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Abstract
Elaeagnus mollis Diels, is a rare and endangered woody plant endemic to China, which is listed on the IUCN Red 
List. In the natural state, the viability of its seeds declines very rapidly, which is the key to its endangered status, but 
the mechanism of E. mollis seed viability decline is still unclear. In order to explore the physiological and molecular 
mechanism of viability decline of E. mollis seeds, this study used fresh seeds as a control to compare and analyze 
the changes of seed vitality, antioxidant system, transcription and metabolomics, when seeds were stored for 1 
and 3 months at room temperature. The viability of E. mollis seed decreased continuously after 1 month and 3 
months of storage. The activities of superoxide dismutase (SOD), monodehydroascorbate reductase (MDHAR), 
ascorbate (AsA), and glutathione (GSH) decreased significantly, while catalase (CAT) activity increased gradually 
during the decline of seed viability. Transcriptomic results showed that a total of 801 differentially expressed genes 
(DEGs) were identified between fresh and 1-month-stored seeds, while 1,524 were identified between fresh and 
3-month-stored seeds. Among them, the expression of CAT, MDHAR, GSH and GR were consistent with the results 
of physiological indicators. Moreover, WRKY, C3H, bZIP, B3, bHLH, NAC and AP2 / ERF-ERF transcription factors are 
important in regulating seed viability. Metabolomics results showed that the types of differential accumulated 
metabolites (DAMs) during viability decline were mainly flavonoids, amino acids and derivatives, and phenolic 
acids. The combined analysis results of transcriptomics and metabolomics further showed that DEGs and DAMs 
associated with viability were co-enriched in flavonoid biosynthesis and tryptophan metabolism pathways. Also 
identified were 22 key antioxidant genes, including CAT, ALDH, CHS and C4H, which were identified as participating 
in the changes of seed viability. This also illustrated that the metabolic pathways of flavonoid biosynthesis and 
tryptophan metabolism were involved in regulating the decline of seed viability by acting on the antioxidant 
system. These findings provide new insights into the mechanism of seed viability decline of E. mollis.
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Introduction
Seeds, important carriers of genetic material, are the 
material basis for agricultural production and the devel-
opment of plant species [1]. Seed quality determines to 
a large extent the growth and development of the plant 
and its yield. Seed viability is one of the most impor-
tant indicators of quality, so maintaining and improving 
seed viability is important for seedling propagation and 
conservation of genetic diversity [2]. Effective seed con-
servation is the key to reducing the degradation of seed 
varieties, especially for some rare and endangered spe-
cies, where effective conservation is particularly impor-
tant [3–4]. However, in practical application, the majority 
of seeds are unable to be used immediately after collec-
tion. With the prolongation of the storage time, the seed 
are subjected to a combined effect of internal and exter-
nal factors, which ultimately lead to an irreversible and 
unavoidable decline in viability [5]. Concurrently, in the 
natural state, the decline of seed viability represents a 
significant limiting factor for the regeneration and repro-
duction of plant populations.

The decline in seed viability is accompanied by a series 
of morphological, physiological, biochemical, and genetic 
changes, such as membrane lipid peroxidation [6–7], 
protein denaturation [8–9], gene expression disorder and 
nucleic acid degradation [10–11]. Current national and 
international studies on the decline in seed viability, have 
concentrated on investigating seed preservation from 
physiological and biochemical perspectives. Reactive 
oxygen species (ROS) are oxygen-containing atoms or 
groups of atoms with active chemical properties, includ-
ing substances such as superoxide anion radicals (O2

−), 
hydroxyl radicals (·OH), and hydrogen peroxide (H2O2) 
[12]. Antioxidant enzymes play a pivotal role in the ROS 
scavenging system. Superoxide dismutase (SOD) is an 
enzyme that catalyzes the disproportionation of super-
oxide anion radicals to oxygen (O2) and H2O2. Catalase 
(CAT) and ascorbate peroxidase (APX) are the most cru-
cial H2O2 scavenging enzymes, catalyzing the conversion 
of H2O2 to water (H2O) and O2 [13]. Scholars have found 
that within the seed, ROS at low levels will not cause 
damage to cells [14]. However, with the decline of anti-
oxidant enzyme activity and non-enzymatic substances, 
ROS continue to accumulate, which can damage the cell 
lipids, proteins and DNA and other biological macromol-
ecules, causing oxidative stress, and oxidative damage to 
the cell, resulting in cell death, and ultimately leading to a 
decline in the viability of the seeds [15–16]. It is undeni-
able that the viability of all seeds will eventually be lost, 
even when they are preserved under optimal conditions 
[17]. Although much progress has been made in this 
area of research, effective preservation can only mitigate 
this decline in seed viability to a certain extent, thereby 

extending seed longevity, and cannot completely inhibit 
the decline in viability [18].

The field of transcriptomics is dedicated to the study 
of gene function and structure, which plays a key role 
in the development of living organisms [19]. In Arachis 
hypogaea seeds, 583 differentially expressed genes were 
identified between the treated (high viability and low 
viability) and 860 in the untreated seeds, which mainly 
regulated seed viability through cell wall remodeling, 
transcriptional regulation, and oxidative stress [20]. In 
Chenopodium quinoa seeds, key candidate genes, such as 
CHS, CHI, AACT, ENO1, IDH, NADP-ME and HAO2L, 
play a crucial role in the viability changes during seed 
storage [21]. Metabolites are the basis of organism phe-
notypes, and metabolomics reflects changes closer to 
the seed phenotype than other omics techniques [22]. In 
Arabidopsis thaliana and Triticum aestivum metabolo-
mics studies, primary and secondary metabolites changes 
were found to significantly affect seed viability, and these 
metabolites mainly included quercetin, kaempferol, DL 
methionine and other substances [23–24]. However, the 
gene level and metabolite differences affecting E. mollis 
seed viability are still unknown.

E. mollis is an endemic Chinese woody plant with a 
variety of uses, including medicinal, edible, and ecologi-
cal applications. It is one of the plant species that survived 
the glaciation in the fourth century, and is only found 
in localized areas of Shanxi and Shaanxi, China, with 
a very small distribution range [25–26]. As early as the 
1980s, it was included in the national list of second-class 
rare and endangered protected plants and subsequently 
included in the International Union for Conservation of 
Nature Red List (Version 2018-2,  h t t p  s : /  / w w w  . i  u c n  r e d  l i s 
t  . o  r g / e n) [27]. Previous studies demonstrated that in the 
natural state, the lifespan of E. mollis seeds are generally 
short and they are prone to inactivation when stored in 
vitro, rendering it unable to form a permanent seed bank. 
This constrains population renewal, thereby placing the 
species in a state of endangerment [28–29]. The major-
ity of existing research on E. mollis concentrated on the 
investigation of community characteristics and genetic 
diversity, the development of rapid propagation sys-
tems, the examination of seed germination characteris-
tics, and the purification and analysis of tissue inclusions 
[30–32]. While it is evident that low seed viability is one 
of the main reasons for the endangerment of the germ-
plasm resources of E. mollis, the existing studies have not 
addressed the mechanism of seed viability decline.

In this study, fresh E. mollis seeds were used as a con-
trol to investigate the critical phases (1 month and 3 
months of storage) of viability decline during the room 
temperature storage. We systematically analyzed the 
changes of seed viability, physiological levels, tran-
scriptome, and metabolome. By integrating the data on 
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antioxidant system, DEGs, DAMs, and key metabolic 
pathways in E. mollis seeds at different storage periods, to 
identify the key regulatory genes and core metabolic net-
works associated with viability decline, which will reveal 
elucidate the physiological and molecular mechanisms 
underlying of E. mollis seed viability decline, then provid-
ing a foundation for exploration of seed aging processes.

Materials and methods
Plant materials
The seeds of E. mollis used in this study, which were col-
lected from 6-year-old trees at seed maturity in August 
2023 at No. 1 Base of the National Innovation Alliance 
of E. mollis Industry of Yicheng, Shanxi, China. The indi-
vidual plants were identified by plant taxonomists (Du 
Shuhui) of Shanxi Agricultural University, and the accu-
racy was confirmed. The related specimens are stored in 
the Herbarium, Institute of Botany, CAS ( h t t p  s : /  / w w w  . c  v 
h .  a c .  c n / s  p m  s / d  e t a  i l . p  h p  ? i d = e f 6 4 e e 2 1), and the  d e p o s i t i o 
n number was PE 01015651 (cvh.ac.cn), and it was col-
lected in the Specimen Museum of Shanxi Agricultural 
University. The collected mature seeds were naturally 
air-dried and stored in the laboratory in the natural state. 
Storage temperature 25 ± 5℃, Dry humidity 45% ± 2%. 
The tissue sampled was the seed kernel, The samples were 
fresh seeds (CK), seeds stored for 1 month and 3 months 
at room temperature. After storage, the samples were 
immediately placed in liquid nitrogen (LN) and stored it 
in a -80 ℃ refrigerator before analysis. Each sample had 
three biological replicates, with ten seeds per replicate.

Determination of seed viability
We selected 30 seeds each of control, 1  m stored, 3  m 
stored, 5  m stored and 7  m stored to determine their 
viability. The seeds were soaked in distilled water for 12 h 
before being peeled and divided into two halves along the 
longitudinal section of the embryo. The divided seeds 
were placed in 0.3% (w/v), 25 ml TTC staining solution, 
and stained at 25℃ in the dark for 12 h [33]. The stained 
seeds were taken out and excess water was pipetted off, 
then 5 stained seeds were randomly selected for quan-
titative TTCH analysis. The seeds were placed in a cen-
trifuge tube with 2 mL of anhydrous ethanol and heated 
in a water bath at 80 °C for 1 h. After the samples from 
which the red material was extracted were cooled, the 
absorbance values of the extracts were determined using 
a spectrophotometer at 490 nm. Each sample had three 
biological replicates and the results were averaged.

Determination of seed physiological indicators
O2

− content was determined by the hydroxylamine oxida-
tion method [34]. The seeds (0.05 g) were homogenized 
with 1  ml extraction solution on ice and centrifuged at 
10,000 rpm/min for 20 min at 4℃. Then, the supernatant 

was kept and phosphate buffer solution (PBS, included 
1% polyvinylpyrrolidone, 20 mmol/L ethylenediaminete 
traacetic acid disodium salt and 2 mmol/L hydroxylamine 
hydrochloride, PH = 7.8), hydroxylamine hydrochloride, 
sulfanilic acid and α-naphthylamine were added sequen-
tially to determine the results. Each sample had three 
biological replicates and the results were averaged.

H2O2 and ·OH contents were determined by hydrogen 
peroxide assay kit (Cat no., A064-1-1) and hydroxyl radi-
cal assay kit (Cat no., A018-1-1) from Nanjing Jiancheng 
Biotechnology Institute, China. The specific steps were 
followed by the instructions. Each sample had three bio-
logical replicates and the results were averaged.

SOD and CAT activity were determined by the method 
of Mathew with slight modifications [35]. The seeds 
(0.05 g) were homogenized with 1.2 ml PBS (included 5 
mmol/L sodium dihydrogen phosphate and 115 mmol/L 
disodium hydrogen phosphate, PH = 7.8) on ice and cen-
trifuged at 10,000 rpm/min for 15 min at 4℃. Then, the 
supernatant was taken and SOD and CAT reaction solu-
tion added to determine the results. Each sample had 
three biological replicates and the results were averaged.

The ascorbic acid (AsA) content was determined by 
the method of Kampfenkel with slight modifications [36]. 
The seeds (0.1 g) were homogenized with 2 ml 10% TCA 
on ice and centrifuged at 10,000 rpm/min for 15 min at 
4℃. Then, the supernatant was taken, and sodium dihy-
drogen phosphate solution, distilled water, trichloroace-
tic acid, phosphoric acid solution, 2.2-dipyridyl solution 
and ferric chloride solution were added sequentially to 
determine the results. Each sample had three biological 
replicates and the results were averaged.

The glutathione (GSH) content was determined by 
Griffith’s method [37]. The seeds (0.1  g) were homog-
enized with 1.5  ml 10% TCA on ice and centrifuged at 
10,000 rpm/min for 15 min at 4℃. Then, the supernatant 
was taken, and distilled water, PBS (included 57 mmol/L 
disodium hydrogen phosphate and 7 mmol/L potassium 
dihydrogen phosphate, PH = 7.7) and 2-nitrobenzene sul-
fonic acid solution were added sequentially to determine 
the results. Each sample had three biological replicates 
and the results were averaged.

APX activity was determined by the method of Ren 
[34]. The seeds (0.1  g) were homogenized with 1  ml 
extraction solution on ice and centrifuged at 10,000 rpm/
min for 15 min at 4℃. Then, the supernatant was taken, 
and PBS (included 2 mmol/L ascorbic acid and 5 mmol/L 
ethylenediamine tetraacetic acid, PH = 7.8), AsA solution, 
EDTA-Na2 solution and 30% H2O2 solution were added 
sequentially to determine the results. Each sample had 
three biological replicates and the results were averaged.

Glutathione reductase (GR) activity was determined 
by glutathione reductase assay kit (Cat no., S0055) from 
Beyotime Biotechnology, China. The specific steps were 

https://www.cvh.ac.cn/spms/detail.php?id=ef64ee21
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followed by the instructions. Each sample had three bio-
logical replicates and the results were averaged.

The dehydroascorbate reductase (DHAR) and mono-
dehydroascorbate reductase (MDHAR) activities were 
determined by the method of Arrigoni with slight modi-
fications [38]. The seeds (0.05  g) were homogenized 
with 1  ml extraction solution on ice and centrifuged at 
10,000 rpm/min for 30 min at 4℃. Then, the supernatant 
was taken and sequentiall added DHAR and MDHAR 
reaction solution to determine the results. Each sam-
ple had three biological replicates and the results were 
averaged.

RNA sequencing
Total RNA was extracted using the ethanol precipita-
tion method and CTAB-PBIOZOL. After successful 
extraction, RNA was dissolved by adding 50 µL of DEPC 
treated water. Subsequently, total RNA was identified 
and quantified using a Qubit fluorescence quantifier 
and a Qsep400 high-throughput biofragment analyzer. 
Utilizing the structural characteristics of most mRNA 
in eukaryotes carrying poly A tails, a cDNA library was 
constructed by enriching mRNA with poly A tails using 
Oligo (dT) magnetic beads. The cDNA libraries were 
sequenced on the Illumina sequencing platform by Met-
ware Biotechnology Co., Ltd. (Wuhan, China).

The raw data were filtered using fastp to obtain high-
quality reads after filtering [39]. All subsequent analyses 
were based on clean reads. Transcriptome assembly of 
clean reads was performed using Trinity, and the assem-
bled transcripts were clustered and de-redundant using 
Corset ( h t t p  s : /  / g i t  h u  b . c  o m /  t r i n  i t  y r n  a s e  q / t r  i n  i t y r n a s e q) 
[40]. Transdecoder ( h t t p  s : /  / g i t  h u  b . c  o m /  T r a n  s d  e c o d e r /) 
was used to perform CDS prediction of Trinity-assem-
bled transcripts to obtain the corresponding amino acid 
sequences. The expression level of transcripts was calcu-
lated using RSEM software, and then the FPKM of each 
transcript was calculated to estimate the gene expression 
level based on the transcript length [41]. In order to iden-
tify genes related to seed viability of E. mollis, differential 
expression analysis of different subgroups of samples was 
performed using DESeq2 [42–43]. The differential gene 
screening criteria were as follows: log2Fold Change ≥ 1 
and FDR < 0.05. Furthermore, the differential genes 
underwent functional annotation and enrichment analy-
sis [44]. Transcription factor prediction was performed 
using iTAK.

Metabolic analysis
Using vacuum freeze-drying technology, place the bio-
logical samples in a lyophilizer (Scientz-100  F), then 
grind (30  Hz, 1.5  min) the samples to powder form by 
using a grinder (MM 400, Retsch). Then weigh 50 mg of 
sample powder using an electronic balance (MS105DΜ) 

and add 1200 µL of -20  °C pre-cooled 70% methanolic 
aqueous internal standard extract (less than 50 mg added 
at the rate of 1200 µL extractant per 50  mg sample). 
Vortex once every 30 min for 30 s, for a total of 6 times. 
After centrifugation (rotation speed 12000 rpm, 3 min), 
the supernatant was aspirated, and the sample was fil-
tered through a microporous membrane (0.22  μm pore 
size) and stored in the injection vial for UPLC-MS/MS 
analysis.

The sample extracts were analyzed using an UPLC-
ESI-MS/MS system (UPLC, ExionLC™ AD,  h t t p s : / / s c i e x 
. c o m . c n /     ) and Tandem mass spectrometry system  (   h t t p 
s : / / s c i e x . c o m . c n /     ) . The analytical conditions were as  f o l l 
o w s , 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, acetoni-
trile with 0.1% formic acid. Sample measurements were 
performed with a gradient program that employed the 
starting conditions of 95% A, 5% B. Within 9 min, a linear 
gradient to 5% A, 95% B was programmed, and a compo-
sition of 5% A, 95% B was kept for 1 min. Subsequently, 
a composition of 95% A, 5.0% B was adjusted within 
1.1 min and kept for 2.9 min. The flow velocity was set as 
0.35 mL per minute; The column oven was set to 40 °C. 
The injection volume was 2 µL.

The electrospray ionization (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 at 50, 60, and 25 psi, respec-
tively. The collision-activated dissociation (CAD) was 
high. QQQ scans were acquired as MRM experiments 
with collision gas (nitrogen) set to medium. DP (declus-
tering potential) and CE (collision energy) for individual 
MRM transitions was done with further DP and CE opti-
mization. A specific set of MRM transitions were moni-
tored for each period according to the metabolites eluted 
within this period.

Metabolite quantification was analyzed in a multiple 
reaction monitoring (MRM) mode using triple quadru-
pole mass spectrometry [45]. Mass spectrometry data 
were processed using the software Analyst 1.6.3. Dif-
ferences between sample metabolites were considered 
significant when the variable importance projection 
(VIP) > 1 and fold change ≥ 2 and fold change ≤ 0.5. The R 
software modeling package was used for grouped orthog-
onal partial least squares discriminant analysis (OPLS-
DA) and kyoto encyclopedia of genes and genomes 
(KEGG) analysis to gain insights into the metabolic path-
ways associated with seed viability in E. mollis [46–47]. 
Three biological replicates were used for each sample.

https://github.com/trinityrnaseq/trinityrnaseq
https://github.com/Transdecoder/
https://sciex.com.cn/
https://sciex.com.cn/
https://sciex.com.cn/
https://sciex.com.cn/
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Results
Viability analysis of E. mollis seeds
In the natural state, after 1 month of storage at room 
temperature, the viability of the seeds of E. mollis began 
to decline substantially. After 3 months of storage, viabil-
ity again decreased significantly. After 5 and 7 months of 
storage, the trend of decreasing viability from that of 3 
months of storage was not significant (Fig. 1).

Physiological indexes analysis of seed viability in E. mollis
After 1 and 3 months, O2

− and H2O2 contents were sig-
nificantly higher than in fresh seeds, and the difference 
was also significant between 1 and 3 months. While ·OH 
content was significantly higher than that of fresh seeds 
after 1 month and 3 months, the difference was not sig-
nificant between 1 month and 3 months (Fig. 2).

Compared with fresh seeds, the activities of DHAR and 
MDHAR decreased continuously with increased storage 
time. After 1 month, the activities of SOD and CAT were 
significantly higher than that of fresh seeds, and both 
significant decreased after 3 months of storage, but CAT 
activity was still significantly higher than fresh seeds. The 
content of GSH decreased significantly after 1 month of 
storage, and there was no significant change between 3 

months and 1 month of storage. APX activity decreased 
significantly after 1 month of storage and increased sig-
nificantly after 3 months of storage, but its activity was 
still significantly lower than that of fresh seeds. In addi-
tion, AsA content and GR activity were significantly 
decreased only after 3 months of storage (Fig. 3).

Transcriptomic analysis of seed viability in E. mollis
To further investigate the molecular mechanisms under-
lying the decline in seed viability of E. mollis, we con-
ducted transcriptome sequencing on fresh seeds, seeds 
stored for 1 month, and seeds stored for 3 months. A 
total of 483,288,434 Clean Reads were obtained, in which 
the percentage of Q30 bases was 93% and above, and the 
percentage of GC was 43% and above (Table S1), indicat-
ing that the transcriptome data were reliable and could 
be analyzed in the next step.

A total of 76,429 genes were identified in the tran-
scriptome gene functional annotation of E. mollis seeds, 
which were stored for different lengths of time. In total, 
61,257 genes were annotated in the NR database, and 
47,939 genes were annotated in the KEGG database. A 
total of 61,801 genes were successfully annotated by all 
databases, accounting for 80.86% of the total number 

Fig. 2 Changes in the content of the main components of ROS in the treatment groups of fresh and stored E. mollis seeds. (a) O2
− content. (b) H2O2 

content. (c) ·OH content. Notes: Different lowercase letters represent significant differences between treatments (p ≤ 0.05)

 

Fig. 1 Changes in viability of E. mollis seeds after four storage times at room temperature. Notes: TTC staining chart with red indicating viable tissues (a) 
Fresh seeds. (b) seeds stored for 1 month. (c) seeds stored for 3 months. (d) seeds stored for 5 months. (e) seeds stored for 7 months. (f) TTCH quantitative 
analysis of the five treatments. Different lowercase letters represent significant differences between treatments (p ≤ 0.05)
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of genes (Table  1). A total of 801 significantly altered 

differentially expressed genes (DEGs) were identified in 
fresh seeds and seeds stored for 1 month, of which 408 
were upregulated and 393 were downregulated (Fig. 4a). 
1,524 significantly altered DEGs were identified between 
seeds stored for 3 months and fresh seeds, of which 980 
were upregulated and 544 were downregulated (Fig. 4b). 
And 154 significantly changed DEGs were identified 
between seeds stored for 3 months and seeds stored for 
1 month, with 64 upregulated and 90 downregulated 
(Fig.  4c). Differential genes were further analyzed and 
screened to obtain DEGs related to antioxidant defense 
system based on KEGG database annotation (Fig.  5). A 
total of 13 significantly changed DEGs were detected, 
including 2 CAT, 1 SOD, 1 GR, 1 GSH, 3 GST, 2 MDAR, 
1 APX, 1 DHAR and 1 GPX. After 1 month of storage, 
the gene expressions of catalase (CAT2, CATA), super-
oxide dismutase (SOD2), and glutathione metabolism 
cycle (GSR, GSTU19, GSTUK, GSTX2) in the seeds of 
E. mollis were significantly upregulated, but the genes of 
glutathione metabolism cycle (MDAR1, MDAR4, GSHA, 

Table 1 Transcriptome data in the seven databases and success 
rate statistics of the gene annotation
Database Number of Genes Per-

cent-
age 
(%)

KEGG 47,939 62.72
NR 61,257 80.15
SwissProt 46,924 61.40
TrEMBL 61,190 80.06
KOG 39,618 51.84
GO 53,246 69.67
Pfam 43,552 56.98
Annotated in at least one Database 61,801 80.86
Total Unigenes 76,429 100
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; NR, non-
redundant protein sequences; SwissProt, Swissprot Protein Sequence; TrEMBL, 
Translation of EMBL; KOG, euKaryotic Ortholog Groups; GO, Gene Ontology; 
Pfam, Protein family

Fig. 4 EDGs volcano plots of different preservation time treatment groups of E. mollis seeds. Notes: The horizontal axis represents changes in gene ex-
pression multiples; The vertical axis represents the significance level of DEGs. (a) Stored for 1 month vs. fresh seeds. (b) Stored for 3 months vs. fresh seeds. 
(c) Stored for 3 months vs. stored for 1 month. Blue indicates decreases and orange indicates increases in expression

 

Fig. 3 Changes in indicators related to antioxidant defense system of different storage time treatment groups of E. mollis seeds. (a) SOD activity. (b) CAT 
activity. (c) AsA content. (d) GSH content. (e) APX activity. (f) GR activity. (g) DHAR activity. (h) MDHAR activity. Notes: Different lowercase letters represent 
significant differences between treatments (p ≤ 0.05)
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DHAR, GPX4), and ascorbic peroxidase (APX6) were sig-
nificantly downregulated. In addition, after 3 months of 
storage, the expression levels of glutathione metabolism 
cycle (GSHA, DHAR) increased, while the expression lev-
els of glutathione metabolism cycle (GSR) decreased. It is 
worth noting that the expression levels of CAT, MDHAR, 
GSH and GR genes were consistent with the results of 
the physiological indicators mentioned above, except for 
DHAR.

The genes were annotated into the KEGG database, 
and the 20 pathways with the most significant enrich-
ment were selected for presentation, and drawn in the 
enrichment scatter plot (Fig. 6). The pathways related to 
seed viability in E. mollis include metabolic pathways, 
carbon fixation in photosynthetic organisms, glyoxyl-
ate and dicarboxylate metabolism, nitrogen metabolism, 

alanine, aspartate and glutamate metabolism, tryptophan 
metabolism and plant hormone signal transduction.

Metabolomic analysis of seed viability in E. mollis
Based on the OPLS-DA model (Fig.  7), we selected 
metabolites with VIP > 1, fold change ≥ 2, and fold 
change ≤ 0.5. A total of 1,298 metabolites were obtained 
from fresh seeds, seeds stored for 1 month, and seeds 
stored for 3 months. Among them, A total of 99 signifi-
cantly altered differentially altered metabolites (DAMs) 
were identified in fresh seeds and seeds stored for 1 
month, with 36 upregulated and 63 downregulated 
(Fig. 8a). A total of 142 significant DAMs were identified 
between seeds stored for 3 months and fresh seeds, of 
which 46 were upregulated and 96 were downregulated 
(Fig.  8b). A total of 91 significant DAMs were identi-
fied between seeds stored for 3 months and stored for 1 
month, of which 32 were upregulated and 59 were down-
regulated (Fig.  8c). Moreover, the main types of DAMs 
were flavonoids, amino acids and derivatives, and pheno-
lic acids (Fig. 8d).

Concurrently, the detected metabolites were ana-
lyzed qualitatively and quantitatively. Based on the cal-
culated fold change (FC) values arranged from small to 
large, we drew a dynamic distribution plot of metabo-
lite content differences (Fig.  9), and labelled the top 10 
metabolites which upregulated and downregulated. The 
results showed that some key metabolic substances, 
such as quercetin-3-O-robinobioside, chrysoeriol-8-C-
arabinoside-7-O-rutinoside, vitexin-2”-O-rhamnoside, 
kaempferol-3,7-O-dirhamnoside (kaempferitrin), oleam-
ide (9-Octadecenamide), 3-Amino-1-propionic sulfonic 
acid, l-theanine, and creatine were significantly reduced 
in expression with prolonged storage time. While, the 
expression of gossypetin-3-O-rutinoside, chrysoeriol-
6,8-di-C-glucoside, n-acetyl-beta-alanine, 4-pyridoxic 
acid-O-glucoside, 2’-hydroxy-2-methoxychalcone, 
1-linoleoylglycerol*, and acetryptine were increased.

Fig. 6 KEGG enrichment analysis of DEGs in the groups treated with different preservation times of E. mollis seeds. (a) Stored for 1 month vs. fresh seeds. 
(b) Stored for 3 months vs. fresh seeds. (c) Stored for 3 months vs. stored for 1 month. Notes: The ordinate indicates the KEGG pathway. The horizontal 
coordinate represents the rich factor. The larger the dot, the greater the number of pathway enriched differential genes. The redder the dot, the more 
significant the enrichment

 

Fig. 5 Heatmap of DEGs associated with the antioxidant defense system 
of E. mollis seeds. Notes: The horizontal coordinate represents the sample 
name, and the vertical coordinate represents the differential gene and hi-
erarchical clustering results. Orange indicates high expression and blue 
indicates low expression
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Classify and display the annotation results of signifi-
cantly DAMs KEGG and metmap (The KEGG pathway 
classification information was obtained from the KEGG 
database). According to the classification results of 
KEGG pathways, most of the DAMs compared between 
seeds stored for 1 month and fresh seeds were enriched 
in the metabolic pathways, biosynthesis of secondary 
metabolites, biosynthesis of cofactors, flavonoid biosyn-
thesis, nicotinate, and nicotinamide metabolism path-
ways (Fig.  10a). The comparison between seeds stored 
for 3 months and fresh seeds were mainly enriched 
in the metabolic pathways, biosynthesis of secondary 

metabolites, phenolpropanoid biosynthesis, biosynthe-
sis of amino acids, and flavonoid biosynthesis pathways 
(Fig.  10b). The comparison between seeds stored for 3 
months and stored for 1 month were mainly enriched in 
flavone and flavonol biosynthesis, glutathione metabo-
lism, and lysine biosynthesis (Fig. 10c).

Transcriptomic and metabolomic analysis of E. mollis seed 
viability
DEGs and DAMs analysis were conducted for seeds 
stored for 1 month and 3 months and fresh seeds. The 
results of KEGG pathway enriched by the two omics 

Fig. 7 DAMs OPLS-DA analysis of different preservation time treatment groups of E. mollis seeds. (a) OPLS-DA scores analysis of stored for 1 month vs. 
fresh seeds. (b) OPLS-DA scores analysis of stored for 3 months vs. fresh seeds. (c) OPLS-DA scores analysis of stored for 3 months vs. stored for 1 month. 
(d) OPLS-DA validation of stored for 1 month vs. fresh seeds. (e) OPLS-DA validation of stored for 3 months vs. fresh seeds. (f) OPLS-DA validation of stored 
for 3 months vs. stored for 1 month. (g) OPLS-DA S-plot of stored for 1 month vs. fresh seeds. (h) OPLS-DA S-plot of stored for 3 months vs. fresh seeds. (i) 
OPLS-DA S-plot of stored for 3 months vs. stored for 1 month
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Fig. 9 DAMs dynamic distribution plot of the groups treated with different preservation times of E. mollis seeds. Notes: The horizontal axis represents the 
cumulative number of substances arranged in ascending order according to the difference multiple. The vertical axis represents the logarithmic value of 
the difference multiple with a base of 2. (a) Stored for 1 month vs. fresh seeds. (b) Stored for 3 months vs. fresh seeds. (c) Stored for 3 months vs. stored 
for 1 month

 

Fig. 8 DAMs analysis of the groups treated with different preservation times of E. mollis seeds. Notes: (a) Volcano plot of DAMs between stored for 1 
month and fresh seeds. (b) Volcano plot of DAMs between stored for 3 months and fresh seeds. (c) Volcano plot of DAMs between stored for 3 months 
and stored for 1 month. (d) Clustering heatmap of DAMs
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showed that 13 pathways were enriched between seeds 
stored for 1 month and fresh seeds (Table S2), with signif-
icant enrichment in metabolic pathways and tryptophan 
metabolism pathways (Fig. 11a). While 35 pathways were 
found to be significantly enriched between seeds stored 
for 3 months and fresh seeds (Table S3). These pathways 
were primarily associated with metabolic processes, 
including metabolic pathways, biosynthesis of second-
ary metabolites, biosynthesis of amino acids, cysteine 
and methionine metabolism, phenolpropanoid biosyn-
thesis, glycine, serine and threonine metabolism, flavo-
noid biosynthesis, and tryptophan metabolism (Fig. 11b). 
Also, 21 pathways were found to be significantly enriched 
between seeds stored for 3 months and 1 month (Table 
S4), with significant enrichment in ABC transporters, 
and flavone and flavonol biosynthesis (Fig. 11c).

Based on the Pearson correlation coefficient, we 
selected the correlation parts with an absolute value 
greater than 0.8 and a p value less than 0.05. Then dis-
played the differences of multiples of genes and metabo-
lites corresponding to these correlation parts through a 
9-quadrant graph (Fig. 11d, e, f ). The differential expres-
sion patterns of genes and metabolites distributed in the 
third and seventh quadrants were consistent, and there 
was a positive correlation between them. The change of 
metabolites may be the result of positive gene regula-
tion. Among them, a total of 23,713 genes were positively 
correlated with 107 metabolites in fresh seeds and seeds 
stored for 1 month. While, 38,326 genes were positively 
correlated with 176 metabolites in seeds stored for 3 
months and fresh seeds. And 6,419 genes were positively 
correlated with 105 metabolites in seeds stored for 3 
months and stored for 1 month. The expression patterns 
of genes and metabolites distributed in the first and ninth 
quadrants were opposite, and there was a non-uniform 
regulatory trend between them. The expression of metab-
olites may be negatively regulated by genes. Among 
them, a total of 5,006 genes were identified as nega-
tively correlated with 97 metabolites in fresh seeds and 
seeds stored for 1 month. While, a total of 9,295 genes 

were negatively correlated with 169 metabolites in seeds 
stored for 3 months and fresh seeds. And a total of 2,250 
genes were negatively correlated with 103 metabolites in 
seeds stored for 3 months and stored for 1 month. Subse-
quently, we selected all correlation calculation results of 
DEGs and DAMs, and drew correlation clustering heat-
maps. The results showed that a large number of DEGs 
and DAMs were correlated, among which the DEGs and 
DAMs of fresh seeds and stored for 1 month seeds were 
mainly flavonoids, lipids, and phenolic acids (Fig.  11g). 
Lipids and flavonoids were the main DEGs and DAMs 
between fresh seeds and stored for 3 months (Fig. 11h). 
Moreover, DEGs and DAMs of seeds stored for 3 months 
and 1 month were dominated by flavonoids and phenolic 
acids (Fig. 11i).

DEGs and dams of flavonoid biosynthesis-related May 
affect E. mollis seed viability
Enrichment analysis showed that DEGs and DAMs 
between seeds stored for 1 month and 3 months and 
fresh seeds were significantly enriched in the flavonoid 
biosynthesis pathway. Consequently, we reconstructed 
the flavonoid biosynthesis pathway with the objective of 
elucidating the role of this pathway in the decline of seed 
viability in E. mollis (Fig.  12a). A total of six key genes 
were detected: CHS (chalcone synthase), C4H (trans-cin-
namate), HCT (shikimate), DFR (bifunctional dihydro-
flavonol), AtVSR1 (chalcone isomerase), and CCoAOMT 
(caffeoyl-CoA). Among them, CHS, HCT, CCoAOMT, 
and DFR showed similar expression patterns. The corre-
lation between key genes and metabolites are represented 
through a network graph, and key DEGs and DAMs with 
Pearson correlation coefficient absolute value greater 
than 0.8 and p value less than 0.05 which were selected 
from each pathway and plotted as correlation results 
(Fig.  12b, c). Two key genes were positively correlated, 
while seven were negatively correlated in the flavonoid 
biosynthesis network. Dihydrokaempferol and p-Cou-
maroyl quinic acid were key metabolites that linked key 
genes in the flavonoid biosynthesis pathway.

Fig. 10 DAMs Pathway enrichment analysis. (a) Stored for 1 month vs. fresh seeds. (b) Stored for 3 months vs. fresh seeds. (c) Stored for 3 months vs. 
stored for 1 month. Notes: The ordinate indicates the KEGG pathway. The horizontal coordinate represents the rich factor. The larger the dot, the greater 
the number of pathway enriched differential genes. The redder the dot, the more significant the enrichment
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Tryptophan metabolism-related genes May affect E. mollis 
seed viability
Conjoint Analysis of DEGs and DAMs showed that the 
transcriptome and metabolomics of E. mollis seeds were 
enriched in the Tryptophan pathway. Therefore, we fur-
thered our analysis of the role of this pathway in the 
decline of seed viability in E. mollis (Fig.  13a). Five key 
genes were detected: ALDH (aldehyde dehydrogenase), 

NIT (nitrilase), AMIE (amidase), TGG (myrosinase), and 
CAT (catalase). In this pathway, similar expression pat-
terns were observed for TGG, NIT, and CAT genes. The 
correlation between key genes and metabolites were rep-
resented through a network graph, and key DEGs and 
DAMs with Pearson correlation coefficient absolute value 
greater than 0.8 and p value less than 0.05 were selected 
from each pathway and plotted as correlation results 

Fig. 11 Combined analysis of DEGs and DAMs of the groups treated with different preservation times of E. mollis seeds. (a) Bar graph of KEGG enrich-
ment analysis of stored for 1 month vs. fresh seeds. (b) Bar graph of KEGG enrichment analysis of stored for 3 months vs. fresh seeds. (c) Bar graph of KEGG 
enrichment analysis of stored for 3 months vs. stored for 1 month. (d) Nine-quadrant correlation analysis of stored for 1 month vs. fresh seeds. (e) Nine-
quadrant correlation analysis of stored for 3 months vs. fresh seeds. (f) Nine-quadrant correlation analysis of stored for 3 months vs. stored for 1 month. (g) 
Clustering heatmap of stored for 1 month vs. fresh seeds. (h) Clustering heatmap of stored for 3 months vs. fresh seeds. (i) Clustering heatmap of stored 
for 3 months vs. stored for 1 month
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(Fig.  13b, c). Ten key genes were positively correlated, 
while three were negatively correlated in the tryptophan 
metabolism network. And N-Acetyl-5-hydroxytrypta-
mine was a key metabolite that linked key genes in the 
tryptophan metabolism pathway.

Transcription factors (TFs) associated with loss of seed 
viability in E. mollis
We used iTAK 1.7a to predict plant transcription fac-
tors and identified 25 TFs involved in the regulation of 

seed viability changes in E. mollis. Most TF families 
were down-regulated during the process of seed viability 
decline. Among them, we found that the top five TF fam-
ilies with the most members were MYB-related (10 mem-
bers: LHY, CTSH, TADA2A, MYBS3, RVE5, RVE1, TKI1, 
RVE8, MB3R5, BDP1), bHLH (6 members: OsPIL15, FIT, 
BH137, BH131, PIF4, MYC2), AP2/ERF-ERF (5 members: 
RAP2.4, RAP2.3, AIL1, DRE2D, RAP2.2), C3H (4 mem-
bers: C3H29, C3H7, C3H17, C3H6) and NAC (4 mem-
bers: NAC87, NAC83, NAC78, NTL9). In addition, the 

Fig. 12 (a) Expression profiling of key gene families in the flavonoid biosynthesis. 6 critical structural gene families were identified: CHS (chalcone syn-
thase), C4H (trans-cinnamate), HCT (shikimate), DFR (bifunctional dihydroflavonol), AtVSR1 (chalcone isomerase), and CCoAOMT (caffeoyl-CoA) (Green 
represents downregulation). (b) DEGs related to flavonoid biosynthesis. (c) Correlation network between DEGs and DAMs in flavonoid biosynthesis (The 
orange line indicates a positive correlation and the blue line indicates a negative correlation)
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Fig. 13 (a) Expression profiling of key gene families in the tryptophan metabolism. 5 critical structural gene families were identified: ALDH (aldehyde 
dehydrogenase), NIT (nitrilase), AMIE (amidase), TGG (myrosinase), and CAT (catalase). (b) DEGs related to tryptophan metabolism. (c) Correlation network 
between DEGs and DAMs in tryptophan metabolis (The orange line indicates a positive correlation and the blue line indicates a negative correlation)
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bZIP, WRKY, MYB, and B3 transcription factors play an 
important role in responding to abiotic stress in plants 
(Fig. 14).

Discussion
The phenomenon of seed viability decline is inevitable 
during seed storage, and low viability seeds can signifi-
cantly affect population densities [48]. Especially in the 
case of rare and endangered plants, it may result in the 
endangerment of species, which is very detrimental to 
the conservation and utilization of germplasm resources 
[49]. In this study, the seed viability of E. mollis exhib-
ited a marked decline after 1 month storage, and after 3 
months storage seed viability still decreased significantly. 
Howevere seed stored for 5 and 7 months declined 
slowly, and the difference in viability from seed stored for 
3 months was not significant (Fig. 1). These observations 
were consistent with the changes in viability observed in 
the seeds of Ephedra sinica, Elymus sibiricus, and Hibis-
cus cannabinus in their natural storage state [50]. It can 
be observed that viability decline is a common phenom-
enon during seed storage, and the viability decline of E. 
mollis seeds is particularly severe.

With the development of molecular biology, the omics 
technology has gradually become a research hotspot. 
Combining transcriptomics and metabolomics to ana-
lyze the genes and metabolites related to seed viabil-
ity can help us understand the biological process of 
viability decline and its mechanism more intuitively and 
effectively [51–53]. This study identified 801 and 1,524 
significantly DEGs between fresh seeds and those stored 
for 1 and 3 months, and 154 significantly changed DEGs 
were identified between seeds stored for 3 months and 
seeds stored for 1 month (Fig. 4). The KEGG enrichment 
analysis revealed that these DEGs were mainly involved 
in metabolic pathways, carbon fixation in photosynthetic 
organisms, glyoxylate and dicarboxylate metabolism, 
nitrogen metabolism, alanine, aspartate and glutamate 
metabolism, tryptophan metabolism, and plant hormone 
signal transduction (Fig.  6). Based on the KEGG data-
base annotations, we found that the expression of genes 
related to antioxidant system CAT2, CATA, SOD2, GSR, 
and GSTU19 were significantly upregulated, and MDAR1, 
MDAR4, GSHA, DHAR, and APX6 genes were signifi-
cantly downregulated after stored for 1 month After 3 
month storage, the expression of the genes GSHA and 
DHAR increased, and the GSR gene expression began to 
be downregulated. As Luo et al. found during seed aging 
in Metasequoia glyptostroboides, the expression of 5 CAT 
genes related to the antioxidant system showed an upreg-
ulation trend with increasing storage time. Meanwhile, 
the expression of GST and GSH genes in the AsA-GSH 
antioxidant cycle system was upregulated and the expres-
sion of GR was downregulated [54]. This may be due to 

an imbalance in the antioxidant defense system leading to 
an increase in ROS, which causes oxidative damage to the 
cells, resulting in a decrease in seed viability.

Antioxidant defense systems have been shown to be 
closely associated with seed viability [55]. This system 
consists of several small molecule antioxidants and anti-
oxidant enzymes [56]. Among them, CAT is the most 
important H2O2 scavenging enzyme that catalyzes the 
conversion of H2O2 to H2O and O2 to protect cells from 
oxidative damage [57]. In this study, both CAT2 and 
CATA expression were upregulated in seeds stored for 
1 month and 3 months, which was consistent with the 
changing trend at the physiological level (Fig. 5). At the 
physiological level, we found that CAT activity was higher 
than in fresh seeds after 1 month and 3 months (Fig. 3). 
This indicated that seeds enhanced their antioxidant 
capacity at the early stage of senescence to maintain high 
seed viability and that CAT plays an important role in 
delaying seed senescence [58]. Moreover, the AsA-GSH 
antioxidant cycling system represents a crucial pathway 
for the scavenging of ROS in plants [59, 60]. It is mainly 
through the combined action of AsA, GSH, APX, DHAR, 
MDHAR, and GR with other antioxidant enzyme to 
remove excess H2O2 from the cell and harmonize enzyme 
activity in the cell [61–62]. DHAR is present in the cyto-
plasm, mitochondria, and chloroplasts, where it cata-
lyzes the reduction of DHA by GSH to produce AsA and 
GSSG. It is a key enzyme in the AsA-GSH antioxidant 
cycling system [63]. MDHAR plays a role in the regenera-
tion of MDHA to AsA, as well as in the final accumula-
tion of AsA [64]. GR catalyzes the reduction of GSSG to 
GSH, thereby maintaining seed viability, sustaining nor-
mal plant growth and development, and improving plant 
stress tolerance [65]. GST can reduce oxidative damage 
in cells and has positive significance in plant detoxifica-
tion [66]. In this study, the transcriptome results showed 
that the expression of GSTU19, GSTUK, GSTX2 and 
GSR genes were significantly upregulated, while MDAR1, 
MDAR4, GSHA and DHAR were all downregulated in 
seeds stored for 1 month (Fig.  5). Similarly, GSH con-
tent, DHAR and MDHAR activity were also decreased 
in physiological results, but there was no significant 
change in GR (Fig. 3). Meanwhile, after 3 months storage, 
the expression of GSHA and DHAR in seeds increased, 
while the expression of GSR began to decrease (Fig.  5). 
Similarly, physiological results showed decreasing GR 
activity, but DHAR activity showed the opposite trend, 
which might require further study (Fig. 3). These results 
indicate that CAT and AsA-GSH antioxidant cycling sys-
tems play an important role in the decline of viability of 
E. mollis seeds. These results were consistent with the 
findings of Cheng in Avena sativa seeds and Wu in Oryza 
sativa seeds [67, 68].
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Fig. 14 Expression profiling of TFs regulating seed viability in E. mollis
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In this study, 99 and 142 significantly DAMs were 
found between fresh seeds and those stored for 1 and 3 
months, and 91 significantly changed DAMs were iden-
tified between seeds stored for 3 months and 1 month 
(Fig.  8a, b, c). Moreover, the main types of DAMs were 
flavonoids, amino acids and derivatives, and phenolic 
acids (Fig.  8d). Simultaneous qualitative and quantita-
tive analysis of the detected key metabolites revealed 
that a decrease in the expression of quercetin-3-O-rob-
inobioside, chrysoeriol-8-C-arabinoside-7-O-rutinoside, 
vitexin-2”-O-rhamnoside and kaempferol-3,7-O-dirham-
noside (kaempferitrin), oleamide (9-Octadecenamide), 
3-Amino-1-propionic sulfonic acid, l-theanine, and cre-
atine may lead to a decrease in seed viability of E. mollis, 
while the expression of gossypetin-3-O-rutinoside, chry-
soeriol-6,8-di-C-glucoside, n-acetyl-beta-alanine, 4-pyri-
doxic acid-O-glucoside, 2’-hydroxy-2-methoxychalcone, 
1-linoleoylglycerol* and acetryptine were increased, 
which may lead to the decrease in seed viability of E. Mol-
lis (Fig. 9). It was indicated that flavonoids and phenolic 
acids play an important role in the process of seed viabil-
ity decline in E. mollis. Flavonoids are a class of natural 
plant compounds with antioxidant properties that scav-
enge free radicals and play an effective role in detoxifying 
ROS [69]. Astudy of Arabidopsis thaliana showed that 
seed flavonoids were important for environmental adap-
tation, reactive oxygen species homeostasis, dormancy 
and longevity [70]. In wang’s study, a positive correlation 
between flavonoid content and antioxidant capacity in 
Brassica napus seeds, which was an important regulator 
of seed viability change [71]. It is evident that flavonoids 
may play a role in seed viability by participating in the 
regulation of oxidative metabolic homeostasis.

Tryptophan is abundant in plants, and its antioxidant 
effect in plant seeds has not yet been clearly reported, 
but in animals it has been reported that there is a link 
between tryptophan and the antioxidant function of the 
organism. In animal studies, tryptophan was found to 
increase the activity of antioxidant enzymes and reduce 
the occurrence of oxidative reactions in their bodies [72–
73]. In contrast, the antioxidant function of tryptophan 
in plant materials has not been reported. However, the 
combined transcriptomic and metabolomic analyses in 
this study revealed that viability-related DEGs and DAMs 
were co-enriched in the flavonoid biosynthesis and tryp-
tophan metabolism pathways. In the flavonoid biosyn-
thesis pathway, six key genes were detected: CHS, C4H, 
HCT, DFR, AtVSR1 and CCoAOMT, and the expression 
patterns of CHS, HCT, CCoAOMT and DFR were simi-
lar. (Fig. 12a). Among them, CHS is a key enzyme in the 
catalytic flavonoid biosynthesis pathway and plays a 
crucial role in maintaining seed viability [74]. Further-
more, In the tryptophan metabolism pathway five key 
genes were detected: ALDH, NIT, AMIE, TGG and CAT, 

moreover, TGG, NIT and CAT genes expression pat-
terns were similar. (Fig. 13a). Among the aforementioned 
genes, the ALDH gene catalyzes the oxidation of reactive 
aldehydes to the corresponding carboxylic acids, which 
have a detoxifying effect on reactive oxygen species accu-
mulated under stress conditions. Rodrigues found that 
the absence of ALDH7 in Oryza sativa seeds can lead to 
browning during storage, then resulted decreased viabil-
ity [75]. In addition, the related genes HCT, CCoAOMT, 
DFR, C4H2, AtVSR1, TGG, NIT, CAT, and AMIE in the 
above two pathways play a significant role in the process 
of seed viability decline in E. mollis. The flavonoid biosyn-
thesis pathway and tryptophan metabolism pathway are 
collectively involved in regulating the decline in viability 
of E. mollis seeds at ambient temperature. Furthermore, 
the antioxidant defense system appears to be the key to 
their function. However, the mechanism of interaction 
between the two pathways remains to be elucidated.

Transcription factors are important regulators of seed 
viability during storage. In recent years, it has been found 
that WRKY, C3H, bZIP and B3 transcription factors play 
important regulatory roles in the changes of Triticum 
aestivum seed viability [24]. While in the study of Che-
nopodium quinoa, bHLH, NAC, FAR1 and AP2/ERF-
ERF were found to be important factors regulating the 
changes of seed viability [21]. But in this study, we found 
that MYB-related (10 members), bHLH (6 members), 
AP2/ERF-ERF (5 members), C3H (4 members), NAC 
(4 members), bZIP (2 members), WRKY (2 members), 
MYB (2 members) and B3 (1 member) were important 
regulatory factors in the process of E. mollis seed viabil-
ity decline (Fig. 14). These results further indicated that 
WRKY, C3H, bZIP, B3, bHLH, NAC and AP2/ERF-ERF 
transcription factors play an important role in regulating 
seed viability. In addition, previous studies have shown 
that bHLH and MYB participate in flavonoid biosynthe-
sis [76]. It can be seen that bHLH and MYB transcription 
factors may be important factors in the regulation of E. 
mollis seed viability decline by the flavonoid biosynthesis 
pathway, but the specific mechanism of the role of these 
transcription factors needs to be investigated in depth.

Conclusion
This study is the first to integrate physiological, transcrip-
tomics and metabolomics to analyze the changes of E. 
mollis seed viability after different storage times in the 
natural state.This study initially revealed the mechanism 
of E. mollis seed viability decline. Physiological indicators 
show that the antioxidant defense system is involved in 
the regulation of seed viability changes. Transcriptomic 
analysis identified WRKY, C3H, bZIP, B3, bHLH, NAC, 
and AP2/ERF-ERF as key regulators during the decline of 
seed viability. Secondly, flavonoid biosynthesis and tryp-
tophan metabolism pathways also affected the viability 
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of E. mollis seeds, and the key antioxidant genes such as 
CAT, ALDH, CHS, and C4H were highly expressed. This 
study also showed that flavonoid biosynthesis and tryp-
tophan metabolism participate in regulating the decline 
of seed viability by acting on the antioxidant defense 
system. In conclusion, this study clarified the potential 
mechanisms at the physiological and molecular level in 
the process of E. mollis seed viability decline, and these 
findings will provide a theoretical basis for delaying the 
decline of E. mollis seed viability and improving the con-
servation of E. mollis seed germplasm resources.

Abbreviations
DAMs  Differential accumulation metabolites
DEGs  Differentially expressed genes
KEGG  Kyoto encyclopedia of genes and genomes
O2

−  Superoxide anion radical
H2O2  Hydrogen peroxide
OH  Hydroxyl free radical
SOD  Superoxide dismutase
CAT  Catalase
AsA  Ascorbate acid
GSH  Glutathione
APX  Ascorbic acid peroxidase
GR  Glutathione reductase
DHAR  Dehydroascorbate reductase
MDHAR  Monodehy droascorbate reductase

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 8 6 4 - 0 2 5 - 1 1 4 8 3 - 3.

Supplementary Material 1

Acknowledgements
We are grateful to Mr. Liujun Shi for the assistance in the material collection. 
We thank Prof. Barbara M. Reed for editing the manuscript.

Author contributions
National Natural Science Foundation of China Youth Science Foundation 
Project (No. 32201613). Youth Scientific Research Project of Shanxi Basic 
Research Program (No. 202103021223170). Doctoral research project of Shanxi 
Agricultural University (No. 2021BQ108). Shanxi postdoctoral special grant 
fund (No. 6K245520001752).

Funding
This research was supported by the National Natural Science Foundation 
of China Youth Science Foundation Project (No. 32201613). Youth Scientific 
Research Project of Shanxi Basic Research Program (No. 202103021223170). 
Doctoral research project of Shanxi Agricultural University (No. 2021BQ108). 
Shanxi postdoctoral special grant fund (No. 6K245520001752).

Data availability
All data generated or analyzed in the course of this study are available in 
Supplementary Materials and the Sequence Reading Archive ( h t t p s :   /  / w w  w .  n c 
b   i . n   l m .  n  i  h .  g o v / s r a) under accession numbers PRJNA1151851.

Declarations

Ethics approval and consent to participate
The authors declare that all the experimental research studies on plants, 
including the collection of plant material, were carried out in accordance with 
relevant institutional, national, and international guidelines and legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 August 2024 / Accepted: 13 March 2025

References
1. Martín I, Gálvez L, Guasch L, Palmero D. Fungal pathogens and seed storage 

in the dry state. Plants. 2022;11:3167.
2. Sun Q, Wang JH, Sun BQ. Advances on seed Vigor physiological and genetic 

mechanisms. Agric Sci China. 2007;6:1060–6.
3. Li Y, Wang Y, He YQ, Ye TT, Huang X, Wu H, et al. Glutathionylation of a glyco-

lytic enzyme promotes cell death and Vigor loss during aging of elm seeds. 
Plant Physiol. 2024;195:2596–616.

4. Baskin CC, Baskin JM. Breaking seed dormancy during dry storage: a useful 
tool or major problem for successful restoration via direct seeding? Plants. 
2020;9:636.

5. Chhabra R, Shabnam, Singh T. Seed aging, storage and deterioration: an 
irresistible physiological phenomenon. Agricultural Reviews. 2019;40:234–8.

6. Choudhary A, Kumar A, Kaur N. ROS and oxidative burst: roots in plant devel-
opment. Plant Divers. 2020;42:33–43.

7. Sahu PK, Jayalakshmi K, Tilgam J, Gupta A, Nagaraju Y, Kumar A, et al. ROS 
generated from biotic stress: effects on plants and alleviation by endophytic 
microbes. Front Plant Sci. 2022;13:1042936.

8. Imen L, Erwann A, Athanassios M, Dominique J, Loïc R, Georgia T. Interplay 
between protein carbonylation and nitrosylation in plants. Proteomics. 
2013;13:568–78.

9. Wong CM, Bansal G, Marcocci L, Suzuki YJ. Proposed role of primary protein 
carbonylation in cell signaling. Redox Rep. 2012;17:90–4.

10. Fang YH, Sheng MP, Yan S, Li LM. Impacts of ascorbic acid on germination, 
antioxidant enzymes and ultrastructure of embryo cells of aged Elymus sibiri-
cus seeds with different moisture contents. Int J Agric Biol. 2015;18:176–83.

11. Pan LZ, Luo Y, Wang J, Li XM, Tang BQ, Yang HP, et al. Evolution and functional 
diversification of catalase genes in the green lineage. BMC Genomics. 
2022;23:411.

12. Hasanuzzaman M, Raihan MR, Masud AA, Rahman K, Nowroz F, Rahman M, et 
al. Regulation of reactive oxygen species and antioxidant defense in plants 
under salinity. Int J Mol Sci. 2021;22:9326.

13. Kerchev PI, Van BF. Improving oxidative stress resilience in plants. Plant Jour-
nal: Cell Mol Biology. 2021;109:359–72.

14. Li WJ, Niu YZ, Zheng YY, Wang ZF. Advances in the Understanding of reactive 
oxygen species-dependent regulation on seed dormancy, germination, and 
deterioration in crops. Front Plant Sci. 2022;13:826809.

15. Jeevan Kumar SP, Rajendra Prasad S, Banerjee R, Thammineni C. Seed birth to 
death: dual functions of reactive oxygen species in seed physiology. Ann Bot. 
2015;116:663–8.

16. Pukacka S, Ratajczak E. Production and scavenging of reactive oxygen species 
in fagus sylvatica seeds during storage at varied temperature and humidity. J 
Plant Physiol. 2005;162:873–85.

17. Ye TT, Huang X, Ma TX, Li Y, Wang XF, Lu H, et al. Integrated analysis of 
MiRNAome and transcriptome identify regulators of elm seed aging. Plants. 
2023;12:1719.

18. Li Y, Liu C, Qi MY, Ye TT, Kang Y, Wang Y, et al. Effect of the metal ion-induced 
carbonylation modification of mitochondrial membrane channel protein 
VDAC on cell vitality, seedling growth and seed aging. Front Plant Sci. 
2023;14:1138781.

19. Zhou Y, Bai YH, Han FX, Chen X, Wu FS, Liu Q, et al. Transcriptome sequencing 
and metabolome analysis reveal the molecular mechanism of salvia miltior-
rhiza in response to drought stress. BMC Plant Biol. 2024;24:446.

20. Li SY, Zeng JL, Zheng Z, Zhou Q, Chen SN, Zheng YX, et al. Comparative 
transcriptome analysis reveals the mechanisms underlying differential seed 
Vigor in two contrasting peanut genotypes. Agriculture-Basel. 2022;12:1355.

21. Yan HF, Zhang Z, Lv YZ, Nie YT. Integrated multispectral imaging, germina-
tion phenotype, and transcriptomic analysis provide insights into seed Vigor 
responsive mechanisms in Quinoa under artificial accelerated aging. Front 
Plant Sci. 2024;15:1435154.

https://doi.org/10.1186/s12864-025-11483-3
https://doi.org/10.1186/s12864-025-11483-3
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra


Page 18 of 19Ruifen et al. BMC Genomics          (2025) 26:333 

22. Li CF, Zhu Y, Yu Y, Zhao QY, Wang SJ, Wang XC, et al. Global transcriptome and 
gene regulation network for secondary metabolite biosynthesis of tea plant 
(Camellia sinensis). BMC Genomics. 2015;16:560.

23. Salem MA, Li Y, Wiszniewski A, Giavalisco P. Regulatory-associated protein of 
TOR (RAPTOR) alters the hormonal and metabolic composition of Arabidop-
sis seeds, controlling seed morphology, viability and germination potential. 
Plant J. 2017;92:525–45.

24. Yang ZR, Chen WG, Jia TX, Shi HW, Sun DZ. Integrated transcriptomic and 
metabolomic analyses identify critical genes and metabolites associated with 
seed Vigor of common wheat. Int J Mol Sci. 2024;25:526.

25. Lu XR, Du HM, Liu YY, Wang Y, Li D, Wang LJ. Effect of ultrasound-assisted sol-
vent enzymatic extraction on fatty acid profiles, physicochemical properties, 
bioactive compounds, and antioxidant activity of Elaeagnus mollis oil. Foods. 
2022;11:359.

26. Feng XX, Hua YF. Chemical composition, nutritional evaluation and func-
tional properties of Elaeagnus mollis diels (Elaeagnus L.) seeds. JSFA Rep. 
2022;2:500–10.

27. Liu YL, Li SQ, Wang YY, Liu PY, Han WJ. De Novo assembly of the seed 
transcriptome and search for potential EST-SSR markers for an endan-
gered, economically important tree species: Elaeagnus mollis diels. J Res. 
2020;31:759–67.

28. Liu HA, Zhu YF, Liu X, Jiang Y, Deng SM, Ai XR, et al. Effect of artificially 
accelerated aging on the Vigor of Metasequoia glyptostroboides seeds. J Res. 
2020;31:769–79.

29. Zhang JM, Zhang F. Population structure and genetic variation of the 
endangered species Elaeagnus mollis diels (Elaeagnaceae). Gen Mol Res. 
2015;14:5950–7.

30. Mu JL, Wu G, Chen ZZ, Brennan CS, Tran K, Dilrukshi HNN, et al. Identification 
of the fatty acids profiles in supercritical CO2 fluid and Soxhlet extraction 
of Samara oil from different cultivars of Elaeagnus mollis diels seeds. J Food 
Compos Anal. 2021;101:103982.

31. Gao RR, Hou J, Zhao RH, Yang XJ, Hou XY, Huo LP, et al. Seed dormancy and 
germination of a critically endangered plant, Elaeagnus mollis, on the loess 
plateau of China. Eur J for Res. 2021;140:451–61.

32. Du SH, Ye ZY, Hu XY, Liu SY, Duan AG, Yu WD, et al. Phylogeographic investiga-
tion of Elaeagnus mollis revealed potential glacial refugia and allopatric 
divergence in central China. Plant Syst Evol. 2020;306:68.

33. Wang SN, Wu MM, Zhong SYX, Sun J, Mao XY, Qiu NW, et al. A rapid and 
quantitative method for determining seed viability using 2,3,5-Triphenyl 
tetrazolium chloride (TTC): with the example of wheat seed. Molecules. 
2023;28:6828.

34. Ren RF, Li ZD, Zhang LL, Zhou H, Jiang XR, Liu Y. Enzymatic and nonenzymatic 
antioxidant systems impact the viability of cryopreserved Paeonia suffruticosa 
pollen. Plant Cell Tissue Organ Cult. 2021;144:233–46.

35. Mathew L, Burritt DJ, McLachlan A, Pathirana R. Combined pre-treatments 
enhance antioxidant metabolism and improve survival of cryopreserved 
Kiwifruit shoot tips. Plant Cell Tissue Organ Cult. 2019;138:193–205.

36. Kampfenkel K, Van Montagu M, Inze D. Extraction and determination 
of ascorbate and dehydroascorbate from plant tissue. Anal Biochem. 
1995;225:165–7.

37. Griffith OW. Determination of glutathione and glutathione disulfide using 
glutathione reductase and 2-vinylpyridine. Anal Biochem. 1980;106:207–12.

38. Arrigoni O, Calabrese G, De Gara L, Bitonti MB, Liso R. Correlation between 
changes in cell ascorbate and growth of Lupinus albus seedlings. J Plant 
Physiol. 1997;150:302–8.

39. Chen SF, Zhou YQ, Chen YR, Gu J. Fastp: an ultra-fast all-in-one FASTQ prepro-
cessor. Bioinformatics. 2018;34:i884–90.

40. Davidson NM, Oshlack A. Corset: enabling differential gene expression analy-
sis for de novoassembled transcriptomes. Genome Biol. 2014;15:410.

41. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data 
with or without a reference genome. BMC Bioinformatics. 2011;12:323.

42. Love MI, Huber W, Anders S. Moderated Estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

43. Varet H, Brillet-Guéguen L, Coppée JY, Dillies MA. SARTools: a DESeq2- and 
EdgeR-based R pipeline for comprehensive differential analysis of RNA-Seq 
data. PLoS ONE. 2017;11:e0157022.

44. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using 
DIAMOND. Nat Methods. 2015;12:59–60.

45. Fraga CG, Clowers BH, Moore RJ, Zink EM. Signature-discovery approach for 
sample matching of a nerve-agent precursor using liquid chromatography-
mass spectrometry, XCMS, and chemometrics. Anal Chem. 2010;82:4165–73.

46. Chen YH, Zhang RP, Song YM, He JM, Sun JH, Bai JF, et al. RRLC-MS/MS-
based metabonomics combined with in-depth analysis of metabolic 
correlation network: finding potential biomarkers for breast cancer. Analyst. 
2009;134:2003–11.

47. Thévenot EA, Roux A, Xu Y, Ezan E, Junot C. Analysis of the human adult 
urinary metabolome variations with age, body mass index, and gender by 
implementing a comprehensive workflow for univariate and OPLS statistical 
analyses. J Proteome Res. 2015;14:3322–35.

48. Wang RF, Wu FQ, Xie XR, Yang CY. Quantitative trait locus mapping of seed 
Vigor in soybean under– 20°C storage and accelerated aging conditions via 
RAD sequencing. Curr Issues Mol Biol. 2021;43:1977–96.

49. Hadi A, Rafiq S, Singh S, Ali S, Nawchoo IA, Wagay NA. Seed viability, seed 
germination, and micropropagation of Aconitum violaceum Jacq. Ex Stapf—a 
rare and threatened medicinal plant of Ladakh himalaya. Vitro Cell Dev Biol 
Plant. 2023;59:315–28.

50. Han PL, Li YM, Liu ZH, Zhou WL, Yang F, Wang JH, et al. The physiology of 
plant seed aging: a review. Chin J Biotechnol. 2022;38:77–88.

51. Chen BX, Fu H, Gao JD, Zhang YX, Huang WJ, Chen ZJ, et al. Identification 
of metabolomic biomarkers of seed Vigor and aging in hybrid rice. Rice. 
2022;15:7.

52. Li SY, Zeng JL, Zheng Z, Zhou Q, Chen SN, Zheng YX, et al. Comparative 
transcriptome analysis reveals the mechanisms underlying differential seed 
Vigor in two contrasting peanut genotypes. Agriculture. 2022;12:1355.

53. Li HQ, Yue HW, Xie JL, Bu JZ, Li L, Xin XY, et al. Transcriptomic profiling of the 
high-vigour maize (Zea Mays L.) hybrid variety response to cold and drought 
stresses during seed germination. Sci Rep. 2021;11:19345.

54. Luo YJ, Zhang YX, Le JY, Li Q, Mou JL, Deng SM, et al. Full-Length transcrip-
tome sequencing reveals the molecular mechanism of Metasequoia glypto-
stroboides seed responding to aging. Antioxidants. 2023;12:1353.

55. Mao CL, Zhu YQ, Cheng H, Yan HF, Zhao LY, Tang J, et al. Nitric oxide regulates 
seedling growth and mitochondrial responses in aged oat seeds. Int J Mol 
Sci. 2018;19:1052.

56. Hasanuzzaman M, Bhuyan MHMB, Parvin K, Bhuiyan TF, Anee TI, Nahar K, et al. 
Regulation of ROS metabolism in plants under environmental stress: a review 
of recent experimental evidence. Int J Mol Sci. 2020;21:8695.

57. Teixeira VBT, Teixeira PD, Fontes VGG, Cunha FDSD, Junio DSL. Osmopriming, 
antioxidative action, and thermal stress in sunflower seeds with different 
Vigor levels. SEMINA-CIENCIAS AGRARIAS. 2021;42:1435–51.

58. Chen MYX, Jiang PP, Zhang XH, Sunahara GI, Liu J, Yu G. Physiological and 
biochemical responses of Leersia Hexandra Swartz to nickel stress: insights 
into antioxidant defense mechanisms and metal detoxification strategies. J 
Hazard Mater. 2024;466:133578.

59. Chen Y, Wu DY, Zhang YJ, Du Y, Wang MY, Liu JF, et al. Brassinolide alleviated 
drought stress faced by bulbil formation of Pinellia Ternata by reducing ROS 
metabolism and enhancing AsA-GSH cycle. Sci Hortic. 2024;323:112525.

60. Xiao JQ, Gu CQ, Zhu DX, Chao HJ, Liang YY, Quan ST. Near-freezing tempera-
ture (NFT) storage alleviates chilling injury by enhancing antioxidant metab-
olism of postharvest guava (Psidium Guajava L). Sci Hortic. 2022;305:111395.

61. Lushchak VI. Free radicals, reactive oxygen species, oxidative stress and its 
classification. Chem Biol Interact. 2014;224:164–75.

62. Foyer CH, Noctor G. Ascorbate and glutathione: the heart of the redox hub. 
Plant Physiol. 2011;155:2–18.

63. Ding HY, Wang BP, Han Y, Li SC. The pivotal function of dehydroascorbate 
reductase in glutathione homeostasis in plants. J Exp Bot. 2020;71:3405–16.

64. Anjum NA, Gill SS, Gill R, Hasanuzzaman M, Duarte AC, Pereira E, et al. Metal/
metalloid stress tolerance in plants: role of ascorbate, its redox couple, and 
associated enzymes. Protoplasma. 2014;251:1265–83.

65. Sun M, Sun SJ, Jia ZC, Ma W, Mao CL, Ou CM, et al. Genome-wide analysis 
and expression profiling of glutathione reductase gene family in oat (Avena 
sativa) indicate their responses to abiotic stress during seed imbibition. Int J 
Mol Sci. 2022;23:11650.

66. Wei LJ, Zhu Y, Liu RY, Zhang AX, Zhu MC, Xu W, et al. Genome wide identifica-
tion and comparative analysis of glutathione transferases (GST) family genes 
in Brassica Napus. Sci Rep. 2019;9:9196.

67. Cheng H, Ma X, Jia S, Li M, Mao P. Transcriptomic analysis reveals the changes 
of energy production and AsA-GSH cycle in oat embryos during seed ageing. 
Plant Physiol Biochem. 2020;153:40–52.

68. Wu R, Ding YQ, Li CY, Wu BK, Huang ZJ, Li ZN, et al. An R2R3-type transcription 
factor OsMYBAS1 regulates seed germination under artificial accelerated 
aging in Transgenic rice (Oryza sativa L). Agronomy. 2022;12:1955.

69. Yin Q, Qin WQ, Liu TH, Song W, Yang YY, Shan W, et al. MaMYB4 is involved in 
the accumulation of naringenin Chalcone, Phloretin and Dihydrokaempferol 



Page 19 of 19Ruifen et al. BMC Genomics          (2025) 26:333 

in the peels of banana fruit under chilling injury. Postharvest Biol Technol. 
2024;212:112844.

70. Galland M, Boutet-Mercey S, Lounifi I, Godin B, Balzergue S, Grandjean O, 
et al. Compartmentation and dynamics of flavone metabolism in dry and 
germinated rice seeds. Plant Cell Physiol. 2014;55:1646–59.

71. Wang Y, Meng G, Chen S, Chen Y, Jiang J, Wang Y-P. Correlation analysis of 
phenolic contents and antioxidation in yellow- and black-seeded Brassica 
Napus. Molecules. 2018;23:1815.

72. Liu XT, Wang A, Yang XR, Zhang K. Effects of Tryptophan on growth perfor-
mance, antioxidant function and immune organ development in laying 
ducklings. Feed Ind. 2012;33:5–8. (in Chinese).

73. Xin L, Ni RR, Zhu JJ. Effect of Tryptophan on antioxidant capacity and immu-
nity of stressed mice. Sci Technol Food Ind. 2013;34:357–60. (in Chinese).

74. Yang L, Zhang S, Chu D, Wang X. Exploring the evolution of CHS gene family 
in plants. Front Genet. 2024;15:1368358.

75. Rodrigues SM, Andrade MO, Gomes APS, DaMatta FM, Baracat-Pereira MC, 
Fontes EPB. Arabidopsis and tobacco plants ectopically expressing the 
soybean antiquitin-like ALDH7 gene display enhanced tolerance to drought, 
salinity, and oxidative stress. J Exp Bot. 2006;57:1909–18.

76. Zumajo-Cardona C, Gabrieli F, Anire J, Albertini E, Ezquer I, Colombo L. Evolu-
tionary studies of the bHLH transcription factors belonging to MBW complex: 
their role in seed development. Ann Bot. 2023;132:383–400.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Integrated transcriptomics and metabolomics to explore the mechanisms of Elaeagnus mollis diels seed viability decline
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Determination of seed viability
	Determination of seed physiological indicators
	RNA sequencing
	Metabolic analysis

	Results
	Viability analysis of E. mollis seeds
	Physiological indexes analysis of seed viability in E. mollis
	Transcriptomic analysis of seed viability in E. mollis
	Metabolomic analysis of seed viability in E. mollis
	Transcriptomic and metabolomic analysis of E. mollis seed viability
	DEGs and dams of flavonoid biosynthesis-related May affect E. mollis seed viability
	Tryptophan metabolism-related genes May affect E. mollis seed viability
	Transcription factors (TFs) associated with loss of seed viability in E. mollis

	Discussion
	Conclusion
	References


