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Abstract: Magnolia × soulangeana ‘Changchun’ are trees that bloom in spring and summer respectively
after flower bud differentiation. Here, we use phenological and morphological observation and
RNA-seq technology to study the molecular basis of flowering initiation in ‘Changchun’. During
the process of flowering initiation in spring and summer, the growth of expanded flower buds
increased significantly, and their shape was obviously enlarged, which indicated that flowering
was initiated. A total of 168,120 expressed genes were identified in spring and summer dormant
and expanded flower buds, of which 11,687 genes showed significantly differential expression
between spring and summer dormant and expanded flower buds. These differentially expressed
genes (DEGs) were mainly involved in plant hormone signal transduction, metabolic processes,
cellular components, binding, and catalytic activity. Analysis of differential gene expression patterns
revealed that gibberellin signaling, and some transcription factors were closely involved in the
regulation of spring and summer flowering initiation in ‘Changchun’. A qRT-PCR (quantitative
Real Time Polymerase Chain Reaction) analysis showed that BGISEQ-500 sequencing platform could
truly reflect gene expression patterns. It also verified that GID1B (GIBBERELLIN INSENSITIVE
DWARF1 B), GID1C, SPL8 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 8), and GASA
(GIBBERELLIC ACID-STIMULATED ARABIDOPSIS) family genes were expressed at high levels,
while the expression of SPY (SPINDLY) was low during spring and summer flowering initiation.
Meanwhile, the up- and down-regulated expression of, respectively, AGL6 (AGAMOUS-LIKE 6)
and DREB3 (DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 3), AG15, and CDF1
(CYCLIC DOF FACTOR 1) might also be involved in the specific regulation of spring and summer
flowering initiation. Obviously, flowering initiation is an important stage of the flowering process in
woody plants, involving the specific regulation of relevant genes and transcription factors. This study
provides a new perspective for the regulation of the flowering process in perennial woody plants.

Keywords: Magnolia× soulangeana ‘Changchun’; spring and summer flowering initiation; BGISEQ-500
sequencing platform; gibberellin signaling; transcription factor

1. Introduction

Flowering is a very complicated process in angiosperm plants that is affected by both genetic and
environmental factors [1]. Work carried out over recent decades has shown much research progress.

Genes 2020, 11, 15; doi:10.3390/genes11010015 www.mdpi.com/journal/genes

http://www.mdpi.com/journal/genes
http://www.mdpi.com
https://orcid.org/0000-0002-1174-4043
http://www.mdpi.com/2073-4425/11/1/15?type=check_update&version=1
http://dx.doi.org/10.3390/genes11010015
http://www.mdpi.com/journal/genes


Genes 2020, 11, 15 2 of 18

Using Solexa/Illumina sequencing platform, researchers have identified almost all transcripts involved
in flowering from the vegetative and flower buds in Dimocarpus longan, including putative homologues
of DELLA protein, LFY (LEAFY), SOC1 (SUPPRESSOR OF OVEREXPRESSION OF CO1) [2]. Meanwhile,
compared to the apical meristem of vegetative growth, gibberellin 3 beta-hydroxylase 2 and LFY
were both expressed higher in early flowering, indicated that GA pathway may be related to the
early flowering of Angelica sinensis [3]. By comparing the differences in transcript expression levels
between flowering and non-flowering Moso bamboo samples at different flowering developmental
stages, researchers found that GAMYB, GID1 (GIBBERELLIN INSENSITIVE DWARF1), and GID2 were
significantly up-regulated, while DELLA protein was down-regulated, and believed that bamboo
flowering was associated with gibberellin signaling pathway [4]. Transcription factors (i.e., SPL
(SQUAMOSA PROMOTER BINDING PROTEIN-LIKE) and MYB (myeloblastosis)) and flowering
genes (i.e., FT (FLOWERING LOCUS T), FD (FLOWERING LOCUS D)) were observed to play key
roles in the floral induction in Malus domestica [5]. Moreover, Roche/454 sequencing was used to
understand the pistillate flowering in Carya cathayensis, which found that the flowering event of
pistillate flower buds in hickory was triggered by several pathways synchronously, including GA
pathway [6]. Using reblooming, non-re-blooming, and wild-type tree peonies (Paeonia suffruticosa),
Wang et al. pointed that PsGID1 was important GA signaling genes, and suggested that GA pathway
played an important role in the flowering regulation of tree peony [7]. Similar research results were
also found in Populus L. [8], Prunus mume [9], Poncirus trifoliata [10] and other woody plants. However,
to date, the understanding of flowering regulation in woody plants has been based on the molecular
mechanisms underlying the regulation of flower bud differentiation.

In fact, for temperate perennial woody plants with multiple flowering, the buds formed by
reproductive transition can flower after a period of dormancy [11,12]. Taking apical buds and flowers
from Malus × domestica ‘Royal Gala’ as materials, researchers found that MdDAMb (DORMANCY
ASSOCIATED MADS-BOX), MdSVPa, and MdSVPb played a role in maintaining bud dormancy,
and SVP (SHORT VEGETATIVE PHASE) might play a role in floral meristem identity [13]. The increased
level of PpEBB (EARLY BUD-BREAK) induced high levels of transcription of four PpCYCD3 (D-type
CYCLIN) genes, which promoted cell division and resulted in a significant increase in the primordia
size of Pyrus pyrifolia ‘Kosui’ lateral flower buds [14]. The profile of differentially expressed genes
(DEGs) suggests that orthologs of FT, FD, TFL1 (TERMINAL FLOWER 1), LFY (LEAFY), and MADS-box
genes were the major genes involved in chilling-mediated Vaccinium corymbosum bud-break [15].
Obviously, the identification of genes associated with flowering and dormancy release was due to the
comparison of reproductive organs in different seasons. It is worth noting that although the flower
buds of temperate tree species are differentiated in the first year, and flowering in the next year, a few
woody plants can flower many times in one year [16], and the tropical woody plants can even flower
after floral transition within a year [17]. The flowering process of trees has two distinctly independent
stages: floral transition and flowering initiation [18]. Therefore, it is worthwhile to further study genes
related to flowering initiation.

Magnolias are shrubs and trees distributed widely and are relatively ancient. Their ornamental
characteristic has been noted because of their large flower and fragrant aroma. In recent years, study of
the reproductive organs of Magnolias more commonly focuses on the origin and systematic evolution of
flowers [19,20], as well as the physiological and biochemical regulation mechanism, and so on [21,22]. It
has been demonstrated that AP3 (APETALA 3) homologues, AGL (AGAMOUS-LIKE) genes, and other
transcription factors play an important role in regulating flower bud differentiation and the development
in Magnolia wufengensis [23,24] and Magnolia sinostellata [25]. However, analyzing flowering time regulation
by flower bud differentiation is defective, and there has been no research on flowering initiation.

Magnolia × soulangeana ‘Changchun’ belongs to Magnolia (Magnoliaceae). It has stable genetic
characteristics of flowering in spring and summer, and the floral transition and flower initiation
are actually two independent phenological and developmental processes [18]. In this study, taking
advantage of the difference in gene expression levels between dormant and expanded flower buds
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during the spring and summer flowering initiations of ‘Changchun’, we will unscramble the molecular
basis of flowering regulation in spring and summer from the perspective of flowering initiation by the
BGISEQ-500 sequencing platform. The research results will provide new data with an analysis of the
biological characteristics of multiple flowering phenomena in trees.

2. Materials and Methods

2.1. Plant Materials

The ‘Changchun’, approximately 9 years old, used in this study was grown outdoors at Nanjing
Forestry University (32◦5′ N, 118◦49′ E, Nanjing, China). The north subtropical humid climate has
four distinct seasons with an annual average temperature of 15.4 ◦C. The rainfall is abundant, with an
average rainfall of 1106.5 mm and a relative humidity of 76%. The ‘Changchun’ was maintained
according to ordinary culture practices without any diseases and insect pests.

2.2. Observation of Flowering Initiation

A total of four annual growth phenological observations were performed from 2015 to 2018. Thirty
flower buds that grow well—disease-free and pest-free—were selected and labeled from the middle
and upper regions of the tree crown. Subsequently, the length, width, and growth state of the flower
buds were measured and recorded every 3–7 days by conventional morphological detection. At the
same time, the flower buds with the same growth condition as the marked flower buds were collected
and photographed immediately, with three biological repetitions.

2.3. Sample Collection

According to the different stages of spring and summer flowering periods in ‘Changchun’,
three types of flower buds were selected as samples: dormant flower buds, expanded flower buds,
and red-tepal-exposed flower buds (Figure 1). Fresh flower buds of each type were collected randomly
with three biological replicates (each biological replicate contained three flower buds), snap-frozen in
liquid nitrogen, and stored at −80 ◦C until used for total RNA isolation.

2.4. RNA Extraction and cDNA Library Construction

According to Carolina et al., total RNA was extracted from collected flower bud samples using the
improved CTAB-PVP method [26]. The concentration and quality of RNA was detected by a NanoDrop
8000 spectrophotometer and agarose gel electrophoresis, respectively. RNA purity and integrity were
assessed using the RNA Nano 6000 Lab Chip Kit for the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). The RNA integrity number (RIN) of >7.0 was used as the standard.

The poly-(A)-containing mRNA was enriched using magnetic beads with OligodT. The obtained RNA
was disrupted by a fragmentation buffer. The random N6 primer was subjected to reverse transcription,
and the second-strand cDNA was then synthesized to form double-stranded DNA. The double-stranded
cDNA fragments were subjected to end repair and adapter ligation. The adapter-modified fragments
were PCR amplified by specific primers, and a cDNA library was finally constructed.

We constructed 12 independent libraries, including ZFFU1, 2, 3; ZFFE1, 2, 3; ZSFU1, 2, 3;
and ZSFE1, 2, 3, which were produced from each biological replicate of four types of flower buds
(spring dormant flower buds (ZFFU), spring expanded flower buds (ZFFE), summer dormant flower
buds (ZSFU), and summer expanded flower buds (ZSFE)).

2.5. Illumina Sequencing, De novo Assembly, and Annotation

The constructed cDNA libraries were sequenced on a BGISEQ-500 sequencing platform by the
Beijing Genomics Institute (Shenzhen, China). The raw reads obtained from sequencing were counted
by SOAPnuke and filtered using trimmomatic. After removing the adapter in raw reads, reads with
ambiguous N nucleotides greater than 5%, and low-quality reads (bases with a mass value below
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10 accounts for more than 20% of the total number of bases in the reads), the obtained filtered clean
reads were saved in FASTQ (Fast Adaptive Shrinkage/Thresholding Algorithm with Qualities) format.
The clean reads were used for de novo assembly by Trinity. The assembled transcripts were then
clustered for removing redundancy using Tgicl, and unigenes were finally obtained. The assembled
transcript was assessed for quality using a single copy ortholog database, BUSCO, and the integrity of
the transcriptome assembly was explained to some extent by comparison with conserved genes.

For genes and proteins function annotations, all the assembled unigenes were queried
against the KEGG (Kyoto Encyclopedia of Genes and Genomes), GO (Gene Ontology), NR (NCBI
non-redundant protein sequences), NT (NCBI non-redundant nucleotide sequences), Pfam (Protein
family), KOG (euKaryotic Orthologous Groups), SwissProt (A manually annotated and reviewed
protein sequence database), TF (Transcription Factors), and PRG (Plant Resistance Gene) databases.

2.6. Gene Quantification and Differential Gene Expression Analysis

The expression levels of genes were calculated using RSEM [27]. FPKM (the expected number of
fragments per kilobase of transcript sequence per million base pairs sequenced) was used to quantify
gene expression.

The differential gene expression between the two contrast groups was performed using the DESeq
R software package. The DEGseq method was based on the Poisson distribution, and the differential
genes were detected according to the method described by Wang et al. [28]. Genes with an adjusted
p-value ≤ 0.001 and a fold change ≥ 2 or fold change ≤ 0.5 were defined as significantly DEGs using
the Benjamini and Hochberg approach [29].

2.7. qRT-PCR Verification and Expression Analysis

According to Fan et al. [25], total RNA was extracted from dormant, expanded, and red-tepal-
exposed flower buds using an RNAprep Pure Plant Kit (TaKaRa, Dalian, China). After treatment
with DNase, the total RNA was subjected to reverse transcriptase reactions with the PrimeScript RT
(Reverse Transcription) Reagent Kit (TaKaRa, Dalian, China) according to the manufacturer’s protocol.
The primers were designed using Primer 5.0 (Table S1). The qRT-PCR experiments were performed
using an SYBR Premix Ex Taq Kit (TaKaRa) on the ABI (Applied Biosystems) StepOne Plus Real Time
System. UBC (Ubiquitin-conjugating enzyme gene) and GBP (gene encoding GTP-binding protein)
were used as the reference genes (Table S2). The PCR program was as follows: 30 s at 95 ◦C, followed
by 40 cycles of 5 s at 95 ◦C and 30 s at 60 ◦C The relative expression level of the target genes was
calculated by the 2−44Ct method [30].

2.8. Data Statistics and Analysis

Sequencing data of three biological replicates from each type of flower buds were integrated,
and renamed as ZFFU, ZFFE, ZSFU, and ZSFE, respectively, and then, used for further analysis.

Using Photoshop CS5 software (Adobe Systems Incorporated, CA, US) for plate making, and Origin
2018 performs analysis of Venn charts and heat maps. Both phenological morphology observation data
and qRT-PCR experimental data were statistically analyzed and graphed using Excel 2010 (Microsoft
Corporation, Washington, WA, US) and SPSS 21.0 (International Business Machines Corporation,
Armonk, NY, USA).

3. Results

3.1. The Developmental Status of Flower Buds during Flowering Initiation

3.1.1. Flower Bud Growth and Morphological Changes in Spring Flowering

From February 23 to February 26, the flower buds of ‘Changchun’ were oval and showed no
significant change (Figure 1C). The length and width increased by 4.64% and 1.95%, respectively
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(Figure 1A,B). From February 26 to March 1, the shape of the flower buds was significantly enlarged
(Figure 1C), and the length and width increased by 18.36% and 11.59%, respectively (Figure 1A,B).
The flower bud growth showed an extremely significant difference (p < 0.01). It was assumed that this
was the spring expanded flower bud stage. From March 1 to 12, due to the rapid growth of the flower
buds, the external bracts were cracked, and the red tepals of flower buds were exposed, which meant
that the red-tepal-exposed stage was imminent (Figure 1A–C). Finally, flower buds bloomed on March
16 (Figure 1C).Genes 2019, 10, x FOR PEER REVIEW  6  of  20 
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(D); (B,E) the width growth of dormant, expanded, and red-tepal-exposed flower buds in spring (B)
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significant level (p < 0.01).

3.1.2. Flower Bud Growth and Morphological Changes in Summer Flowering

From May 25 to 28, the flower buds of ‘Changchun’ showed a long cone shape with no obvious
morphological changes (Figure 1F). The length and width only increased by 3.69% and 2.13%,
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respectively (Figure 1D,E), which suggested that the flower buds at this stage exhibited dormancy-like
characteristics. From May 28 to 31, the flower buds showed two growth trends. Some flower buds
showed no obvious changes in morphology and growth, and the other part of the flower buds expanded
significantly because the length and width increased by 22.43% and 22.78%, respectively (Figure 1D–F),
which indicated an extremely significant difference (p < 0.01). A t-test showed that over a given period,
the growth amount of the expanded flower buds was significantly higher than that of the unexpanded
flower buds (p < 0.01). It was presumed that the summer expanded flower bud stage began. From May
31 to June 9, due to the rapid growth of flower buds, the external bracts were cracked. The red tepals
of the flower buds were exposed, which represented the red-tepal-exposed stage (Figure 1D–F). Finally,
flower buds bloomed on June 12 (Figure 1F).

3.2. Transcriptome Sequencing and Function Annotation of Spring and Summer Flowering Initiation

We sequenced RNA samples extracted from spring dormant flower buds (ZFFU), spring expanded
flower buds (ZFFE), summer dormant flower buds (ZSFU), and summer expanded flower buds
(ZSFE), resulting in 77.20, 74.71, 74.71, and 76.37 million raw reads in the four libraries, respectively.
After removing low-quality sequences and ambiguous reads, approximately 71.00, 68.64, 67.69,
and 69.09 million clean reads were obtained in the four libraries mentioned above, and the yields of
clean reads were over 90%. The Q20 and Q30 in different libraries were greater than 97% and 89%,
separately, indicating that the quality of the clean reads was high (Table 1, Table S10). Through the de
novo assembly analysis of Trinity software, the number of unigenes obtained by ZFFU, ZFFE, ZSFU,
and ZSFE libraries was 55,786; 53,792; 63,000 and 54,682, respectively. The average size of the unigenes
was generally between 900 bp and 1100 bp, wherein about 80% of the unigene lengths in each library
were distributed in the range of 200–2000 bp. The unigenes N50 length was between 1600 bp and
1700 bp, and the GC content was above 40% (Table 2, Table S11).

Table 1. Overview of reads filtering and quality in four libraries.

Sample Raw Reads (M) Clean Reads (M) Q20 (%) Q30 (%)

ZFFU 77.20 71.00 97.62 89.75
ZFFE 74.71 68.64 97.57 89.36
ZSFU 74.71 67.70 97.98 90.46
ZSFE 76.37 69.09 97.84 89.99

Table 2. Overview of unigenes quality in four libraries.

Sample Total Number Mean Length 200–2000 nt N50 GC (%)

ZFFU 55786.33 1094.33 84.90% 1690.00 44.13
ZFFE 53792.00 1087.67 85.18% 1683.00 44.19
ZSFU 63000.67 986.33 87.28% 1627.67 43.89
ZSFE 54682.00 1045.67 85.86% 1692.33 44.17

Against nine major public function databases, 168,120 unigenes were compared to obtain
annotations. The results showed that 59.39%, 51.86%, 44.24%, 48.13%, 46.82%, 43.68%, 35.24%, 1.96%,
and 4.77% of unigenes showed significant similarities to known genes and proteins in the NR, NT,
SwissProt, KEGG, KOG, Pfam, GO, TF, and PRG databases, respectively (Table 3). Venn analysis
showed that all genes obtained at least one annotation in the nine databases. Annotations were obtained
for 254 genes simultaneously for GO, NT, KEGG, TF, and PRG databases (Figure 2A), while 53,712
genes were annotated in SwissProt, Pfam, NR, and KOG databases simultaneously (Figure 2B).
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Table 3. Overview of unigenes function annotation.

Values Total NR 1 NT 2 Swissprot 3 KEGG 4

Number 168120 99843 87184 74371 80923
Percentage 100% 59.39% 51.86% 44.24% 48.13%

Values KOG 5 Pfam 6 GO 7 TF 8 PRG 9

Number 78710 73437 59251 3291 8012
Percentage 46.82% 43.68% 35.24% 1.96% 4.77%

1 NCBI non-redundant protein sequences; 2 NCBI non-redundant nucleotide sequences; 3 A manually annotated
and reviewed protein sequence database; 4 Kyoto Encyclopedia of Genes and Genomes; 5 clusters of euKaryotic
Orthologous Groups; 6 Protein family; 7 Gene Ontology; 8 Transcription Factors; 9 Plant Resistance Gene.
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Figure 2. Functional annotation and expression analysis of genes. (A,B) Venn diagrams of expressed
genes annotated in the nine gene and protein function databases; (C) The principal component
analysis of expressed genes in different samples; (D) Venn diagram of gene number in four libraries.
ZFFU = spring dormant flower buds; ZFFE = spring expanded flower buds; ZSFU = summer dormant
flower buds; ZSFE = summer expanded flower buds; ZFFU1, ZFFU2, and ZFFU3 refer to three biological
repetitions of ZFFU; ZFFE1, ZFFE2, and ZFFE3 refer to three biological repetitions of ZFFE; ZSFU1,
ZSFU2, and ZSFU3 refer to three biological repetitions of ZSFU; ZSFE1, ZSFE2, and ZSFE3 refer to
three biological repetitions of ZSFE.

3.3. Gene Expression Analysis of Spring and Summer Flowering Initiation

Principal component analysis was carried out on the gene expression data from spring and
summer flowering initiation of ‘Changchun’. It can be seen that the biological repetitions in the three
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libraries, including ZFFU, ZFFE, and ZSFU, all showed good reproducibility, except for the ZSFE
library, because ZSFE3 showed outliers (Figure 2C).

The number of genes expressed in ZFFU, ZFFE, ZSFU, and ZSFE was 152,822; 151,684; 158,740 and
152,294, respectively (Table S12). There were 1159, 1093, 2576, and 1597 genes (accounting for about 1%)
specifically expressed separately in these four libraries (Figure 2D), which may be related to individual
differences between dormant and expanded flower buds in spring and summer [18]. Nevertheless,
there were 134,322 genes co-expressed in the four libraries, and the proportion of these genes in these
four libraries was as high as 84.61–88.55%, indicating the apparently common characteristics of the
gene expression of spring and summer flowering initiation. The reason for these results were not
only related to tissue consistency, but also to the developmental state and pattern of the dormant
and expanded flower buds in spring and summer, which also laid a good foundation for the recent
screening of differential genes related to spring and summer flowering initiation.

3.4. Shared DEGs and Function Analysis of Spring and Summer Flowering Initiation

In spring and summer flowering initiation, 21,998 and 51,382 significant DEGs (fold change ≥ 2
or fold change ≤ 0.5; adjusted p-value ≤ 0.001) were identified, respectively, and 11,687 were shared
DEGs (Figure 3A, Table S3). In terms of expression pattern, 5093 and 4048 genes in the shared DEGs
were significantly up-regulated, while 6594 and 7639 genes were significantly down-regulated in
expanded flower buds of spring and summer, compared with dormant flower buds (Figure 3B, Table
S3). The absolute value of log2 (fold change) of shared DEGs was between 1 and 5 during spring and
summer flowering initiation, and that of a small number of genes could even reach between 10 and
14 (Figure 3C,D, Table S3). From the above results, we can see that the expression patterns of shared
DEGs are relatively consistent both in spring and summer flowering initiation, and the differential
fold change levels are obvious. Therefore, it is speculated that the shared DEGs may participate in the
regulation of flowering initiation in spring and summer.

GO functional classification of shared DEGs showed that they could be divided into three major
categories—biological processes, cell components, and molecular functions—and 50 minor classes.
In biological processes, genes were enriched significantly in biological regulation (690), cellular process
(2053), metabolic process (1964), and biological process regulation (635). In cell components, genes were
involved in cell and cell parts (1916/1895), membranes and membrane parts (1793/1661), organelles
(1351), and other functions. In molecular function, genes were associated with binding (2923) and
catalytic activity (2949) (Figure 3E, Table S4).

The results of the KEGG pathway enrichment showed that genes involved in plant hormone
signaling were highest in number, amounting to 280, followed by phenylpropanol biosynthesis and
starch and sucrose metabolism, amounting to 261 and 246, respectively. In terms of enrichment level,
the indole alkaloid biosynthesis and the cutin, suberine, and wax biosynthesis pathways had the
highest gene enrichment level. The enrichment significance level showed that the gene enrichment
of most pathways could reach extremely significant enrichment levels (Q-value < 0.01) (Figure 3F,
Table S5).

Flowering is controlled by both endogenous and exogenous signals [31]. Through the functional
analyses of DEGs, we proposed that endogenous signals function as the main regulators in flowering
initiation of ‘Changchun’. On the one hand, the phenylpropanol biosynthesis and the starch and
sucrose metabolism might provide a certain material and energy basis for the flower buds expansion,
and might relate to significant changes in the external morphology of flower buds when the flowering
was initiated. On the other hand, the endogenous plant hormone signaling plays a critical role in
triggering spring and summer flowering initiation of ‘Changchun’.
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ZFFU vs. ZFFE and ZSFU vs. ZSFE; (B) up and down statistics of shared DEGs; (C,D) the volcanic
map of shared DEGs during spring (C) and summer (D) flowering initiation; (E,F) the GO catalog (E)
and the KEGG pathway enrichment bubble map (F) of shared DEGs of spring and summer flowering
initiation. ZFFU vs. ZFFE: contrast group of spring flowering initiation; ZSFU vs. ZSFE: contrast group
of summer flowering initiation.

3.5. DEGs Related to Gibberellin Signaling in Spring and Summer Flowering Initiation

Among the shared DEGs, GID1B (GIBBERELLIN INSENSITIVE DWARF1 B) and GID1C encoding
gibberellin (GA) receptors were significantly up-regulated both in expanded flower buds of spring
and summer. The log2 (fold change) of GID1B was 12.17 and 13.67, and the log2 (fold change)
of GID1C was 11.27 and 9.99, respectively. SPY (SPINDLY), a negative regulatory gene of a GA
signaling, showed significant down-regulation in spring and summer expanded flower buds, and the
log2 (fold change) of SPY was −1.31 and −4.18, respectively. Parts of the genes encoded GASA
(GIBBERELLIC ACID-STIMULATED ARABIDOPSIS) and GAST (GA-STIMULATED TRANSCRIPT)
proteins, whose family members were regulated by GA. The expression levels of GAST1, GASA6, and
GASA13 increased in expanded flower buds of spring and summer, and their log2 (fold change) values
were all greater than 1. As a response gene of the GA pathway signaling, the SPL gene family had two
members, SPL4 and SPL8, which showed significantly higher expression during spring and summer
flowering initiation. The former log2 (fold change) was 1.06 and 1.30, and the latter was 1.00 and
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2.37, respectively (Figure 4A, Table S6). Therefore, it may be speculated that the spring and summer
flowering initiation of ‘Changchun’ is related to gibberellin signaling.

3.6. Related Transcription Factors in Spring and Summer Flowering Initiation

The results of sequencing analysis indicated that AGL (AGAMOUS-LIKE) members were dominant
in the MADS-box transcription factor family, of which AGL6 and AGL9 were up-regulated both in
expanded flower buds of spring and summer, while AGL15 was down-regulated. CDF1 (CYCLIC DOF
FACTOR 1) and DOF3, belonging to the DOF (Dof zinc finger protein) family, displayed significant
down-regulation both in expanded flower buds of spring and summer. The EIL (ETHYLENE
INSENSITIVE 3-like) transcription factor family might be involved in the ethylene signaling
transduction, and its member, EIL3 (ETHYLENE INSENSITIVE 3-like 3), exhibited significantly higher
expression during spring and summer flowering initiation. Two members of the SBP (SQUAMOSA
PROMOTER BINDING PROTEIN) family that were involved in flowering regulation, SPL4 and SPL8,
were up-regulated in expanded flower buds. The number of AP2-EREBP family members was the
highest, and the expression of DREB3 (DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN
3), which might be involved in flowering regulation, revealed down-regulation in expanded flower
buds (Figure 4B, Table S7).
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3.7. Expression Verification of Genes Related to Spring and Summer Flowering Initiation

The expression patterns of 12 genes putatively involved in gibberellin signaling and flowering-
initiation-related transcription factors in dormant, expanded, and red-tepal-exposed flower buds of
spring and summer were verified by real-time quantitative PCR. The results showed that the expression
patterns of these genes during spring and summer flowering initiation were basically consistent with
those obtained by RNA-seq, indicating that the sequencing results were reliable (Figure 5). Among the
12 genes, the expression levels of GID1B and GID1C were both the highest in the expanded flower
buds, indicating that these two might be specific regulators of spring and summer flowering initiation.
SPY expression levels continued to decline and remained low, which might be related to the activation
of gibberellin signaling. The expression level of SPL8 was highest in spring expanded flower buds
and in summer red-tepal-exposed flower buds. GASA6, GASA13, and GAST1 exhibited constant
up-regulation during spring flowering, while their expression levels in summer were only highest in
the expanded flower buds, indicating that these genes might play a specific regulatory role in summer
flowering initiation. Among the flowering initiation putative transcription factors, AGL15, DREB3,
and CDF1 all showed the lowest expression levels both in the expanded flower buds of spring and
summer, while the expression of AGL6 was the highest in the expanded flower buds. These results
indicate that they might specifically participate in the regulation of spring and summer flowering
initiation (Figure 5).

4. Discussion

4.1. Flowering Initiation Is an Important Stage during ‘Changchun’ Flowering

Flowering is a crucial event during reproductive growth in woody plants, which is essential
for plant reproduction and hereditary trait transmission [32]. The characteristic of flowering many
times can highlight the ornamental effects of woody plants. Flower bud differentiation was generally
considered to be a symbol of flowering in recent studies on plant flowering regulation, such as
Arabidopsis thaliana, Camellia azalea [33], and Carya cathayensis [6]. During the annual growth and
development of ‘Changchun’, some flower buds formed by reproductive transformation begin to
flower in summer, while the remaining flower buds grow slowly. After overwintering, the flower buds
will break up dormancy, and then, start to flower in the following spring [18]. This specific flowering
pattern differs from that in which ‘Old Blush‘ rose can be converted multiple times between vegetative
and reproductive growth in a year [16].

Previous research has suggested that the openness of flower buds in woody plants was related to
dormancy release [13–15]. Before the spring flowering of ‘Changchun’, the long dormancy process of
flower buds was released, and the growth amount increased significantly. The external morphology
then changed. This process is similar to that of Pyrus pyrifolia [14,34], Prunus persica [35], and Prunus
armeniaca [36]. It is worth noting that part of the flower buds of ‘Changchun’ do not undergo a long
dormancy process after reproductive transformation in summer, but only show a short dormancy-like
process and then rapidly expand and flower. The different characteristics of flower bud development
after floral transition indicate that the woody plants can flower without undergoing dormancy. It has
also been shown that the floral transition and flowering initiation of woody plants are two distinctly
independent stages.
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Figure 5. qRT-PCR analysis of 12 DEGs. (A) The line charts and histograms of qRT-PCR and transcriptome
expression of 12 DEGs in spring flowering initiation; (B) the line charts and histograms of qRT-PCR
and transcriptome expression of 12 DEGs in summer flowering initiation. Using qRT-PCR technology,
we examined the relative expression levels of 12 DEGs in spring and summer dormant and expanded
flower buds to verify the accuracy of transcriptome sequencing. Meanwhile, we also examined the relative
expression levels of these genes in spring and summer red-tepal-exposed flower buds to exhibit their
expression changes during spring and summer flowering. The line charts and histograms represent the
expression level of 12 DEGs in transcriptome sequencing and qRT-PCR analysis, respectively. The left
y-axis represents the relative expression from the qRT-PCR results, while the right y-axis represents the
FPKM value from the RNA-Seq. ZFFU = spring dormant flower buds; ZFFE = spring expanded flower
buds; ZFF = flower buds that red tepals were exposed in spring; ZSFU = summer dormant flower buds;
ZSFE = summer expanded flower buds; ZSF = flower buds that red tepals were exposed in summer.
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4.2. Gibberellin Signaling Participates in Spring and Summer Flowering Initiation

Gibberellin plays an important role in plant growth and development, especially in floral transition
and flowering time regulation [37]. GID1 is a receptor for gibberellin. There are three types of GA
receptors in Arabidopsis thaliana, GID1A–C, which are functionally redundant and can sense and
combine with GA. The GID1–GA complex interacts with DELLA, resulting in ubiquitination and
degradation, thereby producing a gibberellin effect [38,39]. In the spring and summer flowering
initiation of ‘Changchun’, GID1B and GID1C were both hardly detected in the dormant flower buds,
but their expression sharply increased in the expanded flower buds and retained relatively high
levels until the red-tepal-exposed stage. DELLA proteins are negative regulators of GA signaling [40].
There are four DELLA protein involved in the negative regulation of flowering in Arabidopsis thaliana,
including GAI (GIBBERELLIC ACID INSENSITIVE), RGA (REPRESSOR OF ga1-3), RGL1 (RGA-LIKE
1) and RGL2 [41]. We found that RGL1-LIKE showed significantly down-regulated during summer
flowering initiation. Another DELLA protein encoding gene, GAI, also exhibited lower expression
levels in expanded flower buds during spring flowering initiation, while its log2 (fold change) was
–0.5 (p-value < 0.001, Q-value < 0.001) (Table S8, Table S9). SPY, which is upstream of DELLA,
is another important player in the GA signal and exists as a negative regulator. Spy mutants exhibit
an early flowering phenotype [42,43]. We found that the expression level of SPY was significantly
down-regulated during the spring and summer flowering initiation, and remained at a low level until
the red-tepal-exposed stage. These genes were mainly involved in the upstream of gibberellin signaling
and might be related to the activation of GA signal transduction.

Gibberellin signaling can exert its temporal and spatial regulation of flowering through
downstream response genes [37]. SPL is a target gene downstream of DELLA. The accumulation of
DELLA may result in the transcriptional repression of SPL3, SPL4, and SPL5. In turn, the reduced
SPL activity causes a reduction in the expression of gibberellin signal integration genes and ultimately
delays flowering [44]. Moreover, SPL8 is involved in reproductive development because of its positive
role in GA-mediated anther development [45]. During the spring and summer flowering initiation
of ‘Changchun’, SPL4 and SPL8 were both significantly up-regulated, and the expression level of
SPL8 was relatively high at the expanded flower bud stage and red-tepal-exposed stage, respectively.
In addition, most members of the GASA family are regulated by gibberellin, which have important
regulatory effects on flower development and flowering. Some GASA genes are also identified as
target genes downstream of gibberellin signaling pathways [46–48]. However, there are a few studies
on their involvement in flowering regulation in response to gibberellin signaling. According to the
available research, GASA6 can be up-regulated in response to gibberellin, and overexpression of it
initiates early flowering in Arabidopsis. GASA6, as a target gene downstream of DELLA, may participate
in gibberellin signaling and regulate flowering [48,49]. Tomato GAST1 is the first identified as a
gibberellin-induced gene [50]. The GASA13 gene is also up-regulated by gibberellin in Arabidopsis
thaliana [47,48]. In the process of spring and summer flowering initiation, the up-regulated expression
patterns of GASA6, GAST1, and GASA13 were highly consistent with the above studies. However,
the highest expression levels of these three genes appeared, respectively, at the red-tepal-exposed stage
in spring and expanded stage in summer. Whether or not these three genes participate in the response
of gibberellin signaling in different ways requires further research.

4.3. Transcription Factors Participate in Spring and Summer Flowering Initiation

Some transcription factors found in this study may be involved in flowering initiation regulation.
They were mainly distributed in five transcription factor families, including AP2-EREBP, DOF, EIL,
MADS, and SBP, which may regulate flowering by responding to hormones or environmental signals.
Available research data show that DREB3 genes can encode AP2/EREBP-type transcription factors,
and their constitutive overexpression may improve frost tolerance of transgenic plants, but leads to the
delay of flowering compared to control plants [51,52]. DREB3 was down-regulated significantly in
the spring and summer flowering initiation of ‘Changchun’. DOF transcription factors are involved
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in many plant-specific regulatory processes, and several Arabidopsis DOF transcription factors, such
as CDF1/2/3, are associated with circadian rhythms and photoperiods, and their expression at high
levels is sufficient to inhibit flowering. Furthermore, JcDof3 may also be involved in flowering time
regulation, and may act as a negative regulator in the photoperiodic flowering pathway in Jatropha
curcas [53–55]. For ‘Changchun’, the circadian rhythm of spring and summer flowering is obviously
different. However, both DOF3 and CDF1 are significantly down-regulated. Therefore, whether
these transcription factors participate in the regulation of flowering initiation in spring and summer
flowering initiation in a relatively specific way still needs further study. The regulation of ethylene
on flowering varies from species to species [56,57]. The transcriptional response to ethylene includes
the EIL families of transcription factors (TFs) [58]. The up-regulated expression of EIL3 in expanded
flower buds suggests that it may positively regulate the spring and summer flowering initiation.
Some members of the MADS-box transcription factor family, such as AGL6, AGL9 [59,60], and AGL15,
play important roles in flower development and flowering time regulation. AGL6 is relevant to the
identification of floral organs [61]. The expression of AGL6-LIKE can be increased by gibberellin
induction, and transgenic plants that ectopically expressed the AGL6-LIKE gene can flower earlier than
wild-type plants [62,63]. It is speculated that AGL6 may be involved in the amplification of gibberellin
signaling to regulate the initiation of flowering in spring and summer. AGL15 has been shown to act as
a floral repressor in Arabidopsis thaliana [64]. Double mutants of AGL15 and AGL18 flower early under
non-inductive conditions [65]. This indicates that the down-regulated expression of AGL15 specifically
regulates the spring and summer flowering initiation of ‘Changchun’. The up-regulation of SPL4 and
SPL8 expression further suggests that certain members of the SBP family may regulate flowering time
by responding to gibberellin signaling.

5. Conclusions

The flowering initiation of woody plants is an important stage in the flowering process, and is
an independent period of the flower bud differentiation. This study showed that during spring and
summer flowering initiation, the growth of expanded flower buds increased significantly, and the shape
of which was also significantly enlarged, indicating that flowering was initiated. In accordance with
this phenomenon, we constructed transcriptome libraries of spring and summer flowering initiation in
‘Changchun’, and screened the shared DEGs of spring and summer flowering initiation. Many genes
were mainly involved in plant hormone signaling. The differential expression patterns of GID1B,
GID1C, SPL8, SPL4, SPY, GASA6, GASA13, and GAST1 indicated that the regulation of spring and
summer flowering initiation in ‘Changchun’ was closely related to gibberellin signaling. Furthermore,
AP2-EREBP, DOF, EIL, MADS, and SBP family-associated transcription factors were also involved in
the regulation of flowering initiation in spring and summer. The results of qRT-PCR analysis confirmed
the transcriptional level changes of key regulatory genes involved in spring and summer flowering
initiation, indicating that the BGISEQ-500 sequencing results were true and reliable, and speculated
that GID1B, GID1C, and AGL6, AGL15, DREB3, and CDF1 may specifically participate in the regulation
of spring and summer flowering initiation.

Obviously, spring and summer flowering initiation of ‘Changchun’ was involved in the specific
regulation of gibberellin-related genes and transcription factors. This study represents a first step
towards illuminating the molecular mechanisms of spring and summer flowering initiation in
‘Changchun’, and the results indicate a new perspective for the study of flowering initiation regulation
in perennial woody plants.
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Table S4: GO catalog of the shared differentially expressed genes. Table S5: KEGG pathway enrichment of
the shared differentially expressed genes. Table S6: Expression patterns, levels, and function annotation of
gibberellin signaling related genes in spring and summer flowering initiation. Table S7: Expression patterns,

http://www.mdpi.com/2073-4425/11/1/15/s1


Genes 2020, 11, 15 15 of 18

levels, and function annotation of transcription factor related genes in spring and summer flowering initiation.
Table S8: Expression level and annotations of GAI. Table S9: Expression level and annotations of RGL1-like. Table
S10: Sequencing data quality statistics results; Table S11: Unigene quality statistics results. Table S12: Gene
expression statistics in 12 libraries.

Author Contributions: Z.Y. conceptualized and conceived the study and its design; Q.W. directed PCR and
qPCR experimental techniques and operations; Z.J. was responsible for data analysis, charts production, writing,
and editing; RNA extraction and RT-PCR were done by Y.J. and X.L.; L.S. and X.Z. participated in the PCR and
qRT-PCR experiments; sample collection was completed by Z.J. and X.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Jiangsu Province (BK20171451),
Innovation and Promotion of Forestry Science and Technology in Jiangsu (Grant No. LYKJ[2019]44), and the
Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

Acknowledgments: We are grateful to the Molecular Laboratory of the Bamboo Research Institute for providing
PCR and qRT-PCR experimental equipment. We would also like to thank the graduates of the Bamboo Research
Institute for their assistance. Finally, we thank the anonymous reviewers for their comments on the manuscript.

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

References

1. Jung, C.; Pillen, K.; Staiger, D.; Coupland, G.; Korff, M. Editorial: Recent advances in flowering time control.
Front. Plant Sci. 2017, 7, 2011. [CrossRef] [PubMed]

2. Zhang, H.N.; Shi, S.Y.; Li, W.C.; Shu, B.; Liu, L.Q.; Xie, J.H. Transcriptome analysis of ‘Sijihua’ longan
(Dimocarpus longan L.) based on next-generation sequencing technology. J. Hortic. Sci. Biotechnol. 2016, 91,
180–188. [CrossRef]

3. Yu, G.; Zhou, Y.; Yu, J.J.; Hu, X.Q.; Teng, Y.; Yan, H.; Duan, J.A. Transcriptome and digital gene expression
analysis unravels the novel mechanism of early fowering in Angelica sinensis. Sci. Rep. 2019, 9, 1–11.
[CrossRef]

4. Gao, J.; Zhang, Y.; Zhang, C.L.; Qi, F.Y.; Li, X.P.; Mu, S.H.; Peng, Z.H. Characterization of the floral
transcriptome of moso bamboo (Phyllostachys edulis) at different flowering developmental stages by
transcriptome sequencing and RNA-Seq analysis. PLoS ONE 2014, 9, e98910. [CrossRef] [PubMed]

5. Chen, X.; Qi, S.; Zhang, D.; Li, Y.; An, N.; Zhao, C.; Zhao, J.; Shah, K.; Han, M.; Xing, L. Comparative
RNA-sequencing-based transcriptome profiling of buds from profusely flowering ‘Qinguan’ and weakly
flowering ‘Nagafu no. 2’ apple varieties reveals novel insights into the regulatory mechanisms underlying
floral induction. BMC Plant Biol. 2018, 18, 370. [CrossRef]

6. Huang, Y.; Liu, L.; Huang, J.; Wang, Z.; Chen, F.; Zhang, Q.; Zheng, B.; Chen, M. Use of transcriptome
sequencing to understand the pistillate flowering in hickory (Carya cathayensis Sarg.). BMC Genom. 2013, 14,
691. [CrossRef]

7. Wang, S.L.; Gao, J.; Xue, J.Q.; Xue, Y.Q.; Li, D.D.; Guan, Y.R.; Zhang, X.X. De novo sequencing of tree
peony (Paeonia suffruticosa) transcriptome to identify critical genes involved in flowering and floral organ
development. BMC Genom. 2019, 20, 572–593. [CrossRef]

8. Brunner, A.M.; Evans, L.M.; Hsu, C.Y.; Shen, X. Vernalization and the chilling requirement to exit bud
dormancy: Shared or separate regulation? Front. Plant Sci. 2014, 5, 732–738. [CrossRef]

9. Ahmad, S.; Li, Y.; Yang, Y.; Zhou, Y.; Zhao, K.; Zhang, Q. Isolation, functional characterization and
evolutionary study of LFY1 gene in Prunus mume. Plant Cell Tissue Organ 2019, 136, 523–536. [CrossRef]

10. Zhang, J.; Ai, X.; Sun, L.; Zhang, D.; Guo, W.; Deng, X.; Zhang, J. Transcriptome profile analysis of flowering
molecular processes of early flowering trifoliate orange mutant and the wild-type [Poncirus trifoliata (L.) Raf.]
by massively parallel signature sequencing. BMC Genom. 2011, 12, 63–82. [CrossRef]

11. Horvath, D. Common mechanisms regulate flowering and dormancy. Plant Sci. 2009, 177, 523–531. [CrossRef]
12. Sakamoto, D.; Nakamura, Y.; Sugiura, H.; Sugiura, T.; Asakura, T. Effect of 9-hydroxy-10-oxo-12(Z),

15(Z)-octadecadienoic acid (KODA) on endodormancy breaking in flower buds of Japanese pear. Hortscience
2010, 45, 1470–1474. [CrossRef]

13. Wu, R.; Tomes, S.; Karunairetnam, S.; Tustin, S.; Hellens, R.; Allan, A.; Macknight, R.; Varkonyi-Gasic, E.
SVP-like MADS Box genes control dormancy and budbreak in apple. Front. Plant Sci. 2017, 8, 477–487.
[CrossRef] [PubMed]

http://dx.doi.org/10.3389/fpls.2016.02011
http://www.ncbi.nlm.nih.gov/pubmed/28105041
http://dx.doi.org/10.1080/14620316.2015.1133539
http://dx.doi.org/10.1038/s41598-019-46414-2
http://dx.doi.org/10.1371/journal.pone.0098910
http://www.ncbi.nlm.nih.gov/pubmed/24915141
http://dx.doi.org/10.1186/s12870-018-1555-3
http://dx.doi.org/10.1186/1471-2164-14-691
http://dx.doi.org/10.1186/s12864-019-5857-0
http://dx.doi.org/10.3389/fpls.2014.00732
http://dx.doi.org/10.1007/s11240-018-01534-x
http://dx.doi.org/10.1186/1471-2164-12-63
http://dx.doi.org/10.1016/j.plantsci.2009.09.002
http://dx.doi.org/10.21273/HORTSCI.45.10.1470
http://dx.doi.org/10.3389/fpls.2017.00477
http://www.ncbi.nlm.nih.gov/pubmed/28421103


Genes 2020, 11, 15 16 of 18

14. Pham, A.T.; Bai, S.; Saito, T.; Imai, T.; Ito, A.; Moriguchi, T. Involvement of EARLY BUD-BREAK, an AP2/ERF
transcription factor gene, in bud break in Japanese pear (Pyrus pyrifolia Nakai) lateral flower buds: Expression,
histone modifications and possible target genes. Plant Cell Physiol. 2016, 57, 1038–1047. [CrossRef]

15. Song, G.; Chen, Q. Comparative transcriptome analysis of nonchilled, chilled, and late-pink bud reveals
flowering pathway genes involved in chilling-mediated flowering in blueberry. BMC Plant Biol. 2018, 18,
98–110. [CrossRef]

16. Yu, C.; Guo, X.; Luo, L.; Pan, H.; Zhang, Q. Species-specific genes account for the differences in floral
transition between continuous-flowering and once-flowering roses. J. Plant Biochem. Biot. 2019, 28, 312–319.
[CrossRef]

17. Rivera, G.; Borchert, R. Induction of flowering in tropical trees by a 30-min reduction in photoperiod:
Evidence from field observations and herbarium specimens. Tree Physiol. 2001, 21, 201–212. [CrossRef]

18. Jiang, Z.; Sun, L.; Liu, X.; Liu, C.; Yin, Z. Nutritional effect and rhythm of spring and summer flowering in
Magnolia soulangeana ‘Changchun’. Bull. Bot. Res. 2019, 39, 192–199. [CrossRef]

19. Liu, W.; Hilu, K.; Wang, Y. From leaf and branch into a flower: Magnolia tells the story. Bot. Stud. 2014, 55,
28–39. [CrossRef]

20. Xu, X.; Zhang, J.; Zheng, W. The complete chloroplast genome of threatened Magnolia laevifolia, a rare
ornamental shrub with strong aromatic flowers. Conserv. Genet. Resour. 2018, 10, 339–342. [CrossRef]

21. Porter, E.A.; Kite, G.C.; Veitch, N.C.; Geoghegan, I.A.; Larsson, S.; Simmonds, M.S.J. Phenylethanoid
glycosides in tepals of Magnolia salicifolia and their occurrence in flowers of Magnoliaceae. Phytochemistry
2015, 117, 185–193. [CrossRef] [PubMed]

22. Morshedloo, M.R.; Quassinti, L.; Bramucci, M.; Lupidi, G.; Maggi, F. Chemical composition, antioxidant
activity and cytotoxicity on tumour cells of the essential oil from flowers of Magnolia grandiflora cultivated in
Iran. Nat. Prod. Res. 2017, 31, 2857–2864. [CrossRef] [PubMed]

23. Wu, W.; Chen, F.; Jing, D.; Liu, Z.; Ma, L. Isolation and characterization of an AGAMOUS-Like gene from
Magnolia wufengensis (Magnoliaceae). Plant Mol. Biol. Rep. 2012, 30, 690–698. [CrossRef]

24. Jing, D.; Liu, Z.; Zhang, B.; Ma, J.; Han, Y.; Chen, F. Two ancestral APETALA3 homologs from the basal
angiosperm Magnolia wufengensis (Magnoliaceae) can affect flower development of Arabidopsis. Gene 2014,
537, 100–107. [CrossRef]

25. Fan, L.; Chen, M.; Dong, B.; Wang, N.; Yu, Q.; Wang, X.; Xuan, L.; Wang, Y.; Zhang, S.; Shen, Y. Transcriptomic
analysis of flower bud differentiation in Magnolia sinostellata. Genes 2018, 9, 212–226. [CrossRef]

26. Sanchez, C.; Villacreses, J.; Blanc, N.; Espinoza, L.; Martinez, C.; Pastor, G.; Manque, P.; Undurraga, S.F.;
Polanco, V. High quality RNA extraction from Maqui berry for its application in next-generation sequencing.
SpringerPlus 2016, 5, 1243–1249. [CrossRef]

27. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference
genome. BMC Bioinform. 2011, 12, 323–338. [CrossRef]

28. Wang, L.; Feng, Z.; Wang, X.; Wang, X.; Zhang, X. DEGseq: An R package for identifying differentially
expressed genes from RNA-seq data. Bioinformatics 2010, 26, 136–138. [CrossRef]

29. Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. 1995, 57, 289–300. [CrossRef]

30. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−44CT method. Methods 2001, 25, 402–408. [CrossRef]

31. Zhang, L.P.; Chen, L.G.; Yu, D.Q. Transcription factor WRKY75 interacts with DELLA proteins to affect
flowering. Plant Physiol. 2018, 176, 790–803. [CrossRef] [PubMed]

32. Warwell, M.V.; Shaw, R.G. Phenotypic selection on growth rhythm in whitebark pine under climatic
conditions warmer than seed origins. J. Evol. Biol. 2018, 31, 1284–1299. [CrossRef] [PubMed]

33. Fan, Z.; Li, J.; Li, X.; Wu, B.; Wang, J.; Liu, Z.; Yin, H. Genome-wide transcriptome profiling provides
insights into floral bud development of summer-flowering Camellia azalea. Sci. Rep. 2015, 5, 9729. [CrossRef]
[PubMed]

34. Saito, T.; Tuan, P.A.; Katsumi-Horigane, A.; Bai, S.; Ito, A.; Sekiyama, Y.; Ono, H.; Moriguchi, T. Development
of flower buds in the Japanese pear (Pyrus pyrifolia) from late autumn to early spring. Tree Physiol. 2015, 35,
653–662. [CrossRef] [PubMed]

35. Yamane, H.; Ooka, T.; Jotatsu, H.; Sasaki, R.; Tao, R. Expression analysis of PpDAM5 and PpDAM6 during
flower bud development in peach (Prunus persica). Sci. Hortic. 2011, 129, 844–848. [CrossRef]

http://dx.doi.org/10.1093/pcp/pcw041
http://dx.doi.org/10.1186/s12870-018-1311-8
http://dx.doi.org/10.1007/s13562-018-0483-5
http://dx.doi.org/10.1093/treephys/21.4.201
http://dx.doi.org/10.7525/j.issn.16735102.2019.02.004
http://dx.doi.org/10.1186/1999-3110-55-28
http://dx.doi.org/10.1007/s12686-017-0819-9
http://dx.doi.org/10.1016/j.phytochem.2015.02.025
http://www.ncbi.nlm.nih.gov/pubmed/26093323
http://dx.doi.org/10.1080/14786419.2017.1303699
http://www.ncbi.nlm.nih.gov/pubmed/28299950
http://dx.doi.org/10.1007/s11105-011-0385-3
http://dx.doi.org/10.1016/j.gene.2013.11.076
http://dx.doi.org/10.3390/genes9040212
http://dx.doi.org/10.1186/s40064-016-2906-x
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1093/bioinformatics/btp612
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1104/pp.17.00657
http://www.ncbi.nlm.nih.gov/pubmed/29133369
http://dx.doi.org/10.1111/jeb.13301
http://www.ncbi.nlm.nih.gov/pubmed/29873875
http://dx.doi.org/10.1038/srep09729
http://www.ncbi.nlm.nih.gov/pubmed/25978548
http://dx.doi.org/10.1093/treephys/tpv043
http://www.ncbi.nlm.nih.gov/pubmed/26063707
http://dx.doi.org/10.1016/j.scienta.2011.05.013


Genes 2020, 11, 15 17 of 18

36. Alburquerque, N.; Burgos, L.; Egea, J. Apricot flower bud development and abscission related to chilling,
irrigation and type of shoots. Sci. Hortic. 2003, 98, 265–276. [CrossRef]

37. Galvao, V.C.; Schmid, M. Regulation of flowering by endogenous signals. In Advances in Botanical Research;
Fornara, F., Ed.; Elsevier: Amsterdam, The Netherlands, 2014; Volume 72, pp. 63–102. [CrossRef]

38. Nelson, S.K.; Steber, C.M. Gibberellin hormone signal perception: Down-regulating DELLA repressors of
plant growth and development. In Annual Plant Reviews; Hedden, P., Thomas, S.G., Eds.; John Wiley & Sons,
Ltd.: New York, NY, USA, 2016; Volume 49, pp. 153–188. [CrossRef]

39. Griffiths, J.; Murase, K.; Rieu, I.; Zentella, R.; Zhang, Z.; Powers, S.J.; Gong, F.; Phillips, A.L.; Hedden, P.;
Sun, T.; et al. Genetic characterization and functional analysis of the GID1 gibberellin receptors in Arabidopsis.
Plant Cell 2006, 18, 3399–3414. [CrossRef]

40. Shen, Q.; Cui, J.; Fu, X.Q.; Yan, T.X.; Tang, K.X. Cloning and characterization of DELLA genes in Artemisia
annua. Genet Mol. Res. 2015, 14, 10037–10049. [CrossRef]

41. Galvao, V.C.; Horrer, D.; Kuettner, F.; Schmid, M. Spatial control of flowering by DELLA proteins in
Arabidopsis thaliana. Development 2012, 139, 4072–4082. [CrossRef]

42. Qin, F.; Kodaira, K.; Maruyama, K.; Mizoi, Z.; Tran, L.; Fujita, Y.; Morimoto, K.; Shinozaki, K.;
Yamaguchi-Shinozaki, K. SPINDLY, a negative regulator of gibberellic acid signaling, is involved in
the plant abiotic stress response. Plant Physiol. 2011, 157, 1900–1913. [CrossRef]

43. Zentella, R.; Sui, N.; Barnhill, B.; Hsieh, W.; Hu, J.; Shabanowitz, J.; Boyce, M.; Olszewski, N.E.; Zhou, P.;
Hunt, D.F.; et al. The Arabidopsis O-fucosyltransferase SPINDLY activates nuclear growth repressor DELLA.
Nat. Chem. Biol. 2017, 13, 479. [CrossRef] [PubMed]

44. Yu, S.; Galvão, V.C.; Zhang, Y.; Horrer, D.; Zhang, T.; Hao, Y.; Feng, Y.; Wang, S.; Schmid, M.; Wang, J.
Gibberellin regulates the Arabidopsis floral transition through miR156-targeted SQUAMOSA PROMOTER
BINDING–LIKE transcription factors. Plant Cell 2012, 24, 3320–3332. [CrossRef] [PubMed]

45. Zhang, Y.; Schwarz, S.; Saedler, H.; Huijser, P. SPL8, a local regulator in a subset of gibberellin-mediated
developmental processes in Arabidopsis. Plant Mol. Biol. 2007, 63, 429–439. [CrossRef] [PubMed]

46. Sun, S.; Wang, H.; Yu, H.; Zhong, C.; Zhang, X.; Peng, J.; Wang, X. GASA14 regulates leaf expansion and
abiotic stress resistance by modulating reactive oxygen species accumulation. J. Exp. Bot. 2013, 64, 1637–1647.
[CrossRef] [PubMed]

47. Rubinovich, L.; Weiss, D. The Arabidopsis cysteinerich protein GASA4 promotes GA responses and exhibits
redox activity in bacteria and in planta. Plant J. 2010, 64, 1018–1027. [CrossRef]

48. Zhang, S.Z.; Wang, X. Expression pattern of GASA, downstream genes of DELLA, in Arabidopsis. Chin. Sci.
Bull. 2008, 53, 3839–3846. [CrossRef]

49. Qu, J.; Kang, S.G.; Hah, C.; Jang, J.C. Molecular and cellular characterization of GA-Stimulated transcripts
GASA4 and GASA6 in Arabidopsis thaliana. Plant Sci. 2016, 246, 1–10. [CrossRef]

50. Shi, L.; Gast, R.T.; Gopalraj, M.; Olszewski, N.E. Characterization of a shoot-specific, GA3- and ABA regulated
gene from tomato. Plant J. 1992, 2, 153–159. [CrossRef]

51. Kovalchuk, N.; Jia, W.; Eini, O.; Morran, S.; Pyvovarenko, T.; Fletcher, S.; Bazanova, N.; Harris, J.;
Beck-Oldach, K.; Shavrukov, Y.; et al. Optimization of TaDREB3 gene expression in transgenic barley using
cold-inducible promoters. Plant Biotechnol. J. 2013, 11, 659–670. [CrossRef]

52. Lin, P.; Shen, C.; Chen, H.; Yao, X.; Lin, J. Improving tobacco freezing tolerance by co-transfer of stress-inducible
CbCBF and CbICE53 genes. Biol. Plant. 2017, 61, 520–528. [CrossRef]

53. Fornara, F.; Panigrahi, K.C.S.; Gissot, L.; Sauerbrunn, N.; Rühl, M.; Jarillo, J.A.; Coupland, G. Arabidopsis DOF
transcription factors act redundantly to reduce CONSTANS expression and are essential for a photoperiodic
flowering response. Dev. Cell 2009, 17, 75–86. [CrossRef] [PubMed]

54. Imaizumi, T. Arabidopsis circadian clock and photoperiodism: Time to think about location. Curr. Opin. Plant
Biol. 2010, 13, 83–89. [CrossRef] [PubMed]

55. Yang, J.; Yang, M.; Zhang, W.; Chen, F.; Shen, S. A putative flowering-time-related Dof transcription factor
gene, JcDof3, is controlled by the circadian clock in Jatropha curcas. Plant Sci. 2011, 181, 667–674. [CrossRef]
[PubMed]

56. Chan, P.K.; Biswas, B.; Gresshoff, P.M. Classical ethylene insensitive mutants of the Arabidopsis EIN2
orthologue lack the expected ‘hypernodulation’ response in Lotus japonicus. J. Integr. Plant Biol. 2013, 55,
395–408. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0304-4238(02)00202-9
http://dx.doi.org/10.1016/B978-0-12-417162-6.00003-1
http://dx.doi.org/10.1002/9781119210436.ch6
http://dx.doi.org/10.1105/tpc.106.047415
http://dx.doi.org/10.4238/2015.August.21.10
http://dx.doi.org/10.1242/dev.080879
http://dx.doi.org/10.1104/pp.111.187302
http://dx.doi.org/10.1038/nchembio.2320
http://www.ncbi.nlm.nih.gov/pubmed/28244988
http://dx.doi.org/10.1105/tpc.112.101014
http://www.ncbi.nlm.nih.gov/pubmed/22942378
http://dx.doi.org/10.1007/s11103-006-9099-6
http://www.ncbi.nlm.nih.gov/pubmed/17093870
http://dx.doi.org/10.1093/jxb/ert021
http://www.ncbi.nlm.nih.gov/pubmed/23378382
http://dx.doi.org/10.1111/j.1365-313X.2010.04390.x
http://dx.doi.org/10.1007/s11434-008-0525-9
http://dx.doi.org/10.1016/j.plantsci.2016.01.009
http://dx.doi.org/10.1111/j.1365-313x.1992.00153.x
http://dx.doi.org/10.1111/pbi.12056
http://dx.doi.org/10.1007/s10535-016-0687-2
http://dx.doi.org/10.1016/j.devcel.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19619493
http://dx.doi.org/10.1016/j.pbi.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19836294
http://dx.doi.org/10.1016/j.plantsci.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21958709
http://dx.doi.org/10.1111/jipb.12040
http://www.ncbi.nlm.nih.gov/pubmed/23452324


Genes 2020, 11, 15 18 of 18

57. Wang, R.; Hsu, Y.; Bartholomew, D.P.; Maruthasalam, S.; Lin, C. Delaying natural flowering in pineapple
through foliar application of aviglycine, an inhihitor of ethylene biosynthesis. Hortscience 2007, 42, 1188–1191.
[CrossRef]

58. Yin, X.R.; Allan, A.C.; Chen, K.S.; Ferguson, I.B. Kiwifruit EIL and ERF genes involved in regulating fruit
ripening. Plant Physiol. 2010, 153, 1280–1292. [CrossRef]

59. Jang, S.; Hong, M.; Chung, Y.; An, G. Ectopic expression of tobacco MADS genes modulates flowering time
and plant architecture. Mol. Cells 2000, 9, 576–586. [CrossRef]

60. Müssig, C.; Altmann, T. Changes in gene expression in response to altered SHL transcript levels. Plant Mol.
Biol. 2003, 53, 805–820. [CrossRef]

61. Li, H.; Liang, W.; Jia, R.; Yin, C.; Zong, J.; Kong, H.; Zhang, D. The AGL6-like gene OsMADS6 regulates floral
organ and meristem identities in rice. Cell Res. 2010, 20, 299–313. [CrossRef]

62. Wang, B.; Zhang, Q.; Wang, L.; Duan, K.; Pan, A.; Tang, X.; Sui, S.; Li, M. The AGL6-like gene CpAGL6,
a potential regulator of floral time and organ identity in wintersweet (Chimonanthus praecox). J. Plant Growth
Regul. 2011, 30, 343–352. [CrossRef]

63. Katahata, S.; Futamura, N.; Igasaki, T.; Shinohara, K. Functional analysis of SOC1-like and AGL6-like
MADS-box genes of the gymnosperm Cryptomeria japonica. Tree Genet. Genomes 2014, 10, 317–327. [CrossRef]

64. Fernandez, D.E.; Wang, C.; Zheng, Y.; Adamczyk, B.J.; Singhal, R.; Hall, P.K.; Perry, S.E. The MADS-domain
factors AGAMOUS-LIKE15 and AGAMOUS-LIKE18, along with SHORT VEGETATIVE PHASE and
AGAMOUS-LIKE24, are necessary to block floral gene expression during the vegetative phase. Plant Physiol.
2014, 165, 1591–1603. [CrossRef] [PubMed]

65. Adamczyk, B.J.; Lehti-Shiu, M.D.; Fernandez, D.E. The MADS domain factors AGL15 and AGL18 act
redundantly as repressors of the floral transition in Arabidopsis. Plant J. 2007, 50, 1007–1019. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.21273/HORTSCI.42.5.1188
http://dx.doi.org/10.1104/pp.110.157081
http://dx.doi.org/10.1016/S0014-5793(99)01736-6
http://dx.doi.org/10.1023/B:PLAN.0000023661.65248.4b
http://dx.doi.org/10.1038/cr.2009.143
http://dx.doi.org/10.1007/s00344-011-9196-x
http://dx.doi.org/10.1007/s11295-013-0686-9
http://dx.doi.org/10.1104/pp.114.242990
http://www.ncbi.nlm.nih.gov/pubmed/24948837
http://dx.doi.org/10.1111/j.1365-313X.2007.03105.x
http://www.ncbi.nlm.nih.gov/pubmed/17521410
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials 
	Observation of Flowering Initiation 
	Sample Collection 
	RNA Extraction and cDNA Library Construction 
	Illumina Sequencing, De novo Assembly, and Annotation 
	Gene Quantification and Differential Gene Expression Analysis 
	qRT-PCR Verification and Expression Analysis 
	Data Statistics and Analysis 

	Results 
	The Developmental Status of Flower Buds during Flowering Initiation 
	Flower Bud Growth and Morphological Changes in Spring Flowering 
	Flower Bud Growth and Morphological Changes in Summer Flowering 

	Transcriptome Sequencing and Function Annotation of Spring and Summer Flowering Initiation 
	Gene Expression Analysis of Spring and Summer Flowering Initiation 
	Shared DEGs and Function Analysis of Spring and Summer Flowering Initiation 
	DEGs Related to Gibberellin Signaling in Spring and Summer Flowering Initiation 
	Related Transcription Factors in Spring and Summer Flowering Initiation 
	Expression Verification of Genes Related to Spring and Summer Flowering Initiation 

	Discussion 
	Flowering Initiation Is an Important Stage during ‘Changchun’ Flowering 
	Gibberellin Signaling Participates in Spring and Summer Flowering Initiation 
	Transcription Factors Participate in Spring and Summer Flowering Initiation 

	Conclusions 
	References

