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different developmental stages. These proteins were classi-
fied into nine expression patterns depending on the expres-
sion levels at different developmental stages, and the pro-
teins in each pattern were also further classified into three 
large groups and 20 small groups depending on the protein 
functions. Only 3.05–6.53 % of the detected proteins pre-
sented a differential expression pattern between these two 
cultivars. Enrichment factor analysis indicated that proteins 
involved in photosynthesis composed an important cat-
egory. The expressions of photosynthesis-related proteins 
were also further confirmed by western blotting. Together, 
our results suggested that the reduction in photosynthetic 
rate as well as chloroplast activity and composition dur-
ing the developmental process was a highly regulated 
and complex process which involved a serial of proteins 
that function as potential candidates to be targeted by 

Abstract Photosynthetic rate which acts as a vital limit-
ing factor largely affects the potential of soybean produc-
tion, especially during the senescence phase. However, 
the physiological and molecular mechanisms that under-
lying the change of photosynthetic rate during the devel-
opmental process of soybean leaves remain unclear. In 
this study, we compared the protein dynamics during the 
developmental process of leaves between the soybean cul-
tivar Hobbit and the high-photosynthetic rate cultivar JD 
17 using the iTRAQ (isobaric tags for relative and absolute 
quantification) method. A total number of 1269 proteins 
were detected in the leaves of these two cultivars at three 
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biotechnological approaches for the improvement of photo-
synthetic rate and production.

Keywords Soybean · Proteome · iTRAQ · Photosynthesis

Introduction

Cultivated soybean [Glycine max (L.) Merr.] is a major 
global oil crop. In addition to providing vegetable oil and 
vegetable protein, it also contains many special nutrients, 
including isoflavone, saponin, and phytosterol. Soybean 
leaves are the main organs for photosynthesis and transpi-
ration, and their developmental status has a great influence 
on soybean growth, resistance, yield and quality. Soon after 
attaining full expansion, the soybean leaves enter a senes-
cence phase marked by a decline in photosynthetic rate 
and progressive loss of chloroplast activity and composi-
tion (Ford and Shibles 1988). Therefore, maintaining a sta-
ble photosynthetic rate and chloroplast activity as well as 
composition in soybean leaves during the senescence phase 
after full expansion are important factors that affect the 
potential of soybean production. Le et al. (2012) performed 
a genome-wide comparative transcriptome analysis of soy-
bean leaf tissues at the late developmental stages under 
drought stress, and this study provided the basic foundation 
for further analysis of the functions of drought-responsive 
candidate genes that may ultimately lead to the develop-
ment of drought-tolerant soybean cultivars. However, the 
relevant research on the dynamic development of soybean 
leaves has been sparse.

The transcriptional dynamics of C4 maize leaf have been 
well documented in previous studies. Wang et al. (2013) 
performed a genome-wide comparative analysis of devel-
opmental trajectories in Kranz (foliar leaf blade) and non-
Kranz (husk leaf sheath) leaves of the C4 maize and the 
results identified cohorts of genes associated with the pro-
cambium initiation and vascular patterning, and provided a 
broader insight into the regulation of Kranz differentiation. 
Liu et al. (2013) conducted an anatomical and transcrip-
tional dynamics analysis of maize embryonic leaves during 
seed germination and provided a foundation for forming 
hypotheses on the timing of regulatory events, particularly 
in the context of the Kranz structure development. Moreo-
ver, Li et al. (2010) analyzed the maize leaf transcriptome 
using mRNAseq technology and detected a dynamic tran-
scriptome which regulating the transcripts for primary cell 
wall and basic cellular metabolism at the leaf base transi-
tioning to transcripts for secondary cell wall biosynthesis 
and C4 photosynthetic development toward the tip. In addi-
tion, Manandhar-Shrestha et al. (2013) performed a com-
parative proteomics analysis of the chloroplast envelopes 
from the bundle sheath and mesophyll chloroplasts in Zea 

mays and described novel membrane proteins involved in 
C4-related metabolite fluxes and development.

Proteomics technologies are powerful tools for the anal-
ysis of protein function. Two-dimensional electrophoresis 
is one of the main methods used to identify differentially 
expressed proteins. Samples can be labeled and used for 
the difference gel electrophoresis (DIGE) methodology. 
The gel spots identified with this method can be cut out for 
mass spectrometry analysis, which increases the sensitiv-
ity and accuracy of protein identifications (Chen and Tang 
2007; Salavati et al. 2012; Roy et al. 2011). Two-dimen-
sional electrophoresis has been successfully applied for 
protein analysis of different organs and tissues of soybean, 
including seed (Mooney et al. 2004; Hajduch et al. 2005), 
leaf (Le et al. 2012), anther (Zeng et al. 2007) and nodule 
cytosol (Oehrle et al. 2008). A commonly used research 
strategy is to look for differentially expressed proteins 
among samples induced by certain factors and then iden-
tify and verify molecular mechanisms that are key factors 
to the process of development, physiological or pathologi-
cal changes. Examples include differential protein expres-
sion analysis under stress, such as drought (Roy et al. 
2011), flooding (Komatsu et al. 2010), solar UV-B radia-
tion (Xu et al. 2008), high temperature and humidity (Ren 
et al. 2009; Wang et al. 2012), contaminated environment 
(Danchenko et al. 2009), photoperiod treatments (Hao et al. 
2009) and resistance to phytophthora root rot (Qiu et al. 
2009).

However, two-dimensional electrophoresis has its own 
disadvantages due to the limited numbers of samples and 
proteins that can be identified within one sample as well 
as the insensitivity to small proteins and the repeatability. 
The proteome is distinct in different cells and tissues, and 
the expression and modifications of proteins are affected 
by developmental stages and environmental factors. The 
proteome is also dynamic rather than static. Therefore, it 
is important to study proteomes during development stage. 
With progress in proteomics technologies, the scale and 
focus of proteomics have shifted over time. In the early 
years, the goal was often to identify a single protein, in 
contrast to modern high-throughput methods that aim to 
measure dynamic proteomes, particularly in parallel and 
in a quantitative manner. The isobaric tags for relative and 
absolute quantification (iTRAQ) is an advanced and mature 
technique for protein quantization, and can be used for 
high-throughput proteomics analysis at different develop-
ment stages (Ross et al. 2004; Adav et al. 2011; Lan et al. 
2011; Qin et al. 2013).

The objective of this study was to compare the differ-
ential expressed proteins during the developmental process 
of leaves between the Chinese elite cultivar JD 17 and the 
American elite cultivar Hobbit using the iTRAQ method. 
Our results indicated that photosynthesis-related proteins 
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exhibited significant differential expression levels at three 
developmental stages of soybean seedlings. The possible 
mechanisms for the role of these differential expressed pro-
teins in soybean leaves during the developmental process 
were further discussed.

Materials and methods

Plant materials and treatment conditions

JD 17 is an elite soybean variety in Huang-Huai Hai. In 
national regional trials, JD 17 was the highest yielding soy-
bean variety in the history of the national soybean regional 
trials which has achieved an average yield greater than 
3750 kg per Ha for three consecutive years. During the 
regional trial in Hebei Province, JD 17 achieved a 33.11 % 
yield increase in the comparison with control varieties 
which was the largest yield increase in the history of the 
regional trials. In addition, high-yield experts have moni-
tored the yield and found that JD 17 produces a yield of 
4510 kg per Ha which exceeds the national standards for 
super high-yielding varieties. Hobbit, which is imported 
from the United States, is an elite soybean variety with high 
yield and high oil content. It is also a dedicated (‘Special’) 
variety for the SSS Planting pattern. JD 17 and Hobbit 
showed similar developing habit, including flowering time 
and maturity.

Plants were grown in a mixture of 50 % vermiculite 
and 50 % soil in a greenhouse at Shijiazhuang (114°26″E, 
38°03″N). When a fully developed trifoliolate leaf node 
displayed unrolled leaflets, the first fully developed trifo-
liolate leaves were collected on 14, 28, and 42 days after 
sowing, respectively. All the leaves were collected from 
even growth plants at the same knot. Leaf samples were 
freezed in liquid nitrogen and the frozen leaves were stored 
at −80 °C.

Protein extraction

Total protein was extracted with cold acetone procedure. 
Leaves were grounded in 10 % sample volume of poly-
vinylpolypyrrolidone and chilled with liquid nitrogen to 
break cells. Total proteins were precipitated by 10 % (v/v) 
trichloroacetic acid (TCA) in acetone at −20 °C. Then sam-
ples were incubated at −20 °C for 2 h after thorough mix-
ing. Proteins were collected by centrifugation at 30,000g at 
4 °C for 30 min. The protein pellets were washed 3 times 
with cold acetone to remove TCA. Each protein pellet 
was re-suspended in 1 mL protein extraction reagent with 
sonication which contained 8 M urea, 4 % (w/v) CHAPS, 
30 mM HEPES, 1 mM PMSF, 2 mM EDTA and 10 mM 
DTT. The supernatant was collected after centrifugation at 

20,000g at 4 °C for 30 min. The protein concentration was 
determined with a 2-D Quant Kit (General Electric Com-
pany, USA). The protein quality and concentration were 
further determined and verified in SDS-PAGE.

Protein digestion and iTRAQ labeling

For trypsin digestion, 100 μL of total protein was mixed by 
equal volume of tetraethylammonium bicarbonate (TEAB, 
pH 8.5; Sigma, St. Louis, MO, USA), and modified trypsin 
(Promega, Madison, WI, USA) was added to the mixture 
(3.3 μg trypsin/100 μg protein). The protein was digested 
at 37 °C for 24 h, and the solvent was removed by speed-
vac. The efficiency of protein digestion was verified with 
MALDI TOF/TOF (Bruker Limited, Coventry, UK) mass 
spectrometry.

Peptides were labeled with iTRAQ labeling kit (Applied 
Biosystems, Foster City, USA) following the manufacture’s 
manual. 2-, 4-, and 6-week samples were labeled with rea-
gent 114, 115, and 116, respectively. The peptides were 
further fractionated offline in the high performance liquid 
chromatography (HLPC) system (Shimadzu, Japan) with a 
strong cation exchange column (SCX column, Luna 5 μm 
column, 4.6 mm I.D. × 250 mm, 5 μm, 100 Å; Phenom-
enex, Torrence, CA, USA). The retained peptides were 
eluted with Buffer A (10 mM KH2PO4 in 25 % ACN, pH 
3.0) and Buffer B (2 M KCl, 10 mM KH2PO4 in 25 % 
ACN, pH 3.0) with flow rate at 1 mL/min. In total, 38 frac-
tions were collected and combined into 17 fractions to 
reduce peptide complexity, according to protein properties. 
Subsequently, eluted fractions were lyophilized in a centrif-
ugal speed vacuum concentrator and dissolved with 0.1 % 
formic acid prior to reversed-phase nanoflow liquid chro-
matography (nLC) tandem mass spectrometry (nLC-MS/
MS).

MS/MS analysis

MS/MS analysis was performed on the Proxeon Easy 
Nano-LC system connected to a hybrid gradrupole/time-
of-flight mass spectrometer (MircoTOF-Q II, Bruker, 
Billerica,USA) equipped with nano-electrospray ion 
source. Peptides of each fraction were equalized, so that the 
same amount of protein from each fraction was mixed and 
then injected into the Nano-LC system. Peptides were sep-
arated on C18 analytical reverse phase column with mix-
tures of Solution A and Solution B at a flow rate of 300 nL/
min (Solution A: 5 % acetonitrile, 0.1 % formic acid; Solu-
tion B: 95 % acetonitrile, 0.1 % formic acid). After equili-
brating with 5 % Solution B for 10 min, the ratio of Solu-
tion B increased to 45 % in 80 min, and further increased 
to 80 % in 5 min. The ratio of Solution B was maintained 
at 80 % for 15 min, and decreased to 5 % instantly and 
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held for 15 min. The MicroTOF-Q II hybrid MS was used 
to analyze the fractions. The MS/MS survey scan was 
obtained in the mass-to-charge ratio (m/z) range 50–2000. 
The ionization tip voltage and interface temperature were 
run as 1250 V and 150 °C.

Protein identification and quantification

All of the MS data were collected using the software 
micrOTOF control (Bruker, Billerica, USA) and analyzed 
using DataAnalysis (Bruker Daltonics, Billerica, USA). 
The Mascot v2.3.01 (Matrix Science, Boston, USA) was 
used to identify proteins. The Universal Protein Resource 
(UniProt) database was accessed as the reference pro-
tein database. Data collected from three biological repeats 
and their fractions were combined for protein search. 
The parameters were set as follows: specifying trypsin as 
the digestion enzyme; cysteine carbamidomethylation as 
fixed modification; iTRAQ8-Plex on N-terminal residue, 
iTRAQ-8Plex on tyrosine (Y), iTRAQ-8Plex on lysine (K), 
glutamine-pyroglutamic acid and oxidation on methionine 
(M) as the variable modification. The peptide tolerance was 
set to 0.05 Da and MS/MS tolerance was set to 0.05 Da. At 
last, an additional filter before exporting the data was set 
as following: significance threshold P < 0.05 (with 95 % 
confidence) and ion score or expected cut-off less than 0.05 
(with 95 % confidence). The protein search results were 
exported by Mascot then normalized and quantified using 
Scaffold v3.0. The 28- and 42-day protein profiles were 
quantified base on 14-day results.

Protein annotation

Based on the results of proteins search against UniProt 
database, DAVID Bioinformatics Resources v6.7 (Huang 
et al. 2009a, b) was employed to obtain the functional clas-
sification of the proteins based on Gene Ontology (GO) 
terms (Harris et al. 2004) and Clusters of Orthologous 
Groups (COG) terms (Natale et al. 2000), to find out the 
protein distribution in each functional group. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(http://www.genome.jp/kegg/) (Kanehisa and Goto 2009; 
Ogata et al. 1999) was used to annotate the pathway of 
these proteins. The enrichment test of functional category 
proteins was performed by Chi-square test with defining 
cut-off as 0.01 under Arabidopsis thaliana background. 
False discovery rate (FDR) significance threshold of 0.05 
was used as false-positive control.

Cluster analysis

Proteins with significant expression level changes dur-
ing three developmental stages of soybean seeding were 

identified with previously described methods (Cox and 
Mann 2008; Lan et al. 2011). The 90 % confidence (Z 
score = 1.645) of log 2 ratios was used to select the pro-
teins whose expression levels were two fold higher or 50 % 
lower. The mean and SD of the protein expression levels 
were calculated for the biological repeats. The profiles from 
different time points were calculated independently and 
a broader threshold was selected. The results showed that 
the cut-off value for the up-regulated protein was 1.75-fold 
(mean + Z score × SD) and the cut-off value for the down-
regulated protein was 0.69-fold (mean – Z score × SD). 
Protein ratios outside this range were defined as being sig-
nificantly different at P = 0.1. The expression profiles of 
the differentially expressed proteins were determined by 
cluster analysis based on the k-means method with Pear-
son’s correlation distance in Genesis v1.7.6 (Sturn et al. 
2002; Zenoni et al. 2010). Number of clusters was deter-
mined by the particular algorithm named Figures of Merit 
(FOM) (Yeung et al. 2001).

Western blot analysis

The same samples used in the iTRAQ analysis were also 
used for the western blot analysis which included five dif-
ferentially expressed proteins. Equal amounts of protein 
samples from JD 17 and Hobbit were separated by SDS-
PAGE and electro-transferred to a PVDF membrane (Milli-
pore Corporation, Bedford, MA, USA) at 100 V for 60 min. 
The membrane was then immersed in 5 % non-fat milk in 
TTBS solution (0.2 M Tris–HCl (pH 7.6), 1.37 M NaCl, 
and 0.1 % Tween-20) for 1 h at room temperature. The 
proteins were incubated with the corresponding polyclonal 
antibodies in 5 % non-fat milk in TTBS solution for 3 h at 
room temperature and then subjected to three 5 min rinses 
in TTBS solution. The membrane was further incubated 
with horseradish peroxidase-conjugated goat anti-rabbit 
antibodies (Beijing Protein Innovation, Beijing, China) for 
1 h at room temperature and subjected to three 5 min rinses 
in TTBS solution. The blot was then developed with the 
SuperECL Plus kit (Applygen, Beijing, China) and exposed 
on X-ray film.

Results

Photosynthesis efficiency analysis in leaf‑dynamic 
development

The photosynthesis efficiency was first tested in JD 17 
and Hobbit. As shown in Fig. 1, JD 17 had the higher 
photosynthetic rate (Pn) than Hobbit. The stomata are 
important limitation factors for photosynthesis efficiency. 
To investigate whether the difference of photosynthesis 

http://www.genome.jp/kegg/
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efficiency between these two cultivars was due to stoma-
tal constraint, we measured intercellular CO2 concentra-
tion (Ci) and stomatal conductance (gs). In contrast to Pn, 
the two cultivars showed the similar levels of Ci and gs. 
These data suggested that the differential level of pho-
tosynthesis efficiency between the two cultivars did not 
result from stomatal conductance and intercellular CO2 
concentration.

Proteome analysis in leaf‑dynamic development

To obtain a better understanding of the molecular mecha-
nisms of developmental stages of soybean seedings, the 
proteome changes in the Hobbit and JD 17 leaves were 
examined at three contiguous developmental stages and 
the number of proteins in different development stages and 
their functional and pathway distributions were analyzed 
as well. The Venn diagram in Fig. 2 showed the number of 
leaf proteins from Hobbit and JD 17 in the three develop-
mental stages. A total of 1269 protein were detected in 6 
samples in which 87.25 % of protein identities shared in 
three biological repeats. There were 1184 proteins detected 
in the Hobbit leaves at the 14-, 28-, and 42-day develop-
mental stages and 96.49 % of the protein species detected 
in all three stages. In JD 17, there were 1195 proteins 
detected at the three stages, with 95.27 % of the proteins 
commonly detected in all three stages. These results indi-
cated that the detected number of proteins and their identi-
ties were unchanged across three contiguous developmen-
tal stages.

To study the process of soybean seeding development, 
we examined the functional enrichment of the detected 
proteins. There were 1083 annotated proteins detected, 
which were classified into 36 small groups according to 
biological process, cellular component and molecular func-
tion (Fig. 3). The results suggested that the proteins were 
distributed among all function groups, with enrichment in 
some specific groups. The large group of biological pro-
cess included 17 small groups. A total of 32.73 % of the 
proteins belonged to this biological process group and the 
identified proteins were further enriched in 4 small groups: 
cellular component biogenesis, cellular process, metabolic 
process, and response to stimulus. Another large group, 
cellular component, which was broken down into nine 
small groups, included 48.78 % of the identified proteins. 
Among those protein, the protein species were significantly 
enriched in six of the small groups: envelope, extracellu-
lar region, macromolecular complex, membrane-enclosed 
lumen, organelle, and organelle part. Furthermore, 18.50 % 
of the proteins belonged to another large group of molecu-
lar functions, which was consisted of ten small groups. The 
proteins in molecular functions group were enriched in 4 
of the small groups: antioxidant activity, catalytic activity, 
electron carrier activity, and structural molecule activities. 
In addition, 1083 proteins were found distributed among 
103 pathways in which 19.10 % belonged to the metabolic 
pathways, 12.12 % to the biosynthesis of secondary metab-
olites, and 6.95 % to ribosomes.

Protein expression pattern analysis in soybean leaf 
development

In the previous section, we discussed the number of identi-
fied proteins and their classification and functional distri-
bution during developmental stages of soybean seeding. In 
this section, we discuss the magnitude of protein expres-
sion and protein expression patterns. The cluster analysis 
was performed with the software Genesis v1.7.6 (Sturn 
et al. 2002; Zenoni et al. 2010) and the results indicated 
that the protein expression patterns were different among 
the developmental stages (Supplemental Fig. 1A). Based 
on the protein levels, the protein expression profiles were 

Fig. 1  Photosynthetic performance in the two soybean cultivars JD 
17 and Hobbit at three contiguous developmental stages
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Fig. 2  Venn diagram showing the expressed proteins identified in JD 
17 and Hobbit at three contiguous developmental stages
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grouped into nine patterns (Supplemental Fig. 1B). which 
were observed in both Hobbit and JD 17 in all three devel-
opmental stages.

Cluster 2 and Cluster 7 belonged to a continuous 
growing pattern, in which protein abundance increased 
continuously between 14 and 42 days. Cluster 9 was a 
continuous decreasing pattern, in which protein abun-
dance decreased continuously during this period. Cluster 
3 was a stable pattern, in which the protein abundances 
were stable between 14 and 42 days. Cluster 1 and Clus-
ter 8 showed to a valley pattern, in which 28 days had 
the lowest protein abundance. Clusters 4–6 had a hill pat-
tern, in which 28 days had the highest protein abundance. 
Hobbit possessed 2–3 times more proteins in Clusters 
1, 5, and 7 than JD 17. The 5.23 % of detected proteins 
of Hobbit were grouped in Cluster 1, while 15.96 % of 
proteins for JD 17 showed the expression pattern. Hobbit 
had only 13.03 % of protein species in Cluster 5, while 
JD 17 exhibited as great as 31.92 %. The percentages 
of detected protein species in Cluster 7 were 20.04 and 
6.18 % for Hobbit and JD 17, respectively. The numbers 
of proteins that belonged to the Cluster 1, 5 and 7 for 
Hobbit and JD 17 were 125, 125, 113 and 264, 264, 224, 
respectively, and the main differences presented in three 
small groups within the cellular component category: 
cell, cell part, and organelle. In addition to the number of 
proteins, the protein species were different between Hob-
bit and JD 17. Only 45 proteins from the 460 identified 
proteins were in common among the three small groups 
for Hobbit and JD 17. In Cluster 7, Hobbit had 182, 182, 
and 148 proteins in those three small groups, respec-
tively, while JD 17 showed 57, 57, and 45 proteins; only 
7 proteins were in common among 286 detected proteins. 

In Clusters 8 and 2, Hobbit and JD 17 had a similar num-
ber of identified proteins, but the number of common 
proteins was low.

To follow the discussion in the last section of the nine 
protein expression patterns observed in Hobbit and JD 17 
leaves and the protein identities and number in each of the 
nine expression patterns, the functions of identified pro-
teins will be discussed next (Supplemental Table 1). As 
discussed above, the proteins were classified into three 
large categories and 20 small functional groups. The pro-
tein distributions were stable in the above functional groups 
among different developmental stages of soybean seeding. 
However, the distributions were very different between 
Hobbit and JD 17. In the category of biological processes, 
the proteins were enriched in the small functional groups of 
metabolic and cellular processes (Supplemental Fig. 1C). 
In the category of cellular components, the proteins were 
enriched in the small functional groups of organelles and 
organelle parts. In the category of molecular functions, pro-
tein species were enriched in the small functional groups of 
binding and catalytic activities.

Leaf proteome comparison between Hobbit and JD17 
in the same developmental stage

Previous studies shown that the protein groups and num-
bers were stable across three developmental stages for both 
cultivars. In this section, the differences between the culti-
vars will be compared. The differences in protein species 
and the magnitude of expression will be analyzed. In this 
study, a differential protein is defined as a protein with an 
expression level higher than double the control or lower 
than half the control. Differential proteins in Hobbit were 

Fig. 3  Functional categoriza-
tions and enrich distribution of 
proteins that were detected in 
JD 17 and Hobbit at three con-
tiguous developmental stages. 
The stars indicate the enrich 
functional categorizations
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defined against JD 17 as a control. A total of 1240 proteins 
were detected in 14-day leaf proteomes in which 1159 pro-
teins (93.47 %) were in common for both Hobbit and JD 
17 (Fig. 4). There were 141 differential proteins (6.53 %) 
which included 84 up-regulated proteins and 57 down-
regulated proteins and the numbers of proteins assigned to 
biological process category, cell component and molecu-
lar function were 40, 89, and 12, respectively. These 141 
proteins were distributed in 34 pathways, with the Riboso-
mal assembly pathway including most differential proteins 
(25), followed by 4 photosynthesis-related proteins in the 
‘carbon fixation in photosynthetic organisms’ pathway. 
For 28-day leaf proteomes, 1244 proteins were detected, 
with 1206 proteins (96.95 %) in common between Hobbit 
and JD 17 (Fig. 4). There were 540 differential proteins 
(3.05 %), which included 221 up-regulated and 319 down-
regulated proteins and the numbers of proteins belonged 
to biological process category, cellular component and 
molecular function were 158, 324 and 58, respectively. 
The differential proteins were distributed among 15 path-
ways. There were 51 differential proteins in the Ribosomal 
assembly pathway, which contained the most differential 
proteins of any other pathway. The Photosynthetic pathway 
was second most enriched, with 20 differential proteins. 
For 42-day leaf proteomes, 1240 proteins were detected, 
with 1182 proteins (95.32 %) in common between Hobbit 
and JD 17 (Fig. 4). There were 126 differential proteins 
(4.68 %) which included 98 up-regulated and 28 down-reg-
ulated proteins. Among 126 differential proteins, 39 pro-
teins were assigned to the biological process category and 
the rest proteins were grouped to cellular component cate-
gory (78) and molecular function category (9), respectively.

The differential proteins were distributed among 23 
pathways. The ribosomal assembly pathway was most 
populated with differential proteins (13), followed by the 
photosynthetic pathway, with two differential proteins. The 
remaining 21 pathways included one differential protein for 
each pathway.

Proteins detected in both Hobbit and JD 17

During developmental stages of soybean seeding, 584 
shared proteins for Hobbit and JD 17 were detected in 
which 290 proteins were expressed consistently higher in 
Hobbit or consistently lower than JD 17 during the 14- to 
42-day period. Among these 290 proteins, 239 had func-
tional annotations in 132 pathways and there were 176 up-
regulated proteins and 114 down-regulated proteins. There 
were 92 out of the 290 proteins in Hobbit showed differen-
tial expression compared to JD 17 and the functional anal-
ysis revealed that these 92 proteins were annotated in 23 
small groups according to their biological processes, cellu-
lar components and molecular functions (Fig. 5). These 92 
proteins were enriched in 13 out of 23 groups and distrib-
uted among 33 pathways, with 9 enriched in the photosyn-
thesis pathway. The expression levels of these proteins will 
be discussed further in the following sections.

Photosynthetic protein expression patterns and their 
immunological verifications

Photosynthesis is critical for soybean yield; hence, we 
investigated the abundance of enzymes involved in pho-
tosynthesis. From 14 to 42 days, the amount of CAB2 
increased by 32 % in JD 17 and 15 % in Hobbit. In addition, 
three homologues of OEE1 (oxygen-evolving enhancer 
protein 1) were detected including C6T7N2, C6TC92, and 
C6TKL8. In Hobbit, the amount of C6T7N2 and C6TC92 
increased by 23 and 15 %, respectively. From 14 to 42 
days, the amount of C6TKL8 increased by 15 % for JD 17 
and by 7 % for Hobbit. Furthermore, ATPsB (ATP synthase 
beta subunit, C6T308) which is involved in photophospho-
rylation has increased by 23 % between 14 and 42 days 
in JD 17 but decreased by 24 % in Hobbit (Fig. 6). These 
results demonstrated that from 14 to 42 days, two proteins 
(CAB2 and OEE1) with an important role in the photo-
synthesis primary reactions increased in abundance more 
in JD 17 than in Hobbit. During the same period of time, 
the abundance of the photophosphorylation protein ATPsB 
increased in JD 17 but decreased in Hobbit (Fig. 6). These 
results corroborated our previous physiological study that 
showed JD 17 exhibiting higher photosynthetic efficiency. 
In addition, RCA (ribulose bisphosphate carboxylase/oxy-
genase activase), a CO2 fixation related protein, and two 
RCA homologues (D4N5G0 and D4N5G2) in the Calvin 
cycle were also detected in this study. From 14 to 42 days, 
the abundance of D4N5G0 dropped by 38 and 7 % in JD 
17 and Hobbit, respectively. During the same period of 
time, the abundance of D4N5G2 dropped by 19 % in JD 17 
but increased by 7 % in Hobbit. Furthermore, two GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase) homologues, 
Q38IX0 and C6T9R8, were also detected during the 14- to 
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Fig. 4  Leaf proteome comparison between Hobbit and JD 17 in the 
same developmental stage
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42-day period. The Q38IX0 abundance dropped by 13 and 
38 % in JD 17 and Hobbit, respectively. Similar decreas-
ing was found for C6T9R8 in JD 17 and Hobbit which 
were 7 and 34 %, respectively. In addition, the abundance 
of SBPase (sedoheptulose-1,7-bisphosphatase, C6TK14) 
dropped by 19 and 29 % in JD 17 and Hobbit, respectively 
(Fig. 6). For the enzyme 2-Cysp (2-cysteine peroxiredox-
ins, C6TGM9), which is involved in the removal of reactive 
oxygen species (ROS), its abundance did not change from 
14 to 42 days in JD 17, but it decreased by 19 % in Hobbit. 
Thioredoxin Trx (C6TLX7) has many functions, including 
being involved in the scavenging of ROS. The abundance 
of C6TLX7 increased by 24 % in JD 17 but decreased by 
34 % in Hobbit from 14 to 42 days (Fig. 6). These five 
proteins are important enzymes in the Calvin cycle and in 
scavenging ROS. Our results showed that the abundances 
of these five proteins decreased from 14 to 42 days (Fig. 6) 
but the decreasing trend was more pronounced in Hobbit 
than in JD 17.

For further confirmation, the protein expression patterns 
of CAB-2, RCA, SBPase, and Trx were identified by west-
ern blotting. As shown in Fig. 7, this pattern of expression 
was consistent with our iTRAQ results and thereby verified 
the reliability of the iTRAQ system and the data analysis 
methods.

Discussion

JD 17 has a higher photosynthetic rate (Pn) than Hobbit. In 
this study, we first demonstrated that the differential level 
of photosynthesis efficiency between JD 17 and Hobbit did 
not result from stomatal conductance and intercellular CO2 
concentration. Then, we examined the proteomes during 
soybean leaf development in two cultivars using the high-
throughput iTRAQ technique. We analyzed the proteomes in 
different leaf developmental stages and identified the protein 
species, numbers and the levels of expression. We performed 
a comparative analysis of the dynamic patterns of protein 
expression during development and some protein expression 
patterns were found to be similar in different cultivars. We 
also analyzed proteomes at the same developmental stages 
but from different cultivars and identified the proteins com-
monly detected in both Hobbit and JD 17. We found that the 
protein groups and number of proteins were stable across 
three developmental stages as well as in both cultivars. Our 
study indicated that photosynthesis-related proteins had sig-
nificant differential expression levels at different stages of 
leaf development, and the reduction in photosynthetic rate 
and chloroplast activity as well as composition during the 
developmental process were highly regulated and complex 
processes that involves potential candidate proteins that will 
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Fig. 5  Functional categorisation of the proteins that were differentially expressed between Jidou17 and Hobbit at three contiguous developmen-
tal stages
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be targeted by biotechnological approaches to augment the 
aforementioned reduction. Such a study will be important for 
revealing the molecular mechanism of soybean leaf develop-
ment and provide a better understanding of plant growth and 
development. In addition, this study may provide new clues 
for enhancing photosynthetic efficiency and developing new 
soybean breeding cultivars.

Light reactions of photosynthesis take place on the grana 
lamella membrane in the chloroplast. The light reaction 
system consists of photosystem I (PS I), photosystem II 
(PS II), cytochrome b6f complex, and ATP synthase (Knaff 
and Arnon 1971). The dark reactions of photosynthesis take 
place in the chloroplast stroma. In the dark reactions, CO2 
is fixed in the Calvin cycle, which has the following three 
phases: carbon fixation, reduction, and regeneration. In the 
Calvin cycle, 11 enzymes catalyze 13 continuous reactions 
(Raines 2003). CAB2 (C6T8R7, chlorophyll a–b binding 
protein 2) is involved in the primary reaction of photosyn-
thesis. In the present study, we observed a decrease from 
14 to 42 days in the abundance of the enzymes that are 

involved in the Calvin cycle and the scavenging of ROS, 
and this reduction could be one of the reasons for dimin-
ished photosynthetic efficiency in soybean leaves during 
this period. On the other hand, the leaves maintained high 
abundance of the enzymes involved in the primary reac-
tions of photosynthesis and this high abundance could be 
one of the important factors that maintain steady photosyn-
thetic efficiency.

The application of proteomics methods to global expres-
sion analyses and protein identification has been highly 
efficient in plant research in recent years. In this study, 
we performed a comparative analysis of the dynamic pat-
terns of protein expression during development. Our results 
showed that the photosynthetic rate and chloroplast activ-
ity and composition during the developmental process are 
highly regulated and complex processes. In future stud-
ies, we will focus more on these proteins with the goal 
of adjusting their levels using biotechnology methods to 
enhance photosynthetic efficiency and increase soybean 
yield.

Fig. 6  The changes of the abundance of enzymes involved in pho-
tosynthesis efficiency in soybean leaf during the developmental 
stages from 14 to 42 days. The abundance of enzymes are indicated 
in colorful rectangular boxes, with red for up-regulated, green for 
down-regulated, and gray for stable expression of proteins. The left 

part of the box represents the changes of the abundance of proteins in 
JD 17 from 14 to 42 days, and the right part of the box represents the 
changes of the abundance of proteins in Hobbit form 14 to 42 days 
(color figure online)
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