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A comparative proteomic approach was employed to explore tissue-specific protein expression patterns
in soybean seedlings under heat stress. The changes in the protein expression profiles of soybean
seedling leaves, stems, and roots were analyzed after exposure to high temperatures. A total of 54, 35,
and 61 differentially expressed proteins were identified from heat-treated leaves, stems, and roots,
respectively. Differentially expressed heat shock proteins (HSPs) and proteins involved in antioxidant
defense were mostly up-regulated, whereas proteins associated with photosynthesis, secondary
metabolism, and amino acid and protein biosynthesis were down-regulated in response to heat stress.
A group of proteins, specifically low molecular weight HSPs and HSP70, were up-regulated and
expressed in a similar manner in all tissues. Proteomic analysis indicated that the responses of HSP70,
CPN-60 �, and ChsHSP were tissue specific, and this observation was validated by immunoblot analysis.
The heat-responsive sHSPs were not induced by other stresses such as cold and hydrogen peroxide.
Taken together, these results suggest that to cope with heat stress soybean seedlings operate tissue-
specific defenses and adaptive mechanisms, whereas a common defense mechanism associated with
the induction of several HSPs was employed in all three tissues. In addition, tissue-specific proteins
may play a crucial role in defending each type of tissues against thermal stress.
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Introduction

The growth, development, and yield of plants are affected
by climatic variability via linear and nonlinear responses to
weather variables, particularly temperature stress.1 Global
warming is a growing threat to all living organisms, including
plants. High temperatures (above 35 °C) are an important
environmental factor that has considerable influence on the
growth and productivity of many crops, including soybean.1

Experimental and crop-based models for major crops in
tropical and subtropical regions showed direct yield losses in
the range of 2.5-16% for every 1 °C increase in seasonal
temperatures.2

Plant adaptation to thermal stress is dependent upon the
activation of cascades of molecular networks associated by
stress perception, signal transduction, and the expression of
stress-related proteins.3 Protein metabolism, including protein
synthesis and degradation, is one of the most sensitive pro-
cesses in heat stress. Understanding the mechanisms of plants
adaptations to heat stress would facilitate the development of
heat-tolerant cultivars for improving productivity in warm-

climate regions. Recently, several efforts have been made to
explore the heat-stress-induced proteome responses of mono-
cotyledonous crop plants.4-6 Moreover, the changes in protein
level during heat stress has also been demonstrated in several
noncrop, model plants such as Poplus,7 Norway spruce,8 and
Agrostis.9,10 Most of these studies investigated the proteome
changes of aerial parts of plants which revealed that antioxidant
and heat shock proteins (HSPs) were mostly up-regulated and
proteins associated with photosynthesis were generally down-
regulated in response to heat stress. Neilson et al.11 emphasized
the role and current status of proteomic technologies in
understanding the molecular mechanisms of plant under
thermal stresses. Although identification of several proteins has
contributed substantially to our understanding of the molecular
basis of the heat stress response, the mechanisms that operate
in a tissue-specific manner and that are involved in adaptation
of the whole plant to heat stress are still unclear due to the
lack of comprehensive tissue-specific proteome analyses.

The protein contents of whole tissues and individual cells
show considerable differences, while each cell of an organism
has the same genome.12 Recently, proteomic approaches
revealed that a number of proteins were differentially expressed
in various tissues and showed a considerable degree of vari-
ability during normal development13 and under stressful
conditions, including heat stress.8-10 Whiteman et al.14 dem-
onstrated the presence of large numbers of sugar transporters
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in green tissues, whereas several ammonium transporters were
exclusively expressed in roots. These results provide a good
example of a conserved tissue-specific regulatory mechanism
in plants. Moreover, a large number of unique proteins can be
differentially regulated at various stages of development even
within an organ.13 These earlier proteomics analyses clearly
revealed that plants adopt divergent organ- and tissue-specific
regulatory mechanisms at different developmental stages and
in response to stressful conditions. Thus, profiling of tissue-
specific protein expression in plants in response to environ-
mental stresses is valuable to plant biologists for better
understanding of the tissue-specific stress responses and
adaptive mechanisms to particular stresses.

Thus far, only a few studies have investigated the proteomic
responses of crop-plants to heat stress, and those are mostly
in monocotyledonous plants.11 However, limited information
is available on the heat-stress responses of major dicotyledon-
ous crops and, specifically, their tissue-specific response at the
proteome level. Soybean, the world’s most widely grown seed
legume, occupies more land globally than any other dicotyle-
donous crops and is considered more sensitive to heat stress
than the other legumes.15 In the present study, we aimed to
investigate the proteomic responses of the leaves, stems, and
roots of soybean seedlings to heat stress in order to identify
the heat-induced, tissue-specific proteins and to demonstrate
the tissue-specific defense strategy and thermo-adaptive mech-
anisms of soybean seedlings against heat stress.

Experimental Procedures

Plant Growth, Treatments, and Sample Collection. Soybean
(Glycine max L. cv Enrei) seedlings were grown in a controlled
growth chamber under white fluorescent light (300-350 µmol
m-2 s-1, 16 h light/8 h dark) at 25-20 °C ( 2 °C (day/night)
temperatures and 75% relative humidity. Two-weeks old seed-
lings were transferred in a different growth chamber with same
light/photoperiod conditions mentioned above and subjected
to heat stress by exposed to 40 ( 2 °C and 75% relative
humidity. First trifoliates, stems, and roots were harvested 6,
12, and 24 h after heat treatment.

A different set of seedlings was also subjected to cold and
oxidative stress treatments. Cold treatment was given by
transferring the seedlings in a cold growth chamber (10 °C),
and leaf samples were collected 12 h after exposure. Oxidative
stress treatment was applied by submergence of trifoliates in
10 mM of hydrogen peroxide (H2O2) solution for 12 h. Leaves
submerged in Mili-Q were used as positive control. The
concentration and exposure time point for H2O2 treatment was
selected mainly based on the earlier report by Banzet et al.16

After each treatment, samples were immediately frozen in
liquid nitrogen and kept at -80 °C until analysis. Samples
collected from three different biological replicates were used
for proteomic analyses.

Protein Extraction and Polyethylene Glycol Fractionation.
Total soluble proteins were extracted from leaf stem and root
samples as described previously.13 A portion (1 g) of fresh
sample was ground in liquid nitrogen and homogenized in 10
mL of ice-cold Mg/NP-40 extraction buffer containing 0.5 M
Tris-HCl (pH 8.3), 2% (v/v) NP-40, 20 mM MgCl2, 2% (v/v)
�-mercaptoethanol, 1 mM phenylmethanesulfonyl fluoride, and
0.7 M sucrose. An equal volume of Tris-HCl saturated phenol
(pH 8.0) was then added and mixed well by vigorous vortexing
for 2 min followed by centrifugation at 3500× g for 15 min.
After centrifugation, the top phenol phase was collected and

proteins were precipitated by mixing with four volumes of cold
methanol containing 0.1 M ammonium acetate at -30 °C for
2 h.

In order to remove the high abundant proteins ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) from the leaf
samples, proteins were extracted with Mg/NP-40 extraction
buffer followed by fractionation with polyethylene glycol (PEG,
4000, Wako, Osaka, Japan) as described by Kim et al.17 with
slight modification. A portion (1 g) of leaf sample was ground
in liquid nitrogen and homogenized in 10 mL of ice-cold Mg/
NP-40 extraction buffer except adding sucrose, followed by
centrifugation at 3500× g for 15 min. The proteins in the
supernatant were subjected to PEG fractionation by adding 15%
(w/v) ice-cold PEG solution. After a gentle mix, sample was
incubated on ice for 30 min and then centrifuged at 12 000× g
for 15 min at 4 °C. The supernatant fraction was further
fractionated with 15% (w/v) ice-cold PEG solution as above.
After centrifugation, the supernatant was recovered and pre-
cipitated with acetone and stored in 1 mL aliquots at -30 °C
until use.

2-DE and Image Acquisition. The protein pellet was air-
dried and resuspended with solubilization buffer containing
8.5 M urea, 2.5 M thiourea, 5% 3-[(3-Cholamidopropyl) dim-
ethylammonio]-1-propanesulfonate, 1% dithiothreitol (DTT),
1% Triton X-100, and 0.5% Biolyte (pH 5-8, Bio-Rad, Hercules,
CA). The solubilized protein was quantified using an RC-DC
Protein Assay kit (Bio-Rad) and bovine serum albumin as the
standard. For each sample, a total of 350 µg of solubilized
proteins were applied to the IPG dry strips pH 5-8 (11 cm,
ReadyStrip, Bio-Rad) with 12 h rehydration following the
manufacturer’s instruction. IEF was performed using PROTEAN
IEF Cell (Bio-Rad) at 20 °C with a total of 35 000 V-h. After IEF,
the IPG strips were equilibrated for 15 min in an equilibration
buffer containing 50 mM Tris-HCl, pH 8.8, 6 M urea, 30% (v/
v) glycerol and 2% (w/v) SDS, containing 2% (w/v) DTT,
followed by 15 min in an equilibration buffer containing 2.5%
(w/v) iodoacetamide. SDS-PAGE in the second dimension was
carried out using 15% separation gel with 5% stacking gel at
30 mA for about 3 h, or until the dye line reached to the end
of the gel.

The Coomassie Brilliant Blue stained gels were scanned using
a high-resolution scanner (GS-800 Calibrated Imaging Densi-
tometer; Bio-Rad). Spots were detected and quantified with the
PDQuest software (ver. 8.0; Bio-Rad), on the basis of their
relative volume. The amount of a protein spot was expressed
as the volume of that spot, which was defined as the sum of
the intensities of all pixels that make up the spot. To compen-
sate for subtle differences in sample loading, gel staining, and
destaining, the volume of each spot was normalized as a
percentage of the total volume of all the spots present in the
gel.13 After automated detection and matching, manual editing
was carried out.

Protein Identification by Protein Sequencing. To analyze
N-terminal amino acid sequences, 2-DE separated proteins
were electroblotted onto a polyvinylidene difluoride (PVDF)
membrane (Pall, Port Washington, NY) using a semidry transfer
blotter (Nippon Eido, Tokyo, Japan) and detected by CBB
staining. The stained protein spots of interest were excised from
the PVDF membrane and directly subjected to Edman degra-
dation on a gas-phase protein sequencer (Procise cLC; Applied
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Biosystems, San Francisco, CA, USA). Protein identification and
database searching followed the procedure described previ-
ously.18

In-Gel Digestion and Protein Preparation for Mass Spec-
trometry Analyses. Protein spots of interest were excised
manually from CBB stained 2-DE gels and then alkylation and
protein digestion with trypsin were performed using a robotic
system (DigestPro96; Intavis AG, Koeln, Germany). Briefly,
protein spots were destained with 50 mM NH4HCO3 for 1 h at
40 °C. Proteins were reduced with 10 mM DTT in 100 mM
NH4HCO3 for 1 h at 60 °C and incubated with 40 mM
iodoacetamide in 100 mM NH4HCO3 for 30 min. The gel pieces
were minced and allowed to dry, then rehydrated in 100 mM
NH4HCO3 with 1 pM trypsin (Sigma-Aldrich, St. Louis, MO) at
37 °C overnight. The tryptic peptides were extracted from the
gel grains with 0.1% trifluoroacetic acid in 50% acetonitrile for
three times. The generated peptides were purified using a
NuTip C-18 (Glygen, Columbia, MD).

Matrix-Assisted Laser Desorption Ionization Time-of-Flight
Mass Spectrometry and Data Analysis. The desalted purified
peptides were added to R-cyano-4-hydroxycinamic acid matrix
and dried on a plate for analysis by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) using a Voyager-DE RP (Applied Biosystems). The pick
list of peptide mass was generated by Perspective-GRAMS/386
(for Microsoft Windows, ver. 3.04) software developed by
Galactic Industries Corp. (Salem, NH) which is incorporated
with Voyager-DE-RP. The obtained peptide mass spectra were
searched using an in-house licensed MASCOT search engine
(ver. 2.2.04; Matrix Science, London, U.K.), and compared to
the soybean genome sequence database (Glyma0, Annotation
ver. 4; 75 778 sequences) which was downloaded from the
phytozome database (http://www.phytozome.net). Search pa-
rameters used fixed cysteine carbamidomethylation and vari-
able methionine oxidation as modifications, peptide mass
tolerance (0.2 Da, fragments ions 1 Da, 1 missed cleavage, and
trypsin was specified as the proteolytic enzyme. Peptides were
selected in the 500 to 4000 Da mass ranges. For positive
identification, the score result of [-10 × Log (P)] had to be
over the significance (>60) threshold level (p < 0.05). Four
criteria were used to assign a positive match with a known
protein.13 These are as follows: (i) The deviation between the
experimental and theoretical peptide masses should be less
than 50 ppm. (ii) At least four different predicted peptide
masses needed to match the observed masses for an identifica-
tion to be considered valid. (iii) The coverage of protein
sequences by the matching peptides must reach a minimum
of 15%. (iv) The score that was obtained from the analysis with
Mascot software indicates the probability of a true positive
identification and must be at least 60. The positive matches
were BLAST searched against the UniPort database (http://
www.uniprot.org) and/or NCBI protein database (http://ww-
w.ncbi.nlm.nih.gov) for updated annotation and identification
of homologous proteins.

NanoLC-MS/MS and Data Analysis. The desalted peptide
solutions were directly analyzed by nano liquid chromatogra-
phy-tandem MS as described previously.19 Using an Ultimate
3000 nanoLC (Dionex, Germering, Germany), peptides were
loaded in 0.1% formic acid onto a 300 ı̀m ID × 5 mm C18

PepMap trap column at a flow rate of 25 µL/min. Elution of
the peptides from the trap column and their separation and
spraying were done using 0.1% formic acid in acetonitrile at a
flow rate of 200 nL/min on a Tip column (NTTC-360/75-3,

Nikkyo Technos, Tokyo, Japan) with a spray voltage of 1.8 kV.
A nanospray LTQ XL Orbitrap MS (Thermo Fisher Scientific,
San Jose, CA) was operated in data-dependent acquisition
mode with Xcalibur software (ver. 1.4; Thermo Fisher Scien-
tific). Full scan mass spectra were acquired to cover a scan
range of 100-2000 m/z with a resolution of 15000. The three
most intense ions at a threshold above 1000 were selected for
collision-induced fragmentation in the linear ion trap at
normalized collision energy of 35% after accumulation to a
target value of 1000. Dynamic exclusion was employed within
30 s to prevent repetitive selection of the peptides.

Tandem mass spectrum DTA files were converted to MGF
files using BioWorks software (ver. 3.3.1; Thermo Fisher Sci-
entific). The following parameters were set for creation of the
peak lists: parent ions in the mass range with no limitation,
one grouping of MS/MS scans and threshold at 100. Precursor
ion tolerance was 10 ppm. Data files were searched using the
MASCOT search engine against the soybean genome sequence
database and the NCBI (viridiplantae) database. To set the
parameters for database search, carbamidomethylation of
cysteines was considered as a fixed modification and oxidation
of methionine was set as a variable modification. Trypsin was
specified as the proteolytic enzyme and one missed cleavage
was allowed. Other parameters for search were peptide mass
tolerance 10 ppm, fragment mass tolerance (0.2 Da and
positive precursor peptide charge states of 1, 2, and 3. The
instrument setting was specified as “ESI-Trap”. Protein hits
were validated if the identification was with at least five top
ranking peptides with the ions scores over the significance
threshold level. Individual ions scores >22 and >32 against
soybean and NCBI databases, respectively indicate the prob-
ability of a true positive identification or extensive homology
(p < 0.05). In the case of peptides matching multiple members
of a protein family, the presented protein was selected based
on the highest score and the highest-ranking member of
matching peptides.

Immunoblot Analysis. For immunoblot analysis, protein
samples were separated by 15% SDS-PAGE and 2-DE and then
transferred onto a PVDF membrane using a semidry electro-
phoretic aparatus. The blotted membrane was blocked for
overnight at 4 °C in TBS (20 mM Tris-HCl, pH 7.5, 500 mM
NaCl) containing 5% non fat milk (Skim milk; Difco, Sparks,
MD). The membrane was subsequently incubated with the
polyclonal antibodies anti-HSP70 (H5147, Sigma-Aldrich), anti-
chaperonin (CPN)-60 subunit beta (SMC-110 A/B, StressMar-
q,Victoria, Canada) and anti-chloroplast small HSP (a kind gift
from Prof. Byung-Hyun Lee, Gyeongsang National University,
Korea) at 1:10000 dilutions for 5 h at room temperature.
Secondary antibodies were anti-mouse or anti-rabbit IgG with
conjugated horseradish peroxidase (Bio-Rad). After incubation
for 1 h with the appropriate HRP-conjugated secondary anti-
bodies, the immunoblot signals were detected using ECL plus
Western blotting detection kit (GE Healthcare, Piscataway, NJ)
following the manufacturer’s protocol and visualized on X-ray
films (Hyperfilm, GE Healthcare).

Statistical Analysis. The measured biochemical parameters
and spot intensities were statistically analyzed by one-way
ANOVA and Least Significant Difference (LSD) test to determine
significant differences among group means. Statistical analysis
was carried out using the data obtained from three different
sets of independent biological samples. P e 0.05 was consid-
ered to be statistically significant. The statistical package SAS,
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version 9.1 (SAS/STAT Software for PC, SAS Institute Inc., Cary,
NC) was used for all statistical analyses.

Results

2-DE and Selection of Heat-Exposed Sample for Analysis.
The primary objective of the present study was to characterize
the tissue-specific protein expression profile and to identify
tissue-specific proteins in the leaves, stems, and roots of
soybean seedlings in response to high-temperature stress.
Therefore, to get the maximum number of proteins in gel, the
total soluble proteins were extracted from three different tissues
such as leaves, stems, and roots of control and heat-treated
plants and separated by 2-DE. The present protein extraction
method was equally efficient to a wide range of soybean tissues
for 2-DE analysis.13 A broad range of pI (3-10) was examined.
However, the pI 3-10 separation indicated that the majority
of the leaf proteins were distributed within the narrower pI
range of 5-8 (Supplemental Figure 1A, Supporting Information)
and that to separate individual proteins higher resolution is
needed. Therefore in our further analyses, the 5-8 pI range
was used for subset proteome analysis (Supplemental Figure 1B,
Supporting Information). RuBisCO is the most abundant
protein (30-50%) in leaves, and its presence in samples often
limits the detection of differentially expressed, low-abundance
proteins in 2-DE analysis. A PEG-mediated fractionation was
applied to remove the RuBisCO from the leaf samples; this
fractionation enriched for many low-abundance proteins al-
lowing for the detection of the proteins in the fractionated
samples that were undetectable in the 2-DE gels containing
the total soluble protein samples (Supplemental Figure 2,
Supporting Information).

To determine the most suitable exposure time for investiga-
tion of the maximum number of heat-induced differentially
expressed proteins, soybean seedlings were exposed to heat
stress (40 ( 2 °C) for 6, 12, or 24 h, and total soluble protein
contents of leaf samples were separated by 2-DE (Supplemental
Figure 3A, Supporting Information). It is interesting to note that
the maximum number of heat-induced differentially expressed
proteins was observed after a 12 h heat-stress treatment and
after that the abundance of many proteins were declined and
spots were less reproducible in gels (Supplemental Figure 3B,
Supporting Information). In addition, we found that the leaves
were wilted after 24 h of heat-stress treatment (Supplemental
Figure 4, Supporting Information), and these plants were
probably also subjected to a drought-like stress. Taken together,
these results indicated that exposing soybean seedlings to a
heat-stress treatment for 24 h or more may not be suitable for
a proteome analysis of heat-responsive proteins. Therefore, in
the present study, a 12 h heat-stress treatment was used for
tissue-specific proteomic analysis.

Heat-Induced Tissue-Specific Proteome Profiling of Soy-
bean Seedlings. The total soluble and PEG-fractionated protein
samples of control and heat-treated (12 h) leaves were sepa-
rated by 2-DE in the pI range 5-8. The 2-DE proteome map of
total soluble proteins from leaves represented more than 800
spots that were reproducibly detected in each CBB-stained gel
of each biological replicate (Supplemental Figure 5, Supporting
Information). Quantitative image analysis of three biological
replicates using PDQuest software revealed that a total of 43
proteins showed at least 1.5-fold (p < 0.05) differences in
expression value between the control and heat-treated samples,
in which 34 spots were up-regulated and 9 spots were down-
regulated in response to the heat treatment. More than 700

protein spots were reproducibly detected in each PEG-fraction-
ated CBB-stained gel (Supplemental Figure 6, Supporting
Information); of these spots, 22 exhibited significant differential
expression in three biological samples. Of these differentially
expressed spots, 10 were up-regulated and 12 were down-
regulated following exposure to heat stress. Thus, a total of 65
spots showed a significant (at least 1.5-fold, p < 0.05) difference
in expression level between control and heat-treated leaf
samples.

The 2-DE of stem proteins represented approximately 900
spots (Supplemental Figure 7, Supporting Information), and
35 spots exhibited a significant (at least 1.5-fold, p < 0.05)
difference in expression level between the control and heat-
treated samples. Of the differentially expressed spots, a total
of 29 spots were up-regulated, and 6 spots were down regulated
in response to heat stress. Although RuBisCO presented in the
stem, the amount was quite lower compared to the leaf and
there was no RuBisCO in root. Therefore in this study, PEG-
fractionation method was only applied for leaf samples. The
root proteome map exhibited the highest number, around 900,
of protein spots (Supplemental Figure 8, Supporting Informa-
tion). Among these, 61 spots showed significant differential
expression between control and treated samples, and 30 spots
were up-regulated, and 31 spots were down-regulated following
exposure to heat stress.

Although the proteome maps of each tissue was distinct from
the others, a group of low molecular weight proteins showed
similar expression patterns in response to heat stress in all three
tissues (Figure 1) whereas these groups of proteins were not
differentially expressed in the PEG-fractionated samples (Supple-
mental Figure 6, Supporting Information). Magnified views of
these proteins clearly revealed that most of these proteins were
highly up-regulated or newly induced upon exposure to heat
(Figure 2). It is interesting to note that differentially expressed
proteins in leaves and stems were mostly up-regulated. In
contrast, around 50% of roots proteins were decreased in
abundance in response to heat stress indicating that root
proteins are highly sensitive to thermal stress. Thus, a total of
150 heat-induced differentially expressed protein spots were
identified with high confidence by protein sequencing, MALDI-
TOF MS, and nanoLC-MS/MS analyses. Of these, 54 proteins
were indentified from leaf samples (Table 1), 35 proteins from
stem (Table 2), and 61 proteins from root samples (Table 3).

Functional Distribution of the Heat-Responsive Proteins
in Soybean Seedlings. Identification of heat-induced differen-
tially expressed proteins from leaves, stems, and roots revealed
that many of these proteins shared common identity among
the tissues examined (Figure 3A). The 150 heat-induced dif-
ferentially expressed proteins identified represent a total of 81
nonredundant proteins; 10 of these proteins were differentially
expressed in all three tissues, whereas 21, 10, and 34 proteins
were uniquely differentially expressed in leaves, stem, and
roots, respectively (Figure 3A). Leaves and stems shared the
highest number of differentially expressed proteins (Figure 3A).
The identified heat-induced proteins were categorized into nine
functional classes based on their inferred function (Figure 3B).
The largest functional category of heat-induced proteins in-
cluded proteins involved in protein synthesis and assembly
(25%), the next largest group included carbon and carbohydrate
metabolism proteins (15%), and the third largest group in-
cluded antioxidant and defense proteins (12%). Approximately
15% of the proteins were of unknown function. Proteins
involved in protein synthesis and folding were up-regulated
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in all tissues; however, proteins associated with antioxidant
defense and secondary metabolism were predominant in leaves
and roots, respectively (Figure 3C). As expected, photosynthesis-
related proteins were identified in the leaf and stem samples;
no proteins associated with this pathway were identified in the
root samples (Figure 3C).

Almost half of the differentially expressed proteins were
HSPs; therefore, we focused on tissue-specific HSP expression

(Figure 3D). Analysis of the HSPs identified in the three tissues
revealed that differential expression of a set of HSPs including
HSP70, heat shock cognate (HSC) 70, and several low molecular
weight HSPs such as HSP22, HSP18.5, HSP 17.5 was common
in all three tissues (Figure 3D). These HSPs were newly induced
and/or highly up-regulated in each tissue in response to the
heat treatment. However, tissue-specific expression of some
HSPs was also observed. For instance, the HSP60-� subunit and

Figure 1. Representative 2-DE gel images of total soluble proteins of control and heat-treated soybean leaves, stems and roots. Plants
were grown at 25-20 °C ( 2 °C (day/night) temperatures with 75% relative humidity used as control, whereas plants subjected to 40
°C ( 2 °C for 12 h were used as heat treated plants. Leaves, stems and roots were used as sample for proteomic analysis. Proteins (350
µg) were separated by 2-DE, and visualized with CBB staining. The circled areas indicate proteins that were differentially expressed in
a same manner among the tissues under heat stress.

Figure 2. Differential expression of heat-responsive low molecular weight proteins in soybean leaves, stems, and roots. Close up views
of the boxed area in Figure 1 shown the similar expression pattern of the identified low molecular weight proteins in control and heat
exposed leaves, stems, and roots of soybean seedlings.
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HSP 22.3 were exclusively induced in leaf and root tissues,
respectively. Chloroplast small heat shock protein (ChsHSP)
and HSP 60-R subunit were induced only in the leaves and
stems, whereas HSP90 and HSP17.6 were overlapped between
the stems and roots (Figure 3D).

Tissue-Specific Validation of Some Candidate HSPs by
Immunoblot Analysis. Tissue-specific differential expression
of some candidate HSPs such as HSP70, HSP 60-� subunit, and
ChsHSP were further examined by immunoblot analyses using
specific antibodies for each protein (Figure 4). HSP70 was
expressed in all tissues, ChsHSP was common between leaf and
stem and HSP60-� subunit was exclusively expressed in the
leaves, therefore these HPSs were selected for immunoblot
analysis. As expected, HSP70 was constitutively expressed and
was increased in abundance in response to heat stress in all
tissues examined. Immunoblot signal of ChsHSP was strongly
detected in leaf and stem with increased expression in the heat-
exposed samples and almost undetectable in the root tissue
(Figure 4A) suggesting that ChsHSP expression might be
restricted to green tissues. On the other hand, the HSP60-�
subunit was up-regulated in the heat-treated leaves, and
immunblot signals for the HSP60-� were undetectable in stems
and roots, consistent with the results of proteomic analysis
(Figure 4A). Two spots corresponding to HSP 70 were detected
in the proteomic analysis (Tables 1-3), and in the SDS-PAGE
immunoblot analysis two cross-reacting polypeptide bands
were detected by the anti-ChsHSP antibody. To validate these
results additional 2-DE immunoblot analysis was performed;
this analysis clearly detected the two HSP70 spots in the
approximate molecular mass range of 76.0-66.2 kDa (Figure
4B). Consistent with the SDS-PAGE immunoblot analysis, two
spots were also detected in an approximate molecular mass
range of 31.0-21.0 kDa in 2-DE immunobloted X-ray film
(Figure 4C). Similar result have been reported by Vierling et
al.,20 who also demonstrated two ChsHSPs cross-reacted spots
in X-ray film which are a 28 kDa ChsHSP precursor around pI
7.0 and a mature ChsHSP (21.0 kDa) in around pI 6.0,
suggesting that soybean ChsHSP is encoded either by a single
gene or two closely linked genes.20

Responses of Heat-Induced Low Molecular Weight Pro-
teins to Other Abiotic Stresses. To investigate whether regula-
tion of these low molecular weight proteins (mostly sHSPs) in
soybean leaves is particular to heat stress or these proteins also
respond to other stresses, soybean seedlings were exposed to
cold temperatures (10 °C) and high-oxidant conditions (10 mM
H2O2) for 12 h. Proteins were extracted from cold- or oxidant-
treated leaves, separated by 2-DE and stained by CBB (Figure
5). We found that the candidate low molecular weight proteins
that were markedly increased in abundance in response to heat
stress were not differentially expressed in response to cold or
H2O2 stresses (Figure 5). However, a number of proteins other
than these HSPs were differentially expressed in response to
the cold or H2O2 treatments, indicating that either these HSPs
are not regulated by cold and/or oxidative stress or the cold
and H2O2 treatments were insufficient to modulate the expres-
sion of these HSPs (Supplemental Figure 9, Supporting Infor-
mation). Furthermore, immunoblot analysis of HSP70 and
ChsHSP revealed that expression of HSP70 was sensitive to both
the cold and H2O2 treatments; whereas expression of ChsHSP
was particular to heat stress (Figure 6). Taken together, these
results indicated that the identified soybean sHSPs were
particularly sensitive to heat stress and may not be regulated
by cold and H2O2 stress at least in the given level of treatments.T
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Discussion

Soybean is sensitive to high temperature stress compared
to other legumes.15 There have been a small number of plant
studies investigating global gene or protein expression profiles
in response to heat stress; however, little attention has been
paid specifically to soybean protein profiles in responses to
heat.11,21 Our initial 2-DE analysis of the protein profiles in
leaves revealed that at 12 h heat treatment resulted in the
maximum number of up-regulated protein expression and that
heat treatments longer than 12 h resulted in decreased expres-
sion of several low molecular weight proteins. This initial
analysis indicated that a 12 h heat exposure was the most
suitable treatment for analyzing the maximum number of heat-
responsive proteins in soybean seedlings. Verling et al.22

demonstrated that the expression level of a ChsHSP was higher
after 12 h of heat treatment than after a 24 h treatment,
suggesting that the half-life of many proteins including low
molecular weight HSPs in soybean at least 12 h under severe
heat stress.23 Immunoblot analysis of the temporal expression
of a group of low molecular weight soybean HSPs (15 to 18-
kDa) revealed that the sHSPs exhibited higher accumulations
during 4 to 16 h heat treatments and after 16 h, sHSPs
expression were declined.24 Therefore, the selection of a 12 h
heat treatment for tissue-specific proteomic analysis to inves-
tigate the initial protein expression responses of soybean plants
to heat stress was realistic.

Activation of a Common Defense Mechanism in Leaves,
Stems, and Roots of Soybean under Heat Stress. Although
three tissues had distinct responses to heat treatment at the
level of protein expression, a group of proteins, mostly HSPs,
exhibited similar qualitative and quantitative changes in all
three tissues in response to heat stress (Figure 2). Two high
molecular weight HSPs and several low molecular weight HSPs
represented by several isoforms were common to all three
tissues and showed a similar pattern of up-regulation in
response to heat stress (Figure 3). It has been reported that a
group of HSPs were newly synthesized and normal protein
synthesis was impaired when the germinating soybean seed-
lings were transferred from normal temperature to heat stress.25

In the present study, HSP70 was constitutively expressed in
all tissues examined; however, its expression level increased
at least 2-fold in response to the heat treatment (Figure 4).
Consistent with our results, the levels of HSP70 mRNA and
protein increases in plants, including soybean, in response to
heat stress.4-6 It has been demonstrated that presence of HSP
70 is needed for normal repression of the heat shock re-
sponse,26 and yeast cells missing two HSP70 genes constitu-
tively synthesize a third HSP70 and other HSPs.27 Moreover,
there is strong evidence that transgenic plants that overexpress
HSP70/HSC70 showed enhanced tolerance to heat stress.28 A
dual role was suggested for HSP70 in plants: a protective role
in thermotolerance and a regulatory effect on heat shock factor
activity and hence the autoregulation of the heat shock
response.29 Taken together these results suggest that the HSP70
family may function in regulating other HSPs in plants and be
directly involved in thermotolerance of plants.

sHSPs are the most abundant proteins produced under heat
stress in higher plants.25 Hsieh et al.24 reported that sHSPs
accumulate to represent as much as 1% of the total protein
content of soybean under heat stress. We also found that
among the differentially expressed proteins in each tissue
almost one-third are sHSPs (Tables 1-3), and most of theseT
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were common to all three tissues (Figure 3). These sHSPs were
either newly synthesized or markedly up-regulated in response
to heat stress. Nuclear-encoded plant sHSPs are targeted to
different subcellular compartments, that is, cytosol, endoplas-
maticreticulum(ER),chloroplast,peroxisome,andmitochondria,30,31

and show considerable heterogenecity in isoelectric points,
molecular weight, stability, and radiolabel incorporation.25 In
this study, the sHSPs that were common to all three tissues
localize to different subcellular compartments including the
cytosol (HSP18.5, HSP17.7, HSP17.5, and HSP17.3), the ER
(HSP22.3 and HSP22), and the mitochondria (HSP22). However,
in each tissue, several spots were identified with same homol-
ogy of HSPs. Similar phenomena are frequently observed in
gel-based proteomic studies.32,33 Some of the possible reasons
for protein shifting in 2-DE gels and identification of the same
proteins in different spots are as follows: post-translational
modifications; isoforms with different signal or targeting
sequences; presence of multimeric forms of the proteins; and
translated gene products from different paralogs of a multigene
family.33 In soybean, the diversity of sHSPs proteins can be
attributed, at least in part, to their derivation from multigene
families.34 Moreover, molecular chaperones, such as HSPs, are
common targets of post-translational modification in plants
during normal development or under stress conditions.35

Therefore, in the present study identification of the same
protein in multiple spots was not unusual.

A genome-wide comparative sequence analysis of sHSPs
between three model plants revealed that more than 50% of
the sHSPs were localized in the cytosol, and these proteins are

highly diversified and could be grouped under six subclasses
(I-IV).31 The results of our analysis of the response of heat-
induced sHSPs to cold or H2O2 stresses were both similar and
dissimilar to earlier published results of Arabidopsis sHSPs.31

For instance, 18.5 sHSPs was induced by heat stress in all
tissues; however its expression did not change in response to
cold or H2O2 stress. This result was consistent with results on
Arabidopsis 18.5 sHSP expression, which increases 2-fold in
response to heat stress and does not change in response to
other stresses such as salt, anoxia, osmotic, and oxidative
stresses.31 In Arabidopsis, cytosolic sHSPs (17.5 and 17.6 kDa),
mitochondrial sHSPs, and ER sHSPs (22.0 and 22.3 kDa) were
differentially expressed in response to a wide range of abiotic
stresses, including oxidative stress.31 In contrast, the differen-
tially expressed sHSPs identified in this study did not changes
there expression significantly in response to cold or H2O2

treatments (Figure 5). In the present study, a set of sHSPs were
induced and expressed in a same manner in all three tissues
in response to heat treatment, indicating that these sHSPs play
a critical role in cells by preventing irreversible protein ag-
gregation/insolubilization and maintaining denatured proteins
in a folding-competent state under heat stress conditions thus
maintain the thermo-stability in each tissue.

Regular Amino Acid and Protein Biosynthesis Mecha-
nisms are Impaired During Heat Stress. The expression of a
number of other proteins (in addition to the sHSPs) involved
in amino acid and protein biosynthesis also changed in a same
manner in leaves, stems, and roots subjected to the heat
treatment. For instance, glutamine synthase (GS) was heavily

Figure 3. Functional distribution of the heat responsive proteins identified from the leaves, stems, and roots of soybean seedlings. (A)
Venn diagram analysis of the heat responsive nonredundant proteins in different tissues analyzed. (B) Functional distribution of the
total nonredundant proteins identified in leaves, stems and roots of soybean. (C) Functional classification of the up and down-regulated
proteins among the tissues. The black and gray bars indicate heat-induced down- and up-regulated proteins, respectively. (D) Venn
diagram illustrating the expression of nonredundant HSPs under heat stress in different tissues of soybean seedlings. L, leaf; S, stem;
R, root; A, antioxidant and defense; AM, amino acid biosynthesis and metabolism; Ph, photosynthesis; EM, energy metabolism; P,
protein synthesis and assembly; SM, secondary metabolism; M, miscellaneous; and U, unknown function.
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down-regulated in all three tissues, while cysteine synthase (CS)
and glutamate dehydrogenase (GDH) were down-regulated in
the heat-stressed leaves and roots, respectively (Tables 1-3).
Assimilation of ammonium is a critical biochemical process
for plant growth and development, and it involves two enzy-
matic pathways wherein GS catalyzes the assimilation of
ammonium to glutamine using glutamic acid as its substrate.
Together with GS, a number of other enzymes such as GDH
also play a key role in maintaining the carbon/nitrogen balance
within plant cells.36 CS is the key enzyme in cysteine biosyn-

thesis pathway, and cysteine is used as a precursor in synthesis
of glutathione, which involved in heat stress tolerance in
plants.37 GS, GDH, and/or other proteins associated with amino
acid biosynthesis are down-regulated in plants subjected to
heat stress.8,10 Moreover, photosynthetic capacity is closely
associated with leaf nitrogen,38 and extreme high temperatures
reduce leaf nitrogen and depress nitrogen availability.39 Fur-
thermore, it has been demonstrated that high temperatures
combined with drought lead to a decline in the accumulation
of free amino acids in plants.40 Taken together these results
suggest that reduced activity of amino-acid-biosynthesis-related
proteins resulted in less osmotic compound production, pos-
sibly resulting in stress sensitivity.40

A group of proteins associated in protein biosynthesis
pathways such as elongation factor-Tu (EF-Tu), mRNA-capping
enzyme, eukaryotic translation initiation factor 4A-11, and
eukaryotic translation initiation factor iso4E were down-
regulated in response to the heat treatment. Under heat stress
conditions, the expression of EF-Tu genes was differentially
regulated in heat-tolerant and heat-sensitive maize lines, and
the relative levels of EF-Tu, showed a positive correlation with
the ability to tolerate stress.41 Eukaryotic translation initiation
factors are abundant cytosolic proteins conserved in all eu-
karyotes and commonly decreased in response to heat stress.8

Thus, it could be speculated that suppressed expression of the
normal complement of cellular proteins under heat stress30 is
one cause of the down-regulation of several proteins associated
with protein biosynthesis mechanisms.

The modulation of the heat stress response is dependent on
the cellular control of protein degradation and the maintenance
of the quality of proteome by the ubiquitin- proteasome
system.42 In the present study, proteasome subunits such as
proteasome subunit beta type-3-A, proteasome subunit beta
type 6,9, and proteasome subunit beta type were differentially
expressed in all tissues under heat stress (Tables 1-3). Our
results were very similar to those from an earlier study of Lee
et al.4 who also identified a number of proteasome subunits
that were differentially expressed in heat-stressed rice leaves.
High temperature is among the major stresses that stimulate
protein degradation and lead to tissue senescence or death.43

Tissue-Specific Defense and Thermo-Adaptive Mechanisms
under Heat Stress. Synthesis of HSPs is thought to be the key
mechanism in thermo-tolerance of plants; however, genome-
wide transcriptome analysis of model plants demonstrates that
several pathways beyond the induction of HSPs are involved
in the acquisition of thermotolerance in plants.44 Proteomic
studies of Norway spruce needles and roots8 and Agrostis roots
and leaves9,10 revealed that a large number of proteins (other
than some HSPs) were differentially expressed, and the expres-
sion of these proteins varied between the tissues. Results of
the present study were very consistent with the earlier pro-
teomic studies; however, our results demonstrated significant
variability among the tissues for a large number of heat-
regulated proteins (Figure 3).

We found that proteins involved in redox homeostasis were
mostly regulated in leaves and were up-regulated upon heat
stress (Figure 3 and Table 1). A total of six unique antioxidant
proteins were significantly up-regulated in response to heat
stress (Table 1). Temperature shifts accelerate the production
of ROS, such as superoxide (O2

-), H2O2, and hydroxyl radicals.4,45

In plants, SOD [Cu-Zn] and APX are enzymes in the ROS
detoxifying process. In the present study, both SOD [Cu-Zn]
and cytosolic APX1 increased significantly following exposure

Figure 4. Immunoblot analysis of several candidate HSPs in
response to heat stress. (A) Proteins (25 µg) were extracted from
control (C) and heat-treated (T) leaves, stems and roots, and
separated by SDS-PAGE, followed by electrotransfer to PVDF
membranes. Immunodetection was performed with anti- HSP70,
ChsHSP and CPN-60 � antibodies. (B and C) 2-DE immunode-
tection of HSP70 and ChsHSP in control and heat exposed leaf
samples. Proteins (350 µg) were extracted and separated by the
2-DE, followed by electrotransfer to PVDF membranes. Immu-
nodetection was performed with specific antibodies as described
above. Arrows indicate the HSP70 and ChsHSP. CBB stained
proteins are shown in the lower panel to verify the equal loading
control.

research articles Ahsan et al.

4200 Journal of Proteome Research • Vol. 9, No. 8, 2010



to heat, indicating that these two antioxidant enzymes are the
first line defense against the heat stress-induced ROS in
soybean leaves. A recent genome-wide transcriptome analysis
coupled with phenotype analysis of T-DNA insertion mutants
of Arabidopsis revealed that, together with heat shock tran-
scription factors, a cytosolic APX is a key gene in heat
acclimation.44 The expression of NDPK1 is also known to be
induced in other plants by several environmental stresses,
including heat shock and oxidative stresses.4,46 Fukamatsu et
al.47 reported that NDPK1 can interact with other antioxidant
enzymes and provided a valuable clue for understanding ROS
signaling in plants. We identified an m-type thioredoxin that

was more than 2-fold increased upon heat stress. It has been
confirmed that this protein localizes to the chloroplast (http://
urgi.versailles. inra.fr/predotar/predotar.html). It has also been
shown that disruption of the thioredoxin m gene in cyanobac-
teria is lethal,48 and Ostrxm RNAi in plants resulted in reduced
plant growth and abnormal chloroplast structure.49 These
results indicate that thioredoxin-m may be involved in scav-
enging of heat-induced ROS and protection of the chloroplast
structure from thermal stress. The up-regulation of GSTs in
response to heat stress might be involved in detoxification of
ROS-induced toxic products in cells.4,46 These results suggest
that the antioxidant defense mechanisms are more active in
leaves than they are in other organs such as stems and roots
during heat stress. Similar to our results, tissue/organ-specific
protection against heat-induced oxidative stress has been
demonstrated in mustard seedling, wherein leaves were better
protected than stems and cotyledons.45

Photosynthesis-related proteins that are specific to green
tissues such as leaf and stem were, for the most parts, down-
regulated in response to heat stress. Proteins associated with
primary carbon assimilation and the Calvin cycles were also
down-regulated, for the most part, in response to heat stress
(Tables 1 and 2). In addition, a number of proteins associated
with PS I/II and electron transport such as oxygen-evolving
enhancer protein 1and ferredoxin-NADP reductase were also
down-regulated following exposure to heat (Table 1). Dif-
ferential expression of photosynthetic and carbon-assimilation-
associated proteins in response to heat stress has been
observed previously in poplar and rice.4,7 Temperatures over
40 °C for prolonged periods (over 2 h) significantly inhibited
the activity and quantity of RuBisCO subunits.50 In leaves, 6
proteins, including the RuBisCO subunits and carbonic anhy-

Figure 5. Comparative 2-DE gel images of total soluble proteins of heat, cold and H2O2-treated soybean leaves. Proteins (350 µg) were
separated by 2-DE, and visualized with CBB staining. The circled areas indicate the low molecular proteins that were differentially
expressed in response to heat stress; however did not change in abundance to cold and H2O2 treatments.

Figure 6. Immunoblot analysis of HSP70 and ChsHSP in soybean
leaf proteins in response to other stress conditions. Proteins (25
µg) were extracted from control, heat, cold and H2O2-treated
soybean leaves, and separated by SDS-PAGE, followed by
electrotransfer to PVDF membranes. Immunodetection was
performed with anti- HSP70 and ChsHSP antibodies. The signal
was detected by chemiluminescence. CBB stained proteins are
shown in the lower panel to verify the equal loading control.

Heat Induced Tissue-Specific Proteomic Response in Soybean research articles

Journal of Proteome Research • Vol. 9, No. 8, 2010 4201



drase (CA), were down-regulated. CA activity and expression
is mostly observed in photosynthetic tissues and is not found
in roots.51 Many physiological studies have demonstrated that
short and long-term exposure to extreme temperatures in
temperate and tropical crops reduced the net photosynthesis
rate and the PSII activity.15,52 The results taken together are
consistent with the hypothesis that the initial decline in
photosynthesis-associated proteins may be the cause of re-
duced CO2 fixation and net photosynthesis, thus ultimately
reducing the products of the Calvin cycle.

The second largest group of proteins that were differentially
expressed in roots in response to heat treatments is the
secondary metabolite-associated proteins, and most them were
down-regulated in the heat-treated plants compared to the
control plants (Table 3). Mori et al.53 reported that temperatures
over than 35 °C are an important factor that affect anthocyanin
biosynthesis in plants. Moreover, it has demonstrated that gene
expressions of the enzymes involved in anthocyanin biosyn-
thesis were affected by high temperature53 and that the total
anthocyanin content was significantly reduced under heat
stress. Also consistent with our results, earlier studies in rice5

and Agrostis9 demonstrated that several proteins associated
with flavonoid biosynthesis pathways and lignin synthesis, such
as peroxidase, were down-regulated under heat stress. Taken
together, these results indicate that the secondary metabolite
synthesis pathways, and particularly the flavonoid pathway, are
targets of adaptation to heat stress in roots, possibly altering
the growth and development of roots.

Although a group of HSPs were shared a common expression
pattern among the tissues examined, some of the HSPs showed
tissue-specific expression. CPN-60 R and �, HSP 90, ChsHSP,
HSP22.3, and HSP17.6 showed tissue-specific responses upon
heat treatment (Figure 3). In this study, CPN-60 � was exclu-
sively expressed in heat-treated leaves, and subunit R was
common between leaf and stem, but less or no expression was
observed in root (Figure 4A). We have previously demonstrated
that CPN-60 activity is most abundant in the developing green
tissues13 and might be involved in chloroplast biogenesis32 and
plastid division.54 Moreover, Salvucci55 demonstrated that CPN-
60 � plays a role in acclimating photosynthesis to heat stress,
possibly by protecting rubisco activase from thermal denatur-
ation. Together with CPN-60 �, ChsHSPs was also particular
expressed in green tissues (Figure 4). Comparative analysis of
ChsHSPs response to cold and H2O2 stress indicated that the
differential expression of ChsHSP identified in this study may
be specific to heat stress (Figure 6). Taken together these results
suggest that HSP60 and ChsHSPs may protect the chloroplast
proteins from heat stress induced thermal aggregation and
denaturation. HSP90-1 was significantly up-regulated in both
stem and root tissues. It has been found that AtHsp90-1 was
most prominent in the cotyledons and in a restricted area at
the root tip; however, it was barely detectable in the upper
meristematic region.56,57 In roots, a 22.3 kDa HSP was markedly
up-regulated under heat stress; however, its expression did not
change in response to the cold or H2O2 treatment. We found
that this sHSP was localized to ER. ER localized sHSP has
recently been identified in several plant species such as rice58

and Arabidopsis.31 Expression of two rice ER sHSPs (22.3 and
21.8 kDa) was markedly up-regulated in roots and shoots under
heat stress; however, no expression was observed in response
to cold, osmotic, or dehydration stress.58 In contrast, Arabi-
dopsis ER-localized sHSP responds to a wide range of abiotic
stresses including heat; however it is not expressed in response

to biotic stresses.31 Taken together, these results indicate that
there are differences in the way a given tissue is able to adapt
to extreme temperatures.59

Concluding Remarks. To our knowledge, this is the first
report focusing soybean tissue-specific proteome responses to
heat stress. Comparative tissue-specific proteomic analysis
indicated that molecular mechanisms that contribute to ther-
motolerance in soybean seedlings are complex. The present
study indicated that a common defense mechanism, associated
with the induction of several HSPs, is deployed in leaves, stems,
and roots subjected to heat stress. Furthermore, significant up-
regulation of some tissue-specific HSPs such as chaperonin 60
and ChsHSPs in leaves and stems suggested that these HSPs
protect chloroplast proteins in green tissues from thermal
stress. Down-regulation of proteins associated with amino acid
biosynthesis and protein translation mechanism (e.g., EF-Tu,
and eukaryotic initiation factors) in all three tissues indicated
that normal protein synthesis mechanisms are impaired under
heat stress. Several proteins involved in distinct pathways were
also specifically regulated in individual tissues. For instance,
photosynthetic and carbon- assimilation-associated proteins
were mostly down-regulated in leaves and stems, and a number
of proteins involved in antioxidant defense mechanisms were
specifically up-regulated in leaves. In contrast, proteins related
to secondary metabolism were mostly down-regulated in roots
in response to heat treatment. Taken together, the results from
the present study indicated that plants employ a common
defense mechanism in leaves, stems, and roots under heat
stress, and that each tissue has one or more specific defense
and adaptive mechanisms that are probably equally crucial for
thermotolerance.

Abbreviations: APX, ascorbate peroxidase; HSP, heat shock
protein; PEG, polyethylene glycol; ROS, reactive oxygen species;
RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase;
SOD, superoxide dismutase.
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Supporting Information Available: Supplemental
Figure 1. 2-DE gel images of leaf proteins in different pI ranges.
Proteins (350 µg) were separated by 2-DE and visualized with
CBB staining. Supplemental Figure 2. Comparative 2-DE gel
images of total soluble and PEG-fractionated proteins of leaves.
Proteins (350 µg) were separated by 2-DE and visualized with
CBB staining. Supplemental Figure 3. Comparative 2-DE gel
images of total soluble proteins of leaves exposed to different
heat treatments. Proteins (350 µg) were separated by 2-DE and
visualized with CBB staining. Supplemental Figure 4. Morpho-
logical views of control and 24 h heat-exposed soybean
seedlings. Supplemental Figure 5. Representative 2-DE gel
images of three biological replicates of total soluble proteins
of control and heat-treated soybean leaf samples. Proteins (350
µg) were separated by 2-DE and visualized with CBB staining.
The arrows and circled areas indicate proteins that were
differentially expressed in control and treated samples. Supple-
mental Figure 6. Representative 2-DE gel images of PEG-
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fractionated proteins of control and heat-treated soybean leaf
samples. Proteins (350 µg) were separated by 2-DE and visual-
ized with CBB staining (A). The arrows indicate proteins that
were differentially expressed in control and treated samples.
Close up views of the boxed areas are highlighted (B). Supple-
mental Figure 7. Representative 2-DE gel images of three
biological replicates of total soluble proteins of control and
heat-treated soybean stems. Proteins (350 µg) were separated
by 2-DE, and visualized with CBB staining. The arrows indicate
proteins that were differentially expressed in control and
treated samples. Supplemental Figure 8. Representative 2-DE
gel images of three biological replicates of total soluble proteins
of control and heat-treated soybean roots. Proteins (350 µg)
were separated by 2-DE, and visualized with CBB staining. The
arrows indicate proteins that were differentially expressed in
control and treated samples. Supplemental Figure 9. Close up
views of some differentially expressed proteins in heat, cold
and H2O2 treated leaf samples. The arrows indicate proteins
that were differentially expressed among the treatments. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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