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Plant growth-promoting rhizobacteria, in association with plant roots, can trigger induced systemic resistance (ISR).
Considering that low-molecular weight volatile hormone analogues such as methyl jasmonate and methyl salicylate can
trigger defense responses in plants, we examined whether volatile organic compounds (VOCs) associated with rhizobacteria
can initiate ISR. In Arabidopsis seedlings exposed to bacterial volatile blends from Bacillus subtilis GB03 and Bacillus
amyloliquefaciens IN937a, disease severity by the bacterial pathogen Erwinia carotovora subsp. carotovora was significantly
reduced compared with seedlings not exposed to bacterial volatiles before pathogen inoculation. Exposure to VOCs from
rhizobacteria for as little as 4 d was sufficient to activate ISR in Arabidopsis seedlings. Chemical analysis of the bacterial
volatile emissions revealed the release of a series of low-molecular weight hydrocarbons including the growth promoting
VOC (2R,3R)-(�)-butanediol. Exogenous application of racemic mixture of (RR) and (SS) isomers of 2,3-butanediol was
found to trigger ISR and transgenic lines of B. subtilis that emitted reduced levels of 2,3-butanediol and acetoin conferred
reduced Arabidopsis protection to pathogen infection compared with seedlings exposed to VOCs from wild-type bacterial
lines. Using transgenic and mutant lines of Arabidopsis, we provide evidence that the signaling pathway activated by
volatiles from GB03 is dependent on ethylene, albeit independent of the salicylic acid or jasmonic acid signaling pathways.
This study provides new insight into the role of bacteria VOCs as initiators of defense responses in plants.

Plant growth-promoting rhizobacteria (PGPR) are
a wide range of root-colonizing bacteria with the
capacity to enhance plant growth by increasing seed
emergence, plant weight, and crop yields (Kloepper,
1992). Seed treatment with PGPR has been used to
enhance growth of several crops (Glick, 1995; Cleyet-
Marcel et al., 2001) and to suppress the growth of
plant pathogens and deleterious rhizosphere
microorganisms.

Application of some PGPR strains to seeds or seed-
lings has also been found to lead to a state of induced
systemic resistance (ISR) in the treated plant (van
Loon et al., 1998; Kloepper et al., 1999). ISR occurs
when the plant’s defense mechanisms are stimulated
and primed to resist infection by pathogens (Van
Loon, 1997). Such plant microbe interactions lack any
visible hypersensitive response with colonization of
the roots by PGPR (Wei et al., 1991). This activation
of ISR by benign microorganisms in close proximity

with roots is distinct from systemic acquired resis-
tance (SAR) in which the response is triggered by
pathogenic microorganisms associated with the aer-
ial portions of the plant. For SAR, a hypersensitive
response and several pathogenesis-related (PR)
genes are triggered that serve as hallmarks of this
inducible plant defense response (Ryals et al., 1996).
PGPR-elicited ISR was initially observed in carnation
(Dianthus caryophyllus) with a reduced susceptibility
to Fusarium sp. wilt (van Peer et al., 1991), in common
bean (Phaseolus vulgaris) with reduced susceptibility
to halo blight (Alström, 1991), and in cucumber (Cu-
cumis sativus) with reduced susceptibility to Colleto-
trichum orbiculare (Wei et al., 1991). PGPR-mediated
ISR has since been reported for several other plant-
pathogen systems (Maurhofer et al., 1994; Zhou and
Paulitz, 1994; Liu et al., 1995; Leeman et al., 1996;
Benhamou et al., 1998). PGPR that colonize root sys-
tems with seed applications and protect plants
against foliar diseases include Pseudomonas fluore-
scens, Pseudomonas putida, Bacillus pumilus, and Serra-
tia marcescens (Liu et al., 1995; Raupach et al., 1996;
Kloepper et al., 1999; Pieterse et al., 2002).

The phenyl propanoid component, salicylic acid
(SA), appears to be a critical plant messenger of
pathogen exposure and disease resistance (Durner et
al., 1997; Wildermuth et al., 2001), whereas jasmonic
acid (JA), a lipoxygenase pathway product, is a po-
tent regulator that mediates plant responses to me-
chanical damage and pathogenesis (Liechti and
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Farmer, 2002; Diaz et al., 2003). The airborne natural
product derivatives, methyl salicylate (MeSA) and
methyl jasmonate (MeJA), and the gaseous hormone
ethylene also have been identified as potent activa-
tors of defense responses; these volatile components
released from leaf tissue can be released at pharma-
cologically active concentration triggering responses
in neighboring plants. MeJA is known to trigger in-
duction of proteinase inhibitors and polyphenol oxi-
dases in tomato (Lycopersicon esculentum; Fidantsef et
al., 1999) and induce phytoalexin accumulation in
bean and barley (Hordeum vulgare; Weidhase et al.,
1987; Croft et al., 1993). Other examples of volatile
plant chemicals triggering plant defenses include the
expression of defense-related genes in tobacco (Nico-
tiana tabacum) by MeSA (Shulaev et al., 1997) and
control of the amplitude and development of disease
symptoms in Arabidopsis and soybean (Glycine max)
by ethylene (Bent et al., 1992; Hoffman et al., 1999).
C6 plant volatiles also have been identified as signal
molecules triggering defense responses in tomato
(Farag and Paré, 2002).

Little has been reported as to the role of microbial
volatile organic compounds (VOCs) in regulating
plant growth and development, although it has been
observed recently that bacterial volatile components
can serve as agents for triggering growth promotion
in Arabidopsis (Ryu et al., 2003). Here, we report that
a blend of air-borne chemicals released from specific
bacterial strains of PGPR triggers ISR in Arabidopsis
seedlings. Several genera of PGPR strains were as-
sessed for eliciting ISR by volatiles under in vitro
conditions. The PGPR strains were shown previously
to elicit ISR on several crops against fungal, bacterial,
and viral pathogens under greenhouse and field con-
ditions (Raupach and Kloepper, 1998, 2000; Murphy
et al., 2000; Zehnder et al., 2000). We evaluated the
effects of volatiles produced by PGPR strains for
eliciting ISR at different exposure times and the re-
sponse of the volatiles to different mutant lines of

Arabidopsis. The volatiles produced by selected
PGPR strains Bacillus subtilis GB03 and Bacillus
amyloliquefaciens IN937a were characterized. To our
knowledge, this is the first report of ISR elicited by
volatile chemicals released from PGPR and ascribes a
new role for bacterial VOCs in triggering plant de-
fense responses.

RESULTS

ISR by Air-Borne Bacterial Signal(s)

ISR activated in Arabidopsis by PGPR VOCs was
assayed in the laboratory by physically separating
seedlings from PGPR on divided petri dishes (re-
ferred to as I plates) so as to allow only airborne
signals to be transmitted between bacterial cultures
and the plant seedlings. Arabidopsis Columbia
(Col)-0 seedlings exposed to certain PGPR strains for
10 d developed significantly less symptomatic leaves
24 h after inoculation with the soft rot-causing patho-
gen Erwinia carotovora subsp. carotovora. Rhizobacte-
rial strains that triggered ISR by VOC signaling in-
cluded B. subtilis GB03, B. amyloliquefaciens IN937a, S.
marcescens 90-166, or B. pumilus T4 as compared with
the water-treated controls (Fig. 1). The maximum
level of protection resulted from treatment with
strains GB03 and IN937a, whereas four other PGPR
strains that cause ISR when inoculated onto crop
seeds in soil failed to induce resistance in the I-plate
test (Bacillus pasteurii C9, Enterobacter cloacae JM22, P.
fluorescens 89B61, and B. pumilus SE34). The E. coli
strain DH5� that has not been observed to activate
ISR was used as a negative control. The selective ISR
triggered by particular PGPR strains indicated that
the release of bacterial VOCs is not the common
mechanism for activating defenses for all rhizobacte-
ria, although VOC-mediated ISR was observed for
three Gram-positive Bacillus spp. (GB03, IN937a, and
T4) and a Gram-negative S. marcescens strain (90-166).

Figure 1. PGPR VOCs can modulate infection
severity of Arabidopsis seedlings by E. caroto-
vora subsp. carotovora strain SCC1. Plants ex-
posed to airborne chemicals released from eight
ISR-inducing PGPR strains compared with a
non-ISR Escherichia coli strain DH5� and water
treatment; different letters indicate significant
differences between treatments according to LSD

at P � 0.05. Inset, Representative seedlings 24 h
after E. carotovora subsp. carotovora infection
and exposure to VOCs from GB03 (left) or
DH5� (right).
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Treatment with strains GB03 and IN937a, in which
seedlings exhibited the lowest number of symptom-
atic leaves with pathogen inoculation, were selected
for further study (Fig. 1). To confirm that the number
of symptomatic leaves in Arabidopsis seedlings is a
representative indicator of overall plant infection,
cell counts of E. carotovora subsp. carotovora present
in 24-h infected leaf tissue was taken from leaf ali-
quots 10 d subsequent to different VOC incubation
treatments as indicated: GB03 (1.1 � 0.2 � 108

colony-forming units [CFU] g tissue fresh weight�1),
IN937a (2.6 � 0.5 � 108 CFU g tissue fresh weight�1),
DH5� (9.5 � 0.5 � 108 g tissue fresh weight�1), and
water control (1.03 � 0.05 � 109 g tissue fresh
weight�1). These numbers reflect the cell count of E.
carotovora subsp. carotovora for each treatment 24 h
subsequent to infection. There was a significant dif-
ference in cell numbers for the GB03 and IN937a
compared with both the water and DH5� control
treatments.

Effect of Exposure Time of Bacterial VOCs on ISR

To determine how activation of ISR in plants might
be dependent on VOC exposure time, the period in
which Arabidopsis seedlings were exposed to bacte-
rial VOCs was varied from 4 to 14 d. Strains GB03
and IN937a resulted in significant reductions in dis-
ease severity in seedlings compared with those in the
water control for all exposure times tested (Fig. 2).
However, the magnitude of disease protection with
IN937a was significantly less than the protection of
GB03 at an exposure time of 4 d.

Bacterial VOCs Mimic ISR Triggered by PGPR

Gas chromatographic analysis of volatiles collected
for 24-h intervals revealed consistent differences in
the composition of volatile blends released by the
ISR-activating bacterial strains GB03 and IN937a

compared with the non-ISR-activating bacterial
strain DH5� (Fig. 3). Compounds 2,3-butanediol and
3-hydroxy-2-butanone (also referred to as acetoin)
were released consistently from the GB03 and IN937a
strains, whereas these metabolites were not released
from the DH5� and 89B61 (data not shown) or water
control. Dodecane, 2-undecanone, 2-tridecanone, and
2-tridecan-1-ol were produced only from the GB03
strain, whereas tetramethyl pyrazine was detected at
significantly higher levels from GB03 than these re-
leased from IN937a and DH5�. Decane and undecane
were released at low levels from all bacterial strains,
whereas decanal was detected in the medium even
without bacterial exposure. For the strains that trig-
ger ISR by VOC emissions, IN937a and GB03 DH5�,
during a 24-h collection on d 4, 3-hydroxy-2-
butanone and 2,3-butanediol were the two most

Figure 3. VOC profile of ISR-inducing strains GB03 (black boxes)
and IN937a (white boxes) compared with the noninducing strain
DH5� (gray boxes). Compounds positively identified include
3-hydroxy-2-butanone, 2,3-butanediol, tetramethyl pyrazine, and
the hydrocarbons decane, undecane, decanal, dodecane,
2-undecanone, 2-tridecanone, and 2-tridecanol. Different letters in-
dicate significant differences between treatments according to LSD at
P � 0.05. An asterisk indicates that emissions were below detection
limits.

Figure 2. Induced disease resistance in Arabidopsis seedlings within
4 d of PGPR VOC exposure: PGPR strains GB03 (black boxes),
IN937a (white boxes), or water treatment (gray boxes). Differences in
letters indicates a significant difference between treated and control
samples based on Fisher’s LSD test at P � 0.05.

Bacterial Volatiles Induce Systemic Resistance
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abundant VOCs detected at 12 � 5 and 3.9 � 0.7 �g,
respectively, for GB03 and 8.8 � 2.2 and 1.9 � 0.5 �g
per 24-h period, respectively, for IN937a. These vol-
atile alcohols are products of an alternative reductive
pathway originating from pyruvate that provides an
alternative source of NAD� under anaerobic condi-
tions. With 3-hydroxy-2-butanone and 2,3-butanediol,
the qualitative and quantitative composition of vol-
atile blends emitted by the ISR-activating strains
differed significantly from non-ISR-activating bac-
teria DH5�.

The Role of 2,3-Butanediol in ISR

Because of an insertional knockout of the acetolac-
tate synthase operon that controls the penultimate
step in acetoin formation (pyruvate to acetolactate
conversion) and acetolactate dehydrogenase, the en-
zymatic step that converts acetoin to 2,3-butanediol,
mutant B. subtilis lines have reduced levels of 2,3-
butanediol and acetoin (Ramos et al., 2000). In the
case of the mutant lines BSIP1173 and BSIP1174, sig-
nificantly lower levels of acetoin (0.7 � 0.2 and 0.8 �
0.3 �g) were emitted than the parental strain 168
(17 � 5 �g) or the overexpresser line BSIP1171 (11 �
3 �g; Fig. 4). An attenuation in VOC emissions was
also observed for 2,3-butanediol with emissions lev-
els of 13 � 3 ng for BSIP1173 and 35 � 18 ng for
BSIP1174 compared with 575 � 80 and 400 � 90 ng
for wild-type 168 and overexpressing BSIP1171 lines
respectively. These mutant lines with reduced levels
of acetoin and butanediol VOC emissions were tested
directly against the wild-type strain 168 that is fully
functional in acetoin and 2,3-butanediol synthesis in
providing Arabidopsis seedlings protection against
soft rot infection. With comparable growth for all
strains on one-half-strength Murashige and Skoog
media with 1.5% (w/v) Suc and 0.4% (w/v) tryptic
soy agar (TSA) data not shown, volatiles of strain
GB03 from wild-type (2,3-butanediol-producing)
strain 168 and from strain BSIP1171 (overproducing
2,3-butanediol) exhibited significant reductions in
disease severity (Fig. 5), whereas disease protection
was not observed with two mutant lines emitting
much lower levels of 2,3-butanediol and acetoin
(BSIP1173 and BSIP1174) or with E. coli DH5�. Sig-
nificant reduction in disease severity resulted from
treatment with the chemical control SA, a signaling
molecule known to activate disease resistance in Ara-
bidopsis (Delaney et al., 1995).

A dose response curve using a racemic mixture of
2,3-butanediol at a range from 20 �g to 0.2 pg in
increments of 100-fold dilutions were tested in trig-
gering ISR in Arabidopsis. Seedlings were exposed to
the synthetic material for 10 d and then inoculated
with the pathogen E. carotovora subsp. carotovora. By
measuring the number of symptomatic leaves 24 h
after inoculation, the pharmacologically effective air-
borne doses for triggering ISR were determined.

When seedlings had been pre-exposed to 0.2 �g or
0.2 pg of 2,3-butanediol, the greatest resistance to
pathogen infection was observed as measured by
symptomatic leaf counts (Fig. 6). To minimize the
initial burst of 2,3-butanediol released into the petri
dish headspace and to extend the plant exposure to
the test compound, a lanolin/2,3-butanediol mixture
was administered (Kessler and Baldwin, 2001). The
fact that differences in the number of symptomatic
leaves were not statistically significant suggested
that either the emission of 2,3-butanediol alone does
not contain the full compliment of ISR-inducing fac-
tors to trigger a dose-dependent response or that the
precision of the bioassay was not adequate to detect
subtle differences in ISR.

Volatile extracts collected from strains GB03 and
IN937a were tested for biological activity and were
found to significantly reduce disease severity com-
pared with the dichloromethane (solvent) control
(Fig. 6). Arabidopsis exposure to volatile extracts
collected from DH5� had no effect on ameliorating
disease severity, which was comparable with the sol-
vent control.

Figure 4. Chromatographic profiles of volatiles released on d 2 from
B. subtilis parental strain 168 (A), an overexpresser line BSIP1171 (B),
mutant lines BSIP1173 (C) and BSIP1174 (D), and uninoculated
media (E). Compounds positively identified include 3-hydroxy-2-
butanone (1), 2,3-butanediol (2), decanal (3), decane (4), tetramethyl
pyrazine (5), and undecane (6); nonyl acetate was added as an
internal standard (IS). Asterisks in the lower chromatograms desig-
nate compounds that align with numbered peaks above.

Ryu et al.

1020 Plant Physiol. Vol. 134, 2004



The stereochemistry of GB03 synthesized (2R,3R)-
(�)-2,3-butanediol was determined by retention time
(rt) comparisons with authentic standards (2S,3S)-
(�)-2,3-butanediol, (2R,3R)-(�)-2,3-butanediol, and
the meso (RS)-2,3-butanediol on a chiral gas chroma-
tography (GC) column (Fig. 7). The S,S and R,R iso-
mers were separated by approximately 1 min,
whereas the meso form came over 7 min later. Ace-
toin, the oxidized precursor of (2R,3R)-(�)-2,3-
butanediol, is enzymatically converted in Bacillus sp.
by an NADH-mediated acetoin reductase reaction

(Ramos et al., 2000). Assuming an absence of a race-
mase enzyme, the acetoin intermediate also would be
present in the R conformation as (3R)-hydroxy-
2-butanone.

Screening Signaling Pathway Mutants and Transgenic
Plants for Regulatory Control of ISR

To begin to elucidate the signaling pathway(s) that
relates to ISR, a series of mutant and transgenic plant
lines were exposed to PGPR VOCs that we found to
trigger ISR. Disease severity was reduced by exposure
to VOCs from both strains GB03 and IN937a for mu-
tant lines including a coronatine-/JA-insensitive line
Coi1, an SA-degrading line NahG, a constitutively pro-
ducing PR line Crp1, and a line that is SA insensitive or
nonexpresser of PR genes Npr1. Of the mutants tested,
only in the ethylene-insensitive line ein2 when ex-
posed to VOCs from strain GB03 was the severity of
disease symptoms not ameliorated (Table I).

To further probe whether bacterial VOCs elicit
known signaling pathways in Arabidopsis, trans-
genic plant lines with �-glucuronidase (GUS) fusions
to Pr-1a, a gene activated by SA, Pdf1.2, a gene acti-

Figure 6. A dose response curve of 2,3-butanediol on the suscepti-
bility of Arabidopsis to infection by E. carotovora subsp. carotovora
strain SCC1. Volatile headspace collections from GB03 and IN977a
were provided as positive controls, whereas solvent (CH2Cl2) pro-
vided a negative control. Different letters indicate significant differ-
ences between treatments according to LSD at P � 0.05.

Figure 5. Infection of Arabidopsis by E. carotovora subsp. carotovora
strain SCC1 after exposure to wild (GB03 and 168) overproducing
2,3-butanediol (BSIP1171) and mutants with attenuated 2,3-
butanediol synthesis (BSIP1173 and BSIP1174). E. coli strain DH5�
and water treatment were used as negative controls. Different letters
indicate significant differences between treatments according to LSD

at P � 0.05.

Figure 7. GB03 produced (2R,3R)-(�)-2,3-butanediol identification
based on rt matches of authentic standards. GC-flame ionization
detector (FID) trace of synthetic (RS)-2,3-butanediol (rt 28.6 min; A),
synthetic (2R,3R)-(�)-2,3-butanediol (rt 21.1 min; B), a mixture of
(2S,3S)-(�)-2,3-butanediol (rt 20.3 min) and (2R,3R)-(�)-2,3-
butanediol (C), and GB03 volatile profile containing (2R,3R)-(�)-2,3-
butanediol (rt 21.03 min; D).

Bacterial Volatiles Induce Systemic Resistance
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vated by JA and ethylene, and Jin14 a gene activated
by JA, were exposed to VOCs released from several
bacterial strains. The positive chemical controls of SA
and the ethylene precursor 1-aminocyclopropane-1-
carboxylic acid triggered significant increases in GUS
activity for the SA-activated gene (Pr-1a) and the eth-
ylene-/JA-activated gene (Pdf1.2), respectively (Fig. 8).
With bacterial VOC exposure, the SA-activated gene
(Pr-1a) did not show any increased transcriptional
activity as measured by 4-methylumbelliferyl-�-d-
glucuronide (MUG) fluorescence, although elevated
GUS activity was detected for the ethylene/JA-
activated gene (Pdf1.2) with exposure to GB03 VOCs.
Because the JA-activated gene (Jin14) was unaffected
by GB03 VOCs, ethylene signaling may prove to be
essential in the activation of ISR in Arabidopsis.

DISCUSSION

Plants have evolved the capacity to release and
detect VOCs in their environment. The emission of
plant odors has been shown to signal other organ-
isms and members of its own species. Volatile odors
released from flowers are well-known attractants of
insect pollinators and leaf volatiles induced with tis-
sue damage are potent semiochemicals for aphids

and other herbivorous insects (Birkett et al., 2000).
Plant VOCs can serve as signals between neighbors,
whereby defense mechanisms are induced in undam-
aged plants in response to volatiles produced by
nearby infested plants. Specific plant volatiles,
MeSA, MeJA, and cis-jasmone, have been implicated
in those mechanisms (Shulaev et al., 1997; Weber,
2002). Plant components containing six carbon atoms,
e.g. (E)-2-hexenal, which are rapidly emitted from
damaged plant tissue, also have been shown to in-
duce the expression of defense-related genes in intact
plants (Arimura et al., 2001; Gatehouse, 2002). In
addition, a defensive role for terpenes as volatile
elicitors has been proposed in excised lima bean
(Phaseolus lunatus) plants (Arimura et al., 2000). How-
ever, given the interaction between excision and elic-
itation, increasing chemical evidence warns against
extrapolation of data derived from excised tissue to
intact plant models (Schmelz et al., 2001).

Although there are numerous examples of micro-
organisms interacting to trigger salubrious plant re-
sponses (e.g. nitrogen fixation, SAR, and growth pro-
motion) or a deleterious outcome (e.g. soft rot and
chlorosis), few reports have probed the role microbial
VOCs may play in triggering biochemical changes of
either primary or secondary plant metabolism.

Figure 8. Activation of an ethylene/JA::GUS
transgenic line of Arabidopsis (Pdf1.2) by GB03
VOCs, whereas other reporter transgenic lines
(Pr-1a activated by SA and Jin14 activated by JA)
were not activated by bacterial VOCs; the chem-
ical elicitors SA and 1-aminocyclopropane-1-
carboxylic acid (activate the Pr-1a gene and the
Pdf1.2 gene respectively) were employed as pos-
itive controls, and DH5� VOCs and water treat-
ment served as negative controls. An asterisk in-
dicates a significant difference between treated
and control samples according to LSD at P � 0.05.
Inset, Transgenic seedlings Pdf 1.2 exposed to
GB03 volatiles (top) and water control (bottom).

Table I. Disease severity for different Arabidopsis lines with pre-exposure to bacterial VOCs (lower nos. indicate fewer symptomatic leaves)

Arabidopsis lines include: Col-0 (wild type), Ein2 (ethylene insensitive), Coi1 (jasmonic acid insensitive), NahG (degrades SA), Cpr1
(constitutively produces salicylic acid), and Npr1 (SA insensitive or nonexpresser of PR genes). Induced pathogen resistance with GB03 VOC
exposure is lost only in the Ein2 line. Arabidopsis seedlings were infected with E. carotovora subsp. carotovora strain SCC1. Different letters
indicate significant differences between treatments for a given plant line according to LSD at P � 0.05.

Treatments
Disease Severity Measured by Symptomatic Leaves per Seedling

Col-0 Ein2 Coi1 NahG Cpr1 Npr1

GB03 2.3b 4.5b 3.2b 0.9a 1.5a 0.3a
IN937a 1.3a 2.4a 1.8a 2.7a 1.2b 2.2b
DH5� 3.3c 4.4b 4.3c 4.4b 4.4c 4.6c
Water control 4.2c 5.0b 4.8c 4.7b 3.5c 4.4c

Ryu et al.
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Results presented here suggest that selected Bacil-
lus PGPR strains emit VOCs that can elicit plant
defenses. These released VOCs and the subset of
collected VOCs that are re-applied as airborne chem-
icals to Arabidopsis seedlings contain sufficient
chemical information to trigger ISR as measured by
the seedlings ability to resist infection.

Quantitative measurement for VOCs released from
agricultural plant species under laboratory condi-
tions are published (Paré and Tumlinson, 1999) and
in vitro PGPR emissions are now becoming available
(Ryu et al., 2003); however, reasonable comparisons
between trophic levels will require further data. Bi-
otic and/or abiotic elicitors are known to induce
elevated VOC emissions in many plant species. Can
bacteria be induced to trigger elevated levels of
VOCs? Does the medium that is used optimize for
VOC emissions from the bacteria strains that were
tested? We are interested in examining how changes
in bacterial growth conditions influence emission
profiles. The medium conditions that we have tested
thus far optimize for low-medium VOC emissions.
This medium is abundant in sugar, and O2 is initially
not limiting. Because the petri dishes were covered
and sealed with parafilm, O2 could have become
limiting with microbial growth. The environment in
which these bacteria reside in the soil may also be
low in O2, thereby redirecting pyruvate metabolism
into the production of 2,3-butanediol and acetoin
(Ramos et al., 2000).

The major components detected in headspace col-
lections from GB03 and IN937a were 3-hydroxy-2-
butanone (acetoin) and (2R,3R)-(�)-2,3-butanediol,
components that are generated from an alternative
pathway for pyruvate catabolism that is favored un-
der low pH or oxygen-limiting conditions (Ramos et
al., 2000). In this metabolic sequence, acetolactate
synthase catalyzes the condensation of two pyruvate
molecules into acetolactate, which is decarboxylated
to acetoin. Reduction of acetoin to 2,3-butanediol
regenerates NAD� in its oxidized form. It is interest-
ing to note that the enzymes for generating 2,3-
butanediol and acetoin have been identified in to-
bacco, corn (Zea mays), carrot (Daucus carota), and rice
(Oryza sativa) cultures, although neither their func-
tion nor conditions of regulation have been identified
(Forlani et al., 1999).

A model for signal transduction in PGPR-mediated
ISR has been proposed by Pieterse et al. (1996, 2002)
using mutant lines of Arabidopsis and P. fluorescens
strain WCS417r. In their proposed signal transduc-
tion pathway, ISR triggered by PGPR is dependent
on JA, ethylene, and Npr1, a regulatory gene that
encodes salicylate dehydrogenase, whereas ISR acti-
vation is independent of SA. Our strategy was to test
for possible links between mutant lines of Arabidop-
sis and ISR triggered by airborne PGPR signals based
on the current signal transduction pathway for PGPR
activation of ISR in which the bacteria make physical

contact with the Arabidopsis roots. Results from our
experiments with well-characterized Arabidopsis
mutants differed from this model in that ISR result-
ing from exposure to VOCs of strains GB03 and
IN937a involved signal transduction pathways that
were independent of SA, JA, and NPR1. In addition,
it appears that VOCs from strain IN937a triggered
ISR through an ethylene-independent signaling path-
way, whereas VOCs from strain GB03 appear to op-
erate through an ethylene-dependent pathway in
triggering ISR. Redundancy between SA, JA, and
ethylene signaling pathways in ISR may come to
explain some of these findings.

Our results with GUS fusions confirm this pattern
of ethylene-dependent and -independent regulation
in ISR mediated by GB03 VOC emissions. Character-
ization by Ton el al. (2001) of an ISR1 locus involved
in ISR signaling in Arabidopsis by genetic and inhib-
itor studies found that rhizobacteria-mediated ISR
does not require JA signaling, although ISR1 does
encode a component of the ethylene response that is
required for the expression of rhizobacteria-activated
ISR. We are interested particularly in whether ISR
activation by VOC emissions is mediated by the same
signaling sequence that is triggered when rhizobac-
teria make physical contact of with Arabidopsis roots
(such as in the model system P. fluorescens WCS417r),
or if ISR activation by rhizobacteria VOCs is medi-
ated by a novel signaling pathway.

MATERIALS AND METHODS

Chemicals

3-hydroxy-2-butanone, (RS)-2,3-butanediol, (2R,3R)-(�)-2,3-butanediol,
(2S,3S)-(�)-2,3-butanediol, and racemic mixture of 2,3-butanediol were ob-
tained from Sigma-Aldrich (Milwaukee, WI) and were of �99% purity as
determined by capillary GC-FID analysis. Solvents used were of GC grade
purity.

Plant Material

All mutant and transgenic lines were derived from parental Arabidopsis
ecotype Col-0 that was obtained from the Ohio State University Stock Center
(Columbus) except Pr-1a::GUS, which was in the Nossen background (Shah
et al., 1997). Mutant lines included Npr1 (SA insensitive or nonexpresser of
PR genes; Cao et al., 1994), cpr1 (constitutively expresses PR genes; Bowling
et al., 1994; provided by Xinnian Dong, Duke University, Durham, NC), Ein2
(ethylene-insensitive; Alonso et al., 1999; provided by Joseph R. Ecker,
University of Pennsylvania, Philadelphia), and Coi1 (insensitive to corona-
tine and JA; Xie et al., 1998; provided by John G. Turner, University of East
Anglia, Norwick, UK). NahG transgenic plants encode salicylate dehydro-
genase and degrade SA (Delaney et al., 1995). Arabidopsis promoter fusion
GUS transgenic lines included SA-activated Pr-1a::GUS (Shah et al., 1997;
provided by Daniel F. Klessig, Rutgers State University of New Jersey,
Piscataway), JA-activated Jin14::GUS (provided by Norbert Nass, Institute
of Plant Biochemistry, Department of Stress and Developmental Biol.,
Halle/Saale, Germany), and JA-/ethylene-activated Pdf1.2::GUS (provided
by Willem F. Broekaert, Katholieke Universiteit Leuven, Heverlee-Leuven,
Belgium).

Arabidopsis seeds were surface sterilized (2-min 70% [v/v] ethanol soak-
ing followed by a 20-min 1% [v/v] sodium hypochlorite soaking), rinsed
(4�) in sterile distilled water (SDW) and placed on petri dishes containing
one-half-strength Murashige and Skoog medium (Murashige and Skoog
salt, Gibco-BRL, Gaithersburg, MD), which consisted of 0.8% (w/v) agar
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and 1.5% (w/v) Suc, adjusted to pH 5.7. Seeds were then vernalized for 2 d
at 4°C in the absence of light followed by placement in growth cabinets
(Sanyo Scientific, Itasca, IL) set to a 12-h-light/12-h-dark cycle under 40-W
fluorescent lights. The growth cabinet temperature was maintained at
22°C � 1°C with a relative humidity of 50% to 60%. Two days after
vernalization, seedlings were transferred to specialized plastic petri dishes
(100 � 15 mm) that contained a center partition (I plates, Fisher Scientific,
Pittsburgh); both sides contained one-half-strength Murashige and Skoog
solid media with 1.5% (w/v) Suc, and the seedlings were placed on one side
of the plate.

Bacterial Cultures

Seven strains of PGPR (Auburn University, AL) that lead to significant
reduction in foliar diseases in Arabidopsis were tested for their capacity to
elicit ISR. The strains were Pseudomonas fluorescens 89B61, Bacillus pumilus
T4, Bacillus pasteurii C-9, Bacillus subtilis GB03, Bacillus amyloliquefaciens
IN937a, Serratia marcescens 90-166, Enterobacter cloacae JM22, and B. pumilus
SE34. Escherichia coli DH5� (QIAGEN Inc., Valencia, CA), which does not
trigger ISR in Arabidopsis, was used as a control. Other bacteria used
included B. subtilis 168 (2,3-butanediol producing; Bacillus Genetic Stock
Center, Ohio State University) and B. subtilis strains BSIP1171 (2,3-
butanediol overproducing), BSIP1173 (2,3-butanediol nonproducing), and
BSIP1174 (2,3-butanediol nonproducing) provided by D. Jahn (Braun-
schweig University, Germany). The Arabidopsis pathogen Erwinia caroto-
vora subsp. carotovora SCC1 was obtained from Dr. E. Tapio Palva (Uni-
versity of Helsinki). For experimental use, all bacteria were streaked onto
TSA plates (Difco Laboratories, Detroit) and incubated at 28°C in the ab-
sence of light for 24 h. PGPR cells were harvested from TSA plates in SDW
to yield 109 CFU mL�1 as determined by optical density and serial dilutions
with plate counts. The concentrations of E. carotovora strain SCC1 were
adjusted to 108 CFU mL�1 for inoculum preparations. For long-term stor-
age, bacterial cultures were maintained at �80°C in TSA that contained 20%
(v/v) glycerol. ISR was chemically initiated in plants by applying 20 �L of
SA (20 nmol in water) to the crown of each seedling.

Plant VOC Exposure

One day before plant experiments, the bacterial strains were cultured on
TSA plates as described above and scraped into SDW. I plates prepared with
one-half-strength Murashige and Skoog solid media containing 1.5% (w/v)
Suc, and 2-d-old emerging Arabidopsis seedlings (five–six seedlings/plate)
were inoculated with 20 �L (109 CFU mL�1) of a given rhizobacterial strain
or SDW applied drop wise to the non-plant side of the petri dish. For
chemical treatments, the volatile bacterial extract, diluted 2,3-butanediol as
a racemic mixture of RR and SS isomers (99�% purity; Aldrich, Milwaukee,
WI), or solvent alone (CH2Cl2) was mixed with lanolin (Sigma, St. Louis) in
a ratio of 0.08 g lanolin mL�1 test solution, and 20 �L of the resulting
suspension was applied to a sterile paper disc (d � 1 cm; Whatman, Clifton,
NJ) on the opposite side of the I plate from the plant seedlings. Plates were
covered and sealed with parafilm to minimize air and VOC exchange and
arranged in a randomized design within the growth cabinets. Treated I
plates were incubated at 22°C with a 12-light/12-h-dark photoperiod.

Pathogen Inoculation and Leaf Soft Rot Determinations

Fourteen days after initial media inoculation, 5-�l suspensions of E.
carotovora subsp. carotovora (108 CFU mL�1) were drop inoculated onto five
leaves per Arabidopsis seedling. Leaves exhibiting soft rot symptoms were
determined by visual inspections 24 h after inoculation. Numbers of symp-
tomatic leaves per seedling were counted as a measure of disease severity.
To measure population densities of E. carotovora subsp. carotovora at 24 h
after inoculation, plant leaf tissue was weighed, macerated in SDW (1 mL),
and plated on TSA plates containing 20 �g mL�1 kanamycin as a selection
marker. The strain of E. carotovora used is kanamycin resistant, which
reduces the risk of contamination by other bacterial species.

Volatile Collection and Analysis

Volatiles were collected from B. subtilis strains 168 (2,3-butanediol pro-
ducing), BSIP1171 (2,3-butanediol overproducing), BSIP1173 (2,3-butanediol

nonproducing), and BSIP1174, and strains GB03, IN937a, E. coli DH5�, and
uninoculated media. The strains were grown on Murashige and Skoog
medium containing 1.5% (w/v) agar, 1.5% (w/v) Suc, and 0.4% (w/v) TSA
for 48 h at 28°C before collection of volatiles. Individual plates were placed
on a sliding glass plate inside a closed Teflon-framed chamber (18 � 18 �
3 cm). Charcoal-purified air was humidified by bubbling through a super-
saturated NaCl solution and passed over the bacterial culture at a rate of 1
L min�1. A sterile cotton plug was placed at the inlet of each chamber.
Bacterial volatiles were collected by pulling 0.5 L min�1 by vacuum through
Super-Q adsorbent traps (ARS, Gainesville, FL) located at the other end of
the chamber. Collection chambers were placed under metal halide and
sodium lamps for a 16-h-light/8-h-dark photoperiod with a total intensity of
700 �mol m�2 s�1 and kept at 28°C. Volatiles were collected at intervals of
24 h over a period of 6 d. Compounds were extracted from filters with 100
�L of dichloromethane. Nonyl acetate (400 ng) was added as an internal
standard. Extracts used for biological testing were pooled without the
addition of the internal standard.

Extracts were analyzed by capillary GC on a 30-m- � 0.25-mm-i.d. fused
silica column with a 0.25-�m-thick bonded (5% [w/v] phenyl) methylpol-
ysiloxane (J&W, New Castle, DE). Injections were made in the splitless
mode for 30 s. The gas chromatograph was operated under the following
conditions: injector, 200°C; detector, 210°C; and column oven, 28°C for 3
min, then programmed at a rate of 10°C min�1 to 180°C and finally ramped
at a rate of 40°C min�1 to 220°C for 4 min. The velocity of the carrier gas
linear flow was 50 cm s�1. Quantification was based on comparison of area
under the GC-FID peak with the internal standard. For comparisons of the
same compound under different treatments, response factors for individual
compounds were assumed to be equal. Selected samples were also analyzed
by GC-MS on a (ion trap) mass spectrometer (GCQ plus, Thermoquest,
Austin, TX) interfaced to a gas chromatograph (Trace GC2000) and operated
in the electron impact mode. Injections were made in the splitless mode for
30 s, and samples were analyzed on a 30-m- � 0.25-mm-i.d. DB5 column
(J&W Scientific, Folsom, CA) under the same conditions previously de-
scribed in GC/FID analysis. The transfer line and ion source temperature
were adjusted to 220°C and 180°C, respectively. The components of the
bacterial volatile emission were identified by comparison of GC retention
times with those of authentic standards and by comparison of mass spectra
with spectra of an Environmental Protection Agency/National Institutes of
Health database.

The stereochemical configuration of GB03-synthesized 2,3-butanediol
was determined by rt comparisons of authentic standards on an Alpha Dex
120 fused silica capillary chiral GC column with 30-m- � 0.25-mm-i.d. �
0.25-�m film thickness (Supelco, Bellefonte, PA). Injections were made in
the splitless mode for 30 s. The gas chromatograph was operated under the
following conditions: injector, 220°C; detector, 250°C; and column oven,
73°C for 24 min, then programmed at a rate of 10°C min�1 to 120°C and
finally ramped at a rate of 60°C min�1 to 220°C. The velocity of the carrier
gas linear flow was 20 cm s�1.

Arabidopsis GUS Fusion Assays

GUS activity was measured in seedlings 10 d after exposure to PGPR
VOCs or water treatment by using a fluorometric assay. For this assay,
approximately 20 mg of plant tissue from each treatment was macerated in
an Eppendorf tube (Eppendorf Scientific, Westbury, NY) with 300 �L of
GUS extraction buffer. The extracted samples were centrifuged twice at
8,000g for 10 min at 5°C, and 20 �L of the separated supernatant was
incubated with 200 �L of 2 mm MUG at 37°C for 2 h; the reaction was
stopped by adding 10 �L of 0.2 m sodium carbonate solution. GUS activity
was measured with a TKO 100 fluorimeter (Hoefer Scientific Instruments,
San Francisco) at an excitation wavelength of 365 nm and an emission
wavelength of 455 nm. GUS activity is expressed in nanomoles of MUG per
10 ng�1 fresh weight.

Statistical Analysis

Analysis of variance for experimental data sets was performed using JMP
software version 4.0 (SAS Institute Inc., Cary, NC). Significant treatment
effects were determined by the magnitude of the F value (P � 0.05). When
a significant F test was obtained for treatments, separation of means was
accomplished by Fisher’s protected lsd at P � 0.05. Bioassays were con-
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ducted three times with 12 replications per treatments and one seedling per
replication; for VOC analyses, four replicate measurements of each bacterial
culture were made.
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