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Pseudomonas aeruginosa TNSK2 induces resistance in dicots
through a synergistic interaction of the phenazine pyocyanin
and the salicylic acid-derivative pyochelin. Root inoculation
of the monocot model rice with 7NSK2 partially protected
leaves against blast disease (Magnaporthe grisea) but failed
to consistently reduce sheath blight (Rhizoctonia solani).
Only mutations interfering with pyocyanin production led
to a significant decrease in induced systemic resistance
(ISR) to M. grisea, and in trans complementation for pyo-
cyanin production restored the ability to elicit ISR. Intrigu-
ingly, pyocyanin-deficient mutants, unlike the wild type,
triggered ISR against R. solani. Hence, bacterial pyocyanin
plays a differential role in 7NSK2-mediated ISR in rice.
Application of purified pyocyanin to hydroponically grown
rice seedlings increased H,0, levels locally on the root sur-
face as well as a biphasic H,0, generation pattern in distal
leaves. Co-application of pyocyanin and the antioxidant so-
dium ascorbate alleviated the opposite effects of pyocyanin
on rice blast and sheath blight development, suggesting
that the differential effectiveness of pyocyanin with respect
to 7NSK2-triggered ISR is mediated by transiently elevated
H,O0, levels in planta. The cumulative results suggest that
reactive oxygen species act as a double-edged sword in the
interaction of rice with the hemibiotroph M. grisea and the
necrotroph R. solani.

Additional keywords: hypersensitive response, oxidative burst,
Pyricularia grisea, rhizobacteria.

Rice is the most important staple food grain for more than
two billion people living in the rural and urban areas of humid
and subhumid Asia. Diseases are among the most important
limiting factors that affect rice production, causing annual
yield loss conservatively estimated at 5% (Mew et al. 2004).
More than 70 diseases caused by fungi, bacteria, viruses, or
nematodes have been recorded on rice (Ou 1985), among
which rice blast (Magnaporthe grisea) and sheath blight
(Rhizoctonia solani) are the most serious fungal constraints on
high productivity.

The filamentous ascomycete M. grisea (T. T. Hebert) Barr
(anamorph Pyricularia grisea (Cooke) Sacc.) is the most dev-
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astating pathogen of rice worldwide due to its widespread dis-
tribution and destructiveness (Talbot 2003). The rice-M. grisea
interaction is a well-documented gene-for-gene system (Jia et
al. 2000; Silue et al. 1992), and the fungus is a hemibiotroph
because successful infection requires an initial biotrophic
phase in which the pathogen forms bulbous invasive hyphae
within apparently healthy plant cells (Koga 1994). Once estab-
lished in the plant, the fungus switches to necrotrophic growth,
killing plant cells and ramifying throughout the tissue. Rice
sheath blight is caused by R. solani Kiihn (sexual stage: Thane-
tophorus cucumeris (A. B. Frank) Donk), a soil- and waterborne
fungal pathogen enjoying a very wide host range. The patho-
gen has a necrotrophic lifestyle and is able to produce a host-
specific carbohydrate-based phytotoxin (Vidhyasekaran et al.
1997).

Resistant cultivars and application of pesticides have been
used for disease control. However, the useful life span of most
blast-resistant cultivars is only a few years, due to the break-
down of the resistance in face of the high pathogenic variability
of the pathogen population (Song and Goodman 2001). Though
partial genetic resistance to sheath blight has been reported, no
major gene-governed resistance has been found so far, despite
screening of more than 3,000 accessions of germ plasm world-
wide (Mew et al. 2004). Because chemical means of manage-
ment are often expensive, no economically viable or sustainable
control measures currently are available to tackle the diseases.

Thus, there is a need to develop alternative disease control
strategies providing durable, broad-spectrum resistance.
Among such new strategies, induced resistance has emerged as
a potential supplement in international crop protection meas-
ures. Induced resistance can be defined as the phenomenon by
which plants exhibit increased levels of resistance to a broad
spectrum of pathogens by prior activation of genetically pro-
grammed defense pathways. The most extensively studied type
of induced resistance is systemic acquired resistance (SAR).
SAR is expressed locally and systemically after a localized
infection by a necrotizing pathogen and is characterized by the
accumulation of salicylic acid (SA) and pathogenesis-related
(PR) proteins (Durrant and Dong 2004). Colonization of roots
with selected plant growth-promoting rhizobacteria (PGPR)
also can lead to a type of systemic resistance, commonly de-
noted as induced systemic resistance (ISR) (Bakker et al.
2003; van Loon et al. 1998). Generally, the onset of ISR,
unlike SAR, is not accompanied by the concomitant activation
of PR genes (Van Wees et al. 1999). Instead, recent research



revealed that ISR-expressing plants are primed to react faster
to pathogen attack (Verhagen et al. 2004).

Bacterial determinants of ISR that have been identified are
cell surface components, such as outer membrane lipopolysac-
charides (LPS) or flagella, iron-regulated metabolites with
siderophore activity, benzylamine derivatives, volatile com-
pounds, and certain antibiotics (Bakker et al. 2003; Iavicoli et
al. 2003; Meziane et al. 2005; Ongena et al. 2005; Ryu et al.
2004). In general, most rhizobacteria show redundancy in ISR-
triggering traits and their effects can be complementary or
additive. Moreover, the mechanisms involved in rhizobacteria-
mediated ISR tend to vary among bacterial strains and patho-
systems, indicating a great degree of flexibility in the molecu-
lar processes leading to ISR, which makes it difficult to derive
a general model for PGPR-induced ISR.

To date, molecular biology research aimed toward under-
standing induced resistance mechanisms has focused mainly on
dicotyledoneous model plant species such as Arabidopsis
thaliana and tobacco. Conversely, in the class of Monocotyle-
doneae, including the most important agronomic cereals, mo-
lecular information on chemically and biologically induced
resistance mechanisms is largely missing (Kogel and Langen
2005). One of the most compelling examples of a rice SAR-like
response is the enhanced resistance to M. grisea that was
demonstrated in response to an infection with the nonhost
pathogen Pseudomonas syringae pv. syringae (Smith and
Metraux 1991). However, Reimmann and associates (1995)
failed to reproduce these results, indicating that conditions for
SAR are critical. Although the synthetic SA analogue
benzo(1,2,3)-thiadiazole-7-carbothioc acid (BTH) has been
shown to induce SAR in wheat (Gorlach et al. 1996) and disease
resistance in rice (Rohilla et al. 2002; Schweizer et al. 1999) and
maize (Morris et al. 1998), reports about the induction of
systemic resistance in monocots using beneficial micro-
organisms are scarce. These include one in barley, where pre-
inoculation with the root-colonizing fungus Piriformospora
indica induced systemic resistance to several fungal diseases
(Waller et al. 2005). In rice, colonization of the rhizosphere with
the PGPR strains Pseudomonas fluorescens PF1 and FP7
enhanced resistance against sheath blight disease (Nandakumar
et al. 2001). Someya and associates (2002, 2005) reported in-
duced resistance to rice blast and sheath blight by the antago-
nistic bacterium Serratia marcescens B2.

In the present study, we assessed the PGPR strain P. aerugi-
nosa TNSK2 for its capacity to elicit systemic resistance to M.
grisea and R. solani in a rice-based model system. Previously,
7NSK2 was shown to induce resistance in several dicot plant
species such as bean, tobacco, and tomato (Audenaert et al.
2002; Bigirimana and Hofte 2002; De Meyer et al. 1999a and
b; De Meyer and Hofte 1997). Its ability to trigger ISR has
been linked to the production of SA (Bigirimana and Hofte
2002; De Meyer et al. 1999a; De Meyer and Hofte 1997). Fur-
thermore, 7NSK2-mediated ISR was shown to be dependent
on a functional SA response in the plant because 7NSK2 no
longer induced resistance in transgenic NahG tomato or tobacco
plants which are unable to accumulate SA (Audenaert et al.
2002; De Meyer et al. 1999a). However, recent evidence
strongly suggests that, at least for the wild type, SA is not the
inducing bacterial compound; however, the secondary metabo-
lites pyocyanin and the SA-derivative pyochelin produced by
this strain are a prerequisite for the induction of ISR in dicot
plant species (Audenaert et al. 2002). The seminal articles by
Hassan and Fridovich (1979, 1980) revealed that pyocyanin,
like paraquat, menadione, and other xenobiotics, can undergo
redox-cycling in the presence of various reducing agents and
oxygen with resultant formation of reactive oxygen species
(ROS) in vitro.

Here, we demonstrate that root treatment of rice seedlings
with P. aeruginosa TNSK2 significantly reduces rice blast but
fails to mount ISR against sheath blight and provide evidence
that this differential effectiveness is due to the production of
the phenazine compound pyocyanin. Furthermore, our results
provide new insight into the role of ROS in the interaction of
rice with hemibiotrophic and necrotrophic pathogens.

RESULTS

P. aeruginosa TNSK2 triggers ISR in rice to M. grisea but
not to R. solani.

We first tested whether root colonization by P. aeruginosa
7NSK2 could be consistently obtained with the combined
seed- and root-inoculation assay used in this study. The
amount of bacteria recovered from root surfaces was determined
17 days after the last soil drench (i.e., 1 week after challenge
inoculation). Pooled over three independent experiments, colo-
nization of the roots was reflected by a bacterial titer of 1.43 x
10° CFU/g of root fresh weight (+3.4 x 10% n = 12). This popu-
lation density, which is well above the threshold density of 10°
CFU/g of root for P. fluorescens WCS374-mediated ISR in
radish (Raaijmakers et al. 1995), was obtained consistently
throughout all experiments performed in this study.

Next, we investigated whether colonization of the
rhizosphere of rice seedlings with P. aeruginosa 7TNSK2 had a
protective effect against leaf blast disease, caused by the asco-
mycete M. grisea. In several preliminary experiments, P.
aeruginosa TNSK2 significantly reduced leaf blast symptoms,
producing a resistance phenotype resembling that of genetically
determined, intermediate resistance. This type of resistance is
characterized by the formation of many small dark-brown spots
(diameter <2 mm) 2 to 3 days after inoculation (Fig. 1B). In
contrast, on nontreated control leaves, large, susceptible-type
lesions (diameter 3 to 6 mm) with a gray center appeared, of-
ten surrounded by chlorotic or necrotic tissue (Fig. 1A). These
susceptible-type lesions appeared no earlier than 4 days post-
inoculation. Because colonization of the rhizosphere by P.
aeruginosa TNSK2 did not completely abolish the formation
of susceptible-type lesions, we quantified the disease by count-
ing the number of susceptible-type lesions 6 to 7 days
postinoculation. This method is both rapid and quantitative. In
general, variation in disease severity between independent in-
oculation experiments, ranging from approximately 20 to 75

A B
Fig. 1. Phenotype of Pseudomonas aeruginosa TNSK2-mediated induced
systemic resistance in rice to Magnaporthe grisea. A, Control plants were
treated with water. B, P. aeruginosa TNSK2 was grown on King’s medium
B (KB) and applied to rice seed, roots, and soil. Four-week-old plants
(five-leaf stage) were challenge inoculated by spraying a spore suspension

of virulent M. grisea VT5SM1 at 1 x 10* spores/ml. Photographs depicting
representative symptoms were taken 6 days after fungal inoculation.
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lesions per control leaf, is a phenomenon inherent in the rice—
M. grisea pathosystem (Schweizer et al. 1997). Therefore, and
because no clear correlation between disease severity and the
level of induced resistance could be observed, inoculation data
are presented as relative infection values compared with
nontreated controls. Pooled over five independent experiments,
TNSK?2 reduced rice blast severity by 37.19% (16.64; n = 81).

To test the spectrum of 7NSK2-mediated ISR in rice, we
then assayed for induction of resistance against sheath blight,
which ranks next to blast in causing yield losses, especially in
intensified production systems. Although small protective ef-
fects were observed in single experiments, 7NSK2 proved un-
able to consistently reduce the length of lesions caused by the
sheath blight fungus R. solani (data not shown).

In vitro dual culture experiments revealed a clear antagonis-
tic potential of P. aeruginosa 7NSK2 to both M. grisea and R.
solani (data not shown). To exclude direct antagonism between
the inducing agent P. aeruginosa TNSK2 and the challenging
leaf pathogens M. grisea and R. solani, possible systemic plant
colonization by the bacterium was checked. However, 7NSK2
and the derived mutants were never detected in sheath and leaf
extracts of root-treated rice seedlings at distinct time points,
indicating that bacterial plant colonization remained confined
to the root zone (data not shown). The detection limit of this
assay is approximately 10 CFU per stem or leaf. Given the
spatial separation between the inducing bacterium (root) and
the challenging pathogen (leaf or leaf sheath), the observed
disease reduction can be attributed to ISR.

The phenazine compound pyocyanin is an essential
determinant of 7NSK2-mediated ISR to M. grisea in rice.
Preliminary experiments with 7NSK2 inoculum prepared
from iron-rich medium revealed that 7NSK2-triggered resis-
tance to M. grisea is not dependent on the iron nutritional state
of the inoculum, suggesting that siderophores such as pyochelin

120

do not play a crucial role in ISR to M. grisea (data not shown).
In order to identify the bacterial factors operative in triggering
systemic resistance to M. grisea, the potency of P. aeruginosa
7NSK?2 to induce ISR was compared with that of a collection
of mutants deficient in the production of pyocyanin or
pyochelin. All bacterial strains were grown routinely on iron-
poor King’s medium B (KB). The pyochelin-negative mutant
KMPCH (also pyoverdin deficient) induced resistance to an
extent similar to that induced by the wild type (Fig. 2A),
hereby excluding an essential role of the siderophores pyover-
din and pyochelin in ISR in rice to M. grisea. Treatment with
the newly generated pyocyanin-negative mutants 7NSK2-phzM
and KMPCH-phzM no longer caused disease reduction, indi-
cating the involvement of the phenazine antibiotic pyocyanin in
ISR. Both mutant strains were constructed by gene replacement
of the phzM gene, encoding an O-methyl transferase which is
necessary for the conversion of phenazine-1-carboxylate to the
pyocyanin precursor 5-methylphenazine-1-carboxylic acid be-
taine (Mavrodi et al. 2001). A deficiency in root colonization
could be ruled out, because bacterial counts in the rhizosphere
of plants inoculated with strains 7NSK2-phzM and KMPCH-
phzM were similar to those of 7NSK2-treated plants (data not
shown). In trans complementation of 7NSK2-phzM for pyo-
cyanin production (strain 7NSK2-phzMc) restored the capacity
to induce resistance to M. grisea, confirming the essential role
of pyocyanin in 7NSK2-mediated ISR (Fig. 2B). Root coloni-
zation with the pyocyanin-overproducing strain 7NSK2-phz2,
which is mutated in the regulatory gene retS, encoding a hy-
brid sensor kinase, yielded variable results. A significant reduc-
tion in the number of susceptible-type lesions was observed in
one experiment (relative infection [RI] value = 76%), whereas
treatment with 7NSK2-phz2 generated a higher infection rate
(RI = 129%) in another trial. In the remaining two experiments,
no statistically significant differences could be observed be-
tween control plants and plants colonized with 7NSK2-phz2
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Fig. 2. Influence of root treatment with Pseudomonas aeruginosa TNSK2 and various mutants on rice blast (Magnaporthe grisea) severity. P. aeruginosa
7NSK2 and derived mutants were grown on King’s medium B (KB) and applied to rice seed, roots, and soil. Control plants were treated with water. Four-
week-old plants (five-leaf stage) were challenge inoculated by spraying a spore suspension of virulent M. grisea VTSMI at 1 x 10* spores/ml. Six days after
challenge infection, disease was rated by counting the number of susceptible-type lesions per leaf 4 and expressed relative to challenged control plants. Sta-
tistical analysis was performed on pooled data, because interaction between treatment and experiment was not significant at o = 0.05 by analysis of variance.
Different letters indicate statistically significant differences between treatments according to Kruskal-Wallis followed by Mann-Whitney comparison tests (P =
0.05). Mutants derived from strain 7NSK2 have the following characteristics: KMPCH (pyoverdin and pyochelin deficient), 7NSK2-phzM (phzM-, nonpro-
ducing pyocyanin), KMPCH-phzM (pyoverdin and pyochelin deficient; phzM-, nonproducing pyocyanin), and 7NSK2-phzMc = strain 7NSK2-phzM com-

plemented with functional phzM gene of 7NSK2, restoring pyocyanin production.
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(RI =92 and 106%). In vitro experiments monitoring production
of pyocyanin by 7NSK2 and respective mutant strains revealed
that 10° CFU of 7NSK2-phz2 produces approximately 25.05 pg
of pyocyanin/ml of culture supernatant (+1.166; n = 7), thereby
showing a fivefold increase compared with the wild type.

Pyocyanin-negative mutants
of 7NSK2 trigger ISR in rice to R. solani.

In spite of its resistance-inducing potential against M. grisea,
P. aeruginosa TNSK2 proved unable to consistently mount ISR
to the sheath blight fungus R. solani in several preliminary ex-
periments. These data notwithstanding, we tested the same set of
mutant strains as described before in a series of infection assays
with R. solani as challenging pathogen. All strains were grown
routinely on KB. Pooled over three independent experiments,
neither the wild-type strain 7NSK2 nor the pyochelin-negative
mutant KMPCH significantly reduced sheath blight severity
(Fig. 3). However, inoculation of the rhizosphere of rice seed-
lings with the corresponding pyocyanin-deficient strains
(7INSK2-phzM and KMPCH-phzM) resulted in significantly
higher protection levels to R. solani compared with wild-type-
treated and control plants. Conversely, no statistically significant
differences could be observed between treatment with the pyo-
cyanin-overproducing strain 7NSK2-phz2 and control plants.
The inability of the pyocyanin-positive strains to mount ISR to
R. solani was not due to insufficient root colonization of the rice
seedlings, because bacterial counts in the rhizosphere of plants
inoculated with the respective strains showed no marked differ-
ences (data not shown).

Pyocyanin induces resistance
to M. grisea but enhances infection by R. solani.

The observation that pyocyanin-deficient mutants, unlike
wild-type strains, triggered resistance to R. solani, whereas the
same mutants lost their ability to mount ISR to M. grisea
(Figs. 2A and 3), suggested that the secretion of pyocyanin
might account for the differential effectiveness of 7NSK2-me-
diated ISR to the latter pathogens. Therefore, and because it
has been reported before that high concentrations of purified
pyocyanin can induce resistance to Botrytis cinerea in bean
(Abeysinghe 1999), we wanted to further explore the role of
bacterially produced pyocyanin in 7NSK2-mediated ISR in
rice. To this purpose, we isolated pyocyanin from the pyocya-
nin-overproducing strain 7NSK2-phz2 using a chloroform-
based extraction assay (Kanner et al. 1978) and applied the
purified compound to the roots of rice seedlings. To avoid ex-
cessive immobilization of the metabolite through adsorption
on soil particles or spontaneous degradation or biodegradation
in soil, a soil-less gnotobiotic rice-growing system was devel-
oped. In this system, 24-day-old rice seedlings were fed hydro-
ponically with a dilution series of pyocyanin by adding the de-
sired concentration to the nutrient solution. In order to include
a pyocyanin concentration in the experimental set-up that is
equivalent to the production by P. aeruginosa TNSK2, we
spectrophotometrically quantified the in vitro pyocyanin pro-
duction by the latter strain. Pooled over two independent ex-
periments, 10° CFU of 7NSK2 produced 4.958 pg of pyocya-
nin/ml of culture supernatant (+0.483 pg; n = 7). Provided that
pyocyanin production by 7NSK2 is proportional to the amount
of 7NSK2, 10° CFU of 7NSK2 should produce approximately
0.5 ng of pyocyanin. This is similar to the amount of pyocya-
nin applied in a 25 pM pyocyanin solution (1,000 ml of 25 pM
pyocyanin = approximately 5.2 ng of pyocyanin per tray or
0.43 ng per seedling). Thus, feeding a 25 pM pyocyanin solu-
tion in the hydroponic system resembles the production of
pyocyanin in the rhizosphere of soil-grown rice plants colo-
nized by 7NSK2. No signs of phytotoxicity were observed in

leaves of plants after pyocyanin feeding at any of the concen-
trations tested. In the range of 25 pM to 100 nM pyocyanin,
ISR to M. grisea was evident for all concentrations tested.
However, no significant protection could be observed at 50
uM pyocyanin (Fig. 4A). Furthermore, pyocyanin did not re-
duce the number of virulent lesions to the same extent as treat-
ment of the roots with 7NSK2. Taken together, these results
indicate that P. aeruginosa TNSK2-mediated ISR to M. grisea
can be partially mimicked by application of pyocyanin to
roots. Conversely, pyocyanin feeding favored subsequent in-
fection by R. solani, irrespective of the applied concentration
(Fig. 4B). Because pyocyanin is known for its antibiotic prop-
erties (Hassan and Fridovich 1980), we checked whether pyo-
cyanin feeding leads to translocation of the compound to distal
plant tissues such as leaves. However, pyocyanin remained un-
detected in leaves of root-fed plants using high-performance
liquid chromatography (HPLC) analyses (detection limit, 13
ng/g of fresh weight). Summarized, these data suggest a dual
role of pyocyanin in 7NSK2-mediated ISR and corroborate the
results obtained in the ISR assays with the pyocyanin-negative
mutants 7NSK2-phzM and KMPCH-phzM.

Pyocyanin triggers enhanced levels of H,0,
in local and systemic tissue upon root treatment.

Given the fact that pyocyanin has the capacity to undergo
redox cycling under aerobic conditions with resulting genera-
tion of superoxide and hydrogen peroxide in vitro (Hassan
and Fridovich 1980), we asked whether pyocyanin also
would be capable of producing ROS in our gnotobiotic sys-
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Fig. 3. Influence of root treatment with Pseudomonas aeruginosa TNSK2
and various mutants on sheath blight (Rhizoctonia solani) severity. P. aerugi-
nosa TNSK2 and derived mutants were grown on King’s medium B (KB)
and applied to rice seed, roots, and soil. Control plants were treated with wa-
ter. Four-week-old plants (five-leaf stage) were challenge inoculated by plac-
ing a 1-cm toothpick colonized by R. solani inside the sheath of the second
youngest fully developed leaf. Disease severity was assessed by measuring
the length of R. solani lesions 4 days after challenge infection. Data pre-
sented are means from at least three independent experiments with 12 repli-
cations per treatment in each experiment. Statistical analysis was performed
on pooled data, because interaction between treatment and experiment was
not significant at a = 0.05 by analysis of variance. Bars with the same letter
are not significantly different by nonparametric Kruskal-Wallis and Mann-
‘Whitney comparisons at P = 0.05. Mutants derived from strain 7NSK2 have
the following characteristics: KMPCH (pyoverdin and pyochelin deficient),
7NSK2-phz2 (overproducing pyocyanin), 7NSK2-phzM (phzM-, nonpro-
ducing pyocyanin), and KMPCH-phzM (pyoverdin and pyochelin deficient,
phzM-, nonproducing pyocyanin).
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tem. To this end, we monitored the levels of H,0,, which is
the major and most long-living ROS, both on the roots and in
the leaves of hydroponically grown rice seedlings in response
to pyocyanin feeding. Detection of H,0, on roots was carried
out by means of an endogenous peroxidase-dependent staining
procedure with 3,3'-diaminobenzidine (DAB). Roots of rice
seedlings treated with 100 nM pyocyanin showed strong DAB
staining compared with Hoagland-treated control roots. How-
ever, DAB staining was not observed on roots in the presence
of the H,O, scavenger, ascorbic acid, confirming the specific-
ity of the staining (Fig. 5). The in planta accumulation of H,O,
was determined following the titanium (IV) chloride method
as described by Wu and associates (1995). Inclusion of 100
nM pyocyanin in the nutrient solution revealed a transient rise
in H,O, levels in systemic leaves at 8 h postapplication com-
pared with control plants, followed by decay to control levels
(Fig. 6A). A second, more pronounced rise in H,O, was ob-
served at 48 h posttreatment and persisted for at least 24 h.
Regulation of H,0O, levels in plant tissue is brought about by
the coordinated activities of H,O, generating and degrading
enzymes; therefore, we sought to extend our analysis of the
ROS-generating potential of pyocyanin in the gnotobiotic sys-
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tem by monitoring the level of various antioxidant enzymes in
response to pyocyanin feeding. Changes in total superoxide
dismutase (EC 1.15.1.1) activity were concomitant with the
biphasic generation pattern of H,O,, reaching 1.8-fold higher
levels after 48 h of incubation, suggesting that pyocyanin-
induced H,0, accumulates sequentially from superoxide as the
primary origin (Fig. 6B). Comparative analysis of the kinetics
of several H,0,-degrading enzymes such as catalase (EC
1.11.1.6), ascorbate peroxidase (EC 1.11.1.11), and guiacol
peroxidase (EC 1.11.1.7) revealed distinct enzyme-specific
activity patterns (Fig. 6C, D, and E). For instance, the first
phase of H,O, accumulation coincided with declined activities
of catalase and guiacol peroxidase, whereas no significant
alteration of ascorbate peroxidase activity could be observed.
In addition, catalase activity showed a declining trend between
24 and 72 h of incubation, whereas both ascorbate and guiacol
peroxidase activity progressively increased within this time
frame, indicating a balanced interplay between H,O, detoxify-
ing enzymes in response to pyocyanin feeding. Taken together,
these data clearly demonstrate the ability of bacterial pyocya-
nin to generate ROS on the root surface of rice seedlings as
well as in systemic leaves.
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Fig. 4. Effect of adding pyocyanin to the nutrient solution on A, leaf blast severity and B, the length of Rhizoctonia solani lesions on hydroponically grown
rice plants. Pyocyanin was purified from Pseudomonas aeruginosa TNSK2-phz2 cultures and added to the half-strength Hoagland nutrient solution at differ-
ent concentrations; 4 days later, plants were inoculated by A, spraying a spore suspension of virulent M. grisea VISM1 at 1 x 10* spores/ml or B, placing a
1-cm toothpick colonized by R. solani inside the sheath of the second youngest fully developed leaf. At 6 and 4 days after pathogen inoculation, respectively,
disease was rated by A, counting the number of susceptible-type blast lesions per leaf 4 or B, measuring the total length of sheath blight lesions. In the case
of M. grisea infections, results were expressed relative to challenged control plants. The values presented are from a representative experiment that was re-
peated three times with similar results. Bars with the same letter are not significantly different by nonparametric Kruskal-Wallis and Mann-Whitney compari-

sons at P = 0.05.

Fig. 5. Detection of pyocyanin-derived H,0, by 3,3’-diaminobenzidine (DAB) staining. Roots of hydroponically grown rice seedlings were immersed for 2 h
in nutrient solution A, with or B, without pyocyanin (100 nM), rinsed several times with distilled water, and subsequently incubated in DAB solution (1
mg/ml) for 12 h at room temperature. C and D, The specificity of the staining was verified by adding 10 mM ascorbic acid to the DAB solution.
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Fig. 6. Effect of pyocyanin on A, H,O, levels and the activities of B, superoxide dismutase C, catalase D, ascorbate, and E, guiacol peroxidase in the fourth
leaf of hydroponically grown rice seedlings. Pyocyanin was purified from Pseudomonas aeruginosa TNSK2-phz2 cultures and added to the half-strength
Hoagland nutrient solution to a concentration of 100 nM. Data are means (£ standard error) of four replicates of a representative experiment. Each replicate
consisted of one sample pooled from six individual plants. Two series of independent experiments were carried out giving reproducible results.
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Ascorbic acid attenuates the M. grisea resistance—inducing
and R. solani infection—-promoting potential of pyocyanin.

The observation that application of purified pyocyanin to the
roots of hydroponically grown rice seedlings triggers enhanced
levels of H,O, and antioxidant enzymes in distal leaves
prompted us to test whether ROS generated by pyocyanin in
planta account for the dual role of the latter compound in
TNSK2-mediated ISR. To this end, we investigated the effect
of adding ascorbate, which is one of the major natural quench-
ing agents, to the pyocyanin solution on the subsequent chal-
lenge with M. grisea and R. solani. Co-application of 50 uM
sodium ascorbate and 100 nM pyocyanin attenuated the pyo-
cyanin-triggered resistance to M. grisea (Fig. 7). Similarly, ad-
dition of 50 uM ascorbate to the pyocyanin feeding solution
alleviated the stimulation of R. solani infection by pyocyanin.
At this concentration, ascorbate itself had no detectable effect
on disease development. However, application of higher con-
centrations of ascorbate (2.5 mM to 10 mM) to the roots re-
duced sheath blight severity (data not shown).

Cytological comparison of fungal infection
and host cellular reactions
between control and pyocyanin-treated plants.

To further elucidate the mechanisms of pyocyanin-mediated
ISR, cytological studies combining differential interference
contrast (DIC) and incident fluorescence microscopy were
conducted. To establish compatibility, it appears important for
M. grisea to keep the invaded epidermal cell of a susceptible
rice line alive in the early stages of infection before switching
to necrotrophic growth (Koga 1994). Because the evidence
placing ROS as central signals in the elicitation of certain
types of cell death is compelling (Van Breusegem and Dat
2006), we first investigated whether pyocyanin feeding provokes
cell death before challenge infection. However, pyocyanin treat-
ment by itself did not cause any cell death in local or in sys-
temic tissue (data not shown). Nevertheless, pyocyanin-treated
plants expressed potentiated hypersensitive response (HR)-like
cell death in response to infection with M. grisea. In control
plants, fungal hyphae grew vigorously within penetrated epi-
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dermal cells (Fig. 8A). In pyocyanin-treated plants, 43.6%
(£8.7%; n = 200) of attacked epidermal cells reacted to fungal
ingress through the development of HR-like cell death, as indi-
cated by the granulation of the cytoplasm and a bright auto-
fluorescence of epidermal cell walls (Fig. 8B and E). These re-
actions were not observed in control plants up to 36 hours after
inoculation (hai) (Fig. 8A and D). Addition of ascorbate to the
pyocyanin feeding solution attenuated the abovementioned
effects (Fig. 8C), whereas ascorbate feeding by itself did not
significantly interfere with the infection process (data not
shown).

In both control and pyocyanin-treated plants, germinated
sclerotia of R. solani colonized the inner surface of the leaf
sheath within 12 h of inoculation. Penetration of the sheath
surface was observed 24 hai regardless of pyocyanin treat-
ment. The most frequent penetration was by hyphal tips (Fig.
8G and H), although other infection structures, such as lobate
appressoria (Fig. 8I) and infection cushions (Fig. 8J), also
were observed. Hyphal tips or infection pegs produced from
lobate appressoria either penetrated directly into the epidermis
or first colonized subcuticularly before entering epidermal
cells. Colonization of epidermal and mesophyll cells occurred
both inter- and intracellularly, and often was associated with
intense browning of penetrated and neighboring cells. In con-
trol plants, discrete groups of epidermal cells showing intense
browning commonly were observed 5 to 15 cell layers ahead
of fungal invasion, presumably due to secretion of phytotoxins
by R. solani (Fig. 8K). In contrast, in sheaths of pyocyanin-
treated plants, enlarged zones of dying cells preceding fungal
colonization frequently were observed (Fig. 8L). Ascorbate
largely abrogated this pyocyanin-provoked runaway cell death
in response to challenge with R. solani (data not shown).

DISCUSSION

In this study, we analyzed P. aeruginosa TNSK2-mediated
ISR in the monocot model plant rice against leaf blast (M.
grisea) and sheath blight (R. solani). In a standardized assay,
root treatment with P. aeruginosa TNSK2 effectively protected
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Fig. 7. Effect of adding ascorbate (Asc) to the pyocyanin feeding solution on A, the blast resistance-inducing potential and B, the Rhizoctonia solani infection-
promoting ability of pyocyanin. Pyocyanin (P) was purified from Pseudomonas aeruginosa TNSK2-phz2 cultures and added to the half-strength Hoagland nutri-
ent solution containing 50 uM sodium ascorbate (Asc); 4 days later, plants were inoculated by A, spraying a spore suspension of virulent Magnaporthe grisea
VT5MI at 1 x 10* spores/ml or B, placing a 1-cm toothpick colonized by R. solani inside the sheath of the second youngest fully developed leaf. At 6 and 4 days
after pathogen inoculation, respectively, disease was rated by A, counting the number of susceptible-type blast lesions per leaf 4 or B, measuring the total length
of sheath blight lesions. In the case of M. grisea infections, results were expressed as relative infection values compared with control plants. The values presented
are from representative experiments that were repeated three times with similar results. Bars with the same letter are not significantly different by A, nonparamet-
ric Kruskal-Wallis and Mann-Whitney comparisons at P = 0.05 or B, Fisher’s least significant difference test (o = 0.05).
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rice against blast but failed to consistently reduce sheath blight
severity. Because inducing bacteria and challenging pathogens
remained spatially separated throughout the experiment, antago-
nism by direct interactions could be ruled out, demonstrating
that 7NSK2-induced protection is plant mediated. ISR against
M. grisea was manifested phenotypically by a reduction in the
number of susceptible-type blast lesions (Fig. 1), thereby re-
sembling the resistance phenotype of quantitative trait loci-
governed partial resistance (Zahirul et al. 2005).

Recent evidence by Audenaert and associates (2002) suggests
that, whereas ISR elicited by P. aeruginosa TNSK2 in dicots
requires the SA signaling pathway, the bacterial trigger of ISR
is the combination of the SA-derived siderophore pyochelin
and the phenazine pyocyanin, rather than SA itself. In view of
pharmacological studies demonstrating that ferripyochelin-
catalyzed hydroxyl generation from pyocyanin-derived O,
/H,0, contributes to microvasculature injury, which occurs as
a consequence of pulmonary infections with P. aeruginosa
(Britigan et al. 1992, 1997), the authors proposed that the gen-
eration of hydroxyl radicals by the Fe—pyochelin—pyocyanin
interaction might constitute the basis of 7NSK2-mediated ISR.
In this work, however, we found no evidence for the involve-
ment of iron-regulated pyochelin in 7NSK2-mediated ISR in
rice. This pyochelin independency of 7NSK2-triggered ISR
was borne out by the observation that bacterial inoculum pre-
pared from iron-rich medium was as effective as inoculum pre-
pared from iron-poor KB in controlling rice blast disease, and
was confirmed further by the ISR-inducing potential of the
pyochelin-negative mutant KMPCH (also pyoverdin deficient)
(Fig. 2A). At inoculation, 7NSK2 grown on iron-rich medium
had an internal iron pool that was visible in the red color of the
bacterial pellet, whereas an internal iron pool was not observed
for KB-grown 7NSK2, because siderophore-mediated iron ac-
quisition is strictly regulated. These observations make a role
for iron-regulated metabolites of P. aeruginosa in ISR to M.
grisea highly unlikely.

Similar to 7NSK2-mediated ISR in tomato, the pyocyanin-
deficient mutant 7NSK2-phzM lost the capacity to trigger ISR
against rice blast. A similar phenomenon was observed for the
pyocyanin and pyochelin double-negative mutant KMPCH-
phzM (Fig. 2A). Because the inability of these strains to induce
resistance to M. grisea did not result from insufficient
rhizosphere populations, these data strongly suggest that pyo-
cyanin production by P. aeruginosa TNSK2 is necessary for
ISR to M. grisea in rice. Additional support was provided by
complementation experiments (Fig. 2B), as well as by the pro-
tective effect obtained upon hydroponic feeding with pure pyo-
cyanin (Fig. 4A). Surprisingly, treatment with the pyocyanin-
overproducing strain 7NSK2-phz2, which produces approxi-
mately five times more pyocyanin compared with the wild
type, failed to consistently mount ISR to M. grisea. Provided
that the pyocyanin production in vitro is an adequate indica-
tion of the capacity to produce pyocyanin in the rhizosphere by
the respective strains, these results suggest that only a balanced
production of pyocyanin triggers ISR to M. grisea. However,
we found no clear dose effect for pure pyocyanin in our gnoto-
biotic system, at least in the physiologically relevant pico- and
nanomolar range (Fig. 4A). These conflicting observations
could be reconciled when considering the distinct pyocyanin
application in soil-based and hydroponic assays. Contrary to
the putative sustained pyocyanin production by the bacterial
strains in the rhizosphere, purified pyocyanin was fed only
once in the hydroponic system. In vitro studies have shown
that pyocyanin has multiple deleterious effects on mammalian
cells, such as inhibition of cell respiration, ciliary function,
epidermal cell growth, prostacyclin release, disruption of cal-
cium homeostasis, and inactivation of catalase and vacuolar

ATPase (Lau et al. 2004). Moreover, pyocyanin induces apop-
tosis in neutrophils (Allen et al. 2005) and modulates the glu-
tathione redox cycle (Muller 2002) in lung epithelial and endo-
thelial cells. Hence, it is conceivable that sustained exposure of
rice roots to substantial levels of pyocyanin, as secreted by the
overproducing mutant 7NSK2-phz2, causes toxic effects that
might negatively interfere with the induction of ISR. Such a
concept would be consistent with previous findings by
Abeysinghe (1999), who reported that only balanced doses of
pyocyanin trigger resistance to B. cinerea in bean. Similar re-
sults were obtained by Iavicoli and associates (2003) when
studying the involvement of the antibiotic 2,4-diacetylphloro-
glucinol in P. fluorescens CHAO-mediated ISR to Peronospora
parasitica in Arabidopsis. On the other hand, the mutation in
phz2 is likely to have a pleiotropic effect because it results in
the inactivation of the hybrid sensor kinase RetS. Although we
selected this mutant as a pyocyanin hyperproducer, others
demonstrated that the same mutation affects type III secretion,
motility, and virulence and promotes biofilm formation (Good-
man et al. 2004; Ventre et al. 2006; Zolfaghar et al. 2005).
Therefore, we cannot exclude the possibility that the effect ob-
served with 7NSK2-phz2 is not due only to pyocyanin over-
production.

One of the most peculiar events in the early phase of plant—
pathogen interactions is the rapid and transient production of
ROS by the plant, namely the oxidative burst. Because pyocya-
nin is a redox-active compound (Hassan and Fridovich 1979)
and has been demonstrated before to be capable of generating
ROS in an animal system (Britigan et al. 1997), we investigated
whether pyocyanin production in the rhizosphere modulates
the oxidative machinery of rice seedlings. By means of a com-
bination of histochemical DAB stainings and in planta meas-
urements of H,O,, we demonstrated that pyocyanin feeding of
hydroponically grown rice seedlings leads to enhanced H,0,
levels both on the root surface of rice seedlings and, subse-
quently, in distal leaves (Figs. 5 and 6). The pyocyanin-elicited
H,O, burst in the systemic leaves adopted a biphasic genera-
tion pattern, similar to the two-phase kinetics frequently ob-
served during an avirulent pathogen-induced oxidative burst
(Levine et al. 1994; Shirasu et al. 1997). This biphasic response
might indicate a capacity for multiple reiterations of pyocyanin-
triggered ROS generation in order to maintain the induced
state. Such a mechanism would either require signal amplifica-
tion for reiteration of the pyocyanin-triggered ROS generation
or, alternatively, could result from successive redox cycles of
pyocyanin, because studies by Rezka and associates (2004)
demonstrated that pyocyanin has the capacity to undergo redox
cycling without extensive modification of the pigment’s
phenazine chromophore, thus leaving the pigment intact.

There is ample evidence indicating that ROS, and H,0O, in
particular, generated in the oxidative burst perform multiple
important functions in early plant defense responses. ROS are
directly protective, activate phytoalexin biosynthesis, and also
drive peroxidase-mediated cross-linking of proline-rich cell
wall glycoproteins (Lamb and Dixon 1997). Moreover, ROS
induce arrays of cellular protectant and defense genes and also
cue the collapse of challenged cells (Foyer and Noctor 2005;
Neill et al. 2002). In addition to these intracellular or local
intercellular signal functions, some studies have highlighted
the potential role for local ROS accumulation in systemic sig-
naling leading to the establishment of SAR (Fobert and Després
2005). Elegant research by Alvarez and associates (1998) dem-
onstrated redox changes in systemic tissues following SAR
induction. These changes were observed as well-timed, tran-
sient microbursts of H,O, production that were required for
SAR manifestation. Taking these facts into account, we specu-
late that the transient enhancement of H,O, levels observed in
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systemic leaves of pyocyanin-treated rice seedlings might like-
wise function in 7NSK2-mediated ISR to M. grisea by low-
level activation of defense responses throughout the plant,
thereby contributing to the ISR-induced state. Critical to the
formation of a hypothesis of transiently increased H,O, levels
as the central event in 7NSK2-mediated ISR in rice was the
observation that inclusion of H,0,-quenching ascorbate into
the pyocyanin-containing nutrient solution abrogated both
pyocyanin-induced H,0O, generation and pyocyanin-triggered
ISR to M. grisea (Figs. 5 and 7A). Although the exact nature
of the quenching effect of ascorbate and, in turn, the attenuation
of the ISR performance by ascorbate cannot be explained at
this stage, because it is not known whether ascorbate merely
has a quenching effect or might interfere further downstream

of the signaling pathways leading to ISR, the involvement of
H,O, production by redox-active pyocyanin in relation to ISR
is apparent. Hence, induction of pyocyanin-mediated H,0,
microbursts most likely constitutes the in situ mechanism of
TNSK2-mediated ISR against M. grisea. In line with this con-
cept, there is substantial evidence demonstrating the defensive
capacity of H,O, in rice-M. grisea interactions. Induction of
elevated levels of H,O, in transgenic rice expressing a fungal
glucose oxidase gene triggered the expression of several defense
genes, cell death, and enhanced blast resistance in response to
wounding and pathogen infection (Kachroo et al. 2003). Like-
wise, increasing endogenous levels of H,O, by expression of
constitutively active OsRacl, a small GTP-binding protein ho-
mologous to human Rac, triggered cell death and enhanced

Fig. 8. Interaction phenotypes of pyocyanin-mediated cytological responses of Oryza sativa line CO-39 to Magnaporthe grisea and Rhizoctonia solani. A to
F, Infection sites inoculated with M. grisea. Scale bars represent 10 um. A, Vigorous invasion of living tissues in control plants. Upon penetration by a dome-
shaped appressorium (black arrow), the fungus colonizes the first penetrated epidermal cell as well as neighboring cells by 36 h after infection (hai), produc-
ing primary (white arrowheads) and secondary (black arrowheads) invading hyphae. B, Expression of hypersensitive resistance (HR)-like cell death blocks
M. grisea in hydroponically grown rice plants amended with 100 nM pyocyanin (36 hai). Intracellular hyphae (white arrowheads) originating from an ap-
pressorium (arrow) are restricted to the initially penetrated epidermal cell and stopped from infecting adjacent plant tissue. Note the granulation of the cyto-
plasm in both first invaded and neighboring epidermal cells. C, Addition of 50 uM ascorbate to the pyocyanin feeding solution abrogates pyocyanin-induced
HR-like cell death. In consequence, fungal growth is not arrested and invading hyphae form an extensively branched mycelium both in the first invaded
(white arrowheads) and surrounding epidermal cells (black arrowheads). Arrow points to the site of fungal penetration. D, Faint autofluorescent halo
surrounding point of penetration (white arrow) as well as weak local autofluorescence in control plants under blue light excitation (24 hai). E, Epifluores-
cence image of epidermal cells of pyocyanin-fed plants responding to M. grisea infection (24 hai). The penetrated epidermal cell and the cell walls of three
surrounding cells exhibit bright autofluorescence under blue light excitation. White arrow indicates position of the fungal appressorium. F, Symptoms of M.
grisea on the fourth leaf of control plants (left, 7 days post inoculation [dpi]) and pyocyanin-treated plants (right, 7 dpi). G to J, Microphotographs of infec-
tion sites of control plants inoculated with R. solani (similar observations were made in pyocyanin-treated plants). G, Direct penetration by hyphae of R. so-
lani and associated browning of epidermal cell walls at the site of contact (24 hai). Bar = 10 um. H, Browning of epidermal cells underlying R. solani hyphae
as observed by 24 hai. Fungal hyphae were stained using trypan blue dye. Bar = 10 um. I, Penetration attempt by a lobate appressoria-like structure of R. so-
lani and associated host cell death. Extracellular mycelium is stained with trypan blue. Bar = 10 um. J, Colonization of sheath surface by hyphae and forma-
tion of infection cushions by 40 hai. Fungal mycelium was stained with trypan blue. Bar = 30 um. K and L, Browning of nonpenetrated epidermal cells pre-
ceding fungal invasion as observed in K, control plants and L, pyocyanin-treated plants by 32 hai. Bars = 20 um.
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blast resistance in transgenic rice plants. Conversely, dominant
negative OsRacl suppressed elicitor-induced ROS production
in transgenic cell cultures and, in plants, suppressed resistance
gene—mediated resistance to M. grisea (Kawasaki et al. 2006;
Ono et al. 2001). Moreover, the increased blast resistance of
several rice lesion mimic mutants is linked with elevated H,O,
production (Takahashi et al. 1999; Ueno et al. 2003).

Pyocyanin-negative mutants, unlike the wild-type bacte-
rium, significantly reduced sheath blight severity (Fig. 3),
whereas the same mutant strains lost the capacity to mount
ISR to M. grisea. In concordance with these observations, pyo-
cyanin-treated rice seedlings exhibited increased susceptibility
to R. solani (Fig. 4B), suggesting that pyocyanin acts as a nega-
tive regulator of disease resistance responses toward R. solani.
Similar to pyocyanin-induced ISR to M. grisea, addition of
ascorbate to the nutrient solution alleviated pyocyanin-stimu-
lated susceptibility to R. solani (Fig. 7B). Hence, the cumula-
tive results suggest that the differential beneficial effect of
pyocyanin in ISR to M. grisea and R. solani is due to its
capacity to generate H,0O, in planta.

In keeping with our results, ROS have been thought previ-
ously to play a dual role in plant resistance to pathogens. De-
spite the numerous lines of evidence demonstrating the
involvement of ROS in the induction of various defense reac-
tions, including orchestration of hypersensitive cell death,
which is a highly effective defense mechanism against biotro-
phic pathogens, their accumulation also has been reported to
be involved in successful pathogenesis of necrotrophic patho-
gens (Glazebrook 2005; Govrin and Levine 2000; Hennin et
al. 2001). Although the role of H,O, in cell death induction is
widely accepted (Apel and Hirt 2004; Delledonne et al.
2001), its benefit for resistance strategies varies with the type
of pathosystem and host tissues. For instance, transgenic ex-
pression of animal cytoprotective antiapoptotic genes in to-
bacco conferred heritable resistance to several necrotrophic
pathogens (Dickman et al. 2001). Similarly, the HR-deficient
Arabidopsis mutant dndl was highly resistant to the necro-
trophic fungi B. cinerea and Sclerotinia sclerotiorum, whereas
treatments of A. thaliana with pro-oxidantia, or an HR-caus-
ing Pseudomonas syringae strain, prior to infection with B.
cinerea or S. sclerotiorum enhanced disease severity, sug-
gesting that HR-associated cell death facilitates pathogenesis
by necrotrophic pathogens (Govrin and Levine 2000). Al-
though root treatment with pyocyanin, at least in the pico-
and nanomolar range, did not induce visible cell death by
itself in local or systemic tissue, a marked increase in the
number of HR-expressing epidermal penetration sites was
observed in response to infection with M. grisea (Fig. 8B).
Furthermore, pyocyanin feeding, despite not interfering with
the penetration process of R. solani, provoked intense brown-
ing of epidermal cells ahead of fungal invasion (Fig. 8L). Be-
cause ascorbate treatment inhibited these pyocyanin-medi-
ated cellular responses (Fig. 8C), it could be reasoned that
the pyocyanin-induced generation of H,O, microbursts might
lower the threshold for initiating programmed cell death and,
in consequence, facilitate subsequent infection with R. solani
which, as a necrotrophic pathogen, depends on host cell
death as a prerequisite for successful pathogenesis.

In summary, the dual role of the phenazine antibiotic pyo-
cyanin in P. aeruginosa TNSK2-mediated ISR suggests that
rice requires distinct mechanisms for defense against M.
grisea and R. solani. On the one hand, root treatment with
pyocyanin was effective against M. grisea, triggering reitera-
tive H,O, microbursts and causing rapid HR-associated cell
death in response to fungal infection, which most likely leads
to breakdown of the biotrophic phase of the M. grisea infec-
tion cycle. On the other hand, treatment with pyocyanin sig-

nificantly promoted subsequent infection by the necrotrophic
pathogen R. solani by facilitating pathogen-triggered host
cell death. Hence, the oxidative burst and related HR might
act as a double-edged sword in the interaction of rice with
hemibiotrophic (M. grisea) and necrotrophic (R. solani) patho-
gens. This conclusion is substantiated with recent research
by Ahn and associates (2005), demonstrating the differential
beneficial effect of the HR as defense mechanism against M.
grisea and the necrotrophic rice pathogen Cochliobolus
miyabeanus. Considering that the effect of the oxidative burst
and HR-associated cell death depends on the type of invading
pathogen, the widespread cultivation of resistant blast culti-
vars that rely upon major resistance genes may contribute to
the increase in sheath blight incidence. In this respect, our
recent observation that R. solani colonization and sheath
blight development is favored by pre-inoculation with an
HR-triggering incompatible M. grisea isolate is of particular
interest (D. De Vleesschauwer and M. Hofte, unpublished
results) and might explain why there are no HR-triggering
gene-for-gene phenomena known for R. solani-rice interac-
tions. Our work underscores the importance of using appro-
priate innate defense mechanisms in plant breeding programs
and might contribute to the development of new strategies for
disease control.

MATERIALS AND METHODS

Bacterial strains and plasmids.

Bacteria and plasmids used in this study are listed in Table
1. Mutant strains 7NSK2-phzM and KMPCH-phzM were con-
structed as described by Rabaey and associates (2005) by ho-
mologous recombination using plasmid pZM1-Gm as suicide
vector. In trans complementation of 7NSK2-phzM for pyocya-
nin production was performed as described by Audenaert and
associates (2002).

Assay for induced resistance.

All experiments were performed using the highly suscepti-
ble indica cv. CO-39 (Chen et al. 2003). Plants were grown
under nonsterile greenhouse conditions (30 + 4°C) in potting
soil (substrat no 4; Klasmann, Otrebusy, Germany). Root colo-
nization with P. aeruginosa was achieved by a combined seed
and soil treatment. Bacteria were grown routinely at 37°C on
KB (King et al. 1954), scraped off the plates, and suspended
in sterile saline (0.85% NaCl). This suspension was diluted
to the desired bacterial concentration based on optical density
at 595 nm.

For seed treatment, rice seed were surface sterilized with 1%
sodium hypochlorite solution for 2 min and rinsed three times
in sterile distilled water. Next, seed were soaked for 10 min in
a bacterial suspension of 5 x 10’ CFU ml™!. Rice seed then
were incubated for 5 days on a wet sterile filter paper in sealed
Petri dishes at 28°C. Prior to sowing, roots of germinated seed
were dipped in a bacterial suspension (5 x 10" CFU ml™) for
10 min and the potting soil was mixed with bacterial inoculum
to a concentration of 5 x 10’ CFU g!. In control treatments,
seed, roots, and soil were treated with equal volumes of sterile
saline. Germinated seed were sown in perforated plastic trays
(23 by 16 by 6 cm) to provide aerobic soil conditions. Ten
days after sowing, an additional bacterial application was per-
formed as a soil drench (5 x 10’ CFU g™).

At the end of every assay, bacterial colonization of the roots
was checked for three plants per treatment. Roots were washed
to remove most of the soil, and 1 g of root was macerated in
sterile demineralized water. Serial dilutions were plated on
KB, amended with the appropriate antibiotics, and bacterial
counts were made after incubation for 24 and 48 h at 37°C.
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Evaluation of plant colonization
by P. aeruginosa TNSK2 and mutants.

To assess whether root colonization with P. aeruginosa leads
to bacterial colonization of distal plant parts, leaves and stems
of 20- and 35-day-old plants (end of bioassay) were checked
for bacterial colonization. For four plants per treatment, leaves
and stems were pooled before maceration in 1.5 ml of sterile
demineralized water and plated out on KB amended with the
appropriate antibiotics. Bacterial counts were made after 24
and 48 h of incubation at 37°C and the experiment was per-
formed twice.

Pathogen inoculation and disease rating.

Magnaporthe grisea. The Vietnamese M. grisea isolate
VT5M1 was used for all infection trials. Inoculum produc-
tion and inoculation was performed exactly as described by
Ninh Thuan and associates (2006). Each plant was sprayed
with 1 ml of inoculum (1 x 10* spores ml~! in a 0.5% gelatin
solution). Six days after inoculation, disease was assessed by
counting the number of susceptible-type lesions, which are
defined as elliptical to round lesions characterized by a gray
center indicative of sporulation of the fungus (Schweizer et
al. 1997).

Rhizoctonia solani. The virulent R. solani isolate MAN-86
(AG-1, IA), obtained from symptomatic plants (cv. IR-50) in
rice fields in the state of Karnataka (India) and provided by
Dr. Sam Gnanamanickam, was used to inoculate the plants.
Inoculum was obtained as described by Rodrigues and asso-
ciates (2003). Inoculated plants were kept for 72 h inside the
humid inoculation chambers (=92% relative humidity) at 30
+ 4°C and, thereafter, transferred to greenhouse conditions.
At 96 h after inoculation, disease was evaluated by measur-
ing the length of the water-soaked lesions as described by
Singh and associates (2002).

Pyocyanin extraction and quantification.

The pyocyanin-overproducing strain 7NSK2-phz2 was
grown for 48 h on Pseudomonas P agar medium (Difco, Le
Pont de Claix, France) at 37°C. Purification of pyocyanin was
performed as described by Abeysinghe (1999). For quantifica-
tion, the weight of the purified pyocyanin crystals was deter-
mined. For all experiments reported herein, pyocyanin was
suspended in sterile demineralized water and filter-sterilized
prior to use.

In vitro production of pyocyanin by bacterial strains.

To monitor in vitro production of pyocyanin by the distinct
strains, bacteria were grown for 48 h on Pseudomonas P agar
medium at 37°C. Bacteria were scraped off the plates, suspended
in sterile distilled water, and centrifuged for 10 min at 4°C.
Pyocyanin present in the supernatant was extracted twice with
chloroform and determined spectrophotometrically in the pres-
ence of 0.1 M HCI (optical density at 510 nm) as described by
Essar and associates (1990). The experiment was set up in six
replicates and repeated twice.

Hydroponic plant growth.

For experiments in which purified pyocyanin was applied
to rice seedlings, plants were grown in a hydroponic gnotobi-
otic system. Surface-sterilized rice seed were germinated for
5 days on wet filter paper in Petri dishes. After incubation,
germinated seed were sown in perforated plastic trays (23 by
16 by 6 cm) filled with sterilized vermiculite and supple-
mented with half-strength Hoagland solution (Hoagland and
Arnon 1938). Every 3 days, 0.5 liters of the half-strength
Hoagland solution was added to each tray containing 12
seedlings. In this model, 4 days before challenge inoculation,
various concentrations of pyocyanin and sodium ascorbate
were applied to the plants by including the desired concen-
tration in the nutrient solution without ethylenediamine-
tetraacetic acid ferric sodium salt (Acros, Geel, Belgium) to
avoid possible ferric-catalyzed HO generation from pyocya-
nin-derived O, /H,0,.

Histochemical detection of H,O,.

To assess whether pyocyanin was able to produce H,0, in
the gnotobiotic system, rice roots were dipped in half-strength
Hoagland nutrient solution containing 1 nM pyocyanin for 2 h,
rinsed thoroughly with demineralized water, and subsequently
incubated for 12 h at room temperature in water with 0.01%
Triton-X-100 and DAB. DAB (Sigma-Aldrich, Bornem, Bel-
gium) polymerizes in the presence of H,O, to form a
brownish-red precipitate that can be visualized. The specificity
of the staining was verified by adding 10 mM ascorbic acid.

In planta determination of H,0,.

The in planta accumulation of H,O, was determined follow-
ing the TiCly-based technique as described by Mur and associ-
ates (2005). H,O, accumulation was expressed relative to values

Table 1. Bacteria and plasmids used in this study with their relevant characteristics

Strains or plasmids

Relevant characteristics®

Reference or source

Pseudomonas aeruginosa

TNSK2 Pyo*, Pvd*, Pch*, SA*, wild type Iswandi et al. 1987
KMPCH Pyo*, Pvd™, Pch™, SA*, chemical mutant of the pyoverdin-negative mutant MPFM1; Km" Hofte et al. 1993
7NSK2-phzM Pyo™, Pvd*, Pch*, SA*, phzM mutant of 7NSK2, obtained by gene replacement using plasmid pZM1- This study
Gm; Gm"
7NSK2-phzMc Pyo*, Pvd*, Pch*, SA*, 7NSK2-phzM containing pHZM (functional phzM gene on plasmid This study
pBBRIMCS) that restores pyocyanin production, Gm", Cm"
7NSK2-phz2 Pyo*, Pvd*, Pch*, SA™, retS (PA4856) mutant of 7NSK2 obtained by miniTnphoA3 mutagenesis, This study
overproduces pyocyanin, Gm"
KMPCH-phzM Pyo~, Pvd™, Pch™, SA*, phzM mutant of KMPCH, obtained by gene replacement using plasmid pZM1-  This study
Gm; Gm"
Plasmids
pBR322 Suicide vector in Pseudomonas, Cm"/Cb"/Tc" Bolivar 1978
pZM1-Gm A 2,054-bp PCR-amplified fragment of primer pair 4209A-B (phzM) of P. aeruginosa PAOI1, Rabaey et al. 2005
inactivated by a site-specific insertion of a 803-bp Not/-blunted Gm cassette, cloned in pBR322
pBBRIMCS Broad host-range cloning vector for Pseudomonas, Cm" Kovach et al. 1994
pHZM A 2,054-bp PCR-amplified fragment of primer pair 4209A-B (phzM) of TNSK2 cloned in the EcoRV ~ Audenaert et al. 2002

site of pPBBRIMCS, Cm"

* Pyo = pyocyanin, Pvd = pyoverdin, Pch = pyochelin, SA = salicylic acid, Km = kanamycin, Gm = gentamicin, Cm = chloramphenicol, Cb = carbenicilin,

Tc = tetracycline, " = resistant, and PCR = polymerase chain reaction.
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obtained in control samples. Each experiment consisted of six
replicates per treatment and was repeated twice to generate the
data presented.

Enzyme extraction and activity assays.

Frozen leaf samples were crushed to a fine powder in a mortar
under liquid nitrogen. Soluble proteins were extracted by resus-
pending the powder in four volumes of 50 mM sodium phos-
phate buffer (pH 7.5) containing 1 mM EDTA, 1 mM PMSF, 5
mM sodium ascorbate, and 5% (wt/vol) polyvinyl-polypyrroli-
done. The homogenate was centrifuged at 17,000 x g for 10
min. The supernatant was divided into aliquots, frozen in lig-
uid nitrogen, and stored at —80°C for further analysis. All of
the above operations were carried out at 0 to 4°C. Activity levels
of the various antioxidant enzymes (namely catalase [CAT],
guiacol-dependent peroxidase [GPX], ascorbate peroxidase
[APX], and superoxide dismutase [SOD]) in plant extracts
were measured spectrophotometrically as described by Garcia-
Limones and associates (2002).

The CAT reaction medium consisted of 50 mM sodium
phosphate buffer, pH 7.0, 20 mM H,O,, and between 10 and
50 pl of enzyme extract. The reaction was started by adding
H,O, and the decrease in absorbance at 240 nm (A, (e =
39.4 mM™! cm™) produced by H,O, breakdown was recorded.
One CAT unit is defined as the amount of enzyme necessary to
decompose H,0, at 1 pmol min™' under the above assay condi-
tions.

To assay GPX activity, the reaction mixture (3.0 ml) con-
sisted of 100 mM potassium phosphate buffer, pH 6.5, 15 mM
guiacol, 0.25% (vol/vol) HO, (200 mM), and different vol-
umes of enzyme extract. The reaction was started by adding
H,0, and the oxidation of guiacol was determined by the in-
crease in Ay (e = 26.6 mM™' cm™). One GPX unit is defined
as the amount of enzyme that produces oxidized guiacol at 1
umol min~! under the above assay conditions.

For APX activity assays, the reaction mixture consisted of
50 mM potassium phosphate buffer, pH 7.0, 0.25 mM sodium
ascorbate, 5 mM H,0,, and 50 pl of enzyme extract. The reac-
tion was started by adding H,O, and the oxidation of ascorbate
was measured by the decrease in A,y (¢ = 2.8 mM™! cm™).
One unit of APX activity is defined as the amount of enzyme
that oxidizes ascorbate at 1 pmol min~' under the above assay
conditions.

SOD activity was determined from the inhibition of the pho-
tochemical reduction of nitroblue tetrazolium (NBT) in the
presence of riboflavin. The reaction mixture (1.5 ml) consisted
of 50 mM potassium phosphate buffer, pH 7.8, 0.1 mM EDTA,
13 mM methionine, 75 uM NBT, 2 uM riboflavin, and be-
tween 10 and 50 pl of enzyme extract. The reaction was
started by adding riboflavin and Assy was recorded after 12
min of incubation at room temperature under continuous light
(70W). One SOD unit was defined as the amount of enzyme
that inhibits the rate of NBT reduction by 50% under the above
assay conditions.

In all assays, the blank consisted of the components of the
reaction mixture except for the enzyme extract, which was
replaced by an equal volume of the assay buffer. In the SOD
assay, the enzyme blank was taken as the 100% rate of NBT
photochemical reduction. In the remaining cases, the enzyme
blanks were subtracted from the assay measurements. Protein
levels in enzyme extracts were determined by the Bradford
method (Bradford 1976) with bovine serum albumen as a stan-
dard.

Detection of pyocyanin by HPLC analysis.
Hydroponically grown 28-day-old CO-39 seedlings were
fed with a 50 uM pyocyanin solution as indicated above. At

various time points postapplication, leaves were excised,
grinded, and homogenized in chloroform. The soluble material
was subjected to pyocyanin extraction according to
Abeysinghe (1999). The extract was evaporated in vacuo to
dryness and subsequently solubilized in 50% methanol. Samples
were analyzed by HPLC using a Genesis C18 column as de-
scribed by Rabaey and associates (2005).

Cytological investigation
by using bright-field and fluorescence microscopy.

M. grisea inoculation of intact leaf sheaths and preparation
of specimens for microscopy were conducted as described by
Koga and associates (2004). For inoculation with R. solani,
sheaths were opened carefully and a small piece (approximately
1 mg) of sclerotium placed inside the sheath. A few drops (100
ul) of sterile water were added to the inoculated sheath. Cyto-
logical observations were made using an Olympus model
BX51 microscope (Olympus, Aartselaar, Belgium) equipped
with differential interference contrast optics. The autofluores-
cence of epidermal cell walls or the whole-epidermal cells of
each appressorial site examined was recognized by incident
fluorescence microscopy (Olympus U-MWB2 GFP filter set-
excitation: 450 to 480 nm, dichroic beamsplitter; 500 nm, bar-
rier filter BA515). Images were acquired digitally (Olympus
Color View II camera, Aartselaar, Belgium) and further proc-
essed with the Olympus analySIS cell*F software.
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