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Abstract To investigate the rice root proteome, we

applied the PEG fractionation technique combined with

two-dimensional gel electrophoresis which rendered more

well-separated protein spots. Out of the 295 chosen

proteins, 93 were identified by MALDI-TOF mass spec-

trometry. The proteins were classified as relating to

metabolism (38.7%), reactive oxygen species (ROS)-rela-

ted proteins (22.5%), protein processing/degradation

(8.6%), stress/defense (7.5%), energy (6.5%) and signal

transduction (5.4%). The high percentage of ROS-related

proteins found in rice root brings us to assess the roles of

ROS on rice root growth. Treatment with ROS quenching

chemicals such as reduced glutathione (GSH), diphenyle-

neiodonium (DPI) and ascorbate inhibited root growth

dose-dependently. Forty-nine proteins identified were

either up- or down-regulated by GSH treatment, of which

14 were ROS-related proteins, such noticeably modulated

ones as glutathione-S-transferase (GST), superoxide dis-

mutases (SOD) and L-ascorbate peroxidases. The protein

levels of four GSTs (NS4, 8, 56 and 57), three APXs

(NS46, 49 and 50) and MnSOD (NS45) were strongly

reduced by GSH treatment but slightly reduced by ascor-

bate and DPI. Ascorbate and DPI strongly inhibited

expression levels of a catalase A (NP23) and an APX

(NS65) but did not affect APXs (NS46, 49 and 50) protein

levels. Northern analysis demonstrated that changes in

transcript levels of five genes––GST (NS4), GST (NS43),

Mn-SOD (NS45), APX (NS50) and APX (NS46/49) in

response to ROS quenching chemicals were coherent with

patterns shown in two-dimensional electrophoresis analy-

ses. Taken together, we suggest that these proteins may

take part in an important role in maintaining cellular redox

homeostasis during rice root growth.
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Introduction

The rice root system plays important roles in nutrient

uptake (Teo et al. 1995), lodging tolerance (Terashima

et al. 1994), drought tolerance (Azhiri-Sigari et al. 2000),

and yield of growing plants (Morita et al. 1988). Therefore

it is of interest to determine how roots detect levels of

water and nutrients in soil and adapt to their architecture.

Many studies have used genetic approaches to identify

cellular functions in roots (Lopez-Bucio et al. 2003). A few

studies have been undertaken using proteomic approaches

to understand biological function of rice root so far

(Tanaka et al. 2004, 2005).

Understanding the biological functions of genes requires

more than simply identifying them genetically and bio-

chemically. Since the rice genome sequence became
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publicly available (International rice genome sequencing

project 2005), proteomics has emerged as a tool to study

molecular or cellular functions of rice proteins. Such

studies have been applied for understanding protein

expression, posttranslational modification, and protein–

protein interactions in roots of rice (Komatsu and Konishi

2005; Tanaka et al. 2004; Koller et al. 2002), maize

(Hochholdinger et al. 2005) and cassava (Manihot escu-

lenta Crantz) (Sheffield et al. 2006). Proteins identified in

these studies primarily functioned in metabolism or

defense/stress mechanisms. Interestingly, a previous report

categorized many reactive oxygen species (ROS)-related

proteins as belonging to the defense/stress group. These

proteins play an important role not only in influencing

defense/stress but also in controlling cellular redox states

(Halliwell 2006).

In recent years, ROS have emerged as important regu-

lators of leaf and root development. It was initially thought

that ROS, such as hydroxyl radicals (OH•), superoxide

anion (O2
–) and hydrogen peroxide (H2O2), were toxic

by-products of respiration and photosynthesis. However,

other evidence suggests that ROS play significant roles in

intracellular signaling in radish seed germination (Schroe-

der and Mori 2004), interaction with biotic and abiotic

environments in various plants (Blokhina et al. 2003), and

auxin signal transport and gravitropism in maize (Joo et al.

2001; Kwak et al. 2006). There is also evidence that ROS

are required during leaf growth. H2O2 functions in the

lignifying xylem of the first internode of Zinnia elegans to

stiffen cell walls as growth ceases and cells differentiate

(Ros-Barcelo et al. 2002). ROS in leaves and roots of

maize are necessary for cellular extension and expansion

(Rodriguez et al. 2002; Liszkay et al. 2004). The Arabid-

opsis root hair defective mutant rhd2 encoding NADPH

oxidase shows a 20% decrease in both ROS levels and root

growth compared to wild-type plants (Foreman et al. 2003;

Renew et al. 2005). Both genetic and biochemical studies

indicate that ROS function in plant growth and develop-

ment. However, little is known about either modulation of

ROS-related proteins associated with root growth or the

effect of ROS quenching chemicals on root growth.

In this study, we used two-dimensional electrophoresis

(2-DE) based proteome analyses to obtain an understanding

of relationship between ROS and expression levels of

ROS-related proteins during early stage of rice root growth.

We analyzed effects of ROS quenching chemicals such as

reduced glutathione (GSH; c-glutamylcysteinyl glycine),

ascorbate and diphenyleneiodonium (DPI) on root growth.

ROS quenching chemicals not only differentially modu-

lated ROS-related proteins but also root growth. These data

represent the first proteomic approach showing that ROS

and their related proteins may implicate important func-

tions in root growth.

Materials and methods

Plant growth conditions and measurements

Mature rice seeds (Oryza sativa L. cv. Jinheung) were

obtained from the National Yeongnam Agricultural

Experimentation Station. Dehulled seeds were sterilized in

70% ethanol for 10 min and then in 3% sodium hypo-

chlorite for 20 min. Sterilized seeds were grown on MS

Phytagel1 medium at 28�C. Root growth was measured

from 7-day-old roots treated with GSH (at 250, 500 lM or

1 mM), DPI (at 500 nM, 1 or 2 lM) or ascorbate (at 1, 2.5

or 5 mM).

Detection of H2O2 release

The ROS released from rice roots were observed on agar

containing 25 mM 20, 70,-dichlorofluorescin (DCFH), a

fluorescent ROS indicator (Schopfer et al. 2001). Agar was

prepared by adding an appropriate volume of 25 mM

DCFH in ethanol to a 1% (w/v) agar solution in 20 mM

phosphate buffer, pH 6.0, to obtain a 10 lM DCFH

mixture. Roots were incubated in 1 mM GSH or H2O for

2 h and then embedded in DCFH-containing agar supple-

mented with the same medium. Epifluorescence was

observed under a fluorescence microscope equipped with a

UV light.

Protein extraction and 2-DE analysis

Rice root proteins were extracted from 7-day-old roots

grown in Phytagel1 containing MS medium treated with

H2O, 1 mM GSH, 2 lM DPI, or 2.5 mM ascorbate.

Proteins were extracted using Mg/NP-40 buffer containing

0.5 M Tris–HCl (pH 8.3), 2% v/v NP-40, 20 mM MgCl2,

1 mM phenyl methyl sulfonyl fluroride (PMSF) and frac-

tionated with PEG 4000, following the method described

by Kim et al. (2001, 2003a). The isoelectric focusing (IEF)

gel mixture consisted of a 4.5% w/v acrylamide, 9.5 M

urea, 2% v/v NP-40, and 2.5% v/v pharmalytes (pH

3–10:pH 5–6:pH 5–8 at a ratio of 1:2.5:3.5 [neutral con-

dition]; pH 3–10:pH 7–9:pH 5–8 at a ratio of 1:3.5:2.5

[basic condition] [Amersham Pharmacia Biotech]). Each

sample of total extract (150 lg) was mixed with IEF

sample buffer and loaded onto an 18-cm IEF tube gel (Kim

et al. 2001). The second dimension was carried out on

SDS-PAGE as described by Leamml (1970) using 12%

polyacrylamide gels. 2-DE gels were silver-stained by the

method of Blum et al. (1987). Image acquisition was

achieved using a transmissive scanner (PowerLook III,

UMAX). Pixel depth was 16 bit, resolution was 300 dpi;
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brightness and contrast were set to default. Gel images

were exported as TIFF files from the scanner, and gel spots

were automatically detected using ImageMaster 2D Plati-

num software (Amersham Biosciences). The intensity of

each spot was then normalized as an average of the

intensity of spots on the gel. Statistic analyses were created

between each control groups and corresponding treated

groups. In the statistic sets, the Student’s t test and sig-

nificance level of 95% were chosen.

MALDI-TOF mass spectrometry

Gel spots digested with trypsin were analyzed using a

Voyager-DE STR (matrix-assisted laser desorption ioni-

zation-time-of-flight) MALDI-TOF mass spectrometer

(PerSeptive Biosystems). Digestion mixtures were remel-

ted using a solution of 93% water, 5% acetonitrile and 2%

trifluoroacetic acid (TFA). The samples were sonicated for

5 min and centrifuged for 2 min. The matrix solution

[dissolved a-cyano-4-hydroxycinnamic acid (Sigma) in

acetone (40 mg/ml) and nitrocellulose in acetone (20 mg/

ml)], the nitrocellulose solution and isopropanol were

mixed 100:50:50 (Kim et al. 2004). Two microliters of the

sample was added to 2 ll of the peptide sample solution,

and 1 ll of this was spotted immediately onto a MALDI

plate and left for 5 min. The MALDI plate was then

washed with 0.1% v/v TFA. Parent ion masses were

measured in the reflectron/delayed extraction mode with an

accelerating voltage of 20 kV, a grid voltage of 76.000%, a

guide wire voltage of 0.010%, and a delay time of 150 ns.

Des-Arg1-bradykinin (m/z 904.4681) and angiotensin 1 (m/z

1296.6853) were used as a two-point internal standard for

calibration. Peptides were selected in the mass range of

500–3,000 Da. For data processing, the PerSeptive-Grams

software package was used. Database searches were

performed using Protein Prospector (http://prospector.ucsf.

edu).

cDNA cloning and Northern blot analyses

GST (NS4 and NS43), SOD (NS45) and APX (NS50 and

NS46/49) sequences identified from public databases were

used to design primers used to amplify cDNAs from a rice

cDNA library. The primer pairs were as follows: GST

(NS4), forward primer (50-atctcaagaacaagagcgag-30) and

reverse primer (50-catgacttcaacagcttgtc-30); GST (NS43),

forward primer (50-atgtaccaacaaagtgcagg-30) and reverse

primer (50-gattgatagagcgtcaggtc-30); Mn-SOD (NS45),

forward primer (50-atggcgctccgcacgctg-30) and reverse

primer (50-agcagtcgcattttcgatcacctc-30); APX(NS50), for-

ward primer (50-atgggcagcaagtcgtaccc-30) and reverse

primer (50-ttcctcagcaaatcccagttc-30); APX (NS46/49),

forward primer (50-atggctaagaactaccccgtc-30) and reverse

primer (50-agcatcagcgaaccccagttc-30). PCR products were

cloned into the Gateway system
TM

(Invitrogen) and

sequenced. Total RNA extracted from 3- and 6-day-old

roots grown in Phytagel1 containing MS medium supple-

mented with 1 mM GSH, 2.5 mM ascorbate, and 2 lM

DPI. Each RNA sample (20 lg) was blotted onto nylon

membranes, hybridized with 32P-labeled 5 cDNA probes,

and washed at high stringency. Equal loading of total RNA

was verified by staining rRNA with ethidium bromide.

Blots were exposed to X-ray film at –70�C for 1 day.

Results and discussion

Identification of rice root proteins by prefractionation

followed by 2-DE

For comprehensive analysis of rice root proteome, we used

the PEG fractionation (supernatant/pellet) technique com-

bined with neutral (pI, 4*7) and basic (pI, 6*9) IEF gels

to obtain more discrete spots from rice roots (Kim et al.

2001, 2003a, 2004). Gels were stained with silver to pro-

vide high sensitivity. Using ImageMaster 2D Platinum

analysis software, more than 1,600 protein spots from four

different sets of gels were reproducibly detected through

three replicates. As shown in Fig. 1, gel spots were well

resolved, and little streaking was observed from four dif-

ferent sets of gels for one sample (neutral supernatant, NS;

neutral pellet, NP; basic supernatant, BS; basic pellet, BP).

This separation method allows us to display many proteins

synchronously.

Protein spots from the gels of each root sample were

subjected to the in-gel digestion and analyzed by MALDI-

TOF mass spectrometry. Database searches were per-

formed using Protein Prospector and blast homology

searching. Ninety-three proteins among 295 spots chosen

from the four sets were identified; 42 proteins in the NS, 16

proteins in the NP, 15 proteins in the BS and 20 proteins in

the BP fractions (Fig. 1; Table 1). Identified proteins were

classified into nine groups according to the functional

categories established by Bevan et al. (1998). The func-

tional groups were represented by metabolism (38.7%)

followed by ROS-related proteins (22.5%), protein pro-

cessing/degradation (8.6%), stress/defense (7.5%), energy

(6.5%), signal transduction (5.4%), chaperone/heat shock

(3.2%), development (2.2%) and unknown function (5.4%)

(Fig. 2).

The largest group identified, composed of 36 proteins,

was associated with metabolism (Table 1). Among 36

proteins, malate dehydrogenase (MDH; NS30, NS34, NS38

and BP54), glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH; BS34, BS37, BS43, BP26, BP35 and BP41) and

enolase (NS15 and NS17) were identified as major protein

spots. These proteins are important in several metabolic

pathways in plants. MDH is involved in catalyzing the

reversible reduction of oxaloacetate to malate in TCA cycle

(Miller et al. 1998). GAPDH catalyzed the regeneration of

NAD+, which is required for continued glycolysis and ATP

production (Yang et al. 1993). Enolase (2-phospho-d-gly-

cerate hydratase) is an integral enzyme in glycolysis. It

catalyzes the interconversion of 2-phosphoglycerate to

phosphoenolpyruvate. Recently, these proteins were also

detected by proteomic analyses in the primary root of

maize (Hochholdinger et al. 2004, 2005) and cassava

(Manihot esculenta Crantz) (Sheffield et al. 2006). These

results indicate that the identified proteins involved in

metabolism are likely critical for generating energy during

root growth.

The ROS related-proteins comprised the second most

abundant group (22.5%). The 21 ROS-related proteins that

we identified included glutathione S-transferases (GST;

NS4, NS8, NS43, NS44, NS56, NS57 and NP78), ascorbate

peroxidases (APX; NS46, NS49, NS50, NS65 and NP85),

catalase isozymes (CAT; NP23, BS13, BP4 and BP5),

superoxide dismutases (SOD; NS45, NS68 and NS71),

GSH-dependent dehydroascorbate reductase 1 (DHAR1;

NS42) and glutathione reductase (GR; BS2) (Table 1;

Fig. 1). Komatsu’s group previously reported that the most

abundant proteins in rice roots functioned in defense (26%)

and metabolism (21%), where their classification included

ROS-related proteins in defense (Tanaka et al. 2005). In

that study, 14 of 73 proteins (19%) as second-most abun-

dant group were ROS-related ones, consistent with the

proportion observed in our study. In contrast to rice, ROS-

related proteins constituted 12.5% in cassava (Sheffield

et al. 2006) and 6.2% maize root (Hochholdinger et al.

2005), respectively. Differences in these proportions

between rice and maize or cassava roots could be related to

different growth conditions such as water-logged or aerobic

upland conditions, respectively.

Third largest protein functional group consisted of eight

proteins involved in protein processing and degradation.

26S protease regulatory proteins (NP9, NP10 and BP30)

and 20S proteasome subunit proteins (NP74, NP88, NP81,

BP18 and BP20) were collectively found in the PEG pellet

fraction (Table 1; Fig. 1b, d). The 26S proteasome, multi-

catalytic complex proteins comprising 20S core and 19S

regulatory particles, plays an important role in protein

degradation and processing during growth and develop-

ment. Recently, the HALTED ROOT (HLR) gene, which

encodes a subunit of the 26S proteasome, was identified as

essential to maintain cellular organization and normal

shoot and root apical meristem activities required to initiate

new growth in young seedlings at the tips of roots and

shoots in Arabidopsis (Ueda et al. 2004). These data

suggest that proteasome-dependent proteolysis may be

involved in root growth.

Fig. 1 Two-DE analysis of

PEG-fractionated proteins from

rice root. Protein samples

(150 lg) from the 15% (w/v)

PEG supernatant (a, c) and

pellet (b, c) fractions were

applied to neutral (pI 4–7) (a, b)

and basic (pI 6–9) range IEF

gels (c, d), followed by 2-DE

and silver staining. Identified

were 93 proteins indicated by

numbered arrows. Molecular

masses in kDa are indicated at

left and pI values at the top
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Table 1 Protein identification through MALDI-TOF from rice roots

No. MOWSE score SC (%)a MPg Mr (kDa)/pIb Description Species AN Ratioc

GSH/con

t test (P)f

NS1e 1.83E+05 24 5 33.4/4.8 Protein disulfide isomerase (PDI) Rice AB039278 0.1 0.00010

NS2 2.22E+05 29 9 33.4/4.8 Protein disulfide isomerase (PDI) Rice AB039278 0.1 0.00011

NS3 5.44E+07 43 13 33.4/4.8 Protein disulfide isomerase (PDI) Rice AB039278 0.3 0.00028

NS4 9.91E+04 31 7 25.7/5.0 Putative glutathione S-transferase

(GST)

Rice AAG32471 0.4 0.0015

NS6 329 15 6 60.9/5.5 Putative 2,3-bisphosphoglycerate-

independent phosphoglycerate

mutase

Rice BAB62580 0.1 0.00013

NS7 3.23E+06 29 12 60.9/5.5 Putative 2,3-bisphosphoglycerate-

independent phosphoglycerate

mutase

Rice BAB62580 0.2 0.00021

NS8 9.82E+04 31 7 25.7/5.0 Putative glutathione S-transferase

(GST)

Rice AAG32471 0.2 0.00018

NS14 5.91E+08 31 11 59.0/6.3 ATP synthase beta chain Rice Q01859 1d 0.81

NS15 1.08E+12 45 20 47.9/5.4 Enolase Rice Q42971 0.8 0.045

NS17 5.95E+07 28 15 47.9/5.4 Enolase Rice Q42971 0.5 0.0051

NS19 5.35E+06 37 9 43.2/5.9 S-adenosylmethionine synthetase Rice CAC82203 0.2 0.0019

NS20 7.03E+09 51 15 43.2/5.9 S-adenosylmethionine synthetase Rice CAC82203 0.2 0.00068

NS23 2.46E+07 21 10 42.9/5.7 S-adenosylmethionine synthetase 2 Rice P93438 0.3 0.00073

NS24 835 14 7 53.9/5.4 ATP synthase beta subunit Rice BAA90397 0.9 0.085

NS25 2,997 17 7 51.7/5.4 UDP-glucose pyrophosphorylase Rice BAB69069 1 0.94

NS26 2.90E+07 38 11 49.1/5.3 Adenosine kinase Rice BAC02723 0.5 0.040

NS27 8,094 26 7 35.5/5.0 Putative fructokinase II Rice AAL26573 0.4 0.0037

NS29 4.07E+07 45 10 33.5/5.7 Isoflavone reductase-like protein Rice AAL61542 0.7 0.033

NS30 2.21E+08 45 12 35.6/5.7 Cytoplasmic malate

dehydrogenase

Rice AAG13573 0.6 0.016

NS32 3.14E+06 36 12 39.9/6.6 Putative disulfide-isomerase

precursor

Rice AAK70917 0.3 0.0018

NS33 1.60E+09 46 14 41.2/6.9 Formate dehydrogenase Rice Q9SXP2 0.6 0.010

NS34 2,823 17 5 35.5/8.7 Putative malate dehydrogenase Rice BAB55686 0.2 0.00068

NS38 4,233 21 8 35.6/5.7 Cytoplasmic malate

dehydrogenase

Rice AAG13573 1 0.89

NS39 1.05E+06 56 13 25.0/6.7 Ran Rice BAA81911 1 0.98

NS41 2.03E+04 22 7 38.8/6.3 R40c1 protein Rice T03911 1 0.97

NS42 1.28E+05 51 9 23.6/5.7 GSH-dependent dehydroascorbate

reductase 1 (DHAR)

Rice BAA90627 0.2 0.00038

NS43 1.79E+04 38 7 25.0/5.7 Putative glutathione S-transferase

(GST)

Rice AAG32475 1.1 0.16

NS44 6,501 41 9 24.0/5.8 Glutathione S-transferase II Rice AAC64007 1 0.78

NS45 701 22 4 24.9/6.5 Superoxide dismutase [Mn] (SOD) Rice Q43008 0.1 0.00027

NS46 3.26E+05 40 8 27.2/5.4 L-ascorbate peroxidase (APX) Rice BBA08264 0.1 0.00032

NS48 334 42 4 15.7/5.2 Hypothetical protein Rice AAG21900 1 0.96

NS49 1.14E+07 52 10 27.2/5.4 L-ascorbate peroxidase (APX) Rice BBA08264 0.1 0.00012

NS50 3.58E+06 56 10 27.1/5.2 Ascorbate peroxidase (APX) Rice BAB17666 0.4 0.0035

NS55 3.69E+03 46 9 21.8/4.9 ESTsAU091669 Rice BAA96588 1 0.86

NS56 9.70E+07 50 14 25.7/5.0 Putative glutathione S-transferase

(GST)

Rice AAG32471 0.7 0.019

NS57 2.25E+05 48 12 25.7/5.0 Putative glutathione S-transferase

(GST)

Rice AAG32471 0.4 0.0014

S58 4,461 33 7 27.3/5.0 Putative receptor-like protein

kinase

Rice AAL87185 0.4 0.00076
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Table 1 continued

No. MOWSE score SC (%)a MPg Mr (kDa)/pIb Description Species AN Ratioc

GSH/con

t test (P)f

NS59 1,241 25 6 19.0/4.5 Translationally controlled tumor

protein homolog

Rice P35681 0.1 0.00010

NS65 2,329 31 5 27.2/5.4 L-ascorbate peroxidase (APX) Rice BBA08264 1.1 0.060

NS68 2,800 43 4 16.9/6.3 Superoxide dismutase [Cu–Zn]

(SOD)

Rice P93407 1.5 0.0085

NS71 1,014 29 4 15.2/5.7 Superoxide dismutase [Cu–Zn]

(SOD)

Rice AAA33917 0.9 0.075

NS73 1.69E+05 43 8 16.9/6.3 Nucleoside diphosphate kinase I Rice Q07661 1.1 0.17

NP2 2.09E+08 38 23 71.1/5.1 Dnak-type molecular chaperone

hsp70

Rice S53126 0.1 0.00040

NP5 3.89E+14 56 39 60.9/5.7 Mitochondrial chaperonin-60 Rice AAN05528 1 0.85

NP8 4.31E+10 44 24 54.1/5.1 Vascuolar ATPase B subunit Rice AAK54617 0.1 0.00016

NP9 3.21E+07 43 22 47.8/5.0 26S protease regulatory subunit

6A homolog

Rice P46465 0.4 0.0035

NP10 1.08E+09 40 17 47.8/5.0 26S protease regulatory subunit

6A homolog

Rice P46465 0.5 0.0030

NP12 1.69E+09 31 15 59.1/6.3 ATP synthase alpa chain

mitocondrial

Rice P15998 0.7 0.050

NP23 438 17 10 56.6/6.7 Catalase isozyme A (CAT-A) Rice P29611 0.8 0.047

NP41 1,353 15 6 41.3/5.8 Reversibly glycosylated

polypeptide

Rice AAG17438 1.3 0.048

NP42 6.33E+05 32 11 41.3/5.8 Reversibly glycosylated

polypeptide

Rice AAG17438 0.8 0.51

NP70 2.30E+06 57 17 26.6/6.9 Putative H+-exporting ATPase Rice BAB85263 1 0.97

NP74 241 22 5 24.8/6.4 20S Proteasome subunit beta type

1

Rice O64464 1 0.91

NP78 8.56E+06 43 13 25.0/5.7 Putative glutathione S-transferase Rice AAG32475 1 0.97

NP81 7,162 44 9 27.2/5.8 20S Proteasome subunit alpha type

3

Rice Q9LSU0 1.3 0.011

NP85 5.35E+04 37 9 27.2/5.4 L-ascorbate peroxidase (APX) Rice BBA08264 1 0.86

NP87 3.38E+04 32 6 24.3/5.4 D-ribulose-5-phosphate 3-

epimerase

Rice AAF01048 0.5 0.0021

NP88 2.70E+04 47 11 25.8/5.4 20S Proteasome subunit alpha type

2

Rice Q9LSU2 1 0.86

BS1 8.83E+04 23 14 52.6/6.2 Alanine aminotransferase Rice BAA77260 1 0.90

BS2 1.30E+06 20 13 53.5/6.2 Glutathione reductase Rice P48642 0.3 0.00040

BS13 1.83E+11 43 21 56.5/6.5 Catalase isozyme B (CAT-B) Rice P55309 1 0.93

BS22 1,511 21 6 44.0/6.1 Glutamate dehydrogenase Maize Q43260 1 0.87

BS29 3.34E+10 51 16 38.8/6.3 R40c1 protein Rice T03911 0.1 0.00011

BS33 1.40E+04 29 12 34.6/6.6 Putative aldolase reductase Rice BAB64275 1 0.92

BS34 4.53E+06 36 10 36.5/6.6 Glyceraldehyde 3-phosphate

dehydrogenase

Rice Q42977 1.4 0.0076

BS35 1.71E+05 31 11 39.3/7.2 UDP-glucuronic acid

decarboxylase

Rice BAB84334 1 0.59

BS37 3,609 21 8 44.8/8.7 Putative glyceraldehyde-3-

phosphate dehydrogenase

Arabidopsis AAO22684 1 0.83

BS38 5.89E+04 32 10 38.8/8.5 Fructose-bisphosphate aldolase Rice P17784 1 0.82

BS40 1.27E+05 26 12 39.3/7.2 UDP-glucuronic acid

decarboxylase

Rice BAB84334 1 0.83

BS43 6,710 18 8 44.8/8.7 Putative glyceraldehyde-3-

phosphate dehydrogenase

Arabidopsis AAO22684 1 0.38

BS48 3.30E+04 37 9 29.6/8.6 Voltage-dependent anion channel Rice CAC80850 1 0.70
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Among 93 identified protein spots, 19 different proteins

spots were found in multiple spots, most of which consisted of

two to four isoforms and the identical protein name but do not

possess the same amino acid sequence. It is likely that such

different isoforms proteins come from the same gene family

and are most likely derived from gene duplication (Ostergaard

et al. 2002). All the proteins found in multiple spots showed

different characteristic property to each other either in their pI

values or molecular mass or both. The discrepancies in pI and

molecular mass might be due to posttranslational modifica-

tion, protein processing, or degradation. Protein disulfide

isomerase (PDI) with three isoforms (NS1, NS2 and NS3) was

a typical example of posttranslational modification showing

higher molecular mass (*57 kDa) than theoretical molecular

mass (33.4 kDa) by ubiquitination (Kim et al. 2003a, b)

(Fig. 1; Table 1).

Effect of GSH on ROS quenching and root growth

The ROS-related proteins in rice roots have been identified

more than other plants such as maize and cassava

Table 1 continued

No. MOWSE score SC (%)a MPg Mr (kDa)/pIb Description Species AN Ratioc

GSH/con

t test (P)f

BS49 4.52E+04 48 11 29.6/8.5 Adenylate kinase A (ATP-AMP

transphosphorylase)

Rice Q08479 1 0.84

BS68 2.16E+04 48 8 16.7/6.3 Nucleoside diphosphate kinase I Rice Q07661 1 0.85

BP4 1.05E+05 21 8 56.6/6.7 Catalase isozyme A (CAT-A) Rice P29611 1 0.85

BP5 7.15E+08 37 14 56.6/6.7 Catalase isozyme A (CAT-A) Rice P29611 1 0.97

BP15 505 17 4 21.0/11.4 Unknown protein Rice AAG13586 1 0.94

BP17 739 18 5 33.2/6.2 Putative ethylene-inducible protein Rice AC079632 0.1 0.0014

BP18 6.21E+04 32 7 24.3/6.4 20S Proteasome subunit beta type

1

Rice O64464 1 0.98

BP20 1.55E+05 36 8 27.6/6.2 20S Proteasome subunit alpha type

6

Rice Q9LSU3 1.2 0.052

BP21 1,913 32 8 30.7/6.5 Prohibitin Rice AF236369 0.4 0.0013

BP24 1.86E+05 39 11 38.7/7.3 r40g2 Protein Rice T03960 1 0.89

BP26 3,131 21 5 36.5/6.6 Glyceraldehyde 3-phosphate

dehydrogenase

Rice Q42977 1 0.89

BP30 1.78E+09 54 19 44.6/7.0 26S proteasome regulatory particle

triple-A ATPase subunit 4

Rice BAB17625 1 0.97

BP31 4,405 29 10 38.8/8.5 Fructose-bisphosphate aldolase Rice P17784 1 0.91

BP33 1.86E+04 28 8 38.7/7.3 r40g2 Protein Rice T03960 1 0.85

BP35 3.16E+06 60 12 23.4/7.9 Glyceraldehyde-3-phosphate

dehydrogenase

Maize Q43247 1 0.90

BP36 1.39E+07 40 9 39.3/7.2 UDP-glucuronic acid

decarboxylase

Rice BAB84334 1.3 0.0080

BP38 692 15 8 68.3/8.0 Phragmoplastin5 Soybean S63668 1 0.79

BP41 1.81E+04 46 10 23.4/7.9 Glyceraldehyde-3-phosphate

dehydorgenase

Rice Q43247 1 0.96

BP42 4,414 19 7 38.8/8.4 Fructose-bisphosphate aldolase

isoenzyme C-1

Rice S65073 1 0.98

BP46 1.36E+12 37 21 68.0/8.4 Putative GTP-binding protein Rice AC090882 1 0.92

BP48 177 16 4 22.8/7.7 r40g3 protein Rice T03962 1 0.92

BP54 8,952 17 6 37.4/8.1 Malate dehydrogenase Rice Q42972 1 0.95

a SC sequence coverage, AN accession number
b MW and pI are theoretical
c Data obtained from 2-DE gels after 1 mM GSH treatment using ImageMaster 2-DE Platinum program (Con Control)
d 1: no change
e NS, PEG supernatant and neutral IEF; NP, PEG pellet and neutral IEF; BS, PEG supernatant and basic IEF; BP, PEG pellet and basic IEF
f Student’s t test
g Number of matched peptides
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(Hochholdinger et al. 2005; Sheffield et al. 2006). We used

an ROS quenching chemical, GSH, to see if they involve in

root growth and development. It is known that GSH can

effectively scavenge hydrogen peroxide (H2O2) via APX

by generating ascorbate through dehydroascorbate reduc-

tase conjugated with glutathione reductase (May et al.

1998). We treated roots with GSH (250, 500 lM or 1 mM)

for 3 days and then measured root length. Root length

significantly decreased by approximately 50% in the

presence of 1 mM GSH compared to untreated controls

(Fig. 3a, b) and H2O2 levels detected by fluorescence using

20, 70,-dichlorofluorescin (DCFH) were also decreased in

rice seedling roots grown on an agar medium (Schopfer

et al. 2001) (Fig. 3c). These data indicate that GSH-med-

iated decreases in ROS may inhibit root growth. DPI

(2 lM) and ascorbate (2.5 mM) treatment also inhibited

root growth approximately 50% compared to untreated

control (data not shown). DPI is a compound which binds

in the reaction center of flavoproteins such as NADPH

oxidases inhibiting their activity (O’Donnell et al. 1993).

The growth of wild-type root hairs is inhibited by DPI

treatment in Arabidopsis (Foreman et al. 2003). Since

ascorbate, known as an antioxidant, removes ROS, it fol-

lows that low ROS availability in roots may affect root

growth. In addition, GSH is a physiological regulator of

many thiol-disulphide exchange reactions (Fang et al.

2002). Ascorbate can regulate cell division by influencing

progression from G1 to S phase of the cell cycle and cell

expansion (Smirnoff 1996, 2000). DPI can deplete intra-

cellular GSH and therefore disrupt cellular glutathione

homeostasis (Pullar and Hampton 2002). These results

suggested that root growth might be inhibited by ROS

quenching chemicals which inhibited ROS generation in

root.

Differential proteomic analysis of rice roots proteins

after GSH, ascorbate and DPI treatment

To determine whether ROS-related proteins are indeed

differentially expressed in response to different ROS

quenching chemicals, we compared protein profiles dis-

played on 2-DE gels in the presence of GSH, ascorbate and

DPI (Fig. 4). Using ImageMaster 2D Platinum program, we

detected changes of 49 protein levels among 93 identified

ones after GSH treatment (Table 1). Among them, 14

ROS-related proteins which modulated by ROS quenching

chemicals were divided into two groups (type I and type II)

according to their modulation. These modulated proteins

were calculated using probability of the differences being

statistically significant based on the Student’s t test. Most

Fig. 3 Effect of GSH on root growth and H2O2 production on the

root surface. a Rice roots were treated with the GSH (250, 500 lM or

1 mM) for 3 days and their growth compared with untreated plants.

Values are the means ± SE of five independent experiments. b Shown

are roots following treatment with 1 mM GSH. c DCFH fluorescence

in roots treated with 1 mM GSH for 2 h in aerated media and then

embedded in the same medium containing 1% (w/v) agar and 10 lM

DCFH. After 30 min, fluorescent images were taken under UV light

Fig. 2 Classification of rice root proteins identified by 2-DE. Proteins

were classified from the NCBI database according to their predicted

function
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of the significant difference in modulated proteins gave

P values of\0.05. Expression levels of the type I group—

GST (NS4, NS8, NS56 and NS57), APX (NS46, NS49 and

NS50), Mn-SOD (NS45), DHAR (NS42) and CAT-A

(NP23)—were significantly reduced in GSH-treated sam-

ples compared with controls but were only slightly altered

by ascorbate or DPI treatment except for GST (NS4),

DHAR (NS42) and CAT-A (NP23) (Fig. 5). In the type II

group, GST (NS43), Cu–Zn SOD (NS71), APX (NS65) and

Cu–Zn SOD (NS68) were either unchanged or up-regulated

by GSH treatment, but APX (NS65) was decreased by DPI

or ascorbate treatment (Fig. 5). However, SOD (NS68)

expression was increased up to 1.5-fold by GSH treatment

(Table 1).

To confirm whether the protein expression profile ana-

lyzed by 2-DE reflects transcript levels, we performed

Northern analyses using gene-specific probes from cDNAs

encoding five proteins [GST (NS4), GST (NS43), Mn-SOD

(NS45), APX (NS50) and APX (NS46/49)] following

treatment with ROS quenching chemicals. In 6-day-old

root seedlings, transcripts of GST (NS4), Mn-SOD (NS45),

APX (NS50) and APX (NS46/49), but not GST (NS43)

were reduced to a greater extent by GSH than by ascorbate

treatment (Fig. 6). By contrast, transcript levels of GST

(NS4), Mn-SOD, APX (NS50) and APX (NS46/49)

decreased in 3-day-old roots following DPI treatment but

recovered in 6-day-old roots (Fig. 6). These results confirm

that these genes were indeed differently regulated by ROS

quenching chemicals, consistent with those in 2-DE.

Some functions of GSTs are to detoxify cytotoxic sub-

strates and protect cells against oxidative damage (Marrs

1996). Interestingly, expression levels of several GST

isoforms differentially responded to ROS quenching

chemicals. GST (NS43) was little affected by GSH,

ascorbate and DPI treatment compared to GSTs; NS4, NS8,

NS56 and NS57 (Figs. 4, 5). Plant GSTs are abundant

proteins encoded by a highly divergent, ancient gene

family and divided into four sequence-related classes,

namely, the phi (F), zeta (Z), tau (U) and theta (T) class

(Edwards et al. 2000; Gong et al. 2005). From an NCBI

database search, we found that the NS43 spot belonged to

the F-class and the other four were of the U-class. Pau’s

group reported that expression of F class GST in mustard

was little affected by 5 mM GSH treatment (Gong et al.

2005). In Arabidopsis and maize, F-class GSTs with sim-

ilar 3D structures have been analyzed by X-ray

crystallography (Reinemer et al. 1996; Neuefeind et al.

1997). F-class GSTs have a conserved GSH-binding site

(G-site) located in the N-terminus, which is specific for

GSH and facilitate formation of the catalytically active

Fig. 4 Modulation of rice root

proteins by ROS quenching

chemicals analyzed with 2-DE.

Close-up views of ROS-related

proteins showing differences in

expression of proteins mediated

by GSH (1 mM), ascorbate

(2.5 mM) or DPI (2 lM)

treatment. Protein samples

(150 lg) from the PEG

supernatant and pellet fractions

were separated on a 2-DE

neutral gel (pI 4–7) and silver

stained. The number of each

protein spot corresponds to its

listing in Table 1
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thiolate anion of GSH. It is speculated that rice GSTs in

accordance with a different structural group may be dif-

ferentially expressed following GSH treatment. However,

further study is needed to clarify that the effect of GST on

root growth may be associated with the endogenous pool of

GSH.

Four GST isoforms (NS4, NS8, NS56 and NS57),

which were derived from the same cDNA sequence, were

highly decreased by GSH than ascorbate and DPI treat-

ment compared to that of control (Figs. 4, 5). All the

protein spots were found in different pI values, thus

forming a train of spots horizontally (Fig. 4). Recently,

shifts in GST pIs between acidic and basic forms

observed in proteomic analysis of Arabidopsis have been

shown to be due to oxidation of methionine residues in

response to bacterial inoculation; these changes have

been identified by peptide MS fingerprints and MS/MS

sequence analyses (Jones et al. 2004). The difference in

expression level and shifts in pI observed in our gels

among four GSTs (NS4, NS8, NS56 and NS57) following

treatment with ROS scavengers may be due to oxidation

of methionine residues in GST similar to the situation in

Arabidopsis. However, their biological functions remain

unknown.

Fig. 5 Quantification of

expression levels of 14 ROS-

related proteins. The intensities

of 14 modulated protein spots

from samples after treatment

with ROS quenching chemicals

were recorded as digitalized

images using ImageMaster 2D

Platinum and compared to

controls. The mean relative

expression level of three

replicate samples is shown in

the histograms based on relative

protein intensities compared

with background levels. Error
bars indicate the standard

deviation. Significant difference

was P \ 0.05 by Student’s t test
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We also identified three SODs (NS45, NS68 and NS71)

whose expression differed following GSH treatment

(Fig. 4, 5). NS45, NS68 and NS71 spots were identified as

mitochondrial Mn SOD, chloroplastic Cu–Zn SOD and

cytoplasmic Cu–Zn SOD using NCBI domain search,

respectively. NS68 was increased but NS71 was little

changed by GSH compared to NS45 (Fig. 4, 5). Ascorbate

and DPI had little influence on protein expression levels of

three SODs compared to GSH treatment. Our observations

that GSH induced the level of Cu–Zn SOD (NS68) are in

agreement with the finding for Nicotiana Cu–Zn SOD

which was found to be up-regulated by GSH treatment

(Herouatr et al. 1993). However, expression of Mn SOD

(NS45) found to be down-regulated by GSH treatment in

contrast to that of Cu–Zn SOD (NS68). In both Pinus

sylvestris L. and human, Cu–Zn SOD and Mn SOD were

down-regulated by thiols (Suzuki et al. 1993; Wingsle and

Karpinski 1996). These results suggest that different

expression patterns may result from different aspects of

plant physiology affected by ROS quenching chemicals

during root growth (Fang et al. 2002; Smirnoff 2000; Pullar

and Hampton 2002).

The present data suggest that ROS-scavenging activities

of these three ROS quenching chemicals differentially

regulate protein expression levels and patterns because

GSH, ascorbate and DPI have other cellular functions in

addition to ROS scavenging. In summary, proteomic

analysis of rice root not only showed functional protein

profiles in root growth, but also modulation of ROS-related

proteins, 14 out of 49 proteins (28.6%) under GSH treat-

ment. This implicated that ROS-related proteins may have

an important role in regulating ROS levels or homeostasis,

which in turn may affect rice root growth.

Conclusions

To understand effect of ROS during rice root growth, we

have carried out for the first time to identify ROS

responsive proteins in rice root growth by proteomic

analyses using PEG prefractionation combined with two

IEF systems. Four sets of 2-DE gels of each sample rep-

licated, enhanced reliability of the result obtained. Through

MALDI-TOF analyses, we found that metabolism and

ROS-related proteins were assigned as predominant group

in the rice root proteome. To identify the role of ROS

during rice root growth, we treated various concentrations

of GSH, ascorbate and DPI concentrations. Rice root

treated with GSH (1 mM), ascorbate (2.5 mM) and DPI

(2 uM) inhibited root growth and ROS production which

was identified by DCFH fluorescence. Fourteen proteins

out of 49, modulated by GSH treatment, were ROS-related

proteins. GSH predominantly reduced expression levels of

ROS-related proteins. However, an isoform of GST (NS43)

and APX (NS65) were little affected. The differential

modulations of ROS-related proteins among different iso-

forms by different ROS quenching chemicals suggest that

ROS-related proteins may play either regulation of ROS

levels or unknown specific functions depending on each

reactive oxygen to maintain cellular redox homeostasis

within cells during root growth.
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