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Abstract

Pseudomonas species are well known for producing a wide range of
biologically active pigments with important ecological and industrial
significance. These pigments include pyocyanin, pyoverdine, pyorubin,
and pyomelanin, which are classified as secondary metabolites. Pigment
biosynthesis in Pseudomonas is tightly regulated by genetic pathways
such as phenazine and non-ribosomal peptide synthetase systems.
Functionally, these pigments contribute to iron acquisition, antimicrobial
activity, oxidative stress regulation, and biofilm formation. Pyoverdine
plays a key role as a siderophore under iron-limited conditions, while
pyocyanin is involved in virulence and redox balance. In addition,
pyomelanin provides protection against environmental stresses. Due
to their diverse bioactivities, Pseudomonas pigments have attracted
attention for pharmaceutical, agricultural, and environmental
applications. They exhibit potential as antimicrobial agents,
biocontrol tools, and electron mediators in microbial fuel cells.
Fluorescent pigments are also useful in diagnostic applications.
Despite their promising potential, safety and toxicity considerations
remain critical for industrial utilization.
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INTRODUCTION

The genus Pseudomonas comprises a diverse
group of Gram-negative bacteria widely distributed in
soil, water, and clinical environments. Many
Pseudomonas species are characterized by their
ability to produce distinctive pigments as secondary
metabolites. These pigments play essential roles in
bacterial physiology, environmental adaptation, and
pathogenicity. Among the most studied pigments are
pyocyanin, pyoverdine, pyorubin, and pyomelanin.
The biosynthesis of these pigments is genetically
regulated through complex metabolic pathways such
as phenazine biosynthesis and non-ribosomal peptide
synthetase systems'™. Functionally, Pseudomonas
pigments are involved in iron acquisition, redox
homeostasis, antimicrobial activity, and biofilm
development. In pathogenic species, pigments
contribute significantly to virulence and host tissue
damage. Beyond their biological roles, these pigments
have gained increasing attention for their potential
industrial and biomedical applications. They offer
promising uses as natural antimicrobials, fluorescent
biomarkers, and bioactive compounds. Therefore,
understanding the biosynthesis and functions of
Pseudomonas pigments is essential for their safe
and effective exploitation in various biotechnological
fields™.

Pigment Production and Functional Roles in
Pseudomonas: Pseudomonas species produce several
characteristic pigments as secondary metabolites that
play important biological roles. Pyocyanin (blue-green
pigment) functions in redox balance and contributes
to virulence by generating reactive oxygen species
and inhibiting competing microorganisms. Pyoverdine
(yellow-green fluorescent pigment) acts as a
high-affinity  siderophore responsible for iron
acquisition under iron-limited conditions. Pyorubin
(red pigment) exhibits antimicrobial activity and is
involved in bacterial competition. Pyomelanin
(brown-black pigment) provides protection against
oxidative stress, ultraviolet radiation, and
environmental stresses. Pigment production s
regulated by genetic pathways and quorum sensing
systems and is influenced by environmental
conditions such as nutrient availability. Collectively,

these  pigments enhance  bacterial  survival,
adaptability, and ecological fitness, while also
offering  potential industrial and  biomedical
applications®.

Regulation of Pigment Production in Pseudomonas:
Pigment production in Pseudomonas species is a tightly
regulated process controlled by genetic, environmental,
and physiological factors. The expression of pigment

biosynthetic genes is influenced by quorum sensing
systems, which allow bacterial cells to coordinate
pigment synthesis in response to population
density®®. Environmental conditions such as iron
availability, pH, temperature, and oxygen levels play
a critical role in determining the type and quantity

of pigments produced. For instance, pyoverdine
synthesis is strongly induced under iron-limiting
conditions, whereas pyocyanin  production is

enhanced during stationary growth phases. Regulatory
networks involving transcriptional regulators and
global stress response systems further modulate
pigment production. Additionally, nutrient composition
of growth media can significantly affect pigment
yield. Understanding these regulatory mechanisms is
essential for optimizing pigment production for
industrial and biomedical applications and for
controlling pigment-associated virulence in pathogenic
Pseudomonas strains, as shown in Fig. 1.5,
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Fig. 1: Regulatory factors and functional roles of

pigments in Pseudomonas®.

Environmental Factors Affecting Pigment Yield:
Pigment vyield in Pseudomonas species is strongly
influenced by various environmental factors that
regulate metabolic activity and gene expression. lron
availability is one of the most critical factors, as iron
limitation significantly enhances the production of
siderophore pigments  such as pyoverdine.
Temperature and pH also affect pigment synthesis
by influencing enzyme activity and cellular growth;
optimal pigment production is often observed at
neutral to slightly alkaline pH and moderate
temperatures. Oxygen availability plays an important
role, particularly in the production of redox-active
pigments like pyocyanin. Additionally, nutrient
composition and carbon source in the growth
medium can markedly alter pigment yield. Quorum
sensing mechanisms further integrate environmental
signals with population density to modulate pigment
production. Understanding these factors is essential
for optimizing pigment vyield in laboratory and

industrial-scale applications!”.
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Role of Pseudomonas Pigments in Microbial
Competition: Pseudomonas pigments play a crucial
role in inhibiting competing microorganisms in their
environment. Pyocyanin generates reactive oxygen
species that suppress the growth of neighboring
bacteria and fungi. Pyoverdine sequesters iron,
limiting its availability to other microbes. Phenazine
pigments  exhibit broad-spectrum  antimicrobial
activity, providing a competitive advantage. Through
these mechanisms, pigments help Pseudomonas
establish and maintain dominance in diverse
ecological niches, as shown in Fig. 2.7

Pigment Production and Functions in Pseudomonas

Major Pigments
Regulatory & — S
Environmental Factors 5 Pyocyanin (Blue Green) > Applications
N i @ Eiomedical
)D = o b « Antibiotic ~
* Antimicrabial
Quorum Sensing * Anticancer @
= > J —a, o E—— L_,a & Diagnostic =7~
HQ = Iron Acquisition @ Agricultural
PH & Temperature * Blocontrol of et
== P 3 Pyorubin (fed) Aant Fathogens i)
Ed = =% # Antimicrobial Competition Lp @ Environmental
Nutrient Availability ® Microbial 7 = ?
= | Pyomelanin (Browr Blsck) 4 Fuel Cells I
| * Bioremediation

® UV Protection
® Ouidative Stress Resistance

iz

J

Fig. 2: functions in

Pseudomonas

Pigment
£)

production and

Biosynthesis of Pseudomonas Pigments: The
biosynthesis of pigments in Pseudomonas species
involves complex, genetically regulated pathways.
Pyocyanin is synthesized via the phenazine
biosynthetic pathway, starting from chorismic acid
and involving phz genes. Pyoverdine is produced
through non-ribosomal peptide synthetase (NRPS)
systems and functions as a siderophore under
iron-limited conditions. Pyomelanin is generated
through the tyrosine degradation pathway, where
homogentisic acid polymerizes to form the
brown-black pigment. Pyorubin biosynthesis,
although less studied, is linked to phenazine-related
metabolic routes. These pathways are tightly
controlled by environmental cues, quorum sensing,
and nutrient availability, ensuring that pigment
production is optimized according to cellular needs
and ecological conditions™®.

Applications of Pseudomonas Pigments: Pseudomonas
pigments have versatile applications across
biomedical, agricultural, and environmental fields. In
biomedicine, pyocyanin and phenazine derivatives
show antimicrobial, antifungal, and anticancer
activities, while pyoverdine fluorescence is used in

diagnostic assays. In agriculture, pigments act as
biocontrol agents, suppressing plant pathogens and
enhancing soil health. Environmentally, pigments like
pyocyanin participate in microbial fuel cells, aiding
electron transfer, and contribute to bioremediation
by degrading pollutants. Additionally, pigments are
explored as natural dyes for food, textiles, and
cosmetics, offering eco-friendly alternatives to
synthetic colorants. These wide-ranging applications
highlight the multifunctional potential of
Pseudomonas pigments, though safe handling and
toxicity management remain important*.
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