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Pyocyanin acts as a virulence factor in Pseudomonas aeru-
ginosa, a plant and animal pathogen. In this study, we eval-
uated the effect of pyocyanin on growth and development 
of Arabidopsis seedlings. Root inoculation with P. aeruginosa 
PAO1 strain inhibited primary root growth in wild-type 
(WT) Arabidopsis seedlings. In contrast, single lasI– and 
double rhlI–/lasI– mutants of P. aeruginosa defective in 
pyocyanin production showed decreased root growth inhi-
bition concomitant with an increased phytostimulation. 
Treatment with pyocyanin modulates root system architec-
ture, inhibiting primary root growth and promoting lateral 
root and root hair formation without affecting meristem 
viability or causing cell death. These effects correlated with 
altered proportions of hydrogen peroxide and superoxide 
in root tips and with an inhibition of cell division and elon-
gation. Mutant analyses showed that pyocyanin modulation 
of root growth was likely independent of auxin, cytokinin, 
and abscisic acid but required ethylene signaling because 
the Arabidopsis etr1-1, ein2-1, and ein3-1 ethylene-related 
mutants were less sensitive to pyocyanin-induced root stop-
page and reactive oxygen species (ROS) distribution. Our 
findings suggest that pyocyanin is an important factor 
modulating the interplay between ROS production and root 
system architecture by an ethylene-dependent signaling. 

The ecophysiology of plants cannot be understood without 
the microbial populations that proliferate outside and inside 
roots. Rhizobacterial species may impact root physiology 
through production of plant hormones such as auxin or cyto-
kinins, by stimulating root growth, or by altering root system 
architecture. Moreover, many bacterial species provide protec-
tion against pathogens, tolerance to abiotic stress, and resis-
tance to insect or herbivore attack, and even allelopathy may 
be due to root-associated microorganisms (Friesen et al. 2011; 
Ortiz-Castro et al. 2009). Bacteria communicate with plants 
through secreted signaling factors. These are small, diffusible 

molecules that are specifically released and then recognized by 
eukaryotic tissues. By producing different classes of signals, 
the bacteria can be recognized as pathogens or symbionts lead-
ing to very different host responses (Ortiz-Castro and López-
Bucio 2013; Ortiz-Castro et al. 2011). 

The Pseudomonas genus comprises ubiquitous gram-negative 
bacteria distributed in different environments and contains 
pathogenic species for plants (i.e., Pseudomonas syringae and P. 
aeruginosa). Other species have the ability to colonize the rhizo-
sphere (i.e., P. aeruginosa, P. fluorescens, P. putida, P. aureofa-
ciens, and P. chloraphilis), where they can act as plant-beneficial 
bacteria by antagonizing pathogens or through production of 
compounds that influence plant-disease resistance and growth 
(Venturi 2006). The ability of P. fluorescens CHA0 and P. aeru-
ginosa 7NSK2 to induce resistance in grapevine against Botrytis 
cinerea was recently demonstrated. Both strains also triggered 
an oxidative burst and phytoalexin accumulation in grape cells 
and primed leaves for accelerated phytoalexin production upon 
challenge with B. cinerea (Verhagen et al. 2010). Redox-active 
pyocyanin (PCN) secreted by P. aeruginosa 7NSK2 triggers 
systemic resistance to Magnaporthe grisea but enhances Rhi-
zoctonia solani susceptibility in rice (De Vleeschauwer et al. 
2006). These results suggest that Pseudomonas-derived metabo-
lites can induce reactive oxygen species (ROS), which act as a 
double-edged sword in the interaction of rice with the hemibi-
otroph M. grisea and the necrotroph R. solani. 

Gram-negative bacteria produce and use N-acyl-L-homoserine 
lactones (AHL) for cell-to-cell communication through a regu-
latory mechanism known as quorum sensing (QS), which links 
perception of bacterial cell density to gene expression (Fuqua 
et al. 1994). QS coordinates many physiological processes 
such as symbiosis, production of virulence factors, resistance 
to oxidative stress, antibiotic resistance, motility, and biofilm 
formation (Miller and Bassler 2001). In P. aeruginosa, two 
main QS signals, N-(3-oxododecanoyl)-L-homoserine lactone 
(C12-AHL) and N-butyryl-L-homoserine lactone (C4-AHL), 
are synthesized by the AHL synthases encoded by the lasI and 
rhlI genes, respectively. At high bacterial density, the transcrip-
tion factor LasR binds to C12-AHL; whereas RhlR, another 
transcriptional regulator, binds to C4-AHL to activate the tran-
scription of virulence genes (Bosgelmez-Tinaz 2003; de Kievit 
and Iglewski 2000; Fuqua and Greenberg 2002; Rumbaugh et 
al. 2000). 

Roots have developed the capacity to recognize bacterial QS 
signals and adjust growth and development in response to 
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these metabolites (Mathesius et al. 2003; Ortiz-Castro et al. 
2008; von Rad et al. 2008). Recently, genetic, chemical, and 
plant-growth data were presented showing that, in P. aerugi-
nosa, the lasI QS system controls the production of three di-
ketopiperazines (DKP)—namely, cyclo(L-Pro-L-Val), cyclo(L-
Pro-L-Phe), and cyclo(L-Pro-L-Tyr)—that were involved in 
plant growth promotion by this bacterium. Analysis of all three 
bacterial DKP in Arabidopsis thaliana seedlings provided 
detailed information indicative of an auxin-like activity, based 
on their efficacy at modulating root architecture, activation of 
auxin-regulated gene expression, and response of auxin-
signaling related mutants (Ortiz-Castro et al. 2011). 

P. aeruginosa is most studied for its importance as a human 
and plant pathogen. Surprisingly, many studies have revealed 
extensive conservation in its virulence mechanisms to infect 
evolutionary divergent hosts. One of these conserved virulence 
factors is PCN. For example, PCN participates in the fast kill-
ing of Caenorhabditis elegans, Drosophila melanogaster, and 
Mus musculus, likely by producing ROS (Lau et al. 2003, 
2004a and b; Mahajan-Miklos et al. 1999). PCN is synthesized 
from chorismate through a series of complex steps mediated 
by proteins encoded by two phzABCDEFG operons, and by 
the phzH, phzM, and phzS genes, which modify precursors into 
the tricyclic compound (Mavrodi et al. 2001; Rada and Leto 
2013). PCN synthesis is regulated by QS, as several reports 
indicate that mutations in the lasI-lasR and rhlI-rhlR QS sys-
tems result in the loss of PCN production (de Kievit and 
Iglewski 2000; Rumbaugh et al. 2000; Schaber et al. 2004; 
Siehnel et al. 2010). Moreover, PCN itself functions as a QS 
signal, as indicated by the fact that i) it demonstrates cell den-
sity-dependent accumulation, ii) it is a small diffusible mole-
cule that is recognized by adjacent cells, and iii) it triggers a 
specific transcriptional response (Dietrich et al. 2006), further 
complicating our understanding of its mechanisms of action. 

Despite in vitro studies demonstrating that PCN interferes 
with multiple cellular functions in animals, its importance dur-
ing bacteria–plant interactions is uncertain. This is partially 
caused by the difficulty in defining the contribution of PCN 
among the numerous virulence factors produced by P. aerugi-
nosa during infection. Currently, the response of plant cells or 
whole organs to P. aeruginosa-produced PCN is unknown, and 
whether this compound causes cell damage or regulates funda-
mental cellular processes in plants remains to be clarified. To 
gain insight into how PCN might be functionally integrated 
into P. aeruginosa physiology during interaction with plants, 
the contribution of PCN to growth and development was 
assessed by comparing the Arabidopsis primary and lateral 
root responses to P. aeruginosa PAO1 and the QS-related 
mutants rhlI–, lasI–, and rhlI–/lasI– in direct interaction of 
the bacteria with the root system. We also provide detailed 
pharmacological evidence of PCN bioactivity on Arabidopsis 
seedlings and analyzed the growth of primary roots in re-
sponse to PCN in wild-type (WT)-, auxin-, cytokinin-, ethy-
lene-, and abscisic-acid-related Arabidopsis mutants. Our data 
conclusively indicate that PCN acts as a signaling molecule 
for root development likely affecting ROS production and 
ethylene signaling. 

RESULTS 

AHL-mediated QS plays a role in growth and development 
of Arabidopsis modulated by P. aeruginosa. 

We first tested whether direct colonization of the Arabidop-
sis root with P. aeruginosa PAO1 and QS-related single rhlI– 
and lasI–, and double rhlI–/lasI– mutants could affect growth 
of seedlings. In several experiments and times of co-cultiva-
tion, P. aeruginosa PAO1 caused primary root growth inhibi-

tion, and the shoot system was unable to grow (Fig. 1B, G, and 
L). These effects were similar to those caused by the P. aeru-
ginosa rhlI– mutant, defective on the AHL synthase that pro-
duces C4-AHL (Fig. 1C, H, and M). In contrast, co-cultivation 
with the P. aeruginosa lasI– single mutant defective on 3-oxo-
C12-AHL synthesis or with the rhlI–/lasI– double mutant 
failed to cause inhibition of growth and dramatically increased 
root and shoot biomass production of seedlings at 3, 6, and 9 
days of co-cultivation (Fig. 1D, I, and N; and E, J and O, re-
spectively). These data indicate that C12-AHL–mediated QS 
controls the production of factors that repress primary root 
growth. Interestingly, an analysis of hydrogen peroxide (H2O2) 
in root tips of Arabidopsis seedlings co-cultivated for 9 days 
with WT P. aeruginosa and AHL-related mutants revealed a 
decrease in H2O2 in roots co-cultivated with WT and rhlI mu-
tants and an increased accumulation of H2O2 in both lasI– and 
rhlI–/lasI– mutants (Fig. 2A to E). This highly contrasting re-
sponse indicates that diffusible factors released by WT P. aeru-
ginosa modulates the levels of H2O2 and perhaps other ROS 
likely involved in root system adjustment. 

AHL-mediated QS regulates PCN production  
in P. aeruginosa. 

P. aeruginosa releases PCN as a main virulence factor (De 
Vleesschauwer et al. 2006). To determine whether QS-related 
single rhlI– and lasI– and double rhlI–/lasI– mutants of P. 
aeruginosa could be defective on the production of PCN, we 
determined production of this metabolite in bacterial cell cul-
tures by spectrophotometric analyses. It was found that PCN 
levels drastically decreased in single rhlI– and lasI– and dou-
ble rhlI–/lasI– mutants when compared with P. aeruginosa 
PAO1 (Fig. 3). These data show that AHL-modulated QS plays 
an important role in PCN production. 

PCN alters A. thaliana root system architecture. 
To determine whether Arabidopsis plants could sense PCN 

and investigate how this compound affects plant morphogene-
sis, we evaluated Arabidopsis root developmental responses to 
pharmacological application of PCN. With this aim, Arabidopsis 
seedlings were germinated and grown on 0.2× Murashige-Skoog 
(MS) agar medium supplemented with PCN concentrations 
from 0.6 to 40 M and primary root growth was measured 10 
days after germination (d.a.g.). PCN treatments showed a 
dose-dependent inhibitory effect of primary root growth, with 
10 M PCN causing a 70% reduction in primary root length 
(Fig. 4A; Supplementary Fig. S1). In contrast, an induction of 
lateral root formation was evident from 0.6 to 2.5 M PCN, 
while inhibitory effects were recorded at higher concentrations 
(Fig. 4B). A stimulatory effect of PCN in lateral root density 
(LRD) was also observed with a threefold increase from 2.5 to 
20 M concentration of this compound when compared with 
solvent-treated seedlings (Fig. 4C). 

PCN alters root hair development. 
Root hairs are root epidermal cells that participate in nutri-

ent and water uptake and increase the exploratory potential of 
the root system. To analyze whether PCN could alter root hair 
development, we performed experiments in which Arabidopsis 
WT (Col-0) seedlings were germinated and grown on the sur-
face of agar plates containing different concentrations of PCN 
from 0.6 to 40 M. Root hair parameters were analyzed at 7 
d.a.g. on primary roots of solvent-treated or PCN-treated seed-
lings. To investigate the effects of PCN on root hair density, 
we measured the trichoblast length and root hair length on 
seedlings subjected to different concentrations of this com-
pound. Trichoblasts are the hair-forming root epidermal cells 
that form cell files along the root surface. We found a dose-
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dependent decrease in trichoblast length in response to PCN 
treatment (Fig. 5A), which correlated with increased root hair 
number and root hair length (Fig. 5B and C). Root hair devel-
opment was located closer to the primary root tip in plants 
grown in medium supplied with 40 M PCN (Supplementary 
Fig. S2), clearly indicating the progression of cell differentia-
tion toward the root meristem region. These results suggest 
that PCN can be perceived by roots and alter root system archi-
tecture and root hair development. 

PCN alters cell division  
without affecting cell viability or integrity. 

Previous reports demonstrated the toxicity of PCN in differ-
ent organisms. However, the effects of PCN inhibiting primary 
root growth of Arabidopsis seedlings suggested that this com-
pound could play an important role in cell division or elonga-
tion. To investigate the patters of cell division in response to 
PCN, we analyzed the expression of CycB1:uidA, which is ex-
pressed only in cells in the G2/M phase of the cell cycle and is 
a marker of mitotic activity (Colón-Carmona et al. 1999), and 
pPRZ1:uidA, which marks only active meristems (Sieberer et 
al. 2003). The inhibition of primary root growth under PCN 

concentrations of 5 M or higher correlated with the reduction 
in the number of cells expressing CycB1:uidA in the primary 
root meristem and β-glucuronidase (GUS) expression of 
pPRZ1:uidA transgenic seedlings (Fig. 6A to H). We also ana-
lyzed the gene expression of the cell nuclei marker AtHistH2B: 
YFP (yellow fluorescent protein) by confocal laser-scanning 
microscopy in seedlings stained with propidium iodide (PI) to 
determine whether PCN could cause cell death or damage of 
root tissues. Visualization of AtHistH2B:YFP in the nuclei of 
cells 7 d.a.g. showed that PCN-treated roots were, indeed, via-
ble. In these cells, PI was unable to penetrate, even at concen-
trations higher than 40 M (Fig. 6I to L). Quantification of 
meristem length and number of cells expressing CycB1:uidA 
clearly documented the repressing effects of PCN on cell pro-
liferation in primary roots (Fig. 6M and N). These results sug-
gest that PCN regulates cell division without affecting cell 
integrity or meristem viability. 

PCN did not activate auxin inducible gene expression  
in Arabidopsis roots. 

Auxin is an important phytohormone involved in the modu-
lation of several development processes in the root system. To 

Fig. 1. Effect of co-cultivation with Pseudomonas aeruginosa  wild-type (WT) and quorum-sensing (QS) mutant strains on plant growth. Six-day-old Arabi-
dopsis thaliana seedlings were co-cultivated with WT P. aeruginosa or mutants defective on the AHL synthases LasI, RhlI, or RhlI/LasI at direct contact and
grown for A to E, 3; F to J, 6; and K to O, 9 days. Representative photographs were taken for plates from each treatment. This experiment was repeated
three times with similar results. Notice the damage and inhibitory effect on root system architecture caused by the P. aeruginosa WT and rhlI– mutant and 
the strong induction on root system architecture and greening plants effect of the P. aeruginosa lasI– and rhlI–/lasI– mutants. Scale bar = 1 cm. 
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test whether PCN may or not function via auxin-regulated pro-
cesses, we analyzed expression of DR5:uidA (Ulmasov et al. 
1997) and BA3:uidA (Oono et al. 1998) auxin-inducible mark-
ers in transgenic Arabidopsis seedlings treated with PCN. His-
tochemical staining of roots of transgenic DR5:uidA and 
BA3:uidA seedlings that were grown for 10 days on 0.2× MS 
medium supplemented with solvent, indole-3-acetic acid (IAA), 
or the indicated concentrations of PCN is shown in Figure 7. 
DR5:uidA expression in solvent-treated seedlings is located at 
the edges of the cotyledons and mainly at the root tip region 
(Fig. 7A and G). DR5:uidA seedlings grown in a concentration 
of 3 M IAA showed GUS activity throughout the shoot and 
primary root (Fig. 7B and H), whereas BA3:uidA seedlings 

supplied with the same IAA concentration expressed GUS spe-
cifically at the root elongation region (Fig. 7N and T). When 
DR5:uidA and BA3:uidA seedlings were grown on PCN-sup-
plied medium, the GUS expression remained similar in the 
shoot and primary root tip (Fig. 7C to F, I to L, O to R, and U 
to X). These results suggest that PCN did not induce auxin-
responsive gene expression in Arabidopsis seedlings. 

PCN inhibits primary root growth of auxin-, cytokinin-, 
and abscisic-acid-related Arabidopsis mutants. 

Several mutants with alterations in root development have 
been identified using screens for resistance to growth inhibi-
tory amounts of phytohormones. Because PCN did not activate 

Fig. 2. Effect of co-cultivation of Pseudomonas aeruginosa  wild-type (WT) and quorum-sensing (QS) mutant strains on H2O2 accumulation in the primary 
root meristem of Arabidopsis thaliana seedlings. Four-day-old A. thaliana seedlings were co-cultivated with WT P. aeruginosa or mutants defective on the 
AHL synthases RhlI, LasI, or RhlI/LasI at a distance of 5 cm from the primary root tip and grown for 8 days. Representative photographs of primary root of 
A, control seedlings or co-cultivated with B, WT P. aeruginosa and C, rhlI; D, lasI; or E, rhlI/lasI mutants. Arabidopsis seedlings were treated with a solu-
tion of 3,3′-diaminobenzidine (DAB). In the presence of H2O2, DAB polymerizes, forming a dark, red-brown coloration in plant tissues. This experiment was 
repeated three times with similar results. Scale bar = 500 m. 

 

Fig. 3. Pyocyanin production in Pseudomonas aeruginosa  wild-type (WT) and quorum-sensing (QS) mutant strains. A, Pyocyanin production: cells were 
grown in Luria-Bertani medium at 37°C for 48 h, the supernatant fractions were separated, and the amount of pyocyanin (g ml–1) in each fraction was de-
termined by the chloroform:acid extraction procedure. Values represent the mean of three independent experiments ± standard deviation. B, Representative 
photograph of pyocyanin production as observed by the green color of culture grown in liquid medium. 
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Fig. 4. Effect of pyocyanin on Arabidopsis root system architecture.
Arabidopsis wild-type (WT) (Col-0) seedlings were germinated and grown
for 10 days under increasing pyocyanin concentrations. A, Primary root 
length; B, lateral root number; C, lateral root density. Values shown
represent the mean ± standard deviation (n = 30). Different letters 
represent means statistically different at the 0.05 level. The experiment
was repeated three times with similar results. 

Fig. 5. Effects of pyocyanin on epidermal cell differentiation. A, 
Trichoblasts length; B, root hair number; C, root hair length. Arabidopsis 
thaliana seedlings were grown for 5 days on 0.2× Murashige-Skoog 
medium supplemented with the indicated concentrations of pyocyanin. 
Data points indicated mean ± standard deviation (n = 20). Results show 
mean of 10 epidermal cells located in the root hair forming zone of the 
primary root. This experiment was repeated twice with similar results. 
Different letters indicate statistical differences at P < 0.05. 
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Fig. 6. Effect of pyocyanin on cell division and meristem viability. Arabidopsis thaliana seedlings expressing the CycB1:uidA, AtPRZ1:uidA, or 
AtHistH2B:YFP markers were grown for 5 days on 0.2× Murashige-Skoog medium supplemented with the indicated concentrations of pyocyanin. A to H, 
Plants were stained for β-glucoronidase activity and cleared to show gene expression. I to L, Transgenic Arabidopsis seedlings expressing the 
AtHisH2B:YFP marker were stained with propidium iodide to determine cell structure and viability. Photographs show representative individuals from at 
least 20 stained plants. The experiment was replicated twice with similar results. Scale bar = 100 m. M, The CycB1:uidA expression domain in response to 
pyocyanin was measured and N, cells expressing this marker were counted. Data points represent the mean ± standard deviation (n = 20). The experiment 
was replicated two times with similar results. Different letters indicate statistical differences at P < 0.05. 
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auxin-inducible markers, we decided to confirm whether PCN 
operates or not in a genetically defined auxin pathway. With 
this aim, Arabidopsis WT (Col-0) seedlings and auxin-related 
mutants tir1afb2afb3, arf7arf19, axr1-3, and aux1-7 were 
evaluated in primary root growth response assays to 10 M 
PCN. PCN treatment caused a 70% inhibition in primary root 
growth in WT plants compared with solvent-treated seedlings 
(Supplementary Fig. S3). When tir1afb2afb3, arf7arf19, 
axr1-3, and aux1-7 were grown in medium supplied with 10 
M PCN, the inhibition in primary root growth was similar 
to that observed in WT plants. The results of both auxin-
responsive gene expression and the root response of auxin-
related mutants to PCN suggest that auxin is not involved in 
plant perception of PCN. 

In addition, we evaluated the involvement of cytokinin, ab-
scisic acid, and ethylene signaling in response to PCN by eval-
uating the primary root growth of Arabidopsis double mutants 
defective on cytokinin receptors (cre1-12ahk2-2 and cre1-
12ahk3-3), abscisic acid signaling (abi1 and abi3), and ethy-
lene signaling (ein2-1 and ein3-1). The primary root growth of 
auxin, cytokinin, and abscisic acid mutants was normally inhib-
ited by PCN, indicating that these phytohormones are unlikely 
mediating the cellular effects of PCN. Interestingly, an analysis 
of ethylene response mutants (ein2-1 and ein3-1) showed a 
small yet statistically significant resistance of primary root 

growth to inhibition by PCN, indicating that ethylene might be 
a signal that mediates the plant response to PCN. 

A role of ethylene signaling in root response to PCN. 
To further define the particular role of ethylene signaling in 

the Arabidopsis developmental responses to PCN, we investi-
gated the sensitivity of primary root responses to several PCN 
concentrations of Arabidopsis WT seedlings and etr1-1, ein2-1, 
and ein3-1 mutants. PCN was supplied to the growth medium 
in concentrations from 0.3 to 10 M and the primary root 
growth of all four lines was measured. Interestingly, we found 
than etr1-1 and ein2-1 showed resistance to inhibition of pri-
mary root growth compared with WT seedlings, while ein3-1 
did not show clear resistance to PCN (Fig. 8A). To further de-
termine the participation of ethylene signaling in the responses 
to PCN, we used AgNO3, a well-known blocker of ethylene 
action. We found that, when Arabidopsis seedlings were grown 
on medium supplemented with 5 M PCN and 5 M AgNO3, 
the inhibitor reduced the effect of PCN in both primary root 
growth and root hair development (Fig. 8B and C to J). This 
restoration of primary root growth in plants grown on medium 
supplemented with PCN and AgNO3 correlated with normali-
zation of root hair differentiation process caused by PCN (Fig. 
8G to J). These results suggest that ethylene signaling plays a 
role in root architectural responses to PCN. 

Fig. 7. Effect of pyocyanin on auxin-regulated gene expression. A to L, DR5:uidA and M to X, BA3:uidA gene expression in transgenic seedlings grown on 
0.2× Murashige-Skoog (MS) agar medium for 6 days and then transferred into 24-well cell culture plates (10 seedlings per well) containing 2 ml of 0.2× MS 
liquid medium supplied with the indicated concentrations of indole-3-acetic acid (IAA) or pyocyanin and incubated for 10 h. Seedlings were stained for β-glucu-
ronidase activity and cleared for microscopy analysis. Photographs show representative individuals from at least 30 stained plants (scale bars = 500 m). 
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Fig. 8. Role of ethylene signaling in pyocyanin-induced primary root inhibition of Arabidopsis seedlings. A, Arabidopsis thaliana  wild-type (WT) and etr1-
1, ein2-1, and ein3-1 ethylene mutant seedlings were grown for 12 days on 0.2× Murashige-Skoog (MS) medium supplemented with the indicated 
concentrations of pyocyanin. B, Arabidopsis WT (Col-0) seedlings were grown for 12 days on 0.2× MS agar medium supplemented with 5 M pyocyanin 
and AgNO3. Data points show the mean ± standard deviation (n = 30). Representative photographs of C to F, Arabidopsis root system architecture and G to 
J, root hair development under the different treatments are shown. Different letters indicate means that differ statistically at P < 0.05. The experiment was 
repeated three times with similar results. 
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PCN induces ROS production dependent  
of ethylene signaling. 

An important toxicity mechanism by which PCN damages 
eukaryotic hosts is the production of ROS (Liu and Nizet 
2009). To test whether the effects of PCN on primary root 
growth were accompanied by an induction of ROS, we ana-
lyzed ROS accumulation in primary root tips by confocal 
microscopy using fluorochromes to detect total ROS and 
superoxide (O2–). To test the role of ethylene signaling in ROS 
induction by PCN, we grew Arabidopsis seedlings on 0.2× MS 
medium supplemented with or without 5 M PCN, AgNO3, or 
PCN plus AgNO3 and, 7 d.a.g., the seedlings were incubated 
with 2′,7′-dichlorofluorescein diacetate (H2DCF-DA) or dihy-
droethidium (DHE) to detect total ROS and O2– in the primary 
root tip by confocal microscopy. As expected, we found that 
total ROS and O2– increased in plants treated with PCN (Fig. 
9C and H). This increase in ROS was similar to that induced 
by paraquat, a generator of ROS commonly used to evaluate 
ROS production in different systems (Fig. 9E and J). Interest-
ingly, when plants are supplied with the ethylene perception 
blocker AgNO3, the levels of ROS and O2– were reduced in 
control seedlings (Fig. 9B and G) or in seedlings supplied with 
PCN (Fig. 9D and I). Quantification of fluorescence confirms 
that PCN provokes an ROS accumulation which is dependent 
of ethylene signaling (Fig. 9K and L). 

In another series of experiments, we analyzed the levels of 
H2O2 in ethylene-related mutants treated with different con-
centrations of PCN, whose levels clearly changed in Arabidop-
sis root tips (Fig. 10). We found that PCN reduces the levels of 
H2O2 on primary root tips in a dose-dependent way (Fig. 10A 
to F). However, in etr1-1, ein2-1, and ein3-1 seedlings, the lev-
els of H2O2 were sustained even at concentrations of 1.25 and 
2.5 M PCN that drastically affect root growth (Fig. 10G to 
X). This sustained production of H2O2 indicates that the PCN 
mechanism of signaling involves the ethylene pathway and 
that it is probably related to the resistance of primary root 
growth when the plants are grown on PCN. 

DISCUSSION 

Plant roots are colonized by an immense number of mi-
crobes, referred to as the root microbiome. Selected strains of 
beneficial soilborne bacteria can protect against abiotic stress 
and prime the plant immune system against a broad range of 
pathogens. Pseudomonas spp. rhizobacteria represent one of 
the most abundant genera of the root microbiome. Rhizobacte-
ria can influence root architecture; most prominently, by en-
hancing lateral root formation and root hair development. This 
can be done by producing phytohormones or bacterial QS sig-
nals that are perceived at the root tip to adjust cell proliferation 
and growth. 

Our previous work has shown that co-cultivation of Arabi-
dopsis seedlings with P. aeruginosa inhibits primary root 
growth, which is determined by the rate of cell division in the 
meristematic zone and the extent of cell expansion in the elon-
gation zone. This leads to an acceleration of lateral root growth 
as a result of increased rates of cell division in the pericycle 
(Ortiz-Castro et al. 2011). Interestingly, co-cultivation of Arabi-
dopsis with the QS-related mutants rhlI–, lasI–, and rhlI–/lasI– 
caused a decreased inhibition of root growth and a concomit-
ant phytostimulation (Fig. 1), which can be likely explained by 
either a decreased production of virulence factors or stimula-
tion of root developmental processes as P. aeruginosa lasI– 
and rhlI–/lasI– mutants overproduce cyclodipeptides with auxin 
activity (Ortiz-Castro et al. 2011). Most likely, the beneficial 
effects of co-cultivation with lasI– and rhlI–/lasI– bacterial 
strains may be due to a combination of both processes. 

The beneficial effect of Pseudomonas spp. to plants by 
means of regulating root architecture was recently confirmed 
by Zamioudis and associates (2013). By employing a germ-
free experimental system, the authors showed the ability of se-
lected Pseudomonas strains to promote plant growth and drive 
developmental plasticity in the roots of Arabidopsis by inhibit-
ing primary root elongation and promoting lateral root and 
root hair formation. By studying cell-type-specific develop-
mental markers and employing genetic and pharmacological 
approaches, it was demonstrated the crucial role of auxin sig-
naling and transport in rhizobacteria-stimulated changes in the 
root system architecture of Arabidopsis. The authors further 
show that Pseudomonas spp.-elicited alterations in root mor-
phology and that rhizobacteria-mediated systemic immunity 
are mediated by distinct signaling pathways. 

Root growth depends on maintaining the proper balance be-
tween cell division and differentiation. In the primary root, 
cells originate from a stem cell center at the tip. Progeny of 
these stem cells rapidly divide in a transit-amplifying zone 
known as the meristem, after which they undergo massive 
increases in cell volume in the elongation zone. Once fully 
elongated, cells enter the maturation zone, in which they dif-
ferentiate into various cell types. 

One of the factors of virulence and survival of P. aeruginosa 
is the production of secondary metabolites (i.e., phenazines, 
which have antibiotic properties) including PCN (1-hydroxy-
5-methylphenazine), a blue-green pigment with redox proper-
ties (Lau et al. 2004a; Liu and Nizet 2009). PCN synthesis is 
regulated by the lasR and rhlR QS systems (de Kievit and 
Iglewski 2000; Rumbaugh et al. 2000; Schaber et al. 2004; 
Siehnel et al. 2010) and, in agreement with these previous re-
sults, we found a decreased production of PCN in lasI and 
rhlI/lasI P. aeruginosa mutants (Fig. 3). Although all three QS-
related P. aeruginosa mutants tested have a significant defect 
in PCN production, the rhlI mutant inhibited growth and 
affected root architecture similarly to the WT Pao1 strain. This 
result indicates that loss of PCN production is not the only fac-
tor by which P. aeruginosa inhibits root growth or decreases 
H2O2 level in the root tip. A second factor which affects root 
growth and is present in rhlI mutants is C12-AHL. Our previ-
ous work demonstrated that C12-AHL but not C4- or C6-AHL 
is very active in inhibiting primary root growth (Ortiz-Castro 
et al. 2008), thus explaining why rhlI mutants still repress pri-
mary root growth. 

PCN can easily penetrate biological membranes and directly 
accept electrons from reducing agents such as NADPH and re-
duced glutathione, then transfer the electrons to oxygen to 
generate ROS such as H2O2 and O2– at the expenses of host 
antioxidant systems such as glutathione and catalase (O’Malley 
et al. 2004). Several reports have documented that PCN is an 
important virulence factor of P. aeruginosa. Its induction 
through quorum signaling correlated with the biofilm growth 
stage of the bacterium. Although PCN has a wide range of 
toxic effects in animal cells, the proposed basis of its toxicity 
is production of O2– anions and downstream ROS by oxidizing 
NADPH (O’Malley et al. 2004; Lau et al. 2004a; Liu and Nizet 
2009). To the best of our knowledge, there is a lack of infor-
mation about the levels of PCN released by P. aeruginosa 
when colonizing plant roots. However, some reports, mainly 
from animal systems, have shown that PCN accumulates in 
low micromolar levels in P. aeruginosa host cells. Wilson and 
associates (1998) showed that PCN levels varied between 78.5 
and 128.5 M in the sputum of patients with cystic fibrosis 
(CF). Hunter and associates (2012) analyzed the level of PCN 
of 47 CF patients, identifying concentrations up to 48 M in 
patients with severe CF. In another study by Price-Whelan and 
associates (2007), the PCN concentration reached 100 M in 
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the stationary phase. Dietrich and associates (2006) showed that 
PCN activates genes related to redox homeostasis, iron acqui-
sition, and virulence by using DNA microarrays and quantita-
tive reverse-transcriptase polymerase chain reaction. In this 

work, the authors reported that P. aeruginosa PAO1 and PA14  
produce 10 and 55 M PCN, respectively, during the stationary 
phase, and demonstrated that PCN can act as signaling mole-
cule at these concentrations. 

Fig. 9. Role of ethylene signaling in reactive oxygen species (ROS)-induced production by pyocyanin. Representative photographs of the detection of
endogenous A to E, ROS and F to J, O2– with 2′,7′-dichlorofluorescein diacetate (H2DCF-DA) and dihydroethidium (DHE), respectively, which were deter-
mined in primary roots of Arabidopsis seedlings grown for 7 days on 0.2× Murashige-Skoog agar medium supplemented with 5 M pyocyanin and AgNO3
or with 0.1 M paraquat. H2DCF-DA and DHE fluorescence signals from primary root tips (n = 10) for K, ROS and L, O2– were quantified using the 
ImageJ program. The graph is expressed in arbitrary units. Values in K and L represent the mean ± standard deviation (n = 30). Different letters are used to 
indicate means that differ statistically at P < 0.05. The experiment was repeated three times with similar results. Photographs are representative individuals of
at least 10 seedlings analyzed. Scale bar = 100 m. 
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Fig. 10. Effect of pyocyanin on H2O2 accumulation in the primary root meristem of Arabidopsis thaliana wild-type (WT) (Col-0) and ethylene-related 
mutants etr1, ein2, and ein3. Histochemical detection of H2O2 with 3,3′-diaminobenzidine staining in A to F,  Arabidopsis thaliana WT (Col-0) and G to L, 
etr1-1; M to R, ein2-1; and S to X, ein3-1. Arabidopsis seedlings were grown for 7 days on 0.2× Murashige-Skoog medium supplemented with the indicated 
concentrations of pyocyanin. Photographs show representative individuals from at least 30 stained plants. Scale bar = 500 m. 
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Based on the finding that PCN is capable of killing fungi 
and is toxic to nematodes, we hypothesized that the eukaryotic 
cellular pathways that are affected by PCN could be evolution-
arily conserved and, therefore, by using a plant model system, 
it would be possible to define whether PCN causes toxicity to 
cells or regulates fundamental cellular processes such as divi-
sion, elongation, or differentiation at concentrations naturally 
present when colonizing host cells. Moreover, diverse bacterial 
species proliferate in the rhizosphere and release PCN and other 
phenazines with potential biocontrol activities (Bosgelmez-
Tinaz 2003; Fuqua and Greenberg 2002). This would suggest 
that natural phenazines such as phenazine-1-carboxylic acid 
and PCN can accumulate in the plant rhizosphere in amounts 
sufficient not only for inter- and intraspecies signaling but also 
for the direct inhibition of competing organisms. 

Despite numerous reports of PCN-mediated cellular injuries, 
the response of plant cells or whole organs to P. aeruginosa-
produced PCN is unknown. A lack of information might have 
led to an underestimation or miss-estimation of the mecha-
nisms by which P. aeruginosa causes cell damage or phyto-
stimulation. Knowledge about the activity of PCN in plants 
and the cellular pathways that are affected may be of practical 
value in agriculture, and it was the objective of this research to 
clarify some aspects of PCN activity in Arabidopsis seedlings. 
We found that PCN can be directly perceived by roots to adjust 
growth and development and no toxicity symptoms were evi-
dent, indicating that the activity of PCN in plants might be 
rather different from that reported for animal cells. PCN was 
found to inhibit primary root growth and stimulate lateral 
root and root hair formation in a dose-dependent way in low 
micromolar concentrations (Figs. 4 and 5). In this regard, PCN 
activity is similar to the previously reported activities of other 
bacterial QS signals (namely, C12-AHL), which regulate root 
system architecture in a highly specific way, depending on the 
length of the acyl-side chain (Ortiz-Castro et al. 2008). These 
results indicate that bacteria may affect root development by 
producing not only AHL but also PCN and, possibly, other 
phenazines with signaling roles in plant cells. 

Accumulating evidence indicates that ROS play an essential 
role in the basic mechanism of cell growth and in the estab-
lishment of cell shape. This fundamental role in cell growth is 
likely to be widespread in plant parts, as shown in the polar-
ized tip growth of root hairs. These structures are long, thin ex-
tensions growing out perpendicularly from trichoblasts, one of 
the cell types of the root epidermis. The presence of root hairs 
greatly increases the surface area of the root available for the 
absorption of nutrients and water and for interaction with soil 
particles and bacteria. Because PCN decreases trichoblast cell 
length and increases root hair elongation (Fig. 5), it is tempt-
ing to speculate that plant perception of QS signals and PCN 
affect both the production and localization of ROS and then 
the growth mechanisms that determine the shape of trichoblast 
change. Our data indicating that PCN affects primary roots, 
root hairs, and lateral root development through production of 
ROS are consistent with available genetic and pharmacological 
evidences. For instance, the ROOT HAIR DEFECTIVE2 
(RHD2)/AtrbohC protein defective on a respiratory burst oxi-
dase homolog (RBOH) enzyme, which catalyzes the reduction 
of oxygen to generate the O2– anion, is required for root hair 
elongation. The roots of plants homozygous for loss-of-function 
rhd2 mutations have decreased levels of ROS and are 20% 
shorter than the WT, indicating that cell expansion is defective 
in these plants (Foreman et al. 2003; Renew et al. 2005). On the 
other hand, by using inhibitors such as diphenylene iodonium, it 
has been suggested that NOX-derived ROS control cell expan-
sion in maize (Zea mays) roots (Liszkay et al. 2004). Recently, 
it was found that silencing PvRbohB in transgenic Phaseolus 

vulgaris roots had a negative impact on LRD. In this work, the 
downregulation of PvRbohB affected both the growth and 
ROS levels in young lateral roots. Interestingly, the PvRbohB 
promoter was induced during lateral root primordium initiation 
in the pericycle, and remained active throughout lateral root 
development. This study identifies RBOHs as potentially impor-
tant players in lateral root development in P. vulgaris. The par-
ticular impact of such regulation of root hair and lateral root 
growth by bacterial molecules such as PCN in the interactions 
between plants and bacteria remains to be determined. The 
above-described information indicates that ROS-mediated con-
figuration of the root system is not an Arabidopsis-specific 
response and, thus, PCN might be active in crops. 

Although root treatment with PCN did not induce visible 
cell death in transgenic Arabidopsis seedlings expressing the 
AtHisH2B:YFP marker stained with PI, a marked reduction in 
root meristem length and expression of CycB1:uidA and 
AtPRZ1:uidA was observed (Fig. 6), indicating that PCN repress 
cell division. It could be proposed that the PCN-induced gen-
eration of ROS might lower proliferating cell activity, thus de-
creasing primary root growth. These results suggest that redox 
regulation plays an important role in maintaining root meri-
stem activity. Moreover, this is supported by previous findings 
that differences in O2– and H2O2 accumulation in the root tip 
significantly affect root growth and differentiation (Dunand et 
al. 2007; Tsukagoshi et al. 2010). Our data indicate that PCN 
modulates the balance between cell proliferation and differen-
tiation by directly regulating the accumulation of ROS in the 
root tip. 

Contradictory information exists regarding the role of plant 
hormones in regulation of ROS production. Transcriptional 
regulation of ROS controls transition from proliferation to dif-
ferentiation in the Arabidopsis primary root. This pathway 
seems to function independently of auxin and cytokinin signal-
ing (Tsukagoshi et al. 2010). In contrast, in Lepidium sativum 
(cress), five respiratory burst oxidase homologs (Lesarbohs) 
were sequenced and it was found that their expression patterns 
were similar to their Arabidopsis orthologs throughout the life 
cycle. Cress plants in which LesarbohB expression was 
knocked down showed a root phenotype associated with defec-
tive auxin-related genes (Müller et al. 2012). These transgenic 
plants further displayed altered expression of auxin marker 
genes, including those encoding the auxin-responsive proteins 
14 and 5 (IAA14 and IAA5), and LATERAL ORGAN 
BOUNDARIES DOMAIN16, an auxin-responsive protein im-
plicated in lateral root initiation. It was speculated that ROS 
produced by rbohs play a role in root development via auxin 
signaling. Our data are in agreement with those of Tsukagoshi 
and associates (2010) in that the effects of PCN on ROS induc-
tion are independent of auxin signaling, considering the fol-
lowing evidence. First, PCN did not activate the expression of 
the auxin-inducible reporter markers DR5:uidA and BA3:uidA 
(Fig. 7); second, the auxin-related tir1afb2afb3, arf7 arf19, 
axr1-3, and aux1-7 mutants displayed similar primary root 
growth inhibition in response to PCN when compared with 
WT seedlings. In addition, the primary root growth of cyto-
kinin- and abscisic acid-related mutants also were normally in-
hibited by PCN, indicating that the genes defective in these 
mutants are unlikely mediating the cellular effects of PCN in 
the primary root. 

The ROS distribution at the primary root tip shows that lo-
calized O2– accumulation in the meristematic zone is necessary 
for proliferation, whereas H2O2 accumulates in the elongation 
zone when cells arrest division and begin differentiation 
(Tsukagoshi et al. 2010). Because PCN is a redox-active com-
pound and has been demonstrated before to be capable of gen-
erating ROS in animal systems, we investigated whether PCN 
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treatment activates the oxidative machinery of Arabidopsis 
roots. By means of a combination of fluorophores that specifi-
cally react with ROS and using confocal microscopy, we found 
that PCN supply to Arabidopsis seedlings grown in vitro leads 
to enhanced ROS and O2– levels in primary root tips. PCN 
treatment increased O2– accumulation in the root elongation 
zone (Fig. 9), while co-cultivation with Pseudomonas aerugi-
nosa (Fig. 2) or PCN supply (Fig. 10) decreased H2O2 accu-
mulation in the same region, which was coincident with the 
inhibitory effects of PCN on cell division and elongation. 
Thus, disrupting the spatial distribution of O2– or H2O2 may 
compromise normal root growth. Staining for the presence of 
these ROS in the root showed a clear correlation between 
growth rate and the relative distribution of different ROS spe-
cies in the meristematic and elongation zones. Interestingly, 
differences in the localization of O2– and H2O2 in seedlings 
treated with PCN (Fig. 9) or co-cultivated with P. aeruginosa 
WT and QS-related mutants lasI, rhlI, and rhlI/lasI (Fig. 2) 
suggest that these ROS can function as intercellular signaling 
molecules and not only as toxicity factors, as reported in ani-
mal cells. 

The PCN-elicited accumulation of ROS was partially 
blocked when supplied together with the ethylene blocker 
AgNO3 (Fig. 9), and the H2O2 decrease was lower in the eth-
ylene-related mutants etr1-1, ein2-1, and ein3-1 than in WT 
seedlings. These data correlate with the greater resistance of 
ethylene-related mutants etr1 and ein2-1 to primary root growth 
inhibition caused by PCN (Fig. 8), further indicating that 
ethylene plays an important role in mediating the ROS 
response to PCN. To the best of our knowledge, the particular 
distribution of O2– and H2O2 in primary root tips of ethylene-
related mutants has not been previously investigated. However, 
while analyzing the flg22-triggered ROS production in Arabi-
dopsis seedlings, Mersmann and associates (2010) identified 
ethylene signaling as a critical component of the oxidative 
burst in response to this bacterial elicitor because etr1-1 and 
ein2-1 mutants were strongly diminished in flg22-induced 
ROS accumulation. Ethylene has diverse functions in plant–
microbe interactions (van Loon et al. 2006). It is important for 
defense against necrotrophic fungi (Chagué et al. 2006) but its 
contribution to bacterial resistance remains unclear. Our data 
demonstrated that, among the PCN responses tested, the ethy-
lene-insensitive mutants were resistant to the PCN effect, 
decreasing H2O2 accumulation in the elongation zone of the 
primary root (Fig. 10). This suggests that ethylene plays a dual 
function in response to bacterially produced PCN: it may 
contribute to defense responses, possibly through regulation of 
ROS production, and, at the same time, in ROS-modulated 
root system architecture. Our work underscores the importance 
of PCN as a signaling molecule in plant–bacteria interactions 
as a modulator of cellular programs that determine the config-
uration of the root system. Understanding the contribution of 
QS in pathogenesis and symbiosis, particularly the role played 
by AHL in the production of virulence factors or compounds 
with a role in auxin (Ortiz-Castro et al. 2011) or ethylene sig-
naling (this work), should contribute to the development of new 
strategies for protecting plants against pathogens or increase 
plant productivity. 

MATERIALS AND METHODS 

Plant material and growth conditions. 
A. thaliana (Col-0); the transgenic lines CycB1:uidA (Colón-

Carmona et al. 1999), AtPRZ1:uidA (Sieberer et al. 2003), DR5: 
uidA (Ulmasov et al. 1997), BA3:uidA (Oono et al. 1998), and 
histone AtHisH2B:YFP (Boisnard-Lorig et al. 2001); and mu-
tant lines etr1-1 (Hua and Meyerowitz 1998), ein2-1 (Guzmán 

and Ecker 1990), ein3-1 (Chao et al. 1997), tir1afb2afb3 
(Dharmasiri et al. 2005), arf7arf19 (Okushima et al. 2007), 
aux1-7 (Pickett et al. 1990), axr1-3 (Lincoln et al. 1990), abi1 
(Ma et al. 2009), abi3 (Koornneef et al. 1984; Nambara et al. 
1992), and cre1-12ahk2-2 and cre1-12ahk3-3 (Higuchi et al. 
2004; Mähönen et al. 2006) were used for all experiments. 
Seed were surface sterilized with 95% (vol/vol) ethanol for 5 
min and 20% (vol/vol) bleach for 7 min. After five washes 
with sterile distilled water, seed were germinated and grown 
on agar plates containing 0.2× MS medium (Murashige and 
Skoog 1962). MS medium (Murashige and Skoog basal salts 
mixture; catalog M5524) was purchased from Sigma-Aldrich 
(St. Louis). The suggested formulation is salts at 4.3 g liter–1 
for a 1× concentration of medium; we used 0.9 g liter–1, which 
we consider and refer to as 0.2× MS. This medium lacks amino 
acids and vitamins. PCN was purchased from Sigma-Aldrich. 
The compound was dissolved in dimethyl sulfoxide and used 
at the indicated concentrations. In control seedlings, we added 
the solvent in amounts equal to those present in the greatest 
concentration of compound tested. Phytagar (micropropagation 
grade) was purchased from Phytotechnology (Shawnee Mission, 
KS, US.A.). Plants were placed in a plant growth chamber 
(Percival Scientific AR-95L) with a photoperiod of 16 h of 
light, 8 h of darkness, light intensity of 100 mol m2 s–1, and 
temperature of 22°C. 

In vitro plant-bacteria co-cultivation assays. 
Bacterial strains used in this work were P. aeruginosa PAO1 

(WT) and P. aeruginosa single mutants rhlI– and lasI– and 
double mutant rhlI–/lasI– (Li et al. 2007). The bacterial strains 
were evaluated in vitro for their pathogenic or plant-growth-
promotion ability, using the Arabidopsis Col-0 ecotype. Bacte-
rial densities of 2.5 × 108 CFU were inoculated by streaking 
on agar plates containing 0.2× MS medium. Six-day-old ger-
minated Arabidopsis seedlings (10 seedlings per plate) were 
transferred and located over the bacterial streak site and grown 
for a further 3-, 6-, and 9-day period. The plates were placed in 
the growth chamber (Percival Scientific AR-95L) in a com-
pletely randomized design. All experiments were replicated at 
least three times. 

Analysis of plant growth and statistical analysis. 
Growth of primary roots was registered using a rule. Lateral 

root number (LRN) was determined by counting the lateral 
roots present in the primary root from the tip to root/stem tran-
sition. LRD was determined by dividing the LRN by the pri-
mary root length and was expressed as LRD cm–1. The length 
of the meristems was determined as the distance between the 
quiescent centers to the cell file where cells started to elongate. 
For all experiments, data were statistically analyzed in the 
SPSS 10 program (SPSS, Chicago). Univariate and multivari-
ate analyses with a Tukey’s post hoc test were used for testing 
differences in growth and root developmental responses in the 
WT and ethylene-related mutants. Different letters are used to 
indicate means that differ significantly (P < 0.05). 

Microscopy. 
The A. thaliana root system was analyzed with a stereoscopic 

microscope (Leica MZ6; Leica Microsystems, Wetzlar, Ger-
many). Total lateral roots were counted at ×30 magnification. 
Primary root meristems were analyzed in semipermanent prep-
arations of cleared roots using a composed microscope (Axio-
star Zeiss Plus; Carl Zeiss, Göttingen, Germany) at ×100 or 
×400 magnifications. Images were captured with a Sony Cyber-
shot DSC-S75 digital camera (Sony Electonics Inc., Oradell, 
NJ, U.S.A.) adapted to the microscope and processed with the 
Zeiss Axio Vision 4AC software (Carl Zeiss). 
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Histochemical analysis. 
Transgenic plants that express the uidA reporter gene 

(Jefferson et al. 1987) were stained in 0.1% 5-bromo-4-chlo-
rium-3-indolyl, β-D-glucuronide in phosphate buffer (NaH2PO4 
and Na2HPO4, 0.1 M, pH 7) with 2 mM potassium ferrocya-
nide and 2 mM potassium ferricyanide for 12 h at 37°C. Plants 
were cleared and fixed as previously described by Malamy and 
Benfey (1997). The processed roots were included in glass 
slips and sealed with commercial nail varnish. For each marker 
line and treatment, at least 10 transgenic plants were analyzed. 

H2O2 production was detected by the endogenous peroxi-
dase-dependent staining procedure using 3,3′-diaminobenzi-
dine (DAB) uptake (Thordal-Christensen et al. 1997). Control 
or PCN-treated of A. thaliana WT and ethylene mutant seed-
lings were placed in a solution of DAB at 1 mg ml–1, pH 3.8, 
and incubated in dark for 2 h. Subsequently, they were im-
mersed in boiling 96% (vol/vol) ethanol for 10 min and then 
stored in 96% (vol/vol) ethanol. For each treatment, at least 15 
treated seedlings were analyzed. A representative plant was 
chosen for each treatment. H2O2 production was visualized as 
a reddish-brown precipitated coloration and photographed using 
a stereoscopic microscope. 

PI staining and YFP detection. 
For confocal microscopy, solvent- or PCN-treated transgenic 

Arabidopsis seedlings expressing the histone AtHisH2B:YFP 
construct (Boisnard-Lorig et al. 2001) were mounted on mi-
croscope slides into a solution of PI. For fluorescent staining 
with PI, recently collected plants with intact root systems were 
transferred to a solution of PI at 10 mg/ml for 3 min. Seedlings 
were rinsed in water and mounted in 50% glycerol on micro-
scope slides. The same sample was recorded separately at 
wavelengths specific to both PI fluorescence with an 568 nm 
excitation line and a emission window of 585to 610 nm, and 
YFP emission with a 505- to 550-nm band-pass emission filter 
(488-nm excitation line), after which the two images were 
merged to produce the final image. Primary root meristems 
were analyzed by imaging mounted samples with an inverted 
confocal microscope (Olympus FV1000). 

PCN quantification. 
PCN was extracted from the supernantant fraction of P. aeru-

ginosa grown in Luria-Bertani medium at 37°C for 48 h. Super-
natant (1 ml) was mixed with 1 ml of chloroform and the lower 
organic layer was separated. To this layer, 1 ml of 0.2 HCl was 
added and the PCN rich organic layer was separated to give a 
pink to deep-red solution. The absorbance of this solution was 
measured at 520 nm. Concentrations, expressed as micrograms 
of PCN produced per milliliter of culture supernantant, were 
determined according to Essar and associates (1990). 

ROS and O2– detection 
General ROS and specific O2– anion were monitored by 

incubating Arabidopsis seedlings with 10 M fluorescent 
probes H2DCF-DA and DHE, respectively, in 10 mM Tris-
HCl (pH 7.4) (Gomes et al. 2005). Arabidopsis-treated seed-
lings were incubated for 30 min in darkness and washed three 
times for 5 min with fresh buffer. Fluorescence signals from at 
least 10 treated and control seedlings were detected using a 
confocal microscope (Olympus FV1000). Fluorescence signals 
were quantified by counting pixel numbers in the green chan-
nel by employing ImageJ software. 
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