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Abstract This study was conducted to obtain basic infor-

mation on protein profile changes by artificial aging in

soybean seeds. Seed proteins were extracted using the

protamine sulfate precipitation method, which improves

the detection of low-abundance proteins (LAPs) by

depleting the major seed storage proteins . Isolated proteins

were separated by high-resolution two-dimensional gel

electrophoresis (2-DE), and differentially modulated pro-

tein spots were identified by MALDI-TOF/TOF. A total of

33 differential proteins were identified of which 31 and 2

showed decreased and increased abundances, respectively.

Functional annotation of the identified proteins revealed

that proteins were mainly associated with primary meta-

bolism (55%) and response to stimulus (20.9%). Proteins

with increased abundance were associated with nutrient

reservoir activity (spots 5, 10), while the decreased abun-

dance proteins were mainly involved in the primary

metabolism such as carbohydrate metabolic process (spots

1–3, 11), protein folding (spots 6–9, 33), glucose metabolic

process (spot 25) oxidoreductase activity (spots 19–24),

UDP-glucose pyrophosphorylase activity (spots 12, 13).

These results provide information about proteome changes,

especially, LAPs during artificial seed aging treatment.

Keywords Artificial aging � Mass spectrometry �
Protamine sulfate precipitation method � Proteomics � Seed
deterioration � Two-dimensional electrophoresis

Introduction

Unfavorable environmental conditions, especially high

temperature and high humidity, considerably affect bio-

chemical and physical conditions of soybean seeds during

seed growth and development (Torres et al. 2004). Tem-

perature and moisture also influence the germination ability

of soybean seeds. Moreover, these are associated with the

reduction of seed germination during long-term storage in

adverse environmental conditions which is well known as

seed deterioration or aging (Egli et al. 2005). Seed aging is

a physiological phenomenon that leads to the reduction of

seed quality and loss of seed viability under high temper-

ature and humidity conditions during their pre-and post-

harvest storage (Anderson and Baker 1983; Wang et al.

2012). Especially, the post-harvest aging process is directly

associated with agricultural productivity which is accom-

panied by unexpected yield loss, less longevity, and

reduced viability of seeds.

Soybean seeds are a major source of protein and oil

worldwide. They have been commonly used as food for
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humans, feeding domestic livestock, and industrial uses

due to beneficial properties such as dietary and nutritional

effect in their proteins (Friedman 1996; Messina 1999).

However, seed aging significantly influences biochemical

and physical conditions of the seeds during long-term

storage in abnormal conditions. Biochemical changes

during seed aging include loss of specific enzymatic

activities, degradation of protein, chromosomal damage,

membrane deterioration, decreased respiratory system,

and lipid peroxidation which are directly associated with

reduced germination of soybean seeds (Murata et al.

1984; Bailly et al. 1996; Kabinza et al. 2006; Sharam

et al. 2013). Reactive oxygen species (ROS) and lipid

peroxidation are strongly associated with the reduced

germination and seed deterioration of soybean (Murthy

et al. 2003; Parkhey et al. 2012). ROS is accumulated as a

result of the imbalance between ROS generation and

scavenging systems. ROS plays a critical role in cell

signaling and hormone homeostasis during seed devel-

opment. However, uncontrolled accumulation of ROS

leads to oxidative stress towards a wide range of cellular

compartments and oxidizes lipid and proteins which is

one of the main factors of seed aging (Bailly et al. 2008;

Yin et al. 2015). Oxidative stress is mainly associated

with the accumulation of hydrogen peroxide in the seeds,

and the function of ROS detoxification machinery was

found to be important for seed longevity in Arabidopsis

(Rajjou et al. 2008). Furthermore, it was also reported that

delay of germination (DOG1) gene and heat stress

responsive transcription factor were highly associated

with seed longevity and aging, respectively (Bentsink

et al. 2006; Prieto-Dapena et al. 2006).

Recent proteomic analysis investigated the effect of

accelerated aging in Brassica napus seeds (Yin et al.

2015). This study identified 54 protein spots which were

mainly associated with seed metabolism, protein destina-

tion, stress response, and seed development. Also, they

showed that the abscisic acid (ABA) content was

increased in accelerated aging-treated seeds as compared

with control seeds. These results indicated that acceler-

ated aging treatment affects not only basic seed physiol-

ogy but also seed vigor (Yin et al. 2015). The

biochemical and physical changes in soybean seed during

their post-harvest storage affect its nutritional quality

negatively. Attempts have been made previously to study

the effect of natural and artificial aging, also known as

seed deterioration, through the genomic and proteomic

analyses (Wang et al. 2012; Yin et al. 2015; Nagel et al.

2016). In particular, denaturation of proteins and lipids

has been observed during post-harvest storage which

ultimately results in reduced quality of processed food

(e.g., tofu, soymilk) (Mahjabin and Abidi 2015). In

addition, Wang et al. reported the effect of high

temperature and high humidity stress during soybean seed

development using proteomic analysis (Wang et al. 2012).

They identified 42 proteins spots of which 12 proteins

were mainly related to amino acid metabolism, protein

biosynthesis, and protein folding. These proteins were

associated with ammonium recycling pathway which is

affected by enhanced glutamine synthetase 1 in response

to stress. Moreover, these results showed possible mech-

anism of seed deterioration during seed developmental

stage. However, the complex mechanism associated with

seed deterioration is still unclear and needs further

investigations.

The advancement of omics technologies such as geno-

mics and proteomics studies allows us to conduct humor-

ous research in the last decade for identifying the potential

biomarker in seed aging. In the present study, we per-

formed comparative proteomic analysis of soybean seeds

artificially aged using protamine sulfate precipitation (PSP)

method (Kim et al. 2015) which is a high-throughput

technique for the identification of the low-abundance pro-

teins (LAPs) in artificial aging-treated soybean seeds.

Therefore, we analyze the LAPs for understanding the

basic mechanism of seed deterioration. These results pro-

vide a new insight of seed deterioration mechanism in

soybean seeds.

Materials and methods

Plant materials

Soybean seeds (cv. Daewon) were grown in the experi-

mental fields of National Institute of Crop Science (NICS),

Rural Development Administration (RDA) at Miryang,

Korea in June. The soil was supplemented with a standard

RDA N–P–K fertilizer (N–P–K = 3–3–3.3 kg/10 acre).

Seeds were harvested in October (average temperature

23.5 ± 3.5 �C, average day length 12 h 17 min). After

harvesting, seeds were stored in a storage chamber at 4 �C
for two years for further analysis (Kim et al. 2013b).

Artificial aging treatment and seed viability test

Twenty-five grams of soybean seeds were placed inside a

25 L plastic chamber, which was sealed after adding water

(200 mL). The temperature and relative humidity of the

chamber were maintained at 42 �C and 99%, respectively.

Germination of artificially aged seeds was estimated to

determine germination rates and viability of seeds. For

germination and viability tests, a total of 45 seeds in 3

replicates of 15 seeds were used and checked for their

germination by growing them in natural growth and soil

conditions as stated above.
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Protein extraction by protamine sulfate

precipitation (PSP) method

Protein extraction was conducted as described previously

(Kim et al. 2013a; 2015). Powdered soybean seeds (1 g)

were homogenized in 10 mL of Tris–Mg/NP-40 buffer

[0.5 M Tris–HCl (pH 8.3), 2% (v/v) NP-40, 20 mM

MgCl2) and centrifugation at 12,0009g for 10 min at 4 �C.
The collected supernatant was incubated on ice for 30 min

after adding 0.1% (final concentration) Protamine sulfate

(PS) solution. The extract was again centrifuged at

12,0009g for 10 min at 4 �C in order to divide the PS

supernatant (PSS) and PS pellet (PSP) fractions, as

described earlier (Kim et al. 2015; Min et al. 2015). Pellet

fraction was dissolved in Tris–Mg/NP-40 buffer, which is

the equal volume with PSS fraction and then proteins were

extracted from both fractions using trichloroacetic acid

(TCA)/acetone precipitation method. Finally, washed pel-

lets were dissolved in 80% acetone containing 0.07% b–
mercaptoethanol and stored at -20 �C until further

analysis.

Two-dimensional electrophoresis

Two-dimensional electrophoresis (2-DE) was performed as

described previously (Gupta et al. 2015a). Briefly, proteins

precipitated from the 80% acetone were dissolved in the

rehydration buffer containing 7 M urea, 2 M thiourea, 4%

v/v CHAPS, 2 M DTT, and 0.5% v/v IPG buffer pH 4–7

(GE Healthcare, Waukesha, WI, USA). Totally 600 lg
proteins of each sample were loaded onto 24 cm IPG strips

(pH 4–7) by rehydration loading overnight at 20 �C. Iso-
electric focusing was performed following protocol: 50 V

for 4 h, 100 V for 1 h, 500 V for 1 h, 1000 V for 1 h,

2000 V for 1 h, 4000 V for 2 h, 8000 V for 5 h, 8000 V

for 9 h, and 50 V for 6 h on the IPGphor II platform (GE

Healthcare). Sequential equilibration of the each strips was

carried out using equilibration buffer [6 M urea, 30% v/v

glycerol, 2% v/v SDS, 50 mM Tris–HCl (pH 6.8), and

0.1 mg/mL bromophenol blue] containing 100 mM DTT

and 55 mM iodoacetamide. The second dimensional sep-

aration was carried out on 12% SDS-PAGE at 2 W per gel,

500 V, and 300 mA for 30 min, followed by 16 W per gel,

700 V, and 300 mA. Gels were stained with colloidal

Coomassie Brilliant Blue (CBB) and destained with 30%

(v/v) methanol at the two times. A total of two biological

replicates were performed for each dataset.

Image acquisition and data analysis

The stained gel images were acquired using a transmissive

scanner (PowerLook 1129, UMAX) at 32-bit pixel depth,

300 dpi resolution. The gel spots on 2-DE gels were

detected using ImageMaster 2D Platinum software 6.0 (GE

Healthcare). Differential abundance of protein spots was

determined by percentage volume of two biological repli-

cates which were normalized, and protein spots show-

ing C1.5-fold change were considered as differential

abundance spots. Statistical analysis was conducted using

Student’s t test (p\ 0.05) to check the significance of

differential abundance.

MALDI-TOF/TOF MS and data processing

and statistical analysis

The selected protein spots were excised from the gel,

destained, subjected to in-gel digestion with trypsin, and

identified by Matrix-Assisted Laser Desorption/Ionization-

Time Of Flight Mass Spectrometry (MALDI-TOF/TOF

MS) as described previously (Kim et al. 2016). Briefly,

protein spots were applied in gel reducing using 10 mM

DTT in 100 mM ammonium bicarbonate at 56 �C for

30 min and 50 mM iodoacetamide in 100 mM ammonium

bicarbonate for 30 min in dark for alkylating. Washing

steps were applied in gel pieces with 1:1 ammonium

bicarbonate and acetonitrile (ACN) solution and dehy-

drated using 100% ACN for 5 min. Tryptic digestion was

carried out with 5 lL of trypsin solution (20 ng/lL, Gold
mass spectroscopy grade, Promega, Madison, USA) in

50 mM ammonium bicarbonate at pH 7.8 for 16 h at

37 �C. MALDI-TOF/TOF MS analysis was conducted

using ABI 4800 Plus TOF–TOF Mass Spectrometer (Ap-

plied Biosystems, Framingham, MA, USA). Prepared

samples of tryptic-digested peptides were mixed with the

same volume of matrix (10 mg/mL a-cyano hydroxycin-

namic acid, 0.1% TFA, 50% ACN), loaded on a MALDI

target plate, and allowed to dry at 25 �C. Calibration of

spectra was performed with prepared calibration standard

(Mass Standard Kit for the 4700 Proteomic Analyzer;

calibration Mixture 1). The 10 most and least intense ions

per MALDI spot with signal/noise ratios[25 were selected

for subsequent MS/MS analysis in 1 kV mode using

800–1000 consecutive laser shots (Kim et al. 2013b). MS/

MS spectra were searched against the UniProt/Swiss-Prot

database (14,926,175 sequences; 5,299,740,401 residues)

and soybean peptide database obtained from the soybean

genome database (Phytozome ver. 8.0, http://www.phyto

zome.net/soybean) by Protein Pilot v.3.0 software (AB

SCIEX, Framingham, MA, USA) using MASCOT search

engine (ver. 2.3.0, Matrix Science, London, UK). The

search parameters used for the protein identification were

as follows: fixed modifications-carbamidomethylation of

cysteine, variable modification-methionine oxidation,

peptide, and fragment ion mass tolerances-50 ppm, maxi-

mum trypsin missed cleavage-1, and instrument type-

MALDI-TOF/TOF. High confidence identifications with
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statistically significant search scores (greater than 95%

confidence, p\ 0.05) were used for further analyses. Also,

functional annotation of the identified proteins was carried

out by Gene ontology (GO) tool using panther website

(http://www.pantherdb.org/). The log2 transformation was

performed to equalize the scale of abundance using spot

volumes of all the spots showing differential abundance.

The values of each spot were used for hierarchical clus-

tering analysis (HCl) using R studio software to generate

the heatmap.

Results and discussion

Reduced tendency of germination under high

temperature and humidity

The germination rate of soybean seeds was decreased after

artificial aging treatment (42 �C and 99%). Seeds were first

stored for two years in a storage chamber at 4 �C and then

subjected to the artificial aging treatment for 0 h (control),

24 h (aging 1 day), and 48 h (aging 2 days). Moreover,

48 h aging-treated sample was properly dried at 37 �C for

3 h (recovery). During the artificial aging conditions, the

moisture content of soybean seeds was increased and ger-

mination was slightly diminished, as compared with the

control sample. However, the viability of recovery sample

was reduced noticeably after drying the seeds at 37 �C
(Fig. 1A). This indicated that the damage occurred in seeds

during dried storage conditions and seeds component was

not enough to compromise the germination process.

Protein separation by SDS-PAGE

Resolution of total seed proteins on SDS-PAGE showed

approximately, 30 bands from 10–170 kD mass range.

However, using total protein fractions, no significant dif-

ference was observed between the control and artificially

aged seeds (Fig. 1B, lanes 2 & 5 in gels 1 and 2). One of

the reasons for this could be the presence of a significant

proportion (approximately 40–60% of total seed protein) of

seed storage proteins (SSPs), including different subunits

of b-conglycinin and glycinin (Natarajan et al. 2006; Gupta

et al. 2016) in soybean seeds. These SSPs are major high

abundant proteins (HAPs) which obstruct the resolution

and identification of LAPs (Gupta et al. 2015b). LAPs are

considered as significant components of cell signaling,

regulation, and diverse metabolic pathways (Min et al.

2015). Previously, it was shown that PS precipitation

method is capable of depletion of high-abundance SSPs in

the pellet fraction, enriching the LAPs (Kim et al. 2015).

Therefore, here we employed the PS precipitation method

to enrich the LAPs and to observe the differentially mod-

ulated proteins that may be potentially masked by the

HAPs in the total protein fraction. After PS fractionation, a

clear depletion of SSPs was observed in the pellet fractions

(P), while PS supernatant fraction showed high enrichment

of low-abundance proteins (S) (Fig. 1B). So, here we used

PS supernatant fraction for further study.

Two-DEs analysis for detection of LAPs

and functional categorization

Using ImageMaster 2D Platinum software, a total of

825 ± 50 (CV value 5.9%), 683 ± 24.5 (CV value 3.6%),

785 ± 2 (CV value 0.3%), and 660 ± 24.5 (CV value 3.7%)

proteins spots were observed in the 2-DE gels of PS super-

natant fractions of control, aging 1 days, aging 2 days, and

recovery samples, respectively (Fig. 2A). Of these detected

spots, 49 spots representatively showed significant differ-

ential abundance (C1.5-fold change, p value\ 0.05) during

artificial seed aging as compared with control. Out of these

49 spots, 33 differential protein spots were identified by

MALDI-TOF/TOF MS (Fig. 2A; Table 1). Among these

proteins, 31 showed decreased abundance in artificially aged

seeds as compared with control. To analyze the protein-

accumulated profiles, hierarchical clustering was performed

using R studio software. Except for two proteins which were

showing increased abundance, 31 proteins were used to

generate heat map and clustering analysis (Fig. 3A). Iden-

tified LAPs included different isoforms of alpha-1,4-glucan

phosphorylase, urease, heat shock protein (HSP), alpha-D-

phosphoglucomutase, UDP-glucose pyrophosphorylase,

ATP synthase subunit beta, sucrose-binding protein,

embryonic protein, oxidoreductase FAD/NAD(P)-binding

protein, formate dehydrogenase, alcohol dehydrogenase

(ADH), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), calreticulin(CRT), triosephosphate isomerase

(TPI), glutathione-S-transferase, glutaminyl-tRNA syn-

thetase protein, superoxide dismutase, and trypsin inhibitor

(Table 1).

To find out the functional groups associated with the

identified proteins, GO term analysis was conducted that

categorized biological process, molecular function, and

cellular component. GO analysis indicated that proteins

with decreased abundance were mainly associated with the

primary metabolic process (55.1%) and response to stim-

ulus (20.9%), while increased abundance proteins were

related with nutrient reservoir activity in the biological

process. Primary metabolic process-related proteins con-

sisted of four major groups including carbohydrate meta-

bolic process (41.2%), protein metabolic process (29.4%),

nucleobase-containing compound metabolic process

(17.6%), and cellular amino acid metabolic process

(11.8%) (Fig. 3B). The molecular function category mainly

844 Appl Biol Chem (2016) 59(6):841–853
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consisted of catalytic activity (66.5%) which is involved in

oxidoreductase activity (42.9%), isomerase activity

(21.4%), hydrolase and transferase activity (14.3%). The

cellular component comprises cell part (50%) and orga-

nelle (33.3%) related proteins (Fig. 3C).

Recently, Wang et al. analyzed the effect of high tem-

perature and high humidity on R7-developing stage of

soybean seeds (cv. Ningzhen No.1) (Wang et al. 2012).

They performed protein extraction using TCA/acetone

precipitation method, and totally 42 protein spots were

identified using 2-DE-MS approach. Those identified 42

proteins were majorly related to the metabolic function,

signal transduction, cell defense, primary metabolism, and

secondary metabolic biosynthesis. Moreover, Yin et al.

2015 reported the effect of artificial aging on B. napus

seeds using a gel-based proteomic approach. They applied

two different seed deterioration conditions at 0 and 18 h

which were used for proteome analysis. They successfully

identified 49 proteins using MALDI-TOF/TOF MS analy-

sis. Among these identified proteins, most of the proteins

were associated with primary metabolism, stress response,

redox system, and seed development. Both of these studies

commonly showed that seed deterioration affects primary

metabolism which is highly associated with carbohydrate

and protein metabolism of plants. In the present study, we

identified 4 proteins related to carbohydrate metabolism

Fig. 1 Determination of germination rates using aging-treated seeds.

(A) Representative images showing declined germination rates after

artificial aging treatment (42 �C, 99% RH). (B) SDS-PAGE analysis

of control and artificially aged seeds before and after protamine

sulfate precipitation. T Total, S PS supernatant, P PS pellet
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especially starch phosphorylation or degradation. Previ-

ously, it was reported that starch content is important for

seed development which is directly or indirectly associated

with early developmental stage of seeds, seed dehydration,

and desiccation tolerance in late developmental stage of

seeds (Da Silva et al. 1997). As enzymes related to starch

degradation was downregulated during artificial aging, it

can be expected that starch would not be degraded to

produce sugars that are used to generate energy during seed

germination. This could be one of the causes for reduced

viability and lesser germinability of soybean seeds after

artificial aging treatment.

Differential abundance proteins involved in primary

metabolism and energy production

Proteome analysis results indicated that proteins with

decreased abundance were mainly associated with primary

metabolism such as carbohydrate, amino acid, and protein

metabolic processes which were similar to the results

reported previously on A. thaliana (Rajjou et al. 2008), B.

napus (Yin et al. 2015), and Zea mays (Xin et al. 2011).

They commonly concluded that artificially aged seeds

showed decreased viability, and specific proteins which

were associated with primary metabolism and seed energy

metabolism showed different abundance as compared with

the control.

Glycolysis is the primary metabolic pathway which is

involved in the breakdown of sugars to provide ATP,

reductant, pyruvate, and major components for anabolism

(Plaxton 1996). Especially, glycolysis has an important

role in plants because it is the initial cellular process that

operates before Krebs cycle, production of the secondary

metabolites, amino acids and fatty acids synthesis (Qi et al.

1995; Plaxton 1996; Agrawal et al. 2008). The major

function of glycolysis during seed germination is to pro-

vide energy for growth and development of seedlings

(Dong et al. 2015). In our study, 3 glycolysis-related pro-

teins, including alpha-D-phosphopentomutase (spot 11),

GAPDH (spot 25), and TPI (spot 28) were identified

showing decreased abundance in artificially aged seeds.

These proteins play crucial roles in glucose breakdown

which is important for energy and carbon molecules supply

in plants. Especially, both GAPDH and TPI are key

enzymes of the glycolytic pathway that catalyzes the

conversion of glyceraldehyde-3-phosphate to D-glycerate-

1,3-bisphosphate and the interconversion of dihydroxy-

acetone phosphate with D-glyceraldehyde-3-phosphate,

respectively. In our results, both proteins (spots 25, 28)

showed more than 1.5-fold decrease in response to artificial

aging. This indicated that artificial aging treatment affects

energy metabolism which is required for seed development

and plant growth. Also, alpha-D-phosphohexomutase

superfamily protein showed lower abundance level in

artificially aged seeds. This protein superfamily is com-

posed of four related enzymes: phosphoglucomutase,

phosphomannomutase, phosphoglucosamine mutase, and

phosphoacetylglucosamine mutase in eukaryotic cells.

These four enzymes play important roles in carbohydrate

metabolism for various cellular processes (Shackelford

et al. 2004). In this study, six proteins were found in the

2-DE analysis which showed differential abundance in

response to artificial aging that attributed to decreased

energy production in soybean seeds. Artificial aging

treatment induced degradation of glycolytic-related pro-

teins, which is directly associated with seed growth and

development. In addition, few proteins related to both

carbohydrate metabolism such as alpha-1, 4 glucan phos-

phorylase (spots 1–3), UDP-glucose pyrophosphorylase

(spots 12, 13), and energy production such as ADH (spots

23, 24), formate dehydrogenase (spots 19–22), and ATP

synthase subunit beta (spot 14) were also, respectively,

detected and decreased in response to artificial aging

treatment.

Differential abundance proteins associated

with SSPs production, protein folding, and stress-

responsive related protein

We identified 8 proteins which were related to SSPs pro-

duction, protein folding, and stress response, respectively

(Table 1). Previously, it was reported that urease enzyme is

associated with the SSPs production in soybean seeds.

Urease catalyzes the conversion of urea into carbon dioxide

and ammonia. The ammonia is converted into glutamine by

the function of glutamine synthetase (Min et al. 2015). In

this study, urease enzyme (spot 4) showed decreased

abundance after artificial aging treatment. This indicates

that artificial aging causes decrease in the SSPs content of

soybean seeds, thus affecting the soybean seed quality.

In addition, 5 proteins which function as molecular

chaperones were also identified as major downregulated

proteins. Molecular chaperones are essential for accurate

synthesis, targeting, and maturation of proteins and can

support protein refolding under stress conditions in cellular

compartments. This is a very important biological phe-

nomenon in a cellular system for normal functioning and

bFig. 2 (A) Comparative proteome analysis of artificially aged seeds

using high-resolution 2-DE gels. Protamine sulfate precipitation

method was applied and PS supernatant fraction was used for

analyzing the low-abundant protein in soybean seeds. Differentially

accumulated proteins were marked by arrows. (B) An enlarged view

of the major proteins related to metabolic process, protein folding,

and nutrient-related proteins. All of the decreased abundance proteins

were mainly associated with the primary metabolic process

Appl Biol Chem (2016) 59(6):841–853 847
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Fig. 3 (A) Hierarchical (HCl) clustering of decreased abundance proteins. Percentage volumes of 31 protein spots were detected by

ImageMaster 2D Platinum software. R studio software was used for clustering. (B) GO terms analysis of the differentially accumulated proteins
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survival of cells during stress conditions (Boston et al.

1996). Most of the molecular chaperones are heat shock

proteins that function in diverse kind of abiotic stresses

such as drought, cold, salinity, chemical toxicity, and

oxidative stress. In addition, they also have roles in

membrane translocation and proteolysis of misfolded pro-

teins by the regulatory process (Hartl 1996; Wang et al.

2004). Here, Five proteins showing decreased abundance

were identified as chaperones that function as HSP (spots

6–9, 33). HSPs are encoded by a multigene family which is

expressed mainly in response to temperature stress (Sung

et al. 2001) as well as oxidative stress (Scarpeci et al.

2008). Downregulation of these proteins during aging

indicates reduced impairment of degraded or misfolded

proteins which are formed as a result of artificial aging

treatment. Moreover, two antioxidant enzymes, superoxide

dismutase (spot 31) and glutathione-s-transferase (spot 29),

were also identified that showed decreased abundance.

Taken together, our results indicate that the artificial aging

condition may affect ROS scavenging system along with

the protein regulatory system which remarkably influences

the seed viability and growth.

In addition to the HSPs, two proteins (spots 26, 27)

identified as CRT, were also associated with chaperone

function. Although the primary function of CRT proteins is

in calcium signaling, recent studies have indicated their

role as a molecular chaperone and positive regulator in

plant stress. The CRT-mediated pathway is mainly asso-

ciated with Ca2? signaling which is a modulator of Ca2?

homeostasis. Ca2? homeostasis is directly associated with

diverse biological phenomenon both in animal and plant

cellular compartments (Gelebart et al. 2005; Jia et al.

2009). Cellular Ca2? is widely established as an intracel-

lular second messenger which transmits the wide ranges of

extracellular stimulus in both animal and plant cells

(Pandey et al. 2002). Recent studies have shown that CRT

protein is also associated with plant immune system against

biotic and abiotic stress such as biotrophic pathogen in

Arabidopsis (Qiu et al. 2012) and drought in wheat (Jia

et al. 2008). Our results indicated two CRT proteins which

showed decreased abundance as compared with control

(Table 1). Furthermore, CRT proteins are also associated

with the phytohormone (e.g., gibberellin (GA), ABA)-

signaling pathways (Jia et al. 2009). Especially, Khan et al.

Fig. 4 Schematic representation of the decreased abundance proteins and major biological pathways related to carbohydrate, protein

metabolism, and energy synthetic metabolism under high temperature and humidity
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2005 reported CRT is one of the major components in the

GA-signaling pathway under cold stress. Recent studies

showed that ABA content was increased under artificial

aging condition (Yin et al. 2015). ABA and GA are

important phytohormones; however, both of them have

antagonistic effects. Based on the recent results, it can be

concluded that reduced CRT accumulation during seed

aging might be affecting the GA-signaling pathway that

might result in increased ABA content of aging seeds

which could be one of the potential factors of seed

deterioration.

Schematic pathway in soybean seeds under artificial

aging treatment

Based on the results obtained in this study, we proposed a

possible schematic pathway which might be operating

during artificial aging (Fig. 4). Our results revealed that

many enzymes including enzymes of primary metabolism

such as carbohydrate metabolism, protein metabolism,

and energy production may play important roles in

determining the seed quality during and after aging

treatment. The metabolic pathway of glycolysis con-

tributes to the degradation of glucose to convert it into

pyruvate for Krebs cycle and energy production. In this

study, we identified three proteins showing differential

abundance which were directly or indirectly involved in

glycolytic pathway all of which commonly revealed lower

abundance level from the 48 h (aging 2 days) treatment.

Also, ADH proteins (spots 23, 24) were decreased in

abundance in response to artificial aging condition. These

proteins facilitate the interconversion between alcohols

and aldehydes or ketones with the reduction of NAD? to

NADH in the plant. Moreover, Five proteins were asso-

ciated with the carbohydrate metabolism. Among these,

Three proteins were related to starch phosphorylation by

converting starch into glucose-1-phosphate. Another two

proteins were identified as UDP-glucose pyrophosphory-

lase (or glucose-1-phosphate uridylyltransferase) which is

associated with glycogenesis and plays an important role

in carbohydrate metabolism.

Taken together, our results clearly demonstrate the

alteration of important cellular processes during artificial

aging stress, which may be one of the factors resulting in

seed deterioration. Furthermore, we identified some of the

novel LAPs related to carbohydrate, protein metabolism,

and energy production which were not identified previously

in the aging experiments, most probably because of their

masking by SSPs. These LAPs can provide further under-

standing about influence of seed deterioration in high

temperature and high humidity stress in soybean seed and

can be used to develop biomarkers for seed aging.
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