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Abstract

Seed dormancy affords plants long-term effective resistance to severe environments. Various regulatory factors and
protection mechanisms that are involved in seed dormancy and dormancy release and valuable to the use and release of
seed dormancy were analyzed from the molecular perspective. Tilia miqueliana has a good ability to improve the
environment and has a broad application prospect, but its seeds undergo dormancy. The differential proteomics of
endosperm during dormancy release of T. miqueliana seeds were investigated in this study by combining two-
dimensional electrophoresis and mass spectrometry to explore the protein changes and protein—protein interaction during
dormancy release of 7. miqueliana seeds and thereby disclose the molecular mechanism of dormancy release. A total of
16 differentially expressed proteins were identified, most of which were related to the activity of the nutrient bank,
programmed plant cell death, and redox reactions. Subsequently, bioinformatics analysis of protein-related data was
carried out. The results demonstrate that in the key stage of dormancy release of 7. miqueliana seeds, the number of
proteins, which have oxidoreductase activity, antioxidant activity, and combined enrichment with transition metal ions, is
the highest in molecular functions.They mainly participate in metabolism processes in organelles, the mitochondria,
peroxisome, and cell catabolism. According to the results of Kyoto Encyclopedia of Genesand Genomes(KEGG)
pathways, some pathways, including glycolysis/gluconeogenesis, biosynthesis of secondary metabolites, biosynthesis of
amino acids, and glyoxylate and dicarboxylate metabolism, play a dominant role during dormancy release of 7.
miqueliana seeds. Finally, important proteins (genes) during the dormancy release of 7. miqueliana seeds were screened
through weighed gene co-expression network analysis (WGCNA), including SPS1, SDRA, ENO2, Atlg64255,
At4g17670, and At2g28490. This study provides a technical method and data support for the dynamic analysis of
proteomics during the process of seed dormancy release, and the research results further elucidated the molecular
mechanism of dormancy release of T. miqueliana seeds.
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1. Introduction

Seed dormancy is a biological characteristic of adapting to
environmental changes that plants acquired for survival and
evolution of species [1,2]. However, such seeds could only
be germinated after dormancy release, which bring many
barriers against agricultural and forestry production and
forest breeding. Understanding the dormancy release
mechanism of seeds is conducive to the dormancy release of
seeds by using appropriate methods.

Seeds with deep physiological embryo dormancy could
be germinated through various processing stimuli including,
laminating cold storage [3,4]. The hormone imbalance
between germination inhibitor (e.g., abscisic acid) and
growth stimulant (e.g. gibberellin) is an important cause of
dormancy release of seeds [5—7]. Dormancy release of seeds
includes a series of physiological processes, including
breaking the dormancy mechanism of seeds, triggering
metabolism in seeds, and regulating germination time[8,9].
Protein is the executor of physiological functions. Studying
protein changes during the dormancy release of seeds under
certain conditions reflects not only the gene expression
levels when genomes are activated but also the changes in
intra-seed physiological metabolism from relative static state
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to active state. The results are of important significance to
release the dormancy of seeds and discuss the relevant
molecular mechanism.

Proteome refers to the set of proteins contained in a
specific research object, such as the set of proteins encoded
by genomes of specific species or the set of proteins
expressed by specific tissues, organs, and cells. The method
that investigates proteomes is called proteomics [10,11].
This technology provides a good means to study dynamic
changes in proteins during the dormancy release of seeds,
and the core technology includes two-dimensional gel
electrophoresis (2-DE) and mass spectrometry (MS) [12,13].
Research on the dormancy release mechanism of seeds
based on proteomics technology has been applied
successfully to various plants. For example, Rashid analyzed
the protein composition of the aleurone layer of Arabidopsis
thaliana through 2-DE electrophoresis and liquid
chromatography-tandem mass spectrometry (LC-MS) [14].
Su He identified 550 nonredundant proteins through the 2-
DE method by studying differential proteomics during the
dormancy release of Epimedium wushanense seeds, which
were mainly related to metabolism [15]. Lan Hai et al.
analyzed the proteomic differential expression of seeds of
strong-dormancy maize inbred line 08-641 in dormancy and
after dormancy release. The detected differentially expressed
proteins are mainly divided into three classes: storage
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proteins, proteins participating in substance metabolism, and
proteins participating in protein structure and cell functional
regulation. Excessive expression or deficiency of these
proteins is speculated to inhibit normal germination of seeds
[16]. Hybrid-2D-linear quadrupole ITFT-ICR (LTQ-FTICR)
MS [17] was applied during protein identification of Acer
platanoides, Firmiana platanifolia, and Fagus sylvatica
seeds [17]. MALDI-TOF MS was applied to analyze the
dormancy of A. thaliana seeds [18]. The dormancy of
Prunus campanulatal seeds was also investigated by
MALDI-TOF MS/MS and ESI-MS/MS [19]. In addition,
many scholars have investigated proteomes in seeds of
soybean, rice, Buchloe dactyloides, wheat, and Fagopyrum
esculentum [20-24]. However, most of these studies
identified differentially expressed proteins during dormancy
release of seeds and analyzed the functions of specific
proteins. The results demonstrated that energy metabolism,
proteasome, transcription, protein synthesis, signal
transduction, and methionine metabolism protein have
unique importance. However, none of these studies have
carried out bioinformatics analysis in depth by combining
relevant data.

Many studies on the dormancy characteristics and
germination mechanism of seeds have been recently reported
and achieved some outcomes. The dormancy and
germination mechanisms of seeds of some plants have been
disclosed clearly. Existing results have provided references
for scientific dormancy release of seeds. However, the
dormancy and germination mechanisms of seeds are
conservative, to some extent, in different plants. Due to
some specificity between monocotyledon and dicotyledon
plants and among different plants, the dormancy mechanism
of seeds of each plant species must be studied specifically.

Tilia miqueliana Maxim. (Tiliaceae) belongs to the
deciduous tree, which has beautiful structure, good
appreciation, and strong stress tolerance to harmful gases,
and can improve the environment very well. It is not only a
good honey crop; it could also be used as a medicinal
material and material. Moreover, due to the deep origin with
Buddhist culture, it is called as the “Bodhi tree” [25,26]. T.
miqueliana seeds have deep dormancy characteristics that
restrict the industrialization process of seedling breeding
significantly.

Existing studies on 7. miqueliana seeds mainly focused
on the causes of dormancy and dormancy release methods.
Shi and Wu et al. believed that the inhibitors and mechanical
barriers of shells and testa of T. miqueliana seeds,
endosperm inhibitors, hormone regulation, and material
metabolism are all causes of seed dormancy, and it is
comprehensive dormancy type [27-29]. Wang et al.
concluded from a research that the dormancy of T.
miqueliana seeds belongs to physical and physiological
dormancy, and the mechanical barrier of endosperm cap and
the permeability of the outer cells of testa and endosperm are
major causes of dormancy of 7. miqueliana seeds[30]. Yang
investigated various physiological and biochemical changes
in endosperm during fast dormancy release of 7. miqueliana
seeds and recognized the optimal dormancy release
method[31]. To sum up, although studies on the dormancy
release of T. miqueliana seeds have achieved breakthrough
processes, the molecular mechanism remains unknown.

In this study, changes in the differential proteomics of
endosperm during dormancy release of 7. migueliana seeds
were investigated using proteomics technology and
bioinformatics analysis on the basis of previous research.
The key proteins during dormancy release of 7. miqueliana
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seeds were screened by weighed gene co-expression network
analysis (WGCNA) method to discuss the relevant
molecular mechanism.

2. Materials and Methods

2.1 Research materials
The seeds of 7. miqueliana were collected from fruits that
fell naturally onto the ground in Anhui Huangzangyu
National Forest Park in China. In the experiment, the shells
of seeds were eliminated, and full seeds were chosen as
experimental materials.

2.2 Experimental methods

2.2.1 Seed treatment

The dormancy release of 7. miqueliana seeds was realized
with concentrated sulfuric acid. The first sampling was
performed on the day of seed treatment, and 3 X 150 seeds
were collected randomly and the endospermwas stripped for
protein extraction, the extracted protein was frozen at - 80°C.
The endosperm was collected to extract proteins, which were
then frozen at —80 ‘C. Subsequently, the samples were
collected every 15 d. Sampling was performed at about 30
and 60 d of cold stratification to avoid missing the key
stages during the dormancy release of 7. migueliana seeds.
The sampling times were set at 0, 15, 30, 35, 40, 45, 60, and
70 d. Random sampling was performed, and the endosperm
proteins of 7. miqueliana seeds were extracted for 2-DE.

2.2.2 2-DE of endosperm proteins

The endosperm proteins of 7. miqueliana seeds were
extracted by phenol extraction method, which was
appropriately improved with references to the method of
Isaacson et al. [32]. The protein concentration was tested by
referring to the method of Bradford [33], and 2-DE was
performed using PH3-10, 24 cm-nonlinear adhesive tapes
(Fig.1). The isoelectric focusing parameters included
temperature (20°C) and maximum current (50 1 A/adhesive
tapes). The temperature and electrophoresis of SDS-PAGE
electrophoresis water bath circulator were set 15 'C and 100
V X45 min, respectively. The SDS-PAGE electrophoresis
was continued under 200 V until bromophenolan’ s leading
edge ran out of gel. Gel dying was performed using
Coomassie brilliant blue staining method, and samples were
scanned after de-coloration by using the GS-800 calibrated
densimeter (Bio Rad Company, USA). A matched analysis
of the gained images was carried out using the PDQuest
software (version 8.0, Bio Rad Company, USA).

2.2.3 Mass spectral identification and bioinformatics
analysis

The endosperm proteins of 7. miqueliana seeds at 0 d were
used as the control group, and the spectra at different stages
were compared. Protein spots with differences over two
times and P < 0.05 were viewed differentially and chosen for
MS. The Q Exactive Plus-combined quadrupole Orbitrap
mass spectrometer (Thermo Scientific, Fig. 2) was used for
analysis. The acquired level-1 and level-2 mass data were
integrated. Proteome Discoverer 2.3 (Thermo Fisher) was
used for the analysis of MS data and protein identification.
Given that T. miqueliana is a non-modal species,
homogenous mapping was conducted onto the closest model
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species, namely, A. thaliana (L.), followed by bioinformatics
analysis.

Fig. 2. Q Exactive Plus-combined quadrupol Orbitrap mass
spectrometer

2.2.4 Screening of important proteins based on WGCNA
WGCNA is a typical systematic biological algorithm that
establishes the gene co-expression network. Based on the
high-throughput expression data, the WGCNA algorithm
first hypothesizes that the gene network obeys to scale-free
network, defines the gene co-expression correlation matrix
and adjacent function formed by the gene network, and then
calculates the coefficient of difference of different nodes and
recognizes the gene set module related to seed
dormancy([34,35]. The protein expression spectra at each
timepoint ~were analyzed using the WGCNA
package[36]version 1.61 in R R3.4.1, thus obtaining the
correlations of each protein and module with dormancy
release of seeds. The correlation formula is as follows:

The Pearson correlation coefficient of each protein pair
(m and n) could be calculated as § | cor, |- On this basis,

the protein co-expression correlation matrix was formed.
The adjacent function of power function is as follows:

Ay = POWELs, )

The correlation matrix S,, was transformed into the

|

adjacent matrix ¢ . The relations of each gene and all other

genes in the analysis were included into consideration, and
the adjacent matrix was transformed into the topology
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matrix Q=y, [13]. The elements in the matrix were

expressed as follows:

lmn + amn

 minfk k }+1-a,, ’

m’

O

mn

where /., represents the sum of area of adjacency coefficient
of node, which is connected with genes m and n;km is the
sum of adjacencies of the node, which is connected
independently with the gene m.

3. Results analysis

3.1 Mass spectral identification of the differentially
expressed proteins of the endosperm during dormancy
release of 7. miqueliana seeds

2-DE was performed three times on the endosperm proteins
of the 7. miqueliana seeds. The repeatability of the test was
ensured by extracting these proteins at different stages, and
24 images of the 2-DE atlas were obtained. Different groups
of protein expression atlas were similar, and the matching
rate of a repeated adhesive was higher than 90%. The 2-DE
atlas of the samples collected on July 21 was used as the
control group, and protein spots with a mean differential
expression of over two times in three repeated atlases were
marked onto the overlapping atlas. The spots were numbered
by sampling time as follows: 0d, 15d, 30d, 35d, 40d, 45d,
60d, and 70d. The 2D electrophoretograms of proteins in
eight periods were analyzed using PD Quest version 8.0.1
software, and a total of 101 differentially expressed protein
spots with abundance variation of over two times, P of <0.05,
and good repeatability were detected. Through MS detection,
49 protein spots were matched successfully, and 16
differentially expressed proteins were acquired, which
mainly included storage, programmed cell death (PCD)-
related, and defense-related proteins.

Protein expression profiles with significantly similar
expression patterns over time were clustered at eight
different time points with STEM version 1.3.11 software
(significant similarity threshold: P < 0.05). Three clusters
with significantly similar expression patterns were obtained,
including 18, 8, and 5 proteins. The protein expression trend
in set 1 continuously decreased with time (Fig. 3A). In the
cluster heat map, the color gradually changed from red to
light and then to dark green, mainly including MuDR family
transposase (Atlg64255), vicilin-like seed storage protein
At2g28490 (At2g28490), P-loop-containing nucleoside
triphosphate hydrolases superfamily protein (At3g12020),
senescence-associated  family  protein  (Atd4gl17670),
cation/calcium exchanger 1 (AtCCX1; CCX1), probable
mediator of RNA polymerase 1l transcription subunit 37c
(heat shock 70 kDa protein 4; MED37C), short-chain
dehydrogenase/reductase (SDRA), and sucrose phosphate
synthase 1 (SPS1).

The expression trend of proteins in set 2 (Fig. 3B)
continues to increase over time. As shown in the clustering
heat map, the color of these proteins gradually changes from
green to light, and then to gradually dark red. These proteins
mainly include vicilin-like seed storage protein At3g22640
(PAP8S5), 12S seed storage protein CRD (CRD), catalase
(CAT2), KDEL-tailed cysteine endopeptidase CEP1(CEP1),
glyceraldehyde-3-phosphate dehydrogenase GAPC2
(GAPC2), and At2g28490.
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Fig. 3. Clustering maps of protein expression levels in three clusters
with significant similarity in expression obtained by STEM

Note: A-C represents three clustering maps of proteins in different
clusters

3.2 Gene Ontology (GO) functional annotation of
differentially expressed proteins
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The significantly correlated GO annotation classification of
proteins with significant variation in expression levels was
carried out using DAVID 6.8 [37], including biological
process (BP), cell composition (CC), and molecular function
(MF, P < 0.05 was used as the significance threshold). A
total of 253 annotations were acquired. Specifically, BP
accounted for 32.02% (81); CC, for 34.78% (88); and MF,
33.20% (84). The results(Fig. 4) were obtained by
sequencing the enrichment analysis results of BP, CC, and
MF from left to right in accordance with the significance of
differences and the summary of information of the top 10
classes. Fig. 4 shows that organelles and intracellular
organelles in CC had the highest number of enriched
differentially expressed proteins . Significant enrichment in
BP was the response to inorganic matter. In CC, the driving
protein compound had the most significant enrichment. In
MF, nutrient bank activity had the most significant
enrichment of differences.

As can be seen from Fig. 5A, there were 14 BPs
significantly enriched for differential proteins during the first
15 days of seed treatment, including developmental
programmed cell death, developmental maturation, and cell
development. Developmental maturation was the most
significant, involving proteins, such as the defense-related
protein PER1, SDRA, and seed storage protein CRD.

The MFs in which proteins are annotated and significantly
enriched at this stage are: nutrient reservoir activity,
cysteine-type endopeptidase activity, thioredoxin
thioredoxin peroxidase activity (Fig.5B). The nutrient
reservoir activity was the most significant, and the involved
proteins were seed storage proteins, such as At2g18540,
CRD, At2g28490, and PAP85. The CCs in which
differential proteins were annotated and significantly
enriched were plant-type vacuoles, lysosomes, lytic vacuoles,
and plant-type cell wall (Fig.5C). The most significant
difference was observed in CEP1 and CRD in plant-type
vacuoles.

A total of 2 - 19 BPS were annotated and significantly
enriched with differential proteins at each stage within 35
days after seed treatment. Developmental programmed cell
death showed the most significant difference, and CEP1 was
the only protein involved. Its protein expression was always
up-regulated in contrast to that in the initial stage of seed
treatment and reached the highest value after 35 - 40 days.
During the same period, proteins were significantly enriched
in lysosomes, plant-type vacuoles, plant-type cell walls, cell
walls and extracellular encapsulation structures, and the
most significant difference was observed in lysosomes. The
related protein was CEP1.The protein in the MF was
significantly enriched in nutrient reservoir activity and
cysteine-type endopeptidase activity. The proteins involved
were seed storage proteins PAP85, CRD, and programmed
cell death protein CEP1.

Overall, the differential proteins obtained at each time
point were involved in 2 BPs, both of which were related to
anther development and anther wall tapetum development.
Death, cell death, and programmed cell death were also
involved throughout the whole stage of dormancy release.

Within 35 days after seed treatment, the BP with
significant differences and the largest amount of enriched
proteins were mainly developmental processes, such as
unicellular and multicellular organism process, multicellular
organism development, single-organism developmental
process and developmental processes. The cell components
with significant differences and the largest amounts of
enriched proteins were: cell periphery, extracellular region
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part, vacuole, and cell wall. It mainly performs MFs, such as
cysteine-type peptidase activity.

At 35 - 60 days, BP showed significant differences, and a
large number of enriched proteins concentrated on BPs
related to reproductive structure, such as reproductive
system development, reproductive structure development,
and single organism reproductive process. They mainly
occurred in organelles, organelle lumina, nonmembrane-
bounded organelles, mitochondrion, and peroxisomes. MFs,
such as antioxidant activity and transition metal ion binding

Biological Process

Cell Component

had the highest concentrations of proteins.

Approximately 70 days after seed treatment, the difference
was significant. The BP with high protein enrichment was
mainly related to developmental process and stress response,
such as the development of multicellular organisms and
response to abiotic stimulus. In CC, the cell wall, external
encapsulating structures, vacuoles, cell junctions, and cell -
cell junctions, symplasts, mitochondria, and plasmodesmas
had the largest number of enriched proteins, and the
significantly different MF was nutrient reservoir activity.

MolecularFunction
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Fig. 4. Analysis of differentially expressed proteins identified by GO functional classification
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Fig. 5. GO analysis of differentially expressed proteins during the dormancy release of 7. migueliana seeds

Note: A:BP, B:MF, C:CC

3.3 Kyoto Encyclopedia of Genesand Genomes (KEGG)
pathway annotations of differentially expressed proteins
By screening different sampling points, we acquired the
endosperm differentially expressed protein information and
mapped it onto the KEGG database to obtain enriched
KEGG pathways. Comprehensive statistics on KEGG
pathway annotations, which were significantly correlated
with differentially expressed proteins at different time points
and the number of differentially expressed proteins included
in each pathway, were carried out (Fig. 6). The differentially
expressed proteins at all time points participated in carbon
metabolism and peroxisome pathways, indicating that the
two pathways were closely related to the dormancy release
of T. miqueliana seeds. The major proteins involved
included ENO2, CAT2, GAPC2, and SDRA.

3.4 Construction of differentially expressed protein
interaction network

The interactions of differentially expressed proteins acquired
at each time point were searched using the STRING version
10.5 database [38]. The interaction network of differentially
expressed proteins at each time point was visualized through
Cytoscape3.3[39-40]. STRING analysis of the differentially
expressed proteins interaction network showed that the
number of interaction proteins’ increased and the complexity
of the network increased with the extension of cold
stratification during the dormancy release of 7. miqueliana
seeds (Fig. 7).

3.5 Screening of important proteins through WGCNA
The power when the squares of correlation coefficient
reached 0.9 for the first time was selected. That is, power =
9. Then, we calculated the dissimilarity coefficient of the
proteins and drew the system’s clustering tree based on it.
Subsequently, cutHeight was set at 0.95 in accordance with
the standards of a hybrid dynamic shear tree. Five related
modules were screened.

The correlations of the expression of each protein and
each module with samples at different time points were
calculated. The correlation coefficients of each module and
dormancy release of seeds ranged between 0.5 and 0.9. The
significant P value of the general state and dormancy release
state of the seeds was le—05. The proteins of the cyan
module had the strongest correlation with seed dormancy
release (Fig. 8). The proteins involved in the cyan module
included SPS1, SDRA, ENO2, Atlg64255, CEP1,
At4g17670, and At2g28490.
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Fig.6. KEGG annotation diagram of the comparative protein
significantly associated at each timepoint

Note: The horizontal axis represents the number of differentially
expressed proteins in each KEGG pathway, and the longitudinal axis
represents a significantly correlated KEGG node. The color of point
from green to red indicates that the significant p value changes from
small to large, and the size of point represents the number of genes.
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colors and linear connections indicate the connection between protein
and protein/GO/pathway at different times.

Module Significance p—value=1e=05
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Fig. 8. Module bar chart of the suspended dormancy state of 7.
miqueliana seeds

4. Discussion

4.1Functional analysis of differential proteins during the
dormancy release of 7. miqueliana seed

4.1.1 Storage proteins

Storage proteins showed close relationship with seed
germination. The activation and membrane repair of various
enzyme systems require storage proteins or their degradation
products. Degraded amino acid products can be used for
seed germination through the gluconeogenic pathway [41].
GA can weaken the obstacle tissues of seeds by inducing
hydrolase and facilitate the germination of seeds by inducing
storage proteins in seeds and stimulating the extension of the
embryo[42]. In this experiment, the seeds were stratified
after treatment with GA3. Thus, the storage protein began to
degrade in the early stage of stratification. The expression of
some storage proteins was complex and fluctuated[42-43].
Further studies on these proteins would provide valuable
information on physiological and molecular mechanisms
involved in the germination of 7. miqueliana seeds.

4.1.2 Programmed cell death (PCD)-related proteins
PCD means that cells commit “suicide” positively in
accordance with a preset program to maintain environmental
stability in cells to adapt to the environment[44]. During
seed germination, aleurone layer cells secrete glucanase and
xylanase to the external environments of cells to decompose
endosperm cell walls and secrete various hydrolases to
decompose endosperm cellular contents, thus providing
nutrients to the growth and development of the embryo. In
this process, endosperm cells degrade and die, followed by
the successive deaths of aleurone layer cells[45]. PCD was
related to seed dormancy release during Oyama sieboldii
seed germination. During the dormancy release of T.
miqueliana seeds, three protein spots were identified as
KDEL-tailed cysteine endopeptidase, and they were related
to the PCD of plants. These proteins were always up-
regulated during the seed dormancy release, which may play
an important role for the dormancy release of 7. miqueliana
seeds.

141

4.1.3 Defense-related proteins

PERI is a dormancy regulator and antioxidant and can sense
a harsh external environment. It keeps seeds dormant,
inhibits seed germination under unfavorable conditions [46],
protects the embryo, and alters cells from oxidative damage
during imbibition and water absorption in the late and early
stages of seed development [47]. The expression of PER1 in
T. miqueliana seeds fluctuates during dormancy release,
early down-regulation of degradation is conducive to
dormancy release, and late up-regulation is conducive to
seed germination.

SDRA has redox activity and participates in many
biological pathways, such as metabolism of fatty and indolic
acids and root hair elongation [41]. It is the precursor that
inhibits active growth hormones for root growth [48]. SDRA
can transform the ABA precursor lutein into ABA aldehyde
and thereby change it into ABA to inhibit seed germination
[49]. The expression of SDRA showed a decreasing trend
during the dormancy release of T. miqueliana seeds,
indicating that the degradation of short-chain dehydrogenase
is conducive to the release of seed dormancy.

Heat shock protein (HSP) plays an important role in seed
growth, storage, and germination. A previous study has
pointed out that the HSP content in dry and mature seeds
was quite high, but the HSP content decreased gradually
with the germination of seeds until it disappeared. This
finding proved that HSP is a protein that is essential for
seeds to maintain dormancy [50]. And the mass synthesis of
HSP could increase the vitality of seeds, which is conducive
to the maturity of protein complexes and the degradation of
damaged or misfolding polypeptides [51]. A probable
mediator of RNA polymerase 1l transcription subunit 37c
(MED37C) was identified in this study, it is a heat-shock 70
kDa protein 4, belonging to HSP70. This protein showed
abundant expression levels after the 7. miqueliana seeds
were processed, reaching the peak at about 30 d and then
decreasing continuously. It is indicated that the dormancy is
gradually released at this time.

4.1.4 Energy metabolism - related proteins

Seed germination requires a substantial amount of material
and energy. During germination, stored nutrients, such as
starch, fat, and protein, are mobilized to provide energy for
the initial seed germination. One protein spot was identified
as GAPC2. It is a key enzyme of EMP, and it is the first step
to transform d-glyceraldehyde 3-phosphoric acid into the 3-
phosphoric acid-d-glycerophosphate catalysis pathway [41].
This protein is closely related to the dormancy release of
Arabidopsis seeds [52]. The expression abundance of
GAPC2 was up-regulated after seed treatment, which
contributed to seed germination (Fig. 3B).

The activity of sucrose phosphate synthase (SPS) is
positively related to the accumulation of saccharose, which
is a main product of photosynthesis of higher plants and the
main form of carbon transportation. Saccharose provides
carbon and energy source for the growth and development of
cells. Under adverse conditions, such as low temperature,
drought, or high salt, SPS activity in plants may often be
strengthened, changing the distributions of carbon
photosynthate in plants, increasing the content of soluble
sugar (e.g., saccharose) in plants, and changing the osmotic
pressure of cells to resist the influences of stress
environments [53]. Magnolia sieboldii seeds stored abundant
saccharose in the early stage of cold stratification. The
activity of invertase increased quickly, and the accumulated
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saccharose in the seeds was hydrolyzed, thus resulting in the
sharp reduction in the content and increase in glucose and
fructose content [54]. Similar phenomenon has been
discovered after seed germination was promoted by increase
in GA3 content and anabolism-related protein expression
levels in Phellodendron chinense through the exogenous
GA3 [55]. In this research, one protein spot was identified as
SPS1, and its expression basically decreased. This finding
was speculated to be related to the dormancy release of 7.
miqueliana seeds.

4.2 Proteomic bioinformatics analysis of 7. miqueliana
seeds during dormancy release

By analyzing proteomic data through bioinformatics, we can
predic the structures and functions of proteins and study the
interaction of proteins and their mechanisms of action. At
the same time, we can discover proteins that may have
biological significance for further study. [55,56].

In the co-expression network, proteins are mainly related
with biological processes, such as photosynthesis
(GO:0015979), glucose metabolic process (GO:0006006),
response to metal ion (GO:0010038), and so on. Moreover,
they participate in biosynthesis of plant hormones
(ath01070), Glycolysis / Gluconeogenesis (ath00010), etc.
This proves that these biological processes and pathways are
closely related with dormancy release of Tilia miqueliana
seeds. Deep studies on these biological processes and
pathways can further disclose the molecular mechanism of
dormancy release of Tilia miqueliana seeds.

5. Conclusions
In this study, endosperm proteins of 7. miqueliana seeds

were separated and differentially expressed proteins were
identified by using the two-dimensional electrophoresis

combined with mass spectrometry (2DE-MALDI-TOF/TOF).

Moreover, bioinformatics analysis was carried out. Key
proteins during dormancy release of T. miqueliana seeds
were screened and some major conclusions could be drawn:

(1) A total of 101 differentially expressed protein spots
are identified by mass spectroscopy. Finally, 49 protein
spots are identified successfully and most of identified
proteins are related with energy metabolism as well as PCD
and stress of PLANTS.

(2) GO annotation and classification are carried out to
differentially expressed proteins in endosperm which are
acquired during dormancy of 7. miqueliana seeds. Results
found that it is the key stage during dormancy release of T.
miqueliana seeds at about 30d-40d. At this moment, the
number of proteins which have oxidoreductase activity,

antioxidant, and combined enrichment with transition metal
ions is the highest in molecular functions. These proteins
mainly participate in metabolism processes in organelles,
cell cycles, non-membrane bounded organelles,
mitochondria and peroxisome as well as catabolism
processes of cells. It mainly involves proteins, including
CEP1, PER1, SDRA, CAT2, ENO2, GAC2 and At3g12020.

(3) According to KEGG pathway enrichment analysis
results, there are 4 more differentially expressed protein
clustering pathways during dormancy release of T.
miqueliana seeds compared to those at dormancy state.
These are glycolysis/gluconeogenesis, secondary metabolic
biosynthesis, amino acid biosynthesis as well as glyoxalic
acid and diuronic acid metabolism. After dormancy release,
Tilia miqueliana seeds begin to germinate in a large scale
(after 60d of lamination) and two pathways are added,
including metabolism pathway and amino acid biosynthesis.
It is speculated that these pathways play the key role in
dormancy release and germination of 7. migueliana seeds.

(4) In this experiment, proteins which are screened by
WGCNA and have significant correlations with dormancy
release of seeds include SPS1, SDRA, ENO2, Atlg64255,
At4g17670 and At2g28490.

Dormancy and germination of seeds are keys in breeding
of plants. They involve a series of complicated physiological
and biochemical reactions and conduction of many signal
molecules. With the development and progresses in
proteomics and bioinformatics, they provide good means to
study dormancy and germination mechanism of seeds. In
this study, proteomics and bioinformatics were applied to
analyze differentially expressed proteins of endosperm
which are gained during dormancy release of 7. miqueliana
seeds. Specific proteins which may be able to control
dormancy of T. miqueliana seeds are identified. They
provide new clues for further studying the dormancy release
of T. miqueliana seeds.

In future, functions of the screened differentially
expressed proteins will be further verified to determine their
specific roles during dormancy release of 7. miqueliana
seeds.
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