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Oxidative-stress-induced production of pyocyanin by
Xanthomonas campestris and its effect on the indicator target
organism, Escherichia coli’
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Pyocyanin, a potential antimicrobial agent, was secreted by Xanthomonas campestris. Treatments with agents
causing oxidative stress in the organism caused up to 4.4-fold increase in specific pyocyanin production.
Pyocyanin added in the extracellular space did not affect growth rate of X. campestris, but decreased maximum cell
concentration and specific product formation. However, the growth of Escherichia coli, the indicator target
organism, was affected by pyocyanin. There was also a significant increase in the intracellular reactive oxygen
species (ROS) concentration and antioxidant enzyme [catalase, superoxide dismutase (SOD)] concentrations, in
the presence of pyocyanin. The intracellular ROS concentrations in E. coli formed upon exposure to pyocyanin,
which is an indicator of the toxicity, was dependent on the growth phase of the organism. Studies with mutants of E.
coli showed that intracellular ROS concentration was not significantly affected by the absence of the regulon OxyR,
but, was significantly higher in cases when the regulon rpoS or the genes katG or katE were absent. Journal of
Industrial Microbiology & Biotechnology (2000) 25, 266—272.

Keywords: pyocyanin; free radicals; HOCI; oxidative stress; Xanthomonas campestris

Introduction

Pyocyanin is a phenazine compound that occurs in nature in
secretions of the pathogen Pseudomonas and affects the growth
and viability of a wide range of microorganisms [26]. Therefore,
pyocyanin can be extracted from the broth in which cells
producing pyocyanin are grown, and used as an antimicrobial
agent. During our investigations, we found pyocyanin secretion by
Xanthomonas campestris, a plant pathogen, which has not been
reported earlier. Xanthomonas uses pyocyanin, possibly to counter
the host and to reduce the competition from other organisms,
during infection.

When Xanthomonas infects plant tissues, the extent of oxidative
stress due to reactive oxygen species (ROS) formed in the
pathogen, is an important determinant of the pathogenicity [30].
The invading species, Xanthomonas, encounter increasing oxida-
tive stress caused by the plant [3] that has to be overcome for
successful infection. Thus, if Xanthomonas uses pyocyanin as a
counteragent, it is possible that the mechanism of pyocyanin
synthesis and secretion is enhanced by oxidative stress caused by
the ROS. To test this hypothesis, we generated ROS in X
campestris through various extracellular treatments and studied
pyocyanin secretion as an adaptive response.

Further, the damage caused by pyocyanin in other target
organisms is also mediated through ROS. The reduced form of
pyocyanin is an unstable free radical that reacts rapidly with
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molecular oxygen to create the ROS [11]. The electron flow from
biological pathways is diverted to increase the production of
intracellular reactive oxygen products, leading to cell death
[10,12]. However, the cell employs antioxidant enzymes such as
catalase and superoxide dismutase (SOD) to counter the ROS
[9,16]. The expression of catalase is highly dependent on the
growth phase in Escherichia coli, because activity of regulons such
as OxyR and rpoS are growth-phase dependent [15,18]. For
example, OxyR regulates a set of proteins, including catalase
expression controlled by katG, expressed in log phase when
subjected to oxidative stress, whereas rpoS regulates expression of
a set of proteins in the stationary phase, including catalase
expression by katE [29]. Therefore, pyocyanin toxicity could be
dependent on the growth phase of the bacteria, which has not been
reported earlier. In this study, we have also investigated growth-
phase-dependent pyocyanin toxicity in E. coli, the indicator target
organism, through studies on suitable mutants. This will also
provide information for the use of pyocyanin as an antimicrobial
agent.

Materials and methods

Bacterial strains and culture conditions

X. campestris (MTCC 2286, IMTECH, Chandigarh, India) and
E. coli K-12 (MG 1655 [5]) strains along with mutated E. coli
MG 1655 strains [5] such as AOxyR, AkatG, ArpoS, AkatE,
ASoxRS and a double-mutant of katG, katE, were used in this
study. The growth medium and conditions for X. campestris were
the same as used in our earlier study [27]. The growth medium
and conditions for E. coli cells were as prescribed by Dukan and
Touati [5].



Extraction of pyocyanin

The procedure employed by Hassett et al. [11] for pyocyanin
extraction from Pseudomonas aeruginosa was followed. The
extracted pyocyanin was used in all experiments involving
exposure of cells to pyocyanin.

Treatment procedures

The HOCI treatment procedure for X. campestris is the same as that
used in our related study [17]. Briefly, cells were exposed to
freshly prepared HOCI in three stages. Each stage consisted of
HOCI exposure, followed by 40 min of incubation in the dark, at
30°C, with gentle shaking. The concentrations of HOCI used for
exposure at the beginning of each stage were [in mmol (g
cell) ~'1:0.66 (stage I), 4.65 (stage IT) and 20 (stage IIT). After
the third incubation, the free chlorine left in the flasks was
quenched using sterile sodium thiosulfate.

The menadione and H,O, treatment procedures were similar,
but, the concentrations of the treatment agents were different. With
menadione, the concentrations were: 8.4 (stage 1), 30 (stage II),
and 100 (stage III) mmol (g cell) ~ !. With H,0,, the concentra-
tions were: 0.18 (stage 1), 0.47 (stage I1) and 2.18 (stage III) mol

(gcell) .

Analyses

The xanthan concentration was determined through dry weight
measurement after isolation through alcohol precipitation followed
by centrifugation at 10,000 g for 45 min [8]. The cell
concentrations were estimated using OD at 600 nm and were also
cross -checked with plating results. Spectrophotometric estimations
of catalase enzyme were done using hydrogen peroxide degrada-
tion [1], and the pyrogallol autooxidation method was used for
SOD estimation [19]. Standard enzymes (Sigma Chemical Co.),
i.e., catalase (Aspergillus niger) and SOD (E. coli) were used for
standard graphs. The total protein concentration was estimated by
the Bradford method. The pyocyanin concentrations before and
after oxidant treatments were estimated [4 ]. Infrared spectroscopic
analysis [20] and NMR spectroscopic analysis of pyocyanin
extracted from X. campestris cells were carried out using a Nicolet
Impact 400 IR spectrophotometer and a Varian FT-NMR spectro-
photometer, respectively.

Spin trapping of free radicals

To measure oxygen centered radicals formed after exposure to
100 M pyocyanin extracted from X. campestris a spin trapping
technique [25] was employed. Cell densities were adjusted to an
optical density at 600 nm of 0.5, which corresponded to a cell
density of 0.13 g 17 '. The cells were incubated for 5 min at
37°C in a shaking (100 rpm) water bath. 5,5-Dimethyl-
pyrroline-1-oxide (DMPO) (Sigma, St. Louis, MO, USA)
(100 mM) was then added to the lysed cells. The free radical
levels were estimated using electron spin resonance spectroscopy
using a Varian ESR spectrometer.

Quantification of free radicals

The free radical concentration is proportional to the area under the
absorption curve [2 ], which was obtained by double integration of
the obtained derivative spectrum, using computer programs. The
free radical concentrations were obtained by comparison with
concentrations of the known standard [13]. The background free
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radical levels (obtained when no pyocyanin was added) were
subtracted to obtain the effect of pyocyanin alone.

Results

Pyocyanin is produced by X. campestris

When wild-type X. campestris cells were grown in batch culture,
pyocyanin was produced at 2.5 mg 1~ ', which corresponded to
4.2 mg (gecells) !, Preliminary identification tests for pyocyanin
such as formation of colored compounds upon boiling, or
reactions with a dilute alkaline solution (0.1 M NaOH), acetic
acid (0.1 M) [11,28], were performed on the dried extract and the
presence of pyocyanin was inferred. Further, identification studies
using IR and NMR spectroscopy were performed on the extract
and the results were compared with those obtained using synthetic
pyocyanin (phenazonium methosulfate) (Figures 1 and 2). In IR
spectroscopy, there was a good correspondence between spectra of
the sample and reference (Figure 1), in the expected wave number
range of 910—665 cm ! for fused heterocyclic ring compounds
[21]. In NMR spectroscopy, the chemical shift spectra (Figure 2)
between 7.8 and 9.2 ppm [22], showed good correspondence
between the sample and the reference. These results clearly show
that pyocyanin is secreted by X. campestris.

The glucose concentration in the medium influences the
pyocyanin yield from Pseudomonas significantly [28] and there-
fore, we studied the effect of initial glucose concentration on the
pyocyanin yield from X. campestris grown in batch culture. The
results shown in Table 1 indicate that maximum pyocyanin
production in wild-type cells resulted when the medium contained
the lowest initial glucose concentration of 0.5 g 17'. This
information is expected to be useful in formulation of the growth
medium for optimal production of pyocyanin.

Pyocyanin production in X. campestris is enhanced by
ROS generators

Although the effects of pyocyanin on other target bacteria such as
E. coli have been extensively studied, the mechanism of pyocyanin
production, even in the well -known Pseudomonas system, remains
unclear. As pyocyanin is produced by two pathogens, i.e.,
Xanthomonas and Pseudomonas, which encounter oxidative stress
during infection [3,11], it is plausible that ROS, which are
responsible for the oxidative stress, enhance pyocyanin synthesis
and secretion. Also, ROS can act as modulators of cell function
[23]. To investigate the mechanism of pyocyanin production, we
studied the pyocyanin production in X. campestris cells as an
adaptive response to treatments with generators of ROS, such as
hypochlorous acid (HOCI), menadione and hydrogen peroxide
(H,0,). The pyocyanin concentration produced in the log phase (5
h) of wild-type cells was 4.2 mg (g cell) ~'. HOCI treatment
induced a 4.4-fold increase in pyocyanin produced compared to
that produced by wild-type cells. Similarly, menadione treatment
increased pyocyanin production by 4.0-fold and H,O, treatment
increased it by 2.6-fold.

As the highest enhancement was obtained with HOCI treatment,
further ROS generations were made with HOCI. Also, the
enhancement in pyocyanin production due to HOCI treatment
(Table 1) was higher (4- to 5-fold) at higher initial glucose
concentrations (20 and 40 g 1~ ') compared to only a 1.6-fold
enhancement at 0.5 g 1~ " initial glucose concentration.
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Figure 1 Infrared spectra of (a) pyocyanin sample extracted from the medium in which X. campestris cells were grown and (b) synthetic
pyocyanin (phenazonium methosulfate).

Identification of the free radical types give characteristic ESR derivative spectra that differ in the number
The important ROS in the cell are the superoxide, hydroxyl and of hyperfine splits [2,24]. This difference arises from the
peroxyl free radicals [7]. The adducts of these species with DMPO differences in interaction of the magnetic moment of the trapped
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Figure 2 Nuclear magnetic resonance spectra of (a) pyocyanin sample extracted from the medium in which X. campestris cells were grown and
(b) synthetic pyocyanin (phenazonium methosulfate).

radical with that of the ar-hydrogen and the nitroxide nitrogen on and only superoxide radicals (with three hyperfine splits) were
DMPO [14]. The types of ROS were identified using the above found in this study.
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Table 1 Effect of initial glucose concentration on pyocyanin levels obtained from wild-type and HOCI-treated X. campestris cells

Initial glucose

Pyocyanin level (Wild:pjpe cells)

Pyocyanin level (HOCI-treated cells)

concentration [g 1~ ]] [mg (g cell) [mg (g ce]])_l]
0.5 170.0+11.3 2722+104
1.0 58.2+6.4 97.9+6.2
5.0 23.8+3.2 78.9+2.3

10.0 9.6+1.9 343+£3.5

40.0 42+1.8 18.5£2.6

The average values from three experiments along with the standard deviations are presented.

Effect of extracellular pyocyanin on X. campestris
Although pyocyanin exhibits bactericidal action on other target
bacteria, the producer, Pseudomonas, is unaffected by it [11].
Therefore, we studied the effect of 100 uM pyocyanin added
externally on X. campestris. Growth rates were not significantly
affected (0.24 vs. 0.248 h™') by pyocyanin; however, the
maximum cell concentration was 45% higher in the presence of
pyocyanin. Pyocyanin enhances growth of P. aeruginosa [28].
However, xanthan gum production decreased from 2.03 to 1.35 g
(g cell) ~!, in the presence of pyocyanin.

Free radicals generated in presence of pyocyanin are an indirect
measure of pyocyanin -induced toxicity in bacteria [ 10,12]. In the
presence of pyocyanin, no free radicals were detected (Figure 3).
Furthermore, no significant difference in concentrations of the
antioxidant enzymes SOD and catalase, which protect the
bacterium from free radicals, was found in presence or absence of
pyocyanin.

Effect of extracellular pyocyanin on E. coli

The maximum cell concentration was reduced by 1.7-fold and the
growth rate was reduced by 12% when E. coli was grown in the
presence of 100 uM pyocyanin. Furthermore, 0.38 mmol (g

cell) ~ ! superoxide radicals (Table 2) were found intracellularly in
log-phase cells in the presence of pyocyanin, whereas no free
radicals were detected in its absence. A typical ESR spectrum
obtained in this study, which indicates the presence of superoxide
radicals in the presence of pyocyanin, is presented in Figure 3.
Also, no free radicals were detected in the stationary phase of cells
grown in the presence or the absence of pyocyanin. Furthermore,
the intracellular SOD levels were 4.5-fold higher and the
intracellular catalase levels were 2-fold higher in log-phase cells
grown in the presence of pyocyanin compared to cells grown in the
absence of pyocyanin.

Growth-phase -dependent pyocyanin effect on E. coli
ROS were found in the log phase, but not in the stationary phase, of
E. coli grown in the presence of pyocyanin. The expression of the
anti - oxidant enzyme, catalase, which protects the cell from ROS, is
growth-phase dependent in E. coli [6]. Under stress conditions,
catalase expression is under the control of the OxyR regulon in the
log phase and the rpoS regulon in the stationary phase [5,29].
These regulons control expression of the catalase genes katG and
katE, in the log and stationary phases, respectively. Therefore, to
investigate whether pyocyanin toxicity results from its effect on the
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Figure 3 Electron spin resonance derivative spectra: (A) X. campestris cells grown in the absence of pyocyanin, (B) X. campestris cells grown in
the presence of 100 M pyocyanin and (C) a typical spectrum of superoxide radicals obtained from E. coli cells. Field set 3380 G; microwave
frequency, 9.5 GHz; microwave power, 10 mW; modulation frequency, 100 kHz; g, 2.00304.



Pyocyanin from Xanthomonas - ROS aspects
YM Rao and GK Sureshkumar

Table 2 Free radical levels obtained with various cell types and mutants in the presence of 100 M pyocyanin

Cell type Growth phase

Free radical type

Free radical concentration [mmol (g cell) ~']

X. campestris

Wild - type log none none

E. coli

Wild - type log superoxide 0.38+0.03
Wild - type stationary none none
AOxyR log superoxide 0.45+0.02
AkatG log superoxide 0.74+0.03
ArpoS stationary superoxide 1.39+0.06
AkatE stationary superoxide 0.68+0.04
katG katE double mutant log superoxide 1.01+0.02
katG katE double mutant stationary superoxide 0.61+0.02
ASoxRS log superoxide 0.81+0.07

The average values of free radical concentration obtained from ESR measurements of three different samples of the same cell type or mutant, on different
days, are presented along with the standard deviations. The free radical levels obtained in the absence of pyocyanin (background levels) have been

subtracted.

relevant regulons and genes, we studied the free radical levels
generated by pyocyanin in various deletion mutants. The deletion
mutants employed in this study were AOxyR, AkatG, ArpoS,
AkatE, and a double mutant of katG and katE. We compared the
levels of free radicals generated by 100 uM pyocyanin in these
mutants to that generated in wild-type E. coli cells in the log and
stationary phases.

When the deletion mutant of OxyR (AOxyR) was grown in the
presence of pyocyanin, 0.452 mmol (g cell) ~ ' superoxide radicals
(Table 2) were obtained in the log phase, which was about 19%
higher than that obtained with wild-type cells grown in the
presence of pyocyanin. With the AkarG mutants, 0.735 mmol (g
cell) ~! superoxide radicals (Table 2) were obtained when cells
were grown in the presence of pyocyanin, which was 1.9-fold of
that obtained with wild-type cells grown in the presence of
pyocyanin. Thus, in the log phase, in the presence of pyocyanin,
absence of the gene, katG, resulted in higher superoxide radical
levels compared to absence of the regulon, OxyR.

When ArpoS cells were grown in the presence of pyocyanin,
1.394 mmol (g cell) "' superoxide radicals (Table 2) were
detected in the stationary phase whereas, no radicals (Table 2) were
found in stationary - phase wild-type cells. Also, with AkatE cells,
0.682 mmol (g cell) "' superoxide radicals (Table 2) were
detected in the stationary phase, which was 49% of that found in
ArpoS. Thus, in contrast to the log phase, absence of the regulon
rpoS resulted in higher superoxide radical levels compared to the
absence of the gene, katFE, in the stationary phase in the presence of
pyocyanin.

When the double mutant of katG katE was grown with
pyocyanin 1.011 mmol (g cell) ~! superoxide radicals (Table 2)
were obtained in the log phase, which was 2.7-fold of that in the
corresponding  wild-type cells, and 0.605 mmol (g cell) ™'
superoxide radicals (Table 2) in the stationary phase compared
to no superoxide radicals (Table 2) in the corresponding wild -type
cells. The level of superoxide radicals generated in the presence of
pyocyanin, in the double mutant of katG and katE, was comparable
to that obtained with the single mutant of katE, in the stationary
phase, whereas in the log phase it was 38% higher compared to the
corresponding single mutant of katG.

Studies on the growth-phase-independent protection system
against superoxide radicals, SoxRS, which controls SOD expres-

sion, showed that absence of SoxRS resulted in 0.812 mmol (g
cell) ~! superoxide radicals (Table 2), which was 2.1-fold of that
in wild-type cells. This suggests that the SoxRS regulon is also
involved in protection against pyocyanin-induced superoxide
radicals.

Discussion

X. campestris produced pyocyanin and improved pyocyanin
production was observed as an adaptive response to treatments
that induce ROS. The best improvement in pyocyanin production
was observed after HOCI treatment and HOCI is a hydroxyl free
radical generator. The superoxide radical generator, menadione,
also caused a comparable improvement in pyocyanin production.
Both HOCl and menadione are strong inducers of defense
mechanisms against hydroxyl and superoxide radicals, respec-
tively [3,5]. Comparatively, the hydroxyl radical producer, H,O,,
caused a lower improvement in pyocyanin production and H,O,
is a weaker inducer of defense mechanisms against hydroxyl
radicals in X. campestris [3]. Thus, it appears that pyocyanin
production is linked to induction of defense mechanisms against
free radicals.

Pyocyanin acts as a carrier in increasing the oxygen uptake of
bacterial suspensions by several fold [28]. This enhanced oxygen
availability explains the increased maximum cell concentration of
X. campestris obtained in the presence of pyocyanin. However, the
limited diffusion of pyocyanin through the membrane, as observed
in the case of P. aeruginosa [11], may play a role in the observed
insensitivity of extracellularly added pyocyanin on X. campestris.
Also, the antioxidant levels in the presence and absence of
pyocyanin are not significantly different, probably because much
less pyocyanin enters the cell, which is not sufficient to induce
antioxidant enzymes. On the other hand, the sensitivity of E. coli to
pyocyanin could be due to higher uptake of pyocyanin; it is known
that the amount of pyocyanin taken up by E. coli is higher than that
taken up by P. aeruginosa under comparable conditions [11].

In the presence of pyocyanin, the superoxide radical levels
obtained with the AOxyR mutant in the log phase was only 18%
higher compared to the wild-type cells. This suggests that OxyR,
which is normally induced by agents causing oxidative stress [6],
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is not substantially induced by pyocyanin. However, absence of
katG led to a 92% increase in the superoxide radical level, which
indicates that katG is involved in protection against pyocyanin-
induced free radicals in the log phase.

However, in the stationary phase, the absence of the regulon
rpoS or the gene katE caused significant levels of superoxide
radical generation compared to no superoxide radicals (Table 2) in
the wild-type cells when they were grown in the presence of
pyocyanin. This result indicates that the rpoS—katE system is able
to provide the necessary protection against pyocyanin generated
superoxide radicals in the stationary phase. In contrast, in the log
phase, the OxyR—katG system was not able to provide the
necessary protection which may be the reason for pyocyanin
toxicity in the log phase.

Acknowledgements

We thank Prof D. Touati, Jacques Monod Institute, Paris, France for
her kind gifts and Ms Susmita Sahoo, Department of Chemical
Engineering, IIT Bombay, India for her inputs.

References

1 Beer R and F Sizer. 1951. A spectrophotometric method for the
breakdown of hydrogen peroxide. J Biol Chem 226: 133—139.

2 Borg DC. 1976. Applications of electron spin resonance in biology. In:
Pryor WA (Ed.), Free Radicals in Biology, Vol. 1. Academic Press,
New York, pp. 69—147.

3 Chamnongpol S, S Lopraset, P Vattanaviboon and S Mongkolsuk.
1995. Atypical oxidative stress regulation of a Xanthomonas oryzae pv.
oryzae monofunctional catalase. Can J Microbiol 41: 541—547.

4 Clare DA, MN Duong, D Darr, F Archibald and I Fridovich. 1984.

Effects of molecular oxygen on the detection of superoxide radical with

nitrobule tetrazolium and an activity stain for catalase. Anal Biochem

140: 532-537.

Dukan S and D Touati. 1996. Hypochlorous acid stress in Escherichia

coli: resistance, DNA damage and comparison with hydrogen peroxide

stress. J Bacteriol 178: 6145-6150.

Farr SB and T Kogoma. 1991. Oxidative stress responses in

Escherichia coli and Salmonella typhimurium. Microbiol Rev 55:

561-585.

Fridovich 1. 1976. Oxygen radicals, hydrogen peroxide, and oxygen

toxicity. In: Pryor WA (Ed.), Free Radicals in Biology, Vol. 1.

Academic Press, New York, pp. 239-277.

8 Garcia-Ochoa J, JA Casas and AF Mohedano. 1993. Xanthan
precipitation from solutions and fermentation broths. Sep Sci Technol
28: 1303-1313.

9 Halliwell B and JMC Gutteridge. 1985. Free Radicals in Biology and
Medicine. Clarendon Press, Oxford, London, pp. 67—138.

10 Hassan HM and I Fridovich. 1980. Mechanism of the antibiotic action

of pyocyanine. J Bacteriol 141: 156—163.

w

(=)

~

—_
—_

12

13

14
15

16

17

18

19

20

2

—_

22

23

24

25

26

27

28

29

30

Hassett DJ, L Charniga, K Bean, D Ohman and MS Cohen. 1992.
Response of Pseudomonas aeruginosa to pyocyanin: mechanisms,
resistance, antioxidant defenses, and demonstration of a manganese-
cofactored superoxide dismutase. Infect Immun 60: 328 —336.

Hassett DJ and MS Cohen. 1989. Bacterial adaptation to oxidative
stress: implications for pathogenesis and interaction with phagocytic
cells. FASEB J 3: 2574—2582.

Hayaishi O and K Asda. 1977. Biochemical and Medical Aspects of
Active Oxygen. University Park Press, New York, pp. 45—-64.

Janzen EG. 1984. Spin trapping. Methods Enzymol 105: 188—198.

Li Z and B Demple. 1994. SoxS as an activator of superoxide stress
genes in Escherichia coli. J Biol Chem 269: 18371—-18377.

Loewen PC. 1997. Bacterial catalases. In: Oxidative Stress and
Molecular Biology of the Antioxidant Defenses. Cold Spring Harbor
Laboratory Press, New York, pp. 273—308.

Manjula Rao Y and GK Sureshkumar. 2000. Direct biosynthesis of
ascorbic acid from glucose by Xanthomonas campestris through
induced free-radicals. Biotechnol Lett 22: 407—411.

Mongkolsuk S, S Lopraset, P Vattanaviboon, C Chanvanichayachai, S
Chamnongpol and N Supsamran. 1996. Heterologous growth phase-
and temperature- dependent expression and H,O, toxicity protection of
a superoxide - inducible monofunctional catalase gene from Xanthomo-
nas oryzae pv. oryzae. J Bacteriol 178: 3578 —-3584.

Nandi A and IB Chatterjee. 1988. Assay of superoxide dismutase in
animal tissues. J Biosci 13: 305—-315.

Otting W and H Kainer. 1954. Ultrarotspektren freir stick stoffradikale.
Chem Ber 86: 1205-1219.

Pouchert CJ. 1981. 6-Membered fused aromatic heterocyclics. In: The
Aldrich Library of IR Spectra, Vol. 2. The Aldrich Chemical Co.,
Milwaukee, pp. 1407—1408.

Pouchert CJ. 1983. 6 -Membered fused aromatic heterocyclics. In: The
Aldrich Library of NMR Spectra, Vol. 2. The Aldrich Chemical Co.,
Milwaukee, pp. 981-982.

Remacle J, M Raes, O Toussaint, P Renard and G Rao. 1995. Low
levels of reactive oxygen species as modulators of cell function. Mutat
Res 316: 103—-122.

Rosen GM and EJ Rauckman. 1984. Spin trapping of superoxide and
hydroxyl radicals. Methods Enzymol 105: 198—209.

Schellhorn H, S Pou, CS Moody and HM Hassan. 1987. An electron
spin resonance study of oxyradical generation in superoxide dismutase -
and catalase - deficient mutants of Escherichia coli K12. Arch Biochem
Biophys 271: 323-331.

Schoental R. 1941. The nature of antibacterial agents present in
Pseudomonas pyocyanea cultures. Br J Exp Pathol 22: 137—147.
Sriram G, Y Manjula Rao, AK Suresh and GK Sureshkumar. 1998.
Oxygen supply without gas—liquid film resistance to Xanthomonas
campestris cultivation. Biotechnol Bioeng 59: 714—723.

Swan GA and DGI Felton. 1957. The Chemistry of Heterocyclic
Compounds — Phenazines. Interscience Publishers Inc., New York,
pp. 247-292.

Tanaka K, Y Takayanagi, N Fujita, A Ishihama and H Takahashi.
1993. Heterogeneity of the principal ¢ factor in Escherichia coli: the
rpoS gene product, o>* is a second principal factor of RNA polymerase
in stationary-phase Escherichia coli. Proc Natl Acad Sci USA 90:
3511-3515.

Weiss BD, MA Capage, M Ressel and SA Benson. 1994. Isolation and
characterization of a generalized transducing phage for Xanthomonas
campestris pv. campestris. J Bacteriol 176: 3354—3359.



