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Abstract Flooding inducible proteins were analyzed
using a proteomic technique to understand the mechanism
of soybean response to immersion in water. Soybeans were
germinated for 2 days, and then subjected to flooding for
2 days. Proteins were extracted from root and hypocotyl,
separated by two-dimensional polyacrylamide gel electro-
phoresis, stained by Coomassie brilliant blue, and analyzed
by protein sequencing and mass spectrometry. Out of 803
proteins, 21 proteins were significantly up-regulated, and
seven proteins were down-regulated by flooding stress. Of
the total, 11 up-regulated proteins were classified as related
to protein destination/storage and three proteins to energy,
while four down-regulated proteins were related to protein
destination/storage and three proteins to disease/defense.
The expression of 22 proteins significantly changed within
1 day after flooding stress. The effects of flooding, nitrogen
substitution without flooding, or flooding with aeration
were analyzed for 1-4 days. The expression of alcohol
dehydrogenase increased remarkably by nitrogen substitu-
tion compared to flooding. The expression of many
proteins that changed due to flooding showed the same
tendencies observed for nitrogen substitution; however, the
expression of proteins classified into protein destination/
storage did not.
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Abbreviations
2-DE  Two-dimensional polyacrylamide gel
electrophoresis

MS Mass spectrometry

CBB Coomassie brilliant blue
IEF  Isoelectric focusing

IPG  Immobilized pH gradient
pl Isoelectric point

Introduction

Flooding stress is a widespread phenomenon in regions
where the soil has an impermeable clay base or consists of
cracking grey clays with slow drainage, where there is an
extreme rainfall pattern, or where imperfect land planning
has occurred. Higher plants are aerobic organisms that die
when oxygen availability is limited due to soil flooding
(Voesenek et al. 2006). Flooding leads to reduced gas
exchange between the plant tissue and the atmosphere,
because gases, particularly oxygen, diffuse 10,000 times
more slowly in water than in air (Armstrong 1979). In
addition, other changes affecting soil chemical character-
istics during flooding include variations in soil pH (Probert
and Keating 2000) and redox potential (Pezeshki 2001).
Thus, oxygen deprivation by flooding may not only
become the main limiting factor for normal plant devel-
opment, but also is probably the primary signal triggering
the response (Jackson and Colmer 2005). Gene expression
studies on plants exposed to low oxygen revealed the
up-regulation of genes coding for transcription factors
(Liu et al. 2005), signal transduction components (Baxter-
Burrell et al. 2002), nonsymbiotic hemoglobin (Dordas
et al. 2004), ethylene signaling (Reggiani 2006), nitrogen
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metabolism (Mattana et al. 1994), and cell wall loosening
(Saab and Sachs 1996). However, research on changes at
the protein level, which occur before observed functional
changes, is still insufficient.

At the protein level, low oxygen selectively induces the
synthesis of proteins known as anaerobic proteins, most of
which are enzymes involved in sugar metabolism, gly-
colysis, and fermentation pathways (Huang et al. 2005).
Most of these results have been studied using model
plants such as the flood-intolerant species Arabidopsis
or flood-tolerant rice. Despite knowledge of adaptive
mechanisms and regulation at the molecular level, the
understanding of the mechanisms behind plant response
to flooding is very limited. Even Arabidopsis switches on
many genes that are generally associated with responses
to flooding (Gonzali et al. 2005; Loreti et al. 2005). These
studies strongly suggest that the regulation of flooding
tolerance in plants is far more complex than anticipated.
Investigation of the mechanisms underlying the response
to flooding stress using not only model plants but also
other plants has been accumulating in order to generate
flooding stress-tolerant plants. Since flooding is one of
the environmental constraints for crop plants, more
studies using flood-intolerant and flood-tolerant plants are
required.

Soybean is a flood-intolerant plant. Flooding is a major
problem that reduces soybean growth and grain yield in
many areas of the world. Flooding injury of soybean
seeds before radicle protrusion, namely during seed
imbibition, was caused by physical disruption of the rapid
uptake of water and can be alleviated by using seeds with
high moisture content (Nakayama et al. 2004). The cau-
ses of flooding injury after radicle protrusion; however,
have not been elucidated, although a physiological agent
may be involved. Recently, Shi et al. (2008) reported that
cytosolic ascorbate peroxidase 2 was involved in flooding
stress responses in young soybean seedlings using a
proteomic technique; however, the numbers of proteins
analyzed were limited. Because the analysis of proteins
using two-dimensional polyacrylamide gel electrophore-
sis (2-DE) is the most direct approach for defining gene
function (Komatsu et al. 2003), this proteomic technique
has been employed to analyze protein changes in
response to environmental changes (Komatsu and Yano
2006). In this study, flooding inducible proteins were
analyzed using a 2-DE to understand the mechanism
by which soybean responds to immersion in water.
Soybeans were also subjected to flooding, nitrogen sub-
stitution without flooding and flooding with aeration, then
used to determine whether the flooding responses of
soybean that are induced depend only on the hypoxic
response.
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Materials and methods
Plant growth and treatment

Seeds of soybean (Glycine max L.) cultivar Enrei, after
sterilization by a sodium hypochlorite solution, were
germinated on sand for 2 days and then flooded with
water for 1, 2, 3 or 4 days under white fluorescent light
(600 pmol m~% s~', 12 h light period/day) at 25°C and
70% relative humidity in a growth chamber. Soybean seeds
that had germinated on sand for 2 days were also treated
with or without flooding, nitrogen substitution without
flooding (density of oxygen: less than 3%), and flooding
with aeration (density of oxygen: more than 15%) for 1, 2,
3 or 4 days. After treatment, physiological parameters
including fresh weight and length of hypocotyl and root
were measured, and protein analysis was carried out. The
experiments were repeated 3 times.

Protein extraction and 2-DE

A portion (200 mg) of root and hypocotyl was homoge-
nized with 1 ml of phosphate-buffered saline (pH 7.6)
containing 65 mM K,HPO,, 2.6 mM KH,PO,, 400 mM
NaCl and 3 mM NaNj at 4°C using a glass mortar and
pestle. The homogenate was centrifuged at 15,000x g for
10 min, and 50% trichloroacetic acid was added to the
supernatant to a final concentration of 10%. The solution
was kept for 30 min at 4°C and centrifuged at 15,000x g
for 10 min (Zhong et al. 1997). The resultant precipitate
was suspended in 300 pl of lysis buffer (O’Farrell 1975)
containing 8 M urea, 2% Nonidet P-40, 0.8% Ampholine
(pH 3.5-10, GE Healthcare, Piscataway, NJ, USA), 5%
2-mercapthoethanol and 5% polyvinylpyrrolidone-40, using
a glass mortar and pestle. The homogenates were centri-
fuged twice at 15,000x g for 10 min each. The supernatant
was used as protein extract.

Proteins (50 pl, 400 pg) were separated by 2-DE in the
first dimension by an isoelectric focusing (IEF) tube gel
(O’Farrell 1975) for the low pI range (pI 3.5-8.0) or an
immobilized pH gradient (IPG) tube gel (Hirano et al.
2000) for the high pI range (pI 6.0-10.0) and in the second
dimension by SDS-PAGE. The IEF gel consisted of 8 M
urea, 3.5% acrylamide, 2% Nonidet P-40, 2% Ampholine
(pH 3.5-10 and pH 5-8). Electrophoresis was carried out at
200 V for 30 min, followed by 400 V for 16 h and 600 V
for 1 h. For IPG electrophoresis, proteins were directly
applied to the acidic side of tube gels. Electrophoresis
using IPG tube gels (pH 6.0-10.0) (Daiichi Kagaku,
Tokyo, Japan) was carried out at 400 V for 1 h, followed
by 1,000 V for 16 h and 2,000 V for 1 h. After IEF and
IPG, SDS-PAGE was performed using 15% polyacrylamide
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gels with 5% stacking gels. The gels were stained with
Coomassie brilliant blue (CBB), and image analysis was
performed.

Gel image analysis

2-DE images were synthesized and position of individual
proteins on gels was evaluated automatically with Image
Master 2D Elite software (version 3.01; GE Healthcare).
The isoelectric point (pI) and molecular mass of each
protein were determined using a 2-DE marker (Bio-Rad,
Hercules, CA, USA). The amount of a protein spot was
estimated using PDQuest software (Bio-Rad), and expres-
sed as the volume of that spot, which was defined as the
sum of the intensities of all the pixels that make up the
spot. In order to correct the variability due to CBB staining
and to reflect the quantitative variations in intensity of
protein spots, the spot volumes were normalized as a
percentage of the total volume of all of the spots present in
the gel.

Cleveland peptide mapping

Following separation by 2-DE, gel pieces containing pro-
tein spots were removed and the protein was electroeluted
from the gel pieces using an electrophoretic concentrator
(Nippon-Eido, Tokyo, Japan) at 2 W constant power for
2 h. After electroelution, the protein solution was dialyzed
against deionized water for 2 days and lyophilized. The
protein was dissolved in 20 pl of SDS sample buffer con-
taining 0.5 M Tris—HCI (pH 6.8), 10% glycerol, 2.5% SDS
and 5% 2-mercaptoethanol, and applied to a sample well
in an SDS-PAGE gel. The sample solution was overlaid
with 20 pl of a solution containing 10 pl of 0.1 pg pl™'
Staphylococcus aureus V8 protease (Pierce, Rockford, IL,
USA) and 10 pl of SDS sample buffer. Electrophoresis was
performed until the sample and protease were stacked in
the stacking gel, interrupted for 30 min to allow digestion
of the protein (Cleveland et al. 1977), and then continued
until 5 mm from bottom of gel.

N-terminal and internal amino acid sequence analyses

To analyze N-terminal and internal amino acid sequences
following separation using 2-DE or Cleveland peptide
mapping, the proteins were electroblotted onto a poly-
vinylidene difluoride membrane (Pall, Port Washington,
NY, USA) using a semidry transfer blotter (Nippon-Eido)
and detected by CBB staining. The stained protein spots or
bands were excised from the membrane and directly sub-
jected to Edman degradation on a gas-phase protein
sequencer (Procise cLC, Applied Biosystems, Foster City,
CA, USA).

Analysis using matrix-assisted laser desorption
ionization time-of-flight mass spectrometry

Proteins were excised from the 2-DE gel stained by CBB,
and then alkylation and protein digestion with trypsin were
performed using a robotic system (DigestPro96, Intavis
AG, Koeln, Germany). The degenerated peptides were
purified using NuTip C-18 (Glygen, Columbia, MD,
USA). The purified peptides were added to a a-cyano-4-
hydroxycinnamic acid matrix and dried onto a plate for
analysis using matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MS) (Voyager-DE RP,
Applied Biosystems).

Calibration was external, and data were collected in the
reflector mode. Data were searched on the internet using
an in-house licensed MASCOT search engine (Mascot
Version 2.2.18) software platform (Matrix Science, London,
UK) against all entries in the soybean genome database
version 4 (62,199 sequences), which was especially con-
structed for this research based on soybean genome
preliminary sequences from the Department of Energy
Joint Genome Institute and Soybean Genome Sequencing
Consortium. Soybean genome sequences were downloaded
from the DOE database (http://www.phytozome.net,
release data 24 January 2008) and then were converted into
FASTA format. Carbamidomethylation of cysteines was
set as a fixed modification and oxidation of methionines
was set as a variable modification. Trypsin was specified as
the proteolytic enzyme and one missed cleavage was
allowed. In the case of peptides matching among multiple
members of a protein family, the protein presented was
selected based on the highest score and the highest number
of the matching peptides.

For analysis, four criteria were used to assign a positive
match with a known protein: (1) the deviation between the
experimental and theoretical peptide masses needed to be
less than 50 ppm; (2) at least six different predicted peptide
masses needed to match the observed masses for an iden-
tification to be considered valid; (3) the matching peptides
needed to cover at least 30% of the known protein
sequence; and (4) individual ions had to score more than 72
identity or extensive homology (P < 0.05).

Results

The growth of soybean seedlings is significantly
suppressed after 1 day of flooding

In this study, before proteomics experiments, the physio-
logical changes in an early stage after flooding stress were
measured, to analyze the early effect of flooding stress.
Soybean seeds were germinated on sand for 2 days, and
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treated with or without flooding, nitrogen substitution
without flooding, or flooding with aeration for 1, 2, 3 or
4 days (Fig. 1). Oxygen concentration was less than 3% for
nitrogen substitution without flooding and more than 15%
for flooding with aeration. The lengths of lateral and
adventitious roots were inhibited by flooding, nitrogen
substitution without flooding, and flooding with aeration
after 1 day of treatment (Fig. 1). Changes in the length of
hypocotyls and main root and fresh weight of hypocotyls
and total roots were measured after 1, 2, 3 and 4 days
of water flooding, nitrogen substitution without flooding,
and flooding with aeration (Table 1). The elongation of
hypocotyls was not completely inhibited by nitrogen sub-
stitution without flooding, although it was inhibited by
flooding (Table 1). On the other hand, the length of the
main root was shorter after 1 day of treatment by flooding,
nitrogen substitution without flooding, and flooding with
aeration compared to controls. The level of inhibition of
root growth continued to 4 days (Table 1). A similar time-
dependent pattern of inhibition was observed for fresh
weight of hypocotyls and total roots (Table 1).

Twenty-eight proteins are involved in the flooding
response of germinating soybean seeds

To investigate mechanisms regulated by flooding stress in
soybean, flooding responsive proteins were identified by a
proteome technique. Soybean seeds were germinated
on sand for 2 days and subjected to flooding for 2 days.
Proteins were extracted from roots and hypocotyls of
seedlings, separated by 2-DE, stained by CBB (Fig. 2), and
identified by protein sequencing and MS (Table 2). A total
of 803 protein spots were detected, and the pl and
molecular weight of these proteins ranged from 3.5 to 10.0
and 10.0-100.0 kDa (Fig. 2, upper panel). Among these
protein spots, 28 protein spots changed by flooding: 21
protein spots were up-regulated and 7 protein spots were
down-regulated (Fig. 2).

Up-regulated proteins were the 70-kDa heat shock pro-
tein (spot 1), protein phosphatase inhibitor 1 (spots 3 and
4), maturation polypeptide (spots 5, 6 and 7), embryonic
abundant protein (spots 8 and 9), hemoglobin alpha-I chain
(spot 10), UDP-glucose pyrophosphorylase (spot 11),
fructose-bisphosphate aldolase (spot 12), alcohol dehy-
drogenase (spot 13), albumin-1 precursor (spots 14, 15 and
16), beta-conglycinin alpha subunit (spot 21), D-alanine-D-
alanine ligase A (spot 22), V-type proton ATPase subunit
D (spot 23) and glyceraldehyde-3-phosphate dehydroge-
nase (spot 28). Down-regulated proteins were protein
disulfide isomerase (spot 2), lectin (spot 17), ascorbate
peroxidase (spot 18), stem 31 kDa glycoprotein (spot 20)
and stem 28 kDa glycoprotein (spot 25). Interestingly, one
1-Cys peroxiredoxin (spot 19) was down-regulated and
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Fig. 1 Growth suppression in soybean seedlings after flooding.
Soybean seeds were germinated on sand for 2 days, and treated with
or without flooding, nitrogen substitution without flooding or flooding
with aeration for 1, 2, 3, or 4 days. Photographs show the physiological
differences among the plants

another 1-Cys peroxiredoxin (spot 24) was up-regulated.
Also, one Kunitz-type inhibitor B (spot 26) was down-
regulated and another Kunitz-type inhibitor B (spot 27)
was up-regulated. In total, 20 proteins were identified as
unique proteins involved in flooding stress (Table 2).

To determine which types of proteins are involved in the
flooding stress responses of soybean, the proteins were
categorized in seven functional groups on the basis of their
physiological roles in plants (Bevan et al. 1998; Tanaka
et al. 2004) (Table 2). Among 21 up-regulated proteins, 11
proteins were classified in categories related to protein
destination/storage, three proteins in energy, two proteins
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Table 1 Growth suppression in soybean seedlings after flooding

Days after planting (days after treatment)

1 2 3(1) 4(2) 5@) 6 (4)
Length of hypocotyl (mm)
Control - 7.42 £ 0.63 12.00 £ 0.96 2043 £ 143 25.86 £ 2.51 39.50 £ 0.96
Flooding - - 8.90 + 0.46 10.00 £ 0.63%** 9.57 £ 0.65%* 12.38 £ 0.70%*
N2 - - 6.77 £ 0.69%* 15.31 £ 0.61 19.36 £+ 1.88%* 22.50 £ 2.00%*
A - - 9.10 £ 0.80 16.00 £ 0.80 - -
Length of main root (mm)
Control 5.20 £ 0.39 18.33 + 1.88 29.44 £ 12.33 40.00 £ 2.60 59.00 £ 2.90 71.75 £ 4.81
Flooding - - 9.63 £ 1.27%%* 12.80 £ 0.86%* 17.44 £ 1.46%* 17.65 £ 0.65%*
N2 - - 12.33 £ 0.94%** 16.62 £+ 1.22%* 16.20 £+ 1.15%* 17.50 £+ 1.48%**
A - - 14.00 £ 1.00%* 18.00 £ 1.00%* - -

Fresh weight of hypocotyl and total roots (mg)

Control 16.60 £+ 1.18 102.20 &+ 5.55 193.00 & 14.84

Flooding - - 86.29 £ 7.81%%*
N2 - - 90.63 £ 9.82%*
A - - 95.00 + 8.00%**

252.17 £ 1341

128.40 £ 9.07%*
119.38 £ 7.13%%*
120.00 + 8.00%**

330.60 £ 21.69
136.60 £ 11.89%*
131.27 &+ 11.34%*

517.40 £+ 16.42
130.83 £ 7.74%*
154.00 £ 9.73%%*

Soybean seeds were germinated on sand for 2 days, and treated with or without flooding, nitrogen substitution without flooding or flooding with
aeration for 1, 2, 3, or 4 days. The lengths of hypocotyls and main root, and fresh weight of hypocotyls and total roots were measured after
treatment without (Control) or with water flooding (Flooding), nitrogen substitution without flooding (N2), and flooding with aeration (A) for 1,
2, 3 and 4 days. Values are mean + SE from 3 independent experiments. For each experiment, 10 soybean plants were used. Asterisks indicate

significant differences between control and each treatment (*P < 0.05; **P < 0.01)

in primary metabolism and two proteins in signal trans-
duction. On the other hand, among seven down-regulated
proteins, four proteins were functionally distributed in
protein destination/storage and three proteins in disease/
defense. These results indicated that proteins related to
protein destination/storage, such as the 70-kDa heat shock
protein, protein disulfide isomerase, maturation polypep-
tide, embryonic abundant protein, albmin-1 precursor, stem
31 kDa/21 kDa glycoprotein precursor, beta-conglycinin
alpha subunit and Kunitz trypsin protease inhibitor might
have abundant role with up- and down-regulation under
flooding stress of soybean.

Protein expression patterns over time after water
flooding are clustered in 5 patterns

To analyze the time dependence of expression of 28 pro-
teins after flooding, soybean seeds were germinated on
sand for 2 days, and treated with or without water flooding
for 1, 2, 3 or 4 days. The quantitative expression changes
of 28 protein spots indicated in Fig. 2 were compared for
control and flooding treatments using PDQuest software
(Table 2). They were classified into five groups as “Group
A: Protein that increased remarkably at 1 and 2 days after
flooding treatment”, “Group B: Protein that increased
remarkably at 1 or 2 days after flooding treatment”,
“Group C: Protein that increased within 2 days by flooding

treatment”, “Group D: Protein that kept increasing
remarkably by flood treatment” and “Group E: Protein that
increased during growth but decreased by flood treatment”
(Table 2). The main two groups were “Protein group that
increased remarkably at 1 and 2 days after flooding treat-
ment” and “Protein group that increased during growth,
but decreased by flood treatment”.

The protein group that increased remarkably at 1 and
2 days after flooding treatment contained protein phos-
phatase inhibitor 1 (spots 3 and 4), maturation polypeptide
(spots 5, 6 and 7), embryo abundant protein (spots 8 and 9),
1-Cys peroxiredoxin (spot 24), 70 kDa heat shock protein
(spot 1), albumin-1 precursor Al (spot 14, 15 and 16),
D-alanine-D-alanine ligase A (spot 22), beta-conglycinin
alpha subunit (spot 21), Kunitz-type trypsin inhibitor B
(spot 27) and V-type proton ATPase subunit D (spot 23).
The protein group that increased remarkably at 1 or 2 days
after flooding treatment contained UDP-glucose pyro-
phosphorylase (spot 11) or alcohol dehydrogenase (spot
13), respectively. The protein group that increased within
2 days by flooding treatment contained hemoglobin alpha-I
chain (spot 10) and glyceraldehyde-3-phosphate dehydro-
genase (spot 28). The protein group that kept increasing
remarkably by flood treatment contained only fructose-
bisphosphate aldolase (spot 12). On the other hand, the
protein group that increased during growth but decreased
by flood treatment contained protein disulfide isomerase
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Fig. 2 Detection of flooding kDa pl
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(spot 2), ascorbate peroxidase (spot 18), 1-Cys peroxire-
doxin (spotl9), lectin (spot 17) Kunitz-type trypsin
inhibitor B (spot 26) and 31 kDa/28 kDa glycoprotein
precursors (spots 20 and 25).

Flooding stress induces the hypoxic response,
but the expression of proteins classified into protein
destination/storage doses not

Soybeans were subjected to flooding, nitrogen substitution
without flooding, and flooding with aeration, and used for
analyses to determine whether the induction of flooding
responses of soybean is only dependent on the hypoxic
response. Soybean seeds were germinated on sand for
2 days, and treated with or without flooding, flooding with
aeration or nitrogen substitution without flooding for
2 days. Proteins from the root and hypocotyl of seedlings
were separated by 2-DE followed by CBB staining. The
changes in protein spots among the treatments were cal-
culated with PDQuest software and plotted as relative
protein volume of spots, indicated in Fig. 2. They were
classified as “Group A: Protein that increased after
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flooding treatment” and “Group B: Protein that decreased
by flood treatment” (Table 2).

Alcohol dehydrogenase (spot 13) increased remarkably
by nitrogen substitution compared to up-regulation by
flooding. The expression of the majority of proteins that
changed in response to flooding showed the same tenden-
cies as those changing in response to nitrogen substitution.
However, the expression of proteins classified into protein
destination/storage (spots 1, 5, 6, 7, 14, 15, 16, 21, and 27),
which were 70-kDa heat shock protein, maturation poly-
peptide, albumin-1 precursor, beta-conglycinin alpha
subunit and Kunitz-type trypsin inhibitor B, did not show
the same tendency in the case of the nitrogen substitution.

Discussion

Shi et al. (2008) reported that the total number of roots, the
length of the main root, the length of the lateral and
adventitious roots, and the fresh weight of the roots of
flooded soybean seedlings were significantly suppressed
compared with untreated plants after 3 days of flooding
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Table 2 continued
MW"

No*
28
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Glyceraldehyde-3-phosphate dehydrogenase

¢ N-terminal (N-) and internal (I-) amino acid sequences were determined by protein sequencer. N-blocked (MS) means that the proteins were N-terminaly blocked and identified by MS
f «“U or D” shows the proteins increased and decreased by flooding stress in root containing hypocotyl of soybean. Abbreviations in brackets show Ps protein destination/storage, St Signal

transduction, Pm: Primary metabolism, E: Energy, Dd: Disease/defense, Cs: Cell structure and T: Transporters
2 days after flooding treatment”, “Group B: Protein that increased remarkably at 1 or 2 days after flooding treatment”, “Group C: Protein that increased within 2 days by flooding treatment”,

“Group D: Protein that kept increasing remarkably during flood treatment” and “Group E: Protein that increased during growth but decreased by flood treatment”
" Effect of oxygen concentration on protein expression of root and hypocotyl of soybean. Proteins were classified with “Group A: Protein that increased after flooding treatment” and “Group

€ Dependence of relative levels of protein expression of root and hypocotyl of soybean on time after flooding. Proteins were classified as “Group A: Protein that increased remarkably at 1 and
B: Protein that decreased by flood treatment”

4 Identity (Similar) is percentage of amino acid overlapped in 10 amino acid. *The number shows score, and % in brackets shows coverage in the MS analysis

® Relative molecular weight (MW) and isoelectric point (pI) were calculated using 2D-marker (Bio-Rad) and 2D-PAGE gel in Fig. 2
¢ “Ac No” shows accession number in database of UNIPROT-SPROT and NCBI

% Spot numbers are the same as Fig. 2

stress. A reduction in root growth is one of the most
commonly reported parameters during flooding (Wang and
Jiang 2007). Yield loss is a common consequence of water
logging of the most sensitive crop plants. In this study, the
growth of roots of soybean seedlings under flooding was
significantly suppressed as much as that of seedlings
treated by nitrogen substitution, but that of hypocotyls
under flooding did not show the same tendency as under
nitrogen substitution.

In rice, low oxygen selectively induces the synthesis of
proteins and production of metabolites, most of which are
enzymes and metabolites involved in sugar metabolism,
glycolysis, and fermentation pathways (Huang et al. 2005;
Bailey-Serres and Voesenek 2008). However, there are
few reports on effects of flooding at the molecular level in
flood-intolerant crops such as soybean. In this study, to
understand the mechanism by which soybean responds to
flooding stress and whether flooding responses of soybean
are induced only depending on hypoxic response, flooding
inducible proteins were analyzed using a proteomic
technique.

Expression of proteins involved in glycolysis and
fermentation pathways, such as UDP-glucose pyrophos-
phorylase (spot 11), fructose-bisphosphate aldolase (spot
12), glyceraldehyde-3-phosphate dehydrogenase (spot 28)
and alcohol dehydrogenase (spot 13) were altered in
response to flooding stress, suggesting that flooding stress
includes stress from oxygen limitation. The up-regulation
of fructose-bisphosphate aldolase and glyceraldehyde-3-
phosphate dehydrogenase accelerates the glycolysis path-
way. However, the shift to alternative pathways of energy
generation is crucial for plants to survive flooding stress
because photosynthesis cannot be carried out under
flooding because of scant light and low CO, availability
(Bailey-Serres and Voesenek 2008). Thus, the alcohol
dehydrogenase was activated in fermentation pathway
(Table 2), but alcohol dehydrogenase’s expression
decreased within 2 days after flooding stress (Table 2),
perhaps because of a limiting concentration of pyruvic acid
in the plant. Among the identified glycolysis-related pro-
teins, UDP-glucose pyrophosphorylase was up-regulated
by flooding stress, indicating that soybean seedlings can
adjust to flooding. Coleman et al. (2007) reported using
overexpressed UDP-glucose pyrophosphorylase in poplar
that while it was possible to alter the allocation of carbon
in favor of cellulose biosynthesis, whole plant changes
resulted in unexpected decreases in growth and an increase
in defense metabolites, which also supports our results.

Hemoglobin alpha-I chain (spot 10) which is an oxygen
binding protein, was also up-regulated during flooding
stress (Table 2). Overexpression of class 1 hemoglobin 1
protects Arabidopsis thaliana plants from severe hypoxia
(Hunt et al. 2002). Hunt et al. also reported that the
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constitutive expression of hemoglobin 1 results in a
reduced number of root hairs and increased number of
laterals in the root system. These results suggest that
hemoglobin 1 might play an important role to rescue a
plant from flooding stress in the early stage of growth.

Reactive oxygen species scavengers as 1-Cys peroxire-
doxin (spots 19 and 24) and ascorbate peroxidase (spot 18)
were found to be flooding responsive proteins. Reactive
oxygen species such as superoxide radicals, hydroxyl rad-
icals and hydrogen peroxide act in plants as toxic products
of normal cell metabolism and as regulatory molecules in
stress perception and signal transduction (Navrot et al.
2006), as well as substances to prevent oxidative damage in
light- or heat-stressed plants (Sato et al. 2001). Ascorbate
peroxidase was discovered as a down-regulated protein in
soybean seedlings subjected to flooding stress (Shi et al.
2008). In this study, ascorbate peroxidase and acidic 1-Cys
peroxiredoxin were also down-regulated by flooding stress,
though basic 1-Cys peroxiredoxin was up-regulated
(Table 2 and Fig. 2). Pulido et al. (2008) reported that the
oxidation status of this protein was analyzed in extracts
from developing seeds and from aleurone cells dissected
from germinating seeds, and part of the 1-Cys peroxire-
doxin was displaced to the acidic part of the 2-DE gel,
indicating that 1-Cys peroxiredoxin is affected by ove-
roxidation. In this study, the basic form (spot 24) is
significantly lower in molecular weight compared with
acidic form (spot 19), suggesting that it may be a break-
down product.

V-type proton ATPase subunit D (spot 23) was up-
regulated within 2 days by flooding stress (Table 2).
Increased V-type proton ATPase subunit D activity could
be required for a homeostatic mechanism to maintain the
cytoplasmic pH near neutrality (Matsumoto 1998). Stem
elongation under anoxia results from the cell expansion
that occurs in the absence of an adjustment in cytosolic pH
and appears to be maintained by tight constraints on ATP
production and consumption (Dixon et al. 2006). D-ala-
nine-D-alanine ligase A (spot 22), which is known to be
involved in cell wall biosynthesis, was also up-regulated
within 2 days by flooding stress (Fig. 2). Increases in acid-
induced cell wall extension upon submergence have been
observed in rice (Cho and Kende 1997). Cell wall exten-
sibility is associated with cell wall loosening proteins
such as expansins and xyloglucan endotransglycosylase/
hydrolase (Darley et al. 2001). These results suggest that
D-alanine-D-alanine ligase A and V-type proton ATPase
subunit D might be involved as cell wall loosening proteins
at the early stage of flooding stress in soybean.

Up-regulation of protein phosphatase inhibitor 1 (spots 3
and 4) by flooding stress has not previously been reported
in plants. This protein is a major inhibitor of protein
phosphatase 1, which regulates signal transduction in many

eukaryotic cellular events. Protein phosphatase inhibitor 1
has been postulated to act as a protective molecule by
inhibiting protein aggregation and guarding E. coli against
various stresses (Kim 2006). Lectin (spot 17), which
belongs to the defense system, was down-regulated by
flooding stress. Most lectins play a role in defense against
different kinds of organisms (Peumans and van Damme
1995). Lectin in soybean has been also down-regulated by
salt stress (Aghaei et al. 2009).

Although the expression of proteins categorized in
protein destination/storage such as protein disulfide isom-
erase (spot 2), stem 31 kDa/28 kDa glycoproteins (spots 20
and 25), and Kunitz-type trypsin inhibitor B (spot 26), were
slightly down-regulated, they appeared under the low
oxygen condition. Protein disulfide isomerase family pro-
teins play important roles in the folding of nascent
polypeptides and the formation of disulfide bonds in the
endoplasmic reticulum. These proteins are involved in the
proper folding or quality control of such storage proteins as
molecular chaperones (Kamauchi et al. 2008). These
results suggest that the down-regulation of protein disulfide
isomerase induces the misfolding of proteins and results in
down-regulation of glycoproteins such as stem 31 kDa/
28 kDa glycoproteins, Kunitz-type trypsin inhibitor B and
lectin.

However, the up-regulation of proteins in the same des-
tination/storage category, such as maturation polypeptide
(spots 5, 6 and 7) and embryonic abundant protein (spots 8
and 9), albumin-1 precursor (spots 14, 15, and 16), Kunitz-
type trypsin inhibitor B (spot 27), beta-conglycinin alpha-
subunit (spot 21) and 70-kDa heat shock protein (spot 1) did
not respond to low oxygen conditions in the same way
(Table 2). This is because these proteins are basically nec-
essary for germination and disappear afterwards. However,
they continue to be present because growth is delayed by
flooding for several days. Therefore, these proteins are not
affected or controlled by low oxygen stress. On the other
hand, some proteins (spots 12, 24 and 28) were induced
even more by flooding with aeration than by flooding
alone (Table 2). Fructose-bisphosphate aldolase (spot 12)
and glyceraldehyde-3-phosphate dehydrogenase (spot 28)
involved in glycolysis were not controlled by additional
oxygen though these proteins were affected by low oxygen
stress. This result indicates that a direct effect of flooding
stress might exist for which the low oxygen is not used. The
up-regulation by flooding with aeration of these proteins
observed in this study suggests new areas for future studies on
the improvement of flooding tolerance in soybean.

Acknowledgments This work was supported by grants from
National Agriculture and Food Research Organization, Japan. The
authors thank Dr. S. Kuroda for his kind support of our research. We
also thank Dr. S. Shimamura, Dr. N. Nakayama, Dr. R. Yamamoto
and Dr. T. Nakamura for their valuable discussion.

@ Springer



738

S. Komatsu et al.

References

Aghaei K, Ehsanpour AA, Shah AH, Komatsu S (2009) Proteome
analysis of soybean hypocotyl and root under salt stress. Amino
Acids 36:91-98. doi:10.1007/s00726-008-0036-7

Armstrong W (1979) Aeration in higher plants. Adv Bot Res 7:225-
232. doi:10.1016/S0065-2296(08)60089-0

Bailey-Serres J, Voesenek LACJ (2008) Flooding stress: acclimations
and genetic diversity. Annu Rev Plant Biol 16:313-339. doi:
10.1146/annurev.arplant.59.032607.092752

Baxter-Burrell A, Yang Z, Springer PS, Bailey-Serres J (2002)
RopGAP4-dependent Rop GTPase rheostat control of Arabid-
opsis oxygen deprivation tolerance. Science 296:2026-2028.
doi:10.1126/science.1071505

Bevan M, Bancroft I, Bent E et al (1998) Analysis of 1.9 Mb of
contiguous sequence from chromosome 4 of Arabidopsis thali-
ana. Nature 391:485-488. doi:10.1038/35140

Cho HT, Kende H (1997) Expansins and intermodal growth of deepwater
rice. Plant Physiol 113:1145-1151. doi:10.1104/pp.113.4.1137

Cleveland DW, Fisher SG, Kirschner MW, Laemmli UK (1977)
Peptide mapping proteolysis in sodium dodecyl sulphate and
analysis by gel electrophoresis. J Biol Chem 252:1102-1106

Coleman HD, Canam T, Kang K-Y, Ellis DD, Mansfield SD (2007)
Over-expression of UDP-glucose pyrophosphorylase in hybrid
poplar affects carbon allocation. J Exp Bot 58:4257-4268. doi:
10.1093/jxb/erm287

Darley CP, Forrester AM, McQueen-Mason SJ (2001) The molecular
basis of plant cell wall extension. Plant Mol Biol 47:179-195.
doi:10.1023/A:1010687600670

Dixon MH, Hill SA, Jackson MB, Ratcliffe RC (2006) Physiological
and metabolic adaptations of Patamogetom pectinatus L. tubers
support rapid elongation of stem tissue in the absence of oxygen.
Plant Cell Physiol 47:128-140. doi:10.1093/pcp/pci229

Dordas C, Hasinoff BB, Rivoal J, Hill RD (2004) Class-1 hemoglo-
bins, nitrate and NO levels in anoxic maize cell-suspension
cultures. Planta 219:66-72. doi:10.1007/s00425-004-1212-y

Gonzali S, Loreti E, Novi G, Poggi A, Alpi A, Perata P (2005) The
use of microarrays to study the anaerobic response in Arabid-
opsis. Ann Bot (Lond) 96:661-668. doi:10.1093/aob/mci218

Hirano H, Kawasaki H, Sassa H (2000) Two-dimensional gel
electrophoresis using immobilized pH gradient tube gels.
Electrophoresis 21:440-445. doi:10.1002/(SICI)1522-2683(200
00101)21:2<440::AID-ELPS440>3.0.C0O;2-X

Huang S, Greenway H, Colmer TD, Millar AH (2005) Protein
synthesis by rice coleoptiles during prolonged anoxia: implica-
tions for glycolysis, growth and energy utilization. Ann Bot
(Lond) 96:661-668. doi:10.1093/aob/mci218

Hunt PW, Klok EJ, Trevaskis B, Watts RA, Ellis MH, Peacock W1J,
Dennis ES (2002) Increased level of hemoglobin 1 enhances
survival of hypoxic stress and promotes early growth in
Arabidopsis thaliana. Proc Natl Acad Sci USA 99:17197-
17202. doi:10.1073/pnas.212648799

Jackson MB, Colmer TD (2005) Response and adaptation by plants to
flooding stress. Ann Bot (Lond) 96:501-505. doi:10.1093/aob/
mci205

Kamauchi S, Wadahama K, Iwasaki K, Nakamoto Y, Nishizawa K,
Ishimoto M, Kawada T, Urada R (2008) Molecular cloning and
characterization of two soybean protein disulfide isomerases
as molecular chaperones for seed storage proteins. FEBS J
275:2644-2658. doi:10.1111/1.1742-4658.2008.06412.x

Kim TD (2006) Protein phosphatase inhibitor-1 (PPI-1) has protective
activities in stress conditions in E. coli. Int J Biol Macromol
38:70-76. doi:10.1016/j.ijbiomac.2006.01.001

Komatsu S, Yano H (2006) Update and challenges on proteomics in
rice. Proteomics 6:4057—4068. doi:10.1002/pmic.200600012

@ Springer

Komatsu S, Konishi H, Shen S, Yang G (2003) Rice proteomics: a
step toward functional analysis of the rice genome. Mol Cell
Proteomics 2:2-10. doi:10.1074/mcp.R200008-MCP200

Liu F, Vantoai T, Moy L, Bock G, Linford LD, Quackenbush J (2005)
Global transcription profiling reveals novel insights into hypoxic
response in Arabidopsis. Plant Physiol 137:1115-1129. doi:
10.1104/pp.104.055475

Loreti E, Poggi A, Novi G, Alpi A, Perata P (2005) Genome-wide
analysis of gene expression in Arabidopsis seedlings under
anoxia. Plant Physiol 137:1130-1138. doi:10.1104/pp.104.
057299

Matsumoto H (1998) Inhibition of proton transport activity of
microsomal membrane vesicle of barley roots by aluminum.
Soil Sci Plant Nutr 34:499-526

Mattana M, Coraggio I, Bertani A, Reggiani R (1994) Expression of
the enzymes of nitrate reduction during the anaerobic germina-
tion of rice. Plant Physiol 106:1605-1608

Nakayama N, Hashimoto S, Shimada S, Takahashi M, Kim Y, Oya T,
Arihara J (2004) The effect of flooding stress at the germination
stage on the growth of soybean in relation to initial seed moisture
content (Japanese). Jpn J Crop Sci 74:325-329. doi:10.1626/jcs.
74.325

Navrot N, Collin V, Gualberto J, Gelhaye E, Hirasawa M, Rey P,
Knaff DB, Issakidis E, Jacquot JP, Rouhier N (2006) Plant
glutathione peroxidase are functional peroxiredixins distributed
in several subcellular compartments and regulated during biotic
and abiotic stresses. Plant Physiol 142:1364—1379. doi:10.1104/
pp-106.089458

O’Farrell PH (1975) High resolution two-dimensional electrophoresis
of protein. J Biol Chem 250:4007-4021

Peumans WJ, van Damme EJM (1995) Lectins as plant defense
proteins. Plant Physiol 109:347-352

Pezeshki SR (2001) Wetland plant responses to soil flooding. Environ
Exp Bot 46:299-312

Probert ME, Keating BA (2000) What soil constraints should be
included in crop and forest model? Agric Ecosyst Environ
82:273-281

Pulido P, Cazalis R, Cejudo FJ (2008) An antioxidant redox system in
the nucleus of wheat seed cells suffering oxidative stress. Plant J
(on line)

Reggiani R (2006) A role for ethylene in low-oxygen signaling in rice
roots. Amino Acids 30:299-301

Saab IN, Sachs MM (1996) A flooding-induced xyloglucan endo-
transglycosylase homolog in maize is responsive to ethylene and
associated with aerenchyma. Plant Physiol 112:385-391

Sato Y, Murakami T, Funatsuki H, Matsuba S, Saruyama H, Tanida
M (2001) Heat shock-mediated APX gene expression and
protection against chilling injury in rice seedlings. J Exp Bot
52:145-151

Shi F, Yamamoto R, Shimamura S, Hiraga S, Nakayama N,
Nakamura T, Yukawa K, Hachinohe M, Matsumoto H, Komatsu
S (2008) Cytosolic ascorbate peroxidase 2 (cAPX 2) is involved
in the soybean response to flooding. Phytochem 69:1295-1303

Tanaka N, Fihjita M, Handa H et al (2004) Proteomics of the rice cell:
systematic identification of the protein populations in subcellular
compartments. Mol Genet Genom 271:566-576

Voesenek LA, Colmer TD, Pierik R, Millenaar FF, Peeters AJ (2006)
How plants cope with complete submergence. New Phytol
170:213-226

Wang K, Jiang Y (2007) Antioxidant responses of creeping bent-grass
roots to water-logging. Crop Sci 47:232-238

Zhong Z, Karibe H, Komatsu S, Ichimura H, Nagamura Y, Sasaki T,
Hirano H (1997) Screening of rice genes from a cDNA catalog
based on the sequence data-file of proteins separated by two-
dimensional electrophoresis. Breed Sci 47:245-251


http://dx.doi.org/10.1007/s00726-008-0036-7
http://dx.doi.org/10.1016/S0065-2296(08)60089-0
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092752
http://dx.doi.org/10.1126/science.1071505
http://dx.doi.org/10.1038/35140
http://dx.doi.org/10.1104/pp.113.4.1137
http://dx.doi.org/10.1093/jxb/erm287
http://dx.doi.org/10.1023/A:1010687600670
http://dx.doi.org/10.1093/pcp/pci229
http://dx.doi.org/10.1007/s00425-004-1212-y
http://dx.doi.org/10.1093/aob/mci218
http://dx.doi.org/10.1002/(SICI)1522-2683(20000101)21:2%3c440::AID-ELPS440%3e3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1522-2683(20000101)21:2%3c440::AID-ELPS440%3e3.0.CO;2-X
http://dx.doi.org/10.1093/aob/mci218
http://dx.doi.org/10.1073/pnas.212648799
http://dx.doi.org/10.1093/aob/mci205
http://dx.doi.org/10.1093/aob/mci205
http://dx.doi.org/10.1111/j.1742-4658.2008.06412.x
http://dx.doi.org/10.1016/j.ijbiomac.2006.01.001
http://dx.doi.org/10.1002/pmic.200600012
http://dx.doi.org/10.1074/mcp.R200008-MCP200
http://dx.doi.org/10.1104/pp.104.055475
http://dx.doi.org/10.1104/pp.104.057299
http://dx.doi.org/10.1104/pp.104.057299
http://dx.doi.org/10.1626/jcs.74.325
http://dx.doi.org/10.1626/jcs.74.325
http://dx.doi.org/10.1104/pp.106.089458
http://dx.doi.org/10.1104/pp.106.089458

	Identification of flooding stress responsible cascades in root  and hypocotyl of soybean using proteome analysis
	Abstract
	Introduction
	Materials and methods
	Plant growth and treatment
	Protein extraction and 2-DE
	Gel image analysis
	Cleveland peptide mapping
	N-terminal and internal amino acid sequence analyses
	Analysis using matrix-assisted laser desorption ionization time-of-flight mass spectrometry

	Results
	The growth of soybean seedlings is significantly suppressed after 1 day of flooding
	Twenty-eight proteins are involved in the flooding response of germinating soybean seeds
	Protein expression patterns over time after water flooding are clustered in 5 patterns
	Flooding stress induces the hypoxic response,  but the expression of proteins classified into protein destination/storage doses not

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


