'," frontiers
in Plant Science

ORIGINAL RESEARCH
published: 09 November 2016
doi: 10.3389/fpls.2016.01695

OPEN ACCESS

Edited by:
Chengdao Li,
Murdoch University, Australia

Reviewed by:
Antonio Ferrante,
University of Milan, Italy
Yongzhong Xing,
Huazhong Agricultural University,
China

*Correspondence:
Kaidong Liu
liukaidong2001@126.coml
Haili Li
lihaili2425@126.com

Specialty section:
This article was submitted to
Crop Science and Horticulture,
a section of the journal
Frontiers in Plant Science

Received: 30 June 2016
Accepted: 27 October 2016
Published: 09 November 2016

Citation:

Liu K, Feng S, Pan Y, Zhong J, Chen Y,
Yuan C and Li H (2016) Transcriptome
Analysis and Identi cation of Genes
Associated with Floral Transition and
Flower Development in Sugar Apple
(Annona squamosa L.).

Front. Plant Sci. 7:1695.

doi: 10.3389/fpls.2016.01695

Check for
updates

Transcriptome Analysis and

ldenti cation of Genes Associated

with Floral Transition and Flower
Development in Sugar Apple ( Annona
squamosa L.)

Kaidong Liu *, Shaoxian Feng, Yaoling Pan, Jundi Zhong, Yan Chen, Changchu n Yuan and
Haili Li *

Life Science and Technology School, Lingnan Normal Univeitg, Zhanjiang, China

Sugar apple @Annona squamosa L.) is a semi-deciduous subtropical tree that
progressively sheds its leaves in the spring. However, lét information is available on
the mechanism involved in ower developmental pattern. To gin a global perspective
on the oral transition and ower development of sugar apple cDNA libraries were
prepared independently from in orescent meristem and thre owering stages. lllumina
sequencing generated 107,197,488 high quality reads that wre assembled into 71,948
unigenes, with an average sequence length of 825.40 bp. Amanm the unigenes,

various transcription factor families involved in oral &nsition and ower development
were elucidated. Furthermore, a Kyoto Encyclopedia of Gerseand Genomes pathway
enrichment analysis revealed that unigenes exhibiting thfential expressions were
involved in various phytohormone signal transduction eves and circadian rhythms.
In addition, 147 unigenes exhibiting sequence similarit,eto known owering-related

genes from other plants were differentially expressed duriy ower development. The

expression patterns of 20 selected genes were validated usg quantitative-PCR. The
expression data presented in our study is the most comprehesive dataset available
for sugar apple so far and will serve as a resource for invegtting 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 appleAnnona squamosa.) is an important member of thénnonaceadamily, which
consists of 166 genera and more than 2000 speciéslierhage et al., 20)5As a commercially
important fruit tree, sugar apple orchards are wide spread arldagapted to the edaphoclimatic
conditions of tropical and subtropical zones. Due to its métitand nutritional properties, sugar
apple tree is well known, and widely planted throughout the tosp(Gupta et al., 2015; Liu et al.,
2015. The axillary buds of sugar apple are cryptic, obscured by &se bof the petiole, and released
following leaf abscission. Summer defoliation promotes aving by releasing dormant subpetiolar
axillary buds and causes the resumption of ower developménegéen and Muldoon, 2009The
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owers are born terminally on the new shoots. However, The owering mechanism has been studied well in the model
improper shoot state, low temperature, or short day conditionglant Arabidopsis thalianand to some extent in a few other
may cause the unreliable owering of sugar appl#gsen and plant speciesNelzer et al., 2008; Andrés and Coupland, 2012;
Muldoon, 2012; Liu et al., 2015 Song et al., 20)2However, the information available about
Flower development is the most important developmentathe molecular basis of oral initiation and di erentiationni the
event in the life cycle of higher plants, especially fruitgenusAnnonais very scarce. To permit the genetic engineering
trees. As an intricate biological and morphological procesf this important agronomic trait, it is imperative to gain an
ower development is regulated by a large number of geneanderstanding of the molecular basis of ower development in
(Huang et al., 2013 Flowering is the rst step of sexual sugarapple.
reproduction, and the timing of the transition from vegetagi Without a reference genomeje novosequencing using
growth to owering is an important characteristic in agridute  lllumina short RNA-sequencing (RNA-seq) reads is the most cost
and horticulture @ernier et al., 1993; Zhang et al., 2013 e ective approach to generate a large collection of expressed
Many speci cally expressed transcription factor (TF) genessequence tags (ESTs) for subsequent analyses. Transaiptom
including SUPPRESSOR OF OVEREXPRESSION OF CQaskembly has been successfully applied to many fruit tredsasuc
(SOC), FLOWERING LOCUS T(FT), CONSTANS(CO), pear, melon, litchi, and Chinese cheridi et al., 2013; Corbacho
AGAMOUS-LIKE 24FLOWERING LOCUS DFLOWERING etal., 2013; Lu etal., 2014; Zhu et al., 0litour study, we have
LOCUS EFLOWERING WAGENINGENMiINdPROTODERMAL constructed independent cDNA libraries of four di erent owe
FACTOR2 were identied during the owering process, stages imA. squamosé#or lllumina RNA-seq. The annotation of
suggesting a complex gene regulatory network underlyingepw transcriptome sequences and analysis of the expression pro le
development Iflatias-Hernandez et al., 2016Subsequently, of dierential genes have provided valuable genomic sources
these oral integrators trigger oral meristem identity ges for future research regarding the owering mechanism Af
LEAFY and APETALA1 to promote owering (Komeda, squamosaFurthermore, the kinetics of the expression of the
2009. expression patterns of hormone-related genes and the charfiges
Genetic and physiological studies have demonstratedormone contents irA. squamosavere also have been revealed.
that the timing of the oral transition is controlled by six Our data will aid understanding of the involvement of hormadna
major pathways, photoperiod, gibberellin (GA)-mediated,signaling in owering mechanism for woody plants in general.
vernalization, autonomous, thermosensory, and aging,ctvhi
trigger or repress the changes, from the generation of leav?\ﬂATERIALS AND METHODS
to the development of reproductive organs, in the shoot
meristem Blazquez et al., 2003; Srikanth and Schmid, 201Plant Material and Experiment Procedures
Yamaguchi and Abe, 20).2In model plants, photoperiod, the Commercially cultivated adult trees (10-12-years-old) Aof
change of daylength over the year, is a major determinant afguamosacv. “Bendi” were selected. The trees were planted
oral transition (Andrés and Coupland, 20)2Photoperiod is in a 4 4m arrangement with drip irrigation and fertilizer
detected by the leaves and thus a signal has to transmit fhem t applications as required. Trees were located at the Ling Nan
shoot apex to initiate owering Johansson and Staiger, 2015 Normal University eld experimental station in Zhanjiang City
The requirement for exposure to long-term cold to initiate (Guangdong Province, China) at 2 36°N latitude, 110 14°
the oral transition is known as vernalization. Addition to 24°%E longitude, and an altitude of 21.34 m above sea level. The
photoperiod, vernalization is also required to prevent owegi in orescent meristem (IM), the ower buds (FB), and two stage
in winter, but permits owering in spring Kim et al., 200p  of owers (FL1 and FL2) were collected frofn squamosérees.
Besides, the owering response to temperature relies on th€&e ower buds were collected based on their size (3—-6 mmég. Th
thermosensory pathway, which is important for mitigating thetwo ower stages were the mature owers with partially opened
e ects of temperature chang&(mar et al., 2012 Recent studies petals (FL1) and mature owers with opened and faded petals
showed that GAs function not only to promote the growth of (FL2). These tissue samples were frozen immediately in liquid
organs, but also to induce phase transitions of owering. Thenitrogen, and stored at 80 C until use.
involvement of GAs in oral initiation and development has
been uncovered in many plant speciédutasa-Gottigens and RNA Isolation and Library Preparation
Hedden, 200p In addition to GA, other endogenous hormones, Total RNA was extracted using the TRIzol Kit (Promega, Beijing,
as both positive and negative elements, also serve within tihina) according to the manufacturer's protocol. Equal vois
signal network leading to a reproductive phase transitionpf RNA from each of the four stages of ower development
depending on the phytohormones and growth conditiobs(is, were pooled. Each sample was prepared by mixing three replicate
2009; Domagalska et al., 2010n apple, complex hormone samples. Then, the total RNA was treated with RNase-free DNase
regulatory networks involved in cytokinin (CK), abscisicida | (Takara, Dalian, China) for 30 min at 3T to remove residual
(ABA) and GA pathways also induce ower formatiorXihg DNA. RNA quality was veried by RNase-free agarose gel
et al., 201p In Agapanthus praecwsp.orientalis GA signaling electrophoresis and the total RNA concentration was measured
regulates the scape elongation and stimulates early- owggrinusing a 2100 Bioanalyzer (Agilent Technologies, Santa Clara
while indoleacetic acid (IAA) signaling delays oweringgitly ~ USA) at 260 nm and 280 nm. RNA samples with 260/280 nm
(Zhang et al., 2013a ratios between 1.8 and 2.0 were used for subsequent analyses.
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The transcriptome assembly library, as a reference libveatg, million clean tags. The di erentially expressed tags were used f
constructed by mixing equal amounts of RNA from the abovemapping and annotation.
four samples. Brie y, total mMRNA was isolated with oligo (dT) ] ) ]
cellulose. All of the mRNA was broken into short fragmentsq20 Screening of Differentially Expressed
nt) by adding the fragmentation bu er. First-strand cDNA was Genes (DEGS)
generated using random hexamer-primed reverse transcriptio The alignment software, Bowtie 0.12.8, was used to map the
Second-strand cDNA was synthesized by DNA polymerase | anéads to the transcriptome. To compare the dierences in
RNase H. Then, the synthesized cDNA fragments were puri egene expression at dierent ower developmental stages, the
and then, subjected to end pairing, the addition of a single “Atag frequencies in the di erent DGE libraries were statidtica
bases, and ligation with lllumina adapters. The ligation proi$  analyzed. The number of mapped clean reads for each unigene
were size fractioned by agarose gel electrophoresis, ayrdérats  was then counted and normalized into a Reads Per kb per
were excised for PCR ampli cation. The amplied fragmentsMillion reads (RPKM) to calculate unigene expression. A false
were sequenced using lllumina HiS¥q2500 by Gene Denovo discovery rate< 0.001 and an absolute value of log2 ratid
Co. (Guangzhou, China). were used as thresholds to determine the signi cant di eresin
gene expression levels. The DEGs were used for GO and KEGG
. enrichment analyses using a method similar to that described
De “OVC? Assembly and Functional previous studiesdhang et al., 20)3GO0O terms, which take the
Annotation correctedP  0.05 as a threshold, are signi cantly enriched in
For de novoassembly, reads with more than 5% N base®EGs. KEGG pathways wi@  0.05 are signi cantly enriched
(bases unknown) and those containing adaptor sequences wWareDEGs
removed. Low quality reads containing more than 20% of
low Q ( 10) bases were also removed. Then, the clean reaf®eal-Time PCR Validation
were assembled using Trinity to construct unique consensusirst-strand cDNA was generated fromnig total RNA isolated
sequences{rabherr et al., 20)1 The raw sequence data hasfrom each of the four ower developmental stages using the
been submitted to the NCBI Short Read Archive with accessioSuperscript rst-strand synthesis system (Invitrogen, Sitaai,
number SRA423630. The assembled unigenes were align@tina). Primers for quantitative reverse transcription PEQRT-
to a series of protein databases using the BLASTX alignmeRCR) were designed using Primer Premier 5.0 software (Premier
algorithm with E < 0.00001. These databases include the NCBBiosoft International, Palo Alto, CA, USA) and synthesized b
Nr protein database (http://www.ncbi.nim.nih.gov), Swiast Sangon Biotech (Shanghai) Co., Ltd. gRT-PCR was performed
protein database (http://www.expasy.ch/sprot), KEGG pathwagn a Bio-Rad iQ5 Optical System Real Time PCR System (Bio-
database (http://www.genome.jp/kegg) and COG databagead, Hercules, CA, USA) using a SYBR Green-based PCR assay.
(http://Avww.ncbi.nlm.nih.gov/COG). The sequence direatiof  Each reaction mixture was 20L, containing 6mL of diluted
the unigenes was assigned according to the best alignmamt fr rst-strand cDNAs, 250 nM of each primer, and Il of SYBR
the four databases. When the results con icted among dateba Green PCR Master Mix (TaKaRa, Japan). The gPCRs were run as
then the following order of priority was employed: NR, Swissfollows: 50C for 2 min, 95C for 10 min, followed by 40 cycles
Prot, KEGG, and COG. Blast2GO was used to produce the Gewn¢ 95 C for 30 s, 56C for 30 s, and 72 for 30s in 96-well
Ontology (GO) (http://www.geneontology.org/) annotation optical reaction plates. The sugar appletin gene was used as
results for unigenes. The functional classi cation of ugngs an internal standard to calculate relative fold-di erendessed
was performed using WEGO software (http://wego.genomicn comparative cycle threshold (3! ) values.
org.cn/cgibin/wego/index.pl). KEGG pathway annotation was )
performed by BLASTall software against the KEGG database. Standard Curves and Ef ciency of
Ampli cation
. . . The limit of detection and the ampli cation e ciency of the
AnalyS|S_ and Mapping of Dlgltal Gene gRT-PCR were determined using 10-fold serial dilution of @N
Expression (DGE) Tags isolated from one sample (leaves), which was used to create
To map DGE tags, sequencing-related raw image data wetike standard curve. The slopes and correlation coe cients of
ltered to remove low quality tags (tags with unknown “N” the standard curves were used to calculate the PCR e ciency
sequences), empty tags (sequence with only the adaptors Q@) of primer pairs. In our experiment, theE-value each
no tags), and tags with only one copy number (which mightprimer pair was calculated by formula: B POWER (10,
result from sequencing errors). For annotation, cleanegsta 1/slope) 1. The value of E for each primer pair was between
containing CATG, and the 21-bp tag sequence were mappegl9 and 1.1. In our study, Il of cDNA (30 ngtrL) from
to our transcriptome reference database with no more than di erent experiment samples were used as temples for gRT-PCR
nucleotide mismatch. All of the tags that mapped to the refeeen analysis.
sequences of multiple genes were ltered out, and the remgini
tags were designated as unambiguous tags for gene expresddeasurements of Various Hormones
analysis. The number of unambiguous tags of each gene wher the exogenous hormone contents analysis, individual
calculated and then normalized to the number of transcripts pesamples from di erent developmental stages of sugar apple
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owers were harvested and then immediately frozen in liquidthree GO categories: biological process, cellular componedt, a
nitrogen and stored at 80 C until extraction. Each sample was molecular function. Within the biological process categdhe
prepared by three replicate samples. The in orescent meristemmost highly represented terms were “cellular process,” “bata
(IM), the ower buds (FB) and two stages of owers (FL1 process,” and “response to stimulus.” Within the molecular
and FL2) were consistent to the ones for RNA sequencing ifunction category, “catalytic activity,” and “binding” wee the
order to link the DEG to hormone contents. Endogenous GAtwo most abundant terms. The largest terms within the cetlula
was detected by nano-LC-ESI-Q-TOF-MS analysis as describedmponent category were “cell,” “cell part} and “organelle”
previously Chen et al., 200)2The exogenous IAA contents were (Figure S2)

determined using a FOCUS GC-DSQII (Thermo Fisher Scientic  To further determine the involvement of metabolic pathways
Inc., Austin, TX, USAShen et al., 20)4Additionally, ABA and in the owering process, we predicted the KEGG pathways
Cytokinin (ZRs) were detected using a UFLC-MS/MS system agpresented by all of the assembled unigenes. A total of 6837

describedasote et al. (2016) unigenes from four samples were mapped into 124 KEGG
o ) pathways. The maps with the highest unigene representation
Statistical Analysis were metabolic pathway (ko01100) with 1892 unigenes, feltbw

Signi cant di erences between values were calculated using by biosynthesis of secondary metabolites (ko01110), rilbheso
one-way ANOVA analysis with a Tukey test at a signi canceko03010), protein processing in endoplasmic reticulum
level ofa D 0.01 in Excel software. All expression analysegko04141), starch and sucrose metabolism (ko00500), oxalativ
were performed for ve biological replicates. All reported phosphorylation (ko00500) and plant-pathogen interaction
values represent arithmetic averages of ve replicates, anshthway (ko04626) (Table S3).

data are expressed as mean plus or minus standard deviation

(mean SD). ) ) )
Transcriptome Dynamics during Flower
RESULTS Development
) . To study the transcriptome dynamics and identify the2 caiadid
Sequencing, Assembly and Annotation of a genes involved in ower development, four transcriptomes
Sugar Apple Reference Transcriptome were generated from dierent ower samples (IM, FB, FL1,

To obtain a reference transcriptome for sugar apple owersand FL2). We compared the transcript levels of each unigene
RNA-seq libraries were constructed using RNA samples frorhetween dierent samples. In the FB vs. IM comparison,
four di erent ower stages. In total, 107,197,488 raw readsev 7227 dierentially expressed, 4366 up-regulated and 2861
obtained from four di erent ower samples. After removing the down-regulated, transcripts were detected. In the FL1 vs. FB
low-quality reads, all of the clean reads from the four RN4-se comparison, 11,070 di erentially expressed, 7169 up-regulated
data sets were combined and used for transcript assemblyg(Ta®nd 3901 down-regulated, transcripts were found. In the
S1). The Trinity package assembled 71,948 unigenes, with kh2 vs. IM comparison, 14,883 DEGs were up-regulated
average size of 825.40 nt (Table S2). The size distributidzhese and 3261 DEGs were down-regulated. In the FL1 vs. IM
unigenes are shown in Figure S1. comparison, 9729 dierentially expressed, 5481 up-regulated
Next, the BLAST algorithm was utilized to identify the and 4248 down-regulated, transcripts were indentied. In
transcripts of other organisms homologous to the assemblethe FL2 vs. FB comparison, 18,144 dierentially expressed,
unique genes of sugar apple. In summary, 24,911 unigends,109 up-regulated and 2985 down-regulated, transcripte we
were annotated by BLASTXE(< le °) using the NCBI nr uncovered. Lastly, in the FL2 vs. FL1 comparison, 8539
database, while 17,970 were annotated using the Swiss-PRIEGs were up-regulated and 1386 DEGs were down-regulated.
protein database. In addition, 6837 and 8682 unigenes couldFigure 2A)
be annotated according to the Kyoto Encyclopedia of Genes The overlaps among samples from independent ower stages
and Genomes (KEGG) and Cluster of Orthologous Groupgvere calculated and shown using a Venn diagram. Approximately
of protein (COG) databases, respectively. Approximately 6%3.43% of the assembled unigenes were shared by at least
(4290) of unigenes could be assigned to a homolog in all fouhree libraries made from the dierent ower developmental
databasesHigure 1A). The distributions ofE-values in di erent  stages. In detail, 871 and 1037 DGEs were only in the IM
databases are showedFigure 1B A large number of unigenes and FB libraries, respectively; while 584 transcripts weralyai
in sugar apple showed high similarities to the genes in othegxpressed in the FL1 stage. Moreover, 261 transcripts were
plant species. The numbers of homologous genes in the topainly expressed in the FL2 stage. The overlap between IM and
10-hit species are shown Figure 1C Interestingly, the largest FB consisted of 4112 (5.73%) single unigenes. Similarlyg 112
number of sugar apple homologous genes was identi edlitis  transcripts were found in the overlapping regions of FL1 and FL2
vinifera, suggesting a close relationship between these two frujEigure 2B).

trees. To identify ower developmental stage-preferential expréesse
_ _ genes, DGE libraries were analyzed using criteria of 2-fold
Classi cation of GO and KEGG Terms di erences and adjuste® < 0.05. The largest number of stage-

We further assigned gene ontology (GO) terms to sugar applereferential genes was identi ed in the IM stage (2957 un&gn
unigenes. A total of 12,351 unigenes could be classi edtio (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 proteidatabases. The number of
unigenes annotated by different databases, including Nr, Bissprot, COG, and KEG, were showed in a Venn diagram(B) Distribution of E-value in Nr database.(C)
Identi cation of the transcripts of other plant species homabgous to the annotated unigenes of sugar apple.

Cluster Analysis of DEGs during the Flower Identi cation of the Flower
Development Process in Sugar Apple Development-Associated TF-Encoding

To re ect the major trends and the key transitional statedl(l Genes

FB, FL1, and FL2) during the ower development process ifTFs are key regulatory proteins of transcription in biologica
sugar apple, all 25,998 DEGs were assigned to 20 clusters by finecesses, especially in ower developmesit(vart et al., 20)6
K-means method. The expression levels of the genes belongimperefore, we studied the expression dynamics of TF genes in
to clusters 1, 7, and 11 increased during the owering processugar apple. In total, 5903 TF genes were identi ed in the ower
while the expression levels of genes belonging to cluste®s 8,bud and ower development stages. The basic helix-loop-helix
19, and 20 decreased during the owering process. The ungenéHLH; 717 members), NAC (457 members), B3 (314 members),
showing IM stage-speci ¢ expression levels were grouped intMYB-related (305 members), basic leucine zipper (bZIP; 296
clusters 9, 13, and 20, while the unigenes showing FB stageembers), WRKY (285 members), ERF (250 members), FAR1
speci ¢ expression levels were grouped into clusters 14, Ib, afi240 members), C2H2 (233 members), and MYB (230 members)
17. The unigenes classed into clusters 3, 12, and 16 werly higfamilies were identi ed as the top 10 largest families dgrin
expressed in the FL1 stage, and the transcript levels of ueggenower development, and some are critical components of plant
in clusters 5 and 11 were very high in the FL2 stdgigyre 3A).  adaptive responses to biotic and abiotic stresses, and sgwwesc
The average expression levels of the unigenes belonginglto e heat map depicting the overall expression trend of the TF
cluster are shown in a heat map figure 3B genes during ower development was constructed using MeV
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.
(=]
(=}
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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. IMFL1 vs. FB, FL2 vs. IM, FL1 vs. FB, FL2 vs. FB, and FL2 vs. FL1. &hed indicated up-regulated
unigenes and green indicated down-regulated unigenegB) Venn diagram showed the number of DEGs in different stages odwer development. (C) The expression
pro ling of stage-preferential unigenes in sugar apple.

software. Some TF families were signi cantly up-regulateat. (PHY, 1 unigenes),CRYPTOCHROME(CRY, 3 unigenes),
example, the bHLH, MYB, and bZIP families were signi cantlyGIGANTEA (GIl, 3 unigenes),EARLY FLOWERING1 (1
up-regulated after the FL1 stage; while the NAC and C2H2inigene),EARLY FLOWERING (ELF3 3 unigenes)EARLY
families were up-regulated after the FL2 stage. By contrame = FLOWERING4 (ELF4 1 unigene),EARLY FLOWERING3
TF families, such as WRKY, ERF, and FAR, were signi cantlfELF8 1 unigene), andCHALCONE SYNTHASECHS 6
down-regulatedfigure 4). unigenes) Figure 5A, Table S4). In addition, several sugar apple
unigenes exhibited similarities to genes in the vernalirat
pathway, including EMBRYONIC FLOWER1 (EMF1 1

Identi cation of Flowering unigene), EMBRYONIC FLOWER2 (EMF2 8 unigenes),
Time-Associated and Flower FERTILIZATION INDEPENDENT ENDOSPERMFIE, 1
Development-Related Genes unigene), and VERNALIZATION INSENSITIVE3 (VIN3,

Based on a comparative analysis of the NCBI and UniPro8 unigenes) Kigure 5B Table S4). Moreover, 18 unigenes
databases, 144 unigenes in sugar apple showed homologyimo sugar apple showed high similarities to genes that are
known owering time-associated genes from other plant specieinvolved in the autonomous pathway, such BRIGIDA (FR],
(Table S4). Most of the owering time-associated genes i unigenes),LUMINIDEPENDENS-like(LD), FLOWERING
sugar apple could be assigned to six classical oweringegélat TIME CONTROL PROTEIN FCA(FCA, FLOWERING
pathways. TIME CONTROL PROTEIN FPAFPA), FLOWERING TIME

In the photoperiod pathway, several sugar apple unigendeSONTROL PROTEIN FY(FY), and DICER-LIKE (DCL)
showed homology to the components &fHYTOCHROME (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 piies during the owering process. Red lines indicated the aveage expression level of unigenes grouped into
the same Cluster under different owering stages(B) Heat map for cluster analysis of the differentially expressl unigenes by K-means method. Red indicates
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were identi ed, including an ACTIN RELATED PROTEIN of the GA pathway were identied, includingsA2 oxidase
6 (ARP§ and a HIGH EXPRESSION OF OSMOTICALLY(GA20x% 3 unigenes)GA3 oxidas€ GA30x 1 unigene),GA20
RESPONSIVE GENESHOS) (Figure 5D; Table S4). For the oxidasgGA200x, 5 unigenes), the GA receptor DELLA protein
aging pathway, many unigenes were found, includW®RiETELA2 GIBBERELLIC ACID INSENSITIVEGAI, 1 unigene), and the
(AP2 andSQUAMOSA PROMOTER-BINDING-LIKE PROTEINGA receptorGIBBERELLIN INSENSITIVE DWARKGID1, 1

9 (SPLY (Figure 5F, Table S4). Some putative homologous genesnigene) 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 transcption 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 pathwaysregulatory system in controlling plant oweringl{awa et al.,
we obtained some unigenes associated with owering integro2002; Jiao et al., 2009n total, 17 key regulators encoded by 39
(FT and SOC1), and one unigene related to oral meristemunigenes identi ed four of our transcriptome&igure 6A; Table
identity (LEAFY) (Figure 5G Table S4). Some additional S5). The average expression levels of the unigenes asdodgiate
non-classi ed owering regulators, including members diet  each key regulator were also counted based on the RPKM values.
MADS transcription factor, ANT-like transcription factor and The genes encoding seven regulators, &KX, COP1, ZTL,
SQUAMOSA PROMOTER-BINDING PROTEIN, were alsoCDF1, CHE and FT, were predominantly expressed in the FB

identi ed (Figure 5H; Table S4). stage. The genes encoding ve regulators, PHYA, PIF3, CRY,
. . . . PRR3 and TOC1, were highly expressed in the FL1 stage. The

Identi cation of Unigenes Involved in the genes encoding another ve regulators, PHYB, LHY, PRR9,

Circadian Rhythm Pathway EARLY FLOWERING 3, and GI, showed their highest expression

Pathway analyses of our transcriptome data showed tha¢vels in the FL2 stage. Interestingly, no genes encodiryg an
many unigenes were involved in multiple metabolic pathwaysof the regulators were highly expressed in the IM stage
Determined by photoreceptors, circadian rhythms are a keyFigures 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 patterof
the genes involved in photoperiod pathway(B) Flower development stage-preferential expression patterof the genes involved in autonomous pathway(C) Flower
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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 [fleisler et al., 2005; Davis, 2009; Bartrina et al,,, .. . .
201). To investigate the relationship between phytohormoneéla“dauon of the Expression of Several Key
and ower development in sugar apple, the expression changdslowering-Related Genes in Sugar Apple
of unigenes involved in phytohormone signaling pathways werdo verify the expression of several key owering-related
analyzed. genes that were identied using RNA-seq, we performed
In total, 32 key regulators in the ABA-signaling pathway,absolute quanti cation RT-PCR assays with independent sasnple
33 key regulators in the auxin-signaling pathway; 16 kegollected from the owers at di erent developmental staged (I
regulators in the GA-signaling pathway; and 21 key regutatorFB, FL1, and FL2). We randomly selected 20 owering-related
in the cytokinin-signaling pathway were identi ed based onunigenes to validate the RNA-seq data. The primer sequences
our transcriptome dataKigure 7). Most of these key regulators and expression levels of these selected genes were listed in
showed a ower stage-speci ¢ expression pattern, and the geeraTable S7, S8. Next, we investigated whether changes in QIRT-P
expression values of these key regulators are listed in Talterrelated with the changes in RNA-seq data. Mostly, relativel
S6. Furthermore, seven key regulators were identi ed inhbot high correlation coe cients were observed®? > 0.75). These
auxin- and ABA-signaling pathways, four key regulators wergesults suggested that the expression levels of theseesklect

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

apple.

©
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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 assocted
with owering in sugar apple. Red arrow indicated depressingand green arrow indicated activating(B) The expression pattern of red light signaling pathway relad
genes during the owering process. (C) The expression pattern of blue light signaling pathway refed genes during the owering process. (D) The expression pattern
of two key ower development regulation genes during the oweing process. The different colors correspond to the log-trascription 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 resHltgi(e 8§ nmol.g 1 FW (IM stage) to 38.71 nmol.d FW (FL2 stage),

Table S9). the IAA content decreased signi cantly from 460.06 nmolg
(IM stage) to 56.48 nmol.g" (FL2 stage), and the ZRs content
Endogenous Hormone Measurements decreased signi cantly from 530.66 nmol’g(IM stage) to

To examine the roles of endogenous hormones duri_ng owels6 48 nmol.g! (FL2 stage). On the contrary, the ABA content
development, the contents of IAA, ABA, GA, and cytokinin werejncreased signi cantly from 27.52 nmol.§ (IM stage) to 101.32
measured in sugar apple owers at di erent stages. Independerfmol.g 1 (FL2 stage).

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 ZRP|SCUSSION

decreased and the content of ABA increased during the ower

development processigure 9). Both the GA and IAA contents llUmina Sequencing and Sequence

reached their lowest points at stage FL1, while the ZRs conteAtnnotation

reached its lowest point at stage FL1. During the oweringThe temporal regulation of gene expression plays an essential
process, the GA content decreased signi cantly from 236.56le in plant growth and development. Detailed information
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on gene expression is crucial for understanding the moleculdruit trees, such as pineapple (58.33%), mango (85%), and loquat
mechanisms underlying any developmental process. Flow€r0.57%), and similar to the number annotated in manchurian
development, a key feature of higher plants, represents thealnut (39.92%) and “Bartlett” pears (32.8%)0(g et al., 2015;
reproductive phase of plant developmenitrigek, 201% Sugar Nham et al., 2015; Sherman et al., 2015; Hu et al., 2016; diu an
apple is a popular and commercially important fruit tree Fan, 201) This indicated that the functions of a large portion of
in subtropical and tropical areas. However, little genomiahe genes of sugar apple have not yet been identi ed.
information is available for sugar apple. An increasing numbe  Furthermore, cluster analysis of DEGs during the ower
of studies have shown that Illlumina sequencing is a powerfulevelopment has been performed by the K-means methods.
tool for DEG analyses during various ower developmentalSeveral stage-preferential expressed clusters have beéreiien
stages \(Vong et al., 2013; Zhang et al., 20)4bere, we in our study. Interstingly, a largest number of 8039 uniggne
describe a global view of gene expression dynamics duringrow which grouped into cluster 8, 9, 13, and 20, showed IM-
development in sugar apple, and it is the rst attempt usingpreferential expression, suggesting the importance of IMestag
lllumina sequencing technology to gain an insight into the oral transition and ower development.
transcriptome of sugar apple owers. Our transcriptome data will . . .
meet the initial information needs for functional studiestbis  ldenti cation of TF Genes in Sugar Apple
species and its relatives. Flower Development

In this study, four RNA-seq experiments were performedSeveral molecular genetic studies have demonstrated tleéatru
using lllumina sequencing, which generated 71,948 unigeneroles of TFs in the reproductive development of plants
These unigenes were used for BLASTX-algorithm based s=arcliSmaczniak et al., 20).Based on the GO analysis, the biological
and annotations against the protein databases Nr, SwissPoftegulation of transcription” was signi cantly enriched DEGs
COG, KEGG, and GO. In total, 24,911 unigenes (34.62%) wetkiring the owering process. Among these TF families, MYB,
annotated in sugar apple, which is much smaller than othebHLH, 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 diérent stages
of owering process was validated by gRT-PCR. All these data \ere based on the analysis of three independent biological peats. Signi cant differences in gene
expressions were indicated by “*".

CCHC were found to be particularly important during ower developmental stag&igure 4). In plants, the bZIP TFs function
developmentirA. squamoseé&Some members of these families areas key regulators of ower development, and light and stress
also involved in reproductive development in other plant spgcieresponsesfunning and Meyerowitz, 1996; Uno et al., 2pda
(Sharmaetal., 2012; Singh et al., 2013 our study, 296 bZIPs were identi ed, and most of them showed
MYB TFs contain DNA-binding domains, and some of di erential expression patterns during the owering process in
them have been identied as oral developmental regulatorssugar appleKigure 4).
(Vimolmangkang et al., 20)3In Arabidopsis several MYBs . . . .
were reported to be involved in jasmonate-mediated stamekd€nti cation of the Genes Associated with
maturation. Transcriptional pro ling indicated that MYB108 Floral Transition and Flower Development
and MYB24 have overlapping functions and act downstreann Arabidopsisthe owering signals arise mainly from six major
of MYB21, a R2R3-MYB TF, in a transcriptional cascadeowering pathways (photoperiod, autonomous, vernalization,
that mediates stamen and pollen maturatiodgndaokar and thermosensory, aging, and GA-inducedjl§zquez et al., 2003;
Browse, 2009; Song et al., 2PRlhterestingly, the homologs of Srikanth and Schmid, 20).1The photoperiod pathway is an
MYB24 and R2R3-MYB genes were also found in sugar applenportant genetic network of owering control{omeda, 200/
The increasing expression of MYB genes during the oweringrhe photoperiod pathway is comprised of three major parts
process suggested an important regulatory role of MYBs in sugéncluding a circadian clock and an output pathway from the
apple ower developmentRigure 4). clockto owering (Simpson, 2003Light signals are rstreceived
The bHLH consists of genes regulating various owerby two photoreceptors, phytochromes and cryptochromes, and
developmental processes, such as regulating the developmémn they produce a circadian clock, which enables them
of carpel margins, and controlling the morphogenesis of sepalg coordinate internal biological events with external ryt
petals, stamens, and anthersAnthaliana(Zhang et al., 2006  changes I(naizumi, 2010; Digel et al., 201L5A large number
In sugar apple, a large number of bHLH homologs (717) weref owering time-associated genes were identi ed in the nabd
identi ed, and the average expression levels of these genpknt Arabidopsis The circadian clock is composed of at
was induced during the owering process. NACs have alsteast three interlocking loops to measure day length changes
been implicated in oral and vegetative developmewte|lmer and regulate FKF1, Gl, and CYCLING DOF FACTOR (CDF)
et al., 200}t In total, 457 NACs were identi ed in sugar apple (Imaizumi, 201(). FKF1 and GI form a complex to facilitate the
and showed their highest expression levels at the FL2 owesxpression 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 endogenouqA) GA contents, (B) ABA contents, (C) ZA
contents, and (D) IAA contents during four ower developmental stages in sugar pple were measured. The data were analyzed by three indeperht repeats, and
standard deviations were shown with error bars. Signi cant dferences in expression level between IM and FB were indigad by “a”; Signi cant differences in
expression level between IM and FL1 were indicated by “b”; Sig cant differences in expression level between IM and FL2 werindicated by “c”; Signi cant
differences in expression level between FB and FL1 were iradited by “d”; Signi cant differences in expression level beteen FB and FL2 were indicated by “e”.

inducing the expression of the direct downstream genes, suafenes AP2 (Unigenes0032833 and Unigenes003380AR3
asFT and SOC1(Kardailsky et al., 1999; Liu et al., 2008he  (Unigene0026260) andlG (Unigene0058879) were identi ed as
expression levels of bot@DF1and FT in sugar apple were di erential expressed genekifures 5E,H.
highest in the ower stage FB, suggesting a putative role é1 th In this study, we have also detected 147 homologs of
early stage of oweringRigure 5D). Interestingly, most of the owering- and ower development- related genes, based on
photoperiod pathway-related genes showed lowest expressionsequence annotations and analyses of changes in gene éxpress
the IM stage, suggesting that expression inhibition of trgmees  during oral initiation and oral di erentiation of sugar apple
may play a role in the process of transition from vegetative téome of these genes encode regulators involved in owering
reproductive growth. integrator or oral meristem identi cation, while others ar
Woody plants undergo a long vegetative period to achieveelated to ower development Huang et al., 2013 These
transition to the reproductive stageRttmann et al., 2000; owering-related genes were identi ed in our study, sugges
Huang et al., 2003 After this transition, woody plants start thatall six of the owering pathways may also be presentin sugar
to form ower buds in the spring Hsu et al., 2011 To apple (Table S4).
date, studies are increasingly revealing the relationdbgpseen .
phytohormones and owering. For example, cytokinins are | N€ Putative Roles of Phytohormone
believed to promote oral transition by activating MADS Crosstalk in Sugar Apple Flower
box family genes inSinapis alba(Bonhomme et al., 2000 Development
In our study, many CK signaling related genes and MADSA KEGG pathway enrichment analysis indicated that the
box genes were identied as dierential expressed genes iDEGs were signi cantly enriched in the pathways related to
sugar apple Rigures 7 5H), suggesting an involvement of phytohormone metabolism and signal transduction processes.
CK-MADS pathway in the regulation of oral transition. In Generally, many unigenes were annotated as genes related to
classical owering network, ABC model genés®> and AG  hormone biosynthesis, transport, or signal transductiomidg
genes are possibly activated by some oral integrators an@éwer development.
consequently oral development{uang et al., 20)3AP1and Auxin plays a pivotal role in plant ower development,
AP2 genes belong to “class A" and specify sepal idenff@. including the initiation of oral primordia and the identi ation
genes belonged to “class C” is essential for carpe initiatiopf oral organs (Alabadi et al., 2009 The expression levels
(Bowman et al., 20)2In sugar apple, ABC model homologous of genes involved in auxin transport or signaling were aliere
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in buds during oral initiation in litchi (Zhang et al., 2019b and the changes in the contents of GA, ZRs, and ABA
The expression levels of many auxin-related genes were alson rmed the involvement of various hormones in the owegn
signi cantly changed during oral di erentiation in sugarpple.  process Figures 9A-Q. GA2oxfamily genes, encoding the 2-
Several known ARFs and Aux/IAAs were identi ed, suggestingxoglutarate-dependent dioxygenases that catalyze thestafes
that the ARF-Aux/IAA regulatory pathway is vital for ower in the biosynthetic pathway of GA, have been identied in
development in sugar apple. In the model plaitabidopsis di erent plant speciesiearce et al., 20).9nterestingly, two GA
AtIAALQ, an earlier specifying regulator, was identi ed as abiosynthesis gene§A20X6and GA20X7 showed signi cantly
component of the auxin response machinerRademacher reduced expression during owering procesagure 7). It was
et al., 201p. In sugar apple]AA10 showed highest expression in agreement with the decrease in the contents of GA during
during the ower development proces§igure 7). It suggested the development of ower. However, the expressiorGa30X1
a putative function oflAA10 in earlier in orescent meristem and KAOL another two GA biosynthetic genes, was induced in
specifying SI-IAA3 an Aux/IAA gene in tomato, is a molecular sugar apple. IMArabidopsis GA30OX1and KAO1 play roles in
link between auxin and ethylene responsgsi(na et al., 2009 both the synthesis of bioactive GA and environmental stimul
In sugar apple, the expressioni8fA3 was increased during oral responses Nitchum et al., 2006; Regnault et al., 2N14t
transition and ower development, especially highest in thF suggested a diversity of regulation mechanism in GA biosgsith
stage, which is not consistent with the change of IAA contentduring oral transition and ower development. Due to
suggesting thatAA3 may be regulated by ethylene during ower complex regulatory mechanism, the corresponding express
development. As a classical auxin response family, se&&fal trend of the hormone-related genes is not very clear. Further
genes were involved in oral transition and ower developnien experiments are needed to reveal their specic functions in
In ArabidopsisARF3integrates the functions #GAMOUSand  sugar apple.
APETALAZ2in oral meristem determinacy l(iu et al., 2014p Furthermore, seven regulators, LHY1, MIF1, DRB1, MYBG60,
Another two membersARF6and ARF8have conserved roles MYB93, ETR1, and ABA3, were involved in both auxin- and
in controlling growth and development of vegetative and awe ABA-signaling pathways. Among these regulators, LHY1, MIF1,
organs (iu et al., 2014k In our study, ARF1predominantly MYB60, and ETR1 were controlled by both auxin- and GA-
expressed in IM stage areRF19highly expressed in FL1 stage, signaling pathways, while two regulators, DRB1 and MIF1, were
suggesting their di erent functions in ower development of under the control of ABA- and cytokinin-signaling pathways
sugar apple. (Figure 7). Our data indicated crosstalk between dierent
Moreover, increasing evidences showed that some auximrmones during the owering process in sugar apple.
transporter genes were also involved in ower development. In summary, four independent cDNA libraries from sugar
For example AtPIN1-medicated auxin ux might regulate the apple owers at the IM, FB, FL1, and FL2 stages were
early stages of female gametophyte developmedtrabidopsis constructed and sequenced. A large number of DEGs were
(Ceccato et al., 20).3The expression odhtPIN1is under control identi ed in sugar apple during the owering process. Flower
of AtMLO4, which encodes a heptahelical, plasma membranadevelopmental stage-specic expression patterns of owering
localized protein. An auxin transporter gen®IN7) and a time-associated and ower development-related genes were
homologs of AtMLO4 (MLO4) were identied in our study. characterized based on GO and KEGG, and some were validated
Interestingly, both ofPIN7 and MLO4 were decreased during by a gRT-PCR analysis. Furthermore, the expression levels
ower development process in sugar apple. The decline if hormone-related genes were analyzed during the owering
expression ofPIN7 may provide a partial explanation for the process. The identi cation and analyses of these hormorested
decreased IAA content during the owering process in sugagenes will aid us in elucidating the regulatory mechanisms
apple Figure 9D). AVP1 encodes a proton pump that utilizes of hormones during the owering process in woody fruit
the energy released by hydrolysis of a pyrophosphate into twglants.
molecules of phosphate to acidify the vacudleifonen, 200Q
In our study, the phosphate requirement during the ower
development may cause the induced expressiohéflin sugar AUTHORS CONTRIBUTION
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