(GA), abscisic acid (ABA), indole-3-acetic acid (IAA), and
amino carboxylic acid (ACC), were determined using an
enzyme-linked immunoassay (ELISA) kit (Jiangsu Enzyme
Exemption Industry CO., Ltd., Jiangsu, China) purchased
from Jiangsu Enzyme Free Industrial Co., Ltd., according
to themanufacturer instructions. The double antibody sand-
wich method was used to determine the content of the in-
dex in the samples. Blank, sample, and standard product
holes were set during the test operation. After adding the
enzymatic reagent to each well, incubating, liquid mixing,
washing, and color rendering were performed. The ab-
sorbance of each well was measured at 450 nm wavelength
in sequence using an enzyme-labeled instrument (BioTek,
Winooski, VT, USA).

2.3.2 Observation of Flower Bud Structure
Parts of the extracted flower buds were cut into per-

manent sections using the conventional paraffin sectioning
method [6]. After thoroughly drying at 25 °C, the inter-
nal anatomical structural characteristics of the flower buds
were observed under a microscope (Leica, DM2000 LED,
Wetzlar, Germany), and photographs were taken.

2.4 Transcriptome Sequencing and Data Analysis
2.4.1 Sequencing Data Information Processing and
Analysis

(1) Filtering and assembly of sequencing data
The raw data were filtered, splice sequences were re-

moved, and low-quality reads were retained to obtain high-
quality clean data.

(2) Quantitative gene expression analysis and differ-
ential gene screening

Fragments Per Kilobase of exo model per Millon
mapped fragments (FPKM) was used to quantify gene ex-
pression levels. Fold Change≥2 and False Discovery Rate
(FDR) <0.01 were used as the screening criteria to detect
differentially expressed genes (DEGs), and an empirical
Bayes hierarchical model for inference in RNA-sequencing
(RNA-Seq) experiments EBSeqwas used to analyze the dif-
ferential expression between the two groups.

(3) Functional annotation and enrichment analysis of
the DEGs

Functional annotation and enrichment analysis of
DEGs were performed using the Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases; the identified DEGs were considered key genes
for further exploration of flower formation inB. glabra ‘Sao
Paulo’.

(4) Principal component analysis
A principal component analysis (PCA) was performed

using R package models (http://www.r-project.org/) to re-
veal the relationship of the samples.
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Table 1. Fluorescence quantitative PCR primer sequences.

Primer name Sequence (5′-3′)

Actin-F TAGACCCTCCTATCCAAACA
Actin-R TTTTCCAGCCTTCACTTATC
GID1B-F GGGTGTCATAGATCGCGCTA
GID1B-R GGAGAAACCCTTGAGCACAG
PIEFL-F AGGAGAGGTGTTCAAGGTCG
PIEFL-R TGAGCAGAGGAGGAGAGAGT
COL4-F TCCGACCATCATTCTTCAGACA
COL4-R GCAAAGCAAAGGTGAAAGGT
COL6-F CAACCTCGGCCTTTTCTCAG
COL6-R AACGTGGATGGTGGAGATGG
CRY1L-F ATCATGGGCTCGTCTACTCC
CRY1L-R AACGTGGATGGTGGAGATGG
DASH-F TCTCCTGTAAAACTTGTTGGGC
DASH-R CGACTGCCCAAGGATAAACG

PCR, Polymerase chain reaction.

2.4.2 Real-Time Fluorescence Quantitative Polymerase
Chain Reaction (RT-qPCR)

(1) Total RNA Extraction and cDNA Synthesis
Total RNA extraction: 0.05 g samples of B. glabra

young leaves were weighed, and the total RNA was ex-
tracted using the plant RNA rapid extraction kit (Beijing
Huachioyang Biotechnology Co., Ltd., Beijing, China).
The extracted total RNA was finally dissolved in 40 µL
RNA eluent, as described in the manufacturer instructions.

Synthesis of cDNA: RNA after electrophoresis detec-
tion and concentration detection were used for synthesizing
cDNA according to the instructions of YEASEN’s Hifair
III 1st Stand cDNA Synthesis Super Mix for qPCR (gDNA
digester Plus) kit (YEASEN, Shanghai, China).

(2) Fluorescence quantitative PCR
Using the obtained sequences, specific primers were

designed according to the principle of real-time fluores-
cence quantitative primer design [Shenggong Bioengineer-
ing (Shanghai, China) Co., Ltd.; Table 1].

Real-time fluorescence quantitative determina-
tion was performed using YEASEN’s 2x Hieff®qPCR
SYBR®Green Master Mix kit (YEASEN, Shanghai,
China), and real-time fluorescence quantitative detection
reaction was performed on specific primers, internal
reference genes, and diluted cDNA (three times per gene).
Each cDNA template was bioreplicated three times, and
reference genes were included in each reaction as controls.

2.5 Statistical Analysis

The experiments were arranged in a completely ran-
domized design, and each treat-ment comprised no less than
three replicates from different individual plants. Differ-
ences of all the parameters for treatments were tested by
one-way analysis of variance (ANOVA), and least signifi-

Table 2. Effects of the treatments on flowering of B. glabra
‘Sao Paulo’.

Treatment Days to bud formation Flowering period (days)

Control 134 ± 1.7 b 51 ± 1.4 b
Shortened pho-
toperiod treatment

15 ± 1.3 a 57 ± 2.2 a

Different lower-case letters (a, b) between columns indicate a statis-
tically significant difference (p < 0.05), according to Duncan’s test.
Data represent the mean ± Standard Deviation (SD) (n = 3).

cant difference (LSD) at the 5% level were calculated by
the Duncan tests. Statistical analyses were performed with
SPSS20.0 (SPSS, Chicago, IL, USA).

3. Results and Analysis
3.1 Effects of Shortened Photoperiod Treatment on
Flowering Period and Flower Quality of B. glabra ‘Sao
Paulo’

To investigate the effects of photoperiod on flower for-
mation, flowering period, and flower quality of potted B.
glabra ‘Sao Paulo’ plants, we subjected the plants to short-
ened photoperiod treatment and analyzed the phenotypic
changes in the terminal and apical buds of the branches.
The number of days required to induce flower bud forma-
tion, flowering duration, flowering neatness, the number
of flowers, bract size, and bract color were determined for
each treatment.

3.1.1 Effects of Shortened Photoperiod Treatment on
Flower Bud Formation and Flowering Duration of B.
glabra ‘Sao Paulo’

In B. glabra ‘Sao Paulo’, no flower buds were found
on days 0 and 3 under shortened photoperiod; flower buds
appeared on day 20. No flower buds were found in any of
the CK plants (Fig. 1A).

Light-control treatment was effective in inducing
flower bud formation inB. glabra ‘Sao Paulo’ pots, as light-
controlled plants flowered the fastest (20 days), the time to
flower bud formation was 119 days earlier than that in the
control (134 days), and the duration of flowering (57 days)
was 6 days longer than that of the control group (51 days;
Table 2).

3.1.2 Effects of Shortened Photoperiod Treatment on
Flower Quality of B. glabra ‘Sao Paulo’

Phenotypic characteristics, including flower number,
bloom neatness, and flower color, of B. glabra ‘Sao Paulo’
plants significantly differed between the treatment and con-
trol groups (Fig. 1C,D). In terms of bract size, bract length
and width of the shortened photoperiod plants were shorter
than those in the control group, indicating that B. glabra
‘Sao Paulo’ plants have smaller bracts when photoperiod is
shortened. The length and width of bracts in the treatment
group were 4 cm (3%) and 5 cm (6%) smaller than those
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Fig. 1. Phenotypic and physiological changes of apical buds and flowering quality of plants under the shortened photoperiod
(SP) treatment and control (CK) at 0, 3, and 20 days. (A) Phenotypic changes of apical buds. (B) Paraffin section of apical buds.
Scale Bar = 500 µm. (C) Potted plants and its bracts during the peak flowering period. (D) Flowering quality of plants (flowering time,
neatness, bract size, and coloration). (E) Gibberellin (GA), abscisic acid (ABA), auxin (IAA), and ethylene synthesis precursor ACC
(1-Aminocyclopropyl-1-carboxylic acid) contents and the ratios of GA/ABA, GA/IAA, and GA/ACC. Data in (D) and (E) are presented
as the mean ± Standard Deviation (SD). Significant differences detected using the t-test are indicated by *p ≤ 0.05.
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in the control group, respectively. Additionally, the light-
controlled treatment group had a higher number of flowers
(312.5) than that of the control, indicating that the light-
controlled treatment resulted in a greater number of flowers.
In terms of bloom neatness, the shortened photoperiod treat-
ment group had significantly higher bloom neatness than
that of the control, indicating that it could better control the
neatness of flowering in B. glabra ‘Sao Paulo’.

In terms of flower color, L* represents brightness;
small L* values correlate with darkness while large L* val-
ues indicate brightness. The hue value a* represents red
and green, wherein an increase in a* corresponds to greater
red coloration and less green, and a decrease corresponds
to less red and more green coloration. Furthermore, hue
value b* represents yellow and blue, with an increase in b*
representing an enhancement of yellow and a decrease in
blue, while a decrease in b* corresponds to the opposite. In
this study, the L* and a* values of bracts were significantly
increased in the shortened photoperiod group, whereas the
b* was significantly decreased compared to those of the
control, indicating that the shortened photoperiod treatment
lightens the red bract color of B. glabra ‘Sao Paulo’. The
shortened photoperiod treatment induced flower formation
sooner, which correlated with smaller and lighter bracts, but
with increased neatness of flowering (Fig. 1C,D).

3.1.3 Microstructural Analysis

A comprehensive comparison of the effects of pho-
toperiod on flower formation in the control and treatment
groups at 0, 3, and 20 days revealed that light-controlled
plants flowered faster than control plants. The paraffin sec-
tions of plant leaves were analyzed for flower bud develop-
ment (Fig. 1B).

3.1.4 Effects of Shortened Photoperiod Treatment on
Endogenous Phytohormone Contents of B. glabra ‘Sao
Paulo’

During the short daylight treatment of B. glabra ‘Sao
Paulo’, the contents of GA, IAA, and ACC were signifi-
cantly higher than those of the control group, and as time
progressed, the contents of GA, IAA, and ACC increased
rapidly, peaking on day 20; the peaks were 1.7, 1.4, and
1.7 times that of the control group, respectively. The ABA
content in the light-controlled treatment group was lower
than that in the control group during the treatment, and the
content on day 20 was lower than that before the treatment.
The GA content in the control group increased slightly dur-
ing the entire treatment process, whereas the contents of
IAA, ACC, and ABA decreased slightly (Fig. 1E). Gener-
ally, GA, IAA, and ACC accumulated rapidly during flower
bud formation, which was positively correlated with flower
bud formation. Thus, the accumulation of GA, IAA, and
ACC may contribute to the formation of B. glabra ‘Sao
Paulo’ flower buds.

The ratios of GA/ABA, GA/IAA, and GA/ACC in-
creased with increasing treatment time, and the highest ra-
tios were 1.9, 1.1, and 1.1 times that of the control group on
day 20 (Fig. 1E), respectively, indicating that the increase in
these ratios was conducive to the formation of flower buds.

3.2 Transcriptome Analysis to Mine the Key Genes for
Flower Formation in B. glabra ‘Sao Paulo’

Total RNA extracted from young leaves of the con-
trol group and the shortened photoperiod treatment group
at 0, 3, and 20 days, were subjected to RNA-Seq high-
throughput sequencing. Across the 15 samples of B. glabra
‘Sao Paulo’, the high-quality reads obtained after a series
of quality controls yielded a total of 349.89 Gb clean data.
The clean data of each sample reached 5.72 Gb, compris-
ing 19.47–29.01 million pieces of clean data fragments; the
minimum value of each library was 19.49 million for CK3
d-2, and the maximum value was 29.01 million for CK0
d-3. The percentage of Q30 (sequencing error rate <1%)
bases was in the range of 97.37%–98.15%, the percentage
of Q30 bases was in the range of 93.05%–94.17%, and the
GC nucleotide content (GC%) was in the range of 43.70%–
46.01%, as shown by quality control (QC), which showed
that the quality of transcriptome sequencingwas good; thus,
the results could be used for data assembly (Fig. 2A).

The Principal Component Analysis (PCA) showed
that the 15 samples basically achieved three replicates to-
gether to form five groups (Fig. 2B). The five groups of
samples had a certain spatial distribution distance, indicat-
ing greater similarity among the three repeated samples of
the five groups, and evident differences among the five
treated sample groups.

DEGs were initially identified by comparing each de-
velopmental period in the group of treatments of B. glabra
‘Sao Paulo’, and differential expression analysis was con-
ducted assuming p< 0.05. Fig. 2C shows 1021 total DEGs
identified in the CK3 d-vs-SP3 d comparison, including 528
upregulated and 493 downregulated genes, and 454 total
DEGs in the CK20 d-vs-SP20 d comparison, including 235
upregulated and 219 downregulated genes.

We performed a preliminary analysis of the number of
DEGs using Venn diagrams. As shown in Fig. 2D, 1235 to-
tal DEGs were identified between the two stages in the SP
group. Among these, 446 genes were upregulated, and 446
genes were downregulated in the CK3 d-vs-SP3 d compari-
son. In the CK20 d-vs-SP20 d comparison, 209 genes were
upregulated, and 164 genes were downregulated. With the
passage of treatment time, 10 genes were upregulated, and
11 genes were downregulated on both days 3 and 20.

According to the KEGG enrichment analysis dia-
gram (Fig. 2E), the shortened photoperiod treatment of B.
glabra ‘Sao Paulo’ mainly affected pathways related to
environmental adaptation, biosynthesis of other secondary
metabolites, glycan biosynthesis and metabolism, energy
metabolism, lipid metabolism, metabolism of terpenoids
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Fig. 2. Overview of transcriptomic data of apical buds in the shortened photoperiod (SP) treatment and control (CK) groups.
(A) Data quantity statistics after quality control. (B) Principal component analysis (PCA) based on all unigenes identified using RNA-
sequencing (RNA-Seq). (C–E) Volcano graph (C), Venn diagram (D), and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment pathway analysis (E) of DEGs among the CK3d vs. SP3d and CK20d vs. SP20d comparison pairs. The top 25 variational KEGG
enrichment pathways of DEGs from days 3 to 20 were selected for display, and the respective enrichment factors were used to generate
the heat map.
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Fig. 3. Comparison of the differential metabolites and genes associated with the gibberellin metabolism pathways. The different
colors indicate the expression level changes compared with the corresponding control group. CK represents the control group, and SP
represents the shortened photoperiod treatment group. (A) Possible paths of GA signaling: the transmission of GA signals triggers the
induction of flowering and growth, thereby promoting flowering. (B) Heatmap of the DEGs associated with gibberellin metabolism. In
the corresponding comparison pairs, red indicates upregulation of expression, blue indicates downregulation of expression, and white
indicates no difference in expression.

and polyketides, metabolism of cofactors and vitamins,
metabolism of other amino acids, and replication and re-
pair. Among them, three genes were significantly upreg-
ulated in the CK3 d-vs-SP3 d comparison, which mainly
included increases in expression levels of genes involved
in the biosynthesis of other secondary metabolites and en-
ergy metabolism to the KEGG pathway. In comparison,
five genes were significantly upregulated in the CK20 d-
vs-SP20 d comparison, which included increases in the
expression levels of genes involved in the biosynthesis
of other secondary metabolites, glycan biosynthesis and
metabolism, lipid metabolism, metabolism of terpenoids
and polyketides, and replication and repair to the KEGG
pathway. Among them, the environmental adaptation and
metabolism of terpenoids and polyketides were important
pathways affecting flower bud formation, and the expres-
sion levels of genes enriched in these two pathways were
significantly elevated after 20 days of treatment. Therefore,
the study of the environmental adaptation and metabolism
of terpenoids and polyketides pathways during flower bud
formation of B. glabra ‘Sao Paulo’ is of some significance.

3.3 DEGs Related to GA Metabolism

Transcriptional regulation of GAmetabolism relies on
a relatively simple signaling pathway (Fig. 3A), similar to
that of other plant hormones [7]. In vascular plants, the
molecular mechanism through which these hormones are
perceived and how this information is translated into tran-
scriptional changes has been demonstrated: the GA recep-
tor is encoded by GID1, a soluble protein present in the nu-
cleus and cytoplasm [8]. This protein interacts with bioac-
tive GA in vitro; once GA binds to its receptor, GID1 is
activated, after which it recognizes the DELLA protein and
interacts with it to promote its degradation [8], which leads
to alterations in the activity of the transcription factors that
interact with DELLA. Finally, the direct negative interac-
tion between DELLA, PIF3, and PIF4 integrates the effects
of light and GA on flower bud differentiation [9].

KEGG pathway analysis showed that flower bud dif-
ferentiation ismainly related toGAmetabolism inB. glabra
‘Sao Paulo’. As shown in Fig. 3B, five DEGs related to
GA metabolism were identified between the control and
shortened photoperiod treatment groups. Among them,
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Fig. 4. Real-Time Fluorescence Quantitative PCR (RT-qPCR) verified the expression levels of six candidate genes identified using
RNA-Seq. The right y-axis represents the corresponding RNA-Seq expression data (cylindrical). The left y-axis shows the relative gene
expression levels detected using qRT-PCR (red line). The x-axis represents the processing time. Uppercase letters indicate a significant
difference in CK (p <0.05), and lowercase letters indicate a significant difference in SP (p <0.05).

compared with that in the control group, the expression of
GID1 in the treatment group significantly increased, espe-
cially as treatment time progressed (CK 0d_VS_SP 3d; CK
0d_VS_SP 20d). In addition, DELLA-related gene expres-
sion significantly decreased on day three of treatment (CK
0d_VS_SP 3d). These results indicate that, under a shorter
photoperiod, GID1 binds to the GA receptor, which pro-
motes the degradation of the DELLA protein in B. glabra
‘Sao Paulo’.

3.4 DEG Validation by RT-qPCR Analysis

Six DEGs were randomly selected for qRT-PCR to
verify the RNA-Seq results. The qRT-PCR expression pat-
terns of these genes were consistent with the results of the
RNA-Seq analysis (Fig. 4).

4. Discussion
The light-control treatment effectively induced the

rapid formation of flower buds and early flowering in B.
glabra ‘Sao Paulo’, with the time of bud formation being
119 days earlier, and the flowering period being 11 days
longer, than those of the control. The light-control treat-
ment also resulted in smaller and lighter bracts, but in-
creased numbers of flowers and high neatness. Through the
observation and study of the structural anatomy and exter-

nal morphology of the top bud of B. glabra ‘Sao Paulo’,
flower bud differentiation can be carried out, flower de-
velopment can be completed, and a complete inflorescence
can be formed when the light conditions meet the required
needs.

Flowering, a manifestation of plant’s adaptability to
the environment, is completed under a complex regulatory
network consisting of various exogenous and endogenous
signals [10]. Phytohormones are the most important en-
dogenous signals relevant to flower formation. Under spe-
cific conditions, hormone regulation of flower formation
is often achieved by changing the expression levels of key
flower formation genes after aggregating different hormone
signals [11]. Of these, GA, the main signaling factor in
the GA pathway, plays a key role in the flower formation
process, while other hormones, such as IAA, ABA, and
ACC, are indispensable components of the hormone reg-
ulation network. However, there is no consensus regard-
ing the effects of GA content on flower bud formation; no-
tably, GA has been shown to promote flower bud forma-
tion in Arabidopsis thaliana [12]. Moreover, one study
showed that lower GA concentrations are beneficial for
flower bud formation in Camellia oleifera [13], and other
experiments have shown that ABA plays a crucial role in
flower bud differentiation in “Red Globe” grapes [14]. In
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the present study, the shortened photoperiod treatment in-
duced the rapid accumulation of endogenous GA, ACC, and
IAA, and the ratios of GA/ABA, GA/IAA, and GA/ACC
were higher than those in the control group, suggesting that
the accumulation of these hormones might contribute to the
formation of flower buds in B. glabra ‘Sao Paulo’.

Genes that were differentially expressed between the
treatment and control groups during flower induction were
significantly enriched in the phytohormone signaling path-
way; thus, they may affect bud formation and flowering by
participating in processes such as hormone signaling during
flower induction. GA, as the main plant hormone, plays
an important role in the flower formation process, though
its role varies among different plant species [15]. GA pro-
motes flowering in some plants, such as Arabidopsis, but
inhibits that in other plants, such as vanilla. Nevertheless,
GA has the strongest effect on promoting flowering in A.
thaliana under short daylight conditions [16]. In leaves,
GID receptors sense GA signals, andDELLA protein degra-
dation is promoted by an increase in GA content. The
DELLA protein then directly binds to CO, resulting in the
downregulation of FT [17,18]. In this study, the shortened
photoperiod treatment of B. glabra ‘Sao Paulo’ advanced
the flowering stage, and the corresponding increase in GA
played the most important role in the flowering process.
Combined with transcriptomic data analysis, we found that
the GA regulatory pathway was related to flowering, as GA
and GID1 expression significantly increased, which pro-
moted the degradation of DELLA protein. Reducing the
binding of this protein with CO did not inhibit the upregu-
lation of FT, and thus promoted the flowering of B. glabra
‘Sao Paulo’. However, several questions remain regarding
the specific components of this pathway in B. glabra ‘Sao
Paulo’, and further research is needed. For example, the
DEGs that were significantly enriched in plant hormone sig-
nal transduction pathway during flowering induction may
affect flower bud formation and flowering by participating
in hormone signal transduction during flowering; however,
whether these genes are directly involved in the bud forma-
tion or the regulation of flowering by altering the expression
of key genes in the B. glabra ‘Sao Paulo’ flower formation
requires further study.

5. Conclusions
To investigate the effect of short-day treatment on bud

differentiation of B. glabra ‘Sao Paulo’, we used struc-
tural anatomy analysis and transcriptome sequencing tech-
nology to assess differences in flowering time, bud num-
ber, and flower quality. The experimental results showed
that a shortened photoperiod significantly promoted flower
bud differentiation, promoting complete flower develop-
ment and inflorescence formation. Meanwhile, bracts of
SP plants were smaller and lighter in color than those of
the control plants, but the number of flowers increased, and
the flowering uniformity was higher. Combined with tran-

scriptomic data analysis, we found that the GA regulatory
pathway was most closely related to flowering. Reducing
the binding of this protein with CO did not inhibit the up-
regulation of FT but did promote the flowering of B. glabra
‘Sao Paulo’. The purpose of this study was to explore the
mechanism of shortened photoperiod treatment on the regu-
lation of Bougainvillea flowering and provide a new direc-
tion for related research. These results lay a solid founda-
tion for future research on the functions of key genes related
to Bougainvillea blossoming.
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