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Abstract Plant root-associated bacteria (rhizobacteria)
elicit plant basal immunity referred to as induced systemic
resistance (ISR) against multiple pathogens. Among multi-
bacterial determinants involving such ISR, the induction of
ISR and promotion of growth by bacterial volatile com-
pounds was previously reported. To exploit global de novo
expression of plant proteins by bacterial volatiles, proteo-
mic analysis was performed after exposure of Arabidopsis
plants to the rhizobacterium Bacillus subtilis GB03. Ethyl-
ene biosynthesis enzymes were signiWcantly up-regulated.
Analysis by quantitative reverse transcriptase polymerase

chain reaction conWrmed that ethylene biosynthesis-related
genes SAM-2, ACS4, ACS12, and ACO2 as well as ethylene
response genes, ERF1, GST2, and CHIB were up-regulated
by the exposure to bacterial volatiles. More interestingly,
the emission of bacterial volatiles signiWcantly up-regulated
both key defense mechanisms mediated by jasmonic acid
and salicylic acid signaling pathways. In addition, high
accumulation of antioxidant proteins also provided evi-
dence of decreased sensitivity to reactive oxygen species
during the elicitation of ISR by bacterial volatiles. The
present results suggest that the proteomic analysis of plant
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defense responses in bacterial volatile-mediated ISR can
reveal the mechanisms of plant basal defenses orchestrated
by endogenous ethylene production pathways and the
generation of reactive oxygen species.

Keywords Bacterial volatiles · Ethylene · Induced 
systemic resistance · Plant growth-promoting rhizobacteria · 
Proteomics

Abbreviations
ET Ethylene
ISR Induced systemic resistance
JA Jasmonic acid
MS Murashige and Skoog
PGPR Plant growth-promoting rhizobacteria
qRT-PCR Quantitative RT-PCR
VOC Volatile organic compound
SA Salicylic acid

Introduction

The rhizosphere surrounding plant roots is a biologically
active area where rich root exudates serve as food supply
for root-associated bacteria, and where pathogenic and ben-
eWcial microorganisms compete (Kloepper et al. 1999).
BeneWcial bacteria include specialized microbes named
plant growth-promoting rhizobacteria (PGPR) that generate
an array of biologically active compounds. During the last
decades, several groups have explored the agricultural utili-
zation of PGPR-elicited plant growth promotion and sup-
pression of plant diseases in modern agricultural systems
(Vallad and Goodman 2004; Kloepper et al. 1999; Glick
2005; MacDonald et al. 1986; Ryu et al. 2005a, 2006;
Timmusk et al. 1999). Recent studies on molecular signal-
ing mechanisms between plants and PGPR explain the
diversity of microbial signaling molecules and their percep-
tion by plants (Vallad and Goodman 2004; Kloepper et al.
2004; Ryu et al. 2003, 2004a). A well-understood strategy
for PGPR-mediated plant growth promotion is the biosyn-
thesis and secretion of molecules mimicking plant growth
regulators such as indole-3-acetic acid, cytokinins, and
gibberellins by PGPR, and the reduction of endogenous
ethylene through the breakdown of the ethylene precursor
1-aminocyclopropane-1-carboxylate by 1-aminocyclopro-
pane-1-carboxylate deaminase produced by PGPR (Loper
and Schroth 1986; Glick 2005; MacDonald et al. 1986;
Timmusk et al. 1999). Among plant hormones, there has
recently been much interest in the role of ethylene in elicit-
ing both plant defenses and plant growth. The ethylene
insensitive 2 (ein2) mutant impaired the bacteria capacity
on induced systemic resistance (ISR) and plant growth pro-
motion when grown in soils with PGPR strains (Ryu et al.

2004a, 2005b). Similarly, the growth of the same mutant
plants was not promoted by a plant growth-promoting fun-
gus, Piriformospora indica, indicating that ethylene can be
a general signaling component of plant growth promotion
pathways and ISR by PGPR and PGPF (Camehl et al.
2010).

New evidence was recently found that the emission of
bacterial volatiles from speciWc strains of PGPR without
physical contact with plant roots also resulted in growth
promotion and ISR in Arabidopsis seedlings (Ryu et al.
2003, 2004a). Two strains out of several PGPR strains were
tested, Bacillus subtilis GB03 and B. amyloliquefaciens
IN937a, promoted plant growth and elicited an ISR brought
about by volatile emissions. To elucidate the signaling net-
works involved in growth promotion and ISR via PGPR
VOCs, a series of mutant and transgenic plant lines was
tested by Ryu et al. (2003, 2004a). Among several mutant
lines tested for regulatory control of ISR, only the ethylene-
insensitive line (ein2) did not show an improvement of dis-
ease symptoms when Arabidopsis plants were pre-treated
with GB03 volatiles. To examine if ISR is mediated at the
level of transcription, three transgenic �-glucuronidase
(GUS) fusion lines involved in plant-defense signaling
were tested. Of these lines assayed, the combined JA/ethyl-
ene-activated PDF1/2-GUS line alone exhibited elevated
GUS activity (>1,000-fold) over untreated control plants
(Ryu et al. 2004a).

Although the molecular and genetic basis of plant
responses to PGPR-elicited ISR has been studied exten-
sively, little is known about the molecular and biochemical
mechanisms of bacterial VOC-elicited ISR. More signiW-
cantly, genetic changes in plants are sometimes not fol-
lowed by diVerential expression of the corresponding
proteins. Therefore, proteome analysis has recently
become a critical method to understand the direct relation-
ship between proteins and their biological functions
(Anderson and Anderson 1998). Although this method has
had broad applications, its use in the plant–microbe inter-
action Weld has been limited mostly to biological control.
Proteome analysis was conducted on cucumber plants
after the application of the beneWcial Trichoderma asper-
ellum strain T34, which is known to elicit ISR when
applied at 105 spores/ml (Segarra et al. 2007). However,
proteome analysis of the plant responses to PGPR treat-
ment during elicitation of ISR has not been assessed. In
the current study, proteomic analysis was used to under-
stand the changes of expression of plant proteins in
response to bacterial volatiles, and changes in the prote-
ome of Arabidopsis leaf tissue induced by bacteria VOCs,
with special emphasis on the systemic changes in bacterial
VOC-elicited plant proteins, were investigated. The analy-
sis revealed that bacterial volatile compound-elicited eth-
ylene biosynthesis and antioxidant production can play a
123



Planta (2010) 232:1355–1370 1357
critical role in the ISR against bacterial pathogens. In addi-
tion to proteomics analysis, we also evaluated transcrip-
tional expression of SA- JA-, and ET-response genes
following Arabidopsis seedling exposure to bacterial vola-
tile using quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR). The information obtained
should allow a better understanding of communication
between plant and bacteria via volatiles.

Materials and methods

Plant growth and bacterial inoculation

Plant and bacterial preparations were prepared as described
previously (Ryu et al. 2003, 2004a). BrieXy, Bacillus sub-
tilis strain GB03 was grown on TSA media for 24 h before
inoculation into one compartment of an I-plate containing
1/2 Murashige and Skoog medium 1.5% (w/v) agar and
1.5% (w/v) sucrose 0.4% (w/v). Arabidopsis thaliana eco-
type Columbia (Col-0) seedlings were transferred to the
other compartment of the I-plate and cultivated in a growth
chamber for 14 days at 21°C before collection of plant sam-
ples for proteome analysis. For the ISR assay, 2 �l of 106

colony forming units per 1 ml Erwinia carotovora subsp.
carotovora was drop-inoculated on leaves 2 weeks after
bacterial volatile emission as previously described (Ryu
et al. 2004a). The disease severity (0–5) was assessed 24 h
after pathogen challenge. 1 mM salicylic acid and sterile
distilled water used as positive control and negative con-
trol, respectively.

Chlorophyll content

Total chlorophyll content was determined after its extrac-
tion from leaf tissue with dimethyl sulfoxide (DMSO)
according to Hiscox and Israelstam (1979). Leaf slices
weighing 0.5 g were placed in 10 ml of DMSO in 15-ml
culture tubes protected from light. The vials were incubated
at 65°C overnight in a water bath. Absorbance of the extract
was read at 645 and 663 nm. Total chlorophyll (mg/g fresh
weight) = [(20.2 £ OD645) + (8.02 £ OD663)] £ V/(1,000 £
W), where V is the volume of the extract and W is the
weight of tissue in grams.

Concentration of inorganic ions

Leaf and root P, K, Mg, Ca, Na, Fe, Cu, Zn, and S were
determined as dry-ash pulverized material at 400°C for 8 h
after dissolving the leaves in 1 N HCl (Kalra 1998). The
samples were Wltered through Whatman No. 2 Wlters and
diluted to 10 ml, followed by analysis using ICP-MS
(Optima 5300 DV, PerkinElmer Inc., USA).

Assay of antioxidant enzyme activities

Plant leaves treated with water and GB03 VOCs were
ground in liquid N2 and the resulting powder was used to
measure antioxidant enzyme activities as previously
described. The prepared powder was mixed in 50 mM
potassium phosphate buVer (pH 7.0) and centrifuged at
12,000 rpm for 20 min. The supernatants were used for the
enzyme activity assays. A standard protocol was used for
the measurement of SOD activity based on the generation
of superoxide radicals by xanthine and xanthine oxidase,
which then react with INT to form a red formazan dye
product (McCord and Fridovich 1969). Ascorbate peroxi-
dase (APX) (EC 1.11.1.7) was determined according to
Nakano and Asada (1981). The decrease in ascorbate con-
centration was followed as the decline in absorbance at
290 nm, and ascorbate peroxidase activity was calculated
using the extinction coeYcient (2.8 mM¡1 cm¡1 at 290 nm)
for ascorbate. Glutathione reductase activity (GR) was
determined by the method of Halliwell and Foyer (1976).
Catalase (CAT) activity was assayed by measuring the ini-
tial rate of disappearance of H2O2 (Kato and Shimizu
1987). The decrease in H2O2 was followed as the decline in
absorbance at 240 nm, and CAT activity was calculated
using the extinction coeYcient (40 mM¡1 cm¡1 for at
240 nm) for H2O2 (Kato and Shimizu 1987). Dehydroa-
scorbic acid reductase (DHAR) (EC 1.8.5.4) activity was
assayed according to Hossain and Asada (1984) by follow-
ing the increase of A290 as dehydroascorbate was reduced to
ascorbate.

Protein sample preparation

Arabidopsis leaf proteins were isolated according to a mod-
iWed TCA/acetone/phenol extract method (Wang et al.
2008). Two grams of leaf material were ground into a Wne
powder under liquid nitrogen using a pre-cooled mortar and
pestle. The powder was mixed with cold TCA/acetone
buVer (10% TCA, 0.07% 2-ME in acetone) and the mixture
was shaken for 1 h and centrifuged at 8,000 rpm for 15 min
at 4°C. The supernatant was washed twice with a cold ace-
tone solution followed by air-drying. SDS extraction buVer
[30% sucrose, 1–2% SDS, 0.1 M Tris–HCL (pH 8.8)] was
added, followed by equal volumes of saturated phenol, and
mixed by vortexing for 1 h (room temp.). The phenol phase
was separated by centrifugation (8,000 rpm, 10 min, 4°C)
and the phenol phase was transferred to a new tube. Five
volumes of 0.1 M ammonium acetate in methanol were
added and incubated at ¡20°C for at least 2 h. Proteins
were pelleted by centrifugation, and washed once with cold
methanol and twice with acetone. The pellet was air-dried
and dissolved in protein lysis buVer (7 M urea, 2 M thio-
urea, 4% CHAPS, 1 mM PMSF, 50 mM DTT, 0.5% IPG
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buVer; Amersham Biosciences, San Francisco, CA, USA).
The protein concentration was determined using the 2D-
Quant kit (Amersham Biosciences).

2-DE and image analysis

Proteins (150 �g) were separated using an 18-cm pH 5-8L
IPG strip in a Protean IEF cell (Bio-Rad, Hercules, CA,
USA) and in-gel rehydrated for 12 h. Isoelectric focusing
was performed at 20°C for 15 min at 250 V, 3 h at
10,000 V, and 9 h at 90,000 V. The strips were equilibrated
with equilibrating solution [50 mM Tris–HCL (pH 8.8),
6 M urea, 30% glycerol, 2% SDS] containing 1% DTT, and
then treated with the same buVer containing 2.5% iodoacet-
amide. In the second dimension, the strips were transferred
onto 11% SDS-polyacrylamide gels and visualized by sil-
ver staining (Blum et al. 1987). The 2-DE of each treatment
was repeated three times. Gel images were scanned using a
GS-800 Imaging Densitometer (Bio-Rad) and analyzed
with the software PDQuest version 7.2.0 (Bio-Rad). The
volume of each spot was normalized to a relative volume,
and mean values calculated from triplicate data were com-
pared. Quantitative analysis sets were created between each
control and bacteria-treated leaves. Proteins showing a sta-
tistical level of p < 0.05 by Student’s t test were selected for
identiWcation. The cut-oV for diVerentially regulated pro-
teins was a 1.5-fold change in expression.

Protein identiWcation using MALDI-TOF MS 
and MALDI-TOF/TOF MS

Selected protein spots were excised from 2-DE gels and
subjected to in-gel digestion with trypsin as described pre-
viously (Lee et al. 2004). MALDI-MS was carried out
using a Voyager-DE-STR Mass spectrometer (Applied
Biosystems, Framingham, MA, USA), and spectra were
obtained in the reXection/delayed extraction mode. Data
were subjected to SequazymeTM Peptide Mass Standard Kit
(Calibration 1, Applied Biosystems, Framingham, MA,
USA). Monoisotopic peptide masses were analyzed with
MoverZ (http://www.proteomics.com), and the NCBInr
database was searched using Mascot software (http://
www.matrixscience.com). The following parameters were
used for database searches: mass tolerance of 50 ppm, one
missed cleavage, oxidation of methionine, and cysteine
modiWed by iodoacetamide.

MS and MS/MS analyses were performed on the ABI
4800 Plus TOF-TOF Mass Spectrometer (Applied Biosys-
tems, Framingham, MA, USA), which uses a 200 Hz
ND:YAG laser operating at 355 nm. The ten most and least
intense ions per MALDI spot, with signal/noise ratios >25,
were selected for subsequent MS/MS analysis in 1 kV
mode and 800–1,000 consecutive laser shots. During MS/

MS analysis, air was used as the collision gas. Data were
subjected to a Mass Standard Kit for the 4700 Proteomics
Analyzer (calibration Mixture 1). MS/MS spectra were
searched against the NCBInr database by ProteinPilot v.3.0
(with MASCOT as the database search engine) with pep-
tide and fragment ion mass tolerance of 50 ppm. Carbami-
domethylation of cysteines and oxidation of methionines
were allowed during the search of the peptides. One miss-
ing trypsin cleavage was allowed. Peptide mass tolerance
and fragment mass tolerance of the selected 95 proteins
were set to 50 ppm. High conWdence identiWcations had sta-
tistically signiWcant search scores (greater than 95% conW-
dence, equivalent to MASCOT expect value p < 0.05),
were consistent with the protein’s experimental pI and
MW, and accounted for the majority of ions present in the
mass spectra.

Reverse transcriptase (RT)-PCR, and quantitative 
(Q)-RT-PCR

Total RNA was isolated from inoculated 14-day-old leaf
tissues according to the protocol of Yang et al. (2009a).
Total RNA was treated with 1 U of RNase-free DNase
(Promega, USA) for 10 min (min) at 37°C, and then sub-
jected to a second round of puriWcation using the TRI
reagent. First-strand cDNA synthesis was carried out in 20 l
of AccuPower RT PreMix (Bioneer, Korea) containing 1 g
of DNase-treated total RNA, oligo(dT) primers, and Molo-
ney murine leukemia virus reverse transcriptase (MMLV-
RT; Invitrogen, USA). PCR reactions were carried out
according to the manufacturer’s instructions. The candidate
gene was analyzed using the following primers: 5�-AGAC
CCAACCAAAGTCGACAGAAG-3� (SAM-2_F) and 5�-C
TGGAATCAACCCTGTTCCGTAAG-3� (SAM-2_R), and
5�-GCTCTCAGTGTTTGTTGACACCTA-3� (MAT3_F)
and 5�-AACCTGAAGTTACCTCCCCTCTTA-3� (MAT3_
R). Addit ional  genes and the primer sets  used to
detect them were as follows: 5�-GGGTCGACATGAGAC
CTCTCCTTA-3� (ACS4_F), 5�-CGCGAAACAAACTCT
AAACCAACC-3� (ACS4_R); 5�-ATGTCAGAGAATTT
GATGGAGTCA-3� (ACS12_F), 5�-CAAATGACACATT
ACCTCCCATTA-3� (ACS12_R); 5�-CAGATGTGTCTG
ATGAATACAGGA-3� (ACO2_F), 5�-CCCTAGATTCT
CACACAGTAGATCC-3� (ACO2_R); 5�-TCAGAAGAC
CCCAAAAGCTCCTCA-3� (ERF1_F), 5�-TTGATCACC
GCTCCGTGAAGTTAG-3� (ERF1_R); 5�-AATATGGTT
TTGCTTCAGTCA-3� (GST2_F), 5�-TGCCAAAGATAC
TCTCAAGAG-3� (GST2_R); 5�-GCTTCAGACTACTGT
GAACC-3� (ChiB_F), 5�-TCCACCGTTAATGATGTTC
G-3� (ChiB_R); 5�-AATGAGCTCTCATGGCTAAGTTT
GCTTCC-3� (PDF1.2_F), 5�-AATCCATGGAATACACA
CGATTTAGCACC-3� (PDF1.2_R); 5�-GGTTAGGAAT
AGCCTTGTGAAGAA-3� (VSP1_F), 5�-GTAGAGTGGA
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TTTGGGAGCTTAAA-3� (VSP1_R); 5�-TTCCACAACC
AGGCACGAGGAG-3� (PR1_F), 5�-CCAGACAAGTCA
CCGCTACCC-3� (PR1_R); and 5�-CCAAACCATTCTT
TCGAGGA-3� (FMO1_F) and 5�-CTCAAGCCAAGTTC
GGAAAG-3 �  (FMO1_R). AGI codes were MAT3
(At2g36880), ACS4 (AT2G22810), ACS12 (AT5G51690),
ACO2 (AT1G62380),  ERF1 (AT3G23240),  GST2
(AT4G02520), CHIB (AT3G12500), PDF1.2 (AT5G44
420), VSP1 (AT5G24780), VSP1 (AT5G24780), PR1
(AT2G14610), FMO1 (AT1G19250), and AtACT2
(AT3G18780).

As a control to ensure that equal amounts of RNA were
analyzed in each experiment, AtActin was also assayed
using the primers 5�-GTTAGCAACTGGGATGATATGG-
3� and 5�-CAGCACCAATCGTGATGACTTGCCC-3�.
Candidate priming genes were ampliWed from 100 ng of
cDNA by PCR using an annealing temperature of 60°C.
AmpliWed PCR products were separated by 2% agarose gel
electrophoresis. qRT-PCR was carried out using a
Chromo4 real-time PCR system (Bio-Rad). Reaction mix-
tures (10 �l) contained 5 �l of 2£ Brilliant SYBR Green
QPCR master mix (Bio-Rad), cDNA, and 10 pM of each
primer. The thermocycle parameters were as follows: initial
polymerase activation for 10 min at 95°C, and then 40
cycles of 30 s at 95°C, 30 s at 60°C, and 42 s at 72°C. Con-
ditions were determined by comparing the threshold values
in a series of dilutions of the RT product, followed by a
non-RT template control and a non-template control for
each primer pair. Relative RNA levels were calibrated and
normalized to the level of AtAct2 mRNA.

Data analysis

Data was subjected to analysis of variance using JMP soft-
ware (SAS Institute Inc., Cary, NC). SigniWcance of eVects
of strain GB03 VOC treatment was determined by the mag-
nitude of the F value at P = 0.05. When a signiWcant
F value was obtained for treatments, separation of means
was accomplished using Fisher’s protected least signiWcant
diVerence (LSD) at P = 0.05. Results of repeated trials of
each experiment outlined above were similar. Hence, one
representative trial of each experiment is reported in the
result section.

Results and discussion

Plant growth promotion and induced systemic resistance 
by bacterial volatiles

The PGPR strain Bacillus subtilis GB03 was previously
found to promote seedling growth of Arabidopsis through
the production of volatile organic compounds including

2,3-butanediol and acetoin (Ryu et al. 2003). The same
strain triggered a plant systemic resistance response
referred to as “induced systemic resistance (ISR)” against a
soft-rot bacterial pathogen, Erwinia carotovora subsp.
carotovora (Ryu et al. 2004a). Further study revealed that
the ethylene signaling pathway was involved in the activa-
tion of ISR by the bacterial volatile emission of strain
GB03. A transcriptome analysis showed the up-regulation
of ethylene biosynthesis and ethylene response genes
among hormone-related genes in a functional classiWcation
of genes that were diVerentially expressed after 72 h of
exposure to GB03 VOCs (Zhang et al. 2007). To investi-
gate the involvement of ethylene in the ISR elicited by
strain GB03 VOCs, a proteomics technique was employed.
Before the proteomics analysis, the capability of strain
GB03 to elicit plant growth promotion and ISR was vali-
dated using the I-plate system previously described (Ryu
et al. 2003, 2004a). Six days after bacterial inoculation on
one side of an I-plate, the foliar shoot growth (shoot fresh
weight) and root growth (root fresh weight) were signiW-
cantly increased in strain GB03 VOC-treated Arabidopsis
plants (Fig. 1a, b-inset). Disease severity of Arabidopsis
seedlings treated by strain GB03 VOC was twofold less
than water control (Fig. 1c). ISR capacity of 1 mM salicylic
acid treatment was not signiWcantly diVerent with strain
GB03 treatment (Fig. 1c). The results were consistent with
previously reported data (Ryu et al. 2003, 2004a).For
studying mode of action on growth promotion by bacterial
volatiles, the possible mechanisms mediating the increase
in plant growth were assessed by measuring the mineral
content of the leaves and root systems. Leaf samples
showed a signiWcant decrease in the concentration of all
minerals tested, including K, S, Fe, P, Na, Zn, Ca, and Mg,
with the exception of Cu, in the bacterial VOC-treated
plants compared to water-treated plants, while the S, Fe,
and Cu contents in the root systems of plants treated with
strain GB03 VOC were greater compared to water controls
(Fig. 1d). Under conditions of spatial separation between
plants and bacteria, diverse soil bacterial siderophores have
been proposed to facilitate iron acquisition in plants
(Kloepper et al. 1980). Zhang et al. (2009a) demonstrated
that strain GB03 VOC indirectly acidiWed the plant root
system and directly induced plant iron uptake. Strain GB03
VOCs were also shown to increase photosynthesis rates
through FIT1-dependent iron acquisition (Zhang et al.
2009a). Under experimental conditions using half strength
MS medium carrying 50 �M Fe-EDTA, GB03 VOC expo-
sure increased iron content by boosting the accessibility of
iron to the roots, resulting in a signiWcant increase in the
photosynthetic eVectiveness of Arabidopsis seedlings. The
photosynthetic apparatus contains 2 or 3 iron atoms in each
photosystem II (PSII), 12 iron atoms in each photosystem I;
5 iron atoms per cytochrome b6-f complex, and two iron
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atoms per ferredoxin molecule (Varotto et al. 2002). The
inability of photosynthesis negatively aVects the electron
transport system by light intensity-dependent damage of
PSII.

Overview of 2-DE and characterization of the diVerentially 
expressed proteins

Strain GB03 VOC-speciWc proteins were analyzed 14 days
after inoculating plants with strain GB03. The proteome
proWles of bacterial VOC-treated Arabidopsis leaf samples
were obtained using 2-DE. Three replicates of the 2-DE gel
images of water control and strain GB03 treatments are
shown in Fig. 2a. A total of 95 spots were detected based
on the diVerential expression of the proteins between the
two treatments. The spots that reproducibly changed by
more than the 1.5-fold were subjected to peptide mass
Wngerprinting. The comparative intensities of all spots were
analyzed regardless of the statistical signiWcance of the
diVerences (P = 0.05) between water controls and GB03-
treated samples. Besides many examples of proteome anal-
ysis on plant–pathogen interactions, to understand the
nature of plant response by beneWcial bacteria, most results
were reported previously on rhizobia–legume interactions
(for recent review Chen et al. 2010). Few studies were con-
ducted on PGPR–plant interactions (Kandasamy et al.
2009; Miché et al. 2006). The diVerential regulation of the
compatible and incompatible rice plants by the bacterial
endophyte Azoarcus sp. strain BH72 that is capable of
Wxing nitrogen was attributed to the distinct protein proWles
(Miché et al. 2006). In the other study, 23 proteins were
diVerentially expressed by rice root application of Pseudo-
monas Xuorescens strain KH-1 that exhibited plant growth
promotion of rice in the Weld (Kandasamy et al. 2009). Sim-
ilar to our results, proteome analysis of leaf sheath from
rice seedlings treated by the strain KH-1 showed the up-
regulation of RuBisCo that act in photosynthesis and accu-
mulation of chlorophyll (Agrios 2005). In this study, 17
spots involved in photosynthesis and development (mostly
ATP synthase subunits) were selected (Fig. 2a). Among the
selected 17 spots, spots 7, 8, 43, 73, 76, 77, and 89 showed
down-regulation of expression in parallel with the up-regu-
lation of the expression of the other spots (Fig. 2b). To
investigate the increase in photosynthetic rates caused by
bacterial volatiles, a biochemical assessment of the levels
of photosynthesis by measurement of chlorophyll content
was carried out, which revealed signiWcant increases in
photosynthesis rates of up to 0.15 mg/g FW in bacterial
VOC-treated plants compared to water control-treated
plants (Fig. 3f).

GB03-VOCs speciWc response proteins are listed in
Table 1. The normalized volumes of spots were analyzed
using the ANOVA test (P = 0.05) with three replications of

water control and GB03 VOC-treated seedlings. The
expression level of a total of 95 proteins derived from 2-D
gel spots were altered following VOC treatment (61 spots
up- and 34 spots down-regulated) (Table 1). The 95 spots
were identiWed by MALDI-TOF/MS and peptide mass
Wngerprinting (PMF), and the sequenced proteins were
identiWed using the dbEST database. A Blast search identi-
Wed homologous proteins. The number of peptide matches
and the ratio of peptide coverage are presented in Table 1.
To increase sensitivity for identiWcation, the sequenced
peptides were analyzed using the ABI 4800 Plus MALDI-
TOF/TOF analyzer (supplemental Table 1). The identiWed
proteins were classiWed into three main groups according to
subcellular location (8 types), molecular function (9 types),
and biological process (8 types). Additionally, many
proteins could not be identiWed. Within the groups of diVer-
entially expressed proteins, the subcellular location group
was divided into 8 sub-groups, namely chloroplast (28%),
apoplast (18%), chloroplast/plasma membrane (15%),
mitochondrion (12%), cell wall (10%), cytosol (7%), per-
oxisome (6%), and others (4%) (Fig. 2c). The molecular
function group was divided into nine sub-groups, namely
binding proteins (34%), transferases (18%), lyases (15%),
oxidoreductases (14%), isomerases (6%), transporters
(4%), antioxidants (3%), structural molecules (2%), and
others (4%). The spots corresponding to the biological pro-
cesses group were divided into eight sub-groups, namely
response to stimulus (32%), carbohydrate metabolism
(18%), biosynthesis of plant hormones (17%), photosynthe-
sis (10%), amino acid metabolism (10%), nitrogen metabo-
lism (4%), oxidative stress (3%), and others (6%) (Fig. 2d,
e). Within the listed analysis, focus was placed on the anti-
oxidant protein/oxidative stresses and ethylene biosynthesis
proteins on the basis of previous Wndings showing that the
two most abundant bacterial VOCs in strain GB03, 2,3-
butanediol and 3-hydroxy-2-butanone, played a major role
in the elicitation of ISR against Erwinia carotovora subsp.
carotovora. In the assessment of the regulatory control of
ISR, several hormonal mutants, including ein2, npr1, NahG,
and jar1, were tested, but only the ethylene-insensitive

Fig. 1 Plant growth promotion in Arabidopsis by bacterial volatiles.
a Sample plates from 3, 6, 9, 12, and 15 days after inoculation of Bacil-
lus subtilis strain GB03 on I plates with airborne exposure to bacterium
and water treatment. b Enhancement of shoot fresh weight and (inset)
root fresh weight by bacterial volatile emission at 3, 6, 9, 12, and
15 days after bacterial inoculation. c Induced systemic resistance
against Erwinia carotovra subsp. carotovora by strain GB03 volatiles
at 14 days after bacteria treatment. 1 mM salicylic acid used as a posi-
tive control. Concentration of inorganic ions in leaves (d) and roots
(e) of A. thaliana grown in the absence (Control) or presence (GB03)
of B. subtilis GB03. The concentration of inorganic ions was measured
14 days after B. subtilis GB03 treatment. Data represent the
means § SEM of three replicates. Asterisks indicate signiWcant diVer-
ence (P · 0.05) between GB03 and control treatments

�
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Fig. 2 2-DE analysis of Arabidopsis plants treated with bacterial vol-
atiles. a Representative 2-DE gel images of water control (Control)
and Arabidopsis plants treated with bacterial volatile emissions
(GB03). b Graphical representation of diVerentially expressed proteins
identiWed from bacterial volatile compound-treated Arabidopsis
plants. The relative intensities of three replicates (§SD) are presented.

All identiWed spots show statistically signiWcant diVerences (P < 0.05)
according to Student’s t test. The spot numbers are the same as those
speciWed in a. Functional distribution of identiWed proteins: identiWed
proteins were categorized based on their subcellular location (c);
molecular function (d); and biological processes (e). Pie-chart values
represent the percentage of the identiWed proteins
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Table 1 Details of proteins identiWed by MS as diVerentially expressed by bacterial volatile exposure in Arabidopsis

No.a Protein ID (NCBI) MW/pI, theor.b MP/TPc SC 
(%)d

Fold 
changee

Ratio 
(T/C)f

1 TPX1: thioredoxin-dependent peroxidase 1 15218877 17,417/5.17 7/9 39 +2.32

2 MLP423: MLP-like protein 423 15221646 17,044/5.10 10/18 65 +3.55

3 Peptidyl-prolyl cis–trans isomerase, chloroplast 15228674 28,532/8.83 6/10 26 ¡2.93 0.57

4 Putative serine/threonine protein kinase 28393515 22,645/7.07 9/12 39 +2.31

5 2-Cys peroxiredoxin BAS1, chloroplastic 15229806 29,188/6.92 15/28 56 ¡3.92

6 2-Cys peroxiredoxin BAS1, chloroplastic 15229806 29,188/6.92 11/24 50 ¡2.21

7 Chlorophyll a-b binding protein 2, chloroplastic 115791 27,219/5.84 9/15 31 ¡2.05

8 Chlorophyll a/b binding protein 16374 25,036/5.12 9/14 28 ¡2.29

9 Photosystem II subunit P-1 15222166 28,249/6.90 7/9 21 +2.03

10 APT1: adenine phosphoribosyl transferase 1 18396344 26,607/8.65 5/11 17 +2.48

11 DHAR1: dehydroascorbate reductase 15223576 23,626/5.56 8/9 62 +2.13

12 Carbonic anhydrase, chloroplast precursor 62320917 28,509/5.29 15/19 46 ¡2.44

13 TPI: triosephosphate isomerase 15233272 27,152/5.39 9/13 46 +2.12

14 Carbonic anhydrase, chloroplast 62320917 28,166/5.29 9/10 47 ¡2.80

15 GER3: germin 3 15242028 21,822/6.26 9/12 41 ¡2.22 0.57

16 FSD1: Fe superoxide dismutase 1 15234913 23,776/6.06 12/17 26 +2.37 1.68

17 ATGSTF6; glutathione S-transferase 15218640 23,471/5.80 10/22 38 +2.98 2.04

18 Thylakoid lumenal 20-kDa protein 15228983 28,726/9.30 8/12 40 ¡2.29

19 Chain A, structure of glutathione S-transferase 2554769 23,983/5.93 15/17 45 +2.65

20 CA1: carbonic anhydrase 1 30678347 29,485/5.54 16/18 63 ¡2.81

21 ATP synthase delta chain, mitochondrial, putative 15240628 26,305/9.25 15/16 44 +2.86

22 Legume lectin family protein 22331102 29,618/6.97 14/19 47 +2.46 1.60

23 PSBO1: PS II oxygen-evolving complex 1 15240013 35,121/5.55 6/9 18 +2.14

24 CA1: carbonic anhydrase 1 30678347 29,485/5.54 9/11 47 ¡3.21

25 Carbonic anhydrase, chloroplast precursor 62320917 28,166/5.29 6/11 33 ¡3.27

26 CaVeoyl-CoA 3-O-methyltransferase, putative 15235213 29,137/5.13 8/12 49 +2.19 1.41

27 THI1: protein homodimerization 15239735 36,641/5.82 9/10 39 ¡2.84

28 DNA-binding storekeeper protein-related 15236886 37,092/6.82 14/19 29 ¡2.28

29 RGP2: reversibly glycosylated polypeptide 2 2317731 41,362/5.93 8/14 23 ¡2.68

30 MAB1; pyruvate dehydrogenase 15241286 39,151/5.67 14/17 32 ¡2.50

31 Fructose-bisphosphate aldolase, putative 18399660 43,075/6.18 8/20 19 ¡2.70

32 OASB: O-acetylserine (thiol) lyase B 15224351 41,630/8.13 8/12 27 +2.21

33 Ferredoxin- NADP + reductase 110740921 40,317/8.32 8/11 26 +2.44

34 O-Acetylserine(thiol) lyase B 15224351 41,630/8.13 15/20 41 +2.35

35 Fructose-bisphosphate aldolase, putative 18420348 42,961/6.78 14/16 46 +2.42

36 FNR2: ferredoxin-NADP(+)-oxidoreductase 2 15223753 41,142/8.51 13/16 36 +1.84 1.92

37 Malate dehydrogenase(NAD), mitochondrial 18404382 35,782/8.54 8/9 39 +2.13 1.65

38 Malate dehydrogenase(NAD), mitochondrial 18404382 35,782/8.54 14/21 27 +2.17 1.65

39 FNR2: ferredoxin-NADP(+)-oxidoreductase 2 15223753 41,142/8.51 8/13 24 +2.04 1.92

40 ATPC1: ATP synthase gamma chain 1 18412632 40,886/8.13 16/24 43 +2.29

41 RPS1: ribosomal protein S1 30692346 45,082/5.13 18/23 36 ¡2.35

42 PRK: phosphoribulokinase 15222551 44,436/5.71 8/11 25 +1.91

43 RCA: RuBisCo activase 18405145 51,948/5.87 12/18 32 ¡1.92

44 RCA: RuBisCo activase 18405145 51,948/5.87 11/13 23 +2.04

45 RCA: RuBisCo activase 18405145 51,948/5.87 13/17 23 +2.96

46 Actin 8 15222075 41,836/5.37 6/15 23 +2.02
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Table 1 continued

No.a Protein ID (NCBI) MW/pI, theor.b MP/TPc SC 
(%)d

Fold 
changee

Ratio 
(T/C)f

47 ATRABE1B: translation elongation factor 15237059 51,598/5.84 11/15 27 +2.37

48 ATRABE1B: translation elongation factor 15237059 51,598/5.84 12/14 34 +2.10

49 Arginosuccinate synthase family 22328910 53,812/6.25 11/15 28 +2.51 2.45

50 ATRABE1B: translation elongation factor 15237059 51,598/5.84 18/24 45 +2.42

51 ATP sulfurylase 6606509 51,412/6.30 10/15 25 +2.12 1.98

52 MAT3: methionine adenosyltransferase 3 15228048 42,471/5.76 6/9 23 +2.51

53 GAPB: glyceraldehyde-3-phosphate 
dehydrogenase B subunit

15217555 47,630/6.33 15/29 37 +1.99

54 NADP + isocitrate dehydrogenase, putative 15218869 45,717/6.13 13/14 33 +1.92

55 Monodehydroascorbate reductase 1 15231702 46,458/6.41 24/25 69 +2.68

56 Formate dehydrogenase 15241492 42,383/7.12 11/18 40 +1.94

57 Aspartate aminotransferase 531555 49,771/7.67 17/23 46 +2.23 1.40

58 ESM1: epithiospeciWer modiWer 1 15231805 44,032/7.59 8/11 31 +1.99

59 KAS I: 3-ketoacyl-acyl carrier protein synthase I 15237422 50,381/8.29 8/12 31 +2.25

60 GGT1: glutamate:glyoxylate aminotransferase 30688330 53,267/6.49 14/20 33 +3.53

61 GGT1: glutamate:glyoxylate aminotransferase 30688330 53,267/6.49 26/29 52 +2.16

62 mtLPD1:mitochondrial lipoamide dehydrogenase 1 15221044 53,954/6.96 11/14 24 +1.60

63 mtLPD1:mitochondrial lipoamide dehydrogenase 1 15221044 53,954/6.96 18/26 43 +2.01

64 RuBisCo large subunit 7525041 52,922/5.88 17/21 36 +1.85 1.70

65 THFS: 10-formyltetrahydrofolate synthetase 18403095 67,759/6.26 14/17 31 +1.78

66 ATNADP-ME2: NADP-malic enzyme 2 15239146 64,372/6.01 21/25 43 +1.98

67 CPN60B: chaperonin 60 Beta 15222729 64,169/6.21 21/30 50 +1.77 1.70

68 Chaperonin, putative 15231255 63,702/5.60 22/29 44 +1.96

69 2,3-Biphosphoglycerate-independent 
phosphoglycerate mutase, putative

18391066 60,542/5.32 9/10 20 +3.38

70 Transketolase, putative 18411711 79,918/5.94 19/23 28 ¡3.26

71 70 kDa peptidyl-prolyl isomerase 30687816 616,699/5.24 12/17 27 ¡2.37

72 HSP70: heat shock protein 70 15230534 71,057/5.14 10/12 17 ¡2.46 0.50

73 Hydroxyproline-rich glycoprotein family protein 18411523 49,357/5.22 6/7 13 ¡3.84 0.44

74 CPN60A: chaperonin-60alpha 15226314 62,035/5.09 20/31 41 ¡2.35

75 Vacuolar ATP synthase subunit B 15222929 54,074/4.98 9/12 21 ¡1.78

76 ATP synthase CF1 alpha subunit 7525018 55,294/5.19 15/16 28 ¡2.08

77 ATP synthase CF1 alpha subunit 7525018 55,294/5.19 16/22 34 ¡2.20

78 Vacuolar ATP synthase subunit A 15219234 68,769/5.11 18/37 33 ¡3.01

79 Transketolase, putative 18411711 79,918/5.94 20/33 33 ¡1.70

80 PRK: phosphoribulokinase 15222551 44,436/5.71 12/18 45 ¡2.15

81 Actin 7, structural constituent of cytoskeleton 15242516 41,709/5.31 12/16 39 +2.67

82 Aspartate-semialdehyde dehydrogenase precursor 11228579 36,620/5.39 6/10 28 ¡2.65

83 Fructose-bisphosphate aldolase, putative 18420348 42,961/6.78 11/18 36 +2.96

84 Succinyl-CoA ligase (GDP-forming) beta-chain, 
mitochondrial, putative

15225353 45,317/6.30 8/13 20 +2.20

85 Fructose-bisphosphate aldolase, putative 18420348 42,961/6.78 12/14 36 +1.51

86 PBP1: PYK10-BINDING PROTEIN 1 15228198 32,138/5.46 21/35 60 +1.82

87 CA2: carbonic anhydrase 2 42573371 28,668/5.36 12/28 36 ¡1.89

88 CA2: carbonic anhydrase 2 42573371 28,326/5.36 11/24 41 ¡2.08

89 TIM: triosephosphate isomerase 15226479 33,325/7.67 11/27 45 ¡1.92

90 SAM-2: S-adenosylmethionine synthetase 2 15234354 43,228/5.67 11/15 24 +2.11
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mutant (ein2) failed to elicit ISR, indicating that the induc-
tion of systemic resistance by bacterial volatile compounds
occurs through the ethylene-dependent signaling pathway
(Ryu et al. 2004a). It is noteworthy that the greatest one
among the biological processes groups was “response to
stimulus” as much as 32%, indicating that plant can recog-
nize bacterial volatiles as an exogenous stimulus resulting
in modulating protein expression (Fig. 2e).

Enzymatic activities of antioxidant proteins

Among the diVerentially expressed proteins responding to
bacterial VOCs, antioxidants and oxidative stress-related
proteins, including thioredoxin-dependent peroxidase 1
(spot 1), dehydroascorbate reductase (spot 11), Fe superox-
ide dismutase 1 (spot 16), glutathione S-transferase (spot
17), and structure of glutathione S-transferase (spot 19)
were the most highly expressed. The changes in the inten-
sity of spots were conWrmed by measurement of antioxi-
dants including superoxide dismutase (SOD), ascorbate
peroxidase (APX), glutathione reductase (GR), catalase
(CAT), dehydroascorbic acid reductase (DHAR), ascor-
bate, and glutathione (GSH) (Foyer et al. 1994). The
expression level of two antioxidants, APX and CAT, which
detoxify H2O2 to H2O, was signiWcantly increased by 1.6-
and 1.4-fold, respectively (Fig. 3a, b). GR expression in
Arabidopsis leaves exposed to GB03-VOCs was up-regu-
lated as much as 1.3-fold compared to the water control
(Fig. 3c). DHAR, which converts dehydroascorbate to
ascorbate using glutathione as a substrate, was increased by
2.4-fold (Fig. 3d). Intriguingly, the most active antioxidant,
SOD, which converts ·O2

¡ to H2O2, showed the highest
induction (eightfold) triggered by the emission of the strain
GB03 VOCs compared to control (Fig. 3e). A previous
microarray analysis revealed the up-regulation of
expression of several antioxidant genes, including glutathi-

one S-transferase (At3g02885, At1g78370, At3g03190,
At2g30860, and At1g02930), peroxidase (At3g49110,
At2g37130, At2g35380, and At5g15180), APX (At2g25
080), SOD (At5g51100 and At5g23310), and M and H type
thioredoxin (At1g52990, At1g04980, At1g08570,
At1g11530, and At1g52990) at 72 h after volatile emission
(Zhang et al. 2007). Although our previous results provided
that bacterial volatiles play a major role in plant defense
against pathogens (Ryu et al. 2004a), the involvement of
reactive oxygen species (ROS) in ISR had not been
reported. In this study, our proteome data suggest the
potential role of ROS scavenging enzymes induced by
bacterial volatile emission indicating that bacterial vola-
tile emissions increased the levels of antioxidant
enzymes. Besides induction of resistance against patho-
gens, ROS play an important role in abiotic stresses such
as drought and high salt (Mittler 2002). Recently accu-
mulated studies presented that PGPR also augmented
plant resistance to abiotic stresses referred to as “induced
systemic tolerance” (Yang et al. 2009b; Raudales et al.
2009). More interestingly, among bacterial determinants,
two recent studies demonstrated that bacterial volatiles
conferred resistance to salt and drought (Zhang et al.
2009b; Cho et al. 2008). Collectively, under severe stress
condition, ROS production in plants can exceed the
descavenging capacity and accumulate to level that can
damage cell components (Mittler 2002). It seems that
bacterial volatile could modulate the damaging level of
ROS, thus symptoms of biotic and abiotic stress can be
limited.

Role of ethylene in plant responses to bacterial volatiles

The gaseous hormone ethylene regulates a diversity of
plant physiological functions and also serves as a defense
mechanism against pathogen attacks (Bleecker and Kende

Table 1 continued

a Numbers correspond to the 2-DE gels shown in Fig. 2a
b Theoretical MW (Da) and pI values
c Ratio of matched peptides/detected peptides
d Sequence coverage
e ‘+’ up-regulation; ‘¡’ down-regulation after GB03 volatiles exposure
f Ratio of microarray data (Zhang et al. 2007)

No.a Protein ID (NCBI) MW/pI, theor.b MP/TPc SC 
(%)d

Fold 
changee

Ratio 
(T/C)f

91 Adenylosuccinate synthase 15230358 52,931/6.68 10/19 29 +2.40

92 PYK10 15232626 60,196/6.45 27/39 49 +1.87

93 Glyceraldehyde-3-phosphate dehydrogenase 15229231 37,005/6.62 5/9 19 +2.04

94 Glyceraldehyde-3-phosphate dehydrogenase C subunit 1 15229231 36,891/6.62 8/19 30 +2.23

95 Cysteine synthase C1 15233111 40,130/8.71 20/29 37 +2.57
123



1366 Planta (2010) 232:1355–1370
2000). Many contradictory reports exist on the role of eth-
ylene in plant defense systems, including studies showing
induction of plant defense or increases in susceptibility
using diverse ethylene mutants and pathosystems (Van
Loon et al. 2006). In the present study, bacterial VOCs
induced key enzymes involved in ethylene biosynthesis as
shown in Fig. 4a. The last step in the biosynthesis of ethyl-
ene from oxaloacetate requires four enzymes in Arabidop-
sis (Fig. 4a). Four enzymes that play a critical role in the
production of ethylene are aspartate aminotransferase

(NCBI ID: 531555, spot 57); aspartate-semialdehyde dehy-
drogenase precursor (NCBI ID: 11228579, spot 82);
MAT3, methionine adenosyltransferase 3 (NCBI ID: 15228
048, spot 52); and SAM-2, S-adenosylmethionine synthe-
tase 2 (NCBI ID: 15234354, spot 90). These enzymes,
which catalyze the conversion of oxaloacetate to L-aspar-
tate, L-methionine, and S-adenosyl-L-methionine, were
identiWed due to their diVerential expression induced by
bacterial VOC emission. The expression of three enzymes,
aspartate aminotransferase (NCBI ID: 531555); MAT3,

Fig. 3 The activity of antioxi-
dant enzymes in A. thaliana 
grown in the absence or presence 
of B. subtilis GB03. Enzyme 
activities were measured 
14 days after B. subtilis GB03 
treatment. Data represent 
means § SE of three replicates. 
The activities of ascorbate per-
oxidase (a), catalase (b), gluta-
thione reductase (c), 
dehydroascorbate reductase (d), 
and superoxide dismutase (e) are 
shown. f The chloroplast activity 
of 14-day-old A. thaliana seed-
lings grown on I plates with air-
borne exposure to bacterial 
strains and water treatment. The 
extraction method was described 
in the “Materials and methods” 
section. Asterisks indicate sig-
niWcant diVerence (P · 0.05) 
between GB03 and control treat-
ments
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methionine adenosyltransferase 3; and SAM-2, S-adenosyl-
methionine synthetase 2, was signiWcantly up-regulated by
2.23, 2.51, and 2.11 fold, respectively, compared to water

control treatment. Interestingly, the expression of aspartate-
semialdehyde dehydrogenase precursor (NCBI ID:
11228579) was suppressed by 2.65-fold in Arabidopsis

Fig. 4 Ethylene biosynthesis and signaling in bacterial volatile com-
pound-treated Arabidopsis plants. a Overview of ethylene biosynthesis
and possible roles of up- or down-regulated proteins in bacterial vola-
tile compound-exposed Arabidopsis plants. b Gene expression levels

as determined by quantitative reverse transcriptase (qRT)-PCR. The
expression ratio, a ratio of the expression in the B. subtilis GB03-inoc-
ulated treatment relative to the water-treated control, is shown as the
mean § SEM

(a)                                                                            

(b)
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plants exposed to bacterial VOCs. Further experiments are
needed to examine the possible epigenetic regulation of the
aspartate-semialdehyde dehydrogenase precursor and
to measure ethylene level after bacterial VOC treatment.
S-adenosylmethionine synthetase (MAT, EC:2.5.1.6) is the
enzyme that catalyzes the formation of S-adenosylmethio-
nine (AdoMet) from methionine and ATP (Horikawa et al.
1990). AdoMet is an important methyl donor for transmeth-
ylation and is also the propylamino donor in polyamine bio-
synthesis that is strongly related to the induction of
resistance to biotic and abiotic stresses (Horikawa et al.
1990) In bacteria, there is a single isoform of AdoMet syn-
thetase (gene metK), while there are two in budding yeast
and in mammals (genes SAM1 and SAM2), and in plants
this enzyme is part of a multigene family. In addition to the
eVect on ethylene biosynthesis, bacterial VOC-mediated
overexpression of four enzymes that process alpha-D-glu-
cose-6-phosphate into acetyl Co-A led to the recruitment of
high levels of the substrate acetyl Co-A for the production
of ATP through the TCA cycle. This activity could be due
to a requirement for increased plant growth triggered by
bacterial VOCs (Ryu et al. 2003). The present work did not
reveal the involvement of cytokinin-related proteins, as was
reported in prior studies.

To verify ethylene signaling, RT-PCR and qRT-PCR
experiments were conducted to examine the transcriptional
level of ET biosynthesis (SAM-2, ACS4, ACS12, and
ACO2), ET response (ERF1, GST2, and CHIB), JA
response (PDF1.2 and VSP1), and SA response genes (PR1
and FMO1). The gene expression of the early ET biosyn-
thesis enzymes, SAM-2 and MAT1, was relatively higher
than the other two downstream enzymes, ACS2 and ACO2.
This result was in agreement with the observed protein
expression pattern. The intensity of SAM-2 (spot no. 90)
was signiWcantly diVerent between bacterial volatile and
water control treatments. However, ACS2 and ACO2 pro-
teins could not be detected by 2-DE analysis. Interestingly,
the transcriptional level of ET-response genes was strongly
up-regulated by bacterial volatiles. Furthermore, the up-
regulation of ERF1, GST1, and CHIB expression strongly
indicated the activation of ET signaling in bacterial vola-
tile-emitted Arabidopsis plants. The induction of ethylene
response genes occurred despite the undetectable levels of
the last two enzymes in the ET production pathway. There
are two possible explanations for this Wnding: (1) although
no reports exist showing the induction of ET by a precursor
of ET such as SAM, it is possible that SAM plays a critical
role in eliciting ET signaling. This possibility should be
tested in future studies. (2) The data obtained by RT-PCR
revealed that the expression of the remaining genes, ACS2,
ACS12, and ACO2, was slightly increased in the bacterial
volatile-treated plants, suggesting that lower levels of ET
can be produced. The low level of ET production could be

enough to initiate ET signaling. To answer these questions,
endogenous ET production should be measured. However,
the current technology is not capable of detecting low lev-
els of ET production. More interestingly, the JA response
marker genes PDF1.2 and VSP2, which have been reported
to cross-talk with the components of ET signaling path-
ways, were signiWcantly up-regulated by as much as 11-
and 8-fold compared with water controls. The induction of
ET signaling is synchronized to JA signaling (Smith et al.
2009; Bostock 2005). Unexpectedly, the PR1 gene, which
is an SA marker, was also increased by as much as 11-fold
in bacterial volatile compound-treated samples. These
results suggest that bacterial volatiles induce ET, JA, and
SA signaling. However, SA–ET/JA signaling was antago-
nized, as reported in the many previous studies (Robert-Sei-
laniantz et al. 2007). More recently, the PGPR-elicited,
ISR-inducing ET/JA signaling was reported to have a syn-
ergistic eVect on SA-mediated induced resistance, referred
to as systemic acquired resistance (SAR) (Van Wees et al.
2000).

Data obtained by microarray analysis indicated that ten
auxin transport and response genes, including nitrilase 1
(At3g44310), auxin eZux carrier family protein (At2g17
500), IAA-amino acid hydrolase 3 (At1g51760), auxin-
responsive protein, which is putatively similar to auxin-
inducible SAUR (Small Auxin Up RNAs) (At5g18060),
and anthranilate phosphoribosyltransferase (At5g17990)
were highly expressed and associated with an increase in
the number of leaf epidermis cells (Zhang et al. 2007).
Intriguingly, Arabidopsis plants treated with the same bac-
terial VOC showed an enhanced ISR against a necrotrophic
bacterial pathogen, Erwinia carotovora subsp. carotovora
(Ryu et al. 2004a). Recent reports on the contribution of
auxin to plant defense mechanisms suggest that treatment
with the biotrophic pathogen P. syringae results in negative
cross-talk between the auxin signaling pathway and the SA
signaling network (Navarro et al. 2006; Chen et al. 2007;
Zhang et al. 2007). In contrast, another report showed that a
null mutant for auxin signaling and biosynthesis had
signiWcantly reduced plant resistance to the necrotrophic
fungi Botrytis cinerea and Plectosphaerella cucumerina
(Llorente et al. 2008). SAR induced in an auxin biosynthe-
sis mutant of Arabidopsis by pre-challenge with incompati-
ble P. syringae pv. tomato DC3000 carrying avrRpm1
resulted in plants compromised in the establishment and
maintenance of SAR, indicating the signiWcant role of IAA
or IAA-derivative compounds in the establishment of SAR
(Truman et al. 2010). Of the nine up-regulated genes that
were classiWed as other hormone genes at 72 h after bacte-
rial VOC treatment, Wve genes were ethylene-inducible and
ethylene-synthesis genes (At2g38230, At3g16050, At2g25
450, At5g43450, and At4g16690) (Zhang et al. 2007).
These results indicate that ethylene biosynthesis and inducible
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genes were activated by constitutive emission of bacterial
VOCs, although the plant sample collection time points
were diVerent.

A study using Nicotiana attenuata as a model system
and its isogenic transformants deWcient in ET biosynthesis
and reception demonstrated a regulation of the bacterial
endophyte community, which resulted in the enhancement
of bacterial diversity in wild-type and ethylene-signaling
impaired plants (Long et al. 2010). The present results
showed that the induction of proteins related to ethylene
synthesis by VOC from the endophyte GB03 can be
recruited by many species that are capable of eliciting ISR.

Conclusion

Bacterial VOCs have been reported to increase plant
growth and elicit plant defenses. These results were
obtained from assessment at the phenotypic and molecular
level, rather than the enzymatic or protein level. To obtain
solid evidence of bacterial VOC-mediated plant responses
at the protein level, the present study used 2-DE and
detected 95 diVerentially expressed protein spots. To assess
the eVect of bacterial VOCs on plant growth, the uptake of
iron was assessed because of its critical role in plant metab-
olism and photosynthesis. Emission of B. subtilis GB03
VOC signiWcantly increased shoot and root growth. This
was attributed to the uptake of minerals such as S, Cu, and
Fe in the root system, and to increased photosynthetic
capacity, which was related to the up-regulation of plastid-
speciWc proteins. Thus, bacterial VOCs induce an increase
in mineral uptake for plant energy metabolism and photo-
synthesis. In the study of the induction of resistance, 7 anti-
oxidant proteins and 20 ethylene biosynthesis-related
proteins were selected for further characterization. The
functional analysis of the proteins diVerentially expressed
in response to bacterial VOCs revealed the up-regulation of
proteins associated with gluconeogenesis and the TCA
cycle, which would be necessary to generate the necessary
energy to support the increased rate of plant growth. Fur-
thermore, the overexpression of ethylene biosynthesis pro-
teins belonging to the TCA cycle indicates an increase in
the endogenous level of ethylene in the plant tissues. Addi-
tionally, antioxidant protein detection and enzymatic vali-
dation showed that bacterial VOCs conferred tolerance
through the generation of ROS. Overall, the present results
provide strong evidence of the orchestrated regulation of
many plant traits related to both plant growth promotion
and induced resistance at the protein level.
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