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Abstract Flower development exists as a key period in the
angiosperms life cycle and the proper development is
considered with its reproductive success. Pistil abortion is
one of the widely distributed aspects of berry plants and its
basic mechanism in Japanese apricot is quite unclear and
needs thorough investigation. The present study was
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carried out to get a deep insight into the pistil abortion
mechanism in Japanese apricot using a transcriptomic
approach. A large number of DEGs were identified from
different development stages of normal and abortive pistils.
Pair-wise comparison analysis was performed as LY1 vs
DQDI1, LY2 vs DQD2, and LY3 vs DQD3 and produced
3590, 2085, and 2286 transcripts, respectively. The Gene
Ontology (GO) showed that different metabolic processes,
plant hormones, developmental processes, and photosys-
tem-related genes were involved in pistil abortion. The
pathway analysis revealed significant enrichment of plant
hormone’s signal transduction and circadian rhythm path-
ways. Furthermore, transcription factors such as MYB,
MADS-box, and NAC family showed lower expression in
abortive pistils. The current study presents a new strategy
for advanced research and understanding of the pistil
abortion process in Japanese apricot and provides a pos-
sible reference for other deciduous fruit trees.

Keywords Japanese apricot - Transcriptome - Pistil
abortion - Plant hormone signal transduction - Gene
expression

Introduction

Flower development is a key period for the reproductive
success of angiosperm (Andrés and Coupland 2012;
Huang, 2013). Pistil abortion is an extensive phenomenon
that mostly occurs in fruit plants; regarding this, reports
include Arabidopsis thaliana (Robinson-Beers et al. 1992),
olive (Reale, 2009), Prunus armeniac (Lillecrapp et al.
1999), Xantoceras sorbifolia (Gao et al. 2002), and
pomegranate (Chen, 2017). In Pongamia pinnata, only a
few flowers and ovules begin to form fruits and seeds due
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to the reduced fertilization (Arathi et al. 1999). Several
studies related to infertility and pistil abortion have shown
that different environmental factors, such as light and
temperature (Beppu and Kataoka 2011; Zinn et al. 2010),
pathogenic effect (Kocsis and Jakab 2008), genetic factors
(Causier et al. 2003; Peng et al. 2008), and phytohormones,
such as auxin and gibberellin, just to mention a couple of
examples (Kumar et al. 2011; Lim et al. 2010) are largely
involved.

Japanese apricot (Prunus mume Sieb. et Zucc) is a
prominent berry as well as an ornamental plant of the
Rosaceae family, which originated from China about three
centuries ago. Japanese apricot is regarded as famous
deciduous fruit because of its economic importance, eye-
catching red-skinned color, and used in value-added
products (Ni et al. 2018; Sun et al. 2013; Wu et al. 2019).
Two flower categories have been described in the Japanese
apricot: perfect and imperfect. In general, the perfect
flowers retain a proper pistil, while imperfect ones may
exhibit the absence of the pistil, an aborted pistil, or pistils
below the stamens, features that seriously affect fertility
and subsequently leads to significant yield reduction (Gao
et al. 2006; Hou et al. 2011). Earlier studies in ’Daqiandi’
and ’Longyan’ prominent cultivars of J. apricot, reported
76% and 5%, respectively, of imperfect flower occurrence
(Gao et al. 2012). Moreover, morphological studies show
that early December is the critical period for pistil devel-
opment in ’Daqiandi’, where instead of pistil differentia-
tion and elongation, pistil abortion occurs (Shi et al. 2012).
Several comparative proteomic analysis of perfect and
imperfect flowers have been carried out and results indicate
that besides flowering development associated genes, dif-
ferent metabolic pathways, involving starch, glucose, and
photosynthesis are involved in pistil abortion (Wang 2008).

Transcriptome sequencing (RNA-seq) is a powerful tool
aimed at genome-wide expression analysis, enabling elu-
cidate the molecular mechanisms and defining putative
gene functions (Jain 2011; Shi et al. 2012; Wang et al.
2009). Transcriptome sequencing related to flower bud
development has been applied in litchi (Lu et al. 2014), P.
pseudocerasus (Zhu et al. 2015), and pear (Bai et al. 2013).
Recently, in Arabidopsis and other species, several key
flowering regulators have been identified using extensive
floral transcriptome analyses (Vining, 2015; Zhang, 2014).
Various MADS-box family genes (Becker and Theiflen
2003; O’Maoiléidigh et al. 2014), ABCDE model (Pelaz
et al. 2000; Theissen and Melzer 2007), and some tran-
scription factors (TFs) are involved in different floral parts
and developmental stages. Several plant hormones, such as
auxin (Cecchetti et al. 2008), gibberellin (Cheng, 2004),
cytokinin (Han et al. 2014), brassinosteroids (Ye et al.
2010), and jasmonate (Yuan and Zhang 2015), have also
been reportedly found to be involved in flower
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development, regulation, and fertility. “Gibberellins (GA)”
stimulates cell growth by stimulating the destruction of
growth-inhibiting DELLA proteins (Achard, 2009), while
higher amounts of jasmonate cause sterility issues (Yuan
and Zhang 2015). Therefore, in light of the above conse-
quences, the present study was designed to elucidate pistil
abortion mechanism based on high throughput transcrip-
tome sequencing to identify key genes, analyze their
expression profile, and enrich pathways involved in this
phenomenon. Furthermore, we also analyzed various hor-
mone contents at different developmental stages of normal
and abortive pistils. Our results proposed a comprehensive
regulation pattern of the molecular mechanism of pistil
abortion and provide a novel insight aimed at future studies
related to pistil abortion and sterility problems in fruit
plants.

Materials and methods
Plant material

The Japanese apricot (P. mume) flower buds cv. ‘Daqgiandi
(Abortive pistils)’ and ‘Longyan (Normal pistils)’ were
collected from the National Field Gene-Bank for Japanese
apricot Nanjing, China from mid-November to mid-Fe-
bruary with a one-week interval. Three key stages of pistil
abortion (cv. Daqiandi pistils) i.e. stigma browning
(DQD1), style browning (DQD2), and ovary browning
(DQD3) were selected. At the same time, three parts of
normal pistils i.e. stigma (LY1), style (LY2), and ovary
(LY3) were also collected for stage-to-stage comparison.
Each sample was collected in three biological replicates.
Pistils were excised from the flower buds and used as
experimental material, instantly frozen in liquid nitrogen,
and kept at —80 °C for further analyses.

Library preparation and transcriptome
sequencing

Total RNA was extracted from normal and abortive pistils
at different developmental stages mentioned above fol-
lowed the method previously described (Wu et al. 2019).
Samples (1.0 g) were powdered in liquid nitrogen and
added 5 mL of pre-cooled 80% chromatographic methanol.
The liquid (3 mL) was transferred into another 5 mL tube
and added 2 mL chromatographic methanol, rinsed well,
and transferred into a new 5 mL centrifuge tube. After that,
samples were purified from genomic DNA using RNase-
free DNase I (TaKaRa, Japan), and RNA quality was
checked by electrophoresis on 1% gel. Sequencing libraries
were prepared using TruSeq RNA Sample Prep Kit
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(Illumina, San Diego, CA) followed the company’s pro-
cedure. Briefly, Oligo-dT beads (Qiagen, Valencia, USA)
were used to enrich mRNA. The mRNA fragments were
transformed into short fragments using fragmentation
buffer and then reverse transcribed into cDNA with random
primers. Second strand cDNA was synthesized through
DNA polymerase I, RNase H, and dNTPs. Then, the cDNA
fragment was purified by Qiaquick PCR Purification Kits
(Qiagen, Valencia, USA). The purified cDNA fragments
were end-repaired, added to poly (A), and ligated to Illu-
mina sequencing adapter. The selected fragments were
amplified by Illumina HiSeq 4000 (BGI, Beijing, China)
was used for pair-end sequencing. Eighteen libraries
including three biological replicates of each sample were
constructed for transcriptome sequencing (File S1).

Transcriptome sequencing, reads mapping,
and quality control

After sequencing, millions of raw reads (FASTQ format)
were obtained and filtered to eliminate low-quality reads
and adopter sequences using the software SOAPnuke (v
1.4.0). The high-quality reads were mapped to P. mume
genome using HISAT (v 2.1.0) (Kim et al. 2015) and the
gene expression level was determined using RSEM (v
1.2.8) (Li and Dewey 2011). The complete flow chart for
transcriptome analysis is shown in Fig S1.

Identification of differently expressed genes
(DEGs) and functional enrichment analysis

DEGs analysis was carried out with an R package software
DEGseq (Wang et al. 2009), and the gene expression level
was calculated through the FPKM method. Due to large
number of DEGs, the regulation of genes was determined
by an absolute log, fold change of > + 1.5 (up-regula-
tion) and < —1.5 (down-regulation) and the p-value was
less than 0.001. The threshold p-values were corrected to
g-values by Benjamini et al., and the significance of dif-
ferently expressed genes was determined through the FDR
threshold < 0.001 with a fold change of > 2 (Benjamini
and Yekutieli 2001).

Gene Ontology (GO) (Young et al. 2010) enrichment
analysis was performed to classify the genes in the terms
such as biological process (BP), cellular component (CC),
and molecular function (MF) using the phyper function in
R software. For pathway enrichment analysis, DEGs were
mapped to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) with a p-value < 0.05 accomplished standard of
Bonferroni method (Bland and Altman 1995) to identify
the significantly enriched pathway.

Plant transcription factor (TFs) prediction

To identify the potential transcription factors, all the
identified DEGs were mapped to Plant Transcription Factor
Database (PlantTFDB) using the HMMER (v 3.0) program
and compared with Pfam 23.0 to find the protein domains
encoding a transcription factor.

DEGs validation by RT-qPCR

Twelve genes were selected to verify the transcriptome
sequencing results through Real-time quantitative PCR
(RT-gPCR). Primers were designed using Beacon Designer
software (Premier Biosoft, version 7.0). The RT-qPCR was
performed according to the method followed by Guo and
Igbal (Guo et al. 2018; Igbal et al. 2020a; Shi, 2020). Using
RPII as a reference internal genes, each sample was taken
thrice for biological repeat and the expression was calcu-
lated using the 27°“T method (Livak and Schmittgen
2001).

Measurement of endogenous hormones content

The hormone contents were determined using Liquid
chromatography-Mass Spectrometry (LC-MS), USA as the
method described by Balcke and Owen (Balcke, 2012;
Owen and Abrams 2009). The 0.5-1.0 g of the samples
identical ones to the transcriptome sequencing, powdered
in liquid nitrogen, and added to 5 mL of pre-cooled 80%
methanol. Thereafter, these were rinsed with 3 mL and
2 mL. methanol respectively, transferred to 50 mL cen-
trifuge tube placed in ice and put in dark for 12 h at 4 °C
for leaching. Then, the samples were centrifuged at
10,000 x g for 10 min, the supernatant solution was
transferred into a 50 mL centrifuge tube placed at 4 °C in
darkness. After that, 5 mL pre-cooled 80% methanol was
added to centrifuged residue, and put in dark for 12 h at
4 °C for leaching. Then, centrifugation was performed at
10,000 x g for 10 min, supernatant was collected and
mixed with supernatant collected for the first time, and
sample containing tubes were placed in ice box and shaken
at 100 rpm/min in dark for 1 h. After that, samples were
centrifuge at 10,000 x g for 10 min, and the supernatant
solution was poured through the C18 SPE column, and the
outflow phase solution was collected in new 50 mL cen-
trifuge tubes. Then, the tubes were covered with preser-
vatives, a precise hole was made in the middle using a
toothpick, quickly freeze-dried in liquid nitrogen, and then
transferred to a freezing dryer for more than 36 h. There-
after, 1 mL pre-cooled methanol was added to fully
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Table 1 Summary of
transcriptome sequencing data

in Japanese Apricot

Type LY1 LY2 LY3 DQD1 DQD2 DQD3
Total raw reads (M) 61.0 62.5 62.7 64.2 63.9 64.8
Total clean reads (M) 60.6 61.2 61.7 63.5 63.5 62.8
Total clean reads Q20 (%) 97.2 97.6 97.5 97.2 97.1 97.6
Total clean reads Q30 (%) 92.6 934 934 89.4 89.1 90.1
Total mapped reads (%) 87.7 86.4 86.5 82.5 83.2 86.8
Total unique mapped reads (%) 64.2 63.4 62.0 60.0 60.6 65.9

dissolve the freeze-dried powder samples. Finally, the
sample liquids were aspirated with a 2.5 mL syringe and
passed through a 0.45 um organic ultrafiltration membrane,
and different hormone contents were determined. Three
technical repeats were performed for each biological repeat
for hormone measurement.

Statistical analysis

The average of the values was calculated using Microsoft
Excel (MS Office, 2016), and the graphs were prepared
using the software Origin(Pro) 2019, and the data are
shown as Mean =+ SD.

Results
Transcriptome analysis overview

In the present study, a total of 379 million raw reads were
obtained and filtered. About 373.4 million clean reads with
a rate of 98.5% were achieved and mapped to the Prunus
mume reference genome using HISAT (v 2.1.0) (Kim et al.
2015). As a result of the mapping, an average of 85.5%
reads were mapped, from which 62.7% reads were
uniquely mapped (Table 1; File S1).

Differentially expressed genes (DEGs) analysis

To understand the transcriptome sequence results, we
selected abortive pistils from three developmental stages and
compared with the same developmental stages of normal
pistils (Fig. 1a) and their expression level were calculated
using FPKM method. Based on differential expression, the
comparison group “LY1 vs DQD1” produced 3590 genes
(1623 up-regulated and 1967 down-regulated), while “LY2
vs DQD2” comparison group produced 2085 genes (1393
up-regulated and 692 down-regulated), whereas the com-
parison group “LY3 vs DQD3” produced 2286 genes (1230
up-regulated and 1056 down-regulated) (Fig. 1b). The Venn
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diagram showed both unique and common DEGs among
these comparison groups (Fig. 1c).

Functional enrichment annotation of DEGs

Gene Ontology analysis was carried out to further under-
stand the major biological functions by categorizing them
into three sub-classes. The comparison of LY1 vs DQDI,
LY2 vs DQD2, and LY3 vs DQD3 represents 2661, 1514,
and 1677 genes, respectively (Table 2). For the BP, bio-
logical regulation, cellular and metabolic processes were
the most enriched terms; in the CC, membrane parts and
cells were the more leading terms; while in MF, binding,
catalytic and transporter activity were the most enriched
terms (Fig. 2; File S2). Moreover, when KEGG pathway
enrichment analysis was performed, a total of 134 signifi-
cantly enriched pathways were found. In all comparison
groups, plant hormone signal transduction (KO: 04,075;
343 DEGs), phenylpropanoid biosynthesis (KO: 00,940;
305 DEGs), plant-pathogen interaction (KO: 04,626; 407
DEGs), and circadian rhythm—plant (KO: 04,712; 108
DEGs) were found to be significantly enriched related to
this study (Fig. 3; File S3).

Identification of transcription factors (TF)
encoding genes

In this study, a total of 1435 TFs related genes were
identified and classified into 59 different families, whose
expression patterns are shown in Fig. 4 and File S4. From
all these TF families, MYB (179) TF remained the most
dominant TF family followed by AP2-EREBP (114),
bHLH (101), NAC (90), MADS (49), WRKY (57), bZIP
(22), TCP (19) and zf-HD (8). Moreover, numerous TFs
related to hormonal activity such as ARF (17) and GRAS
(41) TF were also found.
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Fig. 1 Sample morphology and summary of the DEGs a Normal and gray (up-regulated) and dark red (down-regulated) among different
abortive pistils from different developmental stages are shown. comparison group ¢ Venn diagram showed common and overlapped
Stigma, style and ovary, three parts and their samples name used in differentially expressed genes among different comparison group
this study are shown in figure b Regulation of DEGs are shown in

Table 2 Total number of DEGs

in Gene Ontology (GO) among Comparison group Total number of genes Up-regulated Down-regulated
different comparison groups in LY1 vs DQDI 2661 1244 1417
Japanese apricot

LY2 vs DQD2 1514 992 522

LY3 vs DQD3 1677 905 772

Identification of DEGs related to plant hormone analyzed. In the present study, 60, 65, and 35 putative

genes in auxin, GA and CK signaling pathway, while 40
To determine the expression and regulation of various  genes in “BR”, 23 genes in “ABA”, 19 genes in “ETH”,
phytohormones related genes in normal and abortive pistils 38 genes in “JA” and 18 putative genes in SA signaling
from different developmental stages, the genes related to  pathway were found and their expression are shown in
plant hormones signaling transduction pathway were  Fig. 5.
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Fig. 2 GO functional enrichment analysis of DEGs among three comparison groups. The most enriched terms of ‘biological process, cellular component and molecular function’ are shown

For auxin biosynthesis and metabolism, the DEGs were
classified as AUX1 (4 genes), TIR1 (3 genes), AUX/IAA
(14 genes), ARF (18 genes), GH3 (6 genes), and SAUR (15
genes), while for GA biosynthesis, DEGs were categorized
as GIDI (15 genes), DELLA (23 genes) and TF (27 genes).
For ABA biosynthesis, the DEGs were classified to PYR/
PYL (4 genes), PP2C (8 genes), SnRK2 (4 genes), and
ABF (7 genes), while putative genes involved in JA
biosynthesis were characterized as JAR1 (4 genes), JAZ (7
genes) and MYC2 (27 genes). Most of the key regulatory
genes showed a specific expression pattern, and the
expression value of the genes related phytohormones are
listed in File S5.

Identification of the genes related to the Circadian
Rhythm pathway

In the present study, the circadian rhythm was also found
to be the most enriched pathway and we analyzed the genes
related to this pathway. Overall, 95 genes coding 17 key
regulators were identified (Fig. 6) and the expression level
of the genes related to each key regulator was analyzed and
their FPKM values are shown in File S6. The genes
encoding “CHS”, “CK2a”, “PHYB”, “PIF3”, and
“PRRS5” regulators were highly expressed in LY1 vs
DQD1 comparison, while “LHY”, “PHYA”, and “PRR7”
were predominantly expressed in LY3 vs DQD3 compar-
ison. Moreover, the genes encoding "CDF1” and “CO”
exhibited higher expression in LY1 vs DQD1 comparison,
while “FT” showed a lower level of expression. Remark-
ably, “GI”, “ZTL”, and “CHE” also showed lower
expression levels in all comparisons.

Phytohormones contents in normal and abortive
pistils from different developmental stages
in Japanese Apricot

To determine the phytohormone contents, tissue samples
identical to the ones used for transcriptome analysis were
collected. The contents of “ABA”, “IAA”, “CK”, “BR”
and “Zeatin (Zn)” were higher in normal pistil develop-
ment stages and showed a decreasing trend onward to
DQD3 stage in abortive pistils. In contrast, the contents of
“GA”, “JA”, “SA”, and “ETH” were lower in normal
pistil development stages while showed an increasing trend
in abortive pistil stages from DQD1 to DQD3 (Fig. 7). The
contents of “ABA”, “IAA”, “CK”, “BR”, and “Zeatin”
were recorded as high in normal pistils i.e. 161.32 ng/g,
51.95 ng/g, 381.90 ng/g, 7.79 ng/g, and 74.88 ng/g,
respectively, while the contents of “GA”, “JA”, “SA”,
and “ETH” were recorded as high at DQD3 stage of the
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abortive pistils i.e. 30.15 ng/g, 212.97 ng/g, 58.81, and
34.12 ng/g, respectively.

Confirmation of transcriptome results through
RT-qPCR

To validate the differential expression of the genes iden-
tified from the transcriptome data, we randomly selected 12
genes to perform RT-qPCR (primers and descriptions of
the genes are listed in File S7). The result showed that the
genes exhibited similar expression profiles to those
observed from the transcriptomic data (Fig S2).

Discussion
Transcriptome sequencing

Flower development is a unique process for fruit-bearing
plants and is very important for their reproductive success.
Gene expression and its regulation have an important role
in plant development and necessary for understanding the
molecular mechanism of any developmental process (Kri-
zek and Fletcher 2005). Several studies revealed that Illu-
mina sequencing remains a dynamic tool for DEGs
analysis in different flower development processes (Wong
et al. 2013; Zhang et al. 2014). Therefore, we performed
transcriptome sequencing to compare the expression pro-
files of normal and abortive pistils from different

developmental stages to find out the putative genes and
pathways associated with the pistil abortion problem in
Japanese apricot. In general, the functional annotation
analysis revealed that all the DEGs were related to a series
of functions and different biological processes, such as
flower development and regulation, secondary metabolites
processes as well as cellular ones, indicating that pistil
abortion might be controlled by several mechanisms
involving many genes. In brief, the transcriptome data
provide an important resource for understanding the
molecular mechanism and different biological processes
related to the pistil abortion problem in Japanese apricot,
providing a reference for further studies related to this
issue.

Identification of transcription factors genes related
to pistil abortion in Japanese apricot

TFs are the proteins that bind to specific DNA sequences
leading to the transcriptional regulation of the target gene
(Caarls et al. 2015; Kim et al. 2016). In the present study,
various TF families containing large numbers of TFs genes
were identified and showed variant expression patterns
between normal and abortive pistil development stages.
Among these TF families, MADS-box, C2C2-CO like,
EIL, PBF2-like, MYB, bHLH, zf-HD, AP2-EREBP, C2H2,
TCP, C2C2-YABBY, GRF, and CSD were found to be
important during pistil abortion. These identified families
have a strong role in reproductive processes in several plant

Fig. 3 Top 20 enriched Pl oo interaction | e
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Plant hormone signal transduction
genes are shown among three

different comparison groups.
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Fig. 4 Identification and
expression profiling of
transcription factor genes during
normal and abortive pistils from
different developmental stages
in Japanese apricot. Heatmap
showing an average differential

expression of each transcription
factor family genes. The color
scale represents the log2fc
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species (Sharma, 2012; Singh et al. 2013). From the bHLH
family genes, involved in regulating numerous flower
developmental processes in Arabidopsis (Zhang et al.
2006), 101 were identified in this study exhibiting consis-
tent expression patterns in all stages. The bZIP transcrip-
tion factors are the key regulators for flower development
(Uno et al. 2000) and through which we also identified 22
of them in our study.

From YABBY family genes e.g. ArfYABBY],
AtYABBY?2, and AtYABBY?3, which are involved in the
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growth and development of different floral organs (Bow-
man 2000; Lugassi et al. 2010), one was identified as an
up-regulated gene in all stages, indicating that YABBY
TFs are closely associated with pistil abortion. MADS-box
gene family plays an important role in ovule and pistil
development and a decrease in the expression cause pistil
and ovule abortion in Arabidopsis (Alvarez-Buylla et al.
2010; Cucinotta et al. 2014). Here, we identified the
MADS-box family genes in normal and abortive pistils as
the higher expression of the genes was in normal pistils
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while lower expression in abortive pistils, decreasing from
DQD1 to DQD3. Growth-regulating factors (GRFs) e.g.
AtGRF5 and ArGRFS are the plant-specific genes involved
in different developmental processes of flower formation
(Lee et al. 2009; Omidbakhshfard et al. 2015). In our data,
we identified GRF TFs genes showing higher expression in
normal pistils, and decreasing expression from DQDI to
DQD3 stage of abortive pistils. Recently, Liang et al.
(Liang et al. 2014) reported that a decrease in GRF
expression level causes pistil abnormalities, which indi-
cates that GRF might have an important role in pistil
abortion. Based on these findings, our results are consistent
with the previous results in Arabidopsis (Liang et al. 2014),
providing more evidence regarding the involvement of
these TFs in pistil abortion of Japanese apricot.

Effect of plant-hormones and related genes
on pistil abortion of Japanese apricot

Phytohormones are important regulators for plant growth
and development. The flower development process is
strongly controlled by the regulation of hormones (Chan-
dler 2011). Auxins are considered to be important hormone
involved in various plant development processes, such as
floral organ identification and floral primordia initiation

(Alabadi et al. 2009). Auxin is closely associated with its
biosynthesis, polar transportation, or auxin signaling dis-
ruption, which leads toward the failure of flower formation
(Aloni et al. 2006). In litchi, during floral bud initiation, the
expression level of auxin signaling transduction related
genes was changed (Zhang et al. 2014). In ARF family,
various genes are involved in the flower development
process. In Arabidopsis, ARF6 and ARF8 are considered to
be essential for controlling vegetative and floral organ
growth and development (Liu, 2014). In the present study,
ARF1, ARF4, ARF9, and ARF18 homologous to ARF6
and ARFS8 from Arabidopsis and tomato are were highly
expressed, proposing their immersion in pistil abortion of
Japanese apricot. Moreover, other phytohormones such as
ABA, GA, and CK are also involved in promoting flower
development. The effect of GA on flowering was mediated
by different DELLA proteins, RGL1, 2, and 3, REPRES-
SOR OF gal-3 (RGA), and GIBBERELLIC ACID
INSENSITIVE (GAI) (Porri et al. 2012). In woody plants,
abscisic acid (ABA) stimulates floral initiation and differ-
entiation process (Shan, 2012), while CK stimulates flow-
ering through transcriptional activation of FT paralog TSF
in Arabidopsis (D’ Aloia, 2011). The homologous of these
phytohormones-related key genes (ABA, FT, CO, etc., and
other hormone classes genes) were also identified in
Japanese apricot. The significant changes in the expression
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Fig. 6 Expression patterns of the genes related to the circadian rhythm pathway are shown. These genes are involved in a red-light signaling

b blue-light signaling ¢ key genes related to flowering

level of these hormone-related genes confirmed the
potential role of these hormones in pistil abortion. ETH is a
significant hormone in plant vegetative and reproductive
organ abscission. Pistil abortion is considered to be an
evolutionary adaptation mechanism to conserve resources
in andromonoecious species, maintaining a balance
between pistil number and available resources. Therefore,
the rate of pistil abortion of large-fruited are higher (Rosati
et al. 2011).

ABA is an essential hormone that plays a regulatory role
in plant development, involving seed development, flower
and phase transition, and plant response to diverse envi-
ronmental stress (Li, 2015). ABA can also inhibit flower
organ formation and has been reported in olive and apple
(Meng et al. 2012; Ulger et al. 2004). This study also

@ Springer

confirmed the significant changes in ABA-related genes in
normal and abortive pistil stages. The expression of ABA-
responsive genes related to SnRK2 and ABF was higher in
normal pistils and decreased in abortive pistils from DQD1
to DQD3. In addition, we also found that ABA content in
normal pistils was higher than abortive pistils. Therefore,
the decrease in ABA content may be one of the reasons for
pistil abortion.

Ethylene promotes pistil development, and the EBF
transcription factor is a member of the AP2 gene family,
and its coding protein has a negative impact on AGAMOUS
gene regulation (Perata 2013). Studies in tobacco showed
ethylene as an upstream regulator for ovule development
(Kaur-Sawhney et al. 1988). During the process of pistil
abortion, changes in the expression of ethylene response
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Fig. 7 Phytohormones contents in normal and abortive pistils from different developmental stages in Japanese apricot. Standard deviation is

shown in error bars

signal molecules were recorded between normal and
abortive pistils. Meanwhile, the expression of ethylene
response signal factor ERF 1/2 showed lower expression at
DQD3 stage of abortive pistils, this indicated that ethylene
may be an important regulator of pistil abortion in Japanese
apricot. In the whole differentiate stage of pistil, pistil
abortion represents versatile style. In this process, the
changes of hormones play an important role in pistil
abortion, especially IAA, ABA, and CTK. Related genes
involved in hormone synthesis expression regulate the
content of hormones and adapt to the occurrence of pistil
abortion under adversity.

Gene identification related to floral transition
and development

Genetic network controlling flower development depends
on different important pathways such as photoperiod, ver-
nalization, and GA-induction (Blazquez et al. 2003; Igbal
et al. 2020b; Srikanth and Schmid 2011). The photoperi-
odic pathway includes three main parts: circadian clock,
photoreceptors, and clock to flowering output pathway
(Simpson 2003). Phytochromes and cryptochromes are
initially activated by the light signal (Fowler, 1999;
Simpson and Dean 2002), which can coordinate the inter-
nal biological processes and external rhythm changes
(Digel et al. 2015; Imaizumi 2010). The circadian clock
consists of three linking loops that measure the changes in
day length and regulate CYCLING DOF FACTOR (CDF),
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FKF1, and GI (Imaizumi 2010). FKF1 and GI simplify the
CO expression, a TF that promotes flowering through
inducing the direct downstream expression of the genes
such as FT and SOC! (Kardailsky, 1999; Liu, 2008). In our
study, both CDF1 and FT expression in Japanese apricot is
quite lower suggesting that these might have their putative
role in pistil abortion. The overall expression of the genes
in this pathway showed a specific expression pattern, which
suggested that these genes may play an important role in
pistil abortion and the reproductive growth of other flower
organs.

Conclusion

The current study was done to explore the pistil abortion
mechanism in Japanese apricot using transcriptome
sequencing. An abundance of the DEGs was recognized
and analyzed among different comparison groups. Most of
the DEGs were involved in various biological process such
as flower development and their regulation. Phytohor-
mones signaling and circadian rhythm were the most sig-
nificantly enriched pathways. Furthermore, different TF
families such as NAC, YABBY, and GRF showed their
specific expression in pistil abortion. The presents results
will further be used for the detection of several QTLs for
the proportion of perfect flowers in Japanese apricot, is of
great value for future genetic study and marker-assisted
breeding, which can provide useful information for the
identification of candidate genes responsible for pistil
abortion, as well as for marker-assisted breeding. This
study provides a foundation for further understanding of
the molecular mechanism of pistil abortion and also pro-
vides a possible future direction for other fruit trees.
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