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Abstract: Synthetic dyes and colourants have been the mainstay of the pigment industry for decades.
Researchers are eager to find a more environment friendly and non-toxic substitute because these
synthetic dyes have a negative impact on the environment and people’s health. Microbial pigments
might be an alternative to synthetic pigments. Microbial pigments are categorized as secondary
metabolites and are mainly produced due to impaired metabolism under stressful conditions. These
pigments have vibrant shades and possess nutritional and therapeutic properties compared to
synthetic pigment. Microbial pigments are now widely used within the pharmaceuticals, food, paints,
and textile industries. The pharmaceutical industries currently use bacterial pigments as a medicine
alternative for cancer and many other bacterial infections. Their growing popularity is a result of
their low cost, biodegradable, non-carcinogenic, and environmentally beneficial attributes. This audit
article has made an effort to take an in-depth look into the existing uses of bacterial pigments in the
food and pharmaceutical industries and project their potential future applications.

Keywords: biocolorant; biotechnology; pigments; pharmaceutical applications

1. Introduction

Natural dyes have gained more concern for their application because they are more
compatible with the environment due to their better biodegradability. Natural dyes have
been utilised for a very long time; they served as colouring agents in the earliest known
human civilizations. However, as synthetic colours were introduced to the market, they
started to lose their charm. These synthetic dyes were much cheaper, user-friendly, came
in a variety of colours, and were reproducible compared to their natural alternatives. The
plant-based dye industries collapsed at the beginning of the twentieth century, whereas the
synthetic dye business flourished as a result of recent advances in the field. The industries
using synthetic dyes ended up dumping the toxic chemical wastes into freshwater sources,
such as rivers and ponds, which led to algal blooms, ultimately contributing to greenhouse
gases [1]. These industrial pollutants were hazardous and carcinogenic for consumers
as well. It was not until recently that the synthetic dyes ill effects started to surface, and
industries were forced to look in a new direction. Because of these demerits of synthetic
dyes, their application nowadays is considered “toxic contaminants” and are, thus, less
oftenly used [2]. Natural dyes made from plants are already in the market, but there are
disadvantages that must be taken into consideration. It might be expensive to grow plants
specifically for dyeing purpose. Furthermore, plant-based pigments are rapidly denatured
in the presence of changed pH and might not provide batch reprodubility. Consequently,
researchers used a different strategy involving microbes [3].
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Bacteria, yeasts, fungi, and algae are a few of the microbes that typically generate
natural colours. Several categories that have been documented to be synthesised by
these microorganisms, including carotenoids, flavins, phenazines, violaceins, melanins,
and many others that are mentioned in the paper later. These pigments are essential
for the microorganisms’ innate ability to adapt to harsh environmental circumstances
and perform specific cellular functions (for example, photosynthesis in photosynthetic
micro-organisms) [4]. Such naturally synthesized pigments are now used in various
industries, such as textile, cosmetics, pharmaceuticals, and food, because of their exotic
properties and advantageous characteristics, which are useful for both human health and
the environment [5].

The global market for microbial pigments has been assessed for a number of pigments;
for instance, the estimated market for carotenoids was $1.7 billion USD for the year 2020 and
is likely to expand at a pace of 2.6 percent with an expected range of almost $2 billion USD in
the coming years. According to AMR (2021) reports, astaxanthin, a kind of carotenoid, had
a market size of $192.5 million USD in the 2020 and will experience a exponential increase
to about $228.4 million USD by the year 2027 [6,7]. Currently, 80-90% of the carotenoid
synthesis is performed by chemical synthesis, since it is of lower cost ($250-2000 kg~ 1)
when compared to plant-derived carotenoids ($350-7500 kg 1) [8]. On the other hand, the
carotenoid-containing biomass from many different microorganisms, such as, for example,
algae (Haematococcus sp., Chlorella sp., etc.), are sold at $40-50 USD per kg in the open
market [9]. Thus, microbe-derived pigments can take over the global market and cut off
synthetic and plant-derived pigments in the present scenario. This review discusses a
detailed overview of bacterial pigments, their extraction and purification process, and their
application in food, cosmetics, and biomedical sciences.

2. Overview of Natural Pigments, Plant Pigments and Microbial Pigments

A pigment can be defined as a chemical compound capable of absorbing a fraction of
photons falling on it and transmitting the rest, which falls in the detection range of human
eyes [10]. However, these compounds are not the same as phosphorescent, fluorescent and
other luminescent materials, with inherent, light-emitting properties. Pigments selectively
absorb a particular wavelength, which imparts them with their distinctive colours, and since
they possess this property, they are used to colour plastics, fabrics, cosmetics, foods, and
ink/paints. The pigment is any coloured material produced by a living organism (Figure 1).
Physical organs, such as nails, hair, skin, iris, and fur, also bear unique pigments known as
melanin [11]. Additionally, other organisms, such as reptiles (involving chameleon, garden
lizards), amphibians (such as frogs), teleost (involving fishes like kill fish, eel, catfish,
minnow), and insects (involving stick insect, grasshoppers, lake flies), have specialized
pigment-producing cells called chromatophores that enable them to change the colour of
their skin under specific conditions. Thus, pigmentation in biological systems aids the
survival of organisms by enabling them to mimic and camouflage with their immediate
environment [12].

In some cases, pigments might also serve as the basis for sexual selection, signalling,
and aposematism [13]. For example, in guppies, the orange spots are determined by
carotenoid uptake in their diet. Males with a low-carotenoid diet have dull orange spots
and are less preferred by females over the males with high-carotenoid uptake [14]. Pigments
(chlorophyll) aid in complex chemical cascades, such as photosynthesis in plants. Pigment
colours should not be confused with structural colours; structural colours are iridescent,
whereas pigment colour remains the same from different angles.
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Figure 1. Classification of natural pigments on the basis of organisms. The natural pigments can
be obtained from different organisms involving plants (photosynthetic and protective pigments),
animals (Chromatophores and carotenoids), and micro-organisms (prodigines, phycobiliproteins,
oxyindoles), which have various pharmaceutical and industrial applications.

Prokaryotes are known to synthesize pigments, just like animals and plants do. Some
of these pigments aid in the synthesis of complex carbohydrates by photosynthetic bac-
teria, while others protect them from ultraviolet (UV) damage [15]. Prokaryotes can be
divided into two major categories: autotrophic prokaryotes and heterotrophic prokary-
otes. Autotrophic prokaryotes bear pigments that help them participate in photosynthesis;
chlorophyll, carotene, and xanthenes are the most commonly found pigments in autotrophic
prokaryotes. The heterotrophic prokaryotes produce some accessory pigments, which helps
in the survival of these organisms in extreme niches. For example, the membrane bound,
yellow-coloured pigment xanthomodin is secreted naturally by the bacteria Xanthomonas
oryzae pv. oryzae. In addition, xanthomodin has been shown to possess photodamage
protection properties to the bacteria [16]. The biosynthesis of these accessory pigments is
crucial for the taxonomic characterization and identification of novel bacteria and helps
establish genetic relatedness amongst new species and the pre-existing ones. The major
types of bacterial pigments with different therapeutic uses are shown in Table 1.

Table 1. Bacterial pigments with various pharmaceutical applications.

S. No. Pigment Colour Microorganisms Clinical Uses References
1. Carotenoids
. . Orange to Bradyrhizobium spp., Antioxidant, Photoprotectant,
. . L . .. 17
) Canthaxanthin deep pink Lactobacillus pluvialis Anti-cancer, Anti-inflammatory (171
(ii) Astaxanthin Red to Agrobacterium auraﬁtzqcum, An’Flox1dant, Ph.ofo—protectant, [18]
orange Paracoccus carotinifaciens Anti-cancer, Anti-inflammatory
Staphylococcus aureus,
(iii) Zeaxanthin Yellow Flavobacterium spp., Photoprotectant, Antioxidant [19]
Paracoccus zeaxanthinifaciens
(iv) [-Carotene Red Rhodococcus maris, Anticancer, Antioxidant [20]

Rhodococcus ruber
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Table 1. Cont.

S. No. Pigment Colour Microorganisms Clinical Uses References
) Staphyloxanthin Yellow Staphylococcus aureus Antioxidant [21]
(vi) Deinoxanthin Red Deinococcus radiodurans Anti-cancer [22]

2. Prodiginines
(1) Prodigiosin Red Serratia marcescens Anti-cancer, DNA cleavage, [23]
Immunosuppressant
Antimalarial activity,
(ii) Undecylprodigiosin Red Streptomyces sp. Antibacterial, Antioxidant, [24,25]
Anti-cancer
(iii) Heptyl Prodigiosin Red x-Proteobacteria Antiplasmodial [26]
3. Phycobiliproteins
Cytotoxicity, Neutrophil
() Pycocyanin Blue Pseudomonas spp. apoptosis, Ciliary dysmotility, [27]
Proinflammatory
4.0Oxyindoles
Chromobacterium violaceum, . . .
() Violacein Purple Collimonas sp., Duganella sp., Antifungal, Antibacterial, [28-31]

Pseudoalteromonas sp. Antiplasmodial, Anti-cancer

3. Ecological Distribution of Microbial Pigments

Pigmented micro-organisms, also known as chromogenic microorganism, belonging
to, e.g., bacteria, microalgae, archaea (mainly haloarchaea), have been isolated from diverse
environmental and geographical conditions, including terrestrial, aerial, and marine loca-
tions [32]. Research is being conducted extensively on coloured microorganisms isolated
from marine habitats, including seawater, marine sediment, sponge [33], sea ice (including
Algoriphagus), sun saltern, microbial mats [34] and many other locations due to the variety
of colours and novelty. Several pigment-producing microorganisms have also been found
in a variety of stress environments, such as lava caves [35], hot springs [36], etc., in addition
to normal environments. There are also specific geographic locations where the frequency
of the pigmented microorganisms is higher than other occurrences. For example, Hermans-
son et al. (1987), discovered that the frequency and occurrence of pigmented bacteria were
higher at the air-water interface than bulk water [37]. Additionally, glaciers, ice cores, salt
lakes, and deep-sea hydrothermal vents are a few locations with large concentrations of
coloured microorganisms [38]. Thus, it can be shown that the pigment-producing microor-
ganisms are extensively dispersed around the world, providing enormous opportunity for
scientists to learn about their medicinal and industrial uses.

4. Advantages of Microbial Pigments over Synthetic Pigments

Applications of bacterial pigments are more favoured than synthetic pigments because
of a number of advantages. Bacterial pigments are simple to grow and secure for use by hu-
mans. Furthermore, their extraction methods and scaling up processes are more economical.
Additionally, pigments are secondary metabolites created by a living creature that sup-
port the cell in numerous ways, including photosynthesis, UV protection, defence against
competing species, and even energy-storing molecules [39]. They are a good contender for
the current pigment industry because of their ease of growing, resistance to temperature
and pH changes, variety, and non-toxic/eco-friendliness. Additionally, bacterial pigments
possess great medicinal qualities, making them even more deserving of replacement for
synthetic dyes. For instance, bacterial pigments, such as zeaxanthin, astaxanthin, yellow
and orange carotenoids, prodigiosin, violacein, pyocyanin, and actinorhodin are the subject
of intense research for their possible use in modern medicine [39]. The ability to biosynthe-
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size any natural pigment using a bacterial host cell is another advancement in recombinant
DNA technology that has further cemented bacteria’s place in the pigment industry. Now,
rather than growing quintals of plants for their pigments, bacterial culture can achieve the
same results [9]. This simplistic beauty of working with prokaryotes attracts more research
into the topic.

5. Pigment Production from Bacteria and Genes Involved in Pigment Production

Bacterial pigments fall into one of two categories: soluble pigments that quickly
permeate into the surrounding medium and are referred to as extracellular pigments; and
insoluble pigments are confined to the interior of the cell and are referred to as intracellular
pigments. In extracellular pigments, the liquid culture can be directly processed through
chromatography to isolate the pigment. On the other hand, intracellular pigments first
require the culture to be sonicated; this breaks the cell open to release the pigment into the
surrounding media (Figure 2).

Pigment producing
bacteria isolated
from soil or marine
environments
cultured on petri-
plates

: 3 oy T ) S

Supernatant containing
the pigment and the
pellet is discarded

Pigment release Solvent

in broth

Supernatant is dissolved in
either organic/inorganic
solvent to separate the

pigment

Centrifugation evaporated and

pure pigment
obtained

P

Figure 2. Extraction and purification of microbial pigments. The process of production, extraction,
and purification of microbial pigments is explained in the figure and is numbered serially from
1 to 6 respectively.

Bacterial pigments are secondary metabolites synthesized only when the bacterial
species are grown in appropriate growth conditions. The pigments, such as orange
carotenoids, protect the cell from the damage caused by harmful ultraviolet light when
the bacterial culture is exposed to direct sunlight [19]. Some pigments are made in the lag
phase where the cell is experiencing resource exhaustion and thus, pigmentation is also
sensitive to the kind of medium utilized for production. Different bacterial species have
special growth requirements under which they produce specific pigments. The percentage
yield can be calculated on a laboratory scale by closely monitoring the purified pigment’s
absorbance; the more the absorbance, the better the pigment production efficiency will
be. The maximum yield and quality of the pigments can be simply attained via media
optimization and standardization of incubation conditions [40,41]. Bacterial culture will be
unable to surpass the lag until the right conditions are provided; otherwise, the quality and
quantity of the pigment produced will be of an inferior kind.

Molecular cloning can enhance pigment production by developing high yielding
strains that will reduce the cost of maintaining stringent fermentation conditions and
produce more pigment per unit mass. However, the type of pigment being purified depends
greatly on the downstream purification of the pigment from the fermentation media.
Therefore, a proper purification scheme is required for pigment purification. Since most
bacterial pigments are insoluble in water, they are selectively solubilized in organic solvents,
such as methanol, ethanol, acetone, ethyl acetate, or hexane. Once the pigment is obtained
in the organic solvent, the organic solvent is allowed to evaporate. The powdered residue
left behind is our pure pigment and can be used for functional analysis [42]. There are
different types of pigments, such as canthaxanthin, 3-carotene, violacein, phenazines, etc.
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Each pigment is produced by different kinds of micro-organisms via a tightly regulated
biochemical pathway catalysed by a number of enzymes that are encoded by other genes,
respectively. A list of various pigments and the genes involved in their synthesis is given
in Table 2, respectively.

Table 2. The genes which are responsible for the biosynthesis of microbial pigments in different organism.

S. No. Pigments Genes Involved in the Biosynthesis of Pigments  References
1. [-carotene crtE, crtY, crtl, crtB [43]
2. Violacein vioA, vioB, vioC, vioD, vioE [44]
3. Prodigiosin pig B, pigC, pigD, pigE, pigF, pigM, pigH, pig] [23]
4. Astaxanthin crtW, crtZ [45]
5. Zeaxanthin crtE, crtB, crtl, crtY, crtZ [46]
6. Staphyloxanthin crtO, crtP, crtQ, crtM, crtN [47]
7. Canthaxanthin crtE, crtY, crtl, crtB, crtW [48]
8. Pyocyanine phzE, phzD, phzF, phzB, phzG [49]

6. The Utilization of Genome Engineering Techniques to Enhance Bacterial
Pigment Production

Biosynthesis of several industrially important pigments, such as carotenoids, lutein,
zeaxanthin, etc., can be hosted in microorganisms using modern genetic engineering
techniques that do not naturally produce them, or if they do, they are made in minute
quantities [9]. Therefore, various strategies have been postulated to develop genetically
engineered microorganisms to synthesize the desired pigments, such as over-expression
of the key enzymes involved in the pigment biosynthesis, insertion/deletion of specific
genes, etc. Such genetic modifications not only help in strain improvement, but also help in
mitigating the toxic issues, which are caused by synthetic dyes.

Corynebacterium glutamicum has been metabolically engineered for the co-production
of a secreted amino acid (L-lysine) along with a cell-bound carotenoid (3-carotene) using
two feedstocks, namely, xylose and arabinose. Furthermore, a genetically engineered strain
of C. glutamicum for the transcriptional repressor gene crtR has also been developed to
overproduce the carotenoid decaprenoxanthin [50]. In addition, Escherichia coli has been
genetically engineered to obtain several pigments, such as 3-carotene, zeaxanthin, etc. For
example, via modification of a single gene of ATP synthesis, pentose phosphate, and TCA
cycle, a modified E. coli has been constructed to synthesize 3-carotene [39].

Recent advances in genetic engineering have helped scientists engineer certain mi-
croorganisms, such as E.coli and yeast, for large-scale carotenoid production. For example,
an engineered E.coli has been constructed to synthesize zeaxanthin from lycopene using
two fusion protein-mediated substrate channels and introduce tunable intergenic regions
to express crtY, and crtZ genes encode for the enzyme lycopene (3-cyclase and a $-carotene
hydroxylase, respectively [51]. Rhodobacter sphaeroides was genetically engineered for the
production of lycopene by many modifications; firstly, its crtl; gene was replaced by crtly
gene from Rhodospirillum rubrum. Secondly, the crtC gene was deleted and, finally, the
zwf gene was knocked out along with the integration of dxs gene, which blocked the
competitive pentose phosphate pathway and reinforced the methyl erythritol phosphate
pathway [52]. Thus, genetically engineered micro-organisms can be extensively employed
for the large-scale production of pigments with many therapeutic and industrial uses. The
different types of genetically engineered bacteria for the industrial production of pigments
are given in Table 3.
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Table 3. Genetic engineering of micro-organisms for the production of important pigments.

. . Type of Gene/Pathway . . .
S. No. Microorganism Modification Modified Genes Origin ~ Pigment Produced  References
Increase in
Deletion Sigma B factor (sigB) - Decaprenoxanthin [53]
1. C. glutamicum B-carotene
Increase in
Over-expression ~ Sigma A factor (sigA) - Decaprenoxanthin
Lycopene
Pathway
modification MEP pathway ) Lycopene [43]
Insertion of
pathway MVA pathway -
mel and ORF438 gene Stre;'J tgmyces Eumelanin [54]
) antibioticus
2. E. coli Insertion Pant
crtE, crtB, and crtl antoea Lycopene
agglomerans
Introduction of . .
. . . crtY and crtZ genes  Pantoea ananatis Zeaxanthin [55]
intergenic regions
zwf gene - i
Deletion Increase in 51]
ptsHIcrr operon - p-carotene
Replace crtlz with crtly
Rhodobacter . Rhodospirillum
. Delet tC P
3 sphaeroides cletion crit- gene ubrim Lycopene [52]
Knock out zwf gene

7. Application of the Bacterial Pigments in the Pharmaceutical Industry

Since the discovery of antibiotics, the fatality due to bacterial infections has drastically
reduced. Over the past decades, not only has the average lifespan of human beings
increased, but we have also learned how to tackle health care emergencies. Thanks to
our ever-expanding pharma industry, which invest in the research and development of
new drugs and manage their production and circulation amongst the human population.
However, as years pass by, our knowledge of modern medicine still stands incompetent in
front of the present-day challenges. Due to the injudicious circulation of heavy antibiotics,
multidrug-resistant (MDR) strains of pathogenic microorganisms have developed. This
is one of the challenges that have rendered us helpless. Another one is the unsolved
puzzles of diseases, such as cancer, which lay an irreversible impact on patients and their
families. To tackle the serious issues of antimicrobial resistance and expensive healthcare,
the pharma industry was compelled to look into a new direction—bacterial pigments’.
Bacterial pigments in recent years of research have revalued their importance; they might
be the next big breakthrough in the field of modern medicine. The following sections
discuss a brief account of recent developments in the pharma industry using bacterial
pigments for therapeutics purposes.

7.1. Anti-Tumour Effect of Bacterial Pigments

A hallmark of cancerous tissues is their unceasing cell division, which causes cells to
start to accumulate in a small area and eventually form tumours. Carcinogenic pollutants,
unhealthy food habits, oncogenic bacteria and viruses, as well as several more unidentified
causes, are only a few of the factors that cause malignant tendencies in somatic cells [56].
In recent years, cancer cases have increased exponentially; it is the second leading cause
of death worldwide. The reason behind it is the uncontrolled exposure of individuals
to industry generated carcinogenic compounds [57]. Chemotherapy is available for the
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treatment of solid tumours. Still, these drugs are not selectively toxic to cancerous cells
since the cancer cells do not differ from healthy cells morphologically. Therefore, along
with killing the tumour cells, some of the neighbouring healthy cells are also damaged.
This drawback of present-day chemotherapy fuels the search for a new anti-tumour drug.
Many bacterial pigments have demonstrated a significant anti-tumour activity; for
instance, Deinococcus radiodurans, a radioresistant bacteria, produce red, non-photosynthetic
pigment, deinoxanthin, which is structurally a carotene. Normal cells, during their func-
tioning, generate free radicals, which upon accumulation in the cell, can cause cancer [58].
Deinoxanthin is a stronger reactive oxygen species (ROS) scavenger than carotenes, such
as lycopene, p-carotene, and xanthophylls, such as zeaxanthin and lutein [22]. Recent
research demonstrated that deinoxanthin is effective in inducing apoptosis in HepG2
(human liver cancer cell line), PC-3 (prostate cancer cell line), and HT-29 (human colon
cancer cell line) (Figure 3). Marine microbiota is under extensive investigation since many
pigments isolated from marine Actinomycetes have also shown cytotoxic activity against
multiple human cancer cell lines. Actinomycetes, such as Saccharomonospora azurea [59]
and Streptomyces spp. [60], such as Streptomyces hygroscopicus subsp. Ossamyceticus [61]
and Streptomyces torulosus [62], are known to produce blue, green, yellow, orange, violet,
brown, and red pigments, out of which the red coloured pigment is of the most therapeutic
value [63]. The red pigment belongs to the family of prodigiosins, which is synthesized by
Streptomyces and Serratia marcescens. Prodigiosins induce mitochondria-mediated cellular
apoptosis and caspase activation, and they can even arrest the cell cycle in the late G1 phase.

-

Genetics

Factors causing cancer

Oxidative stress

Slow metabolism
UV radiation damage
Oncogenic chemicals

Treatment with bacterial pigments
with anti-cancerous properties
for successful scavenging of free

radicals from the cancerous tissues

C
&)
Cerous

&

Figure 3. Antioxidant and anti-cancer activity of bacterial pigments. There are various causative
reasons leading to cancer involving genetic mutations and various mutagens, such as UV rays and
chemicals. Bacterial pigments have found their use as substitutes for cancer treatment, as they have
anti-cancer properties, such as scavenging of free radicals from the cancerous cells.

Numerous species of the genus Streptomyces are known to produce many bioactive
compounds and pigments that have demonstrated anti-tumour activity. In the search for
a novel anticancer medication, S. aburaviensis and S. psammoticus are preferred possibili-
ties [64]. S. gresioaurianticus JUACT 01 produces a yellow-coloured pigment that induces
apoptosis in HeLa and HepG2 cell lines and is nontoxic to the human lymphocytes and is
also a promising candidate for further investigations [65]. Violacein is a naturally occur-
ring bis-indole pigment with anti-tumour activity and is isolated from Chromobacterium
violaceum. Violacein induces apoptosis in cancerous cell lines by activating caspase 8 and
transcription of nuclear factor kappa B (NF-Kb), target genes/p38 mitogen-activated pro-
tein kinase; this mechanism resembles the TNF-« activation cascade [28]. The regulated
cytotoxicity of natural pigments makes them ideal for cancer therapy. Another rich source of
anti-tumour bioactive agents is halo-archaeal carotenoids produced by the haloalkaliphilic
archaeon Natrialba sp. M6. The in vitro studies demonstrate effective anticancer activity
via apoptosis-dependent and blockage matrix metalloprotease (MMP)-9, responsible for
cancerous angiogenesis and metastasis [66]. Pyocyanin, a phenazine actively produced by
Pseudomonas aeruginosa, was initially observed to have cytotoxic effects on human pancre-
atic cancer cell lines (Panc-1) [67]. Similar anti-cancer property was exhibited by pyocyanin
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on glioma cells of 66.34%, human hepatoma cells (HepG2). Pyocyanin primarily prevents
the growth of cancer cell lines by producing large amounts of ROS, such as hydrogen
peroxide (H,O,) and superoxide (O;7), which cause significant oxidative stress and cell
damage [68].

7.2. Antimicrobial Action of Bacterial Pigments

Bacterial infections are a constant threat to the human community. Due to their fast
propagation and ability to mutate rapidly, bacteria often gain resistance against antimicro-
bial drugs. Additionally, this antimicrobial drug resistance is a bane to public health, as
controlling these infections is not only difficult but monetarily straining. Hence, researchers
are now switching to more novel antimicrobials, such as bacterial pigments to combat an-
timicrobial drug resistance. For instance, a deep red pigment produced by Streptomyces sp.
JS520, is shown to provide adequate protection against bacterial infection caused by Bacillus
and Micrococcus [69].

Furthermore, spectrometric analysis of the pigment reveals high concentrations of un-
decylprodigiosin (an intermediate compound in the biosynthesis of prodigiosin), inhibiting
biofilm formation in pathogenic bacteria, thereby preventing infection [24]. Deep-sea sedi-
ment strain Streptomyces sp. SCSIO 11594 is also known to produce significant amounts of
undecylprodigiosin, which demonstrated effective antimicrobial activity against methicillin-
resistant Staphylococcus epidermidis shhs-E1 [25]. In addition, undecylprodigiosin is effective
against Proteus mirabilis, Salmonella sp., Shigella sp. and Enterococcus sp. but is not effective
against Escherichia coli and Klebsiella pneumonia [60]. With all these shreds of evidence in
hand, more research can be put into preparing undecylprodigiosin as a novel candidate for
antimicrobial drugs.

Streptomyces genus synthesizes many other antibacterial pigments, such as actinorhodin [70]
and tetracycline [71]. Out of these, tetracycline is already a FDA-approved drug, and a
bactericidal molecule hinders the pathogen’s protein synthesis. In nature, many compounds
are present whose production is based on quorum sensing; that is, the organism produces
these compounds for the selective proliferation of its kind and usually has an inhibitory
effect over the rival species [72]. In addition, a green-coloured pigment produced by
Bacillus cereus strain called cerein; and it is bactericidal for other Bacillus cereus strains [73].
Recent investigations have been conducted to study the antibacterial potential of halophilic
bacterial pigments. Being natural products, these pigments have no side effects on the
consumer, making them more desirable for large scale antibiotic production. Pyocyanin
also possesses anti-bacterial activities against several Gram-positive and Gram-negative
bacteria. This property is due to the interaction of pyocyanin with the respiratory chain
of cell membrane, and thus the bacterial cells lose their ability to perform their metabolic
transport process actively [74]. Pyocyanin had an inhibitory effect on gram-positive bacteria
like Staphylococcus aureus, Staphylococcus saprophyticus, and Enterococcus faecalis even at
lower concentrations, whereas for gram negative bacteria, for example Klebsiella pneumonia,
Proteus mirabilis and Morganella morganii there was no inhibitory effect even at higher
concentrations [27,75].

7.3. Antiviral Activity of Bacterial Pigments

Viral infections are one of the most challenging and trickiest infectious diseases to
treat. The virions are inactive until they find a suitable host for their proliferation; thus, it
is tough to control or limit the virion when it has not infected the host already. Once the
virus infects the cell, it either follows the lytic cycle or the lysogenic cycle, which involves
the synchronized participation of many enzymes and receptors [76]. Most antiviral drugs
target these surface receptors and enzymes that allow the virus to enter the host cell and
take over its DNA replication machinery. The major limitation of this approach is that viral
surface receptors are homologous to the host cell surface receptors, resulting in inaccurate
drug targeting. Such medications lead to some significant side effects for the patient.
For instance, antiretroviral therapy (ART), which is given to cure HIV infection, has been
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reported to cause specific side effects, such as hypersensitivity, anaemia, weight loss, fatigue,
headaches, peripheral neuropathy, etc. Additionally, the ever-changing genetic makeup
of viruses also presented a challenge of antiviral drug resistance [77]. Thus, research
investigations have been steered towards a direction of safer and more effective antiviral
alternatives available in nature.

Tri-pyrrole produced in bacteria, prodigiosin, demonstrates antiviral activity when
tested against cells infected with Bombyx mori nucleopolyhedrovirus (BmNPV) (a viral infec-
tion causing significant economic losses to the silk industry); it stops the early transcription
of viral genes and selectively kills the virus infected cells. In addition, it prevents viral
DNA synthesis and inactivates the virus-mediated fusion proteins [78]. Serratia marcescens
is also known to produce a different class of prodigiosins, which have shown effective
antiviral activity against herpes simplex virus (HSV). The so-far understood mechanism
behind the antiviral activity is due to the accelerated cell death via the inhibition of Akt
and NF-Kb signalling pathway;, i.e., the viricidal compound degrades the host signalling
pathway essential for the survival of the herpes virus in the host cell [79].

The pigments, such as violacein produced by Chromobacterium violaceum, show antivi-
ral activity against HSV-1, poliovirus, and simian rotavirus SA11 by slowing down the
viral replication efficiency [29,80]. The violacein extracted from Janthinobacterium lividum
XT1 has also shown anti-viral properties [30]. All the bioactive compounds mentioned
above are strong candidates, ready for further research to invade the untapped market of
pigment-based antivirals.

7.4. Antifungal Activity of Bacterial Pigments

Fungal infections are the most common among immunocompromised, diabetic and
immunodeficiency virus-infected populations [81]. Unlike bacterial and viral pathogenesis,
fungal pathogenesis is not complex, and fungal infections are comparatively easier to
control. However, as the diseases prevalence has increased, more and more research has
been performed to create potent new drugs to treat fungus infections. The main complexity
in studying antifungal agents is that the drug should not interfere with the host’s cellular
mechanisms. Both the host and the fungal pathogen, being eukaryotes, make it difficult to
trace and to target unique biomolecules, which will selectively harm the pathogen and not
the host [82].

Bacterial symbionts are known to contribute to amphibian skin defence. The analy-
sis of the cutaneous microflora of frogs revealed the presence of two pigment-producing
bacteria, Janthinobacterium lividum (producer of violacein) [31] and Serratia plymuthica or
S. marcescens (producer of prodigiosin) [83]. The pigment isolated from these bacteria
shows effective antifungal activity against the cultures of chytrid fungi B.salamandrivorans
(Bsal) and Batrachochytrium dendrobatidis (Bd), with violacein being more significantly able
to inhibit the fungal cultures at MIC (minimum inhibitory concentration) of 15 uM. Jan-
thinobacterium lividum also produces other compounds, such as indole-3-carboxaldehyde,
which is colourless as such, but, under certain physiological conditions, it turns purple
and also demonstrates antifungal activity [31]. A yellow-coloured pigment produced by
Bacillus gibsonii, isolated from the lichen Dirinaria aegialita, shows selective antifungal ac-
tivity against economically essential fungi, and, with further investigations and clinical
trials, it can be used as a prescription antifungal drug. It can also be formulated as an
antifungal ointment [84].

Similarly, Neisseria spp. create a distinctive red pigment that has excellent antifungal
activity against a few key fungal species that are harmful to humans, including Aspergillus
spp., Candida spp., and Trichoderma spp. [85]. Furthermore, Pseudomonas aeruginosa cultures
produce extracellular pyocyanin, exhibiting potential antifungal activity without harming
human consumption. The concentration of mycotoxins produced by Fusarium graminearum
was seen to decrease significantly by pyocyanin produced by P. aeruginosa, thereby inhibit-
ing the growth of the respective fungus [86]. Pyocyanin shows antifungal activity against
Candida albicans, Candida tropicalis, Candida glabarata, Cryptococcus neoformans, Aspergillus
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fumigatus, and Fusarium oxysporum through the arrest of electron transport chain [87-89]. A
range of psychrophiles also provides an ever-expanding potential of being employed as
non-toxic antimicrobial producers. For example, the isolates of Rhodonellum psychrophilum
GLS8 collected from Pangong Tso, Leh Ladakh, India, produces a red pigment containing
a mixture of 2-methyl-3-hexyl-prodigine, 2-methyl-3-butyl-prodigine, prodigiosin, anhy-
drorhodovibrin, 1-tetradecanoyl-2-hexadecanoyl-3-octadecanoyl, 4-didehydrorhodopsin,
and alloxanthin compounds. These newly discovered red pigments showed antifungal
activity against S. aureus, C. albicans, (MTCC 277, ATCC 90028), and S. cerevisiae (H1086).
Furthermore, it demonstrated a synergistic effect as an antifungal agent when coupled with
antifungal drugs, such as amphotericin B, vancomycin, luconazole, and erythromycin [90].
As concurred from the examples cited above, the natural bioactive pigments have huge
potentials to be used as fungicidal drugs if more research and trials are directed towards
this area of bacterio-pharmacology.

7.5. Antiparasitic Activity of Bacterial Pigments

Parasitic infections are one of the deadliest and fastest spreading vector-borne infec-
tions. These include diseases, such as malaria, leishmaniasis, encephalitis, helminthiasis, etc.
These parasites infest the host’s body and deprive it of essential nutrients, thereby meddling
with the host’s overall growth. Approximately one billion people, who are one-sixth of
the total Earth’s population, have suffered from at least one form of parasitic infection [91].
These data themselves are worrying, but they do not stop here. Parasitic infections are
not just limited to human hosts, but they extend their unwanted courtesy to animals and
plants, thereby causing an economic depletion. Due to the complex pathogenesis and evo-
lutionarily advanced virulence, it is always challenging to develop formulations harming
parasites but are non-toxic to the host. An investigation conducted on psychrotolerant
bacteria from the continent of Antarctica revealed that a few strains of Pseudomonas spp.
produce bioactive pigments, which possess antiparasitic activity [92].

Studies such as these reflect the actual efficiency of bacterial pigments and reveal the
untapped potential psychrophiles offer. Pigments such as violacein and deoxyviolacein are
popular in the pharma industry as antimicrobials, but, in recent years, their antiparasitic
activity (especially against Plasmodium falciparum strains and Trypanosoma cruzi) has gained
attention. Efforts are being made to produce violacein on a large scale and exploit its
use as an anti-plasmodium and anti-trypanosomal drug [93]. Many prodigiosin and
their synthetic derivatives are also potent anti-protozoan compounds [31]. Additionally,
bacterial pigments have shown promise in reducing plant nematode infestations. For
instance, Serratia marcescens pigment inhibited the juvenile forms of Radopholus similis and
Meloidogyne javanica at a low dose [94]. The evidence from these studies demonstrates the
new opportunities bacterial pigments have to offer in combating the deadly parasites.

7.6. Bacterial Pigments as Immunosuppressors

After getting a solid organ transplant, the patient’s immune cells often treat the organ
tissue as a non-self leads to organ rejection. Immunosuppressive drugs are given to such pa-
tients to lower their immune response, making them immune deficient in the processes [95].
A non-toxic bioactive pigment isolated from marine bacterium Pseudoalteromonas denitrifi-
cans, cycloprodogiosin hydrochloride, was found to stop the T-cell proliferation selectively.
Other proapoptotic members of the prodigiosin are also believed to impact the murine
splenocytes [96]. These were one of the first studies conducted, and it has opened the door
to the possibilities of bioactive pigments to be used as immunosuppressive drugs. MS-02—
063, a strain phylogenetically related to y-proteobacterium Hakhella sp., is known to produce
a red pigment RP-063, which has also been reported to have immunosuppressive activity,
and its immunosuppression activity is different from the rest of the well known compounds,
and it inhibits lymphocyte proliferation and reduces the superoxide release from these
cells [97]. Another prodigiosin, 2, 2'-[3-methoxy-1'amyl-5'-methyl-4-(1”-pyrryl)] dipyrryl-
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methene (MAMPDM), is known to inhibit B-cell and T-cell proliferation. MAMPDM
induced apoptosis in Con A stimulated cells, demonstrating selective T-cell inhibition [98].

8. Application of Microbial Pigments in Food Industries

Vibrant and colourful food items appeal to the senses of people of all age groups.
There are pieces of evidence that prove the early Egyptian and Roman empires used natural
food colours in their food to make their product more appealing [99]. Food industries have
also begun to rely on food colourants, and to keep costs down, they encourage the use of
synthetically manufactured food colourants due to their stability and low price. However,
synthetic food colours are made out of the by-products of petroleum wastes and are not
health-benefiting. In some cases, the long term use of artificial colouring can ill impact
the health of the consumers [100,101]. Plant-based colouring agents are often costly and
unstable; hence, researchers are shifting their focus towards bacterial pigments since they
are more stable and easier to produce than plant-based pigments [102]. However, when
compared to synthetic pigments, microbial pigments exhibit reduced stability in specific
environmental circumstances (light, pH, oxygen, UV, temperature), which causes them to
reduce their shelf-life and lose their colour over time [102,103]. Thus, certain techniques
have been developed, such as micro-encapsulation, preparations of nanoemulsion, or
nanoformulations, which increase the market value of microbial pigments making them
more durable for industrial applications [104-106]. With the knowledge of recombinant
DNA technology, bacterial pigment production can be increased multifold. Microorganisms
produce pigments, such as flavin, melanins, monascins, violaceins, carotenoids, quinies,
and many others [32], which can be employed in the modern food industry, not only as
colourants, but also as pro stabilizers due to their free radical scavenging activity [107].
For example, a pinkish-red pigment, astaxanthin, produced by the bacteria Agrobacterium
aurantiacum and Paracoccus carotinifaciens, is an excellent antioxidant, which, when used as
a colourant in food items, not only imparts an attractive colour, but also increases the shelf
life of the product, thereby acting as a preservative as well [108]. Similar to astaxanthin is
canthaxanthin, produced by Bradyrhizobium Sepp. This orange-coloured pigment is also a
potent antioxidant currently being used in the food industry [109].

As discussed earlier, bacterial pigments also have many therapeutic properties asso-
ciated with them; thus, the inclusion of such pigments in food products will enhance the
visual appeal of the foods and fortify them with essential medicinal properties. For exam-
ple, Heptyl prodigiosinis, a pink anti-plasmodial pigment (isolated from o-Proteobacteria),
prodigiosin, a red anticancer pigment (isolated from Serratia marcescenes), and pyocyanin, a
proinflammatory green pigment (isolated from Pseudomonas spp.) [27], are a few examples
of the pigments already being used by the food industry, which are also having therapeutic
applications. In addition, many pigments, such as staphyloxanthin (isolated from Staphylo-
coccus aureus), trypanthirin (isolated from Cytophaga/Flexibacteria AM13,1 Strain) [110], and
undecylprodigiosin (isolated from Serratia marcescenes), are under laboratory analysis and
soon might be used in the food industry as a non-toxic, therapeutic food colourant. With
more research investigations directed towards the search for new bacterial pigments and
soon, a new class of immune-fortified foods might gain popularity, as these foods would be
not only appealing, but also impart therapeutic immunity to the consumer, especially in
the prevailing times where humanity is more than ever prone to infectious diseases and
lifestyle disorders.

9. Application of Microbial Pigments in the Cosmetic Industry

Since synthetic dyes have toxicity and carcinogenicity issues, cosmetic industries
also switch to safer alternatives. One of these is low cost yet highly efficient bacterial
pigments. Most of these pigments are isolated from marine bacteria or extremophiles [111].
The degradation of the dermal and epidermal layer’s extracellular matrix is the primary
factor behind the skin’s ageing, which is mainly controlled by the intrinsic factor (genetics
and personal diet). However, the external environment (smoke, pollution, UV exposure,
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weather, etc.) contributes to the premature ageing of the skin. Amongst all the known
pigments, [3-carotenoids are the active ingredients used in anti-ageing creams. Carotenoid
is a lipid-soluble pigment with a characteristic carrot-like orange colour produced by
Deinococcus radiodurans [112], having an excellent capacity to prevent the production of ROS,
which causes extensive damage to cells. Therefore, it is used in anti-ageing formulations,
such as provitamin A. The anti-ageing property of cosmetics is due to high percentages
of antioxidants. One of the pigments produced by Haematococcus pluvialis is astaxanthin,
which is known to have excellent antioxidant properties. These antioxidants scavenge
upon the free radicals produced by the cells [113]. The other two most commonly used
antioxidants in the cosmetics industry are; myxol and saproxanthin. These pigments are
members of the carotenoid family and are isolated from strains of marine bacteria belonging
to the Flavobacteriaceae family [114].

Prolonged exposure to UV radiations causes dermatoheliosis, also known as photo-
ageing [115]. In the long run, UV exposure can also cause DNA damage and can cause skin
cancer. Hence, nowadays, moisturizersizers and sunscreens add pigments that reprimand
the UV damage. Most of the extremophiles produce pigments that assist them in avoiding
DNA damage. Scytonemin is one such pigment, a UV-A inducible pigment made by
cyanobacteria that may aid in UV radiation protection due to its potential for absorption in
the UV-A and UV-B range [116,117].

The modern-day cosmetic industry relies on bacterial pigments as effective preserva-
tives since chemical preservatives can be harmful or toxic to the user and might decompose
into undesirable compounds, rendering the product ineffective. A polyacetylene pigment,
falcarindiol, obtained from the chloroform extract of Crithmum maritimum [118], has an-
timicrobial effects against bacteria Micrococcus luteus and Bacillus cereus, thereby imparting
long shelf life to the product. However, bacterial pigments have still not been profoundly
studied for their skin whitening, but astaxanthin, a carotenoid, is known to have depig-
mentation properties that aid in the lightening of the skin spots developed due to skin
ageing by reducing melanin production [18]. Therefore, companies in cosmetic industries
are investing more in researching marine bacterial pigments and utilization in preparing
cosmetic concoctions, which are safe and more efficient in function.

10. Application of Microbial Pigments in Textile Industry

Since they are non-carcinogenic and safe for the environment, the textile industry now
favours microbial pigments. Synthetic colours can have a harmful impact on your health
in a number of ways, including skin responses and the emission of potentially dangerous
compounds during synthesis. Prodigiosins, which are bright red in colour isolated from
Vibrio sp., can be used for dyeing silk, wool, nylon and acrylics [119]. Additionally, prodi-
giosin, produced by Serratia marcescens SB08, has found its potential use as a natural dye for
various fabrics, such as acrylics, silk, polyesters and cotton [120]. The fabrics dyed with such
microbial-derived pigments also retained anti-microbial activities against microbes, such as
P. aeruginosa, E.coli, and Bacillus subtilis, making the fabrics much safer for human use.

11. Structure and Bioactivity of Microbial Pigments

Sajjad et al. (2018) identified the structure—function relationship of prodigiosin and
found that the function of microbial pigments is correlated with their structure and the
bonds present in them [121]. They found that the strong antioxidant activity of prodigiosin
is due to the pyrrole ring structure and conjugated double bond system. Montaner and
Prez-Toms (2003) showed that the anticancer activity of prodigiosin is imparted by the
C-6 methoxy moiety and A-pyrrole ring of the structure [122]. The antioxidant activity
of violacein depends on its chemical structure, and it has two pyrrole rings conjugated
with a benzene ring. It has been observed that the bond which is responsible for the
violacein antioxidant is N7-H7 [123]. Violacein also has the capacity to absorb high-
energy UV radiations (290-320 nm) due to its high resonance structure involving an
aromatic compound conjugated with acryl groups. Violacein can absorb wavelengths in
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the range of 290-320 nm [124]. Carotenoids have properties such as antioxidant activity,
light-absorption activity, and photoprotective action, which are conferred by their special
polyene chain conjugated by a chromophore [125]. Thus, it can be concluded that the
structure not only imparts the pigments their respective colors but are also responsible for
their respective functions.

12. Conclusions and Future Perspectives

Bacterial pigments are secondary metabolites produced under stressful conditions,
which harness many therapeutic properties. The bacterial pigments find their applications
in the pharmaceuticals, food, and cosmetics industries. These pigments are effective
against multiple mammalian cancerous cell lines and pathogenic microorganisms, thereby
establishing their potential application in the pharma industries. These pigments also
demonstrate antioxidant activity, thus acting as a potent free radical scavenger; these free
radicals are crucial to be cleared from the cell for its healthy functioning. These pigments
also find extensive use in the food industry as food colourants to increase their visual
appeal. The pigments are also used as cosmetic additives due to their antioxidant properties;
they make a significant constituent of anti-ageing creams. Bacterial pigments can secure
a stable position in other commercial markets upon further research and development.
Although bacterial pigments are eco-friendly and suitable for human consumption, they
are not widely used in industrial circuits. This lack of awareness regarding bacterial
pigments’ potential benefits is one of the biggest obstacles researchers haven’t yet overcome.
Synthetic colouring comes in various shades and is thought to be cheaper to use; these
two factors are sufficient for industries to disregard bacterial pigments and continue using
artificial colourings. Research so far has already pointed out the therapeutic potential
of bacterial pigments. With the right strategy applied, bacterial pigments can replace
all of their synthetic counterparts used in the industries at the present moment. So far,
we have been able to conquer just the tip of the iceberg, and there are a plethora of
such pigment-producing bacteria, which have not yet been screened. Thus, our future
objective should be to screen out the maximum number of pigments producing bacterial
species from soil or marine niches. The more we screen for new species, the more the
probability of finding unique pigments with enhanced therapeutic activities. This will
reduce our dependence on antibiotics and other chemotherapeutic agents and reduce
patients’ side effects due to their consumption. With the kind of lifestyle we are progressing
into, bacterial pigments will protect us against diseases and reduce our dependency on
synthetic and harmful colouring agents.
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