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Abstract

Leaf abscission of Cyclocarya paliurus stem segments in vitro is very serious, and more than 90% of the leaves gradu-
ally fall off with prolonged culture time, which hinders breeding. This study investigated the molecular mechanism

of leaf abscission. The emerged leaves of C. paliurus stem segments were cultured for 22 days (T0) in vitro; leaves

at 27 days (T1) and leaves that had fallen after> 32 days (T2) were used as materials for analysis of the physiologi-

cal characteristics and transcriptome data. During the leaf abscission process of C. paliurus, the Indole-3-acetic acid
(IAA) content gradually decreased, whereas the carotenoid, 1-aminocyclopropane-1-carboxylic acid (ACC) and lignin
contents and pectinase and cellulase activities significantly increased; 1807 and 10,908 DEGs were obtained in TO vs
T1and T1 vs T2, respectively. The plant hormone signal transduction pathway, phenylpropanoid biosynthesis pathway
and flavonoid biosynthesis pathway were significantly enriched in the KEGG metabolic pathway analysis. The differen-
tial expression of related genes affected AUX and Ethylene (ETH) biosynthesis and signal transduction, lignin synthesis,
ROS metabolism, leaf color changes. Weighted gene coexpression network analysis (WGCNA) identified 10 hub genes
(U-box protein, ERF5, ERF109, ERF4, SAUR36, CML19, MYC2-like,SPHK1, TOE3, POD55) that interact to activate abscis-
sion signaling, which subsequently influences the genes expression involved in the biosynthesis and signal trans-
duction of auxin and ethylene; this resulted in an imbalance of endogenous hormone levels in the leaves, leading

to the upregulation of pectinase, cellulase, and lignin biosynthesis genes and acceleration of the rupture of the abscis-
sion zone (AZ) cell and vascular cell wall, which ultimately led to leaf abscission. The present study illustrates a regula-
tory mechanism of leaf abscission of C. paliurus stem segments in vitro, which provides potential application value

for guiding the inhibition of leaf abscission in vitro.
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Introduction

Plant organ abscission is a common biological phe-
nomenon of senescence and is a physiological process
in which the leaves, flowers, fruits, seeds, or branches
of plants are separated from their parents. The process
occurs at a specific site, and the site and its neighboring
cells are collectively referred to as the abscission zone
(AZ) [1]. The initiation of organ abscission in plants
such as flowers, fruits, and leaves in nature is triggered
by developmental and environmental factors [2, 3]. Fur-
thermore, organ abscission represents a sophisticated
regulatory mechanism enabling plants to respond effec-
tively to biotic and abiotic stresses, as well as nutrient
and hormone imbalances [4], which is highly impor-
tant for the reproduction and spread of species [5, 6].
The abscission of fruit from crops such as Oryza sativa,
Triticum aestivum, Prunus avium, and Litchi chinen-
sis results in considerable losses in crop productiv-
ity. Consequently, during their domestication process,
our ancestors selected germplasms with reduced fruit
or grain abscission to increase yield and facilitate har-
vesting [7]. Therefore, an in-depth understanding of the
mechanism of organ abscission is important for guiding
practical production activities. However, the molecular
mechanism of leaf, flower, fruit and grain AZ develop-
ment in different plants is regulated by different genes
or regulatory networks. Research has indicated that
the IDA-HAE/HSL2 module, which is responsible for
the transcriptional activation of genes associated with
cell wall degradation and cell wall relaxation, is highly
conserved in the regulation of organ abscission in
angiosperms. Furthermore, in the Gramineae family,
Shattering4 (SH4) [8], qSH1 [9], and Shattering abor-
tion 1 (SHAT1) [10, 11] positively regulate AZ devel-
opment in grains. As a key gene in auxin biosynthesis,
YUCCA overexpression can increase the auxin content,
inhibit the expression of age-related genes, and delay
organ aging and abscission [12]. Conversely, ethylene is
one of the key factors in the regulation of plant organ
abscission as an intermediate in response to the regu-
lation of upstream abscission signals and the transmis-
sion of abscission signals [13]. The abscission signal
can increase pectinase (polygalacturonase (PG) and
pectin methylesterase (PME)) and cellulase (endoglu-
canase (EG) and B-glucosidase (BGL)) activities, which
degrade AZ cell walls and accelerate organ abscission
[14, 15]. Additionally, the upregulation of POD genes
increases the AZ lignin content of Prunus pseudocer-
asus fruits and promotes the formation of a protective
layer during abscission [14]. Nevertheless, there is a
paucity of comprehensive research on organ abscission
during in vitro plant culture, and few in-depth studies
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on organ abscission during plant culture in vitro have
been reported.

C. paliurus is a plant of the Juglandaceae family, the
only species in this genus; it is a rare species unique to
China and an endangered plant under key protection.
The leaves are rich in polysaccharides, flavonoids, ter-
penoids, organic acids, and alkaloids, as well as other
chemical components. The trunk is straight and hard,
and the fruit is similar to a coin. It is a multifunctional
tree species that integrates medicinal, timber, ornamen-
tal and ecological value, with a wide range of uses and
high potential for market development. In recent years,
the C. paliurus industry has gradually developed, with a
positive effect on the alleviation and treatment of type
2 diabetic symptoms [16-18]. However, the existing
wild resources of C. paliurus are scarce, and previous
researchers have conducted propagation and cultivation
technology studies on C. paliurus through sexual and
asexual reproduction to meet the increasing demand for
this species. However, owing to their intrinsic biological
characteristics, including the deep dormancy of seeds,
low inflorescence formation, low rooting rate of cuttings
and human overuse [19, 20], natural populations are
rapidly declining, which severely hinders their develop-
ment and utilization. Consequently, research on efficient
breeding technology for C. paliurus is urgently needed to
solve the above problems.

Our research group reported that the phenomenon
of leaf abscission was extremely serious in the process
of optimizing the tissue culture of C. paliurus stem seg-
ments and that more than 90% of the leaves gradually
fell off with prolonged culture time. The germinated
and well-grown stem segments were transferred to fresh
medium in advance, and the stem segments from differ-
ent provenances and from different seasons were used
as explants. After the inorganic salt composition of the
medium or the type and concentration of plant growth
regulators were adjusted, the leaf abscission rates did not
significantly decrease, and the lateral buds of the second-
ary branches grew slowly and exhibited weak growth
potential after the leaves fell off [21]. This technical obsta-
cle has significantly impeded the rapid propagation of C.
paliurus. Reducing the rate of leaf abscission, promoting
the growth of lateral shoots, and increasing the prolif-
eration rate of lateral shoots represent significant chal-
lenges. Previous research has demonstrated that the stem
segments of C. paliurus are subjected to some stresses
in vitro, resulting in the vigorous metabolism of AZ cells
in leaves; excessive production of reactive oxygen spe-
cies; stimulation of the activities of antistress enzymes,
pectinases, and cellulases; and accelerated rupture of the
AZ cells and the vascular cell wall [22]. Concurrently, the
imbalance of endogenous hormones in the leaves, with a
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reduction in IAA levels and an increase in ACC content,
was reported to promote the abscission of C. paliurus
leaves [23]. However, the molecular mechanism regulat-
ing leaf abscission in C. paliurus has not been reported.
Therefore, to elucidate the causes of leaf abscission
in C. paliurus stem segments, the emerged leaves of C.
paliurus stem segments were cultured for 22 days (T0)
in vitro; leaves that had germinated for 27 days (T1) and
those that had been exfoliated for>32 days (T2) were
used as materials. The transcriptome data were analyzed
via WGCNA package with physiological and biochemical
indices to screen the hub genes that regulate leaf abscis-
sion, with the aim of revealing the leaf abscission mecha-
nism of C. paliurus stem segments. This study provides a
theoretical and technical reference for solving the prob-
lem of leaf abscission in C. paliurus and has great signifi-
cance for guiding the breeding of C. paliurus in vitro.

Materials and methods

Plant materials

The six-year-old tender stem segments of C. paliurus,
collected in May 2023 from the nursery of the Guizhou
Institute of Biology, were observed to be in good condi-
tion and free from pests and diseases. Each node was
trimmed to a length of approximately 10 cm, with an axil-
lary bud retained. The impurities on the stem segments
were then removed with soft brushes and Tween-20. Sub-
sequently, the samples were rinsed for 30 min under tap
water and transferred to an ultraclean bench. The stem
segments were sterilized in 0.2% HgCl, for 8 min, shaken
continuously to ensure full contact with the steriliza-
tion solution, and washed with sterile water five times.
The extremities of the stem segments in contact with
the sterilization solution were bisected at the superior
end, while the inferior end was incised at a 45° angle. The
stem segments, along with their axillary buds, measuring
approximately 5 cm in length, were then inoculated into a
1/2 MS basic medium. The medium was augmented with
6-BA (0.5 mg/L), IBA (0.1 mg/L), sucrose (30 g/L), agar
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(6 g/L), and PVP (0.25 g/L), and the pH was calibrated
to 5.90+0.1 prior to sterilization (121 °C for 20 min). A
single stem segment was inoculated into each bottle, with
300 segments inoculated in total each time. This process
was repeated three times. The plants were placed in an
incubation chamber at a temperature of 25+2 °C and a
light intensity of 2000-2500 Ix for a period of 16 h per
day, in 8-h cycles. The process of collecting samples is
described below. The fully extended normal-growing
leaves of the stem segments were collected and cultured
for 22 days (TO0) or 27 days (T1) in vitro. Subsequently,
the leaves were detached from the lateral buds of the
stem segments and cultured for a minimum of 32 days
(T2) (Fig. 1). The samples were rapidly frozen in liquid
nitrogen and stored at —80 °C [22]

Transcriptome sequencing and data analysis

The procedures of RNA extraction, detection, library
construction, sequencing and bioinformatics analysis
were conducted at the facilities of Shanghai Meiji Bio-
technology Co., Ltd. (Shanghai, China; www.majorbio.
com). Total RNA was extracted using the MJZol total
RNA extraction kit (Meiji, Shanghai, China), following
the manufacturer’s instructions. The quality of the RNA
was determined via a 5300 Bioanalyzer (Agilent) and
quantified via the ND-2000 (NanoDrop Technologies).
Only high-quality RNA samples (OD260/280=1.8~2.2,
0D260/230>2.0, RQN >6.5, 285:185>1.0,>1 ug) were
used to construct sequencing libraries. The mRNA
was enriched using magnetic beads with oligo (dT), the
mRNA was fragmented, and the resulting fragments were
employed as templates for cDNA synthesis. The sequenc-
ing library was constructed and subsequently sequenced
via the Illumina HiSeq platform, thereby obtaining the
raw transcriptome sequencing data. The raw data were
subjected to filtration using the fastp tool (https://github.
com/OpenGene/fastp). The clear reads obtained from
the samples were then subjected to de novo assembly
using  Trinity  (https://github.com/trinityrnaseq/trini

Fig. 1 The process of leaf abscission during in vitro cultivation and germination of stem segments of C. paliurus


http://www.majorbio.com
http://www.majorbio.com
https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
https://github.com/trinityrnaseq/trinityrnaseq/wiki

Wu et al. BMC Genomics (2025) 26:208

tyrnaseq/wiki). In order to enhance the quality of the
assembly, all assembled sequences were subjected to fil-
tration through the CD-HIT and TransRate software,
and subsequently evaluated with the BUSCO (Bench-
marking Universal Single-Copy Orthologs) tool. All tran-
scripts obtained from the transcriptome sequencing were
compared with those from six major databases (the NR,
Swiss-Prot, Pfam, COG, GO and KEGG databases) via
the use of the Diamond software (https://github.com/
bbuchfink/diamond). The annotation information for
each database was obtained and the annotation status of
each database was determined. The expression levels of
genes and transcripts were quantified using RSEM soft-
ware (http://deweylab.github.io/RSEM/). The DEGs were
identified using the DESeq2 software (http://bioconduct
or.org/packages/stats/bioc/DESeq2/). Genes with a log2
(fold change) value of >1 and a p-value of<0.05 were
defined as differentially expressed.

Construction of a gene coexpression network

Using the WGCNA package (v 1.47) in R software [24],
the physiological indicators during leaf abscission in C.
paliurus in vitro, such as the contents of soluble sugar
(SS), soluble protein (SP), chlorophyll, H,O,, lignin,
indole-3-acetic acid (IAA), cytokinins (CKs), gibberellins
(GAs), abscisic acid (ABA), ethylene, jasmonic acid (JA),
salicylic acid (SA) and strigolactones (SL), and the activi-
ties of pectinase, cellulase, superoxide dismutase (SOD),
catalase (CAT) and peroxidase (POD) [22, 23] and the
genes in each module were screened for phenotypically
related modules. Coexpression network analysis was per-
formed on the screened module genes, and the hub genes
were screened via Cytoscape_3.7.2 [25]. Each node in the
network represents a gene, and edges represent relation-
ships between genes. Graphs and charts were plotted via
the R packages ggplot2 and pheatmap.

Quantitative real-time PCR validation

Total RNA was extracted using a Qiagen kit (Germany).
c¢DNA synthesis was performed using a StarScript Pro
reverse transcription kit (www.gene-star.com), with the
specific steps carried out in accordance with the instruc-
tions provided with the kit. The reaction procedure was
as follows: pre-denaturation at 95 °C for 2 min, denatura-
tion at 95 °C for 15 s for 40 cycles, and annealing/exten-
sion at 60 °C for 30 s. The relative expression of genes was
calculated via the 2722t method. The 18S rRNA gene
was employed as the internal reference gene, and prim-
ers were designed using the Primer 3.0 software (Sup-
plementary file 1). The primer sequence was synthesized
by Sangon Biotech (Shanghai) Co., Ltd. (https://www.
sangon.com/). All reactions were conducted in triplicate,
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with three biological and technical replicates for each
sample.

Results

Transcriptome data and DEG analysis

Transcriptome sequencing was performed via the Illu-
mina HiSeqTM 4000 sequencing platform, and a total
of 71.56 Gb of clean data were obtained from 9 samples.
The amount of clean data for each sample was greater
than 6.57 Gb. The Principal Component Analysis (PCA)
between samples revealed good intragroup clustering and
obvious intergroup differences (Fig. 2a). The GC percent-
ages ranged from 46.34% to 46.81%, and the percentage
of Q30 bases was greater than 93.71% (Supplementary
file 2). The number of unigenes was 74,610, the number
of transcripts was 122,213, the average length of the uni-
genes was 855.85 bp, and the N50 length was 1,539 bp
(Supplementary file 3). Unigenes were annotated to the
NR, Swiss-Prot, Pfam, EggNOG, GO, and KEGG data-
bases, the assembled unigenes were annotated to at least
one of the databases, and the percentage of annotated
genes reached 100%. As illustrated in Supplementary file
4, the unigenes were annotated to 41,824 (56.06%) in NR,
25,371 (34.00%) in Swiss-Prot, 23,367 (31.32%) in Pfam,
30,071 (40.30%) in EggNOG, 30,357 (40.69%) in GO, and
13,255 (13.69%) in KEGG. These findings indicate that
the results are highly reliable.

A total of 11,842 DEGs were obtained, and the cluster-
ing heatmap of the DEGs between the 9 samples revealed
significant differences in different stages (Fig. 2b), with
1,807 DEGs in TO vs. T1 (893 upregulated and 914 down-
regulated) and 10,908 DEGs in T1 vs. T2 (6,079 upregu-
lated and 4,829 downregulated). Notably, the number
of DEGs increased significantly during leaf abscission
(Fig. 2c), and the number of common DEGs was 873
from TO-T2 (Fig. 2d).

Enrichment analysis of DEGs

GO enrichment analysis revealed that the DEGs were
enriched in three categories: biological process (BP), cel-
lular component (CC), and molecular function (MF). A
total of 246 and 603 terms were enriched in TO vs. T1 and
T1 vs. T2, respectively (Supplementary files 5, 6). The top
20 GO terms with the most significant enrichment were
selected for GO enrichment bubble plots (Fig. 3a, b). In
TO vs. T1, response to auxin (GO: 0009733), response
to hormone (GO: 0009725), response to endogenous
stimulus (GO: 0009719) and response to stimulus (GO:
0050896) were enriched. In T1 vs. T2, several terms
related to the cell membrane were enriched, includ-
ing anchoring component of membrane (GO: 0031225),
intrinsic component of membrane (GO: 0031224), and
integral component of membrane (GO: 0016021).
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Fig. 2 RNA-Seq results, (@) PCA among transcriptome sequencing samples, (b) Heatmaps of DEGs between different groups, (c) The total number
of upregulated and downregulated differential genes (d) Venn diagram of the DEGs

KEGG enrichment analysis was performed on the
DEGs, and a total of 84 and 133 metabolic pathways were
enriched in TO vs. T1 and T1 vs. T2, respectively (Supple-
mentary files 7, 8). These genes are significantly enriched
in plant hormone signal transduction, phenylpropanoid
biosynthesis, and flavonoid biosynthesis, suggesting that
they play important roles in regulation of leaf abscission.

Analysis of DEGs involved in plant hormone biosynthesis
and signal transduction pathways

The plant hormone signal transduction pathway was
significantly enriched during leaf abscission. In terms
of auxin synthesis, 1 TAA1 and 6 YUCCA genes were

downregulated in T2. Sixty-one DEGs related to the
auxin signal transduction pathway were screened,
among which 2 AUX1, 1 TIR1, 23 AUX/IAA, 2 ARF, 16
SAUR, and 4 GH3 genes were upregulated in TO and
T1 and significantly downregulated in T2 (Fig. 4a).

In the ethylene biosynthesis and signal transduc-
tion pathway, the expression of 4 ACO, 1 ACS, 1 ETR,
1 EBF1/2, and 3 ERF1/2 genes was upregulated in T2
(Fig. 4b). The IAA content gradually decreased during
the leaf abscission process [23]; in contrast, the ACC
content gradually increased [23]. These DEGs affect leaf
endogenous hormone levels and play important roles in
regulating the leaf abscission process.
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Phenylpropanoid and flavonoid biosynthesis
Phenylpropanoid biosynthesis is the main pathway for
lignin synthesis, and phenylalanine lyase (PAL), per-
oxidase (POD), and 4-carboxymethyl coenzyme A ligase
(4CL) are the key enzymes regulating lignin synthesis.
Chalcone synthase (CHS) is a key enzyme in the regula-
tion of flavonoid biosynthesis. With respect to phenyl-
propanoid biosynthesis, the genes encoding 1 PAL, 2 4CL
and 7 POD were significantly upregulated in T2 (Fig. 5),
and the lignin content in T2 was significantly greater than
that in TO and T1 [22]. In terms of flavonoid biosynthe-
sis, 5 CHSs were significantly upregulated in T2 (Fig. 5),
while the carotenoid content gradually increased with
leaf abscission [22]. This may be related to the gradual
yellowing of leaves during leaf abscission in C. paliurus.

Pectinase and cellulase activities and related genes

During leaf abscission, 2 PMEs were significantly upreg-
ulated in T1, and 7 PGs, 4 EGs and 5 BGLs were sig-
nificantly upregulated in T1 and T2 (Fig. 6), whereas
pectinase and cellulase activities gradually increased and
significantly increased in T1 and T2 [22].

Weighted gene coexpression network analysis (WGCNA)
The initial set of genes (74,610) was subjected to a filtra-
tion process based on the criteria of expression mean<1
and coefficient of variation<0.1, resulting in the selec-
tion of 21,101 genes for subsequent analysis. The weights
were calculated using the pickSoftThreshold function in
R, and the optimal soft threshold =20 was obtained
(Supplementary file 9a). The network connectivity under
different soft thresholds is illustrated in Supplementary
File 9b, which was employed for the construction of the
co-expression network. The DEGs were clustered accord-
ing to their expression levels. Modules with eigenvector
values below 0.25 were merged, and modules with cor-
relations below 0.3 between module members and vector
genes were eliminated. In conclusion, 44 modules were
identified (see Supplementary file 10). The grey module
comprised 328 genes that could not be assigned to any
module. The turquoise module had the greatest number
of genes (11,266), while the cream-coloured module had
the fewest genes (32) (Fig. 7).

Correlation analysis was conducted between mod-
ules and phenotypic traits (Fig. 7). The implementation
of correlation analysis between module eigenvalues and
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trait data demonstrated that nine modules exhibited
a significant correlation with physiological indicators.
Of these, the brown module (867 DEGs) was negatively
correlated with CKs (r=-0.933, p=0.00024), SOD
(r=-0.967, p=0.00002), pectinase (r=-0.983, p=0)
and lignin (r=-0.824, p=0.00631), and the blue mod-
ule (4064 DEGs) was significant correlated with IAA
(r=-0.85, p=0.0037), CKs (r=0.833, p=0.0053), SOD
(r=0.867, p=0.00247), pectinase (r=0.883, p=0.00161)
and lignin (r=0.857, p=0.00316), and the yellow mod-
ule (858 DEGs) was positively correlated with Chloro-
phy (r=0.833, p=0.0053), and the pink module (171
DEGs) was negatively correlated with POD(r=-0.867,
p=0.00247), and the darkgrey module (62 DEGs) was
positively correlated with SA (r=0.817, p=0.00718) and
CAT (r=0.833, p=0.0053), and the darkorange module
(62 DEGs) was positively correlated with SS (r=0.828,
p=0.00585) and Chlorophy (r=0.883, p=0.00161), and
the red module (274 DEGs) was negatively correlated
with JA (r=-0.9, p=0.00094), and the grey60 module
(76 DEGs) was positively correlated with SOD (r=0.833,

p=0.0053) and pectinase (r=0.817, p=0.00718), and
the green module (649 DEGs) was positively correlated
with JA (r=0.867, p=0.00247). Combining the DGEs of
the modules and the number of physiological indicators
associated with the modules, the brown and blue mod-
ules were selected for further analysis.

GO and KEGG enrichment analyses of module genes

To explore the gene functions in specific modules, GO
and KEGG enrichment analyses were performed on the
genes of the brown and blue modules (Fig. 8a-d). The top
20 terms with the highest enrichment are shown in the
bar charts of the GO classification statistics. The brown
module included 5 terms for biological processes and 15
terms for molecular functions; the blue module included
7 terms for biological processes, 2 terms for cellular com-
ponents and 11 terms for molecular functions.

In the KEGG enrichment analysis, plant-pathogen
interactions were the most significantly enriched pathway
in the brown module, and the MAPK signaling pathway-
plant pathway was significantly enriched in the brown
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Fig. 5 Heatmap of DEGs related to phenylpropanoid and flavonoid biosynthesis

and blue modules. In addition, the phenylpropanoid bio-
synthesis pathway and the phytohormone signaling path-
way were significantly enriched in the blue module.

Construction of the gene coexpression network

Thirty genes with high connectivity and variable weight
values in the brown and blue modules were used as cen-
tral genes, and the central genes and their related genes
were visualized via Cytoscape software (Fig. 9). A total
of 10 hub genes were identified, among which were 7
hub genes in the brown module: TRINITY_DN5591_
c0_gl (U-box protein), TRINITY_DN4918_c0_gl (ERF
5), TRINITY_DN20400_c0O_gl (ERF 109), TRINITY_
DN5350_c0_g2 (ERF 4), TRINITY_DN9681 _c0_gl
(SAUR36), TRINITY_DN5625_c0_gl (CML19), TRIN-
ITY_DN698_c0_gl (MYC2-like), and 3 hub genes in
the blue module: TRINITY_DN21724_c0_g2 (SPHK1),
TRINITY_DN31560_c0_gl (TOE3) and TRINITY_
DN12399_c0_gl (POD 55). These genes play important
roles in regulating leaf abscission in C. paliurus.

Quantitative real-time PCR validation

To verify the reliability of the RNA sequencing results,
8 DEGs were selected and amplified via qRT-PCR, and
their relative expression was calculated. These results
were consistent with the gene expression trend in the
transcriptome sequencing results (Fig. 10), indicating
that the sequencing results were reliable.

Discussion

DEGs related to plant hormones biosynthesis and signal
transduction pathways on leaf abscission in C. paliurus
Plant hormones are effectors of organ abscission, and
their complex signals of synthesis, metabolism and trans-
port directly or indirectly affect AZ development and
plant organ abscission. Among these factors, the bal-
ance of ethylene and auxin levels is decisive for plant
organ abscission [26, 27]. The indole-3-pyruvate (IPA)
pathway is the main auxin biosynthesis pathway in the
plant kingdom. The IPA pathway consists of two steps:
Trp is converted to IPA by tryptophan aminotransferase/
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tryptophan aminotransferase-associated proteins (TAA1/
TARs), and IPA is then converted to IAA via YUCCAs
[28, 29]. The downregulated expression of TAA1l and
YUCCA reduced the IAA content in T2. This finding is
consistent with previous studies on premature abscission
of Lycopersicon esculentum pedicels, whereas YUCCA
overexpression increases the auxin content, which binds
to the receptor TIR1 and promotes hydrolysis of the
AUX/IAA ubiquitination pathway and dissociation of
AUX/IAA-AREF, thus activating ARF, which inhibits the
expression of senescence-associated genes and delays
organ senescence and abscission [12]. We found that the
expression of most of the AUX1, AUX/IAA, and SAUR
genes was downregulated in T2; similarly, the expression
of the AUX1 and TIR1 proteins was downregulated in P
avium stalk abscission, the expression of auxin synthesis
precursors and auxin transport carriers was reduced [14],
and the suppression of SIPIN1 expression reduced the
auxin content of the AZ in tomato [30], leading to the sig-
nificant upregulation of ethylene and abscisic acid-related
genes, which disrupted the hormonal imbalance and
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stimulated the abscission process [31]. In addition, SAUR
acts as an early auxin responsive gene involved in vari-
ous developmental and physiological processes, such as
leaf senescence, fruitlet abscission and hypocotyl devel-
opment [32]. SAUR was downregulated in T2, whereas
PavSAUR13/16/55/61 are differentially expressed during
P avium fruit abscission and are used as candidate genes
for physiological fruit drop in P avium [33]. These results
suggest that the downregulation of auxin biosynthesis
and signal transduction genes activates the expression
of organ abscission signals and promotes the process of
organ abscission.

However, IAA depletion activates ETH production in AZ
cells [26]. In ethylene biosynthesis, s-adenosylmethionine
(SAM) and 1-aminocyclopropane-1-carboxylic acid (ACC)
are used as intermediates to synthesize ethylene through
three steps, and ACS and ACO are essential for synthesis
[34]. During leaf abscission in C. paliurus, ACS and ACO
were inhibited in TO and T1 but upregulated in T2. Simi-
larly, these genes were upregulated before fruit abscission
in Pyrus sinkiangensis [35], Delphinium grandiflorum [36),
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Fig. 7 Heatmap of gene coexpression network modules and phenotype correlation

Malus domestica [15] L. chinensis [37], and P avium [14],
thereby increasing ethylene biosynthesis. We found that
3 ERFs were significantly upregulated in T2, AcERF116
played a key role in ethylene crosstalk in Acacia catechu
fruitlet abscission, and overexpression of the gene accel-
erated cell separation in the AZ and promoted pedicel

abscission in transgenic tomato lines [38]. In addition,
SIERF52 is a positive regulator of tomato pedicel abscis-
sion, and its silencing delays pedicel abscission because
its expression further induces SITIP1;1 expression, which
mediates abscission by gating cytoplasmic H,0O, con-
centrations and osmotic water permeability [26], and can
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Fig. 8 Enrichment analyses of genes in brown and blue modules, (@) GO enrichment in the brown module, (b) KEGG enrichment in the brown
module, (c) GO enrichment in the blue module, (d) KEGG enrichment in the blue module

activate cell wall-degrading enzymes, which trigger abscis-
sion [39]. In contrast, we identified 3 hub genes (ERF4,
ERF5, and ERF109) in the brown module that were sig-
nificantly downregulated in T2, and Gao et al. [2] reported
that reduced expression of REERF1 or RhERF4 accelerated
petal abscission in Rosa hybrida, which regulated petal
abscission by affecting the expression of pectin-metaboliz-
ing enzyme-encoding genes [2]. These results suggest that
ethylene accumulation and related gene expression play
decisive roles in the process of leaf abscission in C. paliurus
(Fig. 11).

DEGs related to phenylpropanoid and flavonoid
biosynthesis on leaf abscission in C. paliurus

Lignin is the second most abundant component of
plant cell walls, which not only improves plant cell wall
strength and stem bending resistance but is also associ-
ated with the formation of a protective layer in AZ cells
during the process of abscission [40, 41]. Lignin is a
complex phenolic polymer, and its monomers are syn-
thesized via the shikimate pathway, the phenylpropane
pathway, and the lignin-specific pathway [42]. PAL and
4CL are key enzymes in the phenylpropane metabolic
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Fig. 10 Comparison of the RNA-Seq and gRT-PCR expression levels. Different letters indicate significant differences (p <0.05)

pathway. PAL converts phenylalanine to cinnamic acid, T2 than in TO and that the PAL and 4CL genes were sig-
whereas 4CL catalyzes the conversion of 4-coumaric nificantly upregulated in T2. Similarly, PAL overexpres-
acid, ferulic acid, and other acids to generate correspond-  sion increased lignin content in Arabidopsis [46] and
ing CoA thioesters, providing a substrate for lignin syn-  promoted P. avium fruit abscission [47]. The upregulated
thesis [43]. PAL inhibition decreases the lignin content, expression of the 4CL gene promoted lignin biosynthesis
which affects plant growth and development [44, 45]. We  in Boehmeria nivea [48)] and Ginkgo biloba [43]. In addi-
found that the lignin content was significantly greater in  tion, POD can catalyze the production of lignin from
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Fig. 11 Modeling of key genes regulating leaf abscission. The stem segments of C. paliurus are subjected to some stresses in vitro, resulting

in excessive production of reactive oxygen species; stimulation of the activities of antistress enzymes, pectinases, and cellulases; and accelerated
rupture of the AZ cells and the vascular cell wall. Concurrently, the imbalance of endogenous hormones in the leaves, with a reduction in IAA levels
and an increase in ACC content [23], was promote the abscission of C. paliurus leaves. However the brown/blue module hub genes were positively/
negatively correlated with IAA, SOD, pectinase and lignin, which played an important role in regulating leaf abscission of C. paliurus

alcohols [46, 49]. In a previous study, POD activity was
significantly increased in T2 [22], and 9 POD genes were
significantly upregulated in T2, which may be related to
the removal of excessive H,O, and lignin synthesis dur-
ing leaf abscission in C. paliurus. These results suggest
that the upregulation of lignin synthesis-related genes
leads to lignin accumulation, which plays an important
role in promoting leaf abscission and the formation of the
protective layer in C. paliurus.

Flavonoids promote the expression of enzymatic anti-
oxidants such as catalase, superoxide dismutase, and glu-
tathione peroxidase in cells [50], which can eliminate and
mitigate damage caused by abiotic stresses [51]. Flavo-
noid synthesis is regulated by a complex network; CHS is
the first key enzyme that catalyzes flavonoid biosynthesis,
and its overexpression increases anthocyanin biosynthe-
sis, which in turn increases plant adaptation to adversity,
maintains the highest photosynthetic capacity and causes
the least damage [52]. Our study revealed that CHS genes
were significantly upregulated in T2, possibly because
H,0O, accumulation during leaf abscission activated fla-
vonoid biosynthesis, which stimulated the expression
of enzymatic antioxidants to scavenge excess ROS. In
addition, CHS plays an important role in regulating fla-
vonoid content and leaf color changes in plants [53], and
its differential expression affects color changes in Hosta

plantaginea flowers [54], soybean seed coats [55] and
Alternanthera bettzickiana leaves [56]. Previous stud-
ies revealed that the color of leaves gradually changed
from green to yellow during leaf abscission in C. paliurus
[22], and the CHS gene was significantly upregulated in
T2, which was consistent with the results of upregulated
expression of the CHS gene, causing the leaves of Gledit-
sia sinensis to turn yellow [57].

DEGs related to cell wall modifying enzymes on leaf
abscission in C. paliurus

AZ cells are closely connected to each other through
growth and differentiation, and their middle layer is rich
in pectin, while plant organ abscission is accompanied by
cell wall remodeling. AZ cell walls are degraded under
the catalysis of pectinases, cellulases and peroxidases
[6, 31]. PME and PG are involved in pectin hydrolysis
[58, 59]. Cellulase is a complex mixture of extracellular
enzymes consisting of three main enzymes that syner-
gistically degrade cellulose: endoglucanase (EG), exoglu-
canase (or cellobiose hydrolase, CBH), and B-glucosidase
(BGL) [60]. PG generates oligogalacturonides and galac-
turonides by hydrolyzing p—1,4 glycosidic bonds in
cell wall polygalacturonides, which are key substances
involved in the loss of adhesion between AZ cells [15].
f—1,4-glucanase is associated with abscission [61], which



Wu et al. BMC Genomics (2025) 26:208

is involved in the degradation of the AZ cell wall and
middle layer [62]. During leaf abscission in C. paliurus,
pectinase and cellulase activities gradually increased, and
the PG, EG, and BGL genes were highly expressed in T2.
Similarly, the PG and PME genes are significantly upreg-
ulated during fruit abscission in P avium and L. esculen-
tum [14, 63], whereas the HD-Zip transcription factor
LcHB2 regulates litchi fruit abscission by activating two
cellulase genes [64]. Therefore, the AZ cells of C. paliu-
rus leaves received abscission signals and activated the
expression of the PG, EG and BGL genes, which affected
their enzymatic activities and promoted the degradation
of the AZ cell wall, leading to leaf abscission (Fig. 11).

Effects of the hub genes on leaf abscission in C. paliurus

Among the hub genes in the brown module, the U-box
domain protein, as an E3 ubiquitin ligase, is involved in
abiotic stress responses such as salt, drought, and low-
temperature stress [65, 66], and its significantly downreg-
ulated expression in T2 may play an important role in the
response to stresses during leaf abscission. The ERF sub-
family has specific functions in regulating AZ develop-
ment [26], and many ERF subfamily transcription factors
are involved in the regulation of leaf abscission in Mani-
hot esculenta [67]. The Arabidopsis genome contains 8
ERF repressors, namely, AtERF3, AtERF4, AtERF7 and
AtERFI12, which have differential expression, suggesting
that they may have different functions; AtERF4 has been
shown to be a negative regulator capable of modulating
ethylene and abscisic acid responses [68]. As hub genes
regulating leaf abscission, ERF4, ERF5 and ERF109 are
highly expressed in the early stage of leaf abscission and
expressed at low levels in the late stage, suggesting that
they are negative regulatory factors for leaf abscission.
Mo et al. (2022) reported that ERF5 regulated mulberry
anthocyanin biosynthesis by interacting with the MYBA
and F3H genes [69]. The SAUR gene family is large, and
SAUR36 plays an important role in the regulation of
hypocotyl development [70], adventitious root growth
[71], and cellular senescence [72]. SAUR36 knockdown
in Arabidopsis delayed leaf senescence and was a posi-
tive regulator of leaf senescence, mediating the induction
of auxin for the process of leaf senescence [73], whereas
SAUR36 was downregulated during leaf abscission in
C. paliurus, which may be related to the complexity of
SAUR36 regulation of plant growth and development in
different plants. In addition, CMI1 is a Ca®>*-dependent
transducer of auxin-regulated gene expression, which
can function in a cell-specific fashion at steady state as
well as at elevated cellular Ca** levels to regulate auxin
responses, and CMI1 is regulated by TIR1/AFB-AUX/
IAAs and can rapidly transduce nontranscriptional
responses after its expression [74]. Its high expression
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in the early stage of leaf abscission may be related to
the inhibition of the early auxin response in C. paliurus.
The MYC2 transcription factor has a wide range of bio-
logical functions during plant growth, and promoting
the expression of MYC2 enhances leaf senescence [75].
In addition, MYC2 is a major regulator of JA-dependent
responses [76], which can induce the upregulation of fla-
vonoid and terpenoid biosynthesis genes through JA [77],
and its low expression in the leaf abscission of C. paliurus
plays an important role in leaf color change, leaf develop-
ment, and leaf abscission.

Among the hub genes of the blue module, sphingo-
sine (Sph) normally inhibits proliferation and promotes
apoptosis, whereas the further metabolite sphingosine-
1-phosphate (S1P) stimulates growth and inhibits apop-
tosis; their relative levels are important for the regulation
of cell proliferation, survival, and cell death, and sphin-
gosine kinase (SPHK1) phosphorylates Sph to form S1P
[78]. In Arabidopsis, SPHK1 modulates FB1-triggered
cell death via the SA pathway, ROS accumulation and
JA pathway interactions [79]. These findings suggest that
SPHK1 may promote AZ cell apoptosis and leaf abscis-
sion in C. paliurus through the regulation of phyto-
hormones and ROS. The AP2-like ethylene-responsive
transcription factor TOE3 (TOE3) has been shown to
play an important role in plant responses to multiple
abiotic stresses [80—82]. POD is one of the respiratory
terminal oxidases involved in plant respiration; it partici-
pates in the auxin oxidation process, passivates IAA and
decreases IAA levels in AZ cells, and can act not only
as an antioxidant to convert H,0O, to H,O but also as a
key synthase for lignin biosynthesis [83]. We found that
POD55 was significantly upregulated during leaf abscis-
sion in C. paliurus, suggesting that it plays an important
role in regulating ROS metabolism, auxin oxidation,
lignin synthesis and protective layer formation (Fig. 11).

Modeling of key genes regulating leaf abscission

In contrast to our previous research [22, 23], we
employed a more integrated bioinformatics analysis
pipeline. In addition to the standard identification of dif-
ferentially expressed genes, we constructed a gene co—
expression network using WGCNA. This allowed us to
explore the complex relationships among genes and iden-
tify gene modules with coordinated functions related to
leaf abscission. A comprehensive correlation analysis of
the hub genes and physiological and biochemical indi-
ces revealed that the stem segments of C. paliurus were
subjected to some stress in vitro, which led to excessive
ROS production and stimulated anti-reverse enzyme
reactions (Supplementary file 11). In this process, 3
hub genes (SPHK1, TOE3, POD 55) in the blue module
played important roles in regulating ROS metabolism,
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cell wall-modifying enzyme activity, lignin synthesis
and protective layer formation. The 7 hub genes (U-box
protein, ERF 5, ERF 109, ERF 4, SAUR36, CML19, and
MYC2-like) in the brown module negatively regulated
leaf abscission change by affecting AUX and ETH gene
expression. In addition, the DEGs in yelliw and dar-
korange modules were involved in color change of C.
paliurus during leaves abscission.

Conclusion

A comprehensive correlation analysis of the hub genes
and physiological and biochemical indices revealed that
the stem segments of C. paliurus were subjected to some
stress in vitro, which led to excessive ROS production
and stimulated anti-reverse enzyme reactions. In this
process, 3 hub genes (SPHK1, TOE3, POD 55) in the blue
module and 7 hub genes (U-box protein, ERF 5, ERF 109,
ERF 4, SAUR36, CML19, and MYC2-like) in the brown
module were positively/negatively correlated with IAA,
SOD, pectinase and lignin, which played an important
role in regulating leaf abscission of C. paliurus. The pro-
posed model offers insights into the regulatory mecha-
nisms of leaf abscission in C. paliurus stem segments
in vitro. By targeting the key genes and pathways identi-
fied in the model, it may be possible to develop strategies
to reduce leaf abscission, thereby improving the propaga-
tion efficiency of C. paliurus. Further studies are needed
to validate and apply these findings in practical tissue cul-
ture propagation systems.
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