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Abstract
Pinellia ternata, an environmentally sensitive medicinal plant, undergoes leaf senescence twice a year,
affecting its development and yield. However, the underlying mechanism of this phenomenon is still
largely unexplored. In this study, a typical senescent population model was constructed, and an
integrated analysis of transcriptomic and metabolomic pro�les of P. ternatawas conducted using
obviously different leaf senescence phenotypes in this model. The result showed that two key modules
associated with leaf senescence based on weighted correlation network analysis (WGCNA) were key
components for leaf senescence. Further analysis revealed that genes in these two modules were mainly
enriched in sugar and hormone signaling pathways, respectively. A network of unigenes and
metabolisms related to the obtained two pathways revealed that D-arabitol and 2MeScZR played key
roles in leaf senescence. Additionally, a total of 130 hub genes were discovered in this network, and they
were categorized into three classes based on connectivity. A total of 34 hub genes and 13 metabolites
were further analyzed through a pathway map, the potential crosstalk between sugar and hormone
metabolisms might be an underlying reason of leaf senescence inP. ternata. These �ndings address the
knowledge gap regarding leaf senescence in P. ternata, providing candidate germplasms for molecular
breeding and laying theoretical basis for the realization of �nely regulated cultivation in future.

Key Message
The interaction network and pathway map uncover the potential crosstalk between sugar and hormone
metabolisms as a possible reason for leaf senescence in P. ternata.

 

1. Introduction
Leaf senescence is a crucial process in plants growth cycle, which has always received signi�cant
attention because leaves are the main organs responsible for photosynthesis. The occurrence of leaf
senescence leads to a suspension of nutrient accumulation, which signi�cantly impacts crop yield and
quality (Zhao et al., 2022). During this process, a noticeable manifestation is yellowing in leaf, caused by
a series changes such as the destruction of chloroplast (Bhattacharjee, 2005; Domínguez et al., 2021;
Mayta et al., 2019). Exploring the mechanisms underlying leaf senescence is bene�cial to realize the
precise regulation of crops. Numerous studies have demonstrated that leaf senescence is regulated by
various pathways, including the accumulation of reactive oxygen species (ROS) (Zhang et al., 2020;
Zhang et al., 2022), recognition of light signals (Paluch-Lubawa et al., 2021; Tian et al., 2020; Wang et al.,
2022), and biological clock (Zhang et al., 2018). ROS accumulation is involved in cytotoxic processes
that induce programmed cell death (PCD) (Dat et al., 2000; Jajic et al., 2015). Several senescence-
associated genes (SAGs) have been found to affect the scavenging process of antioxidant enzymes. For
example, WRKY75 promotes the transcription of CATLASE2 (CAT2), suppressing the scavenging of H2O2

leads to ROS accumulation (Guo et al., 2017). On the other hand, CLE14 promotes JUB1-mediated ROS
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scavenging to maintain ROS homeostasis (Zhang et al., 2022). In dark conditions, carbon starvation can
induce leaf senescence, but this can be alleviated by overexpressing of miR171b (Wang et al., 2022).
SIJAZ10 and SIJAZ11 regulate the SlJAV1-SlWRKY51 (JW) complexes to suppress JA biosynthesis and
mediate leaf senescence under dark conditions (Tang et al., 2022). PIF4 proteins activate NYE1 during
prolonged dark-induced conditions, affecting chloroplast activity and the lighting pathways (Song et al.,
2014; Woo et al., 2019). On the biological clock, TIMING OF CAB EXPRESSION1 (TOC1) is a circadian
clock oscillator in potatoes (Morris et al., 2019), and older leaves have a shorter circadian clock. The
Evening Complex (EC), a core component of the circadian clock, is involved in JA signaling-induced leaf
senescence (Zhang et al., 2018), representing a crosstalk between hormone and circadian signaling.
Leaf senescence is a complex process involving multiple pathways.

Pinellia ternata (Thunb.) Breit., a perennial herb of the Araceae family, is commonly used in Traditional
Chinese medicine (TCM) due to its various activities, such as anti-vomiting, anti-tumor, and anti-bacterial
effects (Peng et al., 2022). This plant undergoes twice senescence each year, mainly due to stress and
development, respectively. Previous studies have mainly focused on stress-induced leaf senescence,
examining it from physiological, transcriptional and genomic methylation perspectives (Chao et al., 2020;
Xue et al., 2010). Transcriptome analysis reveals the involvement of MYB and bHLH gene families in the
heat stress response of P. ternata (Wang et al, 2023). Exogenous jasmonic acid (JA) and NO have been
shown to enhance the resistance of P. ternata to heat stress (Wang et al., 2010; Xue et al., 2008). These
studies preliminarily elucidated the reason for stress-induced leaf senescence, and put forward
measures to delay leaf senescence. However, despite the extensive research on stress induced leaf
senescence in P. ternata, there is also a need for studies on age-induced leaf senescence of this plant,
which is equally important and deserves further investigation.

This study investigated developmental leaf senescence of P. ternata based on the model of plant
populations with early and late senescence phenotype at the transcriptional and metabolic levels. The
active senescence signaling pathways, hormone and sugar metabolisms were identi�ed in P. ternata.
Several hub genes and compounds associated with the senescence process were discovered. This
research sheds light on the regulatory mechanisms of leaf senescence in P. ternata, and provides
valuable genetic resources for understanding the process of developmental senescence.

2. Materials and methods

2.1 Plant materials
P. ternata is a herbaceous plant that consists of tuber and root system in the underground part and the
above-ground part of petiole, bulbil and leaf (Fig. S1). The senescence in P. ternata showed signi�cant
dumping and yellowing of the above-ground part. Thirty different populations were used to construct a
senescent population model. In this model, four populations of P. ternata with signi�cant differences in
senescence time (45 days) and stably inherited were used in this study. Among them, ES1 and ES2 were
two early leaf senescent populations, LS1 and LS2 were two stay-green populations. Plant materials
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were planted on the 28th of March in Anshan County experimental �eld, tubers were soaked with 0.2%
carbendazim (Guoguang) solution before seeding. Obvious differences in leaf senescence phenotype
occurred on the 145th day after sprouting. Leaves of each population were collected for MDA content
measurement, RNA extraction, ultrastructure observation, metabolites and hormone detection.

2.2 MDA content measurement
Firstly, 0.5 g the collected leaves were grinded with 5 mL 10% trichloroacetic acid (TCA) in a mortar, then
the homogenates were centrifuged at 3000 r·min− 1 for 10 min. The supernatant was prepared for MDA
measurement. Take 2.0 mL of the supernatant obtained to a stoppered test tube (three replicates), add
2.0 mL of 0.5% thiobarbituric acid (TBA) solution. When thoroughly mixed, leave it in a boiling water bath
for 20 min, then cooled to room temperature and centrifuged at 3000 r/min for 10 min. The OD values of
the supernatant were measured at wavelengths of 532 nm, 600 nm, and 450 nm, respectively. For the
control tube, supernatant obtained was replaced with 2 mL of ddH2O. MDA content was calculated by
the following formula: MDA (µmol/g·FW) = 6.45×(OD532-OD600) − 0.56×OD450.

2.3 RNA extraction and RT-qPCR analysis
The RNA easy fast plant tissue kit (TIANGEN BIOTECH (BEIJING) CO., LTD., DP452) was used to extract
total RNA from the collected leaves. Subsequently, the quality and purity of the extracted RNA were
assessed through 1% agarose gel electrophoresis and NanoDropTM 2000 spectrophotometer (Thermo
Fisher, USA). The relative expression levels of PtSAG39 were analyzed using RT-qPCR (Thermo Fisher
7500). PtGAPDH was chosen as the internal reference gene, and three biological replicates were
conducted with three technical replicates on each sample. The 2-ΔΔCt method was used to calculate the
relative expression levels (Livak and Schmittgen, 2001). Primers used in this part can be found in Table
S1.

2.4 Ultrastructure of the collected leaves
Leaf samples were carefully cut off from petiole with a scalpel, and then promptly immersed in a 2.5%
(V/V) glutaraldehyde solution. Next, the collected leaves were cut into 5 mm×5 mm small pieces and
placed into 2 mL centrifuge tubes. After �xing for over 2 hours, the leaf segments were rinsed with PBS
three to four times. The samples underwent dehydration using graded ethanol solutions and were
subsequently embedded in Epon812 epoxy resin (SPI Company, Batch No. 90529-77-4). The obtained
blocks were sectioned into ultra-thin slices by UC7 technology (Leica, Germany). The grids were then
stained with uranyl acetate and lead citrate before being examined using a HT7800 transmission
electron microscope (Hitachi, Japan).

2.5 Transcriptome data collection and weighted correlation
network analysis (WGCNA)
A total amount of 1 µg RNA per sample was used as input material for the RNA sample preparation.
Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB,
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USA) following manufacturer’s recommendations. After detection and quanti�cation, high-throughput
sequencing was performed on the Illumina HiSeq 2000 platform (NEB, San Diego, CA, USA). The heat-
map diagram was sorted by the FPKM value of unigenes and all annotated expression unigenes
detected were clustered using TBtools v1.123. Fastp v0.19.3 was used to �lter the original data, mainly
to remove reads with adapters based on the following strategies, (i) when the N content in any
sequencing reads exceeds 10% of the base number of the reads, remove the paired reads; (ii) when the
number of low-quality (Q < = 20) bases contained in reads exceeds 50% of the bases of the reads, this
paired reads will be removed. Transcriptome assembly was performed using Trinity (v2.11.0). Gene
function was further annotated based on the Kyoto Encyclopedia of Genes and Genomes (KEGG). Gene
expression levels were calculated the FPKM of each gene based on the gene length.

Co-expression network modules were constructed using TBtools v1.123. To perform cluster analysis on
samples and set appropriate thresholds, we employed �ash Clust toolkit (R v4.2.1). ES1, ES2, LS1 and
LS2 were divided into two groups (ES and LS group) for WGCNA analysis. Three replicates within each
group were merged, and then Median Absolute Deviation (MAD) was used for screening. The top 20% of
transcripts from the screening results were selected for further WGCNA analysis. Genes with similar
expression patterns were classi�ed into the same module, pearson correlation was calculated to
determine the relationship between each module and the traits.

2.6 Widely targeted metabolomic analysis
Lyophilized powder of 100 mg leaf tissues was dissolved with 1.2 mL 70% methanol solution, then mixed
well. The extraction was analyzed using an UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS,
Applied Biosystems 4500Q TRAP). The analytical condition was as follows, UPLC: column, Agilent SB-
C18 (1.8 µm, 2.1 mm×100 mm); The mobile phase was consisted of solvent A (pure water with 0.1%
formic acid) and solvent B (acetonitrile with 0.1% formic acid). The �ow velocity was set to 0.35 mL per
minute; the column oven was 40°C; and the injection volume was 4 µL. The e�uent was alternatively
connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS. The ESI source operation parameters
were as follows: source temperature 550°C; ion spray voltage (IS) 5500 V (positive ion mode)/-4500 V
(negative ion mode); ion source gas I (GSI), gas II(GSII), curtain gas (CUR) were set to 50, 60, and 25.0
psi, respectively.

2.7 Hormone detection by LC-MS/MS
Internal standard mixture was added in 50 mg leaf tissues of the grinded powder, and 1mL
methanol/water/formic acid (15:4:1) was used for hormone extraction. The supernatant was continue to
concentrate and redissolve, and then pass through a 0.22 µm �lter membrane, the obtained solution was
used for LC-MS/MS analysis. The data acquisition instrument system consists of ultra performance
liquid chromatography (UPLC) (ExionLC™ AD) and Tandem mass spectrometry (MS/MS) (QTRAP®
6500+). These include a liquid chromatography column: Waters ACQUITY UPLC HSS T3 C18 column (1.8
µm, 100 mm×2.1 mm id); mobile phase: phase A, ultrapure water (with 0.04% acetic acid added); phase
B, acetonitrile (with 0.04% acetic acid added); The mass spectrometry conditions mainly include
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electrospray ionization source (ESI), temperature 550°C, curtain gas (CUR) 35 psi. In Q-Trap 6500+, each
ion pair was scanned and detected according to the optimized declustering potential (DP) and collision
energy (CE). The signi�cance of hormone metabolites was determined by the hypergeometric test P-
value.

2.8 Establishment of gene-metabolite co-expression
networks
Hub gene commonly refers to a gene with a high degree of connectivity within co-expression modules.
This connectivity is measured by module membership (MM), which is the correlation between gene
expression and its corresponding module eigengene (MEs). Gene signi�cance (GS) refers to the
correlation of each gene to the traits. To identify candidate genes for further analysis, we focused on the
module of interest. Gene-metabolites interaction networks were displayed by Cytoscape (v3.9.1).

2.9 Statistical analysis
Statistical analysis was conducted by GraphPad Prism 8.0 software. The data was presented as mean ± 
standard error with three biological replicates. SPSS24.0 (SPSS Inc., USA) was used for one-way ANOVA
analysis.

3. Result

3.1 Signi�cant differences in leaf senescence phenotype
exhibited in ES and LS groups of P. ternata
In this study, two germplasms of P. ternata with extreme leaf senescence phenotypes (senescent and
stay-green) were selected, and the senescent phenotype of each plant was statistically analyzed
(Fig. 1a,b). The leaf phenotypes were classi�ed into four types, namely green, green-yellow, yellow and
brown. The results showed that yellow and brown were the main leaf types in the leaf senescence group,
which accounted for 99% and 97.4% of the total leaf area in ES1 and ES2, respectively. The main leaf
type of the stay-green group was green, which accounted for 99.6% and 99.5% of the total leaf area in
LS1 and LS2, respectively. In summary, signi�cant differences of leaf senescence phenotypes exhibited
between ES and LS groups.

Differences in the ultrastructure of leaves collected were also compared between leaf senescence and
stay-green groups. It was found that chloroplast from leaves of ES1 and ES2 were signi�cantly damaged,
and the extent was much greater than LS1 and LS2. Moreover, some thylakoids appeared blurred in the
chloroplast of ES1 and ES2. The grana thylakoids were observed to be stacked and deformed, and a
signi�cant concentration of osmophilic particles was found in the chloroplast. However, chloroplasts of
LS1 and LS2 were evenly distributed, the grana and matrix lamellae of chloroplast were complete, and
the osmophilic particles had a uniform electron density (Fig. 1c).
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Further, the antioxidant properties of P. ternata with different leaf senescence phenotypes were
compared, and it was found that MDA content in the stay-green group was signi�cantly lower than those
in the leaf senescent group, indicating that the membrane lipid peroxidation degree of plants in the stay-
green group was less (Fig. 1d). Moreover, leaf senescence marker gene SAG39, encoding a cysteine
protease, was also analyzed in ES and LS groups (Fig. 1e). Quantitative RT-PCR analysis showed that
PtSAG39 was highly expressed in leaf senescent group (ES1 and ES2), and the relative expression was
427 times higher than that in stay-green group (LS1 and LS2). Additionally, the content of uridine in LS
group was signi�cantly higher than that in ES group (Fig. 1f).

3.2 Senescence-related modules obtained by weighted co-
expression network analysis
To clarify the reasons for the generation of these two different leaf senescent phenotypes at the
transcriptional level. Transcriptome sequencing was conducted in P. ternata. After �ltration, an average
of 53,950,325 clean reads were identi�ed, and 97.12 Gb clean data were obtained. Each sample had a
Q30 score of at least 93.75% (Table S2), and 233,993 unigenes were detected (Table S3). The identi�ed
transcripts were analyzed by PCA analysis. It showed that samples in ES and LS groups formed separate
clusters, and the correlation of gene expression levels was higher within the three biological replicates of
each group (Fig. S2).

Further, WGCNA was conducted to identify the co-expressed unigenes between stay-green and non-stay-
green traits. To avoid inter-individual variation, we removed 61,363 unigenes speci�c in ES1 and 64,913
unigenes speci�c in ES2, and retained 66,419 genes in common for subsequent analysis (Table S4).
Similarly, after removing unigenes that were only presented in LS1 (45,972 unigenes) and LS2 (51,337
unigenes), we analyzed the remaining 59,100 common unigenes obtained (Table S5). Subsequently, the
de-duplication process was performed on these 66,419 and 59,100 unigenes, and FPKM values of 85,561
unigenes were input into the following noise removal process. Finally, a total of 16,600 unigenes
remaining were input to WGCNA shiny for further analysis. The WGCNA analysis parameters were set as
follows: the WGCNA ‘module cut tree height’ was set as 0.25; ‘min module gene’ was set as 100; soft
power was chosen at 6 (Fig. 2a, Fig. S3a). Here, non-stay green (ES1, ES2) and stay green (LS1, LS2)
were taken as trait data to analyze gene module-traits correlations. We achieved an independence score
of 0.8 and observed higher average connectivity, the individual samples were well clustered under the
soft threshold (Fig. S3). A total of 12 distinct modules marked with different colors were produced
according to the similar co-expressed trends of each unigene. The number of unigenes per module were
ranged from 107 (green-yellow) to 6,496 (turquoise) (Fig. 2b and Table S6). Module-traits relationships
were provided in Fig. 2c, which summarizes the correlation between gene expression and traits in each
module. Negative correlation was indicated by purple and positive correlation was indicated by
progressive yellow. Among the 12 modules obtained, expression trends of unigenes in the same group
(ES or LS) were similar in turquoise and blue modules, and unigenes in these two modules showed
opposite expression patterns in ES and LS groups, respectively (Fig. S4). Combined with leaf senescence



Page 8/23

phenotype differences in ES and LS, these two modules were considered as senescence-related (SR)
modules for further analysis.

3.3 Further analysis of unigenes in SR modules
In the obtained two SR modules, there were 6,496 unigenes in the turquoise module, the expression level
of most unigenes in ES group was higher than those in LS group (Fig. 3a). These unigenes were
signi�cantly enriched in carbon metabolism, galactose metabolism, carbon �xation in photosynthetic
organisms, fructose and mannose metabolism (Fig. 3b). In the blue module, 3984 unigenes exhibited
different transcript abundance between ES and LS were shown in Fig. 3c, expression level of most
unigenes in ES group was higher than those in LS group. These unigenes were signi�cantly enriched in
plant hormone signaling pathways (Fig. 3d).

Notably, photosynthesis related processes were signi�cantly enriched in the two SR modules, which was
consistent with the characteristics of leaf senescence phenotype. In addition, we noticed that many
metabolic pathways were closely related to sugar metabolism in the turquoise module, and genes in the
blue module were signi�cantly enriched in the hormone signaling pathway. It is noteworthy that sugar
metabolism and hormone signaling played key roles in leaf senescence (Woo et al., 2018; Woo et al.,
2019). An in-depth analysis of these two pathways might provide insights into the underlying mechanism
of leaf senescence phenotype.

3.4 Analysis of sugar and hormone content between ES and
LS.
In order to further analyze the key metabolic pathways, widely targeted metabolomic analysis and the
measurement of hormone contents were performed. Principle component analysis (PCA) of the
metabolite pro�les showed that ES and LS were separated by PC1 (40.30%) (Fig. S5). A total of 80
sugars and 72 hormones were successfully identi�ed (Fig. 4a, Table S7). Among them, 48 metabolites
related to sugar metabolism were further analyzed (Fig. 4a, b). There are 29 metabolites showed higher
contents in ES than those in LS group, such as such as D-galacturonic acid (7.03 times), xylitol (2.67
times) and D-arabitol (2.58 times). In addition, according to the result of KEGG enrichment analysis in the
blue module, the contents of hormone were analyzed, and a total of 24 hormones showed signi�cant
differences between ES and LS groups (Fig. 4c). Among them, the contents of almost all hormones were
higher in ES than that in LS group, such as ABA (5.84-fold), MeIAA (4.51-fold) and ACC of ETH (1.60-fold)
in ES group. However, some of CKs (K9G, K and mT9G) had higher contents in LS group compared to ES
group, including the K9G (0.52-fold), K (0.59-fold) and mT9G (0.49-fold) of salicylic acid. Studying the
effects of these metabolites will be bene�cial for further understanding the leaf senescence process of
P. ternata.

3.5 Co-expression network analysis of genes and
metabolites involved in sugar and hormone signaling
pathways
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To sieve the hub genes and metabolites of sugar metabolism and hormone signaling, a co-expression
network was constructed using 451 unigenes, 80 metabolites related to sugar metabolism and 24 plant
hormones (Fig. 5). By setting the condition that the correlation value between genes and metabolite (0.8)
and the P-value (0.05), respectively, the unigenes that were not highly correlated with metabolites were
removed. 187 genes signi�cantly related to these two pathways were identi�ed. Among them, a number
of 130 unigenes were both related to sugar and phytohormone. Additionally, 27 unigenes were only
related to sugar metabolism, and 30 unigenes were only related to hormone signaling (Table S8).
According to the connectivity between unigenes and metabolites, the obtained 130 common unigenes
were further divided into three categories, including  level (connectivity ≥ 10), level (10 > connectivity ≥ 
5), and level (connectivity < 5) (Table S9). According to the connectivity of 33 core metabolites in the
correlation network, the top 8 sugars and hormones with the highest connectivity were selected
respectively for further analysis (Table S10). Of the 130 genes, 117 unigenes were signi�cantly
associated with these hub metabolites (Table S8).

3.6 Potential mechanism underlying leaf senescence
phenotype between ES and LS groups.
The 16 hub metabolites were mapped onto the sugar metabolism and plant hormone signaling pathway
by combining the metabolic components and related unigenes in the KEGG pathway shown in Fig. 6. We
overlapped 117 genes with the unigenes annotated in the regulatory network to obtain 34 genes.
According to the connectivity classi�cation of 34 genes, the genes of , and level were marked with 3, 2
and 1 asterisks respectively.

In sugar metabolism pathway, the contents of sucrose, melibiose, maltose and trehalose were lower in
ES group than those in LS group. The contents of arabitol, xylitol, maltotetraose and
glycerophosphoinositol were higher in ES group than those in LS group. The expression level of genes
encoding key sugar biosynthetic enzymes, including sucrose synthase (SUS), stachyose synthetase
(STS1), and galactinol synthase 1-like (GOLS) in LS group were higher than that in ES group. However, the
expression levels of four UGE genes (Cluster-21316.3, Cluster-21316.5, Cluster-70037, and Cluster-
84086.4) and two RFS genes (Cluster-83480.3, and Cluster-90151.3) were higher in ES group, while those
of one other RFS genes (Cluster-49308.32) were lower in LS group. The direct product of RFS action,
ra�nose, was not detected in the assayed samples (Fig. 6).

In plant hormone signaling pathway, the contents of the seven hormones were higher in ES group than
those in LS group. These metabolites included ABA, ETH (ACC), auxin (IA and IAA-Val-Me), and CKs
(2MeScZR, IPR and K9G). The level of SLs (5-DS) was lower in ES group than that in LS group. Hormone
is an important signal substance for regulating leaf senescence. Genes encoding abscisic acid receptor
PYL (Cluster-77899.0 and Cluster-77899.2), auxin-responsive protein IAA (Cluster-28979.2, Cluster-
50616.2), auxin response factor ARF (Cluster-55946.1, Cluster-58994.0), and transcription factor GLK1
(Cluster-73416.0) were key components in this pathway. The expression of these genes were higher in
LS group, which were negatively correlated with the levels of ABA, auxin and CKs. Additionally, the
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expression levels of genes encoding serine/threonine-protein kinase CTR1 (Cluster-76788.0), three auxin
responsive GH (Cluster-85099.4, Cluster-85099.5, and Cluster-85099.8), �ve auxin-response protein
SAUR (Cluster-12894.3, Cluster-21438.4) in ES group were higher compared to those in LS group, which
were positively correlated with the levels of ETH and auxin.

4. Discussion
Leaf senescence is a form of PCD that involves the degradation of chlorophyll. It is a crucial
developmental process that transfers nutrients from leaves to other organs, promoting plant growth and
crop productivity. P. ternata is a herbaceous plant whose leaves are the main organs that produce
photosynthetic products. The leaf senescence of P. ternata is a complex regulatory process that involves
the coordinated action of multiple pathways. Therefore, it is essential to comprehend how senescence
signals are perceived and processed in P. ternata leaves and to understand the mechanisms of
senescence regulation. This work will aid in the development of re�ned cultivation and management
strategies. In this study, two natural leaf senescence model populations of P. ternata were constructed,
including early leaf senescent populations (ES) and stay-green populations (LS). The integrated analysis
of transcriptome and metabolome analysis revealed that sugar and hormone metabolisms were the
underlying reason for leaf senescent differences between ES and LS groups. Comparatively to LS group,
germplasms in ES group displayed more overt signs of leaf senescence, which was re�ected by the
changes in physiological activities, chloroplast damages, the content of sugar and hormone and the
expression levels of SAGs.

Sugars are a vital messenger in the regulation of plant development. There were few studies on sugar
metabolism in leaf senescence of P. ternata. To understand the roles of sugar in ES and LS groups, we
analyzed gene expression levels and contents of sugar related metabolites in these groups. It showed
that the expression levels of Galactinol synthase 1 (GOLS1), Galactinol synthase 2 (GOLS2) and ra�nose
synthase (RFS) in LS showed higher expression levels compared to those in ES group. This trend was
similar to the changes in leaf senescence in grapes (Ma et al., 2023). Interestingly, Ra�nose family
oligosaccharides (RFOs) are worthwhile for plant growth and development that function as
osmoprotectants. GOLS and RFS are critical enzymes involved in RFO biosynthesis (Jing et al., 2023).
The expression levels of UDP-glucose 4-epimerase-related genes UGE1, UGE5 and RFS6 in leaves of ES
group, displayed higher expression levels compared to those in LS group. In this study, the relative
content of galactinol in ES group was signi�cantly lower than that in LS group. Galactinol and ra�nose
effectively protected salicylate from hydroxyl radical attack in vitro. These �ndings suggest the
possibility that galactinol and ra�nose scavenge hydroxyl radicals as a novel function to protect plant
cells from oxidative damage during leaf senescence in P. ternata (Nishizawa et al., 2008).

Previous research indicated that D-Arabitol is involved in the metabolism of pentose phosphate
degradation and suggested that the photosynthesis of senescent leaves was inhibited.
Glycerophosphoinositol (PIs) is an extra-plastidial lipid that plays a crucial role as a signaling lipid,
transporting materials and maintaining cell plant structure. The increased accumulation of PI lipid
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classes in ES during leaf senescence may indicate the plant's efforts to cope with the stress caused by
this process (Ciubotaru et al., 2023). Carbohydrates, including Xylitol (Maaloul et al., 2021)d
Maltotetraose (Liang et al., 2021), primarily regulate osmotic pressure in plant cells and protect
biological membranes. The present �ndings suggest that carbohydrates could play a signi�cant role in
investigating the leaf senescence of P. ternata.

Phytohormones play a role in leaf senescence in plants. However, the intricate regulatory mechanisms
involved in leaf senescence in P. ternata remain unclear. To comprehend the hormone roles between ES
and LS groups, we analyzed hormone content and the expression levels of related genes.

Abscisic acid (ABA) plays an essential role in leaf senescence. In the current investigation, ES exhibited a
signi�cantly higher level of ABA content than LS. The expression levels of two ABA signaling and
response-related genes PYL3 and PYL9 were lower in ES leaves compared to LS. Ethylene and
strigolactone (SL) promote senescence and abscission of plant leaves. In this study, ETH and SL
contents in ES group showed signi�cantly higher levels compared to LS group. SLs could modulate the
capacity of leaves to capture light energy by altering the components of photosynthetic pigments (Alvi et
al., 2022). Further studies on the role of ETH and SLs in controlling chloroplast degradation during leaf
senescence are needed. Auxin regulates cell enlargement and plant growth, but the role of auxin in leaf
senescence is complex, and the potential mechanism is still much less understood. In this study, ES
showed signi�cantly higher expression levels of IA and IAA-Val-Me contents compared to the LS. This
phenomenon was similar to that observed in senescent leaves of Arabidopsis thaliana, where free IAA
levels were signi�cantly higher than that in non-senescent leaves (Quirino et al., 1999). The expression
levels of auxin signaling and response-related genes IAAs, ARFs in leaves of ES, showed lower
expression levels compared to LS group. In previous studies, IAAs and ARFs were considered as
negative regulators of auxin signaling, with expression levels decreasing with aging (Ellis et al., 2005; van
der Graaff et al., 2006). Meanwhile, the results of the expression of auxin signaling and response-related
genes GH3s, SAURs in leaves of ES showed higher expression levels compared to the LS. This trend is
also consistent with studies in Arabidopsis thaliana, where AtGH3.1, a member of the GH3 family
involved in the early response to auxin, was up-regulated in senescent leaves (Buchanan-Wollaston et al.,
2005). Similarly, AtSAUR36, a member of the SAUR family involved in the early response to auxin,
positively regulates leaf senescence (Bemer et al., 2017; Hou et al., 2013). The traditional concept is that
auxin is a negative regulator of leaf senescence. In recent years, more experimental evidence has shown
that auxin is a positive regulator of leaf senescence (Mei et al., 2019). Interestingly, the auxin levels and
expression levels of related genes in senescent leaves of P. ternata in this study also support the
argument that auxin may be a positive regulator during leaf senescence. CK has an anti-senescence
effect by increasing the antioxidant activity, the content of chlorophyll, and protein in the plant. The
cytokinin signaling and response related genes HK5, CKI1, GLK1, RR1 were lower in ES leaves compared
to LS. This effect proves that the degree of senescence of ES leaves was more severe (Peng et al., 2021).

Many plants rely on intricate crosstalk between nutrients and hormones, an effective way of coupling
nutritional and developmental information and adjusting their growth and senescence (Singh and
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Roychoudhury, 2023). Sugar and hormones are thought to work synergistically to regulate plant growth,
development and environmental responses (Hu et al., 2017). Sugars in their different forms such as
sucrose, glucose, fructose and trehalose-6-P and the hormone family are major regulators of the shoot
and root functioning throughout the plant life cycle (Qian et al., 2020). Their combined effects have
unexpectedly received little attention, resulting in many gaps in current knowledge. In Fig. 5, we tried to
establish the crosstalk of sugar metabolism and hormone signaling pathways, and summarize gene and
metabolite changes. The current theory in plant research could explain the synergistic relationship
between sugar and ABA signaling, that high sugar levels in plants can increase ABA synthesis and
activate the ABA signaling pathway (Arenas-Huertero et al., 2000). The T6P-SnRK1 pathway and sugar-
ABA interaction are thought to be involved in processes such as plant senescence (Liu et al., 2023). ABA
signaling is involved in regulating leaf senescence by T6P and SnRK1 pathways. Several studies have
reported that the sugar signal of T6P directly inhibited SnRK1 activity in vitro both in Arabidopsis and
wheat grains. In our study, the Tre and T6P contents of LS leaves were relatively higher than those of ES,
and the expression levels of genes related to its ABA signaling pathway were also signi�cantly higher
than those of ES. This trend is consistent with wheat grains during senescence and irrigation. Further
study demonstrated that Tre metabolic pathway might be the central regulatory system for sucrose
allocation and sugar–ABA interactions in wheat grains. These �ndings suggest that accelerating the
biosynthesis or signal transduction of senescence-related hormones at grain �lling may be one of the
ways via which TaTPP-7A synchronously enhanced grain �lling and maturation. Based on the above
experimental results, it is suggested that future work should investigate whether the signaling regulation
of leaf senescence in P. ternata is also related to the process of nutrient sucrose storage during the
maturation stage.

In this study, we constructed a population model with different natural senescent processes and
comprehensively analyzed them from physiology, cytology, transcriptome and metabolomics. Based on
this model, we investigated the hub genes and metabolites that are closely related to the natural leaf
senescence process. In the next step, we will focus on the functional validation of key genes related to
sugar and hormone signaling. Additionally, we will also investigate whether exogenous application of key
metabolites could maintain metabolic homeostasis in P. ternata to delay leaf senescence at a certain
time.

5. Conclusion
In summary, this study reveals that the natural leaf senescence process of P. ternata is closely related to
the regulation of sugar and hormone metabolism. Key sugars, hormones and their associated genes that
induce leaf senescence in P. ternata were identi�ed. These results can provide insight into the regulation
mechanism of the natural leaf senescence process, offering important information for the cultivation
and management of P. ternata.
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Figures

Figure 1

Phenotypic, cytological and physiological differences of leaves between ES and LS groups.
(a-b) Leaf senescence phenotype of the P.ternata between ES and LS groups. ES: leaf senescent group;
LS: stay-green group. (c) Differences of chloroplast ultrastructure of ES and LS groups. CH: chloroplasts,
CW; cell wall, V: vacuole, M: mitochondrion, OG: osmiophilic particles, GL: granum lamella, SL: stroma
lamella, S: starch granule. (d) Differences in MDA activities of ES and LS groups. (e) Relative expression
levels of marker gene SAG39 in P. ternata, determined by RT-qPCR. (f) The content of uridine in ES and LS
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groups. In (d) (e) and (f), asterisks indicate signi�cant differences between ES (ES1, ES2) and LS (LS1,
LS2) groups (two-tailed Student’s t test, ** P < 0.01, **** P < 0.0001).

Figure 2

Senescence-related modules in P. ternata were obtained by WGCNA.

(a) Data �ltering process for WGCNA. Firstly, 59,100 co-expression unigenes in ES1 and ES2, and 66,419
co-expression unigenes in LS1 and LS2 were obtained. Further, duplicate unigenes in these two sets
were deleted, the remaining 85,561 unigenes made up the initial set for WGCNA. After noise removal,
16,600 unigenes were �nally input to WGCNA shiny.

(b) Clustering dendrogram of the input unigenes, with dissimilarity based on the topological overlap,
together with assigned module colors.

(c) Module–trait relationships. The leftmost color block represents different modules, and the rightmost
color bar indicates correlation between each module and trait. In the heatmap, yellow represents positive
correlation and purple represents negative correlation. Within each cell, the number above indicates
correlation, and the number below indicates signi�cance.
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Figure 3

Expression pattern and KEGG enrichment analysis of unigenes in the SR modules.

(a) and (c) Heatmap analysis of all identi�ed genes in turquoise and blue modules; Orange represents
higher expression level, and blue indicates lower expression level.

(b) and (d) KEGG analysis and of all identi�ed unigenes in turquoise and blue modules. Circles are
viewed from the outside looking in. Circle 1 is the pathway enrichment classi�cation, with the number of
genes on the outside of the circle on the scale. Circle 2 indicates that the more genes in this category in
the background, the longer the bar chart. Circle 3 shows the total number of genes in the foreground. The
higher the signi�cance, the darker the red color. Circle 4 shows the RichFactor value for each pathway-
enriched category.
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Figure 4

Heat map of overall metabolite percentage, sugar and hormone content.

(a) The number of sugar metabolises and hormones. Two yellow columns indicate the total sugar
metabolises and hormones number, respectively. Two grape columns indicate the number of further
analyses sugar metabolises and hormones, respectively.
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(b) Heat map of metabolites involved in sugar metabolism in ES and LS groups. c: Heat map of
hormones in ES and LS groups.

Figure 5

The network of sugars, hormones and their associated unigenes.

Correlation network were constructed on unigenes speci�cally associated with metabolites. Metabolites
are represented by orange circles. Unigenes involved in sugar metabolism pathway are shown as red
triangle. Unigenes involved in hormone signaling pathway are shown as green triangle. Other unigenes
are shown as yellow triangle, which correlate to both of the above pathways.
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Figure 6

Critical sugar and hormone metabolism mediates leaf senescence.

Metabolites related to sugar and hormone metabolisms were displayed in this �gure. Expression
patterns of genes involved in sugar and hormone signaling pathway was plotted as a heat map. Orange
represented up-regulated in ES group, and blue represented down-regulated in the ES group. Metabolites
that were signi�cantly changed are colored in red and green, red indicates higher content and green
indicates lower in ES. Grey color represents undetected metabolites, black represents detected
metabolites. The solid and dashed arrows between the two metabolites reference the KEGG pathway
map. Asterisks represent the three categories of hub genes determined by connectivity between
unigenes and metabolites before.
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