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Abstract

The growing concerns over the environmental and health impacts of synthetic pig-
ments, commonly used in industries such as textiles, food and cosmetics, have
spurred interest in alternative, eco-friendly solutions. This study investigates the
potential of microbial pigments as sustainable substitutes, particularly focusing on
pigments produced by bacteria isolated from desert soil in Bahawalpur. A total of
4 pigmented bacterial strains were identified through 16S rRNA analysis, which
included Planomicrobium sp. (PQ878368), Pseudarthrobacter sp. (PQ878392),
Priestia aryabhattai (PQ661249) and Priestia megaterium (PQ661253). These
strains produced pigments with varying colors such as orange, yellow and pink
with notable pigments being carotenoids particularly, beta carotene, and prodi-
giosin a pink pigment with a tetrapyrrole structure. The chemical composition of
these pigments was analyzed using UV- vis Spectrophotometry, High-Performance
Liquid Chromatography (HPLC), and Fourier Transform Infrared Spectroscopy
(FTIR) and it confirmed the presence of carotenoids a Beta-carotene, with char-
acteristic absorption at 450 nm and prodigiosin with an absorption peak at 530
nm. Beta-Cryptoxanthin, zeaxanthin, lutein, violaxanthin, Beta-carotene, and
lycopene alongside prodigiosin and cyclo prodigiosin by their distinct retention
times. FTIR spectra revealed key functional groups such as C-H stretches, con-
jugated C=C bonds for carotenoids, and pyrrole ring vibrations for prodigiosin.
Additional compounds including flavonoids and phenolic acids, were also iden-
tified as contributing to the pigments’ bioactive properties. Moreover, the an-
tibacterial and antifungal activities of four bacterial strains and pigments were
assessed against Aspergillus fumigatus, Rhizopus delemar, Staphylococcus aureus
and Kerstersia gyiorum. P. aryabhattar showed the highest antifungal activity,
particularly against R. delemar, while Pseudarthrobacter sp. exhibited strong an-
tibacterial activity against S. aureus. Yellow pigment from Pseudarthrobacter sp.
demonstrated significant antimicrobial effects. The study underscores the environ-
mental and health benefits of using microbial pigments such as carotenoids, and
prodigiosin, which are biodegradable, non-toxic and capable of replacing harmful

synthetic dyes. The findings highlight the potential of these microbial pigments for
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use in various industries, particularly in areas where reducing the environmental
footprint of dyes is a priority. Further optimization of production processes could
enhance their commercial viability, offering a sustainable alternative to synthetic

dyes and pigments.
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Chapter 1

Introduction

The word pigment is derived from the Latin word pigmentum meaning “drug”.
It acts as a coloring agent when an insoluble material is suspended in it and
maintains its physical properties [1]. Pigments are the molecules that absorb
the specific wavelength of light within the range between 360nm-780nm while
reflecting the remaining visible light [2]. Pigments can be natural (organic) or
artificial (inorganic). In pigment, the colour depends on the wavelength that is
absorbed, size, texture and shape of the grain [1]. Natural pigments are obtained
from plants, minerals, insects and animals. They contain a color spectrum from
yellow to black [3]. Artificial pigments can be synthesized in the laboratory. Some
artificial pigments are iron dioxide and chromium oxide etc. They are known for

their stability and durability [4].

Stability is the dye core structure’s resistance to disintegration by sources. These
variables include the medium’s pH, temperature, and chemical incompatibility.
This kind of stability data is extremely helpful when determining the dye’s chem-
ical compatibility for specific applications or its shelf-life when it is already co-
valently bonded to another molecule (like an antibody). The dyes’ durability
determines their suitability in various applications such as temperature resistance,

rub fastness, wash fastness, light fastness, and chemical stability [5].

Natural pigments are obtained from natural sources such as animals, plants, min-
erals, and micro-organisms. Plants are the basic source of natural dyes because

1
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natural dyes are biodegradable and renewable. The sources of natural pigments,
examples, and which color they produce are mentioned in Table 1.1. The plants’
natural dyes are obtained from leaves, roots, fruits, flowers, and bark. They give
different colors from these parts such as the barks of the Sappon-wood tree giving
brown, its pod giving red and its roots giving yellow, respectively. Animal dyes
are obtained from dried dead bodies of insects such as insects that live on Cac-
tus plants that give red dye i.e., called Cochineal. The chrome yellow, iron buff,

manganese bistre, and iron black are colors that are obtained from minerals [6].

TABLE 1.1: Color produced by natural pigment molecules [6].

Source Examples Color Produced
Plants Turmeric Yellow
Annatto Red-Orange
Spinach Green
Animals Lac Red
Cochineal Red
Shellfish Purple
Minerals Iron Black
Malachite Green
Chrome Grey
Micro-Organisms Staphylococcus sp. Golden
Pseudomonas Green
Serratia Red

Natural pigments have many advantages such as they are non-toxic, renewable,
derived from natural sources, less allergic, and biodegradable than synthetic pig-
ments but they have some mutagenic effects for example elderberry color is ex-
tracted from Sambucas Nigra fruits and safflower yellow from Carthamus tinctorius
can cause asthma during continuous inhalation. Natural pigments have some dis-
advantages. It is expensive to dye a fabric like one gram of fabric is dyed with
5 grams of synthetic dye but using natural dye would take 230 grams to dye the

same material [3].
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Natural pigments made from plants have some drawbacks, such as it is expensive
to cultivate the plants only to extract the pigments [7]. Moreover, plant-based
pigments denature when the pH changes and batches don’t provide reproducibility
because natural pigments are produced in plants by secondary metabolic activities
or by some special animal processes that depend on age, seasonal variation and
climate conditions. Thus, it isn’t easy to control the reproducibility of the shades

[3]. Meanwhile, synthetic pigments have some toxic concerns shown in Figure 1.1.

Source of toxic dyes

Perturbed
life aquatic
Cardiovascular
shock
' Mutagen
/4*
]

I £y 19 Cancer
! k,u{; o
v | 1Y) “b

Teratogen
Ingestion

Vomiting

s Gastrointestinal
Toxic dyes contaminated pain
with water

Polluted waster

FIGURE 1.1: Adverse effect of toxic dyes [8].

They also contribute to greenhouse gases, when researchers dump the material into
the ponds and streams, leading to algal bloom [7]. They are non-biodegradable
so they accumulate into land and rivers, causing ecological concerns. They have
a complex molecular structure and synthetic origin so they are a serious threat to
water streams and the environment. Cationic dye causes tissue necrosis, jaundice,
vomiting and increased heart rate in humans. Disperse dyes at low perspiration
can cause allergy, skin irritation, mutation and cancer [3]. Azo dyes can cause
various types of cancer (bladder, skin and liver cancers), in their cleaved aromatic

amine state [9].
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Due to the non-biodegradable properties of synthetic pigment, they also violate
the different Sustainable Development Goals such as affecting Good health and
Well-being by leeching toxic substances into water and soil causing pollution which
can result in cancer and skin problems, Clean Water and Sanitation by discharging
the toxic chemical in water result in unsafe for drinking, bathing and irrigation
purposes, Responsible Consumption and Production by disposal of synthetic dyes
without proper environmental management and disrupting the ecosystem, Life
Below Water by dumping the chemical into water leads to bioaccumulation and
bio-magnification of toxin in the food chain at last Life on Land adversely disrupts

the terrestrial ecosystem by disrupting biodiversity, flora and fauna [10].

Organisms are used to produce pigmented compounds with potential biological
applications in industry must meet the specific criteria. They need to be easily
cultured, grow rapidly, be produced efficiently in limited time and space, be readily
available and be non-toxic and non-pathogenic, thriving on a variety of nutrients.
Microbes are often favored for these purposes over animals, plants and synthetic

compounds [2].

Various microorganisms such as fungi, bacteria, yeast, and algae can produce nat-
ural colors. Some of them are shown in Table 1.1. Carotenoids, flavins, violaceins,
melanins, and phenazines are among the pigments synthesized by these microbes
[7]. Some other examples are Trichoderma viren, Chitosan, Serratia spp., and Al-
ternaria alternata are used to obtain natural pigments. Phytocyanin produces blue
pigments from Spirulina plarensis algae, and red color is obtained from Monascus

anka and the fungus Echinidontium tinctorium [6].

Microbial pigments are classified as secondary metabolites, are produced under
stressful conditions and are responsible for generating vibrant colors. These pig-
ments offer both nutritional and therapeutic benefits, setting them apart from
other types of pigments [7]. Sunlight plays a dual role in bacterial pigments.
Bacterial pigments absorb different wavelengths of visible light and give differ-
ent colors. In plants, algae and cyanobacteria chlorophyll absorbs blue and red
light and gives out green color. Phototropic bacteria have photosynthetic pig-

ments i.e., chlorophyll and carotenoids that convert light into chemical energy.
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They capture the light energy and transfer it to the reaction centre that produces
ATP and NADPH. Bacteria generate a variety of pigments by absorbing different
wavelengths of light that also help them survive in various environments. The
accessory pigments i.e., carotenoids help the photoautotrophic bacteria against

reactive oxygen species generated during photosynthesis [11].

Some pigments like flavin, phenazines, melanins and quinones help the non-photo-
tropic bacteria to adapt under stress and dark environments. These pigments are
called secondary metabolites and maintain bacteria health under stress conditions,
starvation and microbial competition. The blue light also plays a major role in

regulating virulence, motility and metabolic pathways [11].

Phototropic and non-phototrophic microorganisms produce pigments with the help
of both light-dependent and light-independent mechanisms, as shown in Figure 1.2.
Each family of pigments captures the visible light of sunlight in a specific range.
The microbial fitness acts like virulence factors, anti-oxidants, and anti-microbial

increases in the dark [11].

Microbial pigments are cruicial in various areas, including anti-oxidant activities,
anti-tumor, anti-carcinogenic, cell-signaling communication, photosynthesis, UV
absorption, radiation protection, antibiotic activities, membrane stabilization and
virulence. These serve as biological markers and are utilized to identify various
microbes. Bacterial pigments find applications in industries such as plastics, textile

dyeing, food colorants, cosmetics, painting and pharmaceuticals [2].

1.1 Problem Statement

Many sectors such as textile, food, and other industries depend on conventional
pigments that cause pollution and environmental degradation. These pigments
release toxic chemicals into the water bodies that impact the health of both aquatic
animals and humans. Moreover, these synthetic pigments are resource-intensive
and require more energy for their synthesis. Natural pigments from plants and

animals require high cost and their longevity has some obstacles.
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F1GURE 1.2: The physiological role of bacterial pigment [11].

1.2 Gap Analysis

The transfer of conventional pigments into microbial sustainable pigments has
some gaps that need to be addressed to achieve benefits for the environment,
health, and economy. Microbial pigments can reduce pollution and carbon foot-
print, conserve resources, and protect biodiversity. In terms of human health, these
pigments are non-toxic and biodegradable. Economically, there is a high demand
for sustainable pigments that can be less costly due to lower energy consump-
tion and reduced waste management costs. So, microbial-derived dyes need to be
developed to overcome the problems caused by synthetic dyes. Addressing the
above gaps is important for achieving a cleaner environment, a more sustainable

economy and a healthier population.
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1.3 Aim and Objectives

This study aims to isolate, characterize, evaluate, and screen the pigment-producing

bacterial strains through molecular identification for the safety of living organisms.

The objectives of the project are as follows:

e To isolate bacterial strains and optimize for enhanced pigment production.

e To identify the chemical composition of the pigments and their functional

groups.
e 16SrRNA-based identification of pigment-producing strains.

e To study the antibiotic sensitivity of the bacterial strains as well as the
antimicrobial properties of the pigment-producing bacterial strains and their

respective pigments.



Chapter 2

Literature Review

The rising emphasis on sustainability has sparked interest in producing bio pow-
ders as a promising alternative to synthetic pigments. Bacterial pigments, in par-
ticular, are attracting attention because of their excellent biodegradability and re-
duced environmental impact. These pigments hold significant potential for various
industrial applications. Currently, some bacterial pigments are being synthesized
on an industrial scale and utilized in textiles, providing vibrant colors without the
environmental issues associated with conventional synthetic dyes. Beyond textiles,
these pigments are also being used in the food industry as natural colorants, for
their therapeutic benefits in medicines, and their safety and compatibility in cos-
metics. The adoption of bacterial pigments not only represents an eco-friendly
choice but also meets the increased desire for sustainable and natural products
among consumers. As research and technology continue to evolve, the use of bac-
terial pigments is likely to expand, offering new opportunities for innovation across

multiple industries.

2.1 Pigments

Pigments are small-particle substances that are insoluble in their application sys-
tem and act as colorants due to their properties of inhibiting corrosion and other
magnetic properties. They differ from dyes, as dyes also act as a colorant but

8
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they are soluble in their application system. Pigments play a significant role in
cosmetic formulation, plastics, paints, printing inks, and industrial and automo-
tive coatings. Some other applications of pigments are in porcelain, glass, paper,

rubber, stains and glazes [12].

The term pigment is derived from the Latin word pigmentum, which was used for
the sense of colorant. In the Middle Ages, pigment was used as the colorant that
was extracted from the plant [12]. When pigments react with specific colorant

absorption, it changes the color of the light [13].

2.1.1 Classification of Pigments

Pigments are classified into four categories: natural or synthetic and organic or

inorganic pigments.

2.1.1.1 Organic Pigments

Different extraction techniques extract Organic pigments from plants (fruits, veg-
etables) and animals. In the Middle Ages, cave artists used organic pigments to
decorate the walls of caves. Biological pigments are classified based on structural
affinity and natural occurrence of pigment. Examples of some naturally occurring
pigments are Chlorophyll (green), carotene (yellow-red) tannins (brown-red) and

anthocyanin (blue-red) [13].

Many biological molecules are composed of only seventeen elements in the peri-
odic table. The most pigmented compounds consist of four major elements i.e.,
Hydrogen, Carbon, Nitrogen and Oxygen. The molecular weight of the pigmented
molecules ranges from 200 nm (anthraquinones), 300 nm (anthocyanidins), 400

nm (betalains), 500 carotenoids and 800 nm (chlorophylls) [13].

Moreover, these biological pigments are classified into six major structural classes
based on structural affinities shown in Figure 2.1 i.e., metalloprotein, O-heterocyclic,

N-heterocyclic, tetrapyrroles, quinines and tetraterpenoids [14].
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FIGURE 2.1: Classification of biological pigments based on structural affinities
[14].

2.1.1.2 Inorganic Pigments

The source of inorganic pigments is minerals (Figure 2.2). These pigments are
more stable under the action of temperature, light, atmosphere and chemicals
[12]. Through electronic transitions, the colors of inorganic pigments are pro-
duced that are differ in nature and distinct from those that produce a color from
organic colorants. They show high inherent opacity that contributes to a high
refractive index, leading to stronger atom arrangement in a crystal structure. Dif-
ferent processes are used for the manufacturing of these pigments like gas-phase

processes, high-temperature solid state reaction etc. [13].

2.1.1.3 Synthetic Pigments

Synthetic organic pigments are created by precipitating water-soluble dyes onto
colorless inorganic bases like barium and alumina sulfate, resulting in products
known as “lakes”. A key development in the industry of organic pigment in 1928
was the finding of copper phthalocyanine. Synthetic organic pigments are known
for their unique color brightness and color intensity as compared to inorganic

pigments. However, they typically lack the opacity seen in inorganic pigments due
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FIGURE 2.2: Classification of inorganic pigments [12].

to the reduced refractive index of organic crystals [15]. The commercial variety
of inorganic pigments offers a variety of different fastnesses, which are influenced
by both the characteristics of intermolecular interactions in the solid phase and
their molecular structure. Since organic molecules dissolve in organic solvents.
Moreover, their pigments are designed in such a way as to improve their resistance
to solvents due to their structural modifications. Copper phthalocyanines and azo

pigments are some examples of synthetic organic pigments (Figure 2.3) [13].

E o
~ n\/[\ ~
POPe®
N
s

FIGURE 2.3: Structure of synthetic pigments: C is the copper phthalocyanine-
blue, D is the benzidine yellow and E is the red pigment of the quinacridone
family [16].
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The synthetic pigment industries are ending now due to the dumping of toxic
chemicals into the freshwater, lakes, rivers and ponds resulting in the production
of algal blooms that contribute to greenhouse gases. These chemicals are very haz-
ardous and carcinogenic to living things. Due to these reasons, synthetic pigments

are said to be “toxic contaminants” and are often used less [7].

2.2 Need for the Natural Pigments

2.2.1 History of Colorants

Since Stone Age, use of colorants had been started after the advancement in textile
industries by introducing different techniques like weaving [17]. Some common
ancient pigments are blue-indigo, yellow and madder [18]. The major source of
natural colorants were plants, animals and minerals. Most of the plant parts like
fruits, flowers, leaves, bark and seeds were used as colorant combinations [19]. In
Stone Age mostly minerals were used to extract pigments while in Ancient India,
Ancient Africa, Ancient Rome, Ancient Egyptian and Phoenician minerals as well

as plants and animals were used to extract the pigments (Figure 2.4) [20].

Phoenicians Ancient India

Maddar, Turmeric,
Henna and
Other Bro-colorants
Colored Minerals

X, .

Ancient Roman Ancient Stone " Ancient Egyptian
Coloured Minerals Age h_‘_z_:“l_'c:“'- Murex
Murex Cell Purple [y E L yrian Purple.

Dve Powder of I'w':;.'-lrl;‘-';: sp. and
and Other Natural Colored Minerals : “”F;.rl:-l.'.'
COIOrEAnNls

Colourants L " Coloured minerals

Ancient Morth
African

Madder.Cochineal
Kennes and Other
Big-colorant

FIGURE 2.4: History of the utilization of pigments in different eras [17].
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In recent times, only 1% of natural pigments have been used as compared to syn-
thetic pigments due to the higher cost of production and limited biomaterials, so
less amount of pigments are extracted and have poor binding capacity. In that
case, synthetic dyes have an advantage over natural dyes but they cause many
health issues during consumption and are not eco-friendly. They contribute to
the climate change. In many countries, synthetic pigments are banned. More-
over, industries are looking towards the replacement of natural pigments that are

extracted from plants, animals and minerals [20].

2.2.2 Effect of Synthetic Pigments on Humans and Envi-

ronment

Pigments are coloring agents and play a crucial role in printing ink, textiles, food
coloring, paper making, leather, pharmaceutical industries and in cosmetics. For
many years, azo dyes have been used in large quantities compared to natural
dyes because of their cost-effectiveness, sustainable life and color fastness. It was
estimated that nearly every year almost 10% tons of azo dyes are produced. Due
to this people are very concerned about wastewater treatment because azo dyes
are highly toxic and pose a threat to the environment. Various types of hazardous
chemicals and carcinogens are present in the synthetic dyes that affect human
beings and fauna. The colored wastewater dumped into the water bodies like
lakes, streams or rivers affects the visibility in the littoral zone and that leads to
the entry of sunlight into the water bodies. A huge amount of aqueous waste and
effluents of dyes are being dumped from the textile industries, which increases the

high biological demand (BOD) that is harmful for the environment [21].

It is estimated that around 2x10° tons are discharged into the water bodies from
finishing and dyeing processes every year. Due to the inefficiency of the dyeing
process, it is difficult for azo dyes to deteriorate through conventional treatment
processes of wastewater. As a result, they are present in the atmosphere for a
longer time because of their water, soap, detergents, bleaching, chemicals, tem-

perature and stability to light [21].
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Moreover, an antimicrobial agent that is commonly used in the textile industry
inhibits the biological degradation of natural fibres like cotton. The aromatic
structure and complex origin of azo dyes make them resistant to biodegradation.
However, environmental regulations require industries to remove color from dye
wastewater before it is discharged into water bodies, to prevent contamination of

aquatic environments [21].

Textile wastewater is characterized by variations in parameters such as color, pH,
chemical oxygen demand (COD), salinity and biochemical oxygen demand (BOD).
The composition of the wastewater is primarily influenced by the various chem-
icals, organic compounds, and dyes utilized during the wet and dry processing
stages. Major pollutants found in textile efluents include color, toxic substances,

surfactants, chlorinated compounds, persistent organic materials, and salts [21].

2.3 Natural Pigments

The natural pigments can be obtained by plants, animals and micro-organisms.

2.3.1 Animal-Based Natural Pigment

In animals, the melanin pigments can be extracted from fur, hair, nails, iris and
skin. Moreover, some animals like amphibians (frogs), reptiles (lizards, chameleons),
insects (lake flies, stick and grasshoppers) and teleost (catfish, eel and minnows)
have some specialized cells called chromatophores that help them to change color
under certain conditions. Thus, pigment helps them to imitate and camouflage
the organisms in their environment [22]. Subclasses of animal based pigments can

be noted in Table 2.1.

TABLE 2.1: Subclasses of animal-based pigments [7].

Pigments Subclass

Melanin Eumelanin
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Table 2.1: (Continued).

Pigments Subclass

Pheomelanin
Albomelanin
Chromatophore Xanthophores
Erythrophores
Indophores
Leucophores
Melanophores
Cynophores
Carotenoids Xanthophylls

Carotenes

2.3.2 Plant-Based Natural Pigments

Plant-based natural pigments are found easily due to their wide distribution.
These pigments are present in vacuoles or plastids. They are present in the pro-
toplasms of vegetative cells, producing different bright colors in fruits, flowers,
vegetables and leaves. These pigments give colour and serve a major part in the
protection and metabolic reactions of vegetative cells [23]. Based on the chemical

structure, plant pigments are divided into four categories, described in Fig 2.5 [24].

VRN
Plant Based

Pigments
Tetrapyrolles Carotenoids Polyphenolic Compounds Nitrogenated compounds Alkaloids
(green) (Yellow, orange and red) (red blue and violet) (red-violet) (red-orange)

N NN

FIGURE 2.5: Classification of plant-based pigments [24].
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2.3.3 Micro-organisms Based Natural Pigments

2.3.3.1 Fungi

The filamentous fungi produce a variety of pigments that have applications in
various industries like food, cosmetics and feed. The major group of fungi is

carotenes consisting of different fungal classes like [25]:

1. Zygomycetes include Phycomyces, Blakeslea and Mucor.

2. Basidiomycetes include Rhodosporidium, Ustilago, Sclerotium, Sporidiobolus

and Sclerotinia.

3. Ascomycetes (Penicillium, Aschersonia, Cercospora and Aspergillus).

Some pigments like flavins, quinones and melanins are produced from different
fungal species like Ashbya, Eurotium, Curvularia, Trichoderma, Eremothecium,

Curvularia, and Fusarium [26).

Many pigments can be extracted from the spore of fungi, it is less costly to focus
on the screening of the extraction of the pigments and produces high yields. It
produces low and non-toxic byproducts, which is why they can easily withstand

extreme pH and temperature changes in industries [27].

In the textiles and tannery industries, the common pigments-producing strains of
fungi are Penicillium marneffei, Emericella nidulans, lsaria farinose, Monascus

purpureus, Fusarium verticillioides, Thermomyces and Monascus ruber [28].

Marine environments are characterized by extreme conditions such as fluctuating
temperature, pressure, and salinity. These harsh conditions can prompt certain
fungi, including Microsporum, Halorosellinia, and Furotium rubrum species, to
produce distinctive pigments that may release light or heat. Fungal genera like
Trimmatostroma, Hortaea, Aspergillus and Phaeotheca are also capable of produc-
ing pigments, often mirroring their identity and having morphological associations

with corals, algae or marine plants [29].
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2.3.3.2 Micro Algae

Micro-algae along with the prokaryotic cyanobacteria are eukaryotic photosyn-
thetic micro-organisms that convert light energy into chemical energy through
photosynthesis. Carotenoids, chlorophylls and phycobiliproteins are the three ma-
jor classes of micro-algae that are responsible for cell growth and pathways in
photosynthesis. Micro-algae-derived pigments have great physiological activity
like antibacterial and anti-oxidants compared to other natural sources of pigments

derived from fruits plants or animals [30].

Micro-Algae is the stable natural source of pigments that can easily be culture
in an eco-friendly environment. It is a renewable source and can easily be found
in any season [31]. Meanwhile, they are recognized for their rapid growth rate
during stress conditions. They produce high pigment content and don’t require
any arable land to cultivate. For enhancing pigment, some cultivation strategies
have been used. Many active pigments of Micro-Algae are used in pharmaceutical,
food, cosmetic, aquaculture and various industries like S-carotene (Dunaliella pro-
duces yellow pigment), PBPs (Spirulina produces blue pigment) and astaxanthin

(Haematococcus produces yellow to red color) [32].

Pigments extracted from Micro-Algae are produce either during under stress or
normal growth. The quality of the pigments can be influenced by many non-living
and living factors [32]. Many new methods and approaches have been introduced to
enhance the efficiency of pigments [33]. Furthermore, during processing, extraction
and purification, these pigments can get damaged which can affect their pigment.
Thus, it is important to improve the extraction techniques and processing methods

to ensure the stability and retention of the pigment [34].

2.3.3.3 Bacteria

Like animals and plants, prokaryotes are also the source of producing pigments.
In photosynthetic bacteria, these pigments contribute to the manufacturing of

carbohydrates, while some of them play a significant role in protecting the bacteria
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from UV radiation [35]. Prokaryotes can be divided into two main groups are

described in the following table 2.2.

TABLE 2.2: Difference between pigment-producing Autotrophic and Het-
erotrophic prokaryotes [36].

Autotrophic Prokaryotes Heterotrophic Prokaryotes

They contain pigments that con- They contain accessory pigments that help
tribute to photosynthesis. them to survive in harsh environments.
Examples: xanthophylls, chloro- Example: Bacterium Xanthomonas oryzae
phyll, and carotene. pv. oryzae secreted xanthomodin, a
membrane-bound yellow pigment that helps

them against photo damage.

When species of bacteria are grown in their specific growth conditions, then bac-
terial pigments are synthesized from their secondary metabolites [37]. When the
bacteria are exposed to sunlight they start to produce orange pigment that helps
them to protect from UV radiation from the Sun. During the lag phase, when
cells face the depletion of resources, at that time only a few pigments are pro-
duced. Different bacterial species require different growth needs, which determine
the specific pigments they generate. The percentage of the pigment can depend on
the absorption of the pigment, more the absorption, the more pigment production
will be. Media optimization and maintaining the accurate incubation condition

can give higher yields and good quality of pigment [38, 39].

TABLE 2.3: Pigments produced by bacteria [40].

Pigments / Color Produced Bacteria
Astaxanthin
Pink-Red, Bluish-Red Agrobacterium aurantiocum

Paracoccus carotinifaciens
Xanthophyllomyces dendrorhous

Rhodococcus maris
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Table 2.3: (Continued).

Pigments / Color Produced

Bacteria

Canthaxanthin

Dark Red

Zeaxanthin
Greenish to creamish, Brown,

Creamy, Yellow, Orange-Yellow

Prodigiosin

Red

Violacein

Purple

Pyocyanin
Blue-Green
Indigoidine

Blue
Xanthomonadin

Yellow

Staphyloxanthin/ Zeaxanthin
Golden-Yellow

Haloferax alexandrinums

Bradyrhizobium species

Corynebacterium michigannise
Bacillus

Achromobacter

Paracoccus zeaxanthinifaciens

Brevibacterium species
Serratia marcescens
Serratia rubidaea
Alteromonas rubra
Vibrio gaogenes
Rugamonas rubra

Streptoverticillium rubrireticuly

Chromobacterium violaceum

Janthinobacterium lividum

Pseudomonas aeruginosa

Corynebacterium insidiosum

Xanthomonas oryzae

Staphylococcus aureus
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2.4 Distribution of Microbial Pigments Based on

Ecology

Pigmented microorganisms, or chromogenic microbes, including bacteria, microal-
gae, and haloarchaea, have been discovered in a wide range of environmental and
geographic settings, such as land, air, and marine areas [41]. Extensive research
is taking place on these colorful microorganisms, particularly those isolated from
marine environments like seawater, marine sediments, sponges, sea ice (e.g., Algo-
riphagus), salt flats, microbial mats, and other unique habitats due to their diverse

and novel pigmentation [7].

Additionally, many pigment-producing microorganisms have been identified in ex-
treme environments, including lava caves and hot springs, as well as in more typical
environments. Certain geographic regions also exhibit a higher prevalence of these

pigmented microorganisms compared to others [42].

Deep-sea hydrothermal vents, glaciers, salt lakes, and ice cores are also sites
where high concentrations of pigmented microorganisms can be found [43]. This
widespread distribution of pigment-producing microorganisms across the globe of-
fers significant opportunities for scientists to explore their industrial applications

and their potential in medicines [7].

2.5 Importance of Using Bacterial Pigments over

Plants, Animals and Fungi

The natural pigments produced by microorganisms are put forward as compared
to plants due to their stability. Bacteria can produce a wide range of pigments,
among microbes. The advantage of using bacteria over, plants, animals, fungi and
algae is that they can be found very easily and grow on suitable growth medium
which ultimately leads to low cost and is ideal for industrial production [44]. Their

production is adaptable and can be more easily regulated than plant and animal
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sources [13]. Due to their non-toxic and eco-friendly nature, antimicrobial, anti-
cancer and anti-oxidant activities, bacterial pigments are used in the cosmetic and

pharmaceutical industries, moreover, in food flavouring [44].

The pigments that are extracted from plants denatured very easily due to any
change in temperature, reproducibility and pH [45]. Additionally, plant pigments
require extensive monoculture areas, pest management, and reliance on rainfall,
along with other situational factors that influence the quality and yield of crops,
potentially leading to losses [46]. Consequently, although this option is organic,
biodegradable, and organic. It still has some environmental impact due to the
need for large amounts of irrigation water and the occasional use of pesticides for

pest management [47].

Pigments derived from animals, particularly mollusks and insects, were commonly
used in old times. There are many concerns and production challenges related
to the usage of animal-based pigment. So, over the years, the usage of animal

pigments has decreased [17].

Insects provide various pigments like melanins, ommochromes, pterins, aphids,
anthraquinones, papiliochromes and tetrapyrroles [48]. However, extracting these
pigments involves expensive insect cultivation and purification processes [49]. Ad-
ditionally, there have been reports of allergic reactions associated with these pig-

ments [50].

Moreover, the production of pigments in higher organisms like animals, plants,
and fungi can be harder to utilize because they are found in complex tissues or
only produced during specific stages of the organism’s life cycle. For instance,
some pigments that attract mates are only produced after other parts of the life
cycle are completed, making them difficult to exploit or manipulate. On the other
hand, bacteria, which are abundant in nature and can be found in common water
and soil, offer an alternative. They do not require genetic modification and can
thrive on simple, inexpensive media. Bacteria have the remarkable ability to use
low-cost carbon and nitrogen sources to produce valuable metabolites, both small

and large [13].
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TABLE 2.4: Advantages and disadvantages between animals, plants and micro-
bial pigments [51-53].

Parameters Animals Plants Microbial

Economically  Expensive Moderately costly  Highly cost-
effective

Environment Biodegradable Biodegradable Biodegradable

Friendly

Contaminant Potential contami- Potential contami- Contaminant-free

Free nants nants

Sustainable Not renewable Renewable Renewable

Substrate Uti-

Utilizes substrate

Utilizes substrate

Not applicable
lization

Climatic Re- Sensitive to climate Sensitive to climate Highly resilient

silience
Genetic Engi- Limited potential Highly potential Highly potential
neering Poten-

tial

2.5.1 Advantages of Using Bacterial Pigments over Syn-

thetic Alternatives

Pigments extracted from bacteria are increasingly favored over synthetic pigments
due to several advantages. They are easy to grow and safe for human use. The
extraction and scaling-up processes for bacterial pigments are also more cost-
effective. These pigments, which are secondary metabolites produced by living
organisms, play various roles, including aiding in photosynthesis, offering pro-
tection from UV, defending against rival species, and serving as energy storage

molecules [54].

Due to their easy cultivation, resilience to temperature and pH fluctuations, di-

versity, and non-toxic, eco-friendly nature make them excellent candidates for the
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modern pigment industry and their production doesn’t cause any climate change

[55).

Moreover, bacterial pigments have impressive medicinal properties, further sup-
porting their potential to replace synthetic dyes. For instance, pigments like yel-
low and orange carotenoids, zeaxanthin, prodigiosins, astaxanthin, pyocyanine,
violacein, and actinorhodin are being extensively researched for their possible ap-
plications in medicine. Advances in recombinant DNA technology now allow the
biosynthesis of natural pigments using bacterial host cells, eliminating the need to
grow large quantities of plants to obtain pigments [7]. The demand for naturally
derived colors has grown significantly due to their stability and positive consumer
perception. The annual growth rate for these natural colors is projected to be
between 5-10%, compared to the lower growth rate of 3-5% for synthetic colors

[44].

The increasing interest in microbial pigments is driven by their natural origin,
safety, medicinal benefits, nutritional content like vitamins, and the fact that
their production is not dependent on seasonal or geographical factors, leading to
a controllable and predictable yield [44]. Different pros and cons of synthetic dyes
can be noted in Fig 2.6.
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FIGURE 2.6: Pros and cons of different types of dyes [44].
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2.6 Characteristics of Microbial Pigments

Many microorganisms such as microalgae, fungi, archea and bacteria produce pri-
mary and secondary metabolites that help them to survive in an environment.
These compounds are pigments that provide protection against reactive oxygen
species and UV-radiations. Moreover, these pigments have antifungal and an-
tibacterial properties. These properties help them to survive in an environment
and prevent the other species from making colonies in their areas. Certain pig-
ments can play a significant role in photosynthesis to provide energy to the cells

[56-58]. Some characteristics of microbial pigments are shown in Fig 2.7.

* Organisms: (Microalgae) Chlorella sp. Scenedesmus dimorphus  and
Chlorophylls (Green Chilamydomonas reinhardfii.
* Functions: Improving immune system antioxidant and anticancer.

Pyocyanine (Blue- * Organism: (Bacteria) Psendomonas aerunginosa.
Green) + Function: Anti-oxidant.

Riboflavin (Yellow- + Organisms: (Bacteria) Bacillus sp. and Ashbva gossypii.
(Dran: 5_.;) * Function: Nufritional Supplement.
_/
~
* Organisms: (Microalgae) Haemarococcus pluvialis and Chlorella sp.
Astaxanthin (Red) » Functions: Antioxidant and photo protector, anti-inflammatory, anticancer,
antimicrobial, anti hyperlipidemia increases serum adiponectin.
oy
~
Prodigiosin (Red) + Organisms: (B{lcteria} Serjm?‘ia marcescens and Pseudoalteromonas rubra.
* Functions: Anficancer, antimicrobial and immunosuppressant.
J
~
Astaxanthin (R e d) Organisms: ('Fu.ngl) Tafamﬂm:.ﬁs PUFPUTE0ZeNs.
Functions: Antioxidant and anticancer.
v

* Organisms: (Bacteria) Corynebacterinm insidiosum,; Corynebacterium

Indigoidine (Blue) glutemicum and Streptomyces chromofiuscus.
- * Function: Anti-oxidant.

* Organisms:  (Bacteria)Fibric cholerae, Shewanella  colwelliana “d!,
Melanin (Black) %mﬂdmb&?&m gg:nm
* Function: Antimicrobial, antibiofilm, and antioxidant.

F1GURE 2.7: Characteristics of Microbial pigments along with their therapeutic
functions [34, 59-74].
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2.7 Major Chemical Groups and Functions of
Microbial Pigments

2.7.1 Isoprenoid Pigments

Carotenoids, a broader group of isoprenoid-derived compounds, are among the
most widespread pigments in nature, displaying vibrant yellow, purple, red and
orange hues. These pigments are synthesized by a variety of organisms including
plants, algae, fungi, eubacteria and archaea [75-77]. The vivid colors observed
in some animals, such as insects, birds and crustaceans are often attributed to
carotenoids acquired through their diet or from symbiotic and pathogenic micro-

organisms [76, 78].

Carotenoids originated from the precursor phytoene (C40), although bacterial
species can produce carotenoids C50 and C30 from alternative precursors [78].
The fundamental structure of carotenoids consists of a polyene chain with nine
or more conjugated double bonds, capped with end groups on both sides [77, 78|.
These polyene chains absorb light in the 450-570 nm range, which reflects the
absorption gap of chlorophyll. Moreover, carotenoids serve as accessory pigments
in the process of photosynthesis [78]. The bright colors seen in certain animals,
including crustaceans, birds, and insects, are often due to carotenoids, which these
animals acquire through their diet or from symbiotic or pathogenic microorganisms

76, 77, 79].

The carotenoid biosynthetic pathway begins with the condensation of two ger-
anyl pyrophosphate (GGPP) molecules, a reaction initiated by the phytoene syn-
thase enzyme, resulting in the formation of phytoene. This precursor then passes
through the multiple steps of isomerization and desaturation to produce red pig-
ment i.e., lycopene. Lycopene can subsequently be cyclized by cyclases to generate
compounds such as Alpha, Beta and Gamma caotenes. These carotene molecules
can be further modified by ketolases, hydroxylases, or other enzymes to form xan-

thophylls [79, 80].
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Through Mavalonic acid or MEP pathways, C-5 precursors are synthesized that
vary from organism to organism. Meanwhile, GGPP itself is derived from the
precursors of C5. Most bacteria, fungi and archaea depend on the MVA pathway,
whereas photosynthetic organisms can employ the MEP pathway [79, 80]. The
complete sketch diagram of the biosynthesis of carotenoids is shown in Figure 2.8.

microbial sources of carotenoids can be noted in Fig 2.9.
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FIGURE 2.8: Pathway of biosynthesis of carotenoids [4].

Canthaxanthin 0 Astaxanthin 0 Beta-carotene

Bacteria
Rhodococcus maris
Micrococcus roseus
Microbacterium sp. LEMMJ01
Gordonia jacobaea
Bradyrhizobium sp.

Cyanobacteria
Anabaena variabilis
Aphanizomenon  flos-aquae
Nostoc commune

Bacteria
Microbacterium sp. LEMMJ01
Paracoccus sp.
Halobacterium salinarium

Microalgae
Haematococcus
Yeast

rhodozyma

pluvialis

Phaffia
(Xanthophyllomyces
dendrohous)

75, 81-83).

Bacteria
Pseudomonas putida
Mycobacterium kansasii

Microalgae
Dunaliella salina

Spirulina
Filamentous fungi
Blakeslea trispora
Phycomyces blaskeleeanus
Maucor circinelloides

Yeast
Rhodotorula glutinis

FIGURE 2.9: Microbial sources that produce carotenoids with their structure
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2.7.2 Flavin Pigments

Flavins are yellow compounds based on pteridine structures, featuring an N-
heterocyclic isoalloxazine ring (see Figure 2.10). These compounds are synthesized
by plants and a wide range of microorganisms [84]. Riboflavin, also referred to as
vitamin B-12 is a water-soluble substance with pigment properties and acts as the

precursor for all flavins that play a significant role in biology [85].

OH

OH

Riboflavin Roseoflavin 8-hydroxy-5-deazaflavin

FIGURE 2.10: Structure of riboflavin and roseoflavin [4].

Riboflavin is produced from the GTP (Guanosine triphosphate) and Ru5P which
originate from the pentose phosphate pathway [85]. GTP contributes the two
nitrogen atoms and the pyrimidine portion, required for the isoalloxazine ring as
well as the ribityl side chain. RubP gives the additional carbon atoms that are
necessary for the heterocyclic ring. In the last step, the enzyme riboflavin synthase
is used and dismutation can be done in which four carbon atoms are exchanged
with the help of 2 molecules of DrL (6,7-dimethyl-8-ribityllumazine) [86]. This
process is depicted in Fig 2.11.

Flavin pigments play a crucial role in mediating both one-electron processes and
two-electron processes in biological systems. Both of them absorb light which
gives them their distinctive colors and results in intense absorption in both the
visible and ultraviolet regions of the spectrum. Riboflavin, commonly referred to
as vitamin B12, is a vital compound for living organisms and serves as a precursor
to all biological important flavins [87]. Microorganisms generate a wide range of
secondary metabolites that play a crucial role in their biological processes and

survival [88].
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FIGURE 2.11: Biosynthesis pathway of riboflavin [4].

2.7.3 Tetrapyrrole Pigments

In micro-organisms, tetrapyrroles are essential for light absorption and the transfer
of electrons in chemical reactions. They act as catalysts for many important en-
zymes and sensory proteins. Consequently, these pigments help manage oxidative
stress and protect the cells by assisting in detoxifying the reactive oxygen species.
Tetrapyrrole metabolism and oxidative stress have a direct link and it is alleviated

in photosynthetic organisms [89].

It is produced through a five-carbon amino acid i.e. d-aminolevulinic acid (ALA).
In fungi, bacteria and animals, ALA is produced by the condensation of succinyl
coenzyme A and glycine i.e. C-4 pathways, while in archaea bacteria, algae and

plants, it is derived from a-ketoglutarate i.e. C-5 pathways [90, 91].

Porphobilinogen contains a pyrrole ring, which is synthesized from the condensa-
tion of two ALA molecules by the enzyme porphobilinogen synthase. The tetrapyr-
role ring is created by the condensation of four PBG molecules, after the deamina-
tion of porphobilinogen. This compound is subsequently modified and combined
with metal ions to produce various complex molecules, such as chlorophyll, co-
enzyme B-12; heme group, and others, as illustrated in Figure 2.12 [91]. This
section will focus on two types of tetrapyrrole pigments: chlorophylls and phyco-

biliproteins [4].
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FIGURE 2.12: Simplified overview of the biosynthetic pathway for tetrapyrrole
macrocyclic compounds [4].

2.7.3.1 Phycobiliproteins

They are vividly colored, and easily soluble in proteins. They are covalently
bonded with open-chain tetrapyrrole chromophores called phycobilins. In cyanobac-
teria, red algae and various other algae, phycobiliproteins are the main component
of the complexes of light-harvesting. They captured the sunlight at 470-660nm
range. After the absorption, chlorophyll a receives the energy. This process can
be done in phycobilisomes i.e. subcellular structure [92]. PBPs are used in flow cy-
tometry, immunohistochemistry, fluorescence microscopy, biomedical research and
fluorescence immunoassays, due to their great absorption abilities. Various red
microalgae, including species like Rhodella spp., Bangia spp., and Porphyridium
spp., are known to produce red PBPs [93].

2.7.3.2 Chlorophylls

It is the most prevalent pigment on Earth and is crucial for photosynthesis as it

captures light and converts it into chemical energy [94]. Chlorophylls are formed
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when tetrapyrrolic macrocyclic structure is attached to magnesium. At C-17, they

are frequently esterified to a long chain of alcohol [95].

These pigments absorb the light of the visible spectrum regions like yellow-orange
or red around 600-700nm and violet-blue around 400-500 nm. In light-harvesting
complexes found in cyanobacteria, algae and plants, chlorophylls work with pro-
teins and carotenoids. Chlorophylls a-d are the most common examples [95]. They
vary in terms of unsaturation within the pyrrolic macrocycle of their side chains

(Fig 2.13), which affects the characteristics of light absorption [4].
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FIGURE 2.13: The structures of chlorophylls a, b, and cl, as well as bacteri-
ochlorophyll and phycobilins [4].

2.7.3.3 Phycobiliproteins

They are vividly colored, and easily soluble in proteins. They are covalently
bonded with open-chain tetrapyrrole chromophores called phycobilins. In cyanobac-
teria, red algae and various other algae, phycobiliproteins are the main component
of the complexes of light-harvesting. They captured the sunlight at 470-660nm
range. After the absorption, chlorophyll a receives the energy. This process can

be done in phycobilisomes i.e. subcellular structure [92].
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PBPs are used in flow cytometry, immunohistochemistry, fluorescence microscopy,
biomedical research and fluorescence immunoassays, due to their great absorption
abilities. Various red microalgae, including species like Rhodella spp., Bangia spp.,

and Porphyridium spp., are known to produce red PBPs [93].

2.7.4 Melanins

These pigments are unique, stable, and have high molecular weight formed through
the oxidative polymerization of phenolic substances. They are brown or black
[96]. They consist of three types i.e. allomelanins, eumelanins and pheomelanins.
Eumelanins are found in some microorganisms, animals and fungi. They are pro-
duced from tyrosine with the action of tyrosinase enzyme. Thus, the consists of
5,6-dihydroxy indole which is their main building block. Pheomelanins are found in
mammals, reptiles and birds. They are produced from tyrosine-derived units by in-
serting sulfur from L-cysteine, at the end they formed benzothiazole and benzoth-
iazine as their building blocks. Allomelanins are found in plants and fungi and are
a diverse group that does not contain nitrogen. It is derived from various nitrogen-
free precursors, including caffeic, gallic acids, catechol, 1,8-dihydroxy naphthalene,
chlorogenic, gamma-glutaminyl-3, protocatechuic, and 4-dihydroxybenzene [97].

Pathway of biosynthesis of melanin can be noted in Fig 2.14.
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FIGURE 2.14: Schematic pathways of biosynthesis of Melanin [4].
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2.7.5 Phenol like Pigments

Styrylpyrones are the major group of polyphenolic pigments [20]. These yellow
substances are predominantly located in Ranunculaceae [98]. Fungi are belonging
to the Hymenochaetaceae family, including genera such as Inonotus and Phellinus.
They are also present in some plant families like Lauraceae. In 1889, styrylpyrone
and hispidine were isolated from Inonotus hispidus. Various other styrylpyrone,
such as the dimer hypholomin B and bisnoryangonin (see Figure 2.15), can be
extracted from its fruiting bodies [99]. Hispidin serves as a precursor molecule
for fungal luciferin in bioluminescent fungi belonging to the order Agaricales
[100]. Pigments containing polyphenols, derived from genetically modified mi-
croorganisms, demonstrate significant antioxidant properties. Examples include
flavonoids, nagirenim, and anthocyanins produced by Saccharomyces cerevisiae
through metabolic engineering [101], as well as curcuminoids from engineered F.

coli [102].

- R

OH

Hispidin: R = OH
Bisnoryangonin: R = H

FIGURE 2.15: Styrylpyrone pigment produced by fungi [103].

2.7.6 Polyketides Pigments

They are a diverse group of compounds formed through the condensation of
malonyl-CoA derivatives by an enzyme system known as polyketide synthases
(PKSs). Several microbial pigments fall into this category, as will be discussed

further below [104].
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2.7.6.1 Quinone

Certain pigments that are extracted from natural sources have quinone in their
structure. Its color spectrum ranges from yellow to red [105]. Some examples are

shown in the following table 2.5 and Fig 2.16.

TABLE 2.5: Pigments producted by the fungus and having quinone in their
structure [106, 107].

S.No.  Organisms (Fungus) Color

1 Penicillium ozalicum Arpink red

2 Nigrospora sp. Yellow (nigrodiquinone)
3 Aspergillus sp. Red (aspergiolide)

4 Fusarium sp. Red (bikaverin)

Nigrodiquinone A

FIGURE 2.16: Pigment of Quinone extracted from Fungi [106, 107].

2.7.6.2 Azaphilones

These pigments are produced by fungi that have unique bicyclic ring chromophores
like Aspergillus sp. and Monascus sp. Six well-known examples are shown in the

following table 2.6 [108].
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TABLE 2.6: Azaphilones pigments and their wavelength produced by fungal

genera [108].
S.No. Pigment Color Wavelength
1 Monascin & Ankaflavin Yellow  330-450nm
2 Rubropunctatin & Monascorbin Orange  460-480nm
3 Monascorubramine & Rubropunctamine Red 490-530nm

Through the acetate/malonate pathway, these pigments are synthesized. They
are formed by the esterification of the chromophore of azaphilone i.e. derived by
polyketide a beta-ketoacid. Through the mechanism of polyketide synthase and
fatty acid synthase, the above precursors are produced as summarized in Figure
2.17. It is an aminophilic reaction in which primary amine is reacted by the
orange molecules, where the nitrogen atom replaces the oxygen in the heterocyclic

structure resulting in red pigment [109].
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FIGURE 2.17: Biosynthesis pathway of azaphilone pigment [109].

2.7.7 Alkaloids Pigments

Alkaloids are formed from an amino acid. It has a low molecular weight and typ-
ically consists of those compounds that have nitrogen atoms in them [110]. This
class includes various pigment groups such as betalains, prodigiosine and tamb-

jamines. These compounds act as a reserve in micro-organisms, with secondary
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metabolites frequently released into the environment. For instance, research on
alkaloids derived from polyketides, such as citrinin. When P. citrinum started to

grow, then these pigments synthesized and decomposed [111].

2.7.7.1 Prodigiosin

Prodiginines are a set of hydrophobic red pigments with a tripyrrole structure.
They are synthesized by marine bacteria, Serratia spp., and actinomycetes. S.
marcescens produced the prodigiosin pigment (see Figure 2.18). Prodigiosin have a

linear chain and some have cyclic structures as seen in the below diagram [67, 112].

Prodiginines
o 0
\\ xR A \\ » A\
NH N NH N
= = CiHzs
WM %
Prodigiosin Undecylprodigiosin

~
U

Butyl-meta-
cycloheptylprodiginine Cyclononylprodigiosin

FIGURE 2.18: Structure of Prodiginines [67, 112].

2.7.7.2 Tamjamines

They produce yellow pigments that resemble to prodiginines. Their bipyrrole core
is reduced with a primary amine, in contrast with the structure of manopyrrole
in prodiginins (Figure 2.19). Some common examples of tambjamine A and C
are shown in the following diagram. They are discovered in marine invertebrates,
including bryozoans, nudibranchs and ascidians as well as in bacteria like Pseu-

doalteromonas spp [113].
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Tambjamines
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FIGURE 2.19: Structures of Tambjamines [114].

2.7.7.3 Betalains

They are easily dissolved in water. They have a betalamic acid with a structure
containing N-heterocyclic and act as a chromophore. They are classified into
two main groups based on the light absorption properties and the structure is

illustrated in the table 2.7 [115].

TABLE 2.7: Betalains pigment, their wavelength and the process of synthesis

[115].
Pigments Wavelength (\,...) Process
Red-violet betacyanins 535-540nm Resulting from the re-
action between cyclo-
DOPA and betalamic
acid.
Yellow betaxanthins 460-480nm Resulting from the com-

bination of betalamic
acid with many amino

acids and other amines.

The above pigments are relatively rare in the environment and are discovered in
the species of fungi in the Amanita genus and the order Caryophyllales in the plant
family [116]. Some common examples from Amanita muscaria are vulgaxanthine I
and muscaurin I have orange-yellow pigment, while the purple pigment is produced

by muscapurpurin (Figure 2.20) [117].
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FIGURE 2.20: Structures of Betalains [117].

2.8 Role of Genes in the Production of Bacterial

Pigments

Mostly, bacterial pigments are not soluble in water, but they can be dissolved in
organic solvents like ethyl acetate, methanol, acetonitrile, acetone, hexane, ethanol
or acetone. The pigment is completely dissolved in an organic solvent, leaving
behind a powdered residue that is pure pigment and ready to analyze the function

[118].

Various types of pigments are produced by different micro-organisms under a con-
trolled environment like beta-carotene, phenazine, prodigiosin, canthaxanthin and
violacein. This process involves multiple enzymes encoded by specific genes [7]. A
list of other pigments and their corresponding genes are described in the following

figure 2.21.
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FIGURE 2.21: Genes associated with the synthesis of pigments [119-126].



Literature Review 39

2.8.1 Bacterial Pigment Production Enhanced through Ge-

netic Engineering Techniques

Genetically engineered techniques are used in the micro-organisms that do not
produce pigment naturally if they do, they produce it in small quantities. The pig-
ments that are introduced in the micro-organism are lutein, zeaxanthin, carotenoids,

lycopene, eumalanin etc [127].

Various approaches have been proposed for developing genetically engineered micro-
organisms to produce desired pigments. These include enhancing the key enzyme
expression that is involved in pigment biosynthesis and modifying the desired genes
through insertion or deletion. Such genetic alterations not only enhance the strains
but also address the problems related to toxicity that are linked with synthetic
dyes [7].

Recent progress in genetic engineering has enabled researchers to modify micro-

organisms like yeast and E. coli for large-scale production of carotenoids (Table

2.8).

For instance, the E. coli strain has been genetically engineered to make Zeaxanthin
from lycopene. This process can be done by introducing intergenic regions into
the substrate channels of two fusion proteins. The crtY and crtZ expression was
initiated encoding Beta-carotene-hydroxylase and lycopene-beta-cyclase enzyme

[128).

Through several alterations, lycopene was produced by Rhodobacter sphaeroides
which was genetically modified. First, its crtl? gene was replaced with the gene
crtly from Rhodospirillium rubrum. Subsequently, the gene zwf was knocked out
and removed the gene crtC, while another gene was introduced i.e. dxs. The
competitive pentose pathway was blocked by this modification and the methyl
erythritol phosphate pathway was regulated [129]. As a result, genetically en-
gineered microorganisms can be widely used for large-scale pigment production,

offering numerous therapeutic and industrial applications [7].



TABLE 2.8: Some genetically engineered techniques are used to enhance the pigments of bacteria..

Microorganisms Modification Type Targeted Gene or Path- Gene Source Pigment Outcome Refs
ways
Corynebacterium  Gene deletion Sigma B factor - Enhanced production of de- [130]
glutamicum caprenoxanthin, Beta-carotene
Gene overexpression  Sigma A factor - Increase in Decaprenoxanthin,
Lycopene
E. coli Pathway modification MEP biosynthesis pathway - Production of lycopene [119]
Pathway insertion MVA biosynthesis pathway - -
Gene insertion ORF438 and mel gene Streptomyces Eumelanin [131]
antibioticus
Introduction of inter- Intergenic regions of crtY Pantoea ana- Zeaxanthin [132]
genic regions and crtZ natis
Gene removal 2wf gene - Boost the level of Beta-carotene — [12§]
ptsHIcrr operon -
R. sphaeroides Gene replacement crtl3 with crtly R. rubrum Production of Lycopene [129]

Gene deletion

Gene knock-out

crtC gene

MINIY dUNIDLIJLT
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2.9 Soil Bacterial Pigments

Various micro-organisms produce a range of pigments such as carotenoids, flavins,
melanin, quinones, prodigiosin and more specialized ones like indigo, violacein,

and monascins [133].

2.9.1 Applications of Bacterial Pigments of Soil

Infectious diseases rank among the leading causes of death globally, accounting
for approximately 13.3 billion deaths Worldwide. The situation is worsening as
infectious agents increasingly develop resistance to the drugs designed to combat
them, leading to more severe and life-threatening conditions. The rise in this

unstoppable infectious outbreak remains largely unexplained.

Consequently, natural sources are continually being explored and assessed for their
potential in preventing and treating these diseases. The chemical applications,
effectiveness, and specific properties of pigmented bacteria such as anti-fungal,
anti-cancer and immune suppression are highlighted in various studies and have
made them a significant focus of interest. Considerable advancement has been
made in this area, with the study of bioactive compounds from pigmented bacte-
ria overgrowing. The rate at which these compounds are isolated from bacteria
is notably faster than from other organisms some therapeutic applications are

discussed below [133].

2.9.1.1 Anti-cancer Ability of Bacterial Pigments of Soil

Although over the last 20 decades, the cancer rate has declined, resulting in ap-
proximately 1.7 million cases being prevented and a 23% overall reduction, cancer
remains a main cause of death. Ongoing preclinical and clinical research is essen-
tial to combat this deadly disease [134]. While many potential anticancer drugs
from organic sources have been investigated. Moreover, in the past bacterial pig-

ments received less attention. However, recent studies have shifted focus towards
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these pigments, such as the antitumor activity of prodigiosin from S. marcescens
[135]. The cytolytic effectiveness of prodigiosin has been studied using the stan-
dard panel of 60 human tumor cell lines. These investigations have shown that
prodigiosin inhibits cell proliferation and induces cell death in these lines. Various
analogs of prodigiosin have also demonstrated in vitro anticancer activity. Addi-
tionally, prodigiosin’s cytotoxic potential against pancreatic cancer, which claims
30,000 lives annually in the USA, raises hopes for a potential treatment for this

highly fatal disease [136].

Violacein, a pigment derived from Chromobacterium violaceum, has been shown
to induce apoptosis in human leukaemia cells by activating the TNF receptor
1, making it a promising candidate for a new category of cytotoxic drugs. An
orange-yellow pigment (Beta-Carotene) extracted from Rhodococcus maris, has
been associated with a lower risk of breast cancer. A red pigment from Strepto-
myces venezuelae and Streptomyces peucetius i.e. Doxorubicin is recognized as a

potent anti-tumor agent [137].

Additionally, red bioactive compounds i.e. quinone-anthracycline and deinoxan-
thin are found in Deinococcus radiodurans and Streptosporangium, respectively,

exhibit strong anti-tumor therapeutic potential [138].

2.9.1.2 Anti-Leishmanial Ability of Bacterial Pigments of Soil

Leishmaniasis, a severe and disfiguring protozoan infection, affects over 12 million
people globally. The treatments available are outdated, having been developed
50 years ago, and are known to be potentially toxic. Violacein, derived from
C. violaceum, demonstrated only one-tenth of the effectiveness of pentamidine,
a second-line drug used for treating leishmaniasis. While pentamidine is more
effective than violacein, it poses significant toxicity risks, including alterations
in electrocardiogram readings and renal and hepatic issues [139]. As a result,
violacein may emerge as a preferable alternative for treating this life-threatening
disease in the future. Meanwhile, other soil bacteria are being investigated for their

potential to treat leishmaniasis and new drug discoveries are anticipated [133].
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2.9.1.3 Anti-viral Ability of Bacterial Pigments of Soil

Infectious diseases account for about 20% of global mortality, with viruses—one of
the most formidable groups of microbes—responsible for one-third of these cases
[140]. The speedy spread and outbreak of viruses have been exacerbated by modern
advancements like air travel and the demographic shift toward urbanization. While
disease outbreaks can be managed and diagnosed through fast diagnostics, the
most effective prolonged public health method remains vaccine-based prevention

[141].

To address this significant challenge, natural sources are being extensively screened
for their antiviral properties, leading to the discovery of several bacterial pig-
ments that successfully inhibit the viral replication cycle. These pigments either
target viral components or alter host cell mechanisms crucial for viral replica-
tion. Violacein, extracted from C. violaceum, has demonstrated notable antivi-
ral activity against FRhK-4, MA104 cells and HEp-2, showing a concentration-
dependent greater cytotoxic impact [142]. Similarly, violacein from Janthinobac-

terium lividum XT1 has also exhibited antiviral potential [143].

2.9.1.4 Anti-bacterial Ability of Bacterial Pigments of Soil

The rising prevalence of infectious diseases, driven by the increased occurrence of
opportunistic pathogens and the growth of antibiotic resistance, serves as a serious
alert for the medical community [144]. Currently, these drug-resistant infections
result in an annual death toll of approximately 700,000 people worldwide, and if
decisive measures are not implemented, this number could escalate to 10 million by
2050. The World Health Organization (WHO) has identified 12 bacteria that pose
the greater risk to human life due to antibiotic resistance. Notably, P. aeruginosa,
Enterobacteriaceae, and Neisseria gonorrhoeae are among the most critical. There
is a pressing need for robust drug development to address these threats. Among
natural sources, bacteria generate a range of pigments with antibacterial properties

including violacein, carotenoids, melanins, flavins, quinones and monascins [145].
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2.9.1.5 Anti-fungal Ability of Bacterial Pigments of Soil

Over the last 2 decades, a wide range of toxic fungal and fungal-like diseases
have been reported in both plants and animals, posing a significant threat to food

security [146].

The conventional antifungal treatment, amphotericin B, is expensive and asso-
ciated with toxic side effects, such as infusion-related reactions including chills,
rigors, nephrotoxicity and fevers. To address these issues, researchers have been
exploring natural sources, particularly plants and bacteria, for their antifungal
ability. Within the pigmented bacteria studied for their antifungal properties, S.
marcescens and Neisseria species have been extensively researched. Prodigiosin,
a red tripyrrole pigment that forms distinctive pillar box colonies, was initially
identified in Serratia marcescens. It has been shown to control cyclamen’s grey
mold effectively. When red pigment is extracted and purified from bacteria, it
inhibits spore germination. Moreover, a combined application of prodigiosin and

chitinolytic enzymes resulted in a synergistic inhibitory effect [147].

Similarly, from a soil bacterium i.e. Neisseria species, the red pigment extracted
and purified shows great activity against many fungal species, including Candida,

Trichoderma and Aspergillus [148].

2.9.1.6 Immunosuppressive Ability of Bacterial Pigments of Soil

Immunosuppressant drugs are designed to weaken or inhibit the immune system of
the body, often used to block rejection of transplanted organs like kidneys, heart
or liver [149].

Several of these drugs have been obtained from nature-derived sources. In 1989,
Nakamura and colleagues first documented the prodigiosin with immunosuppres-
sive properties. Their research revealed that metacycloprodigiosin and prodigiosin
were present in the culture broth of Serratia, and they found that these compounds
selectively inhibited T-cells while demonstrating polyclonal inhibition in compar-

ison to B-cells [136].
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2.10 Role of Bacterial Pigments in Market Level

In recent years, trends like increasing globalization, restructuring, and internation-
alization have significantly impacted the pigment industry. According to, Global
Industry Analysts, in 2017 the global demand for organic pigment reached 10 mil-
lion tons compared to dyes. Originally, the global dye manufacturing industry
was driven by suppliers from Germany, the United Kingdom, and Switzerland but
it has shifted to Asia over the past 20 years. Many other industries like plastics,
coatings, printing inks and paints are projected to rise more quickly but the largest
consumer of natural dyes and pigments the textile industry will stay unchanged.
There is also a rising focus on natural dyes due to restrictions on synthetic com-
pounds, such as the European ban on azo dyes. The market value is anticipated to

grow as consumer preferences increasingly favor environmentally friendly products

(Figure 2.22) [136].

Natural Pigments Article’s Count
Bacterial Pigments Article’'s Count
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FIGURE 2.22: Over the last 10 years, the NCBI database has catalogued articles

focusing on trends in (a) represents the Natural pigments, (b) represents the

Natural Pigments and Bacteria, (c) represents the Natural Pigments and Fungi,
and (d) represents the Natural Pigments and Yeast [150].
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The bacterial strains are developed in such a way that they are inexpensive and
their non-depleting substrates can make the cost of natural pigments more com-
petitive alongside synthetic choices. By identifying cost-effective substrates for
pigment production, it is expected that production costs will decrease. Thus, the

production costs of bacterial pigments can be reduced by the following methods

[136]:

e Utilizing agricultural waste products like molasses, pineapple waste, and

sugarcane bagasse as growth mediums for bacterial cultivation.

e The necessity for costly genetic engineering is avoided by utilizing wild-type

bacterial strains that are locally isolated.

e Implementing simple extraction methods.

Pigments extracted from bacteria offer promising prospects because of their im-
proved compatibility with the environment and performance features, even though
traditional grades are likely to remain prevalent in the organic market [136]. These
opportunities help to establish a positive image and reputation for the brands
and industries that adopt them, thereby fostering consumer trust in their prod-
ucts. Through putting efforts in marketing to promote the consumption of natural
products by advertising campaigns that consistently increase the market, fueling
innovation aimed at capturing a larger share. The latest data indicates that the
global market for organic pigments is projected to approach approximately 4.89
billion dollars by 2024. Among microbial pigments, those sourced from microalgae
and fungi are the most commonly used in the industry, whereas bacterial pigments

are utilized less often [4].

The global market for microbial pigment has been evaluated across different cat-
egories, with carotenoids, for example, valued at approximately USD 1.7 billion
in 2020. This market is expected to grow at a rate of 2.6%, potentially reaching
nearly USD 2 billion soon. Based on 2021 AMR reports, Astaxanthin is a specific
carotenoid that has a market value of USD 192.5 million in 2020, with projections
indicating a significant increase to around USD 228.4 million by 2027 [151].
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Currently, carotenoid production about 80-90% is achieved through the synthesis
of chemicals due to its reduced price ($250-2000 per kg) with respect to carotenoids
derived from plants, which range from $350 to $7500 per kg [152]. In contrast,
carotenoid-rich biomass from various microorganisms, such as algae (e.g., Haema-
tococcus sp., Chlorella sp.), is available on the market at $40-50 USD per kg [127].
This suggests that microbe-derived pigments have the potential to dominate the
global market, potentially replacing synthetic and plant-derived pigments in the

current landscape [7].
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Methodology

The flow chart of methodology can be noted in Figure 3.1.

Inoculation on B —— Purification Pigment Extraction .
Plates - through Centrifugation =l
_
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16srRNA Biological Chemical
~ Sequencing Assay Characterization
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Phylogenetic Anti-Fungal || Anti-Bacterial
. HPLC
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Desert Soil Sample — E UV-Vis
Spectrophotometry

FiGurE 3.1: Flow chart of methodology.

3.1 Sample Collection

A sample of soil was collected from the desert of Bahawalpur where the latitude
is 29.0700° N and the longitude is 71.4329° E (Figure 3.2). The trowel was used
to clear the soil debris, after which the soil was gathered from a depth of 9 ¢m to
obtain a surface sample. It was kept in an airtight plastic bag. After reaching the

laboratory, it was put in the oven for drying at around 40°C [153].
48
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FIGURE 3.2: : Location of the collection of Desert soil from Bahawalpur.

3.2 Preparation of Nutrient Agar

2.24g of Nutrient Agar was dissolved in 80 ml of distilled water. Once the media
was prepared, it was autoclaved at 121°C for 1 hour. After the autoclave was done,
it was poured onto 4 sterilized petri plates uniformly within the laminar flow and

waited for 10-15 minutes for it to cool so that it could be solidified.

3.3 Preparation of Differential Media

Two differential media was used i.e. Congo Red Agar and Mannitol Salt Agar.
To make CRA, 1.28g of agar was mixed with 40 ml of distilled water and for
MSA, 4.44g of agar was dissolved in 40 ml of distilled water, both were autoclaved
at 121°C for 1 hour. After the autoclaving, it was poured into 4 sterilized petri
plates of each agar uniformly within the laminar flow and allowed to cool for 10-15

minutes to solidify.

3.4 Culturing on Media

The soil was weighed about 1.0g, dissolved in 10 mL of distilled water, and then
serially diluted up to 10-8 dilutions [154]. In the laminar flow, 20ul of 10-61 sample
was spread onto each Petri plate. The samples were then placed in an incubator.
NA, CRA and MSA were incubated at 26°C for 2 days after wrapping it with

parafilm.
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3.5 Purification of Bacterial Strains

When the pigmented colonies were produced on NA, MSA and CRA then it was
further cultured on these media to get the purified strains of bacterial colonies. As
they produced pigmented colonies on NA orange and yellow colonies were formed,

on CRA pink colonies were formed, yellow-colored colonies on MSA.

2.24g of NA was dissolved in 80 ml of distilled water, 1.28¢ of CRA was prepared
in 40 ml of distilled water and 4.44g of MSA was dissolved in 40 ml of distilled
water and then autoclaved at 121°C for 1 hour along with 10 petri plates. When
the autoclave was done then these samples were taken to the laminar flow and
poured the media in sterilized petri plates. After the petri plates were cooled
down, the colonies of bacteria were picked from the red-hot loop and isolated in
the specific media. NA, CRA and MSA were incubated at 26°C for 2 days after

wrapping it with parafilm.

3.6 Preservation of Purified Strains

60% of glycerol stock was prepared to preserve the purified bacterial colonies. For
preparation, 60 ml of glycerol and 40 ml of autoclaved distilled water were taken.
Mixed it perfectly in the reagent bottle. 8 blue tips and 1.5ml of Eppendorf tubes
were autoclaved at 121°C for 1 hour. 1ml of glycerol stock was poured into the
Eppendorf tube and picked the bacterial colonies with the help of a sterilized loop
suspended into the glycerol. After this eppendorf tubes were preserved at -20°C
in a refrigerator [155, 156].

3.7 Antibiotic Sensitivity Test

The disc diffusion method determines bacterial growth inhibition under standard
conditions. A large zone of inhibition will be produced by using an effective

antibiotic [157, 158].
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For the Disc Diffusion Antibiotic Susceptibility Test, 2.8g of Muller Hinton Agar
was added to 100 ml of distilled water. Autoclaved the media at 121°C for 1 hour.
After the autoclave was done, then poured into 4 sterilized petri plates. When the
media was cool, then pure strain of bacteria was streaked on the Muller Hinton
Agar plates. An antibiotic disc dispenser was used to dispense the disc (cephalexin,
norfloxacin, cefotaxime and imipenem) into the agar. The sterilized loop was used
to ensure the attachment of the disc to the petri plates. These plates were then

incubated at 37°C for 24 hours after wrapping them with parafilm.

3.8 Molecular Analysis

3.8.1 16S rRNA

This analysis plays an important role in bacterial identification that are not yet
characterized, poorly isolated, or exhibit unusual phenotypic traits. It is also a
reliable tool for routine bacterial identification [159]. The pigmented plates were
sent to Alphagenomics for DNA extraction. After DNA extraction, they were sent
to Microgen Korea for 16S rRNA analysis.

3.8.2 NCBI Submission

The sequence was submitted to NCBI after the trimming of a low-quality sequence.

3.8.3 Phylogenetic Analysis

Phylogenetic analysis depicts the evolutionary history of different organisms, and
the relationships between different organisms, and species by constructing a branch-

ing diagram [160]. 16S rRNA sequence was used for phylogenetic analysis.

1. At first, the sequence was retrieved in the form of a fasta file in Blastn.
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2. In the next step, multiple sequence alignment was performed by using Clustal

W.

3. The phylogenetic tree was constructed using the Neigbor-Joining Method
that can be implemented through MEGA 11.

4. Finally, the resulting tree was visualized to interpret evolutionary relation-

ships and the bootstrap analysis to assess the reliability of the tree.

3.9 Extraction of Pigments

95% Methanol was prepared and 1 ml methanol was placed into sterilized Eppen-
dorf tubes. The pigmented colonies from NA, MSA, and CRA were picked with
the help of a loop and put in the 1.5 ml sterilized Eppendorf tube. Vortex was

done until the color of the pellet was absorbed in methanol.

After this centrifugation was done at 6000 rpm for 15 minutes then 3000 rpm
for 10 minutes. The resulting supernatant absorbs the color and will be used for

further analysis [161].

3.10 Chemical Characterization

UV-Vis Spectrophotometry, FTIR, and HPLC can help to characterize the pig-

ment chemically.

3.10.1 Qualitative Analysis by UV-Vis Spectrophotometry

It is the method that measures the reduction of electromagnetic radiation caused
by the substance that is absorbed in it [162]. The pigments were subjected to
UV-vis analysis to check their maximum wavelength. Methanol was used as a
standard. The 1 ml of supernatant was added to the cubit along with 1 ml of
methanol and the UV was checked in wavelengths of 400nm-700nm.
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3.10.2 Functional Group Analysis by Fourier Transformed
Infrared Spectroscopy (FTIR)

FTIR has been established as a method for the simultaneous analysis of organic
components, encompassing chemical bonds and organic content such as protein,
carbohydrates, and lipids [163]. FTIR was done to check the functional groups
of pigmented colonies. The supernatant was used for this purpose. The spectral
range for this purpose was 1300-4000cm™. Some functional groups that we needed

to identify were:

e Carbonyl

e Hydroxyl

e Methyl

e Methyne

e Conjugated Double Bonds
o Alkanes

e Vinyl

e Disulfides

e Aliphatic compounds

3.10.3 Identification of Compounds by High-Performance
Liquid Chromatography (HPLC)

It is a high-throughput liquid chromatography technique in which the separation,
identification and quantification of individual components can be done within
a mixture [164]. 1ml pigmented color and 1ml of methanol were added to the
Eppendorf Tube. Column C-18 was used for reversed-phase HPLC. 10-20uL. of

concentrated sample was injected into the HPLC. The detection wavelength was
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around 250 nm and the run time was 30-40 minutes. Moreover, the flow rate is

0.8-1.2mL /min.

3.11 Biological Assays

3.11.1 Antifungal Activity

The Agar well diffusion technique employed the anti-fungal properties of both

pigment and its associated bacteria.

3.11.1.1 Preparation of Potato Dextrose Agar (PDA)

1.56g of Potato Dextrose Agar was added to 40 ml of distilled water for fungal
growth. The media was autoclaved for 1 hour at 121°C. After autoclaving, the
media was poured into 2 sterilized petri plates. This was then allowed to cool

down.

Once cooled down, the fungal strains Aspergillus fumigatus (ORO53856) and Rhi-
zopus delemar (0Q9844419) were streaked onto 2 petri plates and were incubated
at 27°C for 7 days.

3.11.1.2 Preparation of PDA for wells

For fungal testing, 23.4g of PDA was added to 600 ml of distilled water. Autoclaved
the media at 121°C for 1 hour along with 20 petri plates. Once the media was

autoclaved, it was poured into 24 sterilized petri plates in the laminar flow hood.

When the media was cooled down, 3 wells were punched into the 16 agar plates
with a sterilized borer and mentioned number according to the dilutions and on 4

plates 2 wells were punched into 4 plates for positive and negative control.
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3.11.1.3 Preparation of Concentrations

Three concentrations were prepared for each pigment color using methanol as a
solvent of about 1000ug/ml, 750ug/ml and 500ug/ml, and also 3 bacterial con-
centrations were prepared in distilled water of about 1000ug/ml, 750ug/ml and
500pg/ml.

3.11.1.4 Filling the wells

First, 1ul PDA was placed into the wells to create a consistent base. The prepared
dilutions (pigment and bacteria) were added to the wells and labelled them.

3.11.1.5 Control Groups

Amphotericin B was used as a positive control in both bacteria and pigment [165,
166]. The distilled water was poured into a bacterial control plate and methanol
was added into a pigment control plate for the negative control. These plates were

then incubated at 27°C for 3 days and then measured as the zone of inhibition.

3.11.1.6 Incubation

The petri plates were incubated at 27°C for 3 days.

3.11.1.7 Measurement

The zone of inhibition was measured with the help of a ruler in mm scale to identify

the antifungal properties of the pigment and bacterial samples.

3.11.2 Antibacterial Activity

For Antimicrobial properties, the agar well diffusion method was used for both

bacteria and their associated pigments.
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3.11.2.1 Preparation of Mannitol Salt Agar and Eosin Methylene-Blue
Agar

4.44g of MSA was dissolved in 40 ml of distilled water for the growth of the gram-
positive bacteria Staphylococcus aureus (SRR27533903) and autoclaved for 1 hour
at 121°C. Then, it was poured onto 2 plates. Once the media was cooled, it was
streaked with the S. aureus and placed in the incubator for 48 hours at 26°C.
1.46g of EMB was dissolved in 40 ml of distilled water and autoclaved for 1 hour
at 121°C. Then pour it on 2 plates to grow gram-negative bacteria Kerstersia
gyiorum (PQ666790). Once the media was cooled down, it was streaked with K.

gyiorum and placed in the incubator for 24 hours at 37°C.

3.11.2.2 Preparation of Muller-Hinton Agar and EMB for Wells

For microbial testing, 34.8g of Muller Hinton Agar and EMB was added to 600
ml of distilled water. Autoclaved the media at 121°C for 1 hour along with 24
petri plates. Once the media was autoclaved, it was poured into 20 sterilized petri
plates in the laminar flow hood. When the media was cooled down, 3 wells were
punched into the 16 agar plates with a sterilized borer and mentioned number
according to the dilutions and on 4 plates 2 wells were punched into 4 plates for

positive and negative control.

3.11.2.3 Preparation of Concentration

Three conc. were prepared for each pigment color using methanol as a solvent of
about 1000ug/ml, 750ug/ml and 500ug/ml, and also 3 bacterial concentrations
were prepared in distilled water of about 1000ug/ml, 750ug/ml and 500ug/ml.

3.11.2.4 Filling the wells

First, 1ul Muller-Hinton Agar was placed into the wells to create a consistent base,

followed by addition of prepared dilutions (pigment and bacteria) and labelling.
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3.11.2.5 Control Groups

Ampicillin was used as a positive control in S. aureus both bacteria and pigment
[167]. In contrast, for the negative control, the distilled water was poured into
a bacterial control plate and methanol was added into a pigment control plate.
Meanwhile, Ciprofloxacin was used as a positive control in K. gyiorum for bacteria
and pigment [168]. For the negative control, the distilled water was poured into
a bacterial control plate and methanol was added into a pigment control plate.
These plates were then incubated at 37°C for 24 hours and then measured as the

zone of inhibition.

3.11.2.6 Incubation

The petri plates were incubated at 37°C for 24 hours.

3.11.2.7 Measurement

After the incubation period, the zone of inhibition was measured with the help of
a ruler in mm scale to identify the anti-microbial properties of the pigment and

bacterial samples.
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Results and Discussion

4.1 Results

4.1.1 Results on Nutrient Agar

The desert soil was spread into the Nutrient Agar of about 20ul in 4 plates of NA,
and orange and yellow colonies were formed on NA after the incubation at 26°C

for 2 days as shown in figure 4.1.

F1GURE 4.1: Yellow and Orange Colonies on Nutrient Agar.

4.1.2 Results on Differential Media

The desert soil was spread into Congo-Red Agar and Mannitol Salt Agar, about

20pl in every 4 plates for both agars. Pink-pigmented colonies formed on Congo-

Red Agar after incubation at 26°C for 2 days. Meanwhile, yellow-pigmented
58
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colonies were formed on Mannitol Salt Agar after incubation at 26°C for 2 days,

as shown in Figure 4.2.

FIGURE 4.2: a) Pink colonies on Congo-Red Agar and b) Yellow colonies on
Mannitol Salt Agar.

4.1.3 Determination of Antibiotic Resistance

The disc diffusion method was used to determine the antibiotic resistance of four

bacterial strains as shown in Table 4.1.

TABLE 4.1: The results of Antibiotic resistance of bacteria.

Codes Antibiotic Disk

Cephalexin Norfloxacin Cefotaxime Imipenem

NAO - - - 35mm
NAY 4.5mm 31lmm - 4mm
MAY - 25.2mm - 43.5mm
COP - 22mm - -

In this analysis, it has been seen that Planomicrobium sp. made a zone of in-
hibition only against imipenem (35mm), Pseudarthrobacter sp. made a zone of
inhibition against cephalexin (4.5mm), norfloxacin (31mm) and imipenem (4mm),
Priestia aryabhattai made a zone of inhibition against norfloxacin (25.2mm) and
imipenem (43.5mm), Priestia megaterium only showed susceptibility against nor-
floxacin (22mm) and no zone of inhibition was formed against cefotaxime by any

bacterial strains (Figure 4.3).
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NAO NAY

FIGURE 4.3: Results of Antibiotic resistance of Bacterial strains.

4.1.4 Results of Molecular Analysis

4.1.4.1 Molecular Analysis by 16S rRNA

Four sequences were sent for 16S rRNA analysis following the extraction of mi-
crobial DNA from desert soil samples. The identified organisms were Planomi-
crobium, Pseudarthrobacter, Priestia aryabhattai and Priestia megaterium as pre-
sented in Table 4.2. The results of 16S rRNA sequencing were obtained through
BLAST analysis, which compared the obtained sequences with those in the exist-
ing microbial databases, providing insights into the detected organism’s taxonomic

classification and phylogenetic relationships.

TABLE 4.2: The results of 16S rRNA sequenced through BLAST.

S.No. Sample Bacterial Strain Accession Query %Ildentity

ID No. Cover

1. NAO Planomicrobium PQ878368  95% 96.15%
sp. strain WBIC1

2. NAY Pseudarthrobacter PQ878392 98% 96.35%
sp. strain A-5

3. MAY Priestia  aryabhat- PQ661249  97% 99.53%
tai strain G-12

4. CcOP Priestia mega- PQ661253  97% 98.97%

terium strain HG2
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4.1.4.2 Molecular Analysis by Phylogenetic

To determine the phylogenetic analysis of four bacterial strains, their amplified
sequence was obtained from NCBI using Blastn in fasta format. Table 4.2 shows a
list of bacterial strains and their closely related species. Multiple sequence align-
ment was done using Clustal W, and the phylogenetic tree was constructed based
on the Neighbouring Joining method in MEGA 11 software, as shown in Figure
4.4. The phylogenetic tree represents the evolutionary relationship among vari-
ous Planomicrobium and Planococcus species with P. aeruginosa as an outgroup.
The bootstrap values indicate the reliability of the branches, with values above
70% generally considered strong support. The branch length represents genetic
distance, with shorter lengths indicating closer relationships. Planomicrobium sp.
WBIC1T is placed separately, suggesting a distinct lineage. Planococcus species
cluster together, showing a closer relationship among themselves. The scale bar
values indicate evolutionary divergence, aiding in assessing genetic similarity as
shown in Figure 4.4a. The figure 4.4b illustrates the evolutionary relationship
among Pseudarthrobacter, Arthrobacter and Micrococcus species. Bootstrap value
is mostly above 90% indicating strong support for most branches except a few
with a lower value (47% - 70%). Pseudarthrobacter phenanthrenivorans strains
form a well-supported clade, with closely related Arthrobacter species branching
separately. Pseudarthrobacter sp. A-5T appears as a distinct lineage, suggesting
potential novelty. Micrococcus luteus serves as an outgroup, providing a refer-
ence point for divergence. By branch lengths, genetic distances indicate varying
degrees of relatedness among species. Figure 4.4c shows the evolutionary relation-
ship among Priestia, Bacillus and FE. coli species. The bootstrap values, mostly
above 90% indicate strong support for most of the branches, though some nodes
have lower support e.g. 69% and 70%. P. aryabhattai forms a well-defined clade
with multiple strains clustering closely. Bacillus species are interspersed indicating
their genetic similarity to Priestia. F. coli K-12 serves as an outgroup, providing
a reference point for divergence. The branch length represents genetic distances,
with shorter branches indicating closer relationships among certain species. P.

aryabhattai G-127 is highlighted, suggesting its significance as a reference strain.
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FIGURE 4.4: Phylogenetic tree of bacterial isolates based on 16S rRNA gene

sequencing a) represents the phylogenetic analysis of Planomicrobium sp., b)

represents the phylogenetic analysis of Pseudarthrobacter sp., c) represents the

phylogenetic analysis of P. aryabhattai, and d) represents the phylogenetic anal-
ysis of P. megaterium.



Results and Discussion 64

The Figure 4.4d illustrates the evolutionary relationships among P. megaterium,
Bacillus and Vibrio species. Most bootstrap values are above 90%, indicating
strong support, though some nodes have lower values e.g. 65%, 70% and 76%. P.
megaterium strains from a well-supported clade, with some closely related Bacillus

species interspersed suggesting genetic similarities.

P. megaterium HG2T is highlighted indicating its significance as a reference strain.
Vibrio parahaemolyticus serves as an outgroup, providing a divergence point for

comparison.

4.1.5 Results of Pigment Extraction

After centrifugation, the pigment was extracted from Nutrient Agar, Congo-red
Agar, and Mannitol Salt Agar. The following table 4.3 shows the result of pigments

extracted from the differential media.

TABLE 4.3: Pigments extracted from selective and differential agar

S.No Media Bacterial Strains Pigment Picture
(Agar)

1 Nutrient Planomicrobium  sp. Orange

Agar strain WBIC1

2 Nutrient Pseudarthrobacter sp. Yellow
Agar strain A-5

3 Mannitol Priestia  aryabhattar Yellow
Salt Agar  strain G-12
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Table 4.3: (Continued).

S.No Media Bacterial Strains Pigment Picture
(Agar)
4 Congo- Priestia megaterium Pink ﬂ

Red Agar  strain HG2

4.1.6 Results of Chemical Characterization

4.1.6.1 Qualitative Analysis by UV-Vis Spectrophotometry

The four extracted pigments underwent UV-vis spectrophotometry to detect the

transparency and absorption of the pigments under 400-700nm. The following

table 4.4 shows the result.

TABLE 4.4: Results of UV-vis spectrophotometry around 400-700nm of pig-

ments.

S.No. Bacteria

Pigment Transparency T% Absorption

Planomicrobium sp.

P. aryabhattar

O N

P. megaterium

1 Planomicrobium sp.

P. aryabhattai

=~ W N

P. megaterium

1 Planomicrobium sp.

Pseudarthrobacter sp.

Pseudarthrobacter sp.

400nm
Orange 41.3
Yellow 56.8
Yellow 52.1
Pink 72.8

450nm
Orange 44.3
Yellow 60.0
Yellow 55.6
Pink 70.6

500nm
Orange 48.1

0.384
0.247
0.283
0.138

0.353
0.222
0.255
0.151

0.318
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Table 4.4: (Continued).

S.No. Bacteria Pigment Transparency T% Absorption
2 Pseudarthrobacter sp.  Yellow 64.0 0.194
3 P. aryabhattai Yellow 61.2 0.213
4 P. megaterium Pink 66.0 0.181
550nm
1 Planomicrobium sp. Orange 54.6 0.263
2 Pseudarthrobacter sp.  Yellow 66.9 0.175
3 P. aryabhattar Yellow 62.2 0.206
4 P. megaterium Pink 77.1 0.113
600nm
1 Planomicrobium sp. Orange 56.5 0.248
2 Pseudarthrobacter sp.  Yellow 69.0 0.161
3 P. aryabhattai Yellow 63.7 0.196
4 P. megaterium Pink 82.5 0.083
650nm
1 Planomicrobium sp. Orange 56.7 0.246
2 Pseudarthrobacter sp.  Yellow 68.9 0.162
3 P. aryabhattas Yellow 61.5 0.211
4 P. megaterium Pink 83.0 0.081
700nm
1 Planomicrobium sp. Orange 58.6 0.232
2 Pseudarthrobacter sp.  Yellow 69.7 0.157
3 P. aryabhattai Yellow 62.2 0.206
4 P. megaterium Pink 84.7 0.072

The absorption properties of bacterial pigments across different wavelengths demon-
strate distinct trends as shown in Figure 4.5. At 400nm. Planomicrobium sp.
(orange pigment) exhibited the highest absorption at 0.384 followed by P. aryab-
hattai yellow pigment at 0.283, Pseudarthrobacter sp. (yellow pigment) at 0.247
and P. megaterium (pink pigment) with the lowest absorption at 0.138. as the
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wavelength increased to 450nm, absorption decreased for all the species, values

ranging from 0.353 (Planomicrobium sp.) to 0.151 (P. megaterium).

At 500nm, absorption continued to decline, with Planomicrobium sp. recording the
highest value (0.318) and P. megaterium the lowest (0.181). This trend persisted
at 550nm where the absorption value ranged from 0.263 (Planomicrobium sp.) to
0.113 (P. megaterium). By 600nm, absorption further decreased, with the pink
pigment of P. megaterium showing the lowest absorption (0.083). At 650nm and
700nm, absorption was minimal across all species, with P. megaterium recording

the lowest values (0.081 and 0.072), respectively.

Planomicrobium sp. Absorption Pseudarthrobacter sp. Absorption
Planomicrobium sp. Pseudarthrobacter sp.
0.24

o
W
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FIGURE 4.5: Graphical Representation of UV-Vis Spectrophotometry of pig-
ments based on wavelength and absorbance.

4.1.6.2 Identification of the Pigmented Compounds by HPLC

The HPLC analysis of the combined bacterial pigments i.e. Planomicrobium sp.,
Pseudarthrobacter sp., P. aryabhattai, and P. megaterium revealed a comprehen-
sive profile showing eight distinct peaks, each corresponding to various phytocom-

pounds (Figure 4.6). The peaks appeared in vibrant shades of orange, yellow and
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pink, showcasing the diversity and complexity of the phytochemical composition.

The compounds include Beta cryptoxanthin, Zeaxanthin, Lutein, Violaxanthin,

Prodigiosin, Cyclo Prodigiosin, Beta-carotene, and Lycopene as shown in Table

4.5

TABLE 4.5: Results of HPLC analysis of the bacterial pigments.

Peak Retention Standard Reference Identified Refs
No. Time Retention Standards Compounds
(min) Time Range
(min)
1 1.961 1-2.0 Beta- Beta- [169]
Cryptoxanthin Cryptoxanthin
2 2.943 2.5-3.0 Zeaxanthin Zeaxanthin [170]
3 3.661 3.5-4.0 Lutein Lutein [171]
4 4.208 4.0-4.5 Violaxanthin Violaxanthin [172]
5 4.735 4.5-5.0 Prodigiosin Prodigiosin [173]
6 5.221 5.0-5.5 Cyclo- Cyclo- [174]
Prodigiosin Prodigiosin
7 5.754 5.5-6.0 Beta-carotene Beta-carotene [175]
8 7.622 7.5-8.0 Lycopene Lycopene [176]

F1GURE 4.6: HPLC Chromatogram of bacterial pigments.
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4.1.6.3 Functional Group Analysis by FTIR

The FTIR spectra of the bacterial pigments extracted in methanol were checked
under 1300-4000cm-1, as shown in Table 4.6. Single bonds are represented around
2500-4000 wavenumber cm-1, triple bonds around 2000-2500 wavenumber cm-1,
double bonds around 1500-2000 wavenumber cm-1, and fingerprinting below 1500

wavenumber cm-1. The peaks are shown in Figures 4.7 to 4.10.
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TABLE 4.6: Results of FTIR of the pigments.

Bacterial Pigments S.No. Functional = Wavenumber Transparency Typesof Vi- Compound
Group (cm™) (%T) brations
Planomaicrobium sp.
1 OH 3305.73 68.18 Stretch Hydroxy
2 C-H 2945.98 80.70 Stretch Alkanes
3 O-CHj; 2835.51 82.28 Stretch Methyl-CHjg
4 CONH, 1655.56 91.48 Stretch Carbonyl (Amide)
5 C-H 1449.11 84.45 Bend Methylene ;CH,
6 C-H 1414.70 85.00 Bend Vinyl C-H
7 C-C 1114.63 87.17 Stretch Methyne ;CH
8 C-C 1019.23 27.96
9 C-Br 631.50 87.18 Stretch Aliphatic bromo com-
pounds
10 S-S 616.09 55.91 Stretch Disulfide
11 C-1 542.15 55.38 Stretch Aliphatic  iodo com-
pounds
12 C-1 594.36 55.29
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Table 4.6: (Continued).

Bacterial Pigments S.No. Functional Wavenumber Transparency Types of Vi- Compound
Group (cm™) (%T) brations
13 C-1 567.88 54.93
14 C-1 579.11 54.58
15 C-1 530.74 54.16
16 C-1 554.90 54.05
17 C-1 548.04 53.82
18 C-1 520.01 31.77
Pseudarthrobacter sp.
1 OH 3310.04 65.45 Stretch Hydroxy
2 C-H 2945.86 79.06 Stretch Alkanes
3 O-CHg 2834.25 80.97 Stretch Methyl-CHg
4 CONH, 1652.69 90.10 Stretch Carbonyl (Amide)
) C-H 1449.12 84.13 Bend Methylene ;CH,
6 C-H 1411.83 84.53 Bend Vinyl C-H
7 C-C 1113.92 86.77 Stretch Methyne ;CH-
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Table 4.6: (Continued).

Bacterial Pigments S.No. Functional Wavenumber Transparency Types of Vi- Compound
Group (cm™) (%T) brations
8 C-C 1018.13 29.37
9 S-S 616.74 54.98 Stretch Disulfide
10 C-I 555.03 52.73 Stretch Aliphatic Iodo Com-
pounds
11 C-1 567.16 52.82
12 C-1 542.58 52.90
13 C-1 585.80 54.00
14 C-1 519.72 23.48
P. aryabhattai
1 OH 3331.50 66.94 Stretch Hydroxy
2. C-H 2945.63 77.78 Stretch Alkanes
3. O-CH3 2833.38 79.64 Stretch Methyl -CH3
4. CONH2 1658.42 92.49 Stretch Carbonyl (Amide)
D. C-H 1449.22 84.71 Bend Methylene >CH?2

UOLSSTISYT PUD SYNSIY

€L



Table 4.6: (Continued).

Bacterial Pigments S.No. Functional Wavenumber Transparency Types of Vi- Compound
Group (cm™) (%T) brations
6. C-H 1412.06 85.28 Bend Vinyl C-H
7. C-C 1113.72 87.72 Stretch Methyne >CH-
8. C-C 1019.80 27.12
9. C-1 530.60 62.94 Stretch Aliphatic  iodo  com-
pounds
10. C-1 586.48 59.13
11. C-1 543.69 57.55
12. C-1 594.42 59.53
13. C-1 568.22 59.66
14. C-1 560.42 59.70
15. C-1 573.84 59.92
16. C-1 523.09 38.90
P. megaterium
1 OH 3321.10 69.40 Stretch Hydroxy
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Table 4.6: (Continued).

Bacterial Pigments S.No. Functional Wavenumber Transparency Types of Vi- Compound
Group (cm™) (%T) brations
2 O-CH3 2834.11 83.50 Stretch Methyl-CH3
3 C-H 2945.95 81.36 Stretch Methyl -CH3
4 CONH2 1655.03 91.92 Stretch Carbonyl (amide)
5 C-H 1449.16 85.72 Bend Methylene >CH?2
6 C-H 1410.53 86.07 Bend Vinyl C-H
7 C-C 1112.18 88.18 Stretch Methyne >CH-
8 C-C 1018.78 29.39
9 C-I 523.72 63.33 Stretch Aliphatic  iodo  com-
pounds
10 C-1 586.63 57.26
11 C-1 541.21 54.22
12 C-1 528.43 54.59
13 C-1 546.71 54.87
14 C-1 567.35 55.52
15 C-1 596.59 57.30
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The FTIR analysis of bacterial pigments from Planomicrobium sp., Pseudarthrobac-
ter sp., P. aryabhattai and P. megaterium reveals common functional groups, indi-
cating similarities in their biochemical composition. Hydroxyl (OH) groups (3300
cm™) and carbonyl (CONH,) amide groups (1655 cm™) are consistently present,
suggesting proteinaceous and peptide-like structures. Alkanes (C-H stretch 2945
cm™) and methyl (-OCH3 2835 cm™) groups imply lipid or carbohydrate associa-
tions. The presence of methyne (;CH) (1114 cm™) and vinyl C-H bends (1410-1449
cm™!) points to unsaturated hydrocarbon chains. Unique features include aliphatic
iodo (C-I) and bromo (C-Br) compounds in Planomicrobium sp., while disulfide
(S-S) bonds (616 cm™) appear in Pseudarthrobacter sp., suggesting possible sulfur-
containing compounds. The transparency (%T) values indicate varying pigment
intensities, with P. megaterium exhibiting the highest transparency across most
wavenumbers, implying potential structural variations in its pigment composition.
These spectral similarities and differences highlight the biochemical diversity in

bacterial pigment structures.

4.1.7 Results of Biological Assay

4.1.7.1 Results of Antifungal Activity

The agar well diffusion method was used to assess the antifungal properties of
both four bacterial strains and their pigments against pathogenic fungal strains
i.e. A. fumigatus and R. delemar (Figure 4.11). For this test, three concentrations
were prepared of bacteria in water i.e. 1000ug/ml, 750ug/ml and 500ug/ml and
pigments in methanol i.e. 1000ug/ml, 750ug/ml and 500ug/ml. The antifungal
activity of bacteria against A. fumigatus indicated that Planomicrobium sp. re-
sponds moderately (C1: 19.6mm, C2: 32.3mm, C3: 34.3mm) but doesn’t surpass
the positive control, indicating limited antifungal activity. Pseudarthrobacter sp.
(bacteria) exhibits moderate activity in C1 (38.3mm), low activity in C2 (26mm)
and no response in C3, showing a variable response. P. aryabhattai showed mod-
erate activity across all concentrations (32mm, 24mm, 22.3mm). P. megaterium

exhibited minimal activity (C1: 18mm, C3: 18.3mm) suggesting weak antifungal
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properties. The antifungal activity of the pigment against A. fumigatus indi-
cates that Planomicrobium sp. (orange pigment) showed minimal inhibition (C1:
10mm) with reduced activity. Pseudarthrobacter sp. (yellow pigment) showed high
activity in C1 (46mm) and C2 (46.7mm), and moderate in C3 (10mm), suggesting
significant potential as a pigment inhibitor against A. fumigatus, P. aryabhattai
(yellow pigment) showed moderate inhibition in C1 and C2 but weaker in C3
showing limited potential while as P. megaterium (pink pigment) showed low in-
hibition in C1: 16.7mm. Moreover, the antifungal activity against R. delemar
indicated that Planomicrobium sp. showed the highest activity in C1 (39mm),
no activity in C2 and moderate activity in C3 (29mm), Pseudarthrobacter sp.
showed variable results with moderate inhibition across all conditions, P. aryab-
hattai demonstrated relatively high inhibition in C3: 41.6mm, compared to other
isolates, suggesting potential antifungal activity, P. megaterium showed incon-
sistent activity with weak inhibition across conditions. Moreover, the antifungal
results of the pigment of these bacteria against R. delemar indicated that Planomi-
crobium sp. (orange color) showed low inhibition (C1: 30mm), Pseudarthrobacter
sp. demonstrated significant inhibition in C3: 50mm indicating strong antifun-
gal potential, Priestia aryabhattai showed moderate inhibition C1: 39.6mm and
P. megaterium showed high inhibition C1: 51.6mm, suggesting strong antifungal
activity. Thus, the bacteria P. aryabhattai showed the highest antifungal activity
and in pigment, P. megaterium (pink) exhibited the highest antifungal activity
against R. delemar (Table 4.7).

FIGURE 4.11: Results of anti-fungal a) shows the results of pigments against

R. delemar, b) shows the result of bacteria R. delemar, c¢) shows the results

of pigment against A. fumigatus d) shows the result of bacteria against A.

fumigatus, ) shows the negative and positive control for R. delemar, f) shows
the positive and negative control against A. fumigatus.



TABLE 4.7: Results of Anti-fungal activity of bacteria and its pigments.

S.No. Bacteria C1 1000 C2 750 C3 500 Positive Control Negative Control
pug/ml pig/ml pg/ml Amphotericin B Water or methanol

A. fumigatus (Bacteria) Water

1. Planomicrobium sp. 19.6mm 32.3mm 34.3mm 39mm -

2. Pseudarthrobacter sp. 38.3mm 26mm - 39mm -

3. P. aryabhattas 32mm 24mm 22.3mm 39mm -

4. P. megaterium 18mm - 18.3mm 39mm -
A. fumigatus (Pigment) Methanol

1. Planomicrobium sp. (Orange) 10mm - - 12mm Smm

2. Pseudarthrobacter sp. (Yellow) — 46mm 46.7mm 10mm 12mm Smm

3. P. aryabhattai (Yellow) 10mm 20mm 23mm 12mm Smm

4. P. megaterium (Pink) 16.7mm 11.6mm Smm 12mm Smm
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Table 4.7: (Continued).

S.No. Bacteria C1 1000 C2 750 C3 500 Positive Control Negative Control
pug/ml pig/ml pg/ml Amphotericin B Water or methanol
R. delemar (Bacteria) Water

1. Planomicrobium sp. 39mm - 29mm 15mm -

2. Pseudarthrobacter sp. 24mm 36.3mm 38mm 15mm -

3. P. aryabhattai 27.3mm 22mm 41.6mm 15mm -

4. P. megaterium - 24.6mm 29mm 15mm -
R. delemar (Pigment) Methanol

1. Planomicrobium sp. (Orange) 3mm S5mm 6.7mm 12mm Smm

2. Pseudarthrobacter sp. (Yellow) - - 50mm 12mm Smm

3. P. aryabhattai (Yellow) 39.6mm 13.3mm Smm 12mm Smm

4. P. megaterium (Pink) 51.6mm 43mm 35mm 12mm Smm
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4.1.7.2 Results of Anti-Bacterial Activity

The agar well diffusion method was used to determine the antibacterial prop-
erties of both four bacterial strains and their pigments against pathogenic one
gram-positive bacteria (5. aureus) and one gram-negative bacteria (K. gyiorum)
under three concentrations of bacteria in water i.e. 1000ug/ml, 750ug/ml and
500ug/ml and pigments in methanol i.e. 1000ug/ml, 750ug/ml and 500ug/ml.
The antibacterial activity of bacteria against S. aureus indicated that Planomi-
crobium sp. showed the most notable inhibition with a zone of inhibition ranging
from 3 to Smm across different conditions (C1, C2 and C3), indicating the an-
timicrobial activity, Pseudarthrobacter sp. demonstrated a consistent inhibition
with zones ranging from 23mm to 31mm, which indicates the strong antibacterial
activity against S. aureus, P. aryabhattai showed minimal inhibition C1: 5mm
and no activity in C2 and C3 and P. megaterium showed no activity across all
conditions. While the antimicrobial activity of the pigment of these bacteria in-
dicated the orange pigment from Planomicrobium sp. and yellow pigment from
Pseudarthrobacter sp. exhibited smaller zones of inhibition (3 to 5mm), indicat-
ing relatively weaker antimicrobial activity, the yellow color from P. aryabhattai
showed a moderate inhibition zone of 25mm and pink color from P. megaterium

did not show any inhibition against S. aureus.

Moreover, the results of bacteria and its pigment against K. gyiorum indicated
that Planomicrobium sp. (Cl: 5mm and C3: bmm) and Pseudarthrobacter sp.
(Cl: 6mm) both show moderate inhibitions, P. aryabhattai showed stronger inhi-
bition in C1: 30mm, and moderate in C2: 15mm, especially with P. megaterium
showing no inhibition against K. gyiorum. Whereas the antibacterial activity of
the pigments was also checked against K. gyiorum, it was shown that the orange
color of Planomicrobium sp. showed moderate inhibition such as C1: 16mm, C2:
5mm and C3: 11mm, the yellow color of Pseudarthrobacter sp. showed consistent
inhibition and making zone of inhibition in C1: 13mm, C2: 11mm and C3: 8mm,
the yellow color of P. aryabhattai showed moderate inhibition such as in C1: 0.5
cm, C2: 15bmm, and C3: 11mm, the pink color of P. megaterium showed minimal

inhibition such as in C1 and C2: 5mm as shown in Table 4.8 and Figure 4.12.



TABLE 4.8: Results of Anti-bacterial activity of bacteria and its pigments.

S.No. Bacteria C1 1000 C2 750 C3 500 Positive Control Negative Control
pg/ml g/ ml pg/ml
S. aureus(Bacteria) Ampicillin Water
1. Planomicrobium sp. dmm 3mm - 20mm -
2. Pseudarthrobacter sp. 23mm - 31mm 20mm -
3. P. aryabhattai dmm - - 20mm -
4. P. megaterium - - - 20mm -
S. aureus(Pigment) Ampicillin Methanol
1. Planomicrobium sp. (Orange) 3mm - - 20mm -
2. Pseudarthrobacter sp. (Yellow) Smm - - 20mm -
3. P. aryabhattai (Yellow) - - 25mm 20mm -
4. P. megaterium (Pink) - - - 20mm -
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Table 4.8: (Continued).

S.No. Bacteria C1 1000 C2 750 C3 500 Positive Control Negative Control
pg/ml pig/ml pg/ml
K. gyiorum (Bacteria) Ciprofloxacin Water
1. Planomicrobium sp. Smm - dmm 30mm -
2. Pseudarthrobacter sp. 6mm - - 30mm -
3. P. aryabhattai 30mm 15mm - 30mm -
4. P. megaterium - - - 30mm -
K. gyiorum (Pigment) Ciprofloxacin Methanol
1. Planomicrobium sp. (Orange) 16mm S5mm 11mm 30mm -
2. Pseudarthrobacter sp. (Yellow) 13mm 11lmm 8mm 30mm -
3. P. aryabhattai (Yellow) Smm 15mm 11mm 30mm -
4. P. megaterium (Pink) Smm Smim - 30mm -
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FIGURE 4.12: Results of Anti-bacterial activity of bacteria and its pigments.

4.2 Discussion

Soil harbors an immense and largely unexplored diversity of microorganisms. In-
novative techniques particularly those utilizing rDNA and rRNA analyses, have
revealed some aspects of this microbial richness [177]. One notable trait of many
soil bacteria is the unique coloration of their colonies when they are grown in lab-
oratory conditions. Studying the pigments derived from these bacteria is essential
for understanding their significance in the survival and growth of the producing
micro-organisms and for uncovering their potential uses in industries like food,

cosmetics, pharmaceuticals, textiles and cosmetics [178, 179].
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According to this study, 8 bacterial strains were selected on different media but 4
pigmented bacterial strains were taken from the desert sample from Bahawalpur.
The isolation of 4 pigmented bacterial strains was identified according to the 16S
rRNA analysis and chemical characterization as shown in Table 4.2. The two-
colored strains belong to the genus Priestia, one from Planomicrobium and the last
from Pseudarthrobacter. Planomicrbium sp, Pseudarthrobacter sp, P. aryabhattai

and P. megaterium are gram-positive bacteria.

An antibiotic sensitivity test was done on bacterial strains to check their resis-
tance against some antibiotics [157, 158]. According to the findings of antibiotic
sensitivity of the bacteria in Table 4.1, it is plausible that Planomicrobium sp.
exhibits resistance against norfloxacin, cephalexin and cefotaxime because of the
production of beta-lactamases enzyme which breakdown the beta-lactam ring of

cephalosporin making them ineffective [180].

Additionally, resistance to norfloxacin, a fluoroquinolone can occur through efflux
pumps and porin mutations that reduce drug accumulation [181]. Pseudarthrobac-
ter sp. exhibits susceptibility against cephalexin, norfloxacin and imipenem due to
its lack of robust activity against beta-lactam antibiotics, fluoroquinolone and car-
bapenems [180, 181]. P. aryabhattai may exhibit susceptibility to both imipenem
[182] and norfloxacin [183]. P. megaterium doesn’t show susceptibility against
cephalexin, cefotaxime and imipenem. In some previous research, it has been seen
that P. megaterium also doesn’t show any susceptibility against cefotaxime where
the sample was taken from the blood culture of the patient [184]. It exhibits re-
sistance to certain B-lactam antibiotics, such as imipenem and cephalexin, due
to the production of the B-lactamase enzymes that degrade these antibiotics, and
modifications in penicillin-binding proteins that reduce antibiotic binding [185].
It may exhibit susceptibility only to norfloxacin because this fluoroquinolone an-
tibiotic effectively inhibits bacterial DNA gyrase, an enzyme essential for DNA

replication in many bacteria [183].

Bacterial pigmentation plays a crucial role in various cellular functions and signif-
icantly contributes to the survival and protection of the organisms that produce

it. However, obtaining bacterial pigments in a relatively pure and concentrated
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form remains a significant industrial hurdle [16]. In this study, a pigment of differ-
ent colors was successfully extracted from the specific bacterial strains: an orange
pigment from Planomicrobium sp., a yellow pigment from Pseudarthrobacter sp.,
a yellow pigment from P. aryabhattai, and a pink pigment from P. megaterium as
detailed in Table 4.3. The production of orange color from Planomicrobium sp.
indicates the presence of carotenoid pigments. A study on psychrotrophic Pla-
nomicrobium sp., isolates identified and characterized these orange carotenoids,

highlighting their biological activities [186].

The production of yellow color from Pseudarthrobacter sp. also indicates the pres-
ence of carotenoid pigments that serve as protective agents against environmental
stresses, such as high solar irradiation prevalent in the desert ecosystem. Thus,
the predominance of pigmented bacteria, including those producing carotenoids,
in desert soils like the Mojave Desert underscores the importance of these pigments
in protecting cells from harsh environmental conditions [187]. While the specific
role of the genus Pseudarthrobacter has not been revealed, carotenoids in bacte-
ria help the cells in oxidative stress due to their membrane-integrated antioxidant

properties [188].

The production of pink color from P. megaterium indicates the presence of the
tetrapyrrole group which contains cobalamin [189]. Similarly, the yellow pigment
from P. aryabhattai is likely attributable to organic compounds like lactic acid
that ferment mannitol [190]. Notably, many other organisms produce pigments
that result in distinct colors with various biological properties. Serratia marcescens
have prodigiosin containing a tetrapyrrole compound which produces a pink-to-red
color and has antimicrobial and immunosuppressive properties [191], Pseudomonas
extorquens produces pink pigment due to the presence of oxo-carotenoids [192]
and Micrococcus roseus produces pink colored colonies due to the presence of

canthaxanthin carotenoid derivatives [193].

Some other yellow-producing bacteria Bacillus gibsonii are isolated from lichen
Dirinaria aegialita and have potential antifungal [194]. Xanthomonas oryzae pv.
oryzae secretes xanthomodian, i.e. a membrane-bounded yellow-colored pigment

which has antimicrobial properties [7]. Streptomyces gresioaurianticus JUACT 01
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produces a yellow pigment that triggers apoptosis in HeLLa and HepG2 cell lines
while being non-toxic to human lymphocytes [195]. Lastly, Deinococcus radiodu-
rans produce carotenoids, lipid-soluble pigments with characteristics of an orange

color [7].

UV-vis spectroscopy is an analytical technique used to quantify an analyte by
analyzing the amount of light absorbed by it. This method produces a spectrum
by measuring light absorption as a function of its wavelength and frequency [196].
In this study as shown in Figure 4.5, the UV-absorbance of orange pigment from
Planomicrobium sp. showed maximum absorption at 400 nm and decreased at 700
nm. This pattern suggests the presence of carotenoid compounds due to a broader
band around 420 and 480 nm observed in the blue spectrum. It has conjugated

double bonds that absorb light in the blue region [186].

The yellow pigment from Pseudarthrobacter sp shows a larger drop in absorp-
tion occurs between 400 nm and 450 nm indicating strong light absorption in the
violet-blue region, absorption gradually tapers off from 500 nm to 700 nm show-
ing minimal absorption. This pattern suggests the presence of carotenoids such
as lutein or zeaxanthin which are known to absorb light in the violet-blue region
around 400-500 nm and exhibit solvent-dependent absorption spectra [197]. The
UV-absorbance of yellow pigment from P. aryabhattai showed fluctuations: a gen-
eral decrease from 400 nm to 500 nm, a slight increase towards 650 nm and then a
subsequent decline up to 700 nm. This pattern suggests the presence of carotenoid
compounds, which are known to absorb the light in these regions. For instance,
beta-carotene, a common yellow pigment, shows maximum absorption around 467

nm, characteristic of carotenoid derivatives [198].

The pink pigment from P. megaterium exhibited a strong wavelength-dependent
behavior, with an increase in absorbance from 400 nm to 500 nm, followed by a
steep decrease from 500 nm to 700 nm. According to this, a pink pigment exhibits
absorption peaks around 535 nm as shown in the UV-vis spectrum of the purified
pink pigment [199]. It shows the presence of prodigiosin a tetrapyrrole compound
[200] and has garnered attention due to its biological activities including, antimi-

crobial, antimalarial and anticancer properties [201].
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The HPLC was used to identify the compounds in the samples. In this study,
the HPLC analysis of bacterial pigments revealed a comprehensive profile showing
eight distinct peaks, each corresponding to various phytocompounds as shown in
Figure 4.6. These peaks were observed at retention time ranging from 1.5 to 8 min-
utes, with notable peak areas suggesting the presence of bioactive phytochemicals
as shown in Table 4.5. The identified compounds included beta-cryptoxanthin
[169], zeaxanthin [170], lutein [171], violaxanthin [172], prodigiosin [173], cyclo-
prodigiosin [174], beta-carotene [175] and lycopene [176]. The peaks appeared in
vibrant shades of orange, yellow and pink, showcasing the diversity and complexity

of the phytochemical composition.

The FTIR tool was used to identify the functional groups in the pigment extracted
from the bacteria as shown in Table 4.6. FTIR spectroscopy has been employed to
characterize the orange pigments produced by Planomicrobium sp., revealing key
functional groups indicative of carotenoid compounds. In the study of Planomi-
crobium sp. GMMA, the FTIR spectrum displayed a broad peak of 3064 and 3562
cmt, corresponding to O-H and N-H stretching vibrations, which may explain the
pigment’s solubility in methanol and ethanol. Additionally, peaks at 2923 cm™
and 2854 cm™ were attributed to symmetric and asymmetric C-H stretching vi-
brations of aliphatic alkanes, while a peak at 1740 cm™ indicated the presence
of ester carbonyl (C=0) groups. These findings suggest that the orange pigment
comprises carotenoid derivatives with specific functional groups contributing to its

chemical properties [186].

The FTIR analysis of Pseudarthrobacter sp. likely shows the characteristic peaks
of carotenoids, including O-H, C-H, and C=C stretching. These functional suggest
unsaturated, hydrocarbon-based pigment structures. Similar studies on yellow

bacterial pigments confirm carotenoid-like spectral features [194].

The FTIR analysis of P. aryabhattar indicates the presence of Beta-carotene re-
sponsible for its yellow pigmentation. The key peaks at 2923 cm-1 and 2852 c¢m-1
(C-H stretching), 1745 cm-1 (C=O0 stretching), and 1465 cm-1 (C=C stretch-
ing) align with Beta-carotene while extracting the pigment from natural sources

[202, 203]. While as, the FTIR results of P. megaterium reveal functional groups
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such as hydroxyl (OH) at 3321cm™, methyl (CH3) at 2834 cm™ and 2945 cm™,
and carbonyl (amide) at 1655cm™ aligning with prodigiosin’s characteristics peaks.
These bands are consistent with those reported with prodigiosin, a red pigment
primarily produced by S. marcescens including N-H/O-H stretching around 3300-
3450 cm™, C-H stretching near 2900 cm™, and C=0 stretching in amide/aromatic
rings at 1600-1750 cm™ [204, 205].

All genus members have undergone antifungal activity against A. fumigatus and
R. delemar of bacteria and their pigment as shown in Table 4.7. This study in-
dicated that Pseudartrobacter sp. showed the highest antifungal activity against
A. fumigatus in both bacteria and pigment. Pseudarthrobacter sp. produces sec-
ondary metabolites like non-ribosomal peptides and VOCs, which exhibit potent
antifungal effects by disrupting fungal cell walls and metabolism [206, 207].

In R. delemar, P. aryabhattai showed antifungal activity due to its ability to pro-
duce various bioactive compounds, including secondary metabolites and hydrolytic
enzymes. These substances can inhibit the growth of fungal pathogens by disrupt-
ing their cell wall and interfering with essential metabolic processes. For instance,
a study demonstrated that the P. aryabhattai strain BPR-9 effectively suppressed
the growth of several pathogenic fungi, like Fusarium ozysporum and Alternaria

solani, highlighting its potential biocontrol [208].

While P. megaterium produces the bioactive compound including cobalamin, pro-
duces pink pigment i.e. essential for various metabolic processes in micro-organisms
and may contribute to the bacteria’s antagonism such as lipopeptides, which have

demonstrated antifungal properties [209].

All genera of members also undergo antibacterial activity of both bacteria and
their pigments against pathogenic strains of gram-positive bacteria (S. aureus)

and gram-negative bacteria (K. gyiorum) as shown in Table 4.8.

In this study, Pseudarthrobacter sp. bacteria have demonstrated notable antibac-
terial activity against S. aureus. Research on Arthrobacter strains, closely related
to Pseudarthrobacter, revealed their ability to produce diffusible and volatile com-

pounds that inhibit the growth of S. aureus [210].
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These findings suggest that Pseudarthrobacter species can be effective in control-
ling S. aureus infection. Moreover, the yellow pigment produced by P. aryabhattai
showed strong inhibition in S. aureus due to the presence of carotenoid compounds.
These pigments possess strong antioxidants and antimicrobial properties enabling
them to disrupt bacterial cell membranes and inhibit pigment production path-
ways. Additionally, they interfere with quorum sensing, a critical mechanism for
biofilm formation and virulence factor regulation of S. aureus [209]. Meanwhile,
the antibacterial properties of the bacteria and their pigments were also checked
against K. gyiorum. It has been seen that the bacteria P. aryabhattai is known to
produce metabolites with broad-spectrum anti-microbial activity, making it par-
ticularly effective against Gram-negative bacteria like K. gyiorum [208]. Moreover,
the orange carotenoid pigment of Planomicrobium sp. has potent antimicrobial
and anti-oxidant properties. In some research, it has been seen that the orange
pigment bacterium Planomicrobium sp. could serve as an effective agent for an-

tibacterial and antioxidant properties [186].



Chapter 5

Conclusion and

Recommendations

5.1 Conclusion

This study highlights the diversity and significance of pigmented bacterial strains
isolated from desert samples in Bahawalpur. Identifying and characterizing these
bacteria, including Planomicrobium sp., Pseudarthrobacter sp., P. aryabhattai,
and P. megaterium, revealed their unique pigment production, antibiotic resis-
tance, and bioactive potential. The pigments extracted orange, yellow, and pink
were linked to carotenoid and tetrapyrrole compounds, which play essential roles in
cellular protection and environmental adaption. Antibiotic sensitivity tests showed
Planomicrobium sp. resisted norfloxacin, cepha-lexin, and cefotaxime due to the
beta-lactamase and efflux pumps. Psedarthrobacter sp. and P. aryabhattai were
susceptible to imipenem and norfloxacin, indicating weaker resistance. P. mega-
terium resisted cephalexin, cefotaxime, and imipenem but remained susceptible
to norfloxacin, likely due to beta-lactamase activity and penicillin-binding pro-
tein modifications. While, UV-Vis, HPLC, and FTIR confirmed the presence of
bioactive compounds such such as Beta-Cryptoxanthin, Zeaxanthin, Lutein, Vio-
laxanthin, Prodigiosin, Cyclo-Prodigiosin, Beta-carotene and Lycopene. Whereas,
UV-Vis analysis detected carotenoid-specific absorption peaks (400-480 nm) in
90
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Planomicrobium sp., Pseudarthrobacter sp. and P. aryabhattai while P. mega-
terium exhibited a peak around 535 nm, indicating tetrapyrrole structures such as
prodigiosin. FTIR analysis identified functional groups, including hydroxy (OH),
Carbonyl (C=0), aliphatic (CH) and aromatic compounds (CONH2), supporting
the presence of these pigments. Pseudarthrobacter sp., exhibited the strongest
anti-fungal and anti-bacterial activity, demonstrating its potential as a biocontrol

agent.

5.2 Recommendations

Future research should focus on optimizing large-scale production methods, im-
proving pigment stability for extended use, and conducting extensive toxicity and
biodegradability studies to further enhance the application of microbial pigments.
Collaboration with industrial sectors will be essential to integrate these pigments
into commercial products, ensuring a sustainable and eco-friendly transition from

conventional synthetic dyes.



Bibliography

1]

G. Rapp and G. Rapp, “Pigments and colorants,” in Archaeomineralogy,
pp- 201-221, Berlin, Germany: Springer, 2nd ed., 2009.

C. Ramesh, N. V. Vinithkumar, R. Kirubagaran, C. K. Venil, and L. Du-
fossé, “Multifaceted applications of microbial pigments: Current knowledge,
challenges and future directions for public health implications,” Microorgan-

1sms, vol. 7, p. 186, May 2019.

S. S. Affat, “Classifications, advantages, disadvantages, toxicity effects of
natural and synthetic dyes: A review,” University of Thi-Qar Journal of

Science, vol. 8, pp. 130-144, Oct. 2021.

J. V. de O. Barreto, L. M. Casanova, A. N. Junior, M. C. P. P. Reis-Mansur,
and A. B. Vermelho, “Microbial pigments: major groups and industrial ap-

plications,” Microorganisms, vol. 11, p. 2920, Dec. 2023.

H. Zollinger, Color Chemistry: Syntheses, Properties, and Applications of
Organic Dyes and Pigments. Hoboken, NJ, USA: John Wiley & Sons, 2003.

M. I. Kiron, “Natural dyes: properties, types, production and ben-
efits,”  2022. [Online]. Available:  https://textilelearner.net/
natural-dyes-properties-types-production/. [Accessed: Sep. 27,
2024].

H. Agarwal, S. Bajpai, A. Mishra, I. Kohli, A. Varma, M. Fouillaud, L. Du-
fossé, and N. C. Joshi, “Bacterial pigments and their multifaceted roles in
contemporary biotechnology and pharmacological applications,” Microor-
ganisms, vol. 11, p. 614, Feb. 2023.

92


https://textilelearner.net/natural-dyes-properties-types-production/
https://textilelearner.net/natural-dyes-properties-types-production/

Bibliography 93

8]

[12]

[13]

[17]

N. E. Messaoudi, M. E. Khomri, A. E. Mouden, A. Bouich, A. Jada,
A. Lacherai, H. M. N. Igbal, S. I. Mulla, V. Kumar, and J. H. P. Américo-
Pinheiro, “Regeneration and reusability of non-conventional low-cost ad-
sorbents to remove dyes from wastewaters in multiple consecutive adsorp-

Y

tion—desorption cycles: a review,” Biomass Conversion and Biorefinery,

vol. 14, pp. 11739-11756, Jun 2024.

K.-T. Chung, “Azo dyes and human health: A review,” Journal of Environ-
mental Science and Health, Part C, vol. 34, pp. 233-261, Oct. 2016.

C. S. Pedersen, “The un sustainable development goals (sdgs) are a great

gift to business!,” Procedia CIRP, vol. 69, pp. 21-24, Jan. 2018.

V. T. Orlandi, E. Martegani, C. Giaroni, A. Baj, and F. Bolognese, “Bacte-
rial pigments: A colorful palette reservoir for biotechnological applications,”

Biotechnology and Applied Biochemistry, vol. 69, pp. 981-1001, Jun. 2022.

G. Pfaff, “The world of inorganic pigments,” ChemTezxts, vol. 8, p. 15, May
2022.

Y. N. Zulaikha, Isolation and application of violet pigment extracted from
Chromobacterium Violaceum. PhD thesis, Universiti Teknologi Malaysia,

2010.

R. D. Mulyaningsih, R. Pratiwi, and A. N. Hasanah, “An update on the use
of natural pigments and pigment nanoparticle adducts for metal detection

based on colour response,” Biosensors, vol. 13, p. 554, May 2023.

R. Christie, Colour Chemistry. United Kingdom: Royal Society of Chem-
istry, 2001.

L. K. Charkoudian, J. T. Fitzgerald, C. Khosla, and A. Champlin, “In living
color: bacterial pigments as an untapped resource in the classroom and

beyond,” PLoS Biology, vol. 8, p. e1000510, Oct. 2010.

M. Yusuf, M. Shabbir, and F. Mohammad, “Natural colorants: Historical,
processing and sustainable prospects,” Natural Products and Bioprospecting,

vol. 7, p. 123-145, Feb. 2017.



Bibliography 94

[18]

[19]

[20]

[21]

[23]

[25]

[26]

C. Decelles, “The story of dyes and dyeing,” Journal of Chemical Education,
vol. 26, p. 583, Nov. 1949.

G. T. Sigurdson, P. Tang, and M. M. Giusti, “Natural colorants: Food
colorants from natural sources,” Annual Review of Food Science and Tech-

nology, vol. 8, pp. 261-280, Feb. 2017.

S. Yadav, K. S. Tiwari, C. Gupta, M. K. Tiwari, A. Khan, and S. P. Sonkar,
“A brief review on natural dyes, pigments: Recent advances and future

perspectives,” Results in Chemistry, vol. 5, p. 100733, Jan. 2023.

R. Srivastava and I. R. Sofi, “Impact of synthetic dyes on human health and
environment,” in Impact of Textile Dyes on Public Health and the Environ-

ment, pp. 146-161, IGI Global, 2020.

E. Mordini and H. Ashton, “The transparent body: Medical information,
physical privacy and respect for body integrity,” in Second Generation Bio-
metrics: The Ethical, Legal and Social Context, pp. 257-283, Dordrecht:
Springer Netherlands, Mar. 2012.

M. J. Shetty, P. R. Geethalekshmi, and C. Mini, “Natural pigments as po-
tential food colourants: a review,” Journal of Food Science and Technology,

vol. 54, pp. 3333-3342, Aug 2019.

J. A. Aguirre-Joya, L. E. Chacén-Garza, G. Valdivia-Najar, R. Arredondo-
Valdés, C. Castro-Lopez, J. M. Ventura-Sobrevilla, C. N. Aguilar-Gonzales,
and D. Boone-Villa, “Nanosystems of plant-based pigments and its rela-

tionship with oxidative stress,” Food and Chemical Tozicology, vol. 143,

p. 111433, Sep. 2020.

J. Avalos and M. C. Limén, “Biological roles of fungal carotenoids,” Current

Genetics, vol. 61, pp. 309-324, Aug. 2015.

H. S. Tuli, P. Chaudhary, V. Beniwal, and A. K. Sharma, “Microbial pig-
ments as natural color sources: current trends and future perspectives,”

Journal of Food Science and Technology, vol. 52, pp. 4669-4678, Aug. 2015.



Bibliography 95

[27]

[28]

[31]

[32]

[33]

[34]

[36]

L. Dufossé, P. Galaup, A. Yaron, S. M. Arad, P. Blanc, K. N. C. Murthy, and
G. A. Ravishankar, “Microorganisms and microalgae as sources of pigments
for food use: a scientific oddity or an industrial reality?,” Trends in Food

Science Technology, vol. 16, pp. 389-406, Sep. 2005.

A. C. Lagashetti, L. Dufossé, S. K. Singh, and P. N. Singh, “Fungal pigments
and their prospects in different industries,” Microorganisms, vol. 7, p. 604,

Nov. 2019.

H. Meruvu and J. C. D. Santos, “Colors of life: A review on fungal pig-
ments,” Critical Reviews in Biotechnology, vol. 41, pp. 1153-1177, Nov. 2021.

B. Schoefs, “Chlorophyll and carotenoid analysis in food products. prop-

2

erties of the pigments and methods of analysis,” Trends in Food Science

Technology, vol. 13, pp. 361-371, Nov. 2002.

M. Gong and A. Bassi, “Carotenoids from microalgae: A review of recent

developments,” Biotechnology Advances, vol. 34, pp. 1396-1412, Dec. 2016.

M. J. Lopez and C. A. Hall, Physiology, Osmosis. Treasure Island, FL:
StatPearls Publishing, 2023.

A. K. Patel, R. R. Singhania, C.-W. Chen, Y.-S. Tseng, C.-H. Kuo, C.-H.
Wu, and C. D. Dong, “Advances in micro- and nano-bubbles technology for

application in biochemical processes,” Environmental Technology Innova-

tion, vol. 23, p. 101729, Aug. 2021.

H. Sun, Y. Wang, Y. He, B. Liu, H. Mou, F. Chen, and S. Yang, “Microalgae-
derived pigments for the food industry,” Marine Drugs, vol. 21, p. 82, Jan.
2023.

J. Villanueva, J. O. Grimalt, R. de Wit, B. J. Keely, and J. R. Maxwell,
“Chlorophyll and carotenoid pigments in solar saltern microbial mats,”

Geochimica et Cosmochimica Acta, vol. 58, pp. 4703-4715, Nov. 1994.

L. Rajagopal, C. S. Sundari, D. Balasubramanian, and R. V. Sonti, “The
bacterial pigment xanthomonadin offers protection against photodamage,”

FEBS Letters, vol. 415, pp. 125-128, Sept. 1997.



Bibliography 96

[37]

[40]

[41]

[42]

[45]

C. Galasso, C. Corinaldesi, and C. Sansone, “Carotenoids from marine or-
ganisms: Biological functions and industrial applications,” Antioxidants,

vol. 6, p. 96, Nov. 2017.

N. E. El-Naggar and S. M. El-Ewasy, “Bioproduction, characterization, anti-
cancer and antioxidant activities of extracellular melanin pigment produced
by newly isolated microbial cell factories streptomyces glaucescens neae-h,”

Scientific Reports, vol. 7, pp. 1-9, Feb. 2017.

D. Strieth, J. Stiefelmaier, B. Wrabl, J. Schwing, A. Schmeckebier, K. Muf-
fler, and R. Ulber, “Correction to: A new strategy for a combined isolation of
eps and pigments from cyanobacteria,” Journal of Applied Phycology, vol. 32,
p. 1741, June 2020.

M. Kamla, T. Jayanti, and G. Sneh, “A review on microbial pigment,” Inter-
national Journal of Microbial Research Technology, vol. 1, no. 4, pp. 361-365,
2012.

M. P. N. Rao, M. Xiao, and W.-J. Li, “Fungal and bacterial pigments:
secondary metabolites with wide applications,” Frontiers in Microbiology,

vol. 8, pp. 1-12, June 2017.

M. Hermansson, G. W. Jones, and S. Kjelleberg, “Frequency of antibiotic
and heavy metal resistance, pigmentation, and plasmids in bacteria of the
marine air-water interface,” Applied Environmental Microbiology, vol. 53,

pp. 2338-2342, Oct. 1987.

P. Sabbagh and A. E. Namvar, “The eminence status of bacterial pigments
under different aspects,” Microbiologia Medica, vol. 32, Dec. 2017.

U. Hizbullahi, M. N. Abdulkadir, M. Gani, and H. M. Maiturare, “Bacterial
pigments and its significance,” MOJ Bioequivalence Bioavailability, vol. 4,

p. 00073, Dec. 2017.

R. Dikshit and P. Tallapragada, “Comparative study of natural and artificial
flavoring agents and dyes,” in Natural and Artificial Flavoring Agents and

Food Dyes, pp. 83-111, Academic Press, 1st ed., Jan. 2018.



Bibliography 97

[46]

[47]

[49]

[51]

[52]

[53]

M. B. Bisbis, N. Gruda, and M. Blanke, “Potential impacts of climate change
on vegetable production and product quality—a review,” Journal of Cleaner

Production, vol. 170, p. 1602-1620, Jan. 2018.

K. Arora, H. Ameur, A. Polo, R. D. Cagno, C. G. Rizzello, and M. Gob-
betti, “Thirty years of knowledge on sourdough fermentation: A systematic

review,” Trends in Food Science and Technology, vol. 108, p. 71-83, Feb.
2021.

G. Shamim, S. K. Ranjan, D. M. Pandey, and R. A. N. G. A. N. A. T. H.
A. N. Ramani, “Biochemistry and biosynthesis of insect pigments,” European

Journal of Entomology, vol. 111, p. 149-164, May 2014.

7. Qin, X. Wang, S. Gao, D. Li, and J. Zhou, “Production of natural pig-
ments using microorganisms,” Journal of Agricultural and Food Chemistry,

vol. 71, pp. 9243-9254, Jun. 2023.

J. Miiller-Maatsch and C. Gras, “The 'carmine problem’ and potential alter-

natives,”

428, Woodhead Publishing, 2016.

in Handbook on Natural Pigments in Food and Beverages, pp. 385—

S. Dave, J. Das, B. Varshney, and V. P. Sharma, “Dyes and pigments: In-
terventions and how safe and sustainable are colors of life!!ll,” in Trends and
Contemporary Technologies for Photocatalytic Degradation of Dyes, pp. 1—
20, Cham: Springer International Publishing, Sep. 2022.

S. Kumar, V. Kumar, D. Nag, V. Kumar, S. Darnal, V. Thakur, V. Patial,
and D. Singh, “Microbial pigments: learning from the himalayan perspective
to industrial applications,” Journal of Industrial Microbiology and Biotech-

nology, vol. 49, p. kuac017, Sep. 2022.

L. J. Rather, S. S. Mir, S. A. Ganie, and Q. Li, “Research progress, chal-
lenges, and perspectives in microbial pigment production for industrial ap-

plications—a review,” Dyes Pigments, vol. 210, p. 110989, Feb. 2023.



Bibliography 98

[54]

[55]

[58]

[59]

[60]

[61]

A. B. Vermelho, E. F. Noronha, E. X. Filho, M. A. Ferrara, and E. P. S.
Bon, “Diversity and biotechnological applications of prokaryotic enzymes,”

in The Prokaryotes, pp. 213-240, 2013.

P. Scarano, D. Naviglio, A. Prigioniero, M. Tartaglia, A. Postiglione, R. Scia-
rrillo, and C. Guarino, “Sustainability: Obtaining natural dyes from waste
matrices using the prickly pear peels of opuntia ficus-indica (1.) miller,”

Agronomy, vol. 10, p. 528, Apr. 2020.

S. Sinha, S. Choubey, A. A. Kumar, and P. Bhosale, “Identification, charac-
terization of pigment producing bacteria from soil and water and testing of
antimicrobial activity of bacterial pigments,” International Journal of Phar-

maceutical Sciences Review and Research, vol. 42, pp. 119-124, Jan. 2017.

C. A. Aruldass, L. Dufossé, and W. A. Ahmad, “Current perspective

2

of yellowish-orange pigments from microorganisms-a review,” Journal of

Cleaner Production, vol. 180, pp. 168-182, Apr. 2018.

S. W. Jeong, J. E. Yang, and Y. J. Choi, “Isolation and characterization of a
yellow xanthophyll pigment-producing marine bacterium, erythrobacter sp.

sdw?2 strain, in coastal seawater,” Marine Drugs, vol. 20, p. 73, Jan. 2022.

V. da Silva Ferreira and C. Sant’Anna, “Impact of culture conditions on the
chlorophyll content of microalgae for biotechnological applications,” World

Journal of Microbiology and Biotechnology, vol. 33, p. 20, Jan. 2017.

C. Govindaraj, R. Ugamoorthi, and S. Ramarethinam, “Isolation of pseu-
domonas aeruginosa for bacterial pigment production and its application on
synthetic knitted fabric,” Indian Journal of Fibre Textile Research (IJFTR),
vol. 46, pp. 168-173, Nov. 2021.

R. Chu, R. Li, C. Wang, and R. Ban, “Production of vitamin b2 (ri-
boflavin) by bacillus subtilis,” Journal of Chemical Technology € Biotech-
nology, vol. 97, pp. 1941-1949, Aug 2022.



Bibliography 99

[62]

[63]

[66]

[67]

[68]

F. Pérez-Garcia, V. J. Klein, L. F. Brito, and T. Brautaset, “From brown sea-
weed to a sustainable microbial feedstock for the production of riboflavin,”

Frontiers in Bioengineering and Biotechnology, vol. 10, p. 863690, Apr 2022.

E. Jacob-Lopes, M. M. Maroneze, M. C. Depra, R. B. Sartori, R. R. Dias,
and L. Q. Zepka, “Bioactive food compounds from microalgae: An innovative

7

framework on industrial biorefineries,” Current Opinion in Food Science,

vol. 25, pp. 1-7, Feb 2019.

I. Sluijs, E. Cadier, J. W. J. Beulens, A. M. W. Spijkerman, and Y. T. V.
der Schouw, “Dietary intake of carotenoids and risk of type 2 diabetes,”

Nutrition, Metabolism and Cardiovascular Diseases, vol. 25, pp. 376-381,
Apr 2015.

T. Sen, C. J. Barrow, and S. K. Deshmukh, “Microbial pigments in the food
industry——challenges and the way forward,” Frontiers in Nutrition, vol. 6,

p. 7, Mar 2019.

V. Srilekha, G. Krishna, B. Sreelatha, E. J. Kumar, and K. V. N. Rajeshwari,
“Prodigiosin: A fascinating and the most versatile bioactive pigment with
diverse applications,” Systems Microbiology and Biomanufacturing, vol. 4,

pp. 66-76, Jan 2024.

N. Darshan and H. K. Manonmani, “Prodigiosin and its potential applica-
tions,” Journal of Food Science and Technology, vol. 52, pp. 5393-5407, Sep
2015.

Y. A. Hasanien, A. A. Nassrallah, A. G. Zaki, and G. Abdelaziz, “Opti-
mization, purification, and structure elucidation of anthraquinone pigment
derivative from talaromyces purpureogenus as a novel promising antioxi-

dant, anticancer, and kidney radio-imaging agent,” Journal of Biotechnol-

oqy, vol. 356, pp. 3041, Sep 2022.

S. Mantri, M. Dondapati, K. Ramakrishna, A. V. Audipudi, and B. S.
Srinath, “Production, characterization, and applications of bacterial pig-

ments—a decade of review,” Biomedicine, vol. 42, pp. 434-440, Jul 2022.



Bibliography 100

[70]

[73]

[74]

[75]

P. Kaur, S. Singh, G. Ghoshal, P. C. Ramamurthy, P. Parihar, J. Singh, and
A. Singh, “Valorization of agri-food industry waste for the production of
microbial pigments: An eco-friendly approach,” in Advances in Agricultural
and Industrial Microbiology: Volume 1: Microbial Diversity and Application
in Agroindustry, pp. 137-167, May 2022.

M. R. Ghiffary, C. P. S. Prabowo, K. Sharma, Y. Yan, S. Y. Lee, and H. U.
Kim, “High-level production of the natural blue pigment indigoidine from
metabolically engineered corynebacterium glutamicum for sustainable fabric
dyes,” ACS Sustainable Chemistry € Engineering, vol. 9, pp. 6613-6622, Apr
2021.

R. Zhou, L. Ma, X. Qin, H. Zhu, G. Chen, Z. Liang, and W. Zeng, “Efficient
production of melanin by aureobasidium melanogenum using a simplified
medium and ph-controlled fermentation strategy with the cell morphology
analysis,” Applied Biochemistry and Biotechnology, vol. 196, pp. 1122-1141,
Feb 2024.

E. Tsouko, E. Tolia, and D. Sarris, “Microbial melanin: Renewable feedstock

and emerging applications in food-related systems,” Sustainability, vol. 15,

p. 7516, May 2023.

J. O. N. A. L. I. Owary, “Microbial colourants in food industry: A new
dimension,” Life Sciences: Trends and Technology, vol. 1, pp. 47-55, 2022.

M. C. P. P. Reis-Mansur, J. S. Cardoso-Rurr, J. V. M. A. Silva, G. R.
de Souza, V. da Silva Cardoso, F. R. P. Mansoldo, Y. Pinheiro, and et al.,
“Carotenoids from uv-resistant antarctic microbacterium sp. lemmj01,” Sci-

entific Reports, vol. 9, p. 9554, Jul 2019.

M. Sankari, P. R. Rao, H. Hemachandran, P. K. Pullela, I. A. Tayubi, B. Sub-
ramanian, K. M. Gothandam, P. Singh, and S. Ramamoorthy, “Prospects
and progress in the production of valuable carotenoids: Insights from
metabolic engineering, synthetic biology, and computational approaches,”

Journal of Biotechnology, vol. 266, pp. 89-101, Jan 2018.



Bibliography 101

[77]

[78]

[79]

[82]

[33]

[85]

T. Maoka, “Carotenoids as natural functional pigments,” Journal of Natural

Medicines, vol. 74, pp. 1-6, Jan 2020.

M. H. Walter and D. Strack, “Carotenoids and their cleavage products:
biosynthesis and functions,” Natural Product Reports, vol. 28, pp. 663692,
Feb 2011.

M.-H. Liang, J. Zhu, and J.-G. Jiang, “Carotenoids biosynthesis and cleavage
related genes from bacteria to plants,” Critical Reviews in Food Science and

Nutrition, vol. 58, pp. 2314-2333, Sep 2018.

M. Shumskaya and E. T. Wurtzel, “The carotenoid biosynthetic pathway:
thinking in all dimensions,” Plant Science, vol. 208, pp. 58-63, Jul 2013.

D. Asker, T. S. Awad, T. Beppu, and K. Ueda, “Isolation, characterization,
and diversity of novel radiotolerant carotenoid-producing bacteria,” in Mi-
crobial Carotenoids from Bacteria and Microalgae: Methods and Protocols,

pp. 21-60, Apr 2012.

L. N. U. Nupur, A. Vats, S. K. Dhanda, G. P. S. Raghava, A. K. Pinnaka,
and A. Kumar, “Procardb: a database of bacterial carotenoids,” BMC Mi-

crobiology, vol. 16, pp. 1-8, Dec 2016.

P. Gabani and O. V. Singh, “Radiation-resistant extremophiles and their

2

potential in biotechnology and therapeutics,” Applied Microbiology and

Biotechnology, vol. 97, pp. 993-1004, Feb 2013.

C. A. Abbas and A. A. Sibirny, “Genetic control of biosynthesis and trans-
port of riboflavin and flavin nucleotides and construction of robust biotech-

nological producers,” Microbiology and Molecular Biology Reviews, vol. 75,

pp. 321-360, Jun 2011.

S. Liu, W. Hu, Z. Wang, and T. Chen, “Production of riboflavin and related
cofactors by biotechnological processes,” Microbial Cell Factories, vol. 19,

p. 31, Feb 2020.



Bibliography 102

[36]

[87]

3]

[89]

[91]

[92]

[93]

[94]

A. Bacher, S. Eberhardt, M. Fischer, K. Kis, and G. Richter, “Biosynthesis
of vitamin b2 (riboflavin),” Annual Review of Nutrition, vol. 20, pp. 153-167,
Jul 2000.

A. M. Edwards, “Structure and general properties of flavins,” in Flavins and

Flavoproteins: Methods and Protocols, pp. 3-13, Jan. 2014.

H. T. Behera, A. Mojumdar, S. Nivedita, and L. Ray, “Microbial pigments:
Secondary metabolites with multifaceted roles,” in Microbial Polymers: Ap-

plications and Ecological Perspectives, pp. 631-654, Springer Singapore, May
2021.

A. W. U. Busch and B. L. Montgomery, “Interdependence of tetrapyrrole
metabolism, the generation of oxidative stress and the mitigative oxidative

stress response,” Redox Biology, vol. 4, pp. 260-271, Apr. 2015.

Z. Kang, Y. Wang, Q. Wang, and Q. Qi, “Metabolic engineering to improve
5-aminolevulinic acid production,” Bioengineered Bugs, vol. 2, pp. 342-345,

Nov. 2011.

M. Shepherd, A. E. Medlock, and H. A. Dailey, “Porphyrin metabolism,” in
Encyclopedia of Biological Chemistry: Second Edition, pp. 544-549, Elsevier
Inc., Feb. 2013.

W. Li, H.-N. Su, Y. Pu, J. Chen, L.-N. Liu, Q. Liu, and S. Qin, “Phyco-
biliproteins: Molecular structure, production, applications, and prospects,”

Biotechnology Advances, vol. 37, pp. 340-353, Mar. 2019.

L. Tounsi, H. B. Hlima, F. Hentati, O. Hentati, H. Derbel, P. Michaud,
and S. Abdelkafi, “Microalgae: a promising source of bioactive phycobilipro-

teins,” Marine Drugs, vol. 21, p. 440, Aug. 2023.

S. Hortensteiner, “Chlorophyll degradation during senescence,” Annu. Rev.

Plant Biol., vol. 57, pp. 55-77, Jun. 2006.



Bibliography 103

[95]

[100]

[101]

102]

H. Scheer, “An overview of chlorophylls and bacteriochlorophylls: biochem-
istry, biophysics, functions and applications,” in Chlorophylls and Bac-
tertochlorophylls:  Biochemistry, Biophysics, Functions and Applications,

vol. 25, pp. 1-26, 2006.

F. Solano, “Melanins: skin pigments and much more—types, structural mod-

Y

els, biological functions, and formation routes,” New Journal of Science,

vol. 1, p. 498276, Mar. 2014.

A. Y. Glagoleva, O. Y. Shoeva, and E. K. Khlestkina, “Melanin pigment
in plants: Current knowledge and future perspectives,” Frontiers in Plant

Science, vol. 11, p. 770, Jun. 2020.

[-K. Lee and B.-S. Yun, “Styrylpyrone-class compounds from medicinal
fungi phellinus and inonotus spp., and their medicinal importance,” The

Journal of Antibiotics, vol. 64, pp. 349-359, May 2011.

Q. Wang, Y. Song, L. Choi, H. Liu, G. Wang, and M. Li, “Deinococcus
rufus sp. nov., isolated from soil near an iron factory,” International Journal
of Systematic and Evolutionary Microbiology, vol. 68, pp. 1622-1626, May
2018.

K. A. Palkina, A. V. Balakireva, O. A. Belozerova, T. V. Chepurnykh, N. M.
Markina, S. I. Kovalchuk, A. S. Tsarkova, A. S. Mishin, I. V. Yampolsky,
and K. S. Sarkisyan, “Domain truncation in hispidin synthase orthologs from
non-bioluminescent fungi does not lead to hispidin biosynthesis,” Interna-

tional Journal of Molecular Sciences, vol. 24, p. 1317, Jan. 2023.

T. Luan, “Research progress on the synthesis of flavonoids by saccha-
romyces cerevisiae,” International Journal of Biology and Life Sciences,

vol. 2, pp. 51-53, May 2023.

Z. Fang, J. A. Jones, J. Zhou, and M. A. G. Koffas, “Engineering escherichia
coli co-cultures for production of curcuminoids from glucose,” Biotechnology

Journal, vol. 13, p. 1700576, May 2018.



Bibliography 104

103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

7.-X. Wang, X.-L. Feng, C. Liu, J.-M. Gao, and J. Qi, “Diverse metabolites
and pharmacological effects from the basidiomycetes inonotus hispidus,” An-

tibiotics, vol. 11, p. 1097, Aug. 12 2022.

A. K. Gayen, L. Nichols, and G. J. Williams, “An artificial pathway for
polyketide biosynthesis,” Nature Catalysis, vol. 3, pp. 536-538, Jul. 2020.

A. B. Soliev, K. Hosokawa, and K. Enomoto, “Bioactive pigments from ma-
rine bacteria: applications and physiological roles,” FEwvidence-Based Com-

plementary and Alternative Medicine, vol. 2011, p. 670349, Sep. 2011.

M. Sebak, F. Molham, C. Greco, M. A. Tammam, M. Sobeh, and A. El-
Demerdash, “Chemical diversity, medicinal potentialities, biosynthesis, and
pharmacokinetics of anthraquinones and their congeners derived from marine
fungi: A comprehensive update,” RSC' Advances, vol. 12, pp. 24887-24921,
Sep. 2022.

A. G. Medentsev, A. Y. Arinbasarova, and V. K. Akimenko, “Biosynthe-
sis of naphthoquinone pigments by fungi of the genus fusarium,” Applied

Biochemistry and Microbiology, vol. 41, pp. 503-507, Sep. 2005.

C. Pavesi, V. Flon, S. Mann, S. Leleu, S. Prado, and X. Franck, “Biosynthesis
of azaphilones: a review,” Natural Product Reports, vol. 38, pp. 1058-1071,
Feb. 2021.

W. Chen, R. Chen, Q. Liu, Y. He, K. He, X. Ding, L. Kang, X. Guo, N. Xie,
Y. Zhou, Y. Lu, R. Russell, . Molnar, M. Li, Y. Shao, and F. Chen, “Or-

ange, red, yellow: biosynthesis of azaphilone pigments in monascus fungi,”

Chemical Science, vol. 8, pp. 4917-4925, Apr. 2017.

P. M. Dewick, Medicinal Natural Products: A Biosynthetic Approach. Chich-
ester, UK: John Wiley & Sons, Ltd., 2009.

S. Funayama and G. A. Cordell, Alkaloids: A Treasury of Poisons and
Medicines. Elsevier, Oct. 2014.



Bibliography 105

[112]

[113]

[114]

[115]

[116]

[117]

[118]

119]

[120]

N. R. Williamson, P. C. Fineran, F. J. Leeper, and G. P. C. Salmond, “The
biosynthesis and regulation of bacterial prodiginines,” Nature Reviews Mi-

crobiology, vol. 4, pp. 887-899, Dec. 2006.

K. J. Picott, J. A. Deichert, E. M. DeKemp, V. Snieckus, and A. C.
Ross, “Purification and kinetic characterization of the essential condensa-

tion enzymes involved in prodiginine and tambjamine biosynthesis,” Chem-

BioChem, vol. 21, pp. 1036-1042, Apr. 2020.

M. Carbone, C. Irace, F. Costagliola, F. Castelluccio, G. Villani, G. Cal-
ado, V. Padula, and et al., “A new cytotoxic tambjamine alkaloid from
the azorean nudibranch tambja ceutae,” Bioorganic & Medicinal Chemistry

Letters, vol. 20, pp. 2668-2670, Apr 2010.

G. Polturak and A. Aharoni, ““La Vie en Rose”: biosynthesis, sources, and
applications of betalain pigments,” Molecular Plant, vol. 11, pp. 7-22, Jan
2018.

D. Strack, T. Vogt, and W. Schliemann, “Recent advances in betalain re-
search,” Phytochemistry, vol. 62, pp. 247-269, Feb 2003.

J. Velisek and K. Cejpek, “Pigments of higher fungi—a review,” in pp. 87—
102, 2011.

M. R. D. R. Shetty, “Screening and extraction of microbial pigment from
organism isolated from marine water,” International Journal of Science and

Research, vol. 7, pp. 6066, Aug 2018.

J. Yang and L. Guo, “Biosynthesis of S-carotene in engineered e. coli using
the mep and mva pathways,” Microbial Cell Factories, vol. 13, p. 1, Dec
2014.

H. Park, S. Park, Y.-H. Yang, and K.-Y. Choi, “Microbial synthesis of vio-
lacein pigment and its potential applications,” Critical Reviews in Biotech-

nology, vol. 41, pp. 879-901, Aug 2021.



Bibliography 106

[121]

[122]

[123]

[124]

[125]

[126]

[127]

N. R. Williamson, H. T. Simonsen, R. A. A. Ahmed, G. Goldet, H. Slater,
L. Woodley, F. J. Leeper, and G. P. C. Salmond, “Biosynthesis of the red
antibiotic, prodigiosin, in serratia: identification of a novel 2-methyl-3-n-
amyl-pyrrole (map) assembly pathway, definition of the terminal condensing

enzyme, and implications for undecyl prodigiosin biosynthesis in strepto-

myces,” Molecular Microbiology, vol. 56, pp. 971-989, May 2005.

L. I. Di, L. I. Yang, X. U. Jiao-Yang, L. I. Qing-Yan, T. A. N. G. Jin-
Lei, J. I. A. Shi-Ru, B. 1. Chang-Hao, D. A. I. Zhu-Bo, Z. H. U. Xin-Na,
and X. L. Zhang, “Engineering crtw and crtz for improving biosynthesis

R

of astaxanthin in escherichia coli,” Chinese Journal of Natural Medicines,

vol. 18, pp. 666-676, Sep 2020.

T. Nishizaki, K. Tsuge, M. Itaya, N. Doi, and H. Yanagawa, “Metabolic
engineering of carotenoid biosynthesis in escherichia coli by ordered gene as-
sembly in bacillus subtilis,” Applied and Environmental Microbiology, vol. 73,
pp. 1355-1361, Feb 2007.

A. Pelz, K.-P. Wieland, K. Putzbach, P. Hentschel, K. Albert, and F. Goétz,
“Structure and biosynthesis of staphyloxanthin from staphylococcus aureus,”

Journal of Biological Chemistry, vol. 280, pp. 32493-32498, Sep 2005.

L. Hannibal, J. Lorquin, N. A. D’Ortoli, N. Garcia, C. Chaintreuil,
C. Masson-Boivin, B. Dreyfus, and E. Giraud, “Isolation and character-
ization of canthaxanthin biosynthesis genes from the photosynthetic bac-

terium bradyrhizobium sp. strain ors278,” Journal of Bacteriology, vol. 182,

pp. 3850-3853, Jul 2000.

W. Blankenfeldt and J. F. Parsons, “The structural biology of phenazine
biosynthesis,” Current Opinion in Structural Biology, vol. 29, pp. 26-33,
Dec 2014.

7. Usmani, M. Sharma, S. Sudheer, V. K. Gupta, and R. Bhat, “Engineered
microbes for pigment production using waste biomass,” Current Genomics,

vol. 21, pp. 80-95, Feb 2020.



Bibliography 107

[128]

[129]

[130]

131]

[132]

[133]

[134]

[135]

X.-R. Li, G.-Q. Tian, H.-J. Shen, and J.-Z. Liu, “Metabolic engineering of
escherichia coli to produce zeaxanthin,” Journal of Industrial Microbiology

and Biotechnology, vol. 42, pp. 627-636, Apr 2015.

A. Su, S. Chi, Y. Li, S. Tan, S. Qiang, Z. Chen, and Y. Meng, “Metabolic
redesign of rhodobacter sphaeroides for lycopene production,” Journal of

Agricultural and Food Chemistry, vol. 66, pp. 5879-5885, May 2018.

H. Taniguchi, N. A. Henke, S. A. E. Heider, and V. F. Wendisch, “Overex-
pression of the primary sigma factor gene siga improved carotenoid pro-
duction by corynebacterium glutamicum: application to production of -
carotene and the non-native linear ¢50 carotenoid bisanhydrobacterioru-

berin,” Metabolic Engineering Communications, vol. 4, p. 1, Jun 2017.

G. della Cioppa, S. J. Garger, G. G. Sverlow, T. H. Turpen, and L. K.
Grill, “Melanin production in escherichia coli from a cloned tyrosinase gene,”

Journal of Biotechnology, vol. 8, pp. 634—638, Jul 1990.

S.-H. Yoon, J.-E. Kim, S.-H. Lee, H.-M. Park, M.-S. Choi, J.-Y. Kim, S.-H.
Lee, Y.-C. Shin, J. D. Keasling, and S.-W. Kim, “Engineering the lycopene
synthetic pathway in e. coli by comparison of the carotenoid genes of pantoea
agglomerans and pantoea ananatis,” Applied Microbiology and Biotechnol-

oqy, vol. 74, pp. 131-139, 2007.

R. Mumtaz, S. Bashir, M. Numan, Z. K. Shinwari, and M. Ali, “Pigments
from soil bacteria and their therapeutic properties: A mini review,” Current

Microbiology, vol. 76, pp. 783-790, Jun 2019.

R. L. Siegel, K. D. Miller, and A. Jemal, “Cancer statistics, 2018,” CA: A
Cancer Journal for Clinicians, vol. 68, pp. 7-30, Jan 2018.

J. Zhang, Y. Shen, J. Liu, and D. Wei, “Antimetastatic effect of prodi-
giosin through inhibition of tumor invasion,” Biochem. Pharmacol., vol. 69,

pp. 407-414, Feb 2005.



Bibliography 108

[136]

[137]

138

[139]

[140]

[141]

[142]

[143]

C. Venil, C. Kulandaisamy, Z. A. Zakaria, and W. A. Ahmad, “Bacterial
pigments and their applications,” Process Biochemistry, vol. 48, pp. 1065—
1079, Jul 2013.

N. P. Niraula, S. H. Kim, J. K. Sohng, and E. S. Kim, “Biotechnologi-
cal doxorubicin production: pathway and regulation engineering of strains

for enhanced production,” Applied Microbiology and Biotechnology, vol. 87,
pp. 1187-1194, 2010.

H. Boudjella, K. Bouti, A. Zitouni, F. Mathieu, A. Lebrihi, and N. Sabaou,
“Isolation and partial characterization of pigment-like antibiotics produced
by a new strain of streptosporangium isolated from an algerian soil,” Journal

of Applied Microbiology, vol. 103, pp. 228236, Jul 2007.

L. L. Leon, C. C. Miranda, A. O. D. Souza, and N. Duran, “Antileishma-
nial activity of the violacein extracted from chromobacterium violaceum,”

Journal of Antimicrobial Chemotherapy, vol. 48, pp. 449-450, Sep 2001.

R. Lozano, M. Naghavi, K. Foreman, S. Lim, K. Shibuya, V. Aboyans,
J. Abraham, et al., “Global and regional mortality from 235 causes of death
for 20 age groups in 1990 and 2010: a systematic analysis for the global
burden of disease study 2010,” The Lancet, vol. 380, pp. 2095-2128, Dec
2012.

H. D. Marston, G. K. Folkers, D. M. Morens, and A. S. Fauci, “Emerging
viral diseases: confronting threats with new technologies,” Science Transla-

tional Medicine, vol. 6, p. 253ps10, Sep 2014.

C. R. Andrighetti-Frohner, R. V. Antonio, T. B. Creczynski-Pasa, C. R. M.
Barardi, and C. M. O. Simoes, “Cytotoxicity and potential antiviral evalu-

ation of violacein produced by chromobacterium violaceum,” Memdrias do

Instituto Oswaldo Cruz, vol. 98, pp. 843-848, 2003.

Y. Lu, L. Wang, Y. Xue, C. Zhang, X. H. Xing, K. Lou, Z. Zhang, Y. Li,
G. Zhang, J. Bi, and Z. Su, “Production of violet pigment by a newly isolated



Bibliography 109

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

psychrotrophic bacterium from a glacier in Xinjiang, China,” Biochemical

Engineering Journal, vol. 43, no. 2, pp. 135-141, 2009.

D. Dhanasekaran, D. Dharumadurai, N. Thajuddin, and A. Panneerselvam,

Antimicrobials: Synthetic and Natural Compounds. CRC Press, Dec 2015.

K. Heer and S. Sharma, “Microbial pigments as a natural color: a review,”
International Journal of Pharmaceutical Sciences and Research, vol. 8,

pp. 1913-1922, May 2017.

D. M. Dixon, M. M. McNeil, M. L. Cohen, B. G. Gellin, and J. R. L.
Montagne, “Fungal infections: a growing threat,” Public Health Reports,
vol. 111, p. 226, May 1996.

A. V. Giri, N. Anandkumar, G. Muthukumaran, and G. Pennathur, “A novel
medium for the enhanced cell growth and production of prodigiosin from
Serratia marcescens isolated from soil,” BMC' Microbiology, vol. 4, pp. 1-10,

Dec 2004.

P. Wagh and R. Mane, “Identification and characterization of extracellular
red pigment producing neisseria spp. isolated from a soil sample,” Interna-
tional Journal of Innovative Knowledge Concepts, vol. 5, pp. 23-25, Nov
2017.

J.-S. Kang and M.-H. Lee, “Overview of therapeutic drug monitoring,” The
Korean Journal of Internal Medicine, vol. 24, p. 1, Mar 20009.

R. S. Celedén and L. B. Diaz, “Natural pigments of bacterial origin and
their possible biomedical applications,” Microorganisms, vol. 9, p. 739, Apr

2021.

C. U. Mussagy, S. Khan, and A. M. Kot, “Current developments on the
application of microbial carotenoids as an alternative to synthetic pigments,”
Critical Reviews in Food Science and Nutrition, vol. 62, pp. 6932-6946, Mar
2021.



Bibliography 110

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

S. Ram, M. Mitra, F. Shah, S. R. Tirkey, and S. Mishra, “Bacteria as
an alternate biofactory for carotenoid production: A review of its applica-
tions, opportunities, and challenges,” Journal of Functional Foods, vol. 67,

p. 103867, Apr 2020.

J. C. Forster, “Soil sampling, handling, storage and analysis,” in Methods
in Applied Soil Microbiology and Biochemistry, pp. 49—-121, Academic Press,
1995.

M. Devi, D. P. Parasar, M. P. Sarma, M. P. Kashyap, and S. Deka, “Isola-
tion and molecular characterization of pigment producing bacteria from soil
of different locality of assam,” Journal of Pure and Applied Microbiology,
vol. 18, Sep 2024.

F. Chaillan, A. L. Fleche, E. Bury, Y. h. Phantavong, P. Grimont, A. Saliot,
and J. Oudot, “Identification and biodegradation potential of tropical aer-
obic hydrocarbon-degrading microorganisms,” Research in Microbiology,

vol. 155, pp. 587-595, Sep 2004.

H. Hasanshahian and G. Emtiazi, “Investigation of alkane biodegradation
using the microtiter plate method and correlation between biofilm forma-
tion, biosurfactant production, and crude oil biodegradation,” International

Biodeterioration and Biodegradation, vol. 62, pp. 170-178, Sep 2008.

A. Ekwall-Larson, I. Froding, B. Mert, A. Akerlund, and V. Ozenci, “Analyt-
ical performance and potential clinical utility of eucast rapid antimicrobial
susceptibility testing in blood cultures after four hours of incubation,” Mi-

crobiol. Spectrum, vol. 11, pp. 0500122, Apr 2023.

D. F. Brown and D. Kothari, “Comparison of antibiotic discs from different

sources,” Journal of Clinical Pathology, vol. 28, pp. 779-783, Oct 1975.

J. E. C. III, “Impact of 16s rrna gene sequence analysis for identification of
bacteria on clinical microbiology and infectious diseases,” Clinical Microbi-

ology Reviews, vol. 17, pp. 840-862, Oct 2004.



Bibliography 111

[160]

[161]

162]

[163]

[164]

[165]

[166]

[167]

[168]

D. Baum, “Reading a phylogenetic tree: the meaning of monophyletic

groups,” Nature Education, vol. 1, no. 1, p. 190, 2008.

W. A. Ahmad, W. Y. Wan Ahmad, Z. A. Zakaria, and N. Z. Yusof, “Iso-
lation of pigment-producing bacteria and characterization of the extracted
pigments,” in Application of Bacterial Pigments as Colorant: The Malaysian

Perspective, pp. 2544, Oct 2012.

M. L. C. Passos and M. L. M. F. S. Saraiva, “Detection in uv-visible
spectrophotometry: Detectors, detection systems, and detection strategies,”

Measurement, vol. 135, pp. 896-904, Mar 2019.

A. B. D. Nandiyanto, R. Oktiani, and R. Ragadhita, “How to read and in-
terpret ftir spectroscope of organic material,” Indonesian Journal of Science

and Technology, vol. 4, pp. 97-118, Apr 2019.

S. Ahuja and S. Scypinski, Handbook of Modern Pharmaceutical Analysis,
vol. 3. Academic Press, Jul 2001.

M. Hoenigl, R. Lewis, F. L. van de Veerdonk, P. E. Verweij, and O. A.
Cornely, “Liposomal amphotericin b—the future,” Journal of Antimicrobial

Chemotherapy, vol. 77, pp. ii21-ii34, Dec 2022.

Q. J. Choudhury, S. Ambati, Z. A. Lewis, and R. B. Meagher, “Targeted

R

delivery of antifungal liposomes to rhizopus delemar,” Journal of Fungsi,

vol. 8, p. 352, Mar 2022.

[. J. Tkeagwu, E. S. Amadi, and 1. R. Iroha, “Antibiotic sensitivity pattern
of staphylococcus aureus in abakaliki, nigeria,” Pakistan Journal of Medical

Sciences, vol. 24, p. 231, Jul 2008.

M. A. Pence, J. Sharon, E. M. Tekippe, B. L. Pakalniskis, B. A. Ford, and
C.-A. D. Burnham, “Two cases of kerstersia gyiorum isolated from sites of
chronic infection,” Journal of Clinical Microbiology, vol. 51, pp. 2001-2004,
Jun 2013.



Bibliography 112

[169]

[170]

171]

[172]

173]

[174]

[175]

[176]

S. R. Adewusi and J. H. Bradbury, “Carotenoids in cassava: Comparison of
open-column and hplc methods of analysis,” Journal of the Science of Food

and Agriculture, vol. 62, no. 4, pp. 375-383, 1993.

H. G. Daood, G. Bencze, G. Palotas, Z. Pek, A. Sidikov, and L. Helyes, “Hplc
analysis of carotenoids from tomatoes using cross-linked ¢18 column and ms
detection,” Journal of Chromatographic Science, vol. 52, pp. 985-991, Oct.
2014.

M. V. Salomon, P. Piccoli, and A. Fontana, “Simultaneous determination
of carotenoids with different polarities in tomato products using a ¢30 core-
shell column-based approach,” Microchemical Journal, vol. 159, p. 105390,
Dec. 2020.

P. Gupta, Y. Sreelakshmi, and R. Sharma, “A rapid and sensitive method
for determination of carotenoids in plant tissues by high-performance liquid

chromatography,” Plant Methods, vol. 11, pp. 1-2, Dec. 2015.

C. H. Yip, S. Mahalingam, K. L. Wan, and S. Nathan, “Prodigiosin inhibits
bacterial growth and virulence factors as a potential physiological response

to interspecies competition,” PLoS One, vol. 16, p. e0253445, Jun. 2021.

B. B. Xie, Y. L. Shu, Q. L. Qin, J. C. Rong, X. Y. Zhang, X. L. Chen,
B. C. Zhou, and Y. Z. Zhang, “Genome sequence of the cycloprodigiosin-

producing bacterial strain pseudoalteromonas rubra atcc 29570t,” Journal

of Bacteriology, vol. 194, pp. 1637-1638, Mar. 2012.

S. Strati, V. J. Sinanoglou, L. Kora, S. Miniadis-Meimaroglou, and V. Ore-
opoulou, “Carotenoids from foods of plant, animal and marine origin: An

efficient hplc-dad separation method,” Foods, vol. 1, pp. 52-65, Dec. 2012.

T. Varzakas and S. Kiokias, “Hplc analysis and determination of carotenoid
pigments in commercially available plant extracts,” Current Research in Nu-

trition and Food Science, vol. 4, pp. 1-14, Mar. 2016.



Bibliography 113

[177]

178

[179]

[180]

181]

[182]

[183]

[184]

V. Torsvik and L. Qvreas, “Microbial diversity and function in soil: from
genes to ecosystems,” Current Opinion in Microbiology, vol. 5, pp. 240-245,
Jun 2002.

K. Malik, J. Tokkas, and S. Goyal, “Microbial pigments: a review,” Inter-
national Journal of Microbial Resource Technology, vol. 1, pp. 361-365, Dec
2012.

V. K. Joshi and D. Attri, “Characterization and conversion of microbial pig-
ments into water-soluble pigments for application in food products,” Pro-
ceedings of the National Academy of Sciences, India Section B: Biological
Sciences, vol. 84, pp. 1053-1058, Dec. 2014.

J. P. G. S. Nasrollahian and M. Halaji, “A review of the mechanisms that
confer antibiotic resistance in pathotypes of e. coli,” Frontiers in Cellular

and Infection Microbiology, vol. 14, Apr. 2024.

R. Das and B. N. Tiwary, “Isolation of a novel strain of planomicrobium
chinense from diesel contaminated soil of tropical environment,” Journal of

Basic Microbiology, vol. 53, pp. 723-732, Sep. 2013.

D. J. Weber, S. M. Saviteer, W. A. Rutala, and C. A. Thomann, “In vitro
susceptibility of bacillus spp. to selected antimicrobial agents,” Antimicrobial

Agents and Chemotherapy, vol. 32, pp. 642-645, May 1988.

Environment and C. C. Canada, “Bacillus megaterium: Screening
assessment report.” Government of Canada, Feb. 2018. Available:
https://www.canada.ca/content/dam/eccc/documents/pdf/pded/
bacillus-megaterium/2018-02-21-B.%20megaterium%20FSAR-EN. pdf,
Accessed: Jan. 14, 2025.

Z. L. M. W. G. D. C. Z., H. L. and S. L., “Isolation and characterization
of priestia megaterium kd7 for the biological control of pear fire blight,”

Frontiers in Microbiology, vol. 14, Mar. 2023.


https://www.canada.ca/content/dam/eccc/documents/pdf/pded/bacillus-megaterium/2018-02-21-B.%20megaterium%20FSAR-EN.pdf
https://www.canada.ca/content/dam/eccc/documents/pdf/pded/bacillus-megaterium/2018-02-21-B.%20megaterium%20FSAR-EN.pdf

Bibliography 114

[185]

[186]

[187]

[188]

[189)]

[190]

[191]

192]

G. A. F. Giles and P. E. Reynolds, “Bacillus megaterium resistance to
cloxacillin accompanied by a compensatory change in penicillin-binding pro-

teins,” Nature, vol. 280, pp. 167-168, Jul. 1979.

G. S. Ibrahim, M. S. Asker, F. N. El-Shall, A. A. Arafa, A. A. Hamed,
and M. E. E. Awady, “Biological activities and chemical characterization
of orange carotenoids pigment from psychotropic planomicrobium sp. gmma

isolate,” Egyptian Journal of Chemistry, vol. 67, p. 295-305, Jun. 2024.

A. A. Belov, V. S. Cheptsov, E. A. Vorobyova, N. A. Manucharova, and Z. S.
Ezhelev, “Stress-tolerance and taxonomy of culturable bacterial communities

isolated from a central mojave desert soil sample,” Geosciences, vol. 9, p. 166,

Apr. 2019.

A.V.Y.C. N. Sutthiwong, M. Fouillaud and L. Dufossé, “Bacteria belonging
to the extremely versatile genus arthrobacter as a novel source of natural

pigments with extended hue range,” Food Research International, vol. 65,

pp. 156-162, Nov. 2014.

S. J. M. R. Biedendieck, T. Knuuti and D. Jahn, “The ’beauty in the
beast’—the multiple uses of priestia megaterium in biotechnology,” Applied

Microbiology and Biotechnology, vol. 105, pp. 5719-5737, Aug. 2021.

J. F. Melo-Bolivar, R. Y. R. Pardo, H. Junca, H. E. Sidjabat, J. A. Cano-
Lozano, and L. M. V. Diaz, “Competitive exclusion bacterial culture derived
from the gut microbiome of nile tilapia (oreochromis niloticus) as a resource
to efficiently recover probiotic strains: taxonomic, genomic, and functional

proof of concept,” Microorganisms, vol. 10, p. 1376, Jul. 2022.

R. P. Williams, “Biosynthesis of prodigiosin, a secondary metabolite of ser-

ratia marcescens,” Applied Microbiology, vol. 25, pp. 396—402, Mar. 1973.

J. Downs and D. E. F. Harrison, “Studies on the production of pink pig-
ment in pseudomonas extorquens nclb 9399 growing in continuous culture,”

Journal of Applied Bacteriology, vol. 37, pp. 6574, Mar. 1974.



Bibliography 115

193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

S. B. Chaturwedi, S. Mainali, and R. Chaudhary, “Antibacterial activity of
pigment extracted from bacteria isolated from soil samples,” BMC' Research

Notes, vol. 17, p. 169, June 2024.

T. M. Dawoud, N. S. Alharbi, A. M. Theruvinthalakal, A. Thekkangil,
S. Kadaikunnan, J. M. Khaled, T. N. Almanaa, et al., “Characterization
and antifungal activity of the yellow pigment produced by a bacillus sp.

dbs4 isolated from the lichen dirinaria agealita,” Saudi Journal of Biological

Sciences, vol. 27, pp. 1403-1411, May 2020.

P. Kuruvalli, S. Suryan, and K. N. Varalakshmi, “In vitro anticancer prop-
erty of yellow pigment from streptomyces griseoaurantiacus juact 01,” Brazil-

ian Archives of Biology and Technology, vol. 58, pp. 869-876, Dec. 2015.

F.-X. Schmid, “Biological macromolecules: Uv-visible spectrophotometry,”

elLS; May 2001.

I. G. S. Ibrahim, M. S. Asker, F. N. El-Shall, A. A. Arafa, A. A. Hamed,
and M. E. E. Awady, “Biological activities and chemical characterization
of orange carotenoids pigment from psychotropic planomicrobium sp. gmma

isolate,” Egyptian Journal of Chemistry, vol. 67, pp. 295-305, June 2024.

L.-Y. Zang, O. Sommerburg, and F. J. G. M. V. Kuijk, “Absorbance changes
of carotenoids in different solvents,” Free Radical Biology and Medicine,

vol. 23, pp. 10861089, Jan. 1997.

F. Meddeb-Mouelhi, J. K. Moisan, J. Bergeron, B. Daoust, and M. Beaure-
gard, “Structural characterization of a novel antioxidant pigment produced

by a photochromogenic microbacterium oxydans strain,” Applied Biochem-

istry and Biotechnology, vol. 180, pp. 12861300, Dec. 2016.

P. B. Tayade and R. V. Adivarekar, “Extraction of indigo dye from

)

couroupita guianensis and its application on cotton fabric,” Fashion and

Textiles, vol. 1, pp. 1-6, Dec. 2014.



Bibliography 116

201]

202]

[203]

[204]

[205]

[206]

1207]

[208]

[. Guryanov and E. Naumenko, “Bacterial pigment prodigiosin as multi-
faceted compound for medical and industrial application,” Journal of Ap-

plied Microbiology, vol. 4, pp. 1702-1728, Dec. 2024.

G. Britton, S. Liaaen-Jensen, and H. Pfander, “Introduction and guidelines
on the use of the handbook,” in Carotenoids: Handbook, pp. 1-33, Basel,
Switzerland: Birkhauser Basel, 2004.

S. M. Rivera and R. Canela-Garayoa, “Analytical tools for the analysis of
carotenoids in diverse materials,” J. Chromatogr. A, vol. 1224, pp. 1-10,

Feb. 2012.

P.-B. Lin, J. Shen, P.-Y. Ou, L.-Y. Liu, Z.-Y. Chen, F.-J. Chu, J. Wang, and
X.-B. Jin, “Prodigiosin isolated from serratia marcescens in the periplaneta
americana gut and its apoptosis-inducing activity in hela cells,” Oncology

Reports, vol. 41, p. 3377-3385, Jun. 2019.

O. M. Mohamd, R. A. A. Hussein, D. S. S. Ibrahim, M. H. Badawi, and
H. E. Makboul, “Effects of serratia marcescens and prodigiosin pigment on
the root-knot nematode meloidogyne incognita,” Middle Fast Journal of

Agricultural Research, vol. 9, p. 243-252, Apr. 2020.

A. Ranjan, V. D. Rajput, E. V. Prazdnova, M. Gurnani, P. Bhardwaj,
S. Sharma, S. Sushkova, et al., “Nature’s antimicrobial arsenal: non-

ribosomal peptides from pgpb for plant pathogen biocontrol,” Fermentation,

vol. 9, p. 597, Jun. 2023.

E. Ballard, R. Yucel, W. J. G. Melchers, A. J. P. Brown, P. E. Verweij,
and A. Warris, “Antifungal activity of antimicrobial peptides and proteins

against aspergillus fumigatus,” Journal of Fungi, vol. 6, p. 65, May 2020.

M. Shahid, M. T. Zeyad, A. Syed, U. B. Singh, A. Mohamed, A. H. Bahkali,
A. M. Elgorban, and J. Pichtel, “Stress-tolerant endophytic isolate pries-
tia aryabhattai bpr-9 modulates physio-biochemical mechanisms in wheat

(triticum aestivum L.) for enhanced salt tolerance,” International Journal of

Environmental Research and Public Health, vol. 19, p. 10883, Sep. 2022.



Bibliography 117

[209] P. S. Vary, R. Biedendieck, T. Fuerch, F. Meinhardt, M. Rohde, W.-D.
Deckwer, and D. Jahn, “Bacillus megaterium—from simple soil bacterium to
industrial protein production host,” Applied Microbiology and Biotechnology,
vol. 76, pp. 957-967, Oct. 2007.

[210] A. Bernacchi, G. Semenzato, M. di Mascolo, S. Amata, A. Bechini, F. Berti,
C. Calonico, et al., “Antibacterial activity of arthrobacter strains isolated
from great gobi a strictly protected area, mongolia,” AIMS Microbiology,
vol. 10, p. 161, Feb. 2024.



	Author's Declaration
	Plagiarism Undertaking
	Acknowledgement
	Abstract
	List of Figures
	List of Tables
	Abbreviations
	1 Introduction
	1.1 Problem Statement
	1.2 Gap Analysis
	1.3 Aim and Objectives

	2 Literature Review
	2.1 Pigments
	2.1.1  Classification of Pigments
	2.1.1.1 Organic Pigments
	2.1.1.2 Inorganic Pigments
	2.1.1.3 Synthetic Pigments


	2.2 Need for the Natural Pigments 
	2.2.1 History of Colorants
	2.2.2 Effect of Synthetic Pigments on Humans and Environment

	2.3 Natural Pigments
	2.3.1 Animal-Based Natural Pigment
	2.3.2 Plant-Based Natural Pigments
	2.3.3 Micro-organisms Based Natural Pigments
	2.3.3.1 Fungi
	2.3.3.2 Micro Algae
	2.3.3.3 Bacteria


	2.4 Distribution of Microbial Pigments Based on Ecology
	2.5 Importance of Using Bacterial Pigments over Plants, Animals and Fungi
	2.5.1 Advantages of Using Bacterial Pigments over Synthetic Alternatives

	2.6 Characteristics of Microbial Pigments
	2.7 Major Chemical Groups and Functions of Microbial Pigments
	2.7.1 Isoprenoid Pigments
	2.7.2 Flavin Pigments
	2.7.3 Tetrapyrrole Pigments
	2.7.3.1 Phycobiliproteins
	2.7.3.2 Chlorophylls
	2.7.3.3 Phycobiliproteins

	2.7.4 Melanins
	2.7.5 Phenol like Pigments
	2.7.6 Polyketides Pigments
	2.7.6.1 Quinone
	2.7.6.2 Azaphilones

	2.7.7 Alkaloids Pigments
	2.7.7.1 Prodigiosin
	2.7.7.2 Tamjamines
	2.7.7.3 Betalains


	2.8 Role of Genes in the Production of Bacterial Pigments
	2.8.1 Bacterial Pigment Production Enhanced through Genetic Engineering Techniques 

	2.9 Soil Bacterial Pigments
	2.9.1 Applications of Bacterial Pigments of Soil
	2.9.1.1 Anti-cancer Ability of Bacterial Pigments of Soil
	2.9.1.2 Anti-Leishmanial Ability of Bacterial Pigments of Soil
	2.9.1.3 Anti-viral Ability of Bacterial Pigments of Soil
	2.9.1.4 Anti-bacterial Ability of Bacterial Pigments of Soil
	2.9.1.5 Anti-fungal Ability of Bacterial Pigments of Soil
	2.9.1.6 Immunosuppressive Ability of Bacterial Pigments of Soil


	2.10 Role of Bacterial Pigments in Market Level

	3 Methodology
	3.1 Sample Collection
	3.2 Preparation of Nutrient Agar
	3.3 Preparation of Differential Media
	3.4 Culturing on Media
	3.5 Purification of Bacterial Strains
	3.6 Preservation of Purified Strains
	3.7 Antibiotic Sensitivity Test
	3.8 Molecular Analysis
	3.8.1 16S rRNA
	3.8.2 NCBI Submission
	3.8.3 Phylogenetic Analysis

	3.9 Extraction of Pigments
	3.10 Chemical Characterization
	3.10.1 Qualitative Analysis by UV-Vis Spectrophotometry
	3.10.2 Functional Group Analysis by Fourier Transformed Infrared Spectroscopy (FTIR)
	3.10.3 Identification of Compounds by High-Performance Liquid Chromatography (HPLC)

	3.11 Biological Assays
	3.11.1 Antifungal Activity
	3.11.1.1 Preparation of Potato Dextrose Agar (PDA)
	3.11.1.2 Preparation of PDA for wells
	3.11.1.3 Preparation of Concentrations
	3.11.1.4 Filling the wells
	3.11.1.5 Control Groups
	3.11.1.6 Incubation
	3.11.1.7 Measurement

	3.11.2 Antibacterial Activity
	3.11.2.1 Preparation of Mannitol Salt Agar and Eosin Methylene-Blue Agar
	3.11.2.2 Preparation of Muller-Hinton Agar and EMB for Wells
	3.11.2.3 Preparation of Concentration
	3.11.2.4 Filling the wells
	3.11.2.5 Control Groups
	3.11.2.6 Incubation
	3.11.2.7 Measurement



	4 Results and Discussion
	4.1 Results
	4.1.1 Results on Nutrient Agar
	4.1.2 Results on Differential Media
	4.1.3 Determination of Antibiotic Resistance
	4.1.4 Results of Molecular Analysis
	4.1.4.1 Molecular Analysis by 16S rRNA
	4.1.4.2 Molecular Analysis by Phylogenetic 

	4.1.5 Results of Pigment Extraction
	4.1.6 Results of Chemical Characterization
	4.1.6.1 Qualitative Analysis by UV-Vis Spectrophotometry
	4.1.6.2 Identification of the Pigmented Compounds by HPLC
	4.1.6.3 Functional Group Analysis by FTIR

	4.1.7 Results of Biological Assay
	4.1.7.1 Results of Antifungal Activity
	4.1.7.2 Results of Anti-Bacterial Activity


	4.2 Discussion

	5 Conclusion and Recommendations
	5.1 Conclusion
	5.2 Recommendations

	Bibliography

