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Mitogen-activated protein kinase (MAPK) is activated by 
various biotic and abiotic stresses. Salt stress induces two 
well-characterized MAPK activating signaling molecules, 
phosphatidic acid (PA) via phospholipase D and phosphol-
ipase C, and reactive oxygen species (ROS) via nicotina-
mide adenine dinucleotide phosphate (NADPH)-oxidase. In 
our previous study, the activity of soybean MAPK, GMK1 
was strongly induced within 5 min of 300 mM NaCl treat-
ment and this early activity was regulated by PA. In this 
study, we focused on the regulation of GMK1 at the later 
stage of the salt stress, because its activity was strongly 
persistent for up to 30 min. H2O2 activated GMK1 even in 
the presence of PA generation inhibitors, but GMK1 activ-
ity was greatly decreased in the presence of diphenyle-
neiodonium, an inhibitor of NADPH-oxidase after 5 min of 
the treatment. On the contrary, the n-butanol and neomy-
cin reduced GMK1 activity within 5 min of the treatment. 
Thus, GMK1 activity may be sustained by H2O2 10 min after 
the treatment. Further, GMK1 was translocated into the 
nucleus 60 min after NaCl treatment. In the relationship 
between GMK1 and ROS generation, ROS generation was 
reduced by SB202190, a MAPK inhibitor, but was increa-
sed in protoplast overexpressing TESD-GMKK1. However, 
these effects were occurred at prolonged time of NaCl 
treatment. These data suggest that GMK1 indirectly regu-
lates ROS generation. Taken together, we propose that 
soybean GMK1 is dually regulated by PA and H2O2 at a 
time dependant manner and translocated to the nucleus 
by the salt stress signal. 
 
 
INTRODUCTION 
 
High salt concentration is harmful to plants because it results in 
hyperosmotic stress and ionic toxicity (Tester and Davenport, 
2003). Plants protect themselves from this stress by recogniz-
ing and transferring signals to the inside of the cell via signaling 
pathways such as mitogen-activated protein kinase (MAPK) 

pathway.  
MAPK is activated by various biotic and abiotic stresses and 

regulated by the upstream regulator MAPK kinase (MAPKK), 
which is, in turn, regulated by MAPKK kinase (MAPKKK). This 
modulation is conserved in all eukaryotes. Active site phos-
phorylation of MAPK is essential for its activation. In mammal-
ian cells, most activated MAPKs are translocated to the nucleus 
to regulate gene expression. In plants, few studies have been 
conducted to examine MAPK translocations. Parsley MAPKs, 
PcMPK3 and PcMPK6 are translocated to the nucleus by elici-
tor treatment (Lee et al., 2004), and Arabidopsis MAPKs, 
AtMPK3 and AtMPK6 are translocated by ozone treatment 
(Ahlfors et al., 2004).  

Phosphatidic acid (PA) is a secondary messenger that is 
generated directly from phospholipase D (PLD) and indirectly 
by phospholipase C (PLC). Neomycin, a well-known PLC 
inhibitor, and n-butanol reduces PA generation by PLD. PA is 
generated for a short period of time in response to various 
stresses (Raho et al., 2011; Yu et al., 2010; Zhang et al., 2009). 
PA also directly activates MAPK (Lee et al., 2001; Zhang et al., 
2003) and nicotinamide adenine dinucleotide phosphate (NADPH)- 
oxidase (Ogasawara et al., 2008).  

H2O2 is another well-known MAPK activator that regulates 
various responses to biotic and abiotic stresses. For example, 
H2O2 directly activates the two Arabidopsis MAPKs through the 
action of oxidative signal-inducible 1 (OXI1) (Rentel et al., 2004); 
further, abscisic acid (ABA)-induced H2O2 activates MAPK in 
maize (Jiang et al., 2006). Moreover, H2O2 alters diverse cellu-
lar processes in a dose-dependent manner. High H2O2 concen-
tration triggers cellular response of programmed cell death 
(Alvarez et al., 1998; Delledonne et al., 2001), whereas low H2O2 
concentration blocks cell cycle progression and regulates plant 
development and stress response (Foyer and Noctor, 2005; 
Neill et al., 2002; Reichheld et al., 1999). Several hormones 
also increase the H2O2 levels, leading to enhanced stress toler-
ance (Dat et al., 1998; Xia et al., 2009; Yang et al., 2001).  

Many stresses result in the generation of signaling molecules, 
such as PA and H2O2, and their direct involvement in MAPK 
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activation has been well-established. However, their involve-
ment in regulating MAPK activity is not largely understood. 

In our previous study, we found that soybean MAPK, GMK1 
activity was strongly induced within 5 min of 300 mM NaCl 
treatment; this early activity is regulated by PA (Im et al., 2012). 
In this study, we examined regulation of GMK1 at late time 
periods of the treatment, because we have already shown that 
GMK1 activity is retained for up to 30 min. We found that GMK1 
is dually regulated by PA and H2O2 at different time points and 
is translocated to the nucleus under salt stress. 
 
MATERIALS AND METHODS 

 
Plant material 
Glycine max L. seeds were sterilized using bleach solution 
(0.2% bleach) for 5 min, followed by 5 washes with sterilized 
distilled water. The seeds were then placed on a wet paper 
towel for germination in a growth chamber (25°C, 60% humid-
ity) for 7 days under dark conditions. Before chemical treatment, 
all seedlings were stabilized in B & D solution (Broughton and 
Dilworth, 1971) for at least 4 h. After treatment, seedling sam-
ples, excluding cotyledons and hypocotyls, were immediately 
frozen in liquid nitrogen and pulverized using mortars and pes-
tles. Ground samples were stored as powder at -80°C until use. 
 
Preparation of protein extracts and in-gel kinase assay 
The 200 μg of tissue powders were dissolved in 200 μl of ex-
traction buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 150 mM 
NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF, 
and 1 mg/ml aprotinin, leupeptin, and pepstatin) in 1.5 ml centri-
fuge tubes. The samples were incubated on ice for 5 min and 
homogenized for 10 s by vortexing. After centrifugation at 
15,000 rpm for 15 min at 4°C, the supernatants were trans-
ferred into clean tubes. After 2 additional centrifugations, the 
concentrations of protein samples were determined using the 
Bradford method. The 30 ug of total protein was loaded to 
acrylamide gel and performed an in-gel kinase assay as de-
scribed previously (Lee et al., 2008). 
 
Immunoprecipitation assay 
For the immunoprecipitation assay, 400 μg of total protein 
samples were incubated with anti-GMK1 antibody at 4°C for 2 h, 
and then precipitated using protein A sepharose (GE health-
care, Sweden). After washing with washing buffer (Lee et al., 
2001), the beads were eluted using SDS sample buffer at 95°C 
for 3 min and subjected to in-gel kinase assay. 
 
H2O2 and O2

- measurement 
H2O2 content was measured using 5-(and-6)-chloromethyl-2,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA). 
Soybean seedlings were treated with 10 μM CM-H2DCFDA 
(Molecular Probes™) for 60 min. After the seedlings had been 
treated with chemical inhibitors and/or NaCl, H2O2 signals were 
detected using the fluorescein isothiocyanate (FITC) channel of 
a fluorescence microscope (Carl Zeiss). 

To detect O2

-, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT; Sigma, USA) was used. The 
chemical inhibitor or mock-treated soybean seedling roots were 
embedded in XTT and 300 mM NaCl solution, and then 200 μl 
of the solution was used for measuring XTT reduction using a 
spectrophotometer at an absorbance wavelength of 470 nm 
(A470). 
 
 

Protoplast isolation and polyethylene glycol transfection 
The protoplast isolation method used in this study has been 
previously described (Yoo et al., 2007). Briefly, roots and hypo-
cotyls of 7-day-old seedlings that were grown in dark conditions 
were cut to a size of 1 mm and transferred to an enzyme solu-
tion [1% w/v of cellulase RS (YAKULT, Japan) and macero-
zyme R-10 (MB cell, Korea), 0.4 M mannitol, 20 mM KCl and 
MES, 10 mM CaCl2, and 0.1% BSA]. After the solution was 
incubated at room temperature for 3 h, it was diluted with an 
equal volume of W5 solution (150 mM NaCl, 125 mM CaCl2, 5 
mM KCl, and MES; pH 5.7). The solution was then filtered 
through an 80-μm nylon mesh, centrifuged at 200 × g for 3 min, 
and resuspended in W5 solution. W5 solution was removed 
and the cells were resuspended in MMG solution (0.4 M manni-
tol, 15 mM MgCl2, and 4 mM MES; pH 5.7). PEG transfection 
was performed as described previously (Yoo et al., 2007). 
 
Immunolocalization assay 
Paraffin-embedded roots were cut and fixed onto a slide glass, 
and the paraffin was removed. The samples were treated using 
xylene and ethanol for rehydration and washed with phosphate 
buffered saline (PBST; 137 mM NaCl, 1.5 mM KH2PO4, 2.7 mM 
KCl, 8 mM Na2HPO4, and 0.5 ml Tween 20). The slides were 
incubated in blocking buffer [1% (w/v) non-fat milk powder in 
PBST] for 45 min and washed using PBST. After the slides 
were treated with the anti-GMK1 antibody, washed 3 times 
using PBST, an FITC-conjugated antibody was added. The 
slides were washed and the signal was measured using the z-
stack method of a confocal microscope (Carl Zeiss-LSM510). 
0.25 μg/ml of 4′,6-diamidino-2-phenylindole (DAPI) was used to 
detect nucleus. 
 
RESULTS 

 
Reactive oxygen species were generated in salt-treated  
soybean roots 
Our previous study suggested that the PA signaling controls 
GMK1 activity up to 5 min of NaCl treatment (Im et al., 2012). 
However, salt-inducible GMK1 activity was persistent up to 30 
min. Therefore, it is reasonable to speculate that another modu-
lator has a role in regulation at the latter stage of salt stress.  

Reactive oxygen species (ROS) is a well-characterized MAPK 
modulator. Salt stress has known to induce oxidative bursts 
(Katsuhara et al., 2005). To examine ROS generation in soy-
bean root by NaCl treatment, XTT and CM-H2DCFDA were 
used to detect superoxide (O2

-) and H2O2, respectively. As 
shown in Fig. 1A, O2

- increased continuously with 300 mM NaCl 
treatment. Hydrogen peroxide also increased, beginning at the 
secondary root tip by 3 min, spreading throughout to peripheral 
region of the tip by 5 min, and then to other regions of the sec-
ondary roots by 30 min. Finally, H2O2 was generated in all re-
gions of the secondary root by 60 min after the treatment (Fig. 
1B). This phenomenon was also detected in whole seedling 
root (data not shown).  

To examine whether NADPH-oxidase is the source of ROS 
production, the production was tested with/without an NADPH-
oxidase inhibitor, diphenyleneiodonium (DPI). H2O2 production 
was significantly reduced compared to the control (Supplemen-
tary Fig. S1). These results suggest that ROS generation by 
high salts in soybean roots is produced by NADPH-oxidase. 
 
Hydrogen peroxide activates GMK1 independently of PA 
To examine whether ROS activates GMK1 or not, soybean 
seedlings were treated with in 1 mM H2O2 for 60 min and activi-
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ty was measured using myelin basic protein (MBP) as a MAPK 
substrate. H2O2 strongly activated 47-kDa MAPK as early as 3 
min after treatment, and its activity was maintained for up to 60 
min (Fig. 2A). In soybean, GMK1 and GMK2 (GmMPK3) are 
orthologs of AtMPK6 and AtMPK3, respectively. The two MAPKs 
are activated by H2O2 in Arabidopsis (Rental et al., 2004). To 
identify H2O2-activated MAPK in soybean, immunoprecipitation 
and an in-gel kinase assay were performed with these two 
kinds of MAPK antibodies, respectively. The anti-GMK1 anti-
body-precipitated MAPK was activated by H2O2 treatment (Fig. 
2B), suggesting that GMK1 is activated by H2O2. 

In our previous study, GMK1 is activated by PA (Im et al., 
2012). Therefore, it is reasonable to speculate that GMK1 acti-
vation is regulated by both PA and H2O2. To examine whether 
GMK1 activation by H2O2 is mediated by PA, soybean seed-
lings were treated with n-butanol or neomycin for 60 min and 
then treated with 1 mM H2O2 for 5 min. Both chemicals did not 
affect GMK1 activity induced by H2O2 (Fig. 2C), suggesting that 
H2O2 activates GMK1 independently of PA generated by PLD 
and PLC. 
 
 

Fig. 1. ROS generation in soybean root during NaCl

treatment. (A) Soybean seedlings were treated with

300 mM NaCl for the indicated times, and then O2

-

generation was measured using XTT-formazan using

a spectrophotometer at A470. Mean ± SD of 2 sam-

ples. (B) Soybean seedlings were treated with 10 µM

CM-H2DCFDA for 60 min, followed by 300 mM NaCl

treatment for the indicated times. H2O2 generation

signals in secondary roots were detected using the

FITC channel of a fluorescence microscope. (*) indi-

cates H2O2 signal. Scale bar = 1 mm. 

Fig. 2. H2O2 activated GMK1 independently

of PLD and PLC. (A) Soybean seedlings

were treated with 1 mM H2O2 for indicated

time points and subjected to an in-gel kinase

assay. (B) Total protein was extracted from 5

min sample of A and subjected to immuno-

precipitation and an in-gel kinase assay us-

ing anti-GMK1 and anti-GMK2 antibodies.

(C) Seedlings were treated with 1% n-butanol

or 15 µM neomycin for 60 min before treat-

ment with 1 mM H2O2 for 5 min. Total protein

extracted from these seedlings was sub-

jected to an in-gel kinase assay. Myelin basic

protein (MBP) was used as a MAPK sub-

strate. 
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Fig. 3. DPI and PA generation inhibitors

reduced GMK1 activity at different time

points during NaCl treatment. (A) After

soybean seedlings were treated with 50

µM DPI for 60 min, 300 mM NaCl was

introduced to the seedlings at the indi-

cated times, followed by an in-gel kinase

assay. (B) Soybean seedlings were pre-

treated with 300 mM NaCl at the indi-

cated times. Total protein from the see-

dlings was subjected to an in-gel kina-

se assay. (C) Soybean seedlings were

treated with 1% n-butanol for 30 min,

then treated with 300 mM NaCl for the

indicated times and subjected to an in-

gel kinase assay. (D) Treatment is the

same as for (C) except for 15 µM neo-

mycin replacing n-butanol. All of the

MAPK activities were measured by

relative intensity of the band compared

to control. The intensity was measured

by LAS-3000 and Multi gauge 4.0 (Fuji-

film, Japan). Control band intensity was

set as a 100. Mean ± SD of 2 samples.

Fig. 4. Immunolocalization of GMK1

during NaCl treatment. (A) As a control,

longitudinal sections of soybean root

were treated with anti-GMK1 serum,

and then exposed to a FITC-conjugated

antibody. (B) Soybean seedling treated

with 300 mM NaCl for 60 min was longi-

tudinally sectioned and was treated with

anti-GMK1 serum and FITC-conjugated

antibody. (C) Nuclei were isolated from

control seedlings using PARTEC (Ger-

many) nuclear isolation reagents and

then treated with anti-GMK1 antibody

and FITC-conjugated antibody. (D) Nuclei

were isolated from 300 mM NaCl-trea-

ted soybean seedlings and were han-

dled in same manner as those in (C). All

images were obtained using a confocal

microscope. Nucleus was seen as blue

with DAPI staining. B.F. indicates bright

field. 
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Activity of GMK1 is regulated by PA and hydrogen  
peroxide at different time points in salt stress 
Previous studies indicate that both PA and ROS activate GMK1. 
In salt stress, PA reached its maximum level at 5 min (Im et al., 
2012) but H2O2 was significantly increased even after 30 min of 
NaCl treatment (Fig. 1B). Therefore, it could be speculated that 
PA and H2O2 activate GMK1 with different time points in salt 
stress. To investigate the effect of endogenous ROS on GMK1 
activity, soybean seedlings were treated with DPI for 60 min 
and then treated with 300 mM NaCl for up to 240 min. DPI 
treatment decreased GMK1 activity from 10 min after treatment 
(Fig. 3A). This result suggested that NADPH-oxidase depend-
ant ROS was likely to be involved in maintaining GMK1 activity 
from 10 min of the NaCl treatment. 

For a detailed examination of GMK1 activity regulated by PA 
under salt stress, PLD and PLC dependant GMK1 activity was 
monitored at early time points. Activity of GMK1 induced within 
1 min was gradually increased up to 5 min of 300 mM NaCl 
treatment (Fig. 3B). The n-butanol pre-treatment, however, re-
duced GMK1 activity from 5 min after the treatment. Especially, 
GMK1 activity at 5 min was strongly affected by n-butanol (Fig. 
3C). Neomycin treatment also reduced the activity in a time-
dependant manner, with a strong reduction at 3 min after NaCl 
treatment (Fig. 3D). These results suggested that GMK1 activity 
in the initial 5 min of NaCl treatment was regulated by the PA. 

Based on these results, we propose that GMK1 activity may 
be induced by PA generated by PLD and PLC during early 
stages of salt stress but maintained by H2O2 at later stages. 
 
GMK1 is translocated to the nucleus following NaCl  
treatment 
MAPK seems to be translocated to the nucleus upon activation 
in mammalian and yeast cells. Localization of salt stress-
activated GMK1 was determined using immunostaining assay. 

Under normal conditions, GMK1 was distributed in the cytosol 
or near the plasma membrane (Fig. 4A). However, GMK1 was 
detected in the nucleus 60 min after NaCl treatment (Fig. 4B). 
To further verify this phenomenon, we isolated the nuclei and 
examined GMK1 localization in the nucleus using the anti-
GMK1 antibody. The MAPK was not detected in the nuclei of 
untreated seedling, but was detected in those of NaCl-treated 
seedling (Figs. 4C and 4D). This result suggests that GMK1 is 
likely to be translocated to the nucleus upon activation under 
salt stress. 
 
Reactive oxygen species generation is indirectly regulated  
by GMK1 
Previous reports suggested the activation of MAPK by ROS, 
but ROS generation was also regulated by MAPK (Pitzschke 
and Hirt, 2009). To elucidate the relationship between GMK1 
activation and ROS generation under salt stress, we used 
SB202190, a specific inhibitor of p38 MAPK, to inhibit GMK1 
activity and measured ROS generation. GMK1 activity was 
decreased by the SB202190 application under NaCl treatment 
(Fig. 5A). Super oxide generation detected by XTT in NaCl-
treated seedlings increased slightly up to 120 min after the 
treatment compared to control seedlings, and then reduced (Fig. 
5B), suggesting indirect effect of GMK1 on ROS generation. To 
further examine this relationship, a constitutively activated form 
of GMKK1 (GenBank accession No. BF598140) was expres-
sed in protoplasts from soybean root. GMKK1 activated GMK1 
in vitro (data not shown). Constitutively activated GMKK1 was 
manufactured by substituting two amino acids (T211 → E and 
S217 → D; hereafter, TESD-GMKK1). TESD-GMKK1 was trans-
fected into protoplasts from soybean roots and hypocotyls using 
PEG transfection method. After incubation for 10 h, protoplasts 
were treated with XTT and incubated for another 2 h. TESD-
GMKK1-transfected protoplasts generated more O2

- than vec-

Fig. 5. The effects of SB202190 and

a constitutively activated GMKK1 on

ROS generation du-ring salt stress.

(A) After soybean seedlings were

treated with 30 µM SB202190 for 60

min, they were treated with 300 mM

NaCl for 5 min. Total protein extrac-

ted from these seedlings was sub-

jected to an in-gel kinase assay. (B)

SB202190-treated soybean seedlings

were submerged in solution contain-

ing 300 mM NaCl and XTT for the

indicated times. Absorbance of the

solutions was measured at the time

points. Mean ± SD of 4 samples. (C)

A constitutively activated soybean

MAPKK, GMKK1, was cloned into a

JJ2053 vector and transfected into

the soybean protoplast using PEG

transfection. After protoplasts were

incubated for 10 h for gene expres-

sion and then further incubated with

0.5 mM XTT for 2 h, XTT-formazan

was detected using microscopy. (D)

XTT-formazan was also measured at

A470 after 10 h incubation. B.F. indi-

cates bright field. Mean ± SD of 2

samples. 
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tor-transfected protoplasts (Fig. 5C). However, the XTT-
formazan signal was very weak. After additional 8 h of incuba-
tion, TESD-GMKK1-transfected protoplasts showed 3 times 
higher generation of O2

- than the vector control (Fig. 5D). These 
data also suggest that ROS generation is indirectly regulated by 
GMK1 under salt stress. 
 

DISCUSSION 

 
Salt stress is a major abiotic factor that causes reduced seed 
germination and plant growth development. MAPK activation 
during salt stress has been well-studied. However, the regula-
tion mechanism of MAPK activity has not been examined in 
detail. 

Our previous data suggest that PA signaling regulates GMK1 
activity at early stages during salt stress, but this activity is sus-
tained for up to 30 min. Therefore, a second activator may 
regulate GMK1 activity during salt stress. ROS was a good 
candidate as a regulator, because it is generated during many 
types of stresses and is a well-known MAPK activator (Yama-
mizo et al., 2006; Zhang et al., 2006). 

To test this possibility, we carried out following experiments. 
First, we investigated ROS generation using DCFDA and XTT 
for H2O2 and O2

-, respectively. Normal soybean roots color 
green when observed using the FITC channel of a fluorescent 
microscope because of their high flavonoid content. However, 
DCFDA-treated soybean roots color red upon contact with 
H2O2 when observed using the FITC channel. Superoxide was 
detected using XTT, which is converted to formazan when in 
contact with O2

- and the concentration was determined using a 
spectrophotometer. As shown in Fig. 1, ROS generation in-
creased in a time-dependent manner. This result is similar to 
the previous reports using soybean. H2O2 is generated in soy-
bean leaves following 150 mM NaCl treatment (Balestrasse et 
al., 2008) and in drought conditions (Lee et al., 2010). Moreover, 
it was also reported that ROS is generated by NADPH-oxidase 
during salt stress (An et al., 2007; Levine et al., 2007). NADPH-
oxidase, which is located in the plasma membrane, generates a 
reactive oxygen intermediate (ROI) under biotic and abiotic 
stress (Torres and Dangl, 2005; Yang et al., 2007). ROI, like 
O2

–, is directly converted to H2O2 by superoxide dismutase 
(SOD). We suggest that NADPH-oxidase is responsible for this 
phenomenon because DPI-treated soybeans produced signifi-
cantly less H2O2 than control cells (Supplementary Fig. S1) and 
SOD activity was not changed during salt stress (Supplemen-
tary Fig. S2). 

Next, we examined whether GMK1 is activated by ROS by 
treating seedlings with 1 mM H2O2. As shown in Figs. 2A and 
2B, GMK1 was activated as early as 3 min after treatment and 
its activity was sustained for up to 60 min. Moreover, GMK1 
activity was not reduced by PA generation inhibitors (Fig. 2C), 
suggesting that H2O2 regulates GMK1 activity independently of 
PA generated by PLD and PLC. 

From these results, ROS was thought to be a late stage acti-
vator for GMK1 under salt stress. To test this hypothesis, we 
treated soybean seedlings with DPI followed by treatment with 
300 mM NaCl at different time points. In ROS generation-
blocked seedlings, GMK1 activity was rapidly decreased begin-
ning 10 min after treatment, while relatively strong activity was 
observed at 5 min (Fig. 3A). These data suggest that ROS is 
involved in sustained GMK1 activity from 10 min after salt 
treatment. 

We also examined the effect of inhibitors against PA genera-
tion. Neomycin and n-butanol significantly diminished GMK1 

activity 3 and 5 min after 300 mM NaCl treatment, respectively 
(Figs. 3C and 3D). Moreover, PA levels peaked at 5 min of 300 
mM NaCl treatment (Im et al., 2012). These data also strongly 
support the hypothesis. Thus, salt stress-activated GMK1 is 
dually regulated by two signal molecules, PA and H2O2, at dif-
ferent time points. PLC activation occurred within several sec-
onds, whereas PLD activation required longer time (minutes) 
than PLC in mammalian cells (Nishizuka, 1995). This study 
also supports our data. 

Many mammalian MAPKs are translocated into the nucleus 
as a part of a signal transduction pathway to regulate gene 
expression (Plotnikov et al., 2011). However, the translocation 
mechanism has not been well-studied in plant. To examine 
GMK1 translocation during salt stress, soybean seedlings were 
treated with 300 mM NaCl for various time; 10, 30, and 60 min. 
The GMK1 signal did not correlated with the DAPI signal up to 
30 min after treatment (data not shown). However, after 60 min, 
the signal corresponded to that of DAPI (Fig. 4B). Moreover, 
GMK1 was only detected in the nuclei of root cells treated with 
NaCl for 60 min (Figs. 4C and 4D). These results suggest that 
GMK1 is translocated to the nucleus during salt stress. Local-
ization of MAPK to the nucleus has been previously reported in 
several different plant species (Coronado et al., 2002; Liu et al., 
2011; Samaj et al., 2002). However, translocation of MAPK 
under salt stress has not been reported yet.  

Translocation of MAPKs is mediated by phosphorylation of 
their active sites (Farooq and Zhou, 2004). Two signaling mole-
cules, PA and H2O2, activated GMK1 during salt stress. There-
fore, they may regulate translocation of GMK1 to nucleus. 
However, PA increased for only 5 min during NaCl treatment, 
whereas H2O2 increased continually during treatment. There-
fore, H2O2 may regulate translocation of GMK1 during salt 
stress. 

Although our data clearly showed that both PA and H2O2 
regulate GMK1 activity, the relationship between PA/GMK1 and 
H2O2 production has not been well established. In tobacco, 
MAPK signaling regulates the NO- and NADPH-oxidase de-
pendent oxidative burst (Asai et al., 2008), and positive feed-
back regulation between MAPK and ROS have been reported 
(Yamamizo et al., 2006; Zhang et al., 2006). However, AtMPK9 
negatively regulates ROS accumulation during mechanical 
wounding (Takahashi et al., 2011). This information suggests 
that regulation of ROS generation by MAPK is different depend-
ing on the conditions. Therefore, we also investigated the rela-
tionship between GMK1 and ROS generation. The MAPK in-
hibitor SB202190 reduced ROS generation as well as GMK1 
activity in NaCl treatment (Figs. 5A and 5B). Moreover, O2

- 
generation in protoplasts containing a constitutively activated 
form of GMKK1 was increased compared to the vector control 
(Figs. 5C and 5D). These results may suggest that GMK1 also 
regulates ROS generation. 

However, the time points of regulation in ROS generation by 
PA and GMK1 differ. ROS generation was reduced 30 min after 
NaCl treatment in n-butanol- or neomycin-treated soybeans in 
which PA generation was inhibited (Supplementary Fig. S3). 
However, ROS significantly increased even after 30 min of 300 
mM NaCl treatment (Fig. 1A). Therefore, PA can directly regu-
late ROS generation during salt stress. Previous studies also 
have shown that PA binds directly to NADPH-oxidase (Zhang 
et al., 2009). However, in SB202190-treated soybeans in which 
activation of GMK1 was inhibited, ROS generation was re-
duced compared to the control only 120 min after NaCl treat-
ment (Fig. 5B). To further examine these seemingly contradic-
tory data, we introduced TESD-GMKK1 to soybean protoplasts. 
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After 10 h of gene expression, we treated protoplast with XTT 
for 2 h and acquired images under a bright field microscope to 
observe the conversion of XTT to a red color by O2

-. As shown 
Fig. 5C, more O2

- was generated than in the vector control, but 
not significantly. However, after an additional 8 h of incubation 
with XTT, ROS generation increased by more than 3-fold (Fig. 
5D), suggesting that GMK1 indirectly regulates ROS generation 
during salt stress. 

Two types of NADPH-oxidases, StrbohA and StrbohB regu-
late ROS generation with different time points of elicitor treat-
ment in potato (Yoshioka et al., 2001). StrbohA is involved in 
ROS generation within 1 h of elicitor treatment, while elicitor-
induced StrbohB is involved after 6 h of the treatment. Multiple 
NADPH-oxidase-like genes were identified in soybean genome 
(www.phytozome.net) and GMK1 is translcoated to nucleus by 
NaCl treatment. Moreover, conditionally activated MAPK in-
duces oxidative burst in tobacco (Yoshioka et al., 2009). There-
fore, GMK1 could regulate gene expression of other type of 
NADPH-oxidase in soybean. 

Based on the results of this study and our previous study, we 
propose a signaling pathway involving GMK1 during salt stress. 
Salt stress increases PA for 5 min in the presence of PLD and 
PLC; PA induces activity of GMK1 and NADPH-oxidase. Next, 
O2

- generated from NADPH-oxidase is directly converted to 
H2O2 by SOD, and H2O2 maintains the activity of GMK1 at later 
times. Activated GMK1 is translocated to the nucleus and may 
induce downstream reactions including gene expression of 
NADPH-oxidase. 

However, several points on GMK1 signaling pathway under 
salt stress need to be elucidated. First, OXI1 is a serine/thre-
onine protein kinase activated by H2O2 and PA in Arabidopsis. 
The OXI1 null mutant is unable to activate AtMPK3 and 
AtMPK6 following H2O2 treatment (Rentel et al., 2004), sug-
gesting that OXI1 functions downstream of ROS but upstream 
of the MAPK module (Pitzschke and Hirt, 2006). However, 
OMTK1 is a MAPKKK of alfalfa that is directly activated by 
H2O2 (Nakagami et al., 2004) and PA generated from phos-
pholipase Dα directly activates AtMPK6 during salt stress (Yu 
et al., 2010). Further studies are necessary to understand the 
functions of the upstream elements in the GMK1 signaling 
pathway. Second, SB202190 has been widely used as a p38 
MAPK-specific inhibitor but, it cannot inhibit extracellular signal-
related kinase (ERK) activity in animal cells. Plant MAPKs in-
clude one type of ERK; GMK1 also belongs to this family. How-
ever, SB202190 reduces the activity of a Bradyrhizobia-acti-
vated ortholog of SIMK (Fernandez-Pascual et al., 2006), and 
our data also showed same result (Fig. 5C). It may differently 
regulate MAPK activity in plant. Third, the ROS generation level 
increased up to 60 min after NaCl treatment, but GMK1 activity 
decreased after 30 min according to our previous study (Im et 
al., 2012). There are two plausible explanations for this obser-
vation. First, a negative regulator of GMK1 may be present. In 
Arabidopsis, AtKP1 down-regulates AtMPK6 activity (Ulm et al., 
2002) and AtDsPTP1 inactivates AtMAPK3/6 (Gupta et al., 
1998). Second, GMK1 may be physically isolated from up-
stream activators such as GMKK1 because GMK1 is translo-
cated from the nearby plasma membrane to the nucleus during 
salt stress. 
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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