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ABSTRACT

Antimicrobial activity of natural phenazine-1-carboxylic acid (PCA)
from Pseudomonas aeruginosa TISTR 781 and synthetic phenazine-5,10-
dioxide (PDO), prepared by oxidation of the phenazine, were evaluated by
in vitro disc diffusion and minimal inhibitory concentration (MIC) methods.
The results indicated that both phenazine derivatives differed clearly in their
antimicrobial activity. PCA showed better efficacy against growth of
Acidovorax avenae subsp. citrulli, Bacillus subtilis, Candida albicans,
Escherichia coli and Xanthomonas campestris pv. vesicatoria than PDO at
low concentrations of PCA (MIC; 17.44 - 34.87 ppm) as an antimicrobial
agent. In contrast, PDO acted as a stronger inhibitor than PCA when tested
against Pseudomonas syringae and Enterobacter aerogenes. The last
bacterial strain, Ralstonia solanacearum, can be suppressed by the same
concentration of PCA and PDO (MIC; 62.50 ppm). The data provided
beneficial information for choosing phenazine types to inhibit some general
strains and plant pathogenic bacteria.

Keywords: Phenazine-1-carboxylic acid (PCA), antimicrobial activity,
phenazine-5,10-dioxide (PDO), disc diffusion method,
minimal inhibitory concentration (MIC) method
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INTRODUCTION

Phenazine, a nitrogen-containing heterocyclic redox agent, is 1 group of
antibiotic agents. More than 6,000 phenazine derivatives have been identified and
described during the last 2 centuries. These compounds can be produced in 2 ways,
namely biosynthesis via phenazine-producing bacteria and chemosynthesis. Firstly,
phenazine compounds secreted by Pseudomonas aeruginosa are largely found as
phenazine-1-carboxylic acid (PCA), pyocyanin, 1-hydroxyphenazine (1-HP), and
phenazine-1-carboxamide (PCN), when incubated in suitable media [1-3]. Biosynthesis
of phenazine is up regulated by nutrient depletion, by high cell density and by
conversion of the bacterium to the biofilm form [4-7]. Chemical synthesis has also been
used to prepare various synthetic phenazines [8]. One interesting procedure is oxidation
of the phenazine core using oxidizing reagents such as H0,;, H>SO4/K;S,0s,
HOF-CH;CN, Tf,0 and NH,CONH;'H,O, [8-10]. This process gives N-oxide
phenazines for instance, phenazine-5-oxide, phenazine-5,10-dioxide (PDO), etc.
Nitrogen atoms and functional groups of the phenazine ring produced from both
processes result in different physicochemical and biological properties of individual
phenazine derivatives. From previous papers phenazine compounds are known to
possess a broad-spectrum of antibiotic activity toward bacteria, fungi, and animal
tissues [11-13]. Phenazine derivatives were also chosen to reduce the use of chemical
pesticides in agriculture [14]. Biopesticides, phenazine compounds, can be used either
alone or in combination with pesticides to lower the doses of chemicals needed to
obtain a profitable crop yield. The production costs of new agrochemicals have
increased and stricter safety rules on their use also require alternative pest control
methods. Seed coating with biopesticides for wheat, potato, radish, sugar beet and fruits
has been proved to result in crop protection and increased crop yields [15-17].
Therefore, this work is concerned with phenazine compounds and in particular natural
PCA and synthetic PDO because both phenazines have well-known antibiotic properties
and are potent antimicrobial agents. The antimicrobial activities of PCA produced by
Pseudomonas spp., have been investigated and used to inhibit some bacterial and fungal
growth [11,18,19]. Moreover, PDO plays a role as a disinfectant against various plant-
pathogenic microorganisms [20]. This study focuses on the synthesis and efficacious
antimicrobial activity of phenazine derivatives (PCA and PDO) against general strains
(Bacillus subtilis, Candida albicans, Enterobacter aerogenes and Escherichia coli) and
some plant pathogenic bacteria (Acidovorax avenae subsp. citrulli, Erwinia carotovora,
Pseudomonas syringae, Ralstonia solanacearum and Xanthomonas campestris pv.
vesicatoria). The results of this study may provide primary information for the selection
of suitable phenazine types to restrain microbes in agricultural and pharmaceutical
applications.
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MATERIALS AND METHODS

Biosynthesis of Phenazine-1-Carboxylic Acid (PCA)

Pseudomonas aeruginosa TISTR 781 was obtained from the Thailand Institute
of Scientific and Technological Research (TISTR) and used for PCA production. It was
streaked on Luria-Bertani (LB) agar plates and incubated at room temperature for
24 - 48 h [21]. A single colony of P. aeruginosa on a LB agar plate was transferred into
100 ml of modified King’s A broth (KA): Bactopeptone 15.0 g, NaCl 13.0 g, glycerol
9.0 ml and K,SO4 1.0 g in 1,000 ml distilled water; and incubated at room temperature
(29 - 30 °C) with an orbital shaker (200 rpm) for 24 h to use as a starter in previous
work [22]. For increasing PCA production, the starter was transferred into an
Erlenmeyer flask (1,500 ml) containing fresh modified KA medium with 1:50 bacterial
dilutions and incubated for 48 h under the same conditions as described above.

An Amberlite XAD-16 resin column was used for the PCA isolation by eluting
this column with 70 % (v/v) acetonitrile in water [22]. For purification of phenazine,
crude phenazine was attained in 2 steps. Firstly, the pH of the crude phenazine solution
was adjusted to 2.5 and residues removed by centrifugation at 3,500 rpm for 15 min.
After that, this solution was separated by a liquid-liquid extraction with
dichloromethane. The extracted phenazine was then purified on a silica gel column,
equilibrated with dichloromethane. The optimum solvent system for the silica gel
column was 90 % (v/v) dichloromethane in ethyl acetate.

Chemical Synthesis of Phenazine-5,10-Dioxide (PDO)

A mixture of glacial acetic acid (8.5 ml) and hydrogen peroxide (30 %, 3.8 ml)
was heated for 6 h at 40 °C. Phenazine (~0.1 g) was added and the reaction mixture was
heated for 22 h at 50 °C. This method was described by Abd EI-Halim and co-workers
[23] under modified conditions. After that the obtained precipitate was filtered and then
extracted with dichloromethane. The concentrated dichloromethane extract was poured
into a silica gel column and eluted by a mixture of solvents (80:20 v/v;
dichloromethane:ethyl acetate).

Identification of Phenazine Compounds

UV-vis spectrum of both phenazine compounds were recorded by an Agilent
8453 UV-visible spectrophotometer in the region of 200 - 500 nm when dissolved in 0.2
M HCI and dichloromethane. IR spectra of the phenazines, as KBr discs, were recorded
on a Spectrum One FT-IR spectrometer, Perkin Elmer (Germany) from 4,000 - 500 cm™
[18]. Nuclear magnetic resonance spectra (both 'H and '*C NMR) were recorded with
samples dissolved in CDCl; on a Varian Mercury Plus 400 MHz or 360 FT-NMR
spectrometer. Moreover, the melting points of the purified phenazines were determined
with a melting point apparatus, Gallenkamp, SANYO (U.K.).
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In Vitro Antimicrobial Activity of PCA and PDO

PCA and PDO were used to test for antimicrobial activity using various types of
microorganisms; general strains including B. subtilis, C. albicans, E. aerogenes and E.
coli and some plant pathogenic bacteria, including A. avenae subsp. citrulli, E.
carotovora, P. syringae, R. solanacearum and X. campestris pv. vesicatoria. All strains
were obtained from the collection of the Department of Microbiology, Faculty of
Science, Khon Kaen University, Khon Kaen, Thailand. Each bacterial strain was
streaked on LB agar plates. Incubation plates were prepared as single colonies. A single
colony was transferred into sterilized water and diluted to match a 1.0 McFarland
turbidity standard (~6x10° CFU/ml) [22]. Disc diffusion was employed for the
screening of antimicrobial activity of a sterilized disc with ethanol (used as the control),
PCA (1,000 ppm) and PDO (1,000 ppm). Briefly, a suspension of the tested
microorganism was spread over a Mueller Hinton Agar (MHA) surface of 9 cm
diameter Petri dishes. Filter paper disks (6 mm diameter) loaded with each sample were
placed on the surface of the MHA, which was incubated at room temperature for 24 h,
and then inhibition zones were measured in mm. The minimal inhibitory concentrations
(MIC) of both phenazines were determined by the serial dilution method at ODgg in
triplicates as described by Nakai and Siebert [24].

RESULTS AND DISCUSSION

Biosynthesis of PCA and Chemosynthesis of PDO

After the isolation process, approximately 1.72 g of crude phenazine per litre of
bacterial culture was obtained. It was then purified using adsorption chromatography.
The second yellow fraction (main fraction) was collected and it was evaporated to
remove solvent by means of rotary evaporation and then kept in the refrigerator (4 °C).
Yellow crystals formed with a yield of 10.20 mg/1 of bacterial culture.

In the case of PDO, the oxidation process was done under mild conditions
eliminating the use of hazardous substances. After the reaction was complete, a silica
gel column was used for purification giving an orange-red solution that was collected
manually. Orange-red crystals formed in the refrigerator (4 °C) and its weight was
approximately 50.60 mg per 0.1 g of phenazine.

Structural Elucidation of Phenazine Compounds

The structure of biosynthesized PCA was identified, as described by Fernandez
and Pizarro [25]. The melting point of this pigment was found to be 242 - 243 °C. The
absorption maxima of the purified yellow solution appeared at 250 and 369 nm in
CH,Cl,, corresponding to the previous report [25]. The IR spectrum of the purified
yellow crystals (Figure 1a) showed bands including the OH of the COOH group (3,446
cm™), an overtone for the carboxyl group (2,664 cm™), an intense C=0 band (1,741 cm’
') and aromatic CH bends (1,472 - 1,284 cm™) [18]. In the 'H-NMR spectrum (400
MHz, CDCls), peaks in the & = 7.30 - 9.00 ppm region indicated the presence of 7
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aromatic protons and at ca. 15 ppm the carboxylic acid proton. The *C-NMR data
showed major peaks between 124.95 - 143.95 ppm indicating the presence of 7 aromatic
carbons while at 165.86 ppm the carboxylic acid carbon was observed. The purified
yellow crystals were proven to be phenazine-1-carboxylic acid (PCA) and its chemical
structure is shown in Figures 2a and 2b.
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Figure 1 IR spectra of PCA (a) and PDO (b).
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Figure 2 (a) '"H-NMR, (b) ?C-NMR spectra of PCA and (c) '"H-NMR, (d) ?C-NMR spectra of
PDO when dissolved in CDCl;.

PDO from chemical synthesis was characterized by spectral and elemental
analyses. The absorption maxima for PDO were 277, 395, 439 and 465 nm in CH,Cl,,
as reported previously [26]. The melting point of purified phenazine was in range from
196 - 198 °C [27]. The IR spectrum of the orange-red crystals shows a strong absorption
band at 1,344 cm™ for the N-oxide and the peak at ~1,300 cm’!, characteristic of the N-
O group, is either absent or decreased in intensity while a new peak at 1,091 - 900 cm™
is shown in Figure 1b, which corresponds to that reported by Andreev and co-workers
[26]. The "H-NMR data also confirmed the structure of this pigment. Peaks between
7.80 - 8.70 ppm are consistent with the presence of signals for aromatic protons. The
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BC-NMR spectra showed the peaks between 120.00 - 131.50 ppm indicating the
presence of aromatic carbons in the structure. From the data, the purified orange-red
crystals were confirmed to be phenazine-5,10-dioxide (PDO) with the structure shown
in Figures 2c¢ and 2d.

In Vitro Inhibition of Pathogenic Strains by PCA and PDO

Clear zones and the minimal concentrations of the phenazines required to inhibit
various pathogen strains are summarized in Figure 3 and Table 1, respectively. In
preliminary studies for antimicrobial activity, PCA and PDO were tested for their ability
to inhibit the growth of 1 fungal and 8 bacterial strains by in vitro plate inhibition assay
and serial dilution. Figure 3 presents that PCA showed better efficiency against growth
of A. avenae subsp. citrulli, B. subtilis, C. albicans, E. coli and X. campestris pv.
vesicatoria than PDO. The good antimicrobial activity of PCA may be due to acidity
because PCA contains a carboxylic group in the structure and a pKa value of 4.24 +
0.01, which confirms the acidic nature of PCA [18]. From previous research, acids can
inhibit the growth of microorganisms [28]. Thus, the antimicrobial activity of PCA was
more than PDO because of the combination between the acidity of the carboxylic acid
and the potency of the nitrogen atoms in phenazine core. However, PDO exhibited
better antimicrobial activity than PCA when tested in P. syringae and particularly
inhibited in E. aerogenes, as shown in Figures 3 and 4. One bacterial strain, R.
solanacearum, however, can be inhibited by the same concentration of PCA and PDO
as shown in Table 1. Nitrogen atoms in the phenazine structure play an important role
in accepting electrons, yielding a relatively stable ion radical that readily undergoes
redox cycling in the presence of several reducing agents and molecular oxygen, leading
to the accumulation of toxic oxygen species in bacterial cells [13]. In the case of E.
carotovora, which causes soft rot in cabbage, the bacteria were not sensitive to PCA
and PDO antibiotics. However, this strain can already be suppressed by pyocyanin
(PYO) and phenazine-1-carboxamide (PCN) [22]. The results suggest important
conclusions; the efficacy of phenazine compounds against microorganisms will vary,
therefore not every phenazine compound will have activity against all microbes. It also
seems clear that substituents on the phenazine core are preferred to increase the
antimicrobial activity of the phenazine compound [11].
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Table 1 Comparison of minimal inhibitory concentration (MIC) in ppm of PCA and
PDO tested against microorganism strains by the serial dilution method.

Minimal inhibitory concentration (MIC) in ppm

Phenazine : X.
derivatives 4Yenae B. C. E. E. E. P. R. campestris
subsp. subtilis albicans aerogenes carotovora coli syringae solanacearum pv.
citrulli vesicatoria
PCA 34.8 17.4 17.4 - - 34.8 125.0 62.5 17.4
PDO 125.0 62.5 62.5 62.5 - 62.5 62.5 62.5 62.5

Noted; (-) non-inhibited
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Figure 4 Inhibition susceptibility of phenazine derivatives (a) E. aerogenes and (b) E. coli
growth when incubated at room temperature for 24 h, A: the control, B: PCA and C: PDO.

CONCLUSIONS

Natural PCA produced by P. aeruginosa TISTR 781 in modified King’s A broth
had 10.20 mg/l of bacterial culture. An approximate quantity of synthetic PDO was
50.60 mg/0.1 g of phenazine. The chemical structures of both pigments were elucidated
using UV-Vis spectra, IR, "H-NMR and "“C-NMR data. From the results, in vitro
antimicrobial ability between PCA and PDO by disc diffusion and minimal inhibitory
concentration (MIC) methods were compared. PCA showed more potent inhibition
against some strains than PDO when it was tested against 4. avenae subsp. citrulli, B.
subtilis, C. albicans, E. coli and X. campestris pv. vesicatoria. Although, PCA had good
antimicrobial activity it was not enough to suppress bacteria such as P. syringae, E.
aerogenes and E. carotovora. In contrast, these microorganisms can be inhibited by
PDO. The inhibitory mechanism of phenazine was actually a result of the toxicity of the
superoxide radical and hydrogen peroxide as described in a report by Dwivedi and Johri
[13]. Thus, this beneficial data may provide alternatives for choosing suitable phenazine
types to eradicate general strains and some plant pathogenic bacteria. Finally, phenazine
can restrain bacteria cells and protect agricultural product from many diseases but it can
damage human cells too, thus it must be carefully used [29,30].
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