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Sugar apple (Annona squamosa L.) is a semi-deciduous subtropical tree that
progressively sheds its leaves in the spring. However, little information is available on
the mechanism involved in �ower developmental pattern. To gain a global perspective
on the �oral transition and �ower development of sugar apple, cDNA libraries were
prepared independently from in�orescent meristem and three �owering stages. Illumina
sequencing generated 107,197,488 high quality reads that were assembled into 71,948
unigenes, with an average sequence length of 825.40 bp. Among the unigenes,
various transcription factor families involved in �oral transition and �ower development
were elucidated. Furthermore, a Kyoto Encyclopedia of Genes and Genomes pathway
enrichment analysis revealed that unigenes exhibiting differential expressions were
involved in various phytohormone signal transduction events and circadian rhythms.
In addition, 147 unigenes exhibiting sequence similarities to known �owering-related
genes from other plants were differentially expressed during �ower development. The
expression patterns of 20 selected genes were validated using quantitative-PCR. The
expression data presented in our study is the most comprehensive dataset available
for sugar apple so far and will serve as a resource for investigating the genetics of the
�owering process in sugar apple and otherAnnona species.

Keywords: A. squamosa , �ower development, transcriptome, digital gene expression , phytohormone, circadian
rhythm

INTRODUCTION

Sugar apple (Annona squamosaL.) is an important member of theAnnonaceaefamily, which
consists of� 166 genera and more than 2000 species (Höllerhage et al., 2015). As a commercially
important fruit tree, sugar apple orchards are wide spread and well adapted to the edaphoclimatic
conditions of tropical and subtropical zones. Due to its medicinal and nutritional properties, sugar
apple tree is well known, and widely planted throughout the tropics (Gupta et al., 2015; Liu et al.,
2015). The axillary buds of sugar apple are cryptic, obscured by the base of the petiole, and released
following leaf abscission. Summer defoliation promotes �owering by releasing dormant subpetiolar
axillary buds and causes the resumption of �ower development (Olesen and Muldoon, 2009). The
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�owers are born terminally on the new shoots. However,
improper shoot state, low temperature, or short day conditions
may cause the unreliable �owering of sugar apple (Olesen and
Muldoon, 2012; Liu et al., 2015).

Flower development is the most important developmental
event in the life cycle of higher plants, especially fruit
trees. As an intricate biological and morphological process,
�ower development is regulated by a large number of genes
(Huang et al., 2013). Flowering is the �rst step of sexual
reproduction, and the timing of the transition from vegetative
growth to �owering is an important characteristic in agriculture
and horticulture (Bernier et al., 1993; Zhang et al., 2013).
Many speci�cally expressed transcription factor (TF) genes,
including SUPPRESSOR OF OVEREXPRESSION OF CO 1
(SOC1), FLOWERING LOCUS T(FT), CONSTANS(CO),
AGAMOUS-LIKE 24, FLOWERING LOCUS D, FLOWERING
LOCUS E, FLOWERING WAGENINGEN, andPROTODERMAL
FACTOR2, were identi�ed during the �owering process,
suggesting a complex gene regulatory network underlying �ower
development (Matías-Hernández et al., 2016). Subsequently,
these �oral integrators trigger �oral meristem identity genes
LEAFY and APETALA1 to promote �owering (Komeda,
2004).

Genetic and physiological studies have demonstrated
that the timing of the �oral transition is controlled by six
major pathways, photoperiod, gibberellin (GA)-mediated,
vernalization, autonomous, thermosensory, and aging, which
trigger or repress the changes, from the generation of leaves
to the development of reproductive organs, in the shoot
meristem (Blázquez et al., 2003; Srikanth and Schmid, 2011;
Yamaguchi and Abe, 2012). In model plants, photoperiod, the
change of daylength over the year, is a major determinant of
�oral transition (Andrés and Coupland, 2012). Photoperiod is
detected by the leaves and thus a signal has to transmit from the
shoot apex to initiate �owering (Johansson and Staiger, 2015).
The requirement for exposure to long-term cold to initiate
the �oral transition is known as vernalization. Addition to
photoperiod, vernalization is also required to prevent �owering
in winter, but permits �owering in spring (Kim et al., 2009).
Besides, the �owering response to temperature relies on the
thermosensory pathway, which is important for mitigating the
e�ects of temperature change (Kumar et al., 2012). Recent studies
showed that GAs function not only to promote the growth of
organs, but also to induce phase transitions of �owering. The
involvement of GAs in �oral initiation and development has
been uncovered in many plant species (Mutasa-Göttgens and
Hedden, 2009). In addition to GA, other endogenous hormones,
as both positive and negative elements, also serve within the
signal network leading to a reproductive phase transition,
depending on the phytohormones and growth conditions (Davis,
2009; Domagalska et al., 2010). In apple, complex hormone
regulatory networks involved in cytokinin (CK), abscisic acid
(ABA) and GA pathways also induce �ower formation (Xing
et al., 2015). In Agapanthus praecoxssp.orientalis, GA signaling
regulates the scape elongation and stimulates early-�owering,
while indoleacetic acid (IAA) signaling delays �owering slightly
(Zhang et al., 2014a).

The �owering mechanism has been studied well in the model
plant Arabidopsis thalianaand to some extent in a few other
plant species (Melzer et al., 2008; Andrés and Coupland, 2012;
Song et al., 2012). However, the information available about
the molecular basis of �oral initiation and di�erentiation in the
genusAnnonais very scarce. To permit the genetic engineering
of this important agronomic trait, it is imperative to gain an
understanding of the molecular basis of �ower development in
sugar apple.

Without a reference genome,de novo sequencing using
Illumina short RNA-sequencing (RNA-seq) reads is the most cost
e�ective approach to generate a large collection of expressed
sequence tags (ESTs) for subsequent analyses. Transcriptome
assembly has been successfully applied to many fruit trees, such as
pear, melon, litchi, and Chinese cherry (Bai et al., 2013; Corbacho
et al., 2013; Lu et al., 2014; Zhu et al., 2015). In our study, we have
constructed independent cDNA libraries of four di�erent �ower
stages inA. squamosafor Illumina RNA-seq. The annotation of
transcriptome sequences and analysis of the expression pro�les
of di�erential genes have provided valuable genomic sources
for future research regarding the �owering mechanism ofA.
squamosa. Furthermore, the kinetics of the expression of the
expression patterns of hormone-related genes and the changesof
hormone contents inA. squamosawere also have been revealed.
Our data will aid understanding of the involvement of hormonal
signaling in �owering mechanism for woody plants in general.

MATERIALS AND METHODS

Plant Material and Experiment Procedures
Commercially cultivated adult trees (10–12-years-old) ofA.
squamosacv. “Bendi” were selected. The trees were planted
in a 4 � 4 m arrangement with drip irrigation and fertilizer
applications as required. Trees were located at the Ling Nan
Normal University �eld experimental station in Zhanjiang City
(Guangdong Province, China) at 21� 70 3600N latitude, 110� 140

2400E longitude, and an altitude of 21.34 m above sea level. The
in�orescent meristem (IM), the �ower buds (FB), and two stages
of �owers (FL1 and FL2) were collected fromA. squamosatrees.
The �ower buds were collected based on their size (3–6 mm). The
two �ower stages were the mature �owers with partially opened
petals (FL1) and mature �owers with opened and faded petals
(FL2). These tissue samples were frozen immediately in liquid
nitrogen, and stored at� 80� C until use.

RNA Isolation and Library Preparation
Total RNA was extracted using the TRIzol Kit (Promega, Beijing,
China) according to the manufacturer's protocol. Equal volumes
of RNA from each of the four stages of �ower development
were pooled. Each sample was prepared by mixing three replicate
samples. Then, the total RNA was treated with RNase-free DNase
I (Takara, Dalian, China) for 30 min at 37� C to remove residual
DNA. RNA quality was veri�ed by RNase-free agarose gel
electrophoresis and the total RNA concentration was measured
using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
USA) at 260 nm and 280 nm. RNA samples with 260/280 nm
ratios between 1.8 and 2.0 were used for subsequent analyses.
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The transcriptome assembly library, as a reference library,was
constructed by mixing equal amounts of RNA from the above
four samples. Brie�y, total mRNA was isolated with oligo (dT)
cellulose. All of the mRNA was broken into short fragments (200
nt) by adding the fragmentation bu�er. First-strand cDNA was
generated using random hexamer-primed reverse transcription.
Second-strand cDNA was synthesized by DNA polymerase I and
RNase H. Then, the synthesized cDNA fragments were puri�ed
and then, subjected to end pairing, the addition of a single “A”
bases, and ligation with Illumina adapters. The ligation products
were size fractioned by agarose gel electrophoresis, and fragments
were excised for PCR ampli�cation. The ampli�ed fragments
were sequenced using Illumina HiSeqTM 2500 by Gene Denovo
Co. (Guangzhou, China).

De novo Assembly and Functional
Annotation
For de novoassembly, reads with more than 5% N bases
(bases unknown) and those containing adaptor sequences were
removed. Low quality reads containing more than 20% of
low Q (� 10) bases were also removed. Then, the clean reads
were assembled using Trinity to construct unique consensus
sequences (Grabherr et al., 2011). The raw sequence data has
been submitted to the NCBI Short Read Archive with accession
number SRA423630. The assembled unigenes were aligned
to a series of protein databases using the BLASTX alignment
algorithm with E < 0.00001. These databases include the NCBI
Nr protein database (http://www.ncbi.nlm.nih.gov), Swiss-Prot
protein database (http://www.expasy.ch/sprot), KEGG pathway
database (http://www.genome.jp/kegg) and COG database
(http://www.ncbi.nlm.nih.gov/COG). The sequence direction of
the unigenes was assigned according to the best alignment from
the four databases. When the results con�icted among databases,
then the following order of priority was employed: NR, Swiss-
Prot, KEGG, and COG. Blast2GO was used to produce the Gene
Ontology (GO) (http://www.geneontology.org/) annotation
results for unigenes. The functional classi�cation of unigenes
was performed using WEGO software (http://wego.genomics.
org.cn/cgibin/wego/index.pl). KEGG pathway annotation was
performed by BLASTall software against the KEGG database.

Analysis and Mapping of Digital Gene
Expression (DGE) Tags
To map DGE tags, sequencing-related raw image data were
�ltered to remove low quality tags (tags with unknown “N”
sequences), empty tags (sequence with only the adaptors but
no tags), and tags with only one copy number (which might
result from sequencing errors). For annotation, cleaned tags
containing CATG, and the 21-bp tag sequence were mapped
to our transcriptome reference database with no more than 1
nucleotide mismatch. All of the tags that mapped to the reference
sequences of multiple genes were �ltered out, and the remaining
tags were designated as unambiguous tags for gene expression
analysis. The number of unambiguous tags of each gene was
calculated and then normalized to the number of transcripts per

million clean tags. The di�erentially expressed tags were used for
mapping and annotation.

Screening of Differentially Expressed
Genes (DEGs)
The alignment software, Bowtie 0.12.8, was used to map the
reads to the transcriptome. To compare the di�erences in
gene expression at di�erent �ower developmental stages, the
tag frequencies in the di�erent DGE libraries were statistically
analyzed. The number of mapped clean reads for each unigene
was then counted and normalized into a Reads Per kb per
Million reads (RPKM) to calculate unigene expression. A false
discovery rate< 0.001 and an absolute value of log2 ratio> 1
were used as thresholds to determine the signi�cant di�erences in
gene expression levels. The DEGs were used for GO and KEGG
enrichment analyses using a method similar to that describedin
previous studies (Zhang et al., 2013). GO terms, which take the
correctedP � 0.05 as a threshold, are signi�cantly enriched in
DEGs. KEGG pathways withQ � 0.05 are signi�cantly enriched
in DEGs

Real-Time PCR Validation
First-strand cDNA was generated from 1mg total RNA isolated
from each of the four �ower developmental stages using the
Superscript �rst-strand synthesis system (Invitrogen, Shanghai,
China). Primers for quantitative reverse transcription PCR(qRT-
PCR) were designed using Primer Premier 5.0 software (Premier
Biosoft International, Palo Alto, CA, USA) and synthesized by
Sangon Biotech (Shanghai) Co., Ltd. qRT-PCR was performed
on a Bio-Rad iQ5 Optical System Real Time PCR System (Bio-
Rad, Hercules, CA, USA) using a SYBR Green-based PCR assay.
Each reaction mixture was 20mL, containing 6mL of diluted
�rst-strand cDNAs, 250 nM of each primer, and 10mL of SYBR
Green PCR Master Mix (TaKaRa, Japan). The qPCRs were run as
follows: 50� C for 2 min, 95� C for 10 min, followed by 40 cycles
of 95� C for 30 s, 56� C for 30 s, and 72� C for 30 s in 96-well
optical reaction plates. The sugar appleActin gene was used as
an internal standard to calculate relative fold-di�erencesbased
on comparative cycle threshold (2� 11 Ct) values.

Standard Curves and Ef�ciency of
Ampli�cation
The limit of detection and the ampli�cation e�ciency of the
qRT-PCR were determined using 10-fold serial dilution of cDNA
isolated from one sample (leaves), which was used to create
the standard curve. The slopes and correlation coe�cients of
the standard curves were used to calculate the PCR e�ciency
(E) of primer pairs. In our experiment, theE-value each
primer pair was calculated by formula: ED POWER (10,
1/slope)� 1. The value of E for each primer pair was between
0.9 and 1.1. In our study, 1ml of cDNA (30 ng/mL) from
di�erent experiment samples were used as temples for qRT-PCR
analysis.

Measurements of Various Hormones
For the exogenous hormone contents analysis, individual
samples from di�erent developmental stages of sugar apple
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�owers were harvested and then immediately frozen in liquid
nitrogen and stored at� 80� C until extraction. Each sample was
prepared by three replicate samples. The in�orescent meristem
(IM), the �ower buds (FB) and two stages of �owers (FL1
and FL2) were consistent to the ones for RNA sequencing in
order to link the DEG to hormone contents. Endogenous GA
was detected by nano-LC-ESI-Q-TOF-MS analysis as described
previously (Chen et al., 2012). The exogenous IAA contents were
determined using a FOCUS GC-DSQII (Thermo Fisher Scienti�c
Inc., Austin, TX, USA;Shen et al., 2014). Additionally, ABA and
Cytokinin (ZRs) were detected using a UFLC-MS/MS system as
describedKasote et al. (2016).

Statistical Analysis
Signi�cant di�erences between values were calculated usinga
one-way ANOVA analysis with a Tukey test at a signi�cance
level of a D 0.01 in Excel software. All expression analyses
were performed for �ve biological replicates. All reported
values represent arithmetic averages of �ve replicates, and
data are expressed as mean plus or minus standard deviation
(mean� SD).

RESULTS

Sequencing, Assembly and Annotation of a
Sugar Apple Reference Transcriptome
To obtain a reference transcriptome for sugar apple �owers,
RNA-seq libraries were constructed using RNA samples from
four di�erent �ower stages. In total, 107,197,488 raw reads were
obtained from four di�erent �ower samples. After removing the
low-quality reads, all of the clean reads from the four RNA-seq
data sets were combined and used for transcript assembly (Table
S1). The Trinity package assembled 71,948 unigenes, with an
average size of 825.40 nt (Table S2). The size distributionsof these
unigenes are shown in Figure S1.

Next, the BLAST algorithm was utilized to identify the
transcripts of other organisms homologous to the assembled
unique genes of sugar apple. In summary, 24,911 unigenes
were annotated by BLASTX (E < 1e� 5) using the NCBI nr
database, while 17,970 were annotated using the Swiss-Prot
protein database. In addition, 6837 and 8682 unigenes could
be annotated according to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Cluster of Orthologous Groups
of protein (COG) databases, respectively. Approximately 6%
(4290) of unigenes could be assigned to a homolog in all four
databases (Figure 1A). The distributions ofE-values in di�erent
databases are showed inFigure 1B. A large number of unigenes
in sugar apple showed high similarities to the genes in other
plant species. The numbers of homologous genes in the top
10-hit species are shown inFigure 1C. Interestingly, the largest
number of sugar apple homologous genes was identi�ed inVitis
vinifera, suggesting a close relationship between these two fruit
trees.

Classi�cation of GO and KEGG Terms
We further assigned gene ontology (GO) terms to sugar apple
unigenes. A total of 12,351 unigenes could be classi�ed intothe

three GO categories: biological process, cellular component, and
molecular function. Within the biological process category, the
most highly represented terms were “cellular process,” “metabolic
process,” and “response to stimulus.” Within the molecular
function category, “catalytic activity,” and “binding” were the
two most abundant terms. The largest terms within the cellular
component category were “cell,” “cell part,” and “organelle”
(Figure S2)

To further determine the involvement of metabolic pathways
in the �owering process, we predicted the KEGG pathways
represented by all of the assembled unigenes. A total of 6837
unigenes from four samples were mapped into 124 KEGG
pathways. The maps with the highest unigene representation
were metabolic pathway (ko01100) with 1892 unigenes, followed
by biosynthesis of secondary metabolites (ko01110), ribosome
(ko03010), protein processing in endoplasmic reticulum
(ko04141), starch and sucrose metabolism (ko00500), oxidative
phosphorylation (ko00500) and plant-pathogen interaction
pathway (ko04626) (Table S3).

Transcriptome Dynamics during Flower
Development
To study the transcriptome dynamics and identify the2 candidate
genes involved in �ower development, four transcriptomes
were generated from di�erent �ower samples (IM, FB, FL1,
and FL2). We compared the transcript levels of each unigene
between di�erent samples. In the FB vs. IM comparison,
7227 di�erentially expressed, 4366 up-regulated and 2861
down-regulated, transcripts were detected. In the FL1 vs. FB
comparison, 11,070 di�erentially expressed, 7169 up-regulated
and 3901 down-regulated, transcripts were found. In the
FL2 vs. IM comparison, 14,883 DEGs were up-regulated
and 3261 DEGs were down-regulated. In the FL1 vs. IM
comparison, 9729 di�erentially expressed, 5481 up-regulated
and 4248 down-regulated, transcripts were indenti�ed. In
the FL2 vs. FB comparison, 18,144 di�erentially expressed,
13,109 up-regulated and 2985 down-regulated, transcripts were
uncovered. Lastly, in the FL2 vs. FL1 comparison, 8539
DEGs were up-regulated and 1386 DEGs were down-regulated.
(Figure 2A)

The overlaps among samples from independent �ower stages
were calculated and shown using a Venn diagram. Approximately
83.43% of the assembled unigenes were shared by at least
three libraries made from the di�erent �ower developmental
stages. In detail, 871 and 1037 DGEs were only in the IM
and FB libraries, respectively; while 584 transcripts were mainly
expressed in the FL1 stage. Moreover, 261 transcripts were
mainly expressed in the FL2 stage. The overlap between IM and
FB consisted of 4112 (5.73%) single unigenes. Similarly, 1126
transcripts were found in the overlapping regions of FL1 and FL2
(Figure 2B).

To identify �ower developmental stage-preferential expressed
genes, DGE libraries were analyzed using criteria of 2-fold
di�erences and adjustedP < 0.05. The largest number of stage-
preferential genes was identi�ed in the IM stage (2957 unigenes)
(Figure 2C,Figure S3).
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FIGURE 1 | Annotation of assembled sugar apple unigenes. (A) In total, 24911 unigenes were annotated by different proteindatabases. The number of
unigenes annotated by different databases, including Nr, Swissprot, COG, and KEG, were showed in a Venn diagram.(B) Distribution ofE-value in Nr database.(C)
Identi�cation of the transcripts of other plant species homologous to the annotated unigenes of sugar apple.

Cluster Analysis of DEGs during the Flower
Development Process in Sugar Apple
To re�ect the major trends and the key transitional states (IM,
FB, FL1, and FL2) during the �ower development process in
sugar apple, all 25,998 DEGs were assigned to 20 clusters by the
K-means method. The expression levels of the genes belonging
to clusters 1, 7, and 11 increased during the �owering process;
while the expression levels of genes belonging to clusters 8,9,
19, and 20 decreased during the �owering process. The unigenes
showing IM stage-speci�c expression levels were grouped into
clusters 9, 13, and 20, while the unigenes showing FB stage-
speci�c expression levels were grouped into clusters 14, 15, and
17. The unigenes classed into clusters 3, 12, and 16 were highly
expressed in the FL1 stage, and the transcript levels of unigenes
in clusters 5 and 11 were very high in the FL2 stage (Figure 3A).
The average expression levels of the unigenes belonging to each
cluster are shown in a heat map inFigure 3B.

Identi�cation of the Flower
Development-Associated TF-Encoding
Genes
TFs are key regulatory proteins of transcription in biological
processes, especially in �ower development (Stewart et al., 2016).
Therefore, we studied the expression dynamics of TF genes in
sugar apple. In total, 5903 TF genes were identi�ed in the �ower
bud and �ower development stages. The basic helix-loop-helix
(bHLH; 717 members), NAC (457 members), B3 (314 members),
MYB-related (305 members), basic leucine zipper (bZIP; 296
members), WRKY (285 members), ERF (250 members), FAR1
(240 members), C2H2 (233 members), and MYB (230 members)
families were identi�ed as the top 10 largest families during
�ower development, and some are critical components of plant
adaptive responses to biotic and abiotic stresses, and senescence.
A heat map depicting the overall expression trend of the TF
genes during �ower development was constructed using MeV
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FIGURE 2 | Analysis of the differentially expressed unigenes (DEGs) during the �oral transition and �ower development pro cess in sugar apple. (A)
Numbers of DEGs in different comparisons, including FB vs. IM, FL1 vs. FB, FL2 vs. IM, FL1 vs. FB, FL2 vs. FB, and FL2 vs. FL1. The red indicated up-regulated
unigenes and green indicated down-regulated unigenes.(B) Venn diagram showed the number of DEGs in different stages of�ower development. (C) The expression
pro�ling of stage-preferential unigenes in sugar apple.

software. Some TF families were signi�cantly up-regulated.For
example, the bHLH, MYB, and bZIP families were signi�cantly
up-regulated after the FL1 stage; while the NAC and C2H2
families were up-regulated after the FL2 stage. By contrast,more
TF families, such as WRKY, ERF, and FAR, were signi�cantly
down-regulated (Figure 4).

Identi�cation of Flowering
Time-Associated and Flower
Development-Related Genes
Based on a comparative analysis of the NCBI and UniProt
databases, 144 unigenes in sugar apple showed homology to
known �owering time-associated genes from other plant species
(Table S4). Most of the �owering time-associated genes in
sugar apple could be assigned to six classical �owering-related
pathways.

In the photoperiod pathway, several sugar apple unigenes
showed homology to the components ofPHYTOCHROME

(PHY, 1 unigenes),CRYPTOCHROME(CRY, 3 unigenes),
GIGANTEA (GI, 3 unigenes),EARLY FLOWERING1 (1
unigene),EARLY FLOWERING3 (ELF3, 3 unigenes),EARLY
FLOWERING4 (ELF4, 1 unigene),EARLY FLOWERING8
(ELF8, 1 unigene), andCHALCONE SYNTHASE(CHS, 6
unigenes) (Figure 5A, Table S4). In addition, several sugar apple
unigenes exhibited similarities to genes in the vernalization
pathway, including EMBRYONIC FLOWER1 (EMF1, 1
unigene), EMBRYONIC FLOWER2 (EMF2, 8 unigenes),
FERTILIZATION INDEPENDENT ENDOSPERM(FIE, 1
unigene), and VERNALIZATION INSENSITIVE3 (VIN3,
3 unigenes) (Figure 5B, Table S4). Moreover, 18 unigenes
in sugar apple showed high similarities to genes that are
involved in the autonomous pathway, such asFRIGIDA (FRI,
5 unigenes),LUMINIDEPENDENS-like(LD), FLOWERING
TIME CONTROL PROTEIN FCA(FCA), FLOWERING
TIME CONTROL PROTEIN FPA(FPA), FLOWERING TIME
CONTROL PROTEIN FY(FY), and DICER-LIKE (DCL)
(Figure 5C, Table S4). Putative thermosensory pathway unigenes
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FIGURE 3 | Expression pro�les of the differentially expresse d unigenes during the �owering process in sugar apple. (A) MeV cluster analysis of
differentially expressed unigenes from the expression pro�les during the �owering process. Red lines indicated the average expression level of unigenes grouped into
the same Cluster under different �owering stages.(B) Heat map for cluster analysis of the differentially expressed unigenes by K-means method. Red indicates
up-regulated genes and blue indicates down-regulated genes.

were identi�ed, including an ACTIN RELATED PROTEIN
6 (ARP6) and a HIGH EXPRESSION OF OSMOTICALLY
RESPONSIVE GENES 1(HOS1) (Figure 5D; Table S4). For the
aging pathway, many unigenes were found, includingAPETELA2
(AP2) andSQUAMOSA PROMOTER-BINDING-LIKE PROTEIN
9 (SPL9) (Figure 5F; Table S4). Some putative homologous genes

of the GA pathway were identi�ed, includingGA2 oxidase
(GA2ox, 3 unigenes),GA3 oxidase(GA3ox, 1 unigene),GA20
oxidase(GA20ox, 5 unigenes), the GA receptor DELLA protein
GIBBERELLIC ACID INSENSITIVE1(GAI, 1 unigene), and the
GA receptorGIBBERELLIN INSENSITIVE DWARF1(GID1, 1
unigene) (Figure 5F; Table S4).
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FIGURE 4 | Identi�cation and analysis of �oral transition an d �ower development-associated transcription factor genes. A heat map depicting the overall
trend of the differential expression pro�les of the transcription factor genes during �ower development was constructedusing MeV. The number of each transcription
factor was showed in parentheses.

In addition to the unigenes related to the six pathways,
we obtained some unigenes associated with �owering integron
(FT and SOC1), and one unigene related to �oral meristem
identity (LEAFY) (Figure 5G; Table S4). Some additional
non-classi�ed �owering regulators, including members of the
MADS transcription factor, ANT-like transcription factor and
SQUAMOSA PROMOTER-BINDING PROTEIN, were also
identi�ed (Figure 5H; Table S4).

Identi�cation of Unigenes Involved in the
Circadian Rhythm Pathway
Pathway analyses of our transcriptome data showed that
many unigenes were involved in multiple metabolic pathways.
Determined by photoreceptors, circadian rhythms are a key

regulatory system in controlling plant �owering (Izawa et al.,
2002; Jiao et al., 2005). In total, 17 key regulators encoded by 39
unigenes identi�ed four of our transcriptomes (Figure 6A; Table
S5). The average expression levels of the unigenes associated with
each key regulator were also counted based on the RPKM values.
The genes encoding seven regulators, CK2a, CK2b, COP1, ZTL,
CDF1, CHE and FT, were predominantly expressed in the FB
stage. The genes encoding �ve regulators, PHYA, PIF3, CRY,
PRR3 and TOC1, were highly expressed in the FL1 stage. The
genes encoding another �ve regulators, PHYB, LHY, PRR9,
EARLY FLOWERING 3, and GI, showed their highest expression
levels in the FL2 stage. Interestingly, no genes encoding any
of the regulators were highly expressed in the IM stage
(Figures 6B–D).
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FIGURE 5 | Identi�cation of the �oral transition and �ower de velopment-associated genes. (A) Flower development stage-preferential expression pattern of
the genes involved in photoperiod pathway.(B) Flower development stage-preferential expression pattern of the genes involved in autonomous pathway.(C) Flower
development stage-preferential expression pattern of thegenes involved in vernalization pathway.(D) Flower development stage-preferential expression pattern of the
genes involved in thermosensory pathway.(E) Flower development stage-preferential expression pattern of the genes involved in aging pathway.(F) Flower
development stage-preferential expression pattern of thegenes associated with �owering integron.(G) Flower development stage-preferential expression pattern of
the genes involved in GA signaling pathway.(H) Flower development stage-preferential expression pattern of the genes related to non-classi�ed �owering regulators.

Identi�cation of Unigenes Involved in the
Pathways of Various Flowering-Related
Hormones
Several phytohormones, including auxin, ABA, GA and
cytokinin, are closely correlated to �ower transition and
development (Heisler et al., 2005; Davis, 2009; Bartrina et al.,
2011). To investigate the relationship between phytohormones
and �ower development in sugar apple, the expression changes
of unigenes involved in phytohormone signaling pathways were
analyzed.

In total, 32 key regulators in the ABA-signaling pathway,
33 key regulators in the auxin-signaling pathway; 16 key
regulators in the GA-signaling pathway; and 21 key regulators
in the cytokinin-signaling pathway were identi�ed based on
our transcriptome data (Figure 7). Most of these key regulators
showed a �ower stage-speci�c expression pattern, and the average
expression values of these key regulators are listed in Table
S6. Furthermore, seven key regulators were identi�ed in both
auxin- and ABA-signaling pathways, four key regulators were

identi�ed in both auxin- and GA-signaling pathways, and two
key regulators were identi�ed in both ABA- and cytokinin-
signaling pathways. No crosstalk was found between GA and
cytokinin during the �ower development process in sugar
apple.

Validation of the Expression of Several Key
Flowering-Related Genes in Sugar Apple
To verify the expression of several key �owering-related
genes that were identi�ed using RNA-seq, we performed
absolute quanti�cation RT-PCR assays with independent samples
collected from the �owers at di�erent developmental stages (IM,
FB, FL1, and FL2). We randomly selected 20 �owering-related
unigenes to validate the RNA-seq data. The primer sequences
and expression levels of these selected genes were listed in
Table S7, S8. Next, we investigated whether changes in qRT-PCR
correlated with the changes in RNA-seq data. Mostly, relatively
high correlation coe�cients were observed (R2 > 0.75). These
results suggested that the expression levels of these selected
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FIGURE 6 | The detailed information on genes involved in the pat hway of circadian rhythm. (A) The putative regulation network of circadian clock associated
with �owering in sugar apple. Red arrow indicated depressing; and green arrow indicated activating.(B) The expression pattern of red light signaling pathway related
genes during the �owering process.(C) The expression pattern of blue light signaling pathway related genes during the �owering process.(D) The expression pattern
of two key �ower development regulation genes during the �owering process. The different colors correspond to the log-transcription values of RPKM refer to each
gene shown in the bar at the lower right corner of the �gure.

genes were basically consistent with RNA-seq results (Figure 8,
Table S9).

Endogenous Hormone Measurements
To examine the roles of endogenous hormones during �ower
development, the contents of IAA, ABA, GA, and cytokinin were
measured in sugar apple �owers at di�erent stages. Independent
samples collected from the �owers at di�erent developmental
stages (IM, FB, FL1, and FL2) were used for endogenous
hormone measurements. The contents of IAA, GA, and ZRs
decreased and the content of ABA increased during the �ower
development process (Figure 9). Both the GA and IAA contents
reached their lowest points at stage FL1, while the ZRs content
reached its lowest point at stage FL1. During the �owering
process, the GA content decreased signi�cantly from 236.55

nmol.g� 1 FW (IM stage) to 38.71 nmol.g� 1 FW (FL2 stage),
the IAA content decreased signi�cantly from 460.06 nmol.g� 1

(IM stage) to 56.48 nmol.g� 1 (FL2 stage), and the ZRs content
decreased signi�cantly from 530.66 nmol.g� 1 (IM stage) to
56.48 nmol.g� 1 (FL2 stage). On the contrary, the ABA content
increased signi�cantly from 27.52 nmol.g� 1 (IM stage) to 101.32
nmol.g� 1 (FL2 stage).

DISCUSSION

Illumina Sequencing and Sequence
Annotation
The temporal regulation of gene expression plays an essential
role in plant growth and development. Detailed information
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FIGURE 7 | Network analysis of various hormones involved in th e regulation of �owering process. The red shadow color indicated the key genes associated
with auxin signaling pathway. The blue shadow color indicated the key genes with ABA signaling pathway. The green shadowcolor indicated the key genes with GA
signaling pathway. The yellow shadow color indicated the key genes with cytokinin signaling pathway. The different colors correspond to the log-transcription values of
RPKM refer to each gene shown in the bar at the bottom of the �gure.

on gene expression is crucial for understanding the molecular
mechanisms underlying any developmental process. Flower
development, a key feature of higher plants, represents the
reproductive phase of plant development (Krizek, 2015). Sugar
apple is a popular and commercially important fruit tree
in subtropical and tropical areas. However, little genomic
information is available for sugar apple. An increasing number
of studies have shown that Illumina sequencing is a powerful
tool for DEG analyses during various �ower developmental
stages (Wong et al., 2013; Zhang et al., 2014b). Here, we
describe a global view of gene expression dynamics during �ower
development in sugar apple, and it is the �rst attempt using
Illumina sequencing technology to gain an insight into the
transcriptome of sugar apple �owers. Our transcriptome data will
meet the initial information needs for functional studies of this
species and its relatives.

In this study, four RNA-seq experiments were performed
using Illumina sequencing, which generated 71,948 unigenes.
These unigenes were used for BLASTX-algorithm based searches
and annotations against the protein databases Nr, SwissPort,
COG, KEGG, and GO. In total, 24,911 unigenes (34.62%) were
annotated in sugar apple, which is much smaller than other

fruit trees, such as pineapple (58.33%), mango (85%), and loquat
(70.57%), and similar to the number annotated in manchurian
walnut (39.92%) and “Bartlett” pears (32.8%) (Gong et al., 2015;
Nham et al., 2015; Sherman et al., 2015; Hu et al., 2016; Liu and
Fan, 2016). This indicated that the functions of a large portion of
the genes of sugar apple have not yet been identi�ed.

Furthermore, cluster analysis of DEGs during the �ower
development has been performed by the K-means methods.
Several stage-preferential expressed clusters have been identi�ed
in our study. Interstingly, a largest number of 8039 unigenes,
which grouped into cluster 8, 9, 13, and 20, showed IM-
preferential expression, suggesting the importance of IM stage in
�oral transition and �ower development.

Identi�cation of TF Genes in Sugar Apple
Flower Development
Several molecular genetic studies have demonstrated the crucial
roles of TFs in the reproductive development of plants
(Smaczniak et al., 2012). Based on the GO analysis, the biological
“regulation of transcription” was signi�cantly enriched inDEGs
during the �owering process. Among these TF families, MYB,
bHLH, MADS-box, NAC, WRKY, bZIP, ARF, ERF, C2H2, and
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FIGURE 8 | Validation of the expression of �owering-related Genes in sugar apple. Expression level of 20 �ower development related genes in different stages
of �owering process was validated by qRT-PCR. All these data were based on the analysis of three independent biological repeats. Signi�cant differences in gene
expressions were indicated by “*”.

CCHC were found to be particularly important during �ower
development inA. squamosa. Some members of these families are
also involved in reproductive development in other plant species
(Sharma et al., 2012; Singh et al., 2013).

MYB TFs contain DNA-binding domains, and some of
them have been identi�ed as �oral developmental regulators
(Vimolmangkang et al., 2013). In Arabidopsis, several MYBs
were reported to be involved in jasmonate-mediated stamen
maturation. Transcriptional pro�ling indicated that MYB108
and MYB24 have overlapping functions and act downstream
of MYB21, a R2R3-MYB TF, in a transcriptional cascade
that mediates stamen and pollen maturation (Mandaokar and
Browse, 2009; Song et al., 2011). Interestingly, the homologs of
MYB24 and R2R3-MYB genes were also found in sugar apple.
The increasing expression of MYB genes during the �owering
process suggested an important regulatory role of MYBs in sugar
apple �ower development (Figure 4).

The bHLH consists of genes regulating various �ower
developmental processes, such as regulating the development
of carpel margins, and controlling the morphogenesis of sepals,
petals, stamens, and anthers inA. thaliana(Zhang et al., 2006).
In sugar apple, a large number of bHLH homologs (717) were
identi�ed, and the average expression levels of these genes
was induced during the �owering process. NACs have also
been implicated in �oral and vegetative development (Wellmer
et al., 2004). In total, 457 NACs were identi�ed in sugar apple
and showed their highest expression levels at the FL2 �ower

developmental stage (Figure 4). In plants, the bZIP TFs function
as key regulators of �ower development, and light and stress
responses (Running and Meyerowitz, 1996; Uno et al., 2000). In
our study, 296 bZIPs were identi�ed, and most of them showed
di�erential expression patterns during the �owering process in
sugar apple (Figure 4).

Identi�cation of the Genes Associated with
Floral Transition and Flower Development
In Arabidopsis, the �owering signals arise mainly from six major
�owering pathways (photoperiod, autonomous, vernalization,
thermosensory, aging, and GA-induced) (Blázquez et al., 2003;
Srikanth and Schmid, 2011). The photoperiod pathway is an
important genetic network of �owering control (Komeda, 2004).
The photoperiod pathway is comprised of three major parts
including a circadian clock and an output pathway from the
clock to �owering (Simpson, 2003). Light signals are �rst received
by two photoreceptors, phytochromes and cryptochromes, and
then they produce a circadian clock, which enables them
to coordinate internal biological events with external rhythm
changes (Imaizumi, 2010; Digel et al., 2015). A large number
of �owering time-associated genes were identi�ed in the model
plant Arabidopsis. The circadian clock is composed of at
least three interlocking loops to measure day length changes
and regulate FKF1, GI, and CYCLING DOF FACTOR (CDF)
(Imaizumi, 2010). FKF1 and GI form a complex to facilitate the
expression ofCO, which is a TF that promotes �owering by
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FIGURE 9 | Endogenous hormones measurements in various �owerin g stages. The differences in endogenous(A) GA contents, (B) ABA contents, (C) ZA
contents, and (D) IAA contents during four �ower developmental stages in sugar apple were measured. The data were analyzed by three independent repeats, and
standard deviations were shown with error bars. Signi�cant differences in expression level between IM and FB were indicated by “a”; Signi�cant differences in
expression level between IM and FL1 were indicated by “b”; Signi�cant differences in expression level between IM and FL2 were indicated by “c”; Signi�cant
differences in expression level between FB and FL1 were indicated by “d”; Signi�cant differences in expression level between FB and FL2 were indicated by “e”.

inducing the expression of the direct downstream genes, such
asFT and SOC1(Kardailsky et al., 1999; Liu et al., 2008). The
expression levels of bothCDF1 and FT in sugar apple were
highest in the �ower stage FB, suggesting a putative role in the
early stage of �owering (Figure 5D). Interestingly, most of the
photoperiod pathway-related genes showed lowest expression in
the IM stage, suggesting that expression inhibition of thesegenes
may play a role in the process of transition from vegetative to
reproductive growth.

Woody plants undergo a long vegetative period to achieve
transition to the reproductive stage (Rottmann et al., 2000;
Huang et al., 2013). After this transition, woody plants start
to form �ower buds in the spring (Hsu et al., 2011). To
date, studies are increasingly revealing the relationshipsbetween
phytohormones and �owering. For example, cytokinins are
believed to promote �oral transition by activating MADS
box family genes inSinapis alba(Bonhomme et al., 2000).
In our study, many CK signaling related genes and MADS-
box genes were identi�ed as di�erential expressed genes in
sugar apple (Figures 7, 5H), suggesting an involvement of
CK-MADS pathway in the regulation of �oral transition. In
classical �owering network, ABC model genesAP and AG
genes are possibly activated by some �oral integrators and
consequently �oral development (Huang et al., 2013). AP1and
AP2 genes belong to “class A” and specify sepal identify.AG
genes belonged to “class C” is essential for carpe initiation
(Bowman et al., 2012). In sugar apple, ABC model homologous

genes AP2 (Unigenes0032833 and Unigenes0033801),AP3
(Unigene0026260) andAG (Unigene0058879) were identi�ed as
di�erential expressed genes (Figures 5E,H).

In this study, we have also detected 147 homologs of
�owering- and �ower development- related genes, based on
sequence annotations and analyses of changes in gene expression
during �oral initiation and �oral di�erentiation of sugar apple.
Some of these genes encode regulators involved in �owering
integrator or �oral meristem identi�cation, while others are
related to �ower development (Huang et al., 2013). These
�owering-related genes were identi�ed in our study, suggesting
that all six of the �owering pathways may also be present in sugar
apple (Table S4).

The Putative Roles of Phytohormone
Crosstalk in Sugar Apple Flower
Development
A KEGG pathway enrichment analysis indicated that the
DEGs were signi�cantly enriched in the pathways related to
phytohormone metabolism and signal transduction processes.
Generally, many unigenes were annotated as genes related to
hormone biosynthesis, transport, or signal transduction during
�ower development.

Auxin plays a pivotal role in plant �ower development,
including the initiation of �oral primordia and the identi�cation
of �oral organs (Alabadí et al., 2009). The expression levels
of genes involved in auxin transport or signaling were altered
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in buds during �oral initiation in litchi (Zhang et al., 2014b).
The expression levels of many auxin-related genes were also
signi�cantly changed during �oral di�erentiation in sugar apple.
Several known ARFs and Aux/IAAs were identi�ed, suggesting
that the ARF-Aux/IAA regulatory pathway is vital for �ower
development in sugar apple. In the model plantArabidopsis,
AtIAA10, an earlier specifying regulator, was identi�ed as a
component of the auxin response machinery (Rademacher
et al., 2012). In sugar apple,IAA10 showed highest expression
during the �ower development process (Figure 7). It suggested
a putative function ofIAA10 in earlier in�orescent meristem
specifying.Sl-IAA3, anAux/IAA gene in tomato, is a molecular
link between auxin and ethylene responses (Salma et al., 2009).
In sugar apple, the expression ofIAA3 was increased during �oral
transition and �ower development, especially highest in the FL2
stage, which is not consistent with the change of IAA content,
suggesting thatIAA3 may be regulated by ethylene during �ower
development. As a classical auxin response family, severalARF
genes were involved in �oral transition and �ower development.
In Arabidopsis, ARF3integrates the functions ofAGAMOUSand
APETALA2in �oral meristem determinacy (Liu et al., 2014b).
Another two members,ARF6and ARF8have conserved roles
in controlling growth and development of vegetative and �ower
organs (Liu et al., 2014a). In our study, ARF1predominantly
expressed in IM stage andARF19highly expressed in FL1 stage,
suggesting their di�erent functions in �ower development of
sugar apple.

Moreover, increasing evidences showed that some auxin
transporter genes were also involved in �ower development.
For example,AtPIN1-medicated auxin �ux might regulate the
early stages of female gametophyte development inArabidopsis
(Ceccato et al., 2013). The expression ofAtPIN1is under control
of AtMLO4, which encodes a heptahelical, plasma membrane-
localized protein. An auxin transporter gene (PIN7) and a
homologs ofAtMLO4 (MLO4) were identi�ed in our study.
Interestingly, both ofPIN7 and MLO4 were decreased during
�ower development process in sugar apple. The decline in
expression ofPIN7 may provide a partial explanation for the
decreased IAA content during the �owering process in sugar
apple (Figure 9D). AVP1 encodes a proton pump that utilizes
the energy released by hydrolysis of a pyrophosphate into two
molecules of phosphate to acidify the vacuole (Heinonen, 2009).
In our study, the phosphate requirement during the �ower
development may cause the induced expression ofAVP1in sugar
apple.

In addition to auxin, GA, ABA, and cytokinin also
play important roles in the promotion of �owering. The
GA e�ect on �owering is genetically mediated by �ve
DELLA proteins, GIBBERELLIC ACID INSENSITIVE (GAI),
REPRESSOR OF ga1-3 (RGA), RGA-LIKE1 (RGL1), RGL2,
and RGL3 (Porri et al., 2012). ABA promotes �oral initiation
and �oral di�erentiation in some woody plants (Shan et al.,
2012). Cytokinin promotesArabidopsis�owering through the
transcriptional activation of the FT paralog TSF (D'Aloia et al.,
2011). The homologs of the key genes in various phytohormone
pathways were identi�ed in sugar apple (Figure 7). The
transcriptional dynamics of the hormone response genes

and the changes in the contents of GA, ZRs, and ABA
con�rmed the involvement of various hormones in the �owering
process (Figures 9A–C). GA2oxfamily genes, encoding the 2-
oxoglutarate-dependent dioxygenases that catalyze the later steps
in the biosynthetic pathway of GA, have been identi�ed in
di�erent plant species (Pearce et al., 2015). Interestingly, two GA
biosynthesis genes,GA2OX6andGA2OX7, showed signi�cantly
reduced expression during �owering process (Figure 7). It was
in agreement with the decrease in the contents of GA during
the development of �ower. However, the expression ofGA3OX1
and KAO1, another two GA biosynthetic genes, was induced in
sugar apple. InArabidopsis, GA3OX1and KAO1 play roles in
both the synthesis of bioactive GA and environmental stimuli
responses (Mitchum et al., 2006; Regnault et al., 2014). It
suggested a diversity of regulation mechanism in GA biosynthesis
during �oral transition and �ower development. Due to
complex regulatory mechanism, the corresponding express
trend of the hormone-related genes is not very clear. Further
experiments are needed to reveal their speci�c functions in
sugar apple.

Furthermore, seven regulators, LHY1, MIF1, DRB1, MYB60,
MYB93, ETR1, and ABA3, were involved in both auxin- and
ABA-signaling pathways. Among these regulators, LHY1, MIF1,
MYB60, and ETR1 were controlled by both auxin- and GA-
signaling pathways, while two regulators, DRB1 and MIF1, were
under the control of ABA- and cytokinin-signaling pathways
(Figure 7). Our data indicated crosstalk between di�erent
hormones during the �owering process in sugar apple.

In summary, four independent cDNA libraries from sugar
apple �owers at the IM, FB, FL1, and FL2 stages were
constructed and sequenced. A large number of DEGs were
identi�ed in sugar apple during the �owering process. Flower
developmental stage-speci�c expression patterns of �owering
time-associated and �ower development-related genes were
characterized based on GO and KEGG, and some were validated
by a qRT-PCR analysis. Furthermore, the expression levels
of hormone-related genes were analyzed during the �owering
process. The identi�cation and analyses of these hormone-related
genes will aid us in elucidating the regulatory mechanisms
of hormones during the �owering process in woody fruit
plants.

AUTHORS CONTRIBUTION

KL, SF, YP, JZ, and YC carried out the molecular studies,
participated in the analysis and drafted the manuscript. SF
and YP carried out the qRT-PCR analysis. HL performed the
statistical analysis. KL and CY conceived of the study, and
participated in its design. KL and CY acquired of funding and
helped to draft the manuscript. All authors read and approved
the �nal manuscript.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (grant no. 31201586); Science and

Frontiers in Plant Science | www.frontiersin.org 14 November 2016 | Volume 7 | Article 1695



Liu et al. Transcriptome Analysis of Sugar Apple

Technology Program of Guangdong, China (grant no.
2014A020208138 and 2015A020208018); the (Key) Project
of Department of Education of Guangdong Province (grant no.
2013KJCX0124); the Natural Science Foundation of Lingnan
Normal University (grant no. LZL1507); National Undergraduate
Training Programs for Innovation and Entrepreneurship (grant
no. 201510579240 and 201510579300); Science and Technology
Project of Zhanjiang City, China (grant no. 2016A03016). Weare

grateful to Yang Liu and Liu Qian (from Guangzhou Genedenovo
Biotechnology Co., Ltd) for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.
01695/full#supplementary-material

REFERENCES

Alabadí, D., Blázquez, M. A., Carbonell, J., Ferrándiz, C., and Pérez-Amador, M. A.
(2009). Instructive roles for hormones in plant development.Int. J. Dev. Biol.
53, 1597–1608. doi: 10.1387/ijdb.072423da

Andrés, F., and Coupland, G. (2012). The genetic basis of �owering responses to
seasonal cues.Nat. Rev. Genet.13, 627–639. doi: 10.1038/nrg3291

Bai, S., Saito, T., Sakamoto, D., Ito, A., Fujii, H., and Moriguchi, T. (2013).
Transcriptome analysis of Japanese pear (Pyrus pyrifoliaNakai) �ower buds
transitioning through endodormancy.Plant Cell Physiol.54, 1132–1151. doi:
10.1093/pcp/pct067

Bartrina, I., Otto, E., Strnad, M., Werner, T., and Schmülling, T. (2011). Cytokinin
regulates the activity of reproductive meristems, �ower organ size,ovule
formation, and thus seed yield inArabidopsis thaliana. Plant Cell23, 69–80.
doi: 10.1105/tpc.110.079079

Bernier, G., Havelange, A., Houssa, C., Petitjean, A., and Lejeune, P. (1993).
Physiological signals that induce �owering.Plant Cell5, 1147–1155.

Blázquez, M. A., Ahn, J. H., and Weigel, D. (2003). A thermosensory pathway
controlling �owering time inArabidopsis thaliana.Nat. Genet.33, 168–171. doi:
10.1038/ng1085

Bonhomme, F., Kurz, B., Melzer, S., Bernier, G., and Jacqmard, A. (2000).
Cytokinin and gibberellin activate SaMADS A, a gene apparently involved in
regulation of the �oral transition inSinapis alba. Plant J.24, 103–111. doi:
10.1046/j.1365-313x.2000.00859.x

Bowman, J. L., Smyth, D. R., and Meyerowitz, E. M. (2012). The ABCmodel
of �ower development: then and now.Development139, 4095–4098. doi:
10.1242/dev.083972

Ceccato, L., Masiero, S., Sinha Roy, D., Bencivenga, S., Roig-Villanova, I.,
Ditengou, F. A., et al. (2013). Maternal control of PIN1 is required for
female gametophyte development inArabidopsis. PLoS ONE8:e66148. doi:
10.1371/journal.pone.0066148

Chen, M. L., Fu, X. M., Liu, J. Q., Ye, T. T., Hou, S. Y., Huang, Y. Q., et al.
(2012). Highly sensitive and quantitative pro�ling of acidic phytohormones
using derivatization approach coupled with nano-LC-ESI-Q-TOF-MS analysis.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci.905, 67–74. doi:
10.1016/j.jchromb.2012.08.005

Corbacho, J., Romojaro, F., Pech, J. C., Latché, A., and Gomez-Jimenez,
M. C. (2013). Transcriptomic events involved in melon mature-fruit
abscission comprise the sequential induction of cell-wall degrading genes
coupled to a stimulation of endo and exocytosis.PLoS ONE8:e58363. doi:
10.1371/journal.pone.0058363

D'Aloia, M., Bonhomme, D., Bouché, F., Tamseddak, K., Ormenese, S., Torti, S.,
et al. (2011). Cytokinin promotes �owering ofArabidopsisvia transcriptional
activation of the FT paralogue TSF.Plant J.65, 972–979. doi: 10.1111/j.1365-
313X.2011.04482.x

Davis, S. J. (2009). Integrating hormones into the �oral-transition pathway of
Arabidopsis thaliana. Plant Cell Environ.32, 1201–1210. doi: 10.1111/j.1365-
3040.2009.01968.x

Digel, B., Pankin, A., and von Kor�, M. (2015). Global transcriptome pro�ling
of developing leaf and shoot apices reveals distinct genetic and environmental
control of �oral transition and in�orescence development in barley.Plant Cell
27, 2318–2334. doi: 10.1105/tpc.15.00203

Domagalska, M. A., Sarnowska, E., Nagy, F., and Davis, S. J. (2010). Genetic
analyses of interactions among gibberellin, abscisic acid, and brassinosteroids

in the control of �owering time inArabidopsis thaliana. PLoS ONE5:e14012.
doi: 10.1371/journal.pone.0014012

Gong, R. G., Lai, J., Yang, W., Liao, M. A., Wang, Z. H., and Liang, G. L. (2015).
Analysis of alterations to the transcriptome of Loquat (Eriobotrya japonica
Lindl.) under low temperature stress viade novosequencing.Genet. Mol. Res.
14, 9423–9436. doi: 10.4238/2015.August.14.6

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson,D. A.,
Amit, I., et al. (2011). Trinity: reconstructing a full-length transcriptome
without a genome from RNA-Seq data.Nat. Biotechnol.29, 644–652. doi:
10.1038/nbt.1883

Gupta, Y., Pathak, A. K., Singh, K., Mantri, S. S., Singh, S. P.,and Tuli, R. (2015).
De novoassembly and characterization of transcriptomes of early-stage fruit
from two genotypes ofAnnona squamosaL. with contrast in seed number.BMC
Genomics16:86. doi: 10.1186/s12864-015-1248-3

Heinonen, J. K. (2009).Biological Role of Inorganic Pyrophosphate. Berlin: Springer
Netherlands.

Heisler, M. G., Ohno, C., Das, P., Sieber, P., Reddy, G. V., Long, J. A.,
et al. (2005). Patterns of auxin transport and gene expression during
primordium development revealed by live imaging of theArabidopsis
in�orescence meristem.Curr. Biol. 15, 1899–1911. doi: 10.1016/j.cub.2005.
09.052

Höllerhage, M., Rösler, T. W., Berjas, M., Luo, R., Tran, K., Richards, K. M., et al.
(2015). Neurotoxicity of dietary supplements from annonaceae species.Int. J.
Toxicol.34, 543–550. doi: 10.1177/1091581815602252

Hsu, C. Y., Adams, J. P., Kim, H., No, K., Ma, C., Strauss, S. H., et al.(2011).
FLOWERING LOCUS T duplication coordinates reproductive and vegetative
growth in perennial poplar.Proc. Natl. Acad. Sci. U.S.A.108, 10756–10761. doi:
10.1073/pnas.1104713108

Hu, Z., Zhang, T., Gao, X. X., Wang, Y., Zhang, Q., Zhou, H. J., et al.(2016).De
novoassembly and characterization of the leaf, bud, and fruit transcriptome
from the vulnerable treeJuglans mandshuricafor the development of 20 new
microsatellite markers using Illumina sequencing.Mol. Genet. Genomics291,
849–862. doi: 10.1007/s00438-015-1147-y

Huang, Y. J., Liu, L. L., Huang, J. Q., Wang, Z. J., Chen, F. F., Zhang, Q. X.,
et al. (2013). Use of transcriptome sequencing to understand the pistillate
�owering in hickory (Carya cathayensisSarg.).BMC Genomics14:691. doi:
10.1186/1471-2164-14-691

Imaizumi, T. (2010). Arabidopsis circadian clock and photoperiodism:
time to think about location. Curr. Opin. Plant Biol.13, 83–89. doi:
10.1016/j.pbi.2009.09.007

Izawa, T., Oikawa, T., Sugiyama, N., Tanisaka, T., Yano, M., and Shimamoto,
K. (2002). Phytochrome mediates the external light signal to repressFT
orthologs in photoperiodic �owering of rice.Genes Dev.16, 2006–2020. doi:
10.1101/gad.999202

Jiao, Y., Ma, L., Strickland, E., and Deng, X. W. (2005). Conservation and
divergence of light-regulated genome expression patterns during seedling
development in rice and Arabidopsis.Plant Cell 17, 3239–3256. doi:
10.1105/tpc.105.035840

Johansson, M., and Staiger, D. (2015). Time to �ower: interplay between
photoperiod and the circadian clock.J. Exp. Bot.66, 719–730. doi:
10.1093/jxb/eru441

Kardailsky, I., Shukla, V. K., Ahn, J. H., Dagenais, N., Christensen, S. K., Nguyen,
J. T., et al. (1999). Activation tagging of the �oral inducer FT. Science286,
1962–1965.

Frontiers in Plant Science | www.frontiersin.org 15 November 2016 | Volume 7 | Article 1695



Liu et al. Transcriptome Analysis of Sugar Apple

Kasote, D. M., Ghosh, R., Chung, J. Y., Kim, J., Bae, I., and Bae, H. (2016). Multiple
reaction monitoring mode based liquid chromatography-mass spectrometry
method for simultaneous quanti�cation of brassinolide and otherplant
hormones involved in abiotic stresses.Int. J. Anal. Chem.2016:7214087. doi:
10.1155/2016/7214087

Kim, D. H., Doyle, M. R., Sung, S., and Amasino, R. M. (2009). Vernalization:
winter and the timing of �owering in plants.Annu. Rev. Cell Dev. Biol.25,
277–299. doi: 10.1146/annurev.cellbio.042308.113411

Komeda, Y. (2004). Genetic regulation of time to �ower in
Arabidopsis thaliana. Annu. Rev. Plant Biol. 55, 521–535. doi:
10.1146/annurev.arplant.55.031903.141644

Krizek, B. A. (2015). AINTEGUMENTA-LIKE genes have partly overlapping
functions with AINTEGUMENTA but make distinct contributionsto
Arabidopsis thaliana�ower development.J. Exp. Bot.66, 4537–4549. doi:
10.1093/jxb/erv224

Kumar, S. V., Lucyshyn, D., Jaeger, K. E., Alós, E., Alvey, E., Harberd, N.
P., et al. (2012). PHYTOCHROME INTERACTING FACTOR4 controls
the thermosensory activation of �owering.Nature 484, 242–245. doi:
10.1038/nature10928

Liu, C., Chen, H., Er, H. L., Soo, H. M., Kumar, P. P., Han, J. H., et al.(2008). Direct
interaction of AGL24 and SOC1 integrates �owering signals in Arabidopsis.
Development135, 1481–1491. doi: 10.1242/dev.020255

Liu, C. H., and Fan, C. (2016).De novotranscriptome assembly of �oral buds of
pineapple and identi�cation of di�erentially expressed genes in response to
ethephon induction.Front. Plant Sci.7:203. doi: 10.3389/fpls.2016.00203

Liu, K., Li, H., Yuan, C., Huang, Y., Chen, Y., and Liu, J. (2015).
Identi�cation of phenological growth stages of sugar apple (Annona
squamosaL.) using the extended BBCH-scale.Sci. Hortic.181, 76–80. doi:
10.1016/j.scienta.2014.10.046

Liu, N., Wu, S., Van Houten, J., Wang, Y., Ding, B., Fei, Z., et al. (2014a). Down-
regulation of AUXIN RESPONSE FACTORS 6 and 8 by microRNA 167 leads
to �oral development defects and female sterility in tomato.J. Exp. Bot.65,
2507–2520. doi: 10.1093/jxb/eru141

Liu, X., Dinh, T. T., Li, D., Shi, B., Li, Y., Cao, X., et al. (2014b). AUXIN RESPONSE
FACTOR 3 integrates the functions of AGAMOUS and APETALA2 in �oral
meristem determinacy.Plant J.80, 629–641. doi: 10.1111/tpj.12658

Lu, X., Kim, H., Zhong, S., Chen, H., Hu, Z., and Zhou, B. (2014).De novo
transcriptome assembly for rudimentary leaves inLitchi chinesisSonn. and
identi�cation of di�erentially expressed genes in response to reactive oxygen
species.BMC Genomics15:805. doi: 10.1186/1471-2164-15-805

Mandaokar, A., and Browse, J. (2009). MYB108 acts together with MYB24 to
regulate jasmonate-mediated stamen maturation in Arabidopsis.Plant Physiol.
149, 851–862. doi: 10.1104/pp.108.132597

Matías-Hernández, L., Aguilar-Jaramillo, A. E., Cigliano, R. A., Sanseverino,
W., and Pelaz, S. (2016). Flowering and trichome development share
hormonal and transcription factor regulation.J. Exp. Bot.67, 1209–1219. doi:
10.1093/jxb/erv534

Melzer, S., Lens, F., Gennen, J., Vanneste, S., Rohde, A., andBeeckman, T. (2008).
Flowering-time genes modulate meristem determinacy and growth form in
Arabidopsis thaliana. Nat. Genet.40, 1489–1492. doi: 10.1038/ng.253

Mitchum, M. G., Yamaguchi, S., Hanada, A., Kuwahara, A., Yoshioka, Y.,
Kato, T., et al. (2006). Distinct and overlapping roles of two gibberellin 3-
oxidases in Arabidopsis development.Plant J.45, 804–818. doi: 10.1111/j.1365-
313X.2005.02642.x

Mutasa-Göttgens, E., and Hedden, P. (2009). Gibberellin as a factor in �oral
regulatory networks.J. Exp. Bot.60, 1979–1989. doi: 10.1093/jxb/erp040

Nham, N. T., de Freitas, S. T., Macnish, A. J., Carr, K. M., Kietikul, T., Guilatco,
A. J., et al. (2015). A transcriptome approach towards understanding the
development of ripening capacity in 'Bartlett' pears (Pyrus communisL.).BMC
Genomics16:762. doi: 10.1186/s12864-015-1939-9

Olesen, T., and Muldoon, S. J. (2009).Branch Development in Custard Apple
(Cherimoya Annona Cherimola Miller x Sugar Apple A. squamosaL.) in Relation
to Tip-Pruning and Flowering, Including E�ects on Production. Trees.Berlin:
Springer Netherlands.

Olesen, T., and Muldoon, S. J. (2012). E�ects of defoliation on �ower development
in atemoya custard apple (Annona cherimolaMill. � A. squamosaL.) and
implications for �ower-development modelling.Aust. J. Bot.60, 160–164. doi:
10.1071/BT11299

Pearce, S., Huttly, A. K., Prosser, I. M., Li, Y. D., Vaughan, S. P., Gallova, B.,
et al. (2015). Heterologous expression and transcript analysis of gibberellin
biosynthetic genes of grasses reveals novel functionality in the GA3ox family.
BMC Plant Biol.15:130. doi: 10.1186/s12870-015-0520-7

Porri, A., Torti, S., Romera-Branchat, M., and Coupland, G. (2012). Spatially
distinct regulatory roles for gibberellins in the promotion of �owering of
Arabidopsis under long photoperiods.Development139, 2198–2209. doi:
10.1242/dev.077164

Rademacher, E. H., Lokerse, A. S., Schlereth, A., Llavata-Peris, C. I., Bayer,
M., Kientz, M., et al. (2012). Di�erent auxin response machineriescontrol
distinct cell fates in the early plant embryo.Dev. Cell22, 211–222. doi:
10.1016/j.devcel.2011.10.026

Regnault, T., Davière, J. M., Heintz, D., Lange, T., and Achard, P. (2014).
The gibberellin biosynthetic genes AtKAO1 and AtKAO2 have overlapping
roles throughout Arabidopsis development.Plant J. 80, 462–474. doi:
10.1111/tpj.12648

Rottmann, W. H., Meilan, R., Sheppard, L. A., Brunner, A. M., Skinner, J. S.,
Ma, C., et al. (2000). Diverse e�ects of overexpression of LEAFY and PTLF, a
poplar (Populus) homolog of LEAFY/FLORICAULA, in transgenic poplar and
Arabidopsis.Plant J.22, 235–245. doi: 10.1046/j.1365-313x.2000.00734.x

Running, M. P., and Meyerowitz, E. M. (1996). Mutations in thePERIANTHIA
gene of Arabidopsis speci�cally alter �oral organ number and initiation pattern.
Development122, 1261–1269.

Salma, C., Alain, L., Claude, P. J., and Mondher, B. (2009). TomatoAux/IAA3
and HOOKLESS are important actors of the interplay between auxin and
ethylene during apical hook formation.Plant Signal. Behav.4, 559–560. doi:
10.1093/jxb/erp009

Shan, H., Chen, S., Jiang, J., Chen, F., Chen, Y., Gu, C., et al. (2012). Heterologous
expression of the chrysanthemum R2R3-MYB transcription factor CmMYB2
enhances drought and salinity tolerance, increases hypersensitivity to ABA and
delays �owering inArabidopsis thaliana. Mol. Biotechnol.51, 160–173. doi:
10.1007/s12033-011-9451-1

Sharma, R., Agarwal, P., Ray, S., Deveshwar, P., Sharma, P., Sharma, N., et al.
(2012). Expression dynamics of metabolic and regulatory components across
stages of panicle and seed development in indica rice.Funct. Integr. Genomics
12, 229–248. doi: 10.1007/s10142-012-0274-3

Shen, C., Yue, R., Yang, Y., Zhang, L., Sun, T., Tie, S., et al. (2014). OsARF16
is involved in cytokinin-mediated inhibition of phosphate transport and
phosphate signaling in rice (Oryza sativaL.). PLoS ONE9:e112906. doi:
10.1371/journal.pone.0112906

Sherman, A., Rubinstein, M., Eshed, R., Benita, M., Ish-Shalom,M., Sharabi-
Schwager, M., et al. (2015). Mango (Mangifera indicaL.) germplasm diversity
based on single nucleotide polymorphisms derived from the transcriptome.
BMC Plant Biol.15:277. doi: 10.1186/s12870-015-0663-6

Simpson, G. G. (2003). Evolution of �owering in response to day length: �ipping
the CONSTANS switch.Bioessays25, 829–832. doi: 10.1002/bies.10330

Singh, V. K., Garg, R., and Jain, M. (2013). A global view of transcriptome
dynamics during �ower development in chickpea by deep sequencing.Plant
Biotechnol. J.11, 691–701. doi: 10.1111/pbi.12059

Smaczniak, C., Immink, R. G., Muiño, J. M., Blanvillain, R., Busscher,
M., Busscher-Lange, J., et al. (2012). Characterization of MADS-domain
transcription factor complexes in Arabidopsis �ower development.Proc. Natl.
Acad. Sci. U.S.A.109, 1560–1565. doi: 10.1073/pnas.1112871109

Song, S., Qi, T., Huang, H., Ren, Q., Wu, D., Chang, C., et al. (2011). The
Jasmonate-ZIM domain proteins interact with the R2R3-MYB transcription
factors MYB21 and MYB24 to a�ect Jasmonate-regulated stamen development
in Arabidopsis.Plant Cell23, 1000–1013. doi: 10.1105/tpc.111.083089

Song, Y. H., Smith, R. W., To, B. J., Millar, A. J., and Imaizumi, T. (2012). FKF1
conveys timing information for CONSTANS stabilization in photoperiodic
�owering. Science336, 1045–1049. doi: 10.1126/science.1219644

Srikanth, A., and Schmid, M. (2011). Regulation of �owering time:all roads lead
to Rome.Cell. Mol. Life Sci.68, 2013–2037. doi: 10.1007/s00018-011-0673-y

Stewart, D., Graciet, E., and Wellmer, F. (2016). Molecular and regulatory
mechanisms controlling �oral organ development.FEBS J.283, 1823–1830. doi:
10.1111/febs.13640

Uno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K., and Yamaguchi-
Shinozaki, K. (2000). Arabidopsis basic leucine zipper transcription factors
involved in an abscisic acid-dependent signal transduction pathway under

Frontiers in Plant Science | www.frontiersin.org 16 November 2016 | Volume 7 | Article 1695



Liu et al. Transcriptome Analysis of Sugar Apple

drought and high-salinity conditions.Proc. Natl. Acad. Sci. U.S.A.97,
11632–11637. doi: 10.1073/pnas.190309197

Vimolmangkang, S., Han, Y., Wei, G., and Korban, S. S. (2013). An
apple MYB transcription factor, MdMYB3, is involved in regulation of
anthocyanin biosynthesis and �ower development.BMC Plant Biol.13:176. doi:
10.1186/1471-2229-13-176

Wellmer, F., Riechmann, J. L., Alves-Ferreira, M., and Meyerowitz, E.M. (2004).
Genome-wide analysis of spatial gene expression in Arabidopsis �owers.Plant
Cell16, 1314–1326. doi: 10.1105/tpc.021741

Wong, C. E., Singh, M. B., and Bhalla, P. L. (2013). The dynamics of soybean leaf
and shoot apical meristem transcriptome undergoing �oral initiation process.
PLoS ONE8:e65319. doi: 10.1371/journal.pone.0065319

Xing, L. B., Zhang, D., Li, Y. M., Shen, Y. W., Zhao, C. P., Ma, J.J., et al. (2015).
Transcription pro�les reveal sugar and hormone signaling pathways mediating
�ower induction in apple (Malus domesticaBorkh.). Plant Cell Physiol.56,
2052–2068. doi: 10.1093/pcp/pcv124

Yamaguchi, A., and Abe, M. (2012). Regulation of reproductive development by
non-coding RNA in Arabidopsis: to �ower or not to �ower.J. Plant Res.125,
693–704. doi: 10.1007/s10265-012-0513-7

Zhang, D., Ren, L., Yue, J.-H., Wang, L., Zhuo, L.-H., and Shen,X.-H. (2014a).
GA4 and IAA were involved in the morphogenesis and development of �owers
in Agapanthus praecoxssp.Orientalis. J. Plant Physiol.171, 966–976. doi:
10.1016/j.jplph.2014.01.012

Zhang, H. N., Wei, Y. Z., Shen, J. Y., Lai, B., Huang, X. M., Ding, F., et al.
(2014b). Transcriptomic analysis of �oral initiation in litchi (Litchi chinensis

Sonn.) based onde novoRNA sequencing.Plant Cell Rep.33, 1723–1735. doi:
10.1007/s00299-014-1650-3

Zhang, J., Wu, K., Zeng, S., Teixeira da Silva, J. A., Zhao, X., Tian, C. E., et al.
(2013). Transcriptome analysis ofCymbidium sinenseand its application to
the identi�cation of genes associated with �oral development.BMC Genomics
14:279. doi: 10.1186/1471-2164-14-279

Zhang, W., Sun, Y., Timofejeva, L., Chen, C., Grossniklaus, U., and Ma, H.
(2006). Regulation of Arabidopsis tapetum development and function
by DYSFUNCTIONAL TAPETUM1 (DYT1) encoding a putative bHLH
transcription factor. Development 133, 3085–3095. doi: 10.1242/dev.
02463

Zhu, Y., Li, Y., Xin, D., Chen, W., Shao, X., Wang, Y., et al. (2015). RNA-Seq-
based transcriptome analysis of dormant �ower buds of Chinese cherry (Prunus
pseudocerasus). Gene555, 362–376. doi: 10.1016/j.gene.2014.11.032

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2016 Liu, Feng, Pan, Zhong, Chen, Yuan and Li. This is an open-access
article distributed under the terms of the Creative CommonsAttribution License (CC
BY). The use, distribution or reproduction in other forums ispermitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 17 November 2016 | Volume 7 | Article 1695


