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Abstract

Background Gleditsia sinensis Lam. (Fabaceae) is a medicinal legume characterized by its spines and pods, which
are rich in saponins, polysaccharides, and various specialized metabolites with potential medicinal and industrial
applications. The low fruit set rate in artificially cultivated economic forests significantly impedes its development
and utilization. A comprehensive understanding of the cellular events, physiological and biochemical processes, and
molecular regulatory mechanisms underlying fruit initiation and early fruit development is essential for enhancing
yield. However, such information for G. sinensis remains largely unexplored.

Results In this study, we identified that the early fruit development process in G. sinensis can be categorized into
three distinct stages: pollination, the critical period of fertilization, and the initial fruit development followed by
subsequent growth. The dynamic changes in non-structural carbohydrates and endogenous plant hormones within
the ovary were found to play a significant role during fruit set and the early stages of fruit development. Additionally,
the high activity of gibberellin, cytokinin, and sucrose-metabolizing enzymes in the ovary was conducive to early
fruit development. Furthermore, we generated high-resolution spatiotemporal gene expression profiles in the

ovary from the stage of efflorescence to early fruit development. Comparative transcriptomics and weighted gene
co-expression network analysis revealed specific genes and gene modules predominant at distinct developmental
stages, thereby highlighting unique genetic programming. Overall, we identified the potential regulatory network
governing fruit initiation and subsequent development, as well as the sets of candidate genes involved, based on the
aforementioned results.

Conclusions The results offer a valuable reference and resource for the application of exogenous substances, such as
hormones and sugars, during critical fruit development periods, and for the development of molecular tools aimed at
improving yield.
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Background

Gleditsia sinensis, a deciduous tree belonging to the
genus Gleditsia in the Leguminosae family, is a unique
species widely distributed in China [1, 2]. Additionally, it
serves as an ecologically and economically multipurpose
tree with significant development potential. Its thorns are
used in traditional medicine [3-5], its wood is utilized in
building materials [6], it acts as a pioneer species in eco-
logical restoration [7], and its seeds are considered a stra-
tegic raw resource and high-grade health products [8, 9].
The majority of valuable specialized metabolites, such as
triterpenoid saponins, caspicaosides, and galactomannan,
are extracted from the thorn and fruit of G. sinensis [5,
10, 11]. Consequently, the economic forest planting area
of G. sinensis has been continuously expanded through
its introduction to various regions, particularly in south-
west China, with Guizhou as a representative area [12].
Field investigations have revealed that large areas of low-
yielding economic forests, characterized by low fruit set
and unstable yield, not only result in a significant waste
of resources but also impede the development and pro-
motion of this industry [13]. Therefore, it is urgent to
conduct research on how to improve the fruit set of eco-
nomic forest in G. sinensis so as to achieve the purpose of
increasing production and generating income.

Severe flower and fruit abscission represents a primary
factor influencing fruit yield [14]. In sexually reproduc-
ing plants, double fertilization is critical for successful
fruit development [15]. Successful fertilization triggers
the ovary to resume growth, a process termed “fruit set”
or “fruit initiation,” while unfertilized flowers are typi-
cally abscised [16]. This mechanism is a result of intricate
programming within the plant to ensure the success-
ful completion of fruit development [17]. Fertilization-
dependent fruit set and subsequent development are
attributed to a complex regulatory network involving
phytohormones, carbohydrates, related regulatory genes,
and other metabolites induced by fertilization [18-24].
Consequently, the roles of plant hormones, particularly
auxin and gibberellin (GA), are widely recognized in the
regulation of fruit set initiation, functioning as positive
regulatory signals that trigger rapid ovary growth [25—
27]. Consistent with these findings, previous studies have
demonstrated the feasibility of using plant growth regula-
tors to reduce abscission and enhance fruit set [28—31].
These studies significantly enhance our understanding of
the mechanisms by which plant growth regulators influ-
ence fruit set. While the general role of these hormones
in the regulation of fruit setting and development has
been established, the specific regulatory mechanisms
can vary substantially across different plant species. It is
well recognized that the efficacy of plant growth regu-
lator applications is contingent upon various factors,
including plant species, timing of application, method of
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application, concentration, and other variables [31-33].
Furthermore, the underlying regulatory mechanisms also
differ among plant species [34—37]. A comprehensive
understanding of the regulatory mechanisms governing
fruit set and the dynamic functions of endogenous hor-
mones is essential for providing precise guidance in the
selection, combination, and judicious application of exog-
enous plant growth regulators in practical agricultural
production. This knowledge facilitates the achievement
of higher yields with reduced effort. However, to date,
there have been no reports elucidating the mechanisms
underlying fruit set and development in G. sinensis.

In this study, the early stages of fruit development in G.
sinensis were investigated through morphological analy-
sis and paraffin sectioning, spanning from the flowering
phase to early fruit development. Comprehensive data
encompassing endogenous non-structural carbohydrates,
hormonal fluctuations, the spectrum of expressed genes,
and their regulatory networks during fruit set and early
developmental stages were subsequently collected. The
integration of spatiotemporal transcriptomic data with
endogenous hormonal changes in this study elucidates
early fruit developmental processes and provides insights
into the dynamic molecular mechanisms underlying fruit
set and development. This research also offers a valuable
reference for the identification of plant growth regulators
that can enhance the fruit setting rate.

Results

Morphological characteristics of ovary during early fruit
development

Significant morphological changes in the ovary were
observed from 0 to 10 days after anthesis (DAA) in G.
sinensis, particularly in terms of ovary length (Fig. 1A).
Additionally, the length, width, and thickness of the ovary
all exhibited an increase as the days after anthesis pro-
gressed (Fig. 1B). Among these dimensions, ovary length
showed the most pronounced increase, with statistically
significant differences observed between each time point.
In contrast, ovary width began to increase rapidly start-
ing at 6 DAA, with minimal changes observed between 0
and 2 DAA, as well as between 4 and 6 DAA. In compari-
son to the length and width of the ovary, the thickness
of the ovary exhibited the least variation across differ-
ent time points. Specifically, there was minimal increase
in thickness from 0 days after anthesis (DAA) to 6 DAA,
with a significant rise observed at 8 DAA. Concurrently,
changes were noted in the stigma color and the morphol-
ogy of stigma cells. The shape of stigma mastoid cells
transitioned from cylindrical to withered and dehydrated,
accompanied by a color change from transparent to red-
dish-brown (Fig. 1C). These alterations can be attributed
to the recognition process between the stigma and pollen
grains, as well as the subsequent hydration, germination,
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Fig. 1 Ananalysis of the initial stages of fruit development. A. Morphological changes in the ovary at six time points (Note: the numbers below the image
indicate the number of days after flowering). B. Quantitative trait variations in the length, width, and thickness of the ovary (Note: the sample size for
each time point was 30, and the ovary quantitative traits at different time points were analyzed and compared using ANOVA; vertical bars represent + SE,
and different letters indicate a significant difference at the 0.05 level). C. Stigma morphology at 0 DAA, 2 DAA, 4 DAA, and 6 DAA (a-d), scale bar =1 mm;

hydration and germination of pollen grains on the stigma (e-f), scale bar =30 um

and elongation of pollen grains on the stigma (Fig. 1C,
f-h).

Fruit initiation and development are intricately linked
to pollination and fertilization. To elucidate the process
of fruit initiation and development, observations of pol-
len tube dynamics were conducted (Fig. 2). The study
revealed that, 12 h post-pollination, a significant num-
ber of germinated pollen grains were present on the
stigma, beginning their extension through the style canal
towards the ovary. By 24 h post-pollination, a substantial
number of pollen tubes had traversed the style canal and
reached the upper ovules within the ovary. However, only
a few pollen tubes managed to reach the ovules located
at the base of the ovary at 48 h after pollination. Based
on the aforementioned results, we hypothesize that the
fertilization process in G. sinensis requires a minimum
of 48 h post-pollination to reach completion. Conse-
quently, the critical period for pollination spans from 0
days after anthesis (DAA) to 2 DAA. During this inter-
val, the ovary appears to be in a state of arrested develop-
ment, presumably in preparation for double fertilization.

This hypothesis is corroborated by the observed minimal
morphological changes in the ovary between 0 DAA and
2 DAA.

Observation of the microstructure of the ovary wall during

early fruit development

In angiosperms, successful fertilization of the ovule ini-
tiates a series of cell divisions and expansions that cul-
minate in fruit growth [38]. To precisely characterize
the early stages of fruit development, the number of cell
layers and cell sizes in cross-sections of the ovary were
examined at six distinct time points (Fig. 3). Microscopic
analysis revealed a significant increase in the number of
endocarp cell layers at 4 days after anthesis (DAA) com-
pared to 0 DAA and 2 DAA Thus, the observed increase
in cell layers and size of the ovaries at 6 days after anthe-
sis (DAA) may indicate the completion of double fertil-
ization, which subsequently initiates cell division and cell
expansion within the ovary.
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Fig. 2 Pollen tube growth dynamics after pollination. a,1 h after pollination; b, 3 h after pollination; ¢, 12 h after pollination; d, 24 h after pollination; e,
36 h after pollination; f, 48 h after pollination; scale bar =350 um(a-c), 200 um(d), 500 um(e-f)

Fig. 3 Cell morphology observation of the ovary wall during early fruit development. a-f, cell morphology of ovary wall on 0, 2,4, 6, 8 and 10 DAA. DAA,
days after anthesis; Ex, Exocarp; Me, Mesocarp; Scale bar =200 um

Observation on the microstructure of embryo sac in ovule
during early fruit development

Given that successful fertilization stimulates the ovary
to transition from a dormant state to active growth, we
further examined the changes in the two polar nuclei and
the egg cell within the embryo sac during the early stages
of fruit development in G. sinensis (Fig. 4). Observations

indicated that on 0 DAA (days after anthesis), the two
polar nuclei situated in the center of the embryo sac and
the egg nucleus near the micropyle were distinctly visible
(Fig. 4a). Subsequently, the two polar nuclei fused into
one, preparing for fertilization along with the egg cell.
By 2 DAA, two released spermatosomes were observed
moving towards the polar nuclei and the egg cell (Fig. 4b).
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Fig. 4 Changes in embryo sac after different anthesis during early fruit development in G. sinensis.a,Mature embryo sac on 0 DAA; b, Two polar nuclei
fuse into one and two sperm nuclei were moving to the egg and polar nucleus on 2 DAA; ¢, An egg cell and a polar nucleus that have undergone
double fertilization on 4 DAA; d, The fertilized polar nuclei begin to fission on 6 DAA; e, Endosperm cells has undergone division on 8 DAA; f, Multicellular
proembryo on 10 DAA. AG, Antipodal Group; Sn, Synergid; EC, Egg Cell; Sp, Sperm nucleus; Fpn, Fertilized polar nuclei; Z, Zygote; Ens, Endosperm; Pe,

proembryo; Scale bar =50 um

Following double fertilization, the fertilized egg and polar
nuclei were distinctly visible within the embryo sac at 4
days after anthesis (DAA) (Fig. 4c). Subsequently, the fer-
tilized polar nuclei commenced nuclear division between
6 DAA and 8 DAA (Fig. 4d-f). Ultimately, a zygote with
a multicellular proembryo was formed after several cell
divisions, which was clearly observed in the embryo sac
at 10 DAA (Fig. 4f). This microscopic progression was
consistent with the external manifestations of early fruit
development, suggesting that the critical period for fer-
tilization occurred between 2 DAA and 4 DAA, with
the initiation of fruit development beginning at approxi-
mately 6 DAA.

Changes in non-structural carbohydrates dynamics during
early fruit development

Considering that carbohydrate metabolism has been
documented to play a role in early fruit development [21,
23], we investigated the content of non-structural car-
bohydrates, including sucrose, glucose, fructose, soluble
sugars, and starch, in ovaries at six distinct time points
to elucidate their roles in early fruit development (Fig. 5).
The levels of sucrose and fructose in the ovary signifi-
cantly decreased following pollination and remained

relatively low during the stages of fertilization and sub-
sequent fruit development. The glucose content in the
ovary exhibited a slight increase during pollination and
fertilization, subsequently peaking at 6 days after anthe-
sis (DAA) and remaining stable thereafter. In contrast,
the soluble sugar content in the ovary remained rela-
tively stable, with the exception of a significant decline
observed at 8 DAA. The levels of fructose and sucrose
demonstrated an inverse trend compared to glucose.
These findings suggest that the elevated glucose content
may be associated with the decomposition of sucrose
and the conversion of fructose during the early stages of
fruit development. The starch content in the ovary exhib-
ited irregular fluctuations, peaking at 2 days after anthe-
sis (DAA) and reaching its lowest levels at 4 DAA and 8
DAA. These findings suggest that the concentrations of
sucrose, glucose, fructose, soluble sugars, and starch in
the ovary undergo significant temporal variations, poten-
tially linked to their roles in early fruit development.

Activities of sucrose synthase (SSI, SSII), invertase (Al, NI) in
ovaries of G. sinensis during early fruit development stage

The activities of sucrose synthase and invertase in the
ovary were also measured to investigate their roles in
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Fig. 6 Activities of ovary sucrose synthase (SSI, SSI) and invertase (Al, NI) in G. sinensis during the early fruit development stage. DAA, days after anthesis.
Vertical bars represent + SE, different letters show a significant difference at the 0.05 level

fruit set and development [39-41]. The acid invertase
(AI) activity in the ovaries exhibited an initial decline fol-
lowed by an increase, ultimately reaching its lowest level
at 6 days after anthesis (DAA) (Fig. 6a). In contrast, the
neutral invertase (NI) activity in the ovary remained rela-
tively stable from 0 to 8 DAA, with a significant increase
observed at 10 DAA (Fig. 6b). The activities of SSI
(Sucrose Synthase I) and SSII (Sucrose Synthase II) in the
ovary significantly increased from 0 days after anthesis

(DAA) to 6 DAA, reaching their peak at 6 DAA, and sub-
sequently decreased significantly by 8 DAA (Fig. 6¢-d).
These variations indicate that sucrose synthase and inver-
tase function at distinct times during the early stages of
fruit development. When considered in conjunction with
the early fruit development process, these findings sug-
gest that sucrose synthase is crucial during pollination
and fertilization, whereas sucrose invertase is associated
with ovary development post-fertilization.
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Changes in hormonal dynamics during early fruit
development

Auxin and cytokinin

To further elucidate the role of hormones in early fruit
development in G. sinensis, we analyzed hormone con-
tent using HPLC-MS/MS (Fig. 7). The results indicated
the presence of three auxin-related compounds: Indole-
3-acetic acid (IAA) and its two amide conjugates, indole-
3-acetylaspartic acid (IAAsp) and indole-acetylalanine
(IAAla). Despite variations in their forms and quanti-
ties, all three compounds exhibited a similar trend, with
a gradual increase following pollination, peaking at 6
days after anthesis (DAA), and subsequently declining.
However, the amount of IAA did not differ significantly
among the six time points examined. Given that IAAsp is
a catabolite of IAA [42], and IAAla contributes to main-
taining auxin dynamic balance, it suggests that auxin
dynamics, rather than auxin levels triggered by pollina-
tion and fertilization, play a crucial role in the early fruit
development of G. sinemsis. Regarding cytokinin, the
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amount of tZR increased rapidly from 6 days after anthe-
sis (DAA), likely associated with the rapid division of the
endosperm following fertilization.

Gibberellin

It is well established that gibberellin is among the most
potent hormones influencing fruit set and development
[23]. In this study, seven types of gibberellins, specifically
GAl, GA3, GA4, GA7, GAS8, GA9, and GA24, were iden-
tified in the ovaries of G. sinensis during the early stages
of fruit development. According to previous research,
only GA1, GA3, GA4, and GA7 exhibit biological activ-
ity, whereas GAS8 is an inactive product resulting from
GA1 catabolism, and GA9 and GA24 serve as precur-
sors to GA4 [43, 44]. Although the levels of GA3, GA4,
and GA7 all exhibited an increasing trend during ovary
development, only GA7 showed a significant increase
upon fertilization at 4 days after anthesis (DAA), suggest-
ing its crucial role in the fertilization process. In contrast,
the levels of GA3 and GA4 increased rapidly starting at 6
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DAA, indicating their primary involvement in early fruit
development post-fertilization. Unlike these three bioac-
tive gibberellins, the level of GA1 decreased significantly
following pollination and remained consistently low
thereafter. Furthermore, the elevated levels of GA8 and
GAY9, as an inactive catabolite and a precursor respec-
tively, corresponded with the observed decrease and
increase in the levels of GA1 and GA4. These findings
collectively suggest that the synthesis and metabolism of
gibberellins are intricately associated with the early fruit
development of G. sinensis.

SA, JA, ACC and ABA

Our study revealed that salicylic acid (SA), jasmonic acid
(JA), abscisic acid (ABA), and 1l-aminocyclopropane
carboxylic acid (ACC), a precursor in ethylene synthe-
sis, were detected during the early fruit development of
G. sinensis. Notably, the concentrations of SA and ACC
exhibited a similar pattern, initially increasing from 0
days after anthesis (DAA) to 4 DAA, and subsequently
decreasing after reaching their peak at 4 DAA. In con-
trast, the levels of JA and ABA in the ovaries remained

X
R

2

.0

SN
> S

&
- Y

£
S & &
SO S I
length .0.97@.9253

width ..0.91(;
thick @@ @
sucrose &
glucose . 10.702.45h 050}
fructose . . . .0 7y +0.562
soluble sugar @ @ ® ® O@
®

)
=0.64.562) 5(10.619.7170.60¢
=0.66.582) 2-0.620.610.644
310.589.639.51

44D 53D

0.810.589

starch

N eee
N @O ®
0

.O 648

.‘ 0,66
X e ) .0 611

GA7 @

P08 o

B ST

Page 8 of 23

relatively stable initially, but began to decline progres-
sively from 4 DAA onwards.

Correlation analysis between physiological indexes

of ovary and ovary growth traits during early fruit
development

To gain a deeper understanding of the relationship
between ovary growth morphology and various indices, a
correlation analysis was performed (Fig. 8). The findings
revealed that ovary morphological traits exhibited signifi-
cant negative correlations with fructose, soluble sugar, Al
activity of the ovary, and JA, while showing positive cor-
relations with NI, SSI, GA4, GA9, and tZR. These results
suggest that elevated activities of gibberellin, cytokinin,
and sucrose-metabolizing enzymes in the ovary are con-
ducive to early fruit development.

Transcriptome profile of G. sinensis early fruit development
To elucidate the dynamic transcriptome profiles during
early fruit development and to uncover the molecular
mechanisms underlying this process, RNA-seq analy-
sis was conducted on ovaries collected at various devel-
opmental stages (0, 2, 4, 6, 8, and 10 days after anthesis,
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Fig. 8 Correlation heat map between ovary growth traits and physiological indexes of G. sinensis during early fruit development. * means that the cor-
relation is significant at the significance level of 0.05, **means that the correlation is significant at the significance level of 0.01, and *** means that the

correlation is significant at the significance level of 0.001
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denoted as DO, D2, D4, D6, D8, and D10, respectively).
Three biological replicates were utilized to construct
the corresponding RNA-seq libraries. The number of
trimmed sequencing reads ranged from 43,541,126 to
66,313,258, with the percentage of uniquely mapped
reads varying between 80.13% and 81.91% for each sam-
ple (Supplementary Table S1). Following the quantitative
analysis of gene and transcript expression levels using
the RSEM software (Supplementary Table S2), a Venn
diagram and correlation analysis among samples were
conducted based on the expression matrix (Fig. 9A and
S1). A total of 23,749 unigenes were found to be shared
across all time points when the gene expression thresh-
old was set at 1. The specific expression genes for DO,
D2, D4, D6, D8, and D10 were 3,146, 2,232, 2,494, 2,095,
1,566, and 2,609, respectively. Only transcripts exhibiting
a significant (FDR<0.05) two-fold difference in expres-
sion between any two samples were considered as differ-
entially expressed genes (DEGs) (Supplementary Table
S3).The number of differentially expressed genes (DEGs)
between the two groups, as reported in Supplementary
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Table S2, is summarized in Supplementary Table S4. The
number of DEGs between two consecutive time points
was relatively lower (Fig. 9B). Specifically, the group with
the fewest DEGs was D6 vs. D4, while the group with the
greatest number of DEGs was D8 vs. D6. Notably, the
highest number of DEGs was observed between D10 and
D4 across all groups. These findings suggest that D4 and
D6 may represent critical transition time points, serv-
ing as key nodes in the transition between fertilization
and fruit development, which aligns with the changes of
related physiological indexes and hormones.

To elucidate the role of differentially expressed genes
(DEGSs) during early fruit development, Gene Ontol-
ogy (GO) enrichment analysis was conducted on DEGs
across various time points, with the top five GO terms
for each group presented in Fig. 9C. The analysis revealed
the involvement of multiple molecular functions and
metabolic processes in early fruit development. Nota-
bly, several GO terms, including “DNA replication ini-
tiation,” “double-strand break repair via break-induced
replication,” “cytoplasmic translation,” “pectin catabolic
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process,” “amino acid transport,” and “hormone meta-
bolic process,” were common across different groups.
However, certain functional categorizations of differen-
tially expressed genes (DEGs) were exclusively enriched
in specific groups. For instance, terpenoid metabolic
and biosynthetic processes were solely identified in
the DOvsD4 group, while the auxin metabolic process
was enriched only in the DOvsD8 group. Additionally,
endopeptidase regulator and inhibitor activity, as well
as oxylipin biosynthetic and metabolic processes, were
observed exclusively in the DOvsD2 and DOvsD10 groups,
respectively. Our transcriptomic analysis revealed that
some genes remained active throughout the early stages
of fruit development, whereas the expression of other
genes was induced and became prominent at distinct
developmental time points.

Time-course RNA-seq analysis during early fruit
development

We conducted an analysis of variance (ANOVA)-like test
to identify differentially expressed genes (DEGs) across
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six time points, resulting in the identification of 10,898
unigenes exhibiting dynamic expression patterns during
the early fruit development of G. sinensis. To categorize
genes with similar expression profiles, we employed the
K-means clustering algorithm, which grouped the genes
based on the similarity of their transcriptomic profiles
(Fig. 10). Consequently, six distinct clusters were iden-
tified. Additionally, Gene Ontology (GO) enrichment
analysis was performed for each cluster to elucidate the
functional roles of the genes within these clusters. In
Cluster 1 (C1), 1785 genes exhibited a general down-
ward trend from day 0 (DO) to day 10 (D10), with the
most rapid downregulation occurring between DO and
D2, followed by a stable decline. Functional categoriza-
tion of the differentially expressed genes (DEGs) in C1
indicated that genes associated with “ovary arrest” down-
regulated by pollination are linked to categories such as
“nutrient reservoir activity, “terpene synthase activity,
“ribonuclease T2 activity, “protein-N-terminal aspara-
gine amidohydrolase activityy and “acid-amino acid
ligase activity” A total of 1,703 genes exhibited analogous
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Fig. 10 Analysis of gene expression patterns in time series (DEGs) during early fruit setting. a K-means clustering analysis of the DEGs into six clusters
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expression patterns within Cluster 2 (C2), characterized
by a progressive up-regulation from day 2 (D2) to day 6
(D6), followed by a gradual down-regulation post-peak
at D6. This cluster was notably enriched with gene cat-
egories associated with “hydrogen peroxide catabolic
process,” “response to oxidative stress,” “chitin catabolic
process,” “glutathione metabolic process,” and “triterpe-
noid biosynthetic process” Considering these results in
conjunction with the findings from morphological iden-
tification, we propose that the activation of genes related
to oxidative stress and antioxidant defense during the
double fertilization of *G. sinensis* may be attributable to
the role of reactive oxygen species (ROS) in pollination
and fertilization [51]. Specifically, 2055 genes exhibited
a gradual up-regulation from day 0 (DO) to day 2 (D2),
followed by a gradual down-regulation post the D2 peak
within Cluster 3 (C3). Gene Ontology (GO) terms such
as “triterpenoid biosynthetic process,” “protein complex
oligomerization,” “response to hydrogen peroxide,” “cellu-
lar response to unfolded protein,” and “chaperone cofac-
tor-dependent protein refolding” were enriched in this
cluster. This enrichment suggests that these processes,
induced by pollination, may be associated with the inter-
action between pollen and stigma [52, 53]. In Cluster 4
(C4), 2,506 differentially expressed genes (DEGs) exhib-
ited similar expression patterns, characterized by a grad-
ual up-regulation from day 0 (DO) to day 4 (D4), followed
by a gradual down-regulation after the peak at D4. Sev-
eral Gene Ontology (GO) terms associated with cell divi-
sion, including “mitotic cell cycle phase transition,” “cell
cycle, “cell division,” “regulation of cyclin-dependent
protein serine/threonine kinase activity, and “microtu-
bule-based movement,” were found to be enriched. This
enrichment correlates with the observed increase in the
number of endocarp cell layers at 4 days after anthesis
(4DAA). A total of 1,388 genes exhibited a similar expres-
sion pattern within Cluster 5 (C5). The expression levels
of these genes progressively increased from day 0 (DO) to
day 8 (D8), followed by a gradual decrease after reaching
the peak at D8. Functional categorization of these genes
indicated significant enrichment in categories associ-
ated with “photosynthesis,” “light harvesting,” “auxin-
activated signaling pathway,” “response to light stimulus,’
“cytoplasmic translation,” and “amino acid transport” In
Cluster 6 (C6), 1511 genes exhibited minimal variation
from DO to D6, followed by a marked up-regulation com-
mencing at D6 and peaking at D10. The findings suggest
that the up-regulated genes associated with the initiation
of fruit development are predominantly involved in pro-
cesses related to cell division, including “DNA replication
initiation,” “double-strand break repair via break-induced
replication,” “interstrand cross-link repair;’ “DNA repli-
cation,” and “reciprocal meiotic recombination” These
results align with the timing of polar nucleus division and
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the preparation of the zygote for division, as observed
through microscopic analysis. Collectively, these find-
ings demonstrate a complex and dynamic alteration in
transcriptional profiles during the early stages of fruit
development in G. sinensis. Additionally, they reveal the
expression of genes associated with distinct biological
processes and molecular functions within the ovaries.

Potential transcriptional regulation mechanisms

To gain a comprehensive understanding of transcrip-
tional regulation throughout the successive stages of
early fruit development, an unbiased weighted gene co-
expression network analysis (WGCNA) was conducted
utilizing a scale-free topology model [54]. A total of 6,741
expressed genes were utilized for Weighted Gene Co-
Expression Network Analysis (WGCNA), leading to the
identification of 25 distinct modules (Fig. 11). Each mod-
ule was associated with a module eigengene (ME), which
served as an idealized representative gene reflecting the
overall expression pattern within the module. The num-
ber of genes per module ranged from 47 (ME25) to 1,324
(MEO). Several modules exhibited significant (P<0.05)
positive or negative correlations with fruit morphology
and physiological characteristics. Specifically, two mod-
ules (MEturquoise and MEpink) demonstrated positive
correlations, while two modules (MEred and MEsalmon)
exhibited negative correlations with growth traits of G.
sinensis during early fruit development. Consequently,
these four modules were selected as hub-modules for this
study (Fig. 12). Subsequently, KEGG enrichment analy-
sis was conducted to elucidate the pathways associated
with the four modules (Fig. 13). The analysis revealed
that pathways related to phytohormones, including
“Plant hormone signal transduction, “Zeatin biosynthe-
sis,” “Diterpenoid biosynthesis’, “Cytochrome P450” and
“Carotenoid biosynthesis” were enriched in the salmon
module. Pathways related to protein synthesis and
metabolism, including “Protein processing in the endo-
plasmic reticulum’, “Oxidative phosphorylation’, “Protea-
some”, “Ubiquitin-mediated proteolysis’, “Protein export”
and “Photosynthesis — antenna proteins” were enriched
in the red module. Additionally, pathways associated with
RNA and DNA, such as “RNA degradation’, “Ribosome
biogenesis in eukaryotes’, “Nucleocytoplasmic transport’,
“Spliceosome’;, “DNA replication”, “Nucleotide excision
repair’, “Mismatch repair” and “Homologous recombina-
tion” were enriched in the pink and turquoise modules,
respectively. These findings indicate that plant hormones,
protein synthesis, and metabolism, along with the repli-
cation and expression of associated genes, collectively
play a crucial role in the early fruit setting of G. sinensis.
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Hormone-related genes in ovaries of G. sinensis during
early fruit development

Plant hormones are recognized to play a crucial role in
the initiation and development of fruit [22, 23]. In this
study, the biosynthesis and signal transduction pathways
of plant hormones were found to be enriched in two
gene modules closely associated with fruit morphology.
Consequently, we identified 114 essential genes related
to plant hormones that are critical for early fruit devel-
opment, with 45 genes from the salmon module and 69
genes from the turquoise module (Supplementary Tables
S5 and S6). The results demonstrated that several genes
implicated in plant hormone biosynthesis and signal
transduction pathways were predominantly expressed at
a specific time point during early fruit development (Sup-
plementary Figures S2 and S3). Notably, certain genes,
such as GA20x, MAPKKKI17_18, WRKY33, CYP734A1,
CCS1, SAUR, ABF, GA3ox, CYP90BI, were exclusively
up-regulated at DO, indicating their collaborative role in
maintaining the static state of the ovary. Additionally,
several auxin-related genes, including JAA1, AUX1, ARF,

GH3, together with GA20ox, JAZ, BAKI exhibited up-
regulation from DO to D2, followed by down-regulation
post-D2. This suggests that these genes may have func-
tional roles during pollination and pollen tube growth.
Furthermore, SAUR32 and ETRI were specifically up-
regulated, whereas ABF, [AA11, and IAA 13 were specifi-
cally down-regulated at D4.

This study demonstrated the synergistic and antago-
nistic interactions among genes involved in the regula-
tion of the same biological process. Specifically, at D6,
genes such as EBFI_2, SAURIO and PRI were signifi-
cantly up-regulated, while NPRI was notably down-reg-
ulated. At D8, genes including PYL, BSK and SAURS50
exhibited high expression levels, whereas TGA, ARR-B,
PIF3 and BAKI were expressed at lower levels. By D10,
a multitude of genes associated with auxin, gibberellin,
zeatin, ethylene, abscisic acid and brassinosteroid—such
as [AA14, ARF5, SAURS50, AUX1, DELLA, ARR-A, ARR-
B, AHP, ERF2, SNRK2, TGA —were highly expressed.
This indicated that the early developmental stages were
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characterized by complex regulatory dynamics involving
multiple hormonal pathways [55-57].

Transcriptional networks of genes during early fruit
development

To elucidate the key genes and enzymes implicated in
the early fruit development of G. sinensis, we investi-
gated the top 30 hub genes within four distinct modules
(Fig. 14). The findings revealed that a substantial number
of RPS and RPL genes, which encode ribosomal proteins,
emerged as core components of the regulatory network
in both the turquoise and red modules. In the pink mod-
ule, genes involved in cell cycle regulation, RNA splic-
ing, and protein transport, including DHX36, LARS, and
PNPT1, were identified as central regulatory elements.
The principal genes within the regulatory network of the
salmon module were implicated in plant hormone and
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sugar metabolism enzymes. Specifically, the genes SAUR,
GA3o0x, CYP707A, CKX, ABF, JAR4 and JAZ were associ-
ated with auxin, gibberellin, cytokinin, abscisic acid and
jasmonic acid respectively. This association underscores
the significance and complexity of the inter-regulation
of these hormones in the early stages of fruit develop-
ment [44, 58—62]. Furthermore, additional genes such as
PPP2R5, which is involved in protein phosphorylation,
and UBE2G1, associated with protein ubiquitination, as
well as genes encoding enzymes classified as E1.10.3.3,
E3.2.1.67, and E3.1.1.11, were found to be co-expressed
with hormones. This co-expression suggests a potential
direct involvement of these genes in fruit growth. Collec-
tively, these findings imply that early fruit development
is a complex regulatory process necessitating the coordi-
nated interaction of multiple genes.

turquoise

salmon

Fig. 14 Coexpression network of hub-genes in top 30 from modules of turquoise, red, pink and salmon
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Verification of differential expression gene by quantitative

real-time PCR

Twelve differentially expressed genes (DEGs) associated
with fruit development were selected for quantitative
real-time PCR (qRT-PCR) to validate the gene expression
results derived from transcriptomic data. The primers
used for qRT-PCR analysis to verify transcriptome data
are provided in the supplementary materials (Supplemen-
tary Table S7). These DEGs are predominantly implicated
in plant hormone signal transduction, sugar transport,
and transcription factor activity. The expression patterns
of the 12 DEGs, as determined by qRT-PCR, were consis-
tent with those observed in the transcriptomic analysis,
thereby corroborating the findings from the transcrip-
tome data (Fig. 15).
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Discussion

The process of early fruit development

It is well-established that fruits originate from fertilized
ovules, which subsequently develop into mature fruits
through a phase characterized by rapid cell division [63].
The onset and duration of the transition phase are vari-
able, contingent upon the time required for pollination
and fertilization processes. These processes necessitate
ongoing and dynamic interactions between female and
male tissues, encompassing multiple stages: pollen hydra-
tion, pollen germination, pollen tube growth, pollen tube
attraction to the ovule, pollen tube reception, sperm cell
delivery, and gamete activation [64]. It has been docu-
mented that approximately 48 h post-pollination are
required for pollen grains to germinate and release sperm
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cells to the ovules in Actinidia deliciosa [65]. In this study,
observations of pollen tube dynamics indicated that the
pollen tubes reached the ovules approximately 48 h post-
pollination. Furthermore, the egg and sperm cells were
observed to be on the verge of fusion within the embryo
sac at 2 days after anthesis (DAA). Consequently, a mini-
mum of 48 h is required for double fertilization in G.
sinensis. Notably, the egg cell is preferentially fertilized
over the polar nucleus [66]. This result corresponded
with the nearly unchanged condition of the ovary from
0 days after anthesis (DAA) to 2 DAA, a phenomenon
referred to as “ovary arrest ” [67]. Following successful
fertilization, the ovaries exhibited rapid growth. In this
study, morphological changes in the ovaries of G. sinen-
sis during early fruit development were notably observed
at 6 days after anthesis (DAA), evidenced by significant
alterations in fruit length and width compared to the
ovaries at 0 DAA. Furthermore, the observed increase in
ovary width was primarily attributed to the expansion of
the endocarp cell layer and cell volume, as evidenced by
paraffin section analysis. This finding suggests that the
onset of fruit development in G. sinensis occurs at 6 days
after anthesis (DAA), coinciding with the readiness of the
fertilized polar nucleus for nuclear division and the dor-
mancy of the fertilized egg. This result corroborates pre-
vious research indicating that zygote activation is delayed
and contingent upon endosperm development [68, 69].
In summary, the early developmental stages of G. sinensis
fruit can be delineated into two distinct phases: the ini-
tial fruit stage, spanning from 0 days after anthesis (DAA)
to 4 DAA, and the subsequent rapid cell division stage,
commencing at 6 DAA.

Dynamic alterations in non-structural carbohydrate

levels within ovaries during the initial stages of fruit
development

Carbohydrates, encompassing starch, sucrose, cellu-
lose, glucose, and fructose, serve as essential substances
and signaling molecules involved in various processes of
plant development and growth. These compounds have
been the subject of more extensive study in recent years
[70 —74]. Among these investigations, a meticulously
designed study on tomatoes demonstrated that fruit
set is associated with the activation of central carbon
metabolism. This activation is characterized by elevated
levels of hexoses, hexose phosphates, and downstream
metabolites, including intermediates and derivatives of
glycolysis, the tricarboxylic acid cycle, as well as related
organic and amino acids [23]. In other studies, elevated
concentrations of glucose and fructose, primarily as pho-
toassimilates, were observed during the initial stages of
fruit development in zucchini [75]. The reduction of
photosynthate through leaf covering inhibited the ini-
tiation and growth of parthenocarpic fruits, whereas the
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exogenous application of sugars markedly promoted par-
thenocarpic fruit set and growth [30]. In summary, the
researchers underscored the pivotal role of carbohydrate
metabolism in fruit set and growth. Consequently, sugars
can be identified as inductive signals and substances that
stimulate fruit development, particularly during the early
stages. This study revealed that glucose content in the
ovary remained relatively high throughout fruit develop-
ment, whereas sucrose and fructose content decreased.
This phenomenon may be attributed to the maintenance
of a high glucose-to-fructose ratio, which is conducive to
fruit set. Additionally, it can be partially explained by the
elevated regulation of scrK and INV at DO. (Supplemen-
tary Figure S4 and Table S8). Sucrose, as a common form
of photoassimilate, is typically transported from source
to sink tissues in higher plants [76]. Sink strength plays a
crucial role in the importation and accumulation of pho-
toassimilates, thereby regulating fruit development and
influencing fruit quality [77]. Sucrose synthase is recog-
nized as a key determinant affecting sink strength, as it
maintains the sucrose concentration gradient between
source and sink, facilitating the loading and transport of
sucrose to the sink tissues [78]. In this study, elevated lev-
els of sucrose synthase were observed to enhance sucrose
utilization, thereby promoting fruit set and development.
This observation aligns with the expression patterns
of genes involved in carbohydrate metabolism, such as
SUS and scrK, during the early stages of fruit develop-
ment. Additionally, variations in ovary starch content
could be attributed to the expression patterns of AMY,
GEBI1, and WAXY. Furthermore, TPS genes were identi-
fied as being involved in early fruit development, with a
notable peak in expression at D4, suggesting a potential
role in the fertilization process of G. sinensis. Moreover,
its function may be realized through its role in regulating
sucrose availability and activating auxin biosynthesis, as
its downstream product, Trehalose-6-phosphate (T6P),
has been demonstrated to act as a signal of sucrose avail-
ability [79].

The role of plant hormones in early fruit development

It is well established that plant hormones are integral to
fruit set and development [20]. Among these hormones,
auxin and gibberellin are particularly recognized for their
roles in initiating fruit set and development [19, 22, 80,
81]. In fertilization-dependent plants, the auxin signal
in the ovule is activated post-fertilization, which subse-
quently triggers fruit development by modulating gibber-
ellin metabolism [22]. Then gibberellin or together with
other plant hormones, such as auxin, ethylene, stimu-
late fruit development by regulating metabolic pathways
downstream [18, 23, 35, 56]. In this study, various plant
hormones, such as auxin, gibberellin, cytokinin, ethylene,
jasmonic acid, and salicylic acid, were identified as active
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participants in the early fruit development of G. sinensis.
From the perspective of transcriptional profiling, two dis-
tinct modes of gene co-expression associated with plant
hormones were observed. The first module exhibited
high expression levels before fertilization, which subse-
quently decreased, with the genes predominantly associ-
ated with hormone biosynthesis (Supplementary Figure
S3). In contrast, the second module displayed variable
expression levels at specific time points, with the genes
primarily related to plant hormone signal transduction
(Supplementary Figure S4). This study demonstrated that
the transcriptional profile associated with plant hormone
synthesis and signal transduction was reprogrammed in
response to pollination and fertilization, corroborating
previous research findings [19, 49]. Specifically, a pat-
tern of auxin, gibberellin, and cytokinin during early fruit
development was delineated to elucidate their respec-
tive roles (Fig. 16). Consistent with earlier studies, auxin
signaling was observed to be initially activated by fer-
tilization [82, 83]. In this investigation, both auxin and
its conjugates exhibited an increasing trend, peaking at
6 days after anthesis (DAA), followed by a subsequent
decline, although the amount of IAA had no significantly
difference among six time points. This observation may
suggest that the auxin signaling pathway is activated by
fertilization, a hypothesis potentially supported by the
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expression patterns of auxin-responsive genes such as
IAAs, GH3, and ARFs prior to fertilization, which likely
initiate negative-feedback loops [84] and the activation of
some positive regulatory genes such as, ARFs and SAURs
after fertilization [85]. These genes collectively consti-
tute the auxin regulatory network [42, 61]. Numerous
studies have demonstrated that gibberellin plays a cru-
cial role in fruit setting and early fruit development [23,
25, 80]. In the present study, seven types of gibberellins
were detected in ovaries during early fruit development,
including four bioactive GAs (GA1l, GA3, GA4, GA?7)
and three intermediates or catabolites of bioactive GAs
(GAS8, GA9, and GA24) [86]. Additionally, the content of
all bioactive GAs in the ovaries of G. sinensis increased
with the number of days post-blossom, with the excep-
tion of GAl. The observed increases in the levels of
GA3, GA4, and GA7 were accompanied by a decrease
in GA2ox transcripts and an increase in GA20ox tran-
scripts at 2DAA, suggesting the activation of gibberellin
(GA) biosynthesis and partial suppression of catabolism
due to pollination [44]. Conversely, the reduction in GA1
levels is likely attributable to its catabolism, as evidenced
by the increased content of GAS8, an inactive product of
GA1 catabolism [58]. The concurrent rise in GA9 levels
alongside bioactive GAs can be attributed to the elevated
expression of GA20ox and GA3ox [87]. The important
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role that cytokinine played during early fruit develop-
ment could be explained by several studies about exog-
enous application of cytokinin inducing parthenocarpy
[88]. Despite the hormonal interactions, the activated
cytokinin biosynthesis after pollination and fertilization
was undisputed based on the KEGG enrichment analysis
(Fig. 13). After that, its signal was transmitted to down-
stream, result in cell division. Furthermore, some stud-
ies showed that ethylene and abscisic acid also played
a major role in fruit setting, especially reflected in the
maintenance of the ovary state before fertilization [35, 48,
49]. In this research, genes not only related to ethylene
and abscisic acid signal transduction, such as EIN3 and
ABE, but also related to jasmonic acid, salicylic acid and
brassinoids, like JAZ, JAR1_4_6, CYP85A1, WRKY22
all co-expressed during the early fruit development. The
ovary content of ACC, ABA, SA and JA, which were gen-
erally considered as stress-related hormones, showed a
trend of increase from 0 DAA to 2 or 4 DAA and then
decrease after that. Thus, the results indicated that these
stress-related hormones and their related genes prob-
ably participated in maintaining the quiescent status of
ovary prior to fertilization and may be involved in cell-
to-cell recognition signals during double fertilization
[50]. Although we found some transcript associated with
brassinoids, like CYP90, CYP85 and BSK, the content of
brassinoids in ovaries were undetected, which showed
that there could be functional redundancy between
brassinoids and other hormones [60, 89]. To sum up,
plant hormones and their signal transduction processes
constituted a complex regulatory network involved in
early fruit development of G. sinensis.

Conclusions

This study precisely delineated the initiation and subse-
quent development of G. sinensis during its early fruit
development stages. Concurrently, it enhanced our com-
prehension of the alterations in non-structural carbohy-
drates and phytohormone dynamics during this period,
as well as the transcriptional landscape underpinning
these changes. Utilizing this data, we elucidated the intri-
cately programmed complex regulatory network opera-
tive during early fruit development, thereby offering a
valuable resource for functional studies on early fruit
development and molecular breeding aimed at improving
fruit set.

Methods

Collection of experimental materials

Field experiments were conducted at the planting base in
Guiyang, Guizhou Province (26°45° N, 106°56" E) from
March to May 2022. The site experiences an annual aver-
age temperature of 15.7°C and an annual precipitation of
1215.7 mm. Six 12-year-old female plants, characterized
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by consistent growth and stable flowering, were selected
from the plantations to observe their flowering dynam-
ics. Approximately 2000 perfect flowers were labeled at
the bud stage. To ensure successful pollination, each
flower was artificially pollinated on the day it bloomed.
Subsequently, the labeled flowers were categorized into
six stages based on the time elapsed after pollination: 0
days (0d), 2 days (2d), 4 days (4d), 6 days (6d), 8 days (8d),
and 10 days (10d). For each stage, 30 ovaries from the
labeled flowers were randomly selected to measure their
length, width, and thickness. Additionally, 600 labeled
ovaries from each stage were collected, immediately fro-
zen in liquid nitrogen after the corolla was removed using
tweezers, and then stored at -80 °C for transcriptome
sequencing and endogenous hormone content analysis
and physiological indicators measurement.

Scanning electron microscopy of the stigma

To examine the morphological changes in stigma mas-
toid cells using scanning electron microscopy (SEM),
ovaries labeled at six different time points were fixed
in glutaraldehyde for 24 h. Subsequently, the fixed and
dissected samples underwent a dehydration process
through a graded ethanol series, followed by an acetone
series: 30%, 50%, 70%, 80%, 90%, and 100% ethanol for
15 min each, then ethanol/acetone (1:1, v/v) for 30 min,
and finally 100% acetone for 30 min. The samples were
then subjected to critical-point drying using liquid CO2
(Emitech K850, UK). Afterward, all samples were sputter-
coated with gold and examined using a scanning electron
microscope running at an accelerating voltage of 3 kV
(Hitachi, Japan).

Observation of pollen tube dynamics

To investigate pollen tube dynamics during early fruit
development, ovaries at six developmental stages were
labeled and fixed by immersion in a fixative solution
composed of 70% ethanol, formaldehyde, and acetic acid
in a ratio of 90:5:5 for 24 h. Following fixation, the ovaries
were rinsed three times with distilled water and subse-
quently incubated in a 2 mol/L sodium hydroxide solu-
tion at 60 °C for 6 h to facilitate softening. The softened
ovaries were then stained with a 0.1% Aniline blue solu-
tion. Post-staining, the ovaries were prepared for micro-
scopic examination using a temporary squash technique
and observed under a fluorescence microscope (Leica
DM3000), where they were also photographed.

Paraffin embedding, sectioning

To elucidate the microscopic characteristics of the ovary
during early fruit development, ovaries at six develop-
mental stages were labeled and fixed by immersion in a
fixative solution composed of 70% ethanol, formaldehyde,
and acetic acid in a ratio of 90:5:5 for 24 h. Subsequently,
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the fixed ovaries underwent a dehydration process using
a graded ethanol series (30%, 50%, 70%, 85%, 95%, and
100%) for 40 min each at room temperature. The tissue
was then infiltrated with xylene through an ethanol-
xylene series (1:1, 0:1, 0:1, and 0:1) at room temperature.
Xylene was gradually substituted with molten paraffin
through a series of xylene: paraffin mixtures (1:1, 0:1, and
0:1) for 3 h each at 60 °C. The paraffin-embedded tissue
was subsequently sectioned into 8-pm thick slices using
a microtome and mounted on polylysine-coated slides.
The sections were dewaxed by immersion in xylene, fol-
lowed by rehydration through a graded ethanol series
(100%, 95%, 85%, 70%, 50%) for Safranin O staining. For
Fast Green staining, the sections were dehydrated using
a graded ethanol series (50%, 70%, 85%, 95%). After the
application of the stain, the slides were permanently
mounted using Neutral Balsam and a cover slip. The pre-
pared slides were then observed and photographed under
a microscope (Leica DM2500).

Physiological analyses

Sucrose, fructose and glucose measurements

Ovarian samples, each weighing 100 mg, were collected
at various time points for the extraction of sucrose, fruc-
tose, and glucose using the Hexokinase method. The
detailed protocol followed is provided by the test kit
(www.geruisi-bio.com G0545W). The absorbance of the
reactants was measured at 340 nm using an ultraviolet-
visible (UV-Vis) spectrophotometer (SPARK).

Soluble sugar

100 mg ovaries at different stages were used to extract
soluble sugar. The detailed procedure was according to
the test kit (www.geruisi-bio.com G0501W).The absorp-
tion values of the reactant were measured under 620 nm
ultraviolet light by Ultraviolet-uv accounting protein
detector (SPARK).

Soluble acid invertase (S-Al) and neutral invertase (NI)
activity

100 mg ovaries at different stages were used to extract
S-Al and NI. The detailed procedure is according to the
test kit (www.geruisi-bio.com GO0517W and GO0516W
). The absorption values of the reactant were measured
under 540 nm ultraviolet light by Ultraviolet-uv account-
ing protein detector (SPARK).

Sucrose synthase EC2.4.1.13 (SS-1) and (SS-I) activity

100 mg ovaries at different stages were used to extract
SS-I and SS-II. The detailed procedure is according to
the test kit (www.geruisi-bio.com G0513W and G0512W
). The absorption values of the reactant were measured
under 480 nm ultraviolet light by Ultraviolet-uv account-
ing protein detector (SPARK).
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Targeted metabolomics of plant hormone

Plant hormone standard solution preparation

An appropriate quantity of 46 standard plant hormones
was precisely weighed and dissolved in methanol, with
the volume adjusted to 1 mL. The solution was vortex-
mixed to obtain a standard stock solution. The concen-
tration details of the stock solution are as follows: The
aforementioned standard stock solution was mixed
according to specified concentrations and subsequently
diluted with 50% methanol-water to prepare working
solutions labeled C1 through C10. These working solu-
tions were then transferred into 1.5 mL Eppendorf tubes.

Sample treatment

A 200 mg sample was precisely weighed, and 1 mL of a
5% ammonia water methanol solution was added. The
mixture was subjected to ultrasound treatment at a low
temperature (5°C, 40 kHz) for 60 min. Subsequently,
the sample was centrifuged at 4°C for 15 min at 14,000
rcf. A 500 uL aliquot of the supernatant was then trans-
ferred to a MAX 96-well plate with 30 um pore size for
enrichment and purification. The collected flow-through
and eluent were transferred to a 2 mL centrifuge tube for
nitrogen evaporation. Once dried, 100uL of a 50% metha-
nol aqueous solution was added, thoroughly mixed via
vortexing, and subjected to ultrasonic extraction at a low
temperature (5°C, 40 kHz) for 5 min. Ultimately, the liq-
uid supernatant was transferred into the sample vial fol-
lowing centrifugation at 4 °C for 15 min at 14,000 relative
centrifugal force (rcf).

LC-MS detection

In this experiment, qualitative and quantitative detection
of the target analyte in the sample was performed using
LC-ESI-MS/MS (UHPLC-Qtrap). The specific param-
eters were as follows: Chromatographic conditions uti-
lized an ExionLC AD system with an Agilent Poroshell
120 EC-C18 column (3.0x100 mm, 1.9 pm). The column
temperature was maintained at 30 °C, and the injection
volume was 10 pL. The mobile phase consisted of two
components: mobile phase A (5 mM ammonium for-
mate with 0.05% formic acid in water) and mobile phase
B (5 mM ammonium formate with 0.05% formic acid in
methanol).

Mass spectrometry conditions were as follows: AB
SCIEX QTRAP 6500+was utilized in both positive and
negative mode detection. The Curtain Gas (CUR) was set
at 35, and the Collision Gas (CAD) was set to medium.
The IonSpray Voltage (IS) was configured to +5500 V
for positive mode and —4500 V for negative mode. The
Temperature (TEM) was maintained at 550 °C, while Ion
Source Gasl (GS1) and Ion Source Gas2 (GS2) were both
set at 50. Ion fragments were automatically identified
and integrated using the default parameters in the AB
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Sciex quantitative software OS, supplemented by manual
inspection. A standard linear regression curve was con-
structed, with the mass peak area of the analyte plotted
on the ordinate and the concentration of the analyte on
the abscissa. Calculation of Sample Concentration: The
mass peak area of the analyte within the sample was
incorporated into the linear regression equation to deter-
mine the concentration.

Transcriptome sequencing

RNA extraction, libraries preparation, and sequencing
Ovarian samples collected at six distinct time points and
stored at -80°C were utilized for RNA extraction and sub-
sequent sequencing, conducted by Majorbio Company
in Shanghai, China (www.majorbio.com). Total RNA
was extracted using the TRIzol reagent kit. The concen-
tration, purity, and integrity of the extracted RNA were
assessed using a Nanodrop2000 spectrophotometer
and agarose gel electrophoresis. Following these assess-
ments, RNA samples were enriched with OligodTs and
randomly fragmented by the addition of fragmentation
buffer. Under the catalytic activity of reverse transcrip-
tase, six-base random hexamers were utilized to synthe-
size single-stranded cDNA using mRNA as a template.
Subsequently, a stable double-stranded structure was
achieved through double-strand synthesis. The resultant
double-stranded ¢DNA wunderwent purification pro-
cesses, including end-repair, A-tailing, and ligation with
sequencing adapters. The final cDNA libraries were gen-
erated through size selection and PCR enrichment reac-
tions. These libraries were then pooled and sequenced
using the NovaSeq 6000 platform (Illumina, San Diego,
CA, USA).

Sequencing data analyses
The sequencing data underwent processing, during
which the sequencing error rate and GC content distri-
bution were assessed following a quality check of the raw
data. Reads containing adaptors, paired reads, and low-
quality reads were excluded. Upon obtaining high-quality
sequencing data, all clean data were reassembled using
Trinity (Version v2.8.5, https://github.com/trinityrnaseq/
trinityrnaseq). The longest transcript post-assembly was
designated as the unigene for reference sequences in sub-
sequent analyses. The unigenes were then used for blast
to compare the unigene sequences with different anno-
tation databases including NR ( Version 2021.10, https:
//www.ncbi.nlm.nih.gov/public/ ), Pfam ( Version 34.0,
http://pfam.xfam.org/ ), SwissProt ( Version 2021.06, http
://www.ftp.uniprot.org/pub/databases/uniprot/current_r
elease/knowledgebase/complete/uniprot_sprot.fasta.gz ),
KEGG (Version 2021.09, http://www.genome.

jp/kegg/ ), and GO ( Version 2021.0918, http://ww
w.geneontology.org/ ). The TPM (Transcripts per Mill
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ion Reads) values were determined using the RSEM for
each replicate of groups (Version 1.3.1, http://deweyla
b.biostat.wisc.edu/rsem/ ). DEGs (defined as log2 fold
change>lor <-1, adjusted P-value<0.05) analysis by
DESeq2 was used in comparison with the expression of
genes between ovaries of any two time points across early
fruit developmental stages [90].

qRT-PCR
To validate the RNA-seq data, the expression levels of
12 differentially expressed genes (DEGs) were assessed
using quantitative reverse transcription PCR (qQRT-PCR).
Reverse transcription was performed with the TURE-
script 1st Strand ¢cDNA Synthesis Kit (Aidlab, Beijing,
China). The primers used for qRT-PCR are detailed in
Table S1. The qRT-PCR reaction mixture comprised 10
uL of 2XxSYBR® Green Supermix, 0.5 ul. of each primer,
1uL of diluted cDNA, and 8uL of double-distilled water.
PCR amplification was carried out under the following
conditions: an initial denaturation at 95 ‘C for 3 min, fol-
lowed by 39 cycles of 95 C for 10 s and 60°C for 30 s. The
relative expression levels of the DEGs were determined
using the 2722€T method.

Statistical analysis

The collected data were analyzed utilizing analysis of
variance (ANOVA), and mean comparisons were con-
ducted using a t-test within the SPSS 17.0 software (SPSS
Inc., Chicago, IL, USA). Statistical significance was deter-
mined at a threshold of P<0.05. Figures were generated
using GraphPad Prism 9.3 (GraphPad Software, LLC)
and RStudio (Version 4.2.3).

Abbreviations

DAA Days after anthesis

SSI Sucrose synthase (resultant direction)

SSlI Sucrose synthase (decomposition direction)

NI Neutral invertase

Al Acid invertase

HPLC-MS/MS  High-performanceliquid chromatographytandem mass

spectrometry
IAA Indole-3-acetic acid

IAAsp Indole-3-acetyl-l-aspartic acid

IAAla Indole-3-acetyl-L-alanine

tZR Trans-zeatin nucleotide

GA Gibberellin

SA Salicylicacid

JA Jasmonicacid

ABA Abscisic acid

ACC 1-aminocyclopropane carboxylic acid

DEGs different expressed genes

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
WGCNA Weighted correlation network analysis
GA20x Gibberellin 2-beta-dioxygenase gene
MAPKKK Mitogen-activated protein cascade kinas ecoding gene
WRKY WRKY transcription factor

CYp Cytochrome P450 gene

Ccs Capsanthin/Capsorubin synthase gene
SAUR Small auxin up RNA

ABF ABRE binding factor
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GA30x Gibberellin 3-beta-dioxygenase gene

ARF Auxin response factor

AUX/IAA Auxin/Indole-3Acetic coding gene

AUX1 Auxin efflux carrier coding gene

GH3 Primary-response genes

JAZ Jasmonate ZIM-domain coding gene

EIN3 Ethylene insensitive 3

ERF Ethylene response factor

PYL Abscisic acid receptor gene

BSK Serine/threonine-protein kinase coding gene
TGA TGA transcription factor

DELLA Gibberellin negative regulatory protein coding gene
ARR Arrestin

AHP Histidine phosphate transporter coding gene
SNRK2 Ser/Thr protein kinase coding gene

RPS Small subunit of ribosomal protein coding gene
RPL Large subunit of ribosomal protein coding gene
DHX36 Helicase gene

LARS Leucoyl-trna synthetase gene

PNPT1 Polyribonucleotide transferase 1 gene
PPP2R5 Protein phosphatase 2 coding gene

UBE2G1 Ubiquitin-binding enzyme E2G1 coding gene
£1.1033 Corbate oxidase

£3.2.1.67 galacturan 1,4-alpha-galacturonidase
E3.1.0.11 Pectinesterase

SUS Sucrose synthase coding gene

scrk Sucrose metabolizing enzymes coding gene
AMY Amylase coding gene

GEB1 Beta-galactosidase gene

WAXY Granulated starch synthetase gene

TPS Trehalose synthase gene
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