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Abstract

Background: The seeds of Polygonatum cyrtonema Hua have dormancy phenomenon. Previous studies
have shown that sand storage factors effects of the seed dormancy of P cyrtonema Hua seeds and
enhance the seed germination process. Subsequently, metabolic activities and different changes during
the sand storage and germination process of P cyrtonema Hua seed has not been heavily researched.

Results: In this study the changes in the metabolites of P cyrtonema Hua seeds at different sand storage
times and germination stages, we used untargeted metabolomics to determine them. Most of the sugar
and glycoside contents in seed coat increased after 30 d on the other hand, in peeled seeds increased at
30 d and decreased at 60 d after sand storage treatment. The content of proline and benzoic acid
decreased in the seed coat after sand storage. PCA, OPLS-DA and HCA showed that the contents of most
metabolites increased after 7 d and decreased after 14 d of seed germination. The process of 7dto 14 d
was the key stage of seed germination of P cyrtonema Hua. Differential metabolic pathway analysis
showed that seed germination was controlled by multiple metabolic pathways. Metabolic correlation
revealed the interdependence between seed germination metabolites and metabolic pathways.

Conclusion: Sand storage can significantly increase the rate of seed germination and play a vital role in
seed dormancy of P, cyrtonema Hua. There was inherent differences in metabolites during different
storage time and germination stages in P cyrtonema Hua. Our work provides a first glimpse of the
metabolome in seed germination of P cyrtonema Hua, and provides a valuable informations for revealing
the mechanism of breaking seed dormancy.

Background

RPcyrtonema Hua is a famous medicinal plantdistributed in China. The rhizome of Pcyrtonema Hua has
become more popular due to high nutritional and medicinal value, mainly. that are used to treat disorders
of the lung, kidney and spleen, and more importantly to prevent aging [1]. The major active ingredients of
P, cyrtonema Hua are Polygonatum sibiricum polysaccharides [2]. At present, the reproduction of P
cyrtonema Hua mainly depends on the rhizome, but long-term asexual reproduction causes germplasm
degradation and thereby leads to diseases and insect pests related problems. The P cyrtonema Hua seed
reproduction is due to its large number and easy operation in actual production, which are effectively
reduce production costs and solve the above problems. However, the low reproduction rate of P
cyrtonema Hua seeds in the natural environment has resulted in the need to use a large number of seeds
in production practices to obtain sufficient seedlings, which results in a waste of resources and
inefficiency. The seeds of P cyrtonema Hua show comprehensive dormancy [3] which prevents seeds
from germinating under unfavorable physical conditions [4,5]. In many wild species, seeds are dormant at
maturity and do not germinate until dormancy release after dispersal, even after exposed to optimal
conditions. Germination is a complex trait that is influenced by endogenous and environmental factors
[6,7].
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There are many methods including chemical, biological, and physical methods to alleviate the seed
dormancy. Stratification treatment is commonly used to break seed dormancy. Cold stratification has
been widely used for breaking the dormancy of seeds germination in the natural habitat in spring, e.g.
Carthamus tinctorius L. [8], Acer morrisonense [9]. Phytohormones are signaling molecules for
communication between the three seed compartments (seed embryo, endosperm, and seed coat), and
play key roles in coordinating appropriate seed formation [10]. Low temperature sand storage is optimal
for break the seed dormancy of P cyrtonema Hua [11]. Nevertheless, in some other plants, room
temperature sand storage is more effective [12]. Among them, sand storage (low temperature
stratification treatment ) is the most common method to end the seed dormancy. In the dormancy-
breaking treatment, seeds are treated with wet sand storage at 4 °C. Few studies on the mechanism of
breaking dormancy and changes of metabolites during dormancy breaking are reported.

To reveal the mechanism of breaking dormancy, many studies have focused on different physiological
aspects in the process of dormancy. Metabolomics has also been applied to analyze the changes in
metabolites of breaking seed dormancy. For example, a gas chromatography-mass spectrometer (GC-
MS) has been used to reveal the metabolite's changes of Safron corm from dormancy release to
germination [13]. Takahashi analyzed the poor germination of Gentiana triflora seed by using targeted
metabonomics [14]. Recently, metabolomic characterization based on the non-targeted GC-MS of seed
germination has been reported [15,16].In present study, the seeds of P cyrtonema Hua were used as raw
materials. GC-MS technique was used to study the changes of metabolites in the process of sand storage
and seed germination.

Results

Effects of sand storage on the seed germinatio n rate of P cyrtonema Hua

The seeds of P cyrtonema Hua treated with sand storage at 4 °C in winter for 30 d. (Fig. 1). The rate of
seeds germination was significantly higher (3.69 times) after the treatment with sand storage as
compared to non-sand storage (control).. These results showed that treatment of sand storage plays an
important role in the germination of P cyrtonema Hua seeds.

Metabolic profiling of the seed coat and peeled seeds of P, cyrtonema Hua at different storage time

The metabolic profiles of the seed coat and peeled seeds during four sand storage stages were
investigated using GC-MS. Metabolome-wide expression profiling showed highest metabolite expression
during the treatment of sand storage. Through comparative analysis, 85 and 74 metabolites were
identified in seed coat and peeled seeds, respectively (Fig. 3). In the metabolite profiles were significant
differences existed between the seed coat and peeled seeds. There are 65 metabolites detected in both
the seed coat and peeled seeds, but 20 metabolites were only detected in the seed coat and 9 metabolites
were only detected in peeled seeds (Fig. 3B). The specific metabolites of seed coat included four
carbohydrates, six alcohols, four organic acids, four nitrogenous compounds, and two other compounds,
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as well as, the nine metabolites specific to peeled seeds included two carbohydrates, five organic acids,
and two other metabolites were presented (Fig. 3A).

Changes of metabolites in seed coat and peeled seeds of P cyrtonema Hua in metabolic pathways during
different sand storage time

Our study sought to obtain a more detailed overview of the abundance of the identified substances and,
similarities and differences in each storage time of both organs (Fig. 4). In starch and sucrose
metabolism, trehalose showed a similar trend in seed coat and peeled seeds during sand storage.
Trehalose increased at 30 d of sand storage, decreased significantly at 60 d, and slightly increased at 90
d. The sucrose, fructose, and maltose in peeled seeds were significantly higher than those in other periods
when stored in the sand for 30 d. The sucrose and maltose of seed coat decreased significantly after 60 d
of sand storage. In the TCA cycle, seed coat and peeled seeds had the same metabolites, but the
changing trend of metabolites was different in seed coat and peeled seeds. During sand storage, the
content of pyruvate, succinate, and malate in peeled seeds showed similar trends, and the metabolites of
sand storage at 60 d were significantly higher than those in the other three periods, indicating that the
TCA cycle was relatively active at this time. Succinate of seed coat showed a significant downward trend
in the sand storage process and increased slightly at 90 d. Pyruvate of seed coat was significantly higher
than that in the other three periods during 30 d of sand storage. Malate of seed coat and peeled seeds
changed in opposite directions.

These results indicating that, most of the sugar and glycosides content in the seed coat increased at 30 d,
indicating that the macromolecular nutrients in the seed coat began to decompose into soluble sugar,
and the other sand storage time changed differently. Most of the sugars and glycosides in peeled seeds
increased at 30 d of sand storage and decreased at 60 d of sand storage, which indicated that the
macromolecular nutrients in seeds began to decompose into soluble sugars in preparation for seeds to
break dormancy. After 60 d of sand storage, sugar and glycosides began to degrade, indicating that the
seeds have been in a relatively active state, began to consume sugar and glycosides to prepare for seed
germination. The changing trend of amino acids in seed coat and peeled seeds were also different. The
content of most amino acids in seed coat decreased with the extension of sand storage time, and most
of the amino acids in peeled seeds were the highest at 60 d of sand storage. Proline was an important
product of dormancy release [20]. The content of proline in the seed coat decreased after sand storage,
while the content of proline in peeled seeds increased after 60 d of sand storage. Benzoic acid is only
detected in the seed coat, and benzoic acid is considered to be an endogenous inhibitor [21].

Morphological changes of P cyrtonema Hua seeds at different germination stages

Through the dynamic observation of the germination process (Fig. 5), it was found that the seeds of P
cyrtonema Hua started to germinate on 14 d, and the seeds began to show small buds, and the corms
started outgrowth after the germination of 21 d. Then the corm began to germinate and grow to form
radicle and hypocotyl.
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Analysis of metabolites during seed germination of P cyrtonema Hua based on GC-MS

GC-MS was used to analyze the metabolites during the germination process of P cyrtonema Hua. A total
of 96 metabolites were isolated and identified, including 22 amino acids, 20 sugars and glycosides, 22
organic acids, 13 alcohols and esters, 8 nitrogen compounds, 4 fatty acids, and 7 other compounds.

Firstly, the samples were analyzed by using PCA to detect the distribution of metabolites at different
germination stages of P cyrtonema Hua seeds (Fig. 6). The first principal component covered 22.3%, and
the second principal component covered 30.9%. From the dispersion trend of the score map samples, it
can be seen that the seed germination 0 d can be obviously distinguished from other germination periods,
21 d, 28 d, 35 d cannot be distinguished obviously.

The OPLS-DA, a supervised pattern recognition method, was further employed to identify the metabolites
during the germination of P cyrtonema Hua seeds (Fig. 7, VIP>1.0, p< 0.05). There are 17, 27,9, 7, 1
metabolites that showed significantly changed and greatly contributed to typing from0dvs. 7d, 7 d vs.
14d,14dvs.21d,21dvs.28d, 28 d vs.35 d, respectively(Additional file1: Table S1).

The dynamic changes of metabolites during the seed germination stages were analyzed by HCA. As
shown in Fig. 8, the metabolites during seed germination can be divided into three clusters. Cluster |
mainly consists of two organic acids (succinic acid and 2, 4, 6-trihydroxybenzoic acid), three amino acids
(glycine, 4-aminobutyric acid, B-alanine), and a glycoside compound. The contents of these metabolites
decreased gradually during the seed germination process. Cluster Il mainly includes 9 amino acids
(proline, alanine, glutamic acid, etc.), 10 organic acids (citric acid, mandelic acid, glyceric acid, etc.), 7
sugars and glycosides (maltose, trehalose, moschose, etc.), 4 alcohols (inositol, glycerol, squalinositol,
etc.), one fatty acid, four nitrogen-containing compounds, and four other metabolites after seed
germination for 7 d, these metabolites contents firstly increase, and most of them decreased after 14 d of
germination. Cluster Ill mainly consists of 12 sugars and glycosides (sucrose, cellobiose, fructose, etc.),
10 amino acids (tryptophan, L-lysine, tyrosine, etc.), 11 organic acids (malic acid, lactic acid, niacin, etc.),
9 alcohols and esters, 5 nitrogen compounds, 3 fatty acids (linoleic acid, stearic acid, palmitic acid) and 4
other compounds. The changing trend of cluster Ill was partly similar to that of cluster Il. These
metabolite contents gradually increased at 14 d of seed germination, and decreased at 21 d. However,
compared with cluster |, the change was not significant. In summary, from the results of thermographic
analysis of metabolites, it was found that the content of most compounds began to increase at 7 d of
germination, and to decrease at 14 d.

Changes of metabolites during seeds germination of P cyrtonema Hua

Through the analysis of KEGG pathway of differential metabolites, the differential metabolites were
enriched to 32, 32, 4, and 9 pathways from0dvs.7d,7dvs. 14d,14dvs. 21d,21dvs. 284,
respectively. There was only one differential metabolite in 28 d vs. 35 d, and on the other side, there was
no differential metabolic pathway (Additional file2: Table S2). The significantly enriched metabolic
pathway was mainly related to amino acid metabolism, sugar metabolism, inositol phosphate
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metabolism and citric acid cycle. The metabolic pathways with significant enrichment were citric acid
cycle, arginine and proline metabolism, starch and sucrose metabolism, etc. (Additional file2: Table S2).

A pair-wise comparison between all the stages was performed. We observed significant metabolite
changes (p<0.05) between 0 d and 7 d as depicted on the metabolic map (Fig. 9A). In 7 d,we observed
significant increase in sucrose (2.02), sorbitol (1.75), glycine (1.28), serine (1.85), phenylalanine (1.97),
carbamate (2.10), citric acid (1.70), malic acid (1.57), glutamic acid (6.27), proline (1.38), aspartic acid
(2.05), asparagine (2.66), palmitic acid (1.89) and stearic acid (2.63), accompanied by a significant
decrease in inositol (0.14), tryptophan (0.59) and succinic acid (0.46)

We also observed significant metabolite changes (p< 0.05) between stages 7 d and 14 d (Fig. 9B). In 14
d, our study showed significant increase in sucrose (1.27), glucose (1.90), carbamate (1.14), valine (1.33),
isoleucine (1.36), proline (1.38), glycine (1.28), serine (1.27), malic acid (1.30), L-hydroxyproline (1.34),
phenylalanine (1.97), palmitic acid (1.30) and ethanolamine (1.24) accompanied by significant decrease
in inositol (0.90) ,tryptophan (0.9) ,Glycolic acid (0.76).

When the seeds germinated at 21 d, the differential metabolities contents (mainly were amino acids and
inositol) were decreased. On the 28 d of germination, the content of most of the differential metabolism
decreased significantly, except for isoleucine and 4-hydroxypyridine, the content of other differential
metabolites decreased significantly, including sugar, niacin and sorbitol. In summary, it can be concluded
that the seed germination of P cyrtonema Hua may be affected by a variety of metabolic pathways.

Correlation analysis of metabolites during seed germination of P cyrtonema Hua

In this study, the changes of metabolic network among metabolites (r= 0.8, p<0.001) during the
germination of P cyrtonema Hua were analyzed. As shown in Fig. 10, a total of 250 pairs of metabolites
were significantly correlated, and all of them were positively correlated. It mainly existed between amino
acids, organic acids, sugars, glycosides and alcohols, accounting for 48% of the total correlation, such as
proline and aspartic acid (r=0.87, p=5.41E-12), maltose (r=0.963, p= 5.45E-21), inositol (r=0.843, p=
1.08E-10), phosphate (r=0.914, p=6.89E-15). Glutamine and lysine (r = 0.836, p=2.24E-10). In addition,
malic acid and serine (r=0.82, p=9.79E-10), sucrose (r=0.819, p=9.91E-10). Succinic acid and glycine
(r=0.928, p=4.05E-16), y-aminobutyric acid (r= 0.875, p=3.12E-12), B-alanine (r=0.91, p=1.52E-14), 2
O-glycerol-a-D-galactose (r = 0.894, p=2.08E-13). It shows that the metabolic pathways of amino acids,
sugars and organic acids act together during seed germination(Fig. 10).

Discussion

Compared with the control group, the sand storage treatment can significantly improve the seeds
germination rate of P cyrtonema Hua. This is consistent with the research of Bian, F [22], used of sand
storage to release dormancy and improve the germination rate of Taxus yunnanensis. During the post-
ripening development of seeds in the process of sand storage, the internal macromolecular substances
and enzyme activities were in a certain dynamic change. In the post-ripening stage, the macromolecular
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substances (such as starch, etc.) can be decomposed into soluble sugars, such as glucose, sucrose,
fructose, etc., and then participate in seed germination and basic physiological respiration needs. During
the storage at room temperature, the soluble sugar in the seeds increased at first and then decreased with
the extension of storage time. It is speculated that the starch decomposition in the seeds at the early
stage of storage may provide soluble sugar, and with the extension of storage time, the respiration may
become weaker, resulting in a decrease during the utilization of soluble sugar [23]. Soluble sugars include
most monosaccharides and oligosaccharides, which can be used as mediators for energy storage and
transfer in plants, as well as ligands for structural substances and functional molecules such as
glycoproteins. From the analysis of the changes of metabolites in the seeds of P cyrtonema Hua treated
with low temperature sand storage at different times, it can be seen that the contents of most sugar and
glycosides in the peeled seeds started to increase gradually from 0 d to 60 d of sand storage times, and
decreased significantly at 90 d. After 60 d, the sugar and glycosides (glucose, sucrose, fructose) began to
degrade, indicating that the seed has been in a relatively active state, started to consume carbohydrates
to prepare for seed germination, which is consistent with the research of Ma, L, etc [24].

Since the seed was imbibed, its internal metabolism was activated to provide nutrition and energy for
seed germination. Through the dynamic observation of the germination process of P cyrtonema Hua
seeds (Fig. 5), it was found that the seeds began to germinate at 14 d, and the seeds started to show
small buds, and the corms appeared at 21 d after germination. At the later stage, the corm began to
germinate and grow to form radicle and hypocotyl. Sugar, as an important source of carbon source in
seeds, provides conditions for seed germination [25]. In this study, during seed germination for 0 to 14 d,
the content of disaccharide (trehalose, maltose, sucrose, etc.) began to increase, and these metabolites
decreased after 14 d of germination. These disaccharides are soluble sugars and are considered to be
rapidly available [26]. The generation of energy may be related to the cell growth in the seed, including the
expansion of the protocambium ring and the radicle [27]. After 14 d of seed germination, the content of
disaccharide decreased, which indicated that the glycolysis pathway and tricarboxylic acid cycle were
affected in these stages. At the same time, we also found that the content of intermediate metabolites
(malic acid, succinic acid, citric acid) of tricarboxylic acid cycle decreased at the stage of 14 d to 28 d of
germination. During seed germination process, seeds take energy through other metabolic pathways,
such as fermentation and amino acid consumption [28]. Amino acid metabolism is essential during seed
germination because it must be consistent with the changes of carbohydrates and carbohydrates in
seeds in order to drive cell metabolism and promote seed germination [29]. The changing trend of most
amino acids in seeds was the same as that of disaccharide. It has been found that y-aminobutyric acid is
related to the production of seed energy [30]. In the process of seed germination, the content of y-
aminobutyric acid was the highest after 0 d of germination, and began to decrease in other stages.
Besides, inositol is associated with many aspects of plant physiology, such as carbohydrate metabolism,
seed germination, stress response and cell wall formation, as well as cell division [31,32]. Our study
showed that the content of inositol in seeds increased at the stage of 0 d to 7 d of germination, and
decreased at the beginning of germination (14 d), these indicated that the inositol in seeds was used for
seed germination.
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Conclusion

These results indicated that the germination and dormancy process was significantly increased after the
treatments of sand storage in P cyrtonema Hua seeds. During the sand storage process, the metabolites
in P cyrtonema Hua seeds and peeled seeds change during different sand storage times. In this process
of seed sand storage from 0 d to 90 d, 10 kinds of sugar and glycosides content in the seed coat
continued to increase, 7 kinds of them continuously decreased, and another 5 kinds of them increased
first and then decreased, the highest content was at 30 d. The content of most carbohydrates and
glycosides in the peeled seeds increased at 30 d after the treatment of sand storage, and gradually
decreased after 60 d. The content of most amino acids in the seed coat gradually decreased with the
extension of the sand storage times, while the content of most amino acids in the peeled seeds increased
first and then decreased, the highest content was at 60 d. We found that the content of proline,an
important product of releasing dormancylidecreased in the seed coat after sand storage. Benzoic acid, an
endogenous inhibitors, decreased also.

During the germination of P cyrtonema Hua seeds, from 0 d to 35 d, the content of most amino acids,
organic acids, sugars, and alcohols showed a trend of first increasing and then decreasing, as well as, the
content reached the maximum value from 7 d to 14 d. A variety of differential metabolites were screened
from the germination process of P cyrtonema Hua seeds, which were mainly concentrated in the first 14
days of germination. According to the metabolic map, the germination of P cyrtonema Hua seeds is
affected by various metabolic pathways. Among them, the metabolic pathways of amino acids, sugars
and organic acids showed a positive correlation.

Methods

Plant material

The P cyrtonema Hua seeds were provided by the Polygonatum planting base of Sansanfulin Chinese
Medicinal Materials Co., Ltd.,,China in September 2017, which located in Zongwen Village, Ducun
Township, Qingyang County, Chizhou City, Anhui Province in China (30°32' 30.8"N 117°43'54.8"E), and
authenticated by Professor Yongping Cai (School of Life Sciences, Anhui Agricultural University). Sand
storage and seed germination of P cyrtonema Hua were carried out in the laboratory of Anhui Agricultural
University.

The effect of sand storage on the seed germination rate of P cyrtonema Hua

After rubbing, rinsing, washing and drying the fresh P cyrtonema Hua fruit, sand storage treatment was
carried out at 4 °C in winter, and water was sprayed regularly to maintain humidity. The seeds of P
cyrtonema Hua were taken out, planted in the hole seedling tray, and cultured in a constant-temperature
incubator at 26 °C. For this, one hundred seeds per treatment were used in triplicates, and count the seed
germination rate after 30 days. Using seeds not in sand storage as the control. SPSS19 software was
used for data statistical analysis. The germination rate was calculated using the following formula:
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Germination rate = a total number of germinated seeds / total number of tested seeds *100%.
Changes of metabolites of P cyrtonema Hua seed coat and peeled seeds in different sand storage times

The seeds of P cyrtonema Hua were collected on these stages 0 d, 30 d, 60 d, and 90 d in sand storage,
respectively. The seed coat and peeled seeds(including seed embryo and endosperm)were separated and
frozen with liquid nitrogen and stored in a refrigerator at -80°C until used for GC-MS to identify
metabolites.

Changes of metabolites during the germination of P cyrtonema Hua seeds

The seeds of P cyrtonema Hua after 60 days of sand storage were soaked in GA3 for 24 h, and the seeds
germinated for0d, 7 d, 14 d, 21 d, 28 d and 35 d, respectively. They are frozen with liquid nitrogen and
stored in a refrigerator at -80°C until used for GC-MS to identify metabolites.

Extraction of Metabolites of P cyrtonema Hua seeds

The protocol for GC-MS metabolite extraction was following that of the previously described procedure
[13]. The collected samples (100 mg) were grinded in a mortar using liquid nitrogen, then transferred into
10 mL centrifuge tubes. After adding 1.4 mL of 100% methanol (precooled at -20 °C) and vortexing for
30 s, 60 pL of polar internal standard (0.2 mg-mL~" 1,2-benzenediol in methanol) was added to the tube.
The samples were vortexed again for 30 s and placed into an ultrasound machine for 30 min at 40 °C,
followed by centrifugation for 20 min at 4000 rpm. Then, we transferred the supernatanttoa 10 mL
centrifuge tube which was followed by the addition of 750 pL of chloroform and 1.4 mL of ddH,0 and
the mixture was vortexed for 30 s before centrifugation at 4000 rpm for 20 min. The supernatant was
transferred into a new tube and blow-dried with nitrogen. Subsequently, 60 pL of methoxypyridine (20
mg-mL”~ 1) was added and vortexed for 30 s. After a reaction time of 2 h at 37 °C, 60 pL of N,O-
bis(trimethylsilyl) trifluoroacetamide (BSTFA) reagent (containing 1% trimethylchlorosilane) was added to
the tube. After reacting for 1.5 h at 37 °C, the samples were used for GC-MS analysis.

Detection conditions by GC-MS

The GC-MS data were obtained using an Agilent 7000B (Agilent, Santa Clara, CA, USA) system equipped
with an DB-5 MS capillary column (60 m x 0.25 mm, 0.25 um film thickness, Agilent J & W Scientific,
Folsom, CA, USA); The injection inlet temperature was 280°C, source temperature of 250°C, an inlet
temperature of 250°C. Split ratio 10:1 and injection volume was 1 yL The following temperature program:
initial temperature of 40°C and held for 5 min, increased by 8°C/min to 280°C, and held for 5 min with a
constant flow of 1 mL/min helium as the carrier gas. The solvent delay time was 14 min, and m/z range
was 33-600. The detection was by an Agilent 5977C Triple Quad with the following settings: electrospray
ionization (ESI) source(70 eV); source temperature of 230°C, the quad temperature of 150 °C and m/z
range was 35-780.

Data Analysis
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To ensure the stability of the assay, we performed six biological replications and analyzed them under
identical conditions. The QCs were injected at regular intervals throughout the GC-MS analytical run to
provide a set of data from which repeatability could be assessed. All the GC-MS data were processed by
XCMS running under the R package, which produced a matrix of features with the associated retention
times, accurate masses, and peak areas. All internal peaks were removed from the data set. The resulting
data were normalized to the total peak area of each sample in Excel 2010. Principal component analysis
(PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) models were generated
using Simca-P software version 14.0. The differential metabolites were selected based on the
combination of the statistically significant threshold of variable influence on projection (VIP) values
obtained from the OPLS-DA model and the p-value from a two-tailed Student'’s t-test of the normalized
peak area; metabolites with VIP >1.0 and p<0.05, respectively, were selected. For GC-MS analysis,
metabolites were identified by searching the commercial database NIST11 [17] after their mass spectra
were deconvoluted by the Automated Mass Spectral Deconvolution and Identification System (AMDIS)
[18]. Peaks with a similarity index of more than 70% were tentatively identified as metabolites. The
identified metabolites were mapped to general biochemical pathways according to their annotation in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Pathway analysis was performed using
MetaboAnalyst 4.0 [19]. The metabolome data of the differential metabolites were used for different
analysis and subsequently normalized by sum, log-transformed, and Pareto-scaled thereby compared
with the KEGG pathway library of Arabidopsis thaliana. The heatmap was generated with R software.
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Effects of sand storage on seed germination of P. cyrtonema Hua, extremely significant **p< 0.01. "CK" in
the figure means non sand storage.
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Figure 3

Distribution of the identified metabolites in the storage seed. (A) corresponded to the functional
classification of significantly different metabolites in the seed coat and peeled seeds. (B) corresponded to
Venn diagram showing the distribution of the significantly different metabolites in the seed coat and

peeled seeds.
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Distribution of the identified metabolites in the storage seed. (A) corresponded to the functional
classification of significantly different metabolites in the seed coat and peeled seeds. (B) corresponded to
Venn diagram showing the distribution of the significantly different metabolites in the seed coat and

peeled seeds.
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Primary metabolism pathways of measured metabolites in the seed coat (SC) and peeled seeds (PS).
Note: Represented pathways are simplified versions of the TCA, glycolysis, amino acid synthesis, and
sucrose synthesis. Within each box, rows represent organs (upper row: SC; lower row: PS). Each column is
a sand storage stage (from left to right: 0d; 30 d; 60 d; 90 d), as shown in the upper right corner. Average
metabolite intensity is color-coded according to the scale in the upper right corner. Metabolites measured
in both seed coat and peeled seeds, non-measured, only measured in the seed coat, only measured in
peeled seeds are displayed in black thickening, gray, blue and red font respectively.
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Note: Represented pathways are simplified versions of the TCA, glycolysis, amino acid synthesis, and
sucrose synthesis. Within each box, rows represent organs (upper row: SC; lower row: PS). Each column is
a sand storage stage (from left to right: 0d; 30 d; 60 d; 90 d), as shown in the upper right corner. Average
metabolite intensity is color-coded according to the scale in the upper right corner. Metabolites measured
in both seed coat and peeled seeds, non-measured, only measured in the seed coat, only measured in
peeled seeds are displayed in black thickening, gray, blue and red font respectively.
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Seeds of P. cyrtonema Hua at different germination stages
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The OPLS-DA score map of metabolites during seed germination of P. cyrtonema Hua Note: (A), (B), (C),
(D) and (E) are the OPLS-DA score maps of metabolites in the germination of P. cyrtonema Hua seeds for
0dvs.7d,7dvs.14d,14dvs. 21d,21 dvs. 28 d, and 28 d vs.35 d, respectively.
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The OPLS-DA score map of metabolites during seed germination of P. cyrtonema Hua Note: (A), (B), (C),
(D) and (E) are the OPLS-DA score maps of metabolites in the germination of P. cyrtonema Hua seeds for
0dvs.7d,7dvs.14d,14dvs. 21d,21 dvs. 28 d, and 28 d vs.35 d, respectively.
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Hierarchical cluster analysisiHCAXof metabolites during seed germination of P. cyrtonema Hua

Page 23/28



0d 7d 14d 21d 28d

Cluster |

Cluster II

35d

G]

2 O-GI rol-g-d-galacto, oside
2.4 &Tmydmxybgzmc Emm 2

uu acid
2,4 4-T11m.eﬂ1¥l -1-pentanol
ucosamine
lenollc :u:u;fi
INAMIC Al
f!tnc acrfd 1

Carﬁqdlumde

I;enelnosane
Oleic acld
Manni

D-glucopyranoside
T
2Sh|]u'1'|'Jic.hal.‘,i|:l —

-{phosphonoox:
T esphonooxy -1
gl—l’sicpse d

'yCerc acl
Gl cerol

Imsltol

Et animidic acid
(#)-a-Amino-y-butyrolactone -2
D-Pro

Phosphate
Plpeoahc acid
N-methylleucine
Sd{{ydmxmaml
D-Trehalose

D-Gluco ose-f3-D- osyl
Cm Py f-D-galactopyranosy!

%?.E)-z-butenoate
I,lﬁoely]d methylazetidine
sc:{:llo-[nosml

L-Pro

all

B‘xa ic acid

Erythronic acid

Iso

Phe

D-Psicofuranose

Ymolmc acid

u—DL—Lyxofuranomde
acid, 1,5-lact

Nicotinic acid

E%ml

hydroxyproline

Lys
Gulose

224 6,6-Pentamethylhepten-3
D-Galactose
tlmmmld.lc acid

-\nmv

Cadaverine

Minalin
thanol

Cluster [11

3-g-Mannobiose
L-Rhamnose
D-Cellobiose
Gln
D-Fructose
Sebacic acid
Monostearin
Oleanitrile
D-Glucose
lljlll;lylplhosphomc acid, heptyl 4-(2-phenylprop-2-yl)phenyl ester
eno|

-Hydroxybutyric acid
g-ﬁ-dj y] ecane

Malic a.cid

?‘ZMB'pyﬁd'
"-Bi ing

L-Threose

Lactate i
glutamic acid
icosanoic acid

*Hgi:u idi
3[2- iao’ég{-g-l:gt:hyl-1-phe11y1-l,4—dihydmpyridine
anoic acid

Figure 8

Hierarchical cluster analysisiHCAXof metabolites during seed germination of P. cyrtonema Hua

Page 24/28



Sucrose
(A) Bl Increase [ Decrease / \jm
| 1
| !
aer [ ] '
1
1
; sorbital] 1.75
Frdbp D._ L~ Sorbitol | 1.75]
Gly 4—Scr+——.1- (;_.\D———-+M}'o—lnositnl
--—-»Trp [ 0.59]
PEP—¥ —_— Pie
s ]
——————— — Acetyl-COA
-m Hexadecanoic acid «-——~~"""___--"" ’
e Citrate | 1.70
Octadecanoic acid 4=~ Oxaloacetate
/ Isocitrate l.n‘“ “D ----- plarbamate @
- Asn +— - Asp v
Malic acid TCA 13+ri-a|:|
I
Fumarate 2-Oxoglutarate __1_,, Gllllhlmnle
-u.-u. ]
> ';
e_,\&"‘:‘“ -rr{Jl,(b Pro
'y
Sucrose | | 27
(B) Bl tncrease B Decrease /
Glugose [ 1.90]
JEE
e ] |t
]
1
]
kp L———»Sorbitol
Ethanolamine ¢ --—+ Fropl D‘_
1
u .
Glycolic acid —» G]y -— Ser «—3-HGA D—— == Myo-Inositol
[-=—=>Trp L0.59]
1 = pir—> s —me[]
Val 4—'+4__ L —
e e
Pl \L'L'R'-( OA
130 |Hexadecanoic acid 4___:-/_ -
-1 = Oxaloavetate
-IE'] Octadecanoic acid 4~ . i “""D""' »Carbamatem
Malic #hid Isocitrate *
| I'L'iID
TCA , '
Fumarate 2-Oxogglutarate _| 4, ! . D
|
"—’.rf. Il
v v
-lﬁ'u‘( o Pro ——b 4-hydroxyproline
“1
Figure 9
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differential metabolites in P. cyrtonema Hua seeds at 7 d of germination and at 14 d respectively. The red
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6-phosphate; 3-PGA, 3-phosphate glyceraldehyde; PEP, phosphoenolpyruvate; Gly, glycine; Serine; Leu,
leucine; Valine; lle, isoleucine; Trp, tryptophan; Phe, phenylalanine; Tyr, lysine; Pro, proline
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Figure 9

Metabolic profiling of seed germination of P. cyrtonema Hua Note:(A) and (B) are metabolic profiling of
differential metabolites in P. cyrtonema Hua seeds at 7 d of germination and at 14 d respectively. The red
number represents an increase in metabolite content. The green number represents a decrease in
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metabolite content. Black font represents differential metabolites, orange font represents non-differential
metabolites, blue font represents undiscovered metabolites; Glu 6P, glucose 6-phosphate; Fru6P, fructose-
6-phosphate; 3-PGA, 3-phosphate glyceraldehyde; PEP, phosphoenolpyruvate; Gly, glycine; Serine; Leu,

leucine; Valine; lle, isoleucine; Trp, tryptophan; Phe, phenylalanine; Tyr, lysine; Pro, proline
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Figure 10

Metabolite network based on significant correlations during seed germination of P. cyrtonema Hua Note:

Nodes represent metabolites, and edges represent metabolite relationships. Different node colors indicate
metabolites in different pathways. Blue edges show positive correlations.
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Figure 10

Metabolite network based on significant correlations during seed germination of P. cyrtonema Hua Note:
Nodes represent metabolites, and edges represent metabolite relationships. Different node colors indicate
metabolites in different pathways. Blue edges show positive correlations.
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