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Abstract

Background: Seed germination is essential to crop growth and development, and ultimately affects its harvest. It is
difficult to breed soybeans low in phytic acid with a higher seed field emergence. Although additional
management and selection could overcome the phytate reduction, the mechanisms of seed germination remain
unknown.

Results: A comparative proteomic analysis was conducted between two low phytic acid (LPA) soybean mutants
(TW-1-M and TW-1), both of which had a deletion of 2 bp in the GmMIPS1 gene. However, the TW-1 seeds showed
a significantly lower field emergence compared to the TW-1-M. There were 282 differentially accumulated proteins
(DAPs) identified between two mutants at the three stages. Among these DAPs, 80 were down-accumulated and
202 were up-accumulated. Bioinformatic analysis showed that the identified proteins were related to functional
categories of oxidation reduction, response to stimulus and stress, dormancy and germination processes and
catalytic activity. KEGG analysis showed that these DAPs were mainly involved in energy metabolism and anti-stress
pathways. Based upon the conjoint analysis of DAPs with the differentially expressed genes (DEGs) previously
published among three germination stages in two LPA mutants, 30 shared DAPs/DEGs were identified with
different patterns, including plant seed protein, beta-amylase, protein disulfide-isomerase, disease resistance protein,
pyrophosphate-fructose 6-phosphate 1-phosphotransferase, cysteine proteinase inhibitor, non-specific lipid-transfer
protein, phosphoenolpyruvate carboxylase and acyl-coenzyme A oxidase.

Conclusions: Seed germination is a very complex process in LPA soybean mutants. The TW-1-M and TW-1 showed
many DAPs involved in seed germination. The differential accumulation of these proteins could result in the
difference of seed field emergence between the two mutants. The high germination rate in the TW-1-M might be
strongly attributed to reactive oxygen species-related and plant hormone-related genes. All these findings would
help us further explore the germination mechanisms in LPA crops.
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Background
Soybean is one of the most important commercial crops
planted all over the world due to its excellent source of
protein, oil and many functional substances, such as leci-
thin, isoflavon and saponin [1]. However, soybean seeds
are susceptible to internal damage during their germin-
ation and development stages due to their high content of
protein and oil. Therefore, it is essential to plant seeds
with high-emergence rates to obtain a satisfactory yield.
The germination, vigor and emergence rates could be sig-
nificantly reduced under unfavorable environmental con-
ditions (such as drought, freezing and salt stress) during
seed germination and development stages [1–4] or with
the changes in seed chemical components (such as phytic
acid content and fatty acid composition) [5–7]. Thus, seed
germination trait should be fully considered during the
improvement of ecological and nutritional traits. There
were many studies that focused mainly on the outer envir-
onmental damage [2–4]. However, the internal damage of
seeds has rarely been focused on according to the changes
of nutritional and anti-nutritional factors [5, 7].
It will be beneficial to lower seed phytic acid (phytate)

content and thus improve nutritional traits in crop seeds
and decrease phosphorus level in water. Therefore, it is
needed to generate crops with disrupted phytate synthe-
sis during seed development [8–10]. During the last
three decades, many low phytate crops were developed
by using different techniques. All these crops showed
significant decrease in phytate contents compared to
wild type. Unfortunately, some of them also exhibited a
decline in seed germination ability, such as soybean and
rice [5, 7, 11, 12]. This unfavorable trait hindered the ap-
plication of these low phytate germplasms in crop breed-
ing program. Therefore, many efforts are still needed to
improve the germination trait of low phytate crop lines.
We developed a low phytic acid (LPA) soybean mutant,
Gm-lpa-TW-1 (TW-1), with a 2-bp deletion of the
GmMIP1 gene. The TW-1 mutant exhibited a low rate
of field emergence and its germination rate reduced rap-
idly during seed storage [13]. The progenies of cross-
breeding TW-1 and other commercial soybean varieties
also showed a lower seeds field emergence. The F1 seeds
had normal seed field emergence. For F2 individuals and
F3-F5 lines, seed germination rates were more or less im-
pacted by phytate content and the level of influence
depended on the different genetic background (Data not
shown). It is difficult to predict which kind of varieties
could be used to improve the traits of seed field emer-
gence of TW-1. Fortunately, a natural mutated line,
Gm-lpa-TW-1-M (TW-1-M), was found with a higher
field emergence compared with the other TW-1 lines.
The phytate contents of TW-1 and TW-1-M were 9.5
and 10.5 mg/g respectively and much lower than their
parent Taiwan-75 (14.5 mg/g). Although the TW-1-M

mutant and the TW-1 mutant had the same mutation
site according to the sequencing analysis of the
GmMIPS1 gene, the TW-1-M exhibited significantly en-
hanced seed germination ability and high seed emer-
gence rate, despite of them very similar genetic
background. The progenies of TW-1-M with other com-
mercial soybean varieties also had normal seed field
emergence. Therefore, it is worthwhile to understand
the mechanism of this new LPA soybean line with high-
germination rates.
Large-scale gene expression analysis could provide in-

sights into both the environmental and genetic influ-
ences on seed germination. A comparative transcript
analysis was performed between the TW-1-M and TW-
1 at seed germination [14]. There were approximately
3900–9200 differentially expressed genes (DEGs) identi-
fied at each stage between these two mutants [14]. The
numbers of up-regulated and down-regulated genes
were comparable between the TW-1-M and TW-1. In
comparison with the TW-1, the TW-1-M mutant exhib-
ited a lower level of gene expression in ethylene synthe-
sis, but a higher level of gene expression in stress
response, energy metabolism, anti-oxidation and GA
biosynthesis processes during seed germination. The
TW-1-M exhibited a higher germination rate, which
might be strongly due to the expression diversification
of antioxidation-related and hormone-related genes [14].
Improving LPA seed germination requires the modifi-

cation of gene expression, whereas the encoded proteins
are required to determine gene function by proteomics.
Several proteomic methods have broadened knowledge
to explore the regulating mechanisms during seed ger-
mination [15, 16]. However, proteomic mechanisms are
still little known according to the low germination in
LPA soybean until now. While the genetic analysis of
LPA soybean has been carried out to investigate seed
germination, a proteomic method could further uncover
the features of LPA trait at the protein level. Hence, this
study was conducted to evaluate a great amount of pro-
tein information and then conjoint analysis of differen-
tially accumulated proteins and differentially expressed
genes. The objective was to investigate seed germination
and identify candidate genes involved in seed germin-
ation of LPA soybean. Here, we applied isobaric tag for
relative and absolute quantification (iTRAQ) technology
to investigate proteome in seeds of two LPA soybean
mutants at different germination stages.

Results
Seed germination of two LPA mutants
The seeds of the TW-1-M, TW-1 and Taiwan-75 (their
parent) were tested with both accelerated aging and
warm germination treatments. Seed germination rates
were analyzed by measuring the number and speed of
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germinating seeds. Significant differences were detected in
the germination speed between the two mutants with both
accelerated aging and warm germination treatments. It
took about 72 h for TW-1-M to get the highest germin-
ation percentage, but TW-1 need about 96 h to reach the
same level. The germination speeds of Taiwan-75 and
TW-1 were comparable in both the treatments.
In the warm germination test, TW-1 and Taiwan-75 had

a similar germination percentage as about 80%, but the per-
centage of TW-1-M was about 90%, higher than TW-1 and
Taiwan-75 (Fig. 1a). In the accelerated aging test, the ger-
mination percentages of TW-1 and Taiwan-75 were 40 and

50%, respectively, but TW-1-M performed well at about
78% (Fig. 1b). Therefore, the seed germination of TW-1-M
was significantly better than those of Taiwan-75 and TW-1.
The TW-1-M mutant exhibited better storage stability and
germination trait compared with the TW-1. The field
emergence of the TW-1-M, TW-1 and Taiwan-75 also
confirmed this result (Data not shown).

Protein sequence coverage, protein identification and
data analysis
To characterize protein accumulation profiles during
seed germination, the high throughput proteome

Fig. 1 Germination percentages of two LPA mutants and their wild-type parent. a germination percentages during warm germination test; b
germination percentages during accelerated aging test. In both the warm germination test and accelerating aged test, the mutant TW-1-M
performed well, with a high germination percentage (more than 80%) and speed, compared with the TW-1 and Taiwan-75
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analyses of seedling libraries were performed using an
iTRAQ-based quantitative proteomics approach. Each
sample of TW-1-M-1, TW-1-1, TW-1-M-2, TW-1-2,
TW-1-M-3 and TW-1-3 was analyzed in a batch with
three replicates. A mean total of 320,584 spectrum were
generated in the iTRAQ experiment, a mean of 94,932
spectrum identified were matched to the known spectrum.
The spectrum identification rates of the three batches
were 27.65, 32.39 and 28.57%, respectively. The mean pep-
tide identification of three batches was 10,146. The num-
bers of the identified proteins containing at least two
unique peptides in the three batches were 1205, 1297 and
1234, respectively (Table 1). The numbers of the identified
proteins in the three batches were 1694, 1788 and 1803,
respectively, and a total of 877 proteins were detected in
all the three batches (Additional file 2: Figure S1).

Identification of DAPs by iTRAQ
To identify the differentially accumulated proteins (DAPs)
during seed germination, we performed pairwise compari-
sons of iTRAQ data between TW-1-M and TW-1 at each
stage. To analyze the significance of the accumulated pro-
tein differences, two criteria were applied: fold change >
1.2 and P-value < 0.05. We found that totally 282 DAPs
were identified between the two mutants at each stage.
Between TW-1-M-1 and TW-1-1 (TW-1-M-1 vs. TW-1-
1), 66 proteins were down-accumulated and 22 proteins
were up-accumulated. There were 64 proteins down-
accumulated and 31 proteins up-accumulated in TW-1-2
compared to TW-1-M-2 (TW-1-M-2 vs. TW-1-2). In
addition, 72 proteins were down-accumulated and 27 pro-
teins were up-accumulated between TW-1-3 and TW-1-
M-3 (TW-1-M-3 vs. TW-1-3). Among three different ger-
mination stages, the number of down-accumulated pro-
teins was always more than the up-accumulated protein
number, and the total number of DAPs increased along
with the germination stage in depth (Table 2). Further-
more, we also compared the DAPs in pairwise among
three different germination stages, there are 33 common
DAPs through the whole germination process, and 27, 28,
34 specific DAPs in three stages (Fig. 2).

Bioinformatics analysis of DAPs identified by iTRAQ
In this study, most of the DAPs from three different
stages could be divided into the three categories:

biological process, cellular component and molecular
function. With respect to biological process, DAPs were
mainly included in metabolic process, response to stimu-
lus, cellular process and developmental process [14].
Under cellular component, most DAPs were involved in
the categories of cell, cell part, and organelle. With regard
to molecular function, the major DAP categories were
catalytic activity, binding, and nutrient reservoir activity. A
new category, antioxidant activity appeared at the TW-1-
M-3 vs. TW-1-3 database, and five proteins in nutrient
reservoir activity category were all up-accumulated. All
these categories contained up/down accumulated proteins
which were more than 10% (Additional file 2: Figure S2).
A KEGG pathway analysis was further conducted to

elucidate DAP biological functions. The DAPs in 84
pathways were identified at the TW-1-M-1 vs. TW-1-1
stage. The main regulatory pathways (without directions)
with the most protein numbers were metabolic pathways
(22 proteins), microbial metabolism in diverse environ-
ments (14 proteins), biosynthesis of secondary metabo-
lites (11 proteins) and protein processing in endoplasmic
reticulum (10 proteins), glycolysis/gluconeogenesis (7
proteins), linoleic acid metabolism (6 proteins), buta-
noate metabolism (5 proteins), chloroalkane and chlor-
oalkene degradation (5 proteins), starch and sucrose
metabolism (5 proteins), fructose and mannose metabol-
ism (5 proteins). There were 61 pathways responsible for
the differences at the TW-1-M-2 vs. TW-1-2 stage.
Among these pathways, metabolic pathways (20 pro-
teins), microbial metabolism in diverse environments (10
proteins), biosynthesis of secondary metabolites (8 pro-
teins), protein processing in endoplasmic reticulum (6
proteins), linoleic acid metabolism (5 proteins), starch
and sucrose metabolism (5 proteins) and glycolysis/gluco-
neogenesis (5 proteins) have the most protein numbers.
There were 77 pathways involved in the comparison be-
tween TW-1-M-3 and TW-1-3, the pathways which have
the most protein numbers were metabolic pathways (23
proteins), microbial metabolism in diverse environments
(13 proteins), biosynthesis of secondary metabolites (13
proteins), glycolysis/gluconeogenesis (7 proteins), alpha-
Linolenic acid metabolism (6 proteins), protein processing
in endoplasmic reticulum (6 proteins) and linoleic acid
metabolism (5 proteins) (Additional file 1). The KEGG re-
sults suggested that most of DAPs were involved in

Table 1 The identified proteins in the three batches

Sample
batch

Total
spectrum

Spectrum
identification

Spectrum identification
rate

Peptide
identification

Protein
identification

Protein identification
(2unique peptides)

Batch I 311697 86187 27.65% 9506 1694 1205

Batch II 337657 109364 32.39% 10885 1788 1297

Batch III 312399 89246 28.57% 10048 1803 1234

Mean 320584 94932 29.54% 10146 1762 1245
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response to different environment and energy metabolism
(including carbohydrate, protein and fat) pathway.

GO and pathway enrichment analysis
In this study, the GO terms were defined as being signifi-
cantly enriched with P-values < 0.05 in DAPs and then cat-
egorized by three domains: biological process, cellular
component and molecular function. At TW-1-M-1 vs.
TW-1-1 database, most enriched GO terms in biological
process were oxidation reduction (17 DAPs), cellular re-
sponse to stimulus and stress (26 DAPs), and response to
abscisic acid stimulus (7 DAPs), these DAPs should be re-
sponsible for seed germination process. The enriched GO
terms at TW-1-M-2 vs. TW-1-2 database, which related to
seed germination, were response to freezing (7 DAPs), re-
sponse to water (7 DAPs), seed germination (6 DAPs), seed
dormancy (3 DAPs) and dormancy process (2 DAPs).

These Go terms belonged to biological process category. In
the molecular function category, hydrolase activity (19
DAPs) and catalytic activity (44 DAPs) were the enriched
GO terms which might be relative to seed germination.
Among TW-1-M-3 vs. TW-1-3 with biological process, the
enriched GO terms were response to stress (40 DAPs), re-
sponse to temperature stimulus (22 DAPs), response to bi-
otic stimulus (18 DAPs), response to cold (15 DAPs), and
defense response (15 DAPs). In the molecular function cat-
egory, oxidoreductase activity (20 DAPs) was the enrich-
ment GO terms. During the whole germination process,
the third stage had the most DAPs involved in germination,
the second stage contained the mostly catalytic enzyme
DAPs. These biological processes might be highly related to
seed germination traits. (Additional file 2).
A KEGG pathway enrichment analysis was also done

and the pathways were defined as significant DAPs with

Table 2 The significantly accumulated protein between the two samples

Comparison Up-accumulated proteins Down-accumulated proteins Total up/down-accumulated proteins

TW-1-M-1/TW-1-1 22 66 88

TW-1-M-2/TW-1-2 31 64 95

TW-1-M-3/TW-1-3 27 72 99

Fig. 2 Venn diagrams showing the overlapping of DAPs in three germination stages of two comparing LPA soybean mutants
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P-values < 0.05. Linoleic acid metabolism was the major
enriched pathway which contained 6 DAPs. Butanoate
metabolism (5 DAPs), bisphenol degradation (4 DAPs),
starch and sucrose metabolism (5 DAPs) and fructose
and mannose metabolism (5 DAPs) were also found at
the stage of TW-1-M-1 vs. TW-1-1. Linoleic acid me-
tabolism, starch and sucrose metabolism, plant-pathogen
interaction and cytochrome P450 pathways were in-
volved at the stage of TW-1-M-2 vs. TW-1-2. These
pathways contained 26 DAPs which should be related
with seed germination. Linoleic acid metabolism was
also the major enriched pathway at TW-1-M-3 vs. TW-
1-3 database. Compared with the above two stages, some
new pathways were identified, such as glycerolipid me-
tabolism, PPAR signaling pathway and glycolysis/gluco-
neogenesis. In this stage, 93 DAPs were found and these
DAPs might have relationship with germination (Fig. 3,
Additional file 3).

Conjoint analysis of DAPs and DEGs
The combination of transcriptomics and proteomics
could provide insights into the environmental and gen-
etic influences on seed germination. Therefore, the cor-
relation between mRNA and protein profiles was further
investigated at three stages (TW-1-M-1 vs. TW-1-1,
TW-1-M-2 vs. TW-1-2, and TW-1-M-3 vs. TW-1-3).
The numbers of genes that correlated at both protein
and mRNA levels were 9, 8, and 13 in three stages re-
spectively. These DEGs and DAPs could be divided into
three clusters according to their change patterns at the
two levels. Cluster I, the patterns of the proteins and
genes showed the same trends (3 DEGs/DAPs); Cluster
II, the gene change showed the opposite direction with
the protein level (8 DEGs/DAPs); Cluster III, the gene
level kept unchanged while the protein level showed sig-
nificant changes (19 DAPs) (Additional file 4). In each
stage, there was only one gene which showed the same
up/down regulated trends with their proteins, they were
Glyma04g215900 and Glyma01g095000; and the third
stage (TW-1-M-3 vs. TW-1-3) had the most genes that
correlated at both protein and mRNA levels.
Here, two genes (Glyma01G119600 and Gly-

ma01G095000) were identified at all the three stages. Ac-
cording to the Glyma01G119600 gene, the RNA level was
up-regulated but the protein level was down-accumulated at
each stage. This gene was annotated as a small hydrophilic
plant seed protein, which was functionally classified as
responding to stimulus and signaling. For another gene (Gly-
ma01G095000), the protein level was up-accumulated at
each stage but the mRNA level was up-regulated only at the
third stage. These two proteins showed a different regulatory
mechanism in the germination environment.
There were six genes identified in each of the two

stages. These genes were related to carbohydrate

metabolism and responding to stress. The gene (Gly-
ma06G301500) related to starch and sucrose metabolism
was significantly up-accumulated in the first stage but
down-accumulated in the second stage at protein level.
However, its RNA levels were down-regulated in both
stages. The gene (LOC100800863) linked to fructose and
mannose metabolism was significantly up-accumulated
at protein level in the second and third stages, but its
RNA levels were both down-regulated. The disease re-
sistance gene (Glyma06G319700) was down-
accumulated at protein level in both the second and
third stages. Conversely, the RNA levels were up-
regulated in these two stages. The gene (Gly-
ma06G114800) responsible to stress was significantly
up-accumulated in the first stage but down-accumulated
in the third stage at protein level.
There were three specific genes in the first stage,

which were mainly related with carbohydrate and pro-
tein synthesis and metabolism, and they were all down-
accumulated at protein level but up-regulated at RNA
level. Two specific genes were found in the second stage,
and functionally classified in response to stimulus,
showed down-accumulated protein level. Only one spe-
cial gene (Glyma06G312800) was up-accumulated at
protein level in the third stage.
On the whole, all these genes were related to energy me-

tabolism or response to stress. However, most of these
genes from transcriptomic data showed different regula-
tory levels and directions compared with the proteins
from proteomic data. The correlation between the mRNA
and protein accumulation profiles may be due to the dif-
ferential regulation at the mRNA and protein levels.

Enzyme activity analysis
To understand enzymes activity of germinating seeds be-
tween TW-1 and TW-1-M, the activity of beta-amylase,
phosphoenolpyruvate carboxylase and sucrose synthase
activity were analyzed. The results showed that the beta-
amylase activity in TW-1-M-1 was 3.2 time higher than
that of TW-1-1, and 5.6 time than those of TW-1-M-2
and TW-1-2 (Fig. 4). A very low activity of beta-amylase
was detected in both TW-1-M-3 and TW-1-3. The ac-
tivity of sucrose synthase was lower at the second and
third stages in TW-1-M compared to TW-1. No activity
of sucrose synthase was detected in the first stage of
both two mutants. The highest activity of phosphoenol-
pyruvate carboxylase was found in TW-1-3. All these re-
sults were correlated with the iTRAQ results.

Discussion
It is important to improve seed germination of LPA
crops in crop breeding programs. Seed germination is a
consequence of interactions among a great number of
genes whose expression pattern is genetically pre-
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programmed but modifiable by environmental influences
[14, 17].

Proteomic analysis between TW-1-M and TW-1
The recent proteomic achievements have broadened
knowledge of both biochemical and molecular mecha-
nisms during seed germination [18, 19]. Although many

extensive studies have been focused on soybean germin-
ation traits [7, 11, 12, 20], the molecular mechanism of
germination in low phytate soybean still remains to be
further elucidated. To explain the molecular mechanism
of LPA seed germination, a proteomic analysis using
iTRAQ-based strategy was completed between the two
LPA soybean lines which had significantly different

Fig. 3 Percentage diagrams illustrating the pathway enrichment analysis. a TW-1-M-1vsTW-1-1; b TW-1-M-2vsTW-1-2; c TW-1-M-3vsTW-1-3
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Fig. 4 Comparison of enzyme activity between TW-1-M and TW-1 in three germination stages. a sucrose synthase activity; b beta-amylase
activity; c phosphoenolpyruvate carboxylase activity. The values shown were means±SD from three biological replicates

Yu et al. BMC Plant Biology          (2019) 19:569 Page 8 of 14



germination rates. As a result, 282 DAPs were identified
between two mutants at three stages, 80 were down-
accumulated and 202 were up-accumulated. The analysis
showed that these DAPs were mainly annotated in bio-
logical and abiotic stress and energy metabolism process
functional groups. The KEGG analysis showed that these
DAPs mainly participate in carbohydrate (sucrose and
fatty acid), energy metabolism and anti-stress pathways.
These results were partly consistent with the previous
reports from other plants, such as wheat [15], rice [21],
garden pea [22] and Arabidopsis [23]. These reports sug-
gested that the genes related to plant hormones and re-
active oxygen species might play key roles during seed
germination.

DAPs involved in protein biosynthesis and metabolism
Seed germination process is a complicated process in
higher plants, which involves the seed imbibition, seed
germination and seeding growth. The initial nutrients re-
quired for the process is transformed from the reserve
substances in seed [24]. The protein and fat are the main
storage materials during germination in soybean. In our
study, 10 DAPs were annotated as the KEGG pathway of
protein processing in endoplasmic reticulum during the
first germination phase. Among these proteins, a soybean
seed maturation protein cDNA GmPM31 was found, en-
coding a class I low-molecular-weight heat shock protein.
The GmPM31 protein might be seed-maturation specific,
and encode the protein localized in the cytoplasm [25],
which was up-accumulated in TW-1-M-1.
The protein disulfide isomerase (PDI) encodes an en-

zyme in the endoplasmic reticulum in eukaryotes and
plays a primary role as a supplier of disulfide bonds in
nascent proteins for oxidative folding on the endoplas-
mic membrane [26]. The GmPDIL (Glyma06G114800)
was up-accumulated in TW-1-1 whereas the other
GmPDI (Glyma04G215900) was up-accumulated in
TW-1-M-1, suggesting a separate role in the conform-
ational stability and function of proteins. In addition, the
differential accumulation of these proteins might be as-
sociated with the activity mechanism of seed germin-
ation under salt stress [26, 27].
The cyanoamino acid metabolism pathway con-

tained two DAPs, one of them was serine hydroxy-
methyltransferase (Glyma05G152100), which was
down-accumulated in TW-1-M-1. The serine hydro-
xymethyltransferase (SHMT, EC 2.1.2.1) is a ubiqui-
tous enzyme essential for cellular one-carbon
metabolism present in all organisms, catalyzing the
reversible conversions of serine and glycine. There-
fore, they provide one-carbon units for a series of
biosynthetic processes, such as methionine, thymidy-
late, and purine syntheses [28–31].

DAPs involved in lipid biosynthesis and metabolism
The mature soybean seed have crude fat content up to
20%, they mainly provide energy for seed germination
[32]. Linoleic acid metabolism pathway was the most
common pathway during the soybean seed germination
stage. The Lipoxygenases, catalyzing the dioxygenation
of polyunsaturated fatty acids, were the most common,
clearest proteins and always up-accumulated in TW-1-
M during the germination stage. The previous study
showed that the OsLOX2 over-expressing rice seeds
showed lower germination rates after aging treatments,
but they could germinate faster under normal conditions
[33]. Furthermore, a high activity of lipoxygenase could
provide more energy for seed germination. In addition,
the phosphoenolpyruvate carboxylase was down-
accumulated in TW-1-M-3, which has previously been
reported to contribute in the synthesis and metabolism
of oil [34].

DAPs involved in carbohydrate metabolism
Although the carbohydrate content is much lower than
that of protein and crude fat in soybean seed, the carbo-
hydrate can be utilized more easily in metabolism due to
its simple molecular structure [5, 7]. During seed ger-
mination and early seedling establishment, the energy
supporting these biological processes comes primarily
from carbon reserves stored in the seed itself, with su-
crose and fructose being the main forms of these carbon
reserves [35]. In this study, most of the pathways that
contained DAPs were related with energy and carbohy-
drate metabolism, such as starch and sucrose metabol-
ism pathway, fructose and mannose metabolism pathway
and glycolysis/gluconeogenesis pathway. The conjoint
analysis also suggested that some shared DEGs/DAPs
were associated with the pathways related to carbohy-
drate metabolism. These proteins might provide energy,
translate signaling or be involved in the anti-oxidative
process. The enhanced carbohydrate metabolism would
accelerate reserve hydrolysis and impair protein biosyn-
thesis during seed germination [36, 37].
Many DAPs were identified related to carbohydrate

metabolism, such as alpha-1,4 glucan phosphorylase
(representing an amenable system for the synthesis of
extended amylose chains up to 80 or more residues
whilst retaining control over the chain length) [38],
glucose-6-phosphate isomerase (catalyzing the reversible
isomerization of glucose-6-phosphate and fructose-6-
phosphate, a reaction that also immediately precedes su-
crose biosynthesis in plants) [39], pyrophosphate-
fructose 6-phosphate 1-phosphotransferase (catalyzing
the reversible interconversion between fructose-6-
phosphate and fructose-1,6-bisphosphate, a rate-limiting
step in the regulation of the primary carbohydrate meta-
bolic flux toward glycolysis or gluconeogenesis) [40],
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sucrose synthase (catalyzing the UDP-dependent cleav-
age of sucrose into UDP-glucose and fructose) [41], and
beta-amylase (cleaving α-1,4 glucosidic bonds at the
non-reducing end of polyglucan chains to produce mal-
tose) [42] . These genes with up/down-regulation made
a contribution to seed germination process. The tran-
script profiling of these LPA mutants also suggested
some highly expressed and enriched genes related to
carbohydrate biosynthesis and metabolism pathways
[14]. These results showed that carbohydrate metabol-
ism had a close relationship with germination trait of
LPA soybean mutants. These findings were in agreement
with the results from other plants [43, 44]. Furthermore,
we found that these DAPs had no special regulation
trend in the TW-1-M with high germination rate, which
means that each protein had a separate regulating way
for seed germination process.

DAPs response to stress
Four DAPs were annotated in the KEGG pathway of
peroxisome at last germination stage (TW-1-M-3 vs.
TW-1-3). Among them, two proteins were annotated as
peroxisomal 3-ketoacy1-CoA, which was required in jas-
monic acid (JA) biosynthesis. These two proteins were
all down-accumulated in TW-1-M-3. The previous re-
port showed that the JA synthesis is essential for resist-
ance to male reproductive function and chewing insects,
and thus different types of biotic stress might induce JA
synthesis via distinct enzymatic routes [45].
The Cysteine proteinase inhibitor (CPI) protein level

was significantly down-accumulated in TW-1-M-1. The
study showed that the CPIs involved in plant response to
environmental stresses exhibited different expression pat-
terns [46]. For example, the expression of AtCYS6, in-
duced by the germination inhibitory phytohormone ABA,
inhibited the cysteine proteinases activity to regulate seed
germination and seedling growth [47]. The studies also in-
dicated that cystatins could be response to cold and
drought stress during plant development [48, 49].
The level of non-specific lipid-transfer protein

(NsLTP) that facilitated the transportation of fatty acids,
phospholipids, and steroids between membranes was
down in TW-1-M-3. The study showed that the overex-
pression of the pepper CALTP1 gene increased its toler-
ance to NaCl and drought stresses in Arabidopsis [50].
Another study showed that OsLTPL36, a seed specific
lipid transporter, might play an important role to regu-
late seed development and germination [51].
We also found many DAPs annotated as uncharacter-

ized protein. The functions of most of them could be di-
vided into the response to stimulus. These results
showed that germination process of two LPA mutants
was similar with some processes induced by biological
or abiotic stress. The TW-1-M mutant with a high

germination rate would have more regulatory mecha-
nisms to answer the lowering phytate level in soybean
seeds.

DAPs response to reactive oxygen species and plant
hormones
The comparative transcript analysis of TW-1-M and
TW-1 indicated that the expression diversification of re-
active oxygen species-related genes and plant hormone-
related genes may be strongly responsible for the suc-
cessful germination in TW-1-M [14]. In our study, the
DAPs were also identified related to reactive oxygen spe-
cies and plant hormones.
Some DAPs were identified to maintain oxidative bal-

ances and reduce oxidative damage to a wide range of
cellular components, such as DNAs, proteins and lipids
[52, 53]. Among these DAPs, three proteins were found,
including acyl-coenzyme A oxidase, peroxisomal-3-
ketoacyl-CoA thiolase and glutathione-s-transferase.
These enzymes all play a very important role in lipid
transfer and metabolism. In addition, the ascorbate per-
oxidase, with the high accumulation in TW-1, would
play a role in the regulation of the oxidative state and
maintaining seed vigor during the early germination
stage [54]. The Cytochrome P450 family, found in both
TW-1 and TW-1-M with different accumulation trends,
is a large group that mediate a diverse array of oxidative
reactions [55]. Some DAPs related to flavone metabol-
ism were identified, such as isoflavone reductase. These
proteins are involved in isoflavone biosynthesis and iso-
flavone is considered as an anti-oxidative compound in
soybean seeds.
Seed germination is controlled by intrinsic and envir-

onmental cues, which are mainly regulated by plant hor-
mones, such as gibberellin (GA) and abscisic acid (ABA)
[16]. However, no DAPs were found related to GA and
ethylene in this study. This may be due to the detection
limit of large-scale proteome analysis. We found three
DAPs involved in ABA metabolism and signal transduc-
tion, such as AtCYS6 that was also detected in DAPs re-
sponse to stress. The accumulation levels of these three
proteins were lower in TW-1-M than TW-1, which
could be responsible for TW-1-M’s high germination.
This finding was consistent with the transcript profiling
results [14].

Conjoint analysis of DAP/DEG
The DEGs from transcriptome data and the DAPs from
proteome data were combined for samples from three
different stages to better understand the differences. The
disagreement should be reduced in the mRNA-protein
correlation since both the transcriptome and the prote-
ome data were obtained from the same sample. The
quantified proteins involved in anti-stress process and
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energy metabolism were most explored, as well as many
DEGs related to abiotic and biotic stresses in transcript
profiling. However, their regulatory directions were al-
most opposite. Furthermore, the mRNA and protein
changes of some genes were not even correlated. There-
fore, the protein accumulation might depend on mul-
tiple metabolic and regulatory pathways in biological
systems [56].
By the conjoint analysis of the DAPs and DEGs, 30 shared

DAPs/DEGs were identified with different expression pat-
terns among three germination stages in two LPA soybean
mutants. Although the numbers of genes correlated at both
mRNA and protein levels were limited, we were still inter-
ested with those mRNAs and proteins that shared a com-
mon direction. The results showed directional correlation for
3 mRNAs/proteins while 8 mRNAs/proteins were inversely
correlated. The regulatory mechanisms of the genome and
proteome are so complex that both turnover and stability of
mRNA levels are important for the translation of mRNA into
protein [57, 58]. For example, the gene (Glyma01G119600),
annotated as a small hydrophilic plant seed protein, exhibited
an increased level of mRNA but a decreased level of protein,
which suggested that there might be an increased protein
degradation leading to induced transcription. Future studies
aimed at examining the specific genes at both RNA and pro-
tein levels would further provide insights into the germin-
ation process of LPA crops.

Conclusions
The protein accumulation profiling would offer a substan-
tial contribution to investigate the germination mechan-
ism in LPA mutants. Here, 282 DAPs were identified
between these two mutants at three stages. Among them,
80 DAPs were down-accumulated and 202 were up-
accumulated. Bioinformatic analysis showed that the iden-
tified proteins were related to functional categories of
oxidation reduction, response to stimulus and stress, dor-
mancy and germination processes and catalytic activity.
KEGG analysis showed that these DAPs were mainly re-
lated with energy metabolism, such as carbohydrate me-
tabolism and fat metabolism, and anti-stress pathways. In
addition, 30 shared DAPs/DEGs were identified by the
conjoint analysis of the DAPs and DEGs with different ex-
pression pattern among three germination stages in two
LPA soybean mutants. These proteins included plant seed
protein, beta-amylase, protein disulfide-isomerase, disease
resistance protein, pyrophosphate-fructose 6-phosphate 1-
phosphotransferase, cysteine proteinase inhibitor, non-
specific lipid-transfer protein, phosphoenolpyruvate carb-
oxylase and acyl-coenzyme A oxidase. The TW-1-M and
TW-1 displayed a number of DAPs that participated in
seed germination. The differential accumulation of these
proteins would make a high contribution to the germin-
ation trait of LPA mutants. The accumulation

diversification of reactive oxygen species-related and plant
hormone-related proteins might strongly contribute to the
successful germination in TW-1-M. These findings would
help us further explore the mechanisms of seed germin-
ation in LPA crops.

Methods
Plant materials
Two LPA soybean mutants, Gm-lpa-TW-1-M (TW-1-
M) and Gm-lpa-TW-1 (TW-1), that were developed in
our lab were planted and then used to evaluate the pro-
tein accumulation. The TW-1 was generated using
gamma irradiation from the commercial variety, Taiwan-
75. The TW-1-M was selected as a natural mutant from
the TW-1 mutant. The TW-1-M and TW-1 both had a
deletion of 2 bp in the GmMIPS1 gene at the same mu-
tation site with a comparable level of phytic acid con-
tent. Seed samples were collected in 2016 at the research
fields in Hangzhou, China.
To better understand and compare the accumulation

differences between the TW-1-M and TW-1 mutants at
seed germination, three individual stages were selected
for further analysis, including 1) the imbibed seed stage
that corresponds to seeds soaked for about 24 h, named
TW-1-M-1 and TW-1-1, 2) the metabolism reactivation
phase between seed imbibition and radicle emergence
that corresponds to seeds soaked for about 30 h, named
TW-1-M-2 and TW-1-2, and 3) the emergence of pri-
mary roots with 1 mm in length that corresponds to
seeds soaked for about 36 h, named TW-1-M-3 and
TW-1-3 [14]. To minimize environmental effects, three
sets of parallel samples collected at each stage were used
to extract proteins for biological replicates.

Germination experiment
To evaluate the differences in germination ability of
these two LPA lines, germination experiments were con-
ducted with two different treatments that were warm
germination and accelerated aging, respectively following
the procedure described by Yuan et al. [13]. For each
treatment, 100 seeds were used for each of the two LPA
mutants (TW-1-M and TW-1) and their wild type par-
ent (Twaiwan-75) with three replicates.

Protein preparation
About 0.5 g of frozen seed samples were pulverized to
powder in liquid nitrogen with a mortar and pestle. The
fine powder was suspended with 200 μl dissolution buf-
fer (50 mM triethyl ammonium bicarbonate (TEAB), 8
M Urea, pH 8). The sample was broken by the ultrasonic
wave for 15 min, and then centrifuged at 12,000 r/min
for 10 min at 4 °C. The supernatant was mixed with
800 μl ice-cold acetone that contained 10 mM Dithio-
threitol (DTT) for 2 h at 4 °C. The mixture was
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centrifuged at 12,000 r/min for 10 min at 4 °C. The pro-
tein precipitate was washed three times using ice-cold
acetone, and then dried for 30 min by centrifugal vac-
uum evaporation. The dried precipitate was resolubilized
with 100 μl dissolution buffer. The total protein concen-
tration was assayed using a BCA protein assay kit
(Thermo Scientific, USA). One hundred microgram of
each protein sample was dissolved in dissolution buffer
to a total volume of 100 μl, and then diluted with 500 μl
50 mM NH4HCO3. After reduction and alkylation, 2 μg
of trypsin was added, and then incubated for digestion at
37 °C overnight. The digestion was stopped by adding
trifluoroacetic acid (FA) to a final concentration of 0.1%.
The peptides were purified on Strata–X C18 pillar (Phe-
nomenex, USA) and dried by centrifugal vacuum evap-
oration. The dried peptides were redissolved with 20 μl
0.5 M TEAB and then labeled with iTRAQ Reagent-
8PLEX Multiplex kit (AB Sciex, UK). The samples of
TW-1-1, TW-1-2, TW-1-3, TW-1-M-1, TW-1-M-2 and
TW-1-M-3 were labeled with 113-tag, 114-tag, 115-tag,
116-tag, 117-tag and 118-tag, respectively. Next, the la-
beled samples were fractionated using high performance
liquid chromatography system (Thermo DINOEX Ul-
timate 3000 BioRS) using a Durashell C18 (5 um, 100 A,
4.6 × 250 mm). At last, 12 fractions were collected.

LC-MS/MS analysis
The labeled samples of TW-1-1, TW-1-2, TW-1-3, TW-1-
M-1, TW-1-M-2 and TW-1-M-3 were mixed with equal
amount, and then fractionated on a Durashell C18 column
(4.6 × 250mm, 5 μM, 100 A) using DINOEX Ultimate 3000
BioRS HPLC system (Thermo Scientific, USA). Data were
collected on a TripleTOF 5600 plus system (AB SCIEX,
UK) using a 90-min gradient from 2 to 30% with buffer A
(0.1% (v/v) formic acid, 5% (v/v) acetonitrile) and buffer B
(0.1% (v/v) formic acid, 95% (v/v) acetonitrile). A parent-
ion scan was performed over the range of 350–1500m/z
for 250ms and MS/MS spectra were collected on the 20
most intense parent ions with charge state 2–5 in the range
50–2000m/z for 100ms. The samples of TW-1-1, TW-1-2,
TW-1-3, TW-1-M-1, TW-1-M− 2 and TW-1-M-3 were an-
alyzed in triplicate and each replicate of the six samples was
run in a batch (LC-BIO TECH, Hangzhou, China).

Data interpretation, analysis of differentially accumulated
proteins (DAPs)
The original MS/MS data were searched with ProteinPilot
software v4.5 with the parameters as follows: iTRAQ quan-
tification; trypsin digestion; cysteine modified with iodoace-
tamide; Background Correction and Bias Correction
checked; Biological modifications as ID focus; Uniprot Gly-
cine max as database. The false discovery rate (FDR) was
calculated with an automatic decoy database search strategy
using the PSPEP (Proteomics System Performance

Evaluation Pipeline Software, integrated in the ProteinPilot
Software) algorithm. The proteins identified with unused
score more than 1.3 (confidence level > 95%) and at least
one unique peptide were considered for further analysis.
For protein abundance ratios after normalization, a P-value
less than 0.05 and 1.2-fold change was applied as the
threshold to compare significant changes. The e-value was
set as less than 1e-5. The best hit for each query was se-
lected for GO term matching. The GO term matching was
performed with blast2go v4.5 pipeline5. The Clusters of
Orthologous Groups (COG) were used to annotate gene
functions. We also conducted hypergeometric test to
analyze GO enrichment and KEGG pathway enrichment.

Conjoint analysis of DEGs and DAPs
The accession numbers were collected from the tran-
scriptomic dataset, and then compared with the anno-
tated iTRAQ database to conjoint analysis of DAPs and
DEGs [59]. The transcriptome sequencing results were
employed for coding sequence. Then the accession num-
bers from the proteomics dataset were also used to
search the same coding sequence database. At last, con-
joint dataset of DPAs and DEGs was obtained. We set
∣FC∣ > 1.2, P < 0.05 and∣FC∣ > 2, P < 0.05 as the thresh-
old to extract DEGs and DAPs subsets.

Enzyme activity analysis
Beta-amylase, phosphoenolpyruvate carboxylase, and su-
crose synthase activity were measured by beta-amylase
(AMS) test kit, phosphoenolpyruvate carboxylase (PEPC)
test kit, and sucrose synthase assay kit, respectively (Jian-
cheng, Nanjing, China). The detective methods were ac-
cording to their respective protocols in kits with three
biological replicates. For each biological replicate, there
were three technical replicates.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12870-019-2201-4.

Additional file 1. The mainly regulatory pathways (without directions)
with the most protein numbers in the three stages.

Additional file 2. The enriched GO terms in the three stages.

Additional file 3. The enriched KEGG pathways in the three stages.

Additional file 4. The correlations between mRNA and protein in the
three stages.

Additional file 5: Figure S1. Venn diagrams showing the overlapping
of identified proteins in the three batches.

Additional file 6: Figure S2. Functional categorization of DAPs during
the seed germination stage. A: Functional categorization of DAPs
between TW-1-M-1 and TW-1-1. B: Functional categorization of DAPs be-
tween TW-1-M-2 and TW-1-2. C: Functional categorization of DAPs be-
tween TW-1-M-3 and TW-1-3.

Acknowledgements
Not applicable.

Yu et al. BMC Plant Biology          (2019) 19:569 Page 12 of 14

https://doi.org/10.1186/s12870-019-2201-4
https://doi.org/10.1186/s12870-019-2201-4


Authors’ contributions
XY performed the statistical analysis and drafted the manuscript. HJ
participated in the data analysis and helped draft the manuscript. XF
participated in planting mutants and collecting the materials. QY carried out
the seed germination experiment. FY designed the study and drafted the
manuscript. All authors have read and approved this manuscript.

Funding
This research was supported by the Program from the National Key Research
and Development Plan (No. 2017YFD0101505) and the Major Science and
Technology Special Program for Crop Breeding in Zhejiang of China (No.
2016C02050–10). The funding body supported the study, analysis of data
and writing the manuscript.

Availability of data and materials
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.
org) via the iProX partner repository [60] with the dataset identifier
PXD012808.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 21 February 2019 Accepted: 12 December 2019

References
1. Sayama T, Nakazaki T, Ishikawa G, Yagasaki K, Yamada N, Hirota N, Hirata K,

Yoshikawa T, Saito H, Teraishi M, Okumoto Y, Tsukiyama T, Tanisaka T. QTL
analysis of seed-flooding tolerance in soybean (Glycine max [L.] Merr.). Plant
Sci. 2009;176(4):514–21.

2. Khan MN, Komatsu S. Proteomic analysis of soybean root including
hypocotyl during recovery from drought stress. J Proteomics. 2016;144:
39–50.

3. Tian X, Liu Y, Huang Z, Duan H, Tong J, He X, Gu W, Ma H, Xiao L.
Comparative proteomic analysis of seedling leaves of cold-tolerant and
-sensitive spring soybean cultivars. Mol Biol Rep. 2015;42(3):581–601.

4. Meng N, Yu BJ. Proteomics-based investigation of salt-responsive
mechanisms in roots of Bradyrhizobium japonicum-inoculated Glycine max
and Glycine soja seedlings. J Plant Growth Regul. 2017;37(1):1–12.

5. Spear JD, Fehr WR. Genetic improvement of seedling emergence of
soybean lines with low phytate. Crop Sci. 2007;47(4):1354–60.

6. Sun Q, Wang JH, Sun BQ. Advances on seed vigor physiological and
genetic mechanisms. Agric Sci China. 2007;6(9):1060–6.

7. Meis SJ, Fehr WR, Schnebly SR. Seed source effect on field emergence of
soybean lines with reduced phytate and raffinose saccharides. Crop Sci.
2003;43(4):1336–9.

8. Raboy V, Young KA, Dorsch JA, Cook A. Genetics and breeding of seed
phosphorus and phytic acid. J Plant Physiol. 2001;158(4):489–97.

9. Sharpley AN, Chapra SC, Wedepohl R, Sims JT, Daniel TC, Reddy KR.
Managing agricultural phosphorus for protection of surface waters: issues
and options. J Environ Qual. 2008;23(3):437–51.

10. Raboy V. Approaches and challenges to engineering seed phytate and total
phosphorus. Plant Sci. 2009;177(4):281–96.

11. Oltmans SE, Fehr WR, Welke GA, Raboy V, Peterson KL. Agronomic and seed
traits of soybean lines with low-phytate phosphorus. Crop Sci. 2005;45(2):
593–8.

12. Bregitzer P, Raboy V. Effects of four independent low-phytate mutations on
barley agronomic performance. Crop Sci. 2006;46(3):1318–22.

13. Yuan FJ, Zhao HJ, Ren XL, Zhu SL, Fu XJ, Shu QY. Generation and
characterization of two novel low phytate mutations in soybean (Glycine
max L. Merr.). Theor Appl Genet. 2007;115(7):945–57.

14. Yuan FJ, Yu XM, Dong DK, Yang QH, Fu XJ, Zhu SL, Zhu DH. Whole
genome-wide transcript profiling to identify differentially expressed genes

associated with seed field emergence in two soybean low phytate mutants.
BMC Plant Biol. 2017;17(1):16.

15. He M, Zhu C, Dong K, Zhang T, Cheng ZW, Li JR, Yan YM. Comparative
proteome analysis of embryo and endosperm reveals central differential
expression proteins involved in wheat seed germination. BMC Plant Biol.
2015;15(1):97.

16. Holdsworth MJ, Bentsink L, Soppe WJJ. Molecular networks regulating
Arabidopsis seed maturation, after-ripening, dormancy and germination.
New Phytol. 2010;179(1):33–54.

17. Wilman V, Campbell EE, Potts AJ, Cowling RM. A mismatch between
germination requirements and environmental conditions: niche conservatism
in xeric subtropical thicket canopy species. S Afr J Bot. 2014;92(1):1–6.

18. Deng ZY, Gong CY, Wang T. Use of proteomics to understand seed
development in rice. Proteomics. 2013;13(12–13):1784–800.

19. Tan BC, Lim YS, Lau SE. Proteomics in commercial crops: An overview. J
Proteomics. 2017;169:176–88.

20. Goettel W, Xia E, Upchurch R, Wang ML, Chen PY, Charles An YQ. Identification
and characterization of transcript polymorphisms in soybean lines varying in
oil composition and content. BMC Genomics. 2014;15:299–315.

21. He D, Han C, Yang P. Gene expression profile changes in germinating rice. J
Integr Plant Biol. 2011;53:835–44.

22. Kranner I, Roach T, Beckett RP, Whitaker C, Minibayeva FV. Extracellular
production of reactive oxygen species during seed germination and early
seedling growth in Pisum sativum. J Plant Physiol. 2010;167:805–11.

23. Xi W, Liu C, Hou X, Yu H. Mother of TR AND TFL1 regulates seed
germination through a negative feedback loop modulation ABA signaling
in Arabidopsis. Plant Cell. 2010;22:1733–48.

24. Ghosh S, Pal A. Identification of differential proteins of mungbean
cotyledons during seed germination: a proteomic approach. Acta Physiol
Plant. 2012;34(6):2379–91.

25. Chow TY, Lin TY, Hsing YC. A soybean seed maturation protein cDNA
GmPM31 (Accession No. AF117885) encode a class I low molecular weight
heat shock protein. (PGR99–177). Plant Physiol. 1999;121(4):1383.

26. Okuda A, Matsusaki M, Masuda T, Urade R. Identification and
characterization of GmPDIL7, a soybean ER membrane-bound protein
disulfide isomerase family protein. FEBS J. 2017;284(3):414–28.

27. Wang XX, Li Y, Tang JW, Ouyang CB, Zhu DJ, Xu ZM. Analysis of oat seed
protein during seed germination under salt stress. Acta Agriculturae Boreali-
Sinica. 2015;30:48–53.

28. Schirch L. Serine hydroxymethyltransferase. Adv Enzymol Relat Areas Mol
Biol. 1982;53:83–112.

29. Matthews RG, Drummond JT. Providing one-carbon units for biological
methylations: mechanistic studies on serine hydroxymethyltransferase,
methylenetetralydrofolate reductase, and methyltetrahydrofolate-
homocysteine methyltransferase. Chem Rev. 1990;90(7):1275–90.

30. Bauwe H, Kolukisaoglu U. Genetic manipulation of glycine decarboxylation.
J Exp Bot. 2003;54(387):1523–35.

31. Schirch V, Szebenyi DM. Serine hydroxymethyltransferase revisited. Curr
Opin Chem Biol. 2005;9(5):482–7.

32. Guo L, Huo GC. Biochemical characteristics and nutritional changes of
germinated soybean. Sci Technol Grain Oil. 2002;10:8–10.

33. Huang JX, Cai MH, Long QZ, Liu LL, Lin QY, Jiang L, Chen SH, Wan JM.
OsLOX2, a rice type I lipoxygenase, confers opposite effects on seed
germination and longevity. Transgenic Res. 2014;23(4):643–55.

34. Wang FL, Wu GT, Lang CX, Liu RH. Influence on Brassica seed oil content by
transformation with heteromeric acetyl-Co A carboxylase (ACCase) gene.
Fenzi Zhiwu Yuzhong. 2017;15:920–7.

35. Zhou WG, Chen F, Zhao SH, Yang CQ, Meng YJ, Shuai HW, Luo XF, Dai YJ, Yin H,
Du JB, Liu J, Fan GQ, Liu WG, Yang WY, Shu K. DA-6 promotes germination and
seedling establishment from aged soybean seeds by mediating fatty acid
metabolism and glycometabolism. J Exp Bot. 2019;70:101–14.

36. Jin XL, Yang RQ, Guo LP, Wang XK, Yan XK, Gu ZX. iTRAQ analysis of low-
phytate mung bean sprouts treated with sodium citrate, sodium acetate
and sodium tartrate. Food Chem. 2017;218:285–93.

37. Aguirre M, Kiegle E, Leo G, Ezquer I. Carbohydrate reserves and seed
development: an overview. Plant Reprod. 2018;31:263–90.

38. Neill ECO, Field BA. Enzymatic synthesis using glycoside phosphorylases.
Carbohydr Res. 2015;403:23–37.

39. Lal SK, Sachs MM. Cloning and characterization of an anaerobically induced
cDNA encoding glucose-g-phosphate isomerase from maize. Plant Physiol.
1995;108:1295–6.

Yu et al. BMC Plant Biology          (2019) 19:569 Page 13 of 14

http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org


40. Duan E, Wang YH, Liu LL, Zhu JP, Zhong MS, Zhang H, Li SF, Ding BX,
Zhang X, Guo XP, Jiang L, Wan JM. Pyrophosphate: fructose-6-phosphate 1-
phosphotransferase (PFP) regulates carbon metabolism during grain filling
in rice. Plant Cell Rep. 2016;35:1321–31.

41. Taiz L, Zeiger E, Møller IM, Murphy A. Plant physiology and development.
6th ed. Sunderland: Sinauer Associates; 2014.

42. Thalmann M, Coiro M, Meier T, Wicker T, Zeeman SC, Santelis D. The
evolution of functional complexity within the beta-amylase gene family in
land plants. BMC Evol Biol. 2019;19:66–78.

43. Silva AT, Ligterink W, Hilhorst HWM. Metabolite profiling and associated
gene expression reveal two metabolic shifts during the seed-to-seedling
transition in Arabidopsis thaliana. Plant Mol Biol. 2017;95:481–96.

44. Mei M, Lu XJ, Zhang XL, Liu GL, Sun XM. Variation in carbohydrates and
screening of related differential proteins during the seed germination of
Magnolia sieboldii K. Koch Trees. 2017;31:63–75.

45. Schilmiller AL, Koo AJK, Howe GA. Functional diversification of acyl-
coenzyme a oxidases in jasmonic acid biosynthesis and action. Plant
Physiol. 2007;143(2):812–24.

46. Zhang X, Liu S, Takano T. Two cysteine proteinase inhibitors from
Arabidopsis thaliana, AtCYSa and AtCYSb, increasing the salt, drought,
oxidation and cold tolerance. Plant Mol Biol. 2008;68(1–2):131–43.

47. Hwang JE, Hong JK, Je JH, Lee KO, Kim DY, Lee SY, Lim CO. Regulation of
seed germination and seedling growth by an Arabidopsis phytocystatin
isoform, AtCYS6. Plant Cell Rep. 2009;28(11):1623–32.

48. Diop NN, Kidric M, Repellin A, Gareil M, D’Arcy-Lameta A, Pham Thi AT,
Zuily-Fodil Y. A multicystatin is induced by drought-stress in cowpea (Vigna
unguiculata (L.) Walp.) leaves. FEBS Lett. 2004;577(3):545–50.

49. Massonneau A, Condamine P, Wisniewski JP, Zivy M, Rogowsky PM. Maize
cystatins respond to developmental cues, cold stress and drought. Biochim
Biophys Acta. 2005;1729(3):186–99.

50. Sarowar S, Kim YJ, Kim KD, Hwang BK, Ok SH, Shin JS. Overexpression of
lipid transfer protein (LTP) genes enhances resistance to plant pathogens
and LTP functions in long-distance systemic signaling in tobacco. Plant Cell
Rep. 2009;28(3):419–27.

51. Wang X, Zhou W, Lu ZH, Ouyang YD, CS O, Yao JL. A lipid transfer protein,
OsLTPL36, is essential for seed development and seed quality in rice. Plant
Sci. 2015;239:200–8.

52. Parkhey S, Naithani SC, Keshavkant S. ROS production and lipid catabolism
in desiccating shorea robusta seeds during aging. Plant Physiol Biochem.
2012;57:261–7.

53. Chen Q, Yang L, Ahmad P, Wan X, Hu X. Preteomic profiling and redox
status alteration of recalcitrant tea seed in response to desiccation. Planta.
2011;233:583–92.

54. Chen C, Letnik I, Hacham Y, Dobrev P, Ben-Daniel BH, Vankova R, Amir R,
Miller G. Ascorbate peroxidase 6 protects Arabidopsis thaliana desiccating
and germinating seeds from stress and mediates crosstalk between ROS,
ABA and auxin. Plant Physiol. 2014;166:370–83.

55. Chen H, Wang FW, Dong YY, Wang N, Sun YP, Li XY, Liu L, Fan XD, Yin HL,
Jing YY, Zhang XY, Li YL, Chen G, Li HY. Sequence mining and transcript
profiling to explore differentially expressed genes associated with lipid
biosynthesis during soybean seed development. Plant Biol. 2012;12:122–36.

56. Esteve C, D’Amato A, Marina ML, García MC, Righetti PG. In-depth
proteomic analsysis of banana (Musa spp.) fruit with combinatorial peptide
ligand libraries. Electrophoresis. 2013;34(2):207–14.

57. Barkan A. Genome-wide analysis of RNA-protein interactions in plants.
Methods Mol Biol. 2009;553:13–37.

58. Zeng J, Liu Y, Liu W, Liu X, Liu F, Huang P, Zhu P, Chen J, Shi M, Guo F, Cheng P,
Zeng J, Liao Y, Gong J, Zhang H, Wang D, Guo A, Xiong X. Integration of
transcriptome, proteome and metabolism data reveals the alkaloids biosynthesis in
Macleaya cordata and Macleaya microcarpa. PLoS One. 2013;8(1):e53409.

59. Muers M. Gene expression: transcriptome to proteome and back to
genome. Nat Rev Genet. 2011;12(8):518.

60. Ma J, Chen T, Wu SF, Yang CY, Bai MZ, Shu KX, Li KL, Zhang GQ, Jin Z, He
FC, Hermjakob H, Zhu YP. iProX: an integrated proteome resource. Nucleic
Acids Res. 2019;47:D1211–7.

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

Yu et al. BMC Plant Biology          (2019) 19:569 Page 14 of 14


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Seed germination of two LPA mutants
	Protein sequence coverage, protein identification and data analysis
	Identification of DAPs by iTRAQ
	Bioinformatics analysis of DAPs identified by iTRAQ
	GO and pathway enrichment analysis
	Conjoint analysis of DAPs and DEGs
	Enzyme activity analysis

	Discussion
	Proteomic analysis between TW-1-M and TW-1
	DAPs involved in protein biosynthesis and metabolism
	DAPs involved in lipid biosynthesis and metabolism
	DAPs involved in carbohydrate metabolism
	DAPs response to stress
	DAPs response to reactive oxygen species and plant hormones
	Conjoint analysis of DAP/DEG

	Conclusions
	Methods
	Plant materials
	Germination experiment
	Protein preparation
	LC-MS/MS analysis
	Data interpretation, analysis of differentially accumulated proteins (DAPs)
	Conjoint analysis of DEGs and DAPs
	Enzyme activity analysis

	Supplementary information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

