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Abstract 
 

Melanin is an ideal class of 
biological pigment having huge industrial 
significance. Owing to its intrinsic 
properties, it could act as a photo-protector, 
antioxidant, biosorbent and colourants. In 
addition, it exhibits various therapeutic 
properties like antimicrobial, anticancer, 
hepatoprotective and hypolipidemic effects. 
Hence, it is widely used in various 
industries, including dyeing, food, medical 
and cosmetic industries. Melanin could be 
obtained by means of both synthetic and 
natural means. Because of the toxic issues in 
using chemical-based melanins, they have 
been restricted for commercial use. Thus, 
industrialists seek an effective alternative to 
replace synthetic melanins. In this regard, 
using microorganisms would be a promising 
source for melanin production due to its 
cost-effectiveness and eco-friendliness. 
Thus, this review is focused on the usage of 
melanogenic microbes for the extraction of 
microbial melanins and its usage in various 
industries.  
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I. INTRODUCTION  
 

 Pigments are the coloured substances, produced by most living organisms through 
refraction or absorption of certain wavelength of light. There are many kinds of biological 
pigments ranging from monomeric to polymeric forms which includes carotenoids, 
flavonoids, melanins, tannins and humic substances [1]. Among various biological pigments, 
melanin seeks huge attention from researchers and industrialists owing to its vast 
applicability, physical, chemical, and biological properties. Melanin is a unique, mystifying 
pigment that is amorphous, hydrophobic, high molecular weight and is negatively charged 
pigments. They are dark-coloured biological macromolecules which can be solubilized in 
alkali and phenols, insoluble in most solvents, and bleached through oxidizing agents. 
Melanins are synthesized by the oxidative polymerization and hydroxylation of indolic or 
phenolic compounds [2, 3]. Melanin could be extracted from plants and animal tissues or 
synthesized by chemical process. However, melanin extraction through a chemical process is 
expensive, not efficient, and not an eco-friendly process due to its toxic nature. Hence, the 
production of melanins using microorganisms, including bacteria, fungi and actinomycetes 
would be a suitable alternative to synthetic melanins [4, 5]. Melanin exhibits various 
biological properties, which include antimicrobial activity, photoprotective activity, 
antioxidant activity and further acts as a thermoregulator. Thus, melanin has varied 
applications in the pharmaceutical, agricultural, and cosmetic industry [6]. Thus, this review 
significantly highlights the sources, production, and extraction strategies of microbial 
melanins. Further, various applications of microbial melanins that are used in diverse 
industries were also discussed. 
 
II. CLASSIFICATION OF MELANINS 

 
Melanins are the heterogenous polymers of phenolic or indole compounds. Melanins 

are mainly classified into three categories as eumelanin, pheomelanin and allomelanin based 
on their source. Eumelanin and pheomelanin are obtained from animals, whereas allomelanin 
is obtained from plants and microorganisms. Eumelanin is black to brown water-insoluble 
pigments composed of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic 
acid  (DHICA) polymers.  They are predominantly present in the hair and skin of humans and 
produced by some bacteria, fungi, and myxomycetes [7, 8]. Pheomelanin are yellow to 
reddish-brown pigments, soluble in alkaline solutions and are composed of benzothiazine 
polymers. They are predominantly present in the skin and hair of humans and in the feathers 
of hens [9, 10]. Allomelanin is a brown, black coloured pigment which is further categorized 
as 1,8-dihydroxynaphthalene (DHN)-melanin, catechol-melanin and 3,4-
dihydroxyphenylacetate (HPQ)-melanin. All these are formed due to the oxidation or 
polymerization of 1,8-dihydroxynaphthalene or 1,3,6,8-tetrahydroxynaphthalene (THN) or 
catechol, respectively. Allomelanin is synthesized mainly by bacteria and the ascomycetes 
group of fungi [11, 12]. In addition, pyomelanin is a brown to black coloured pigment that 
belongs to the group of allomelanin. It is said to be the natural polymer of homogentisic acid 
(HGA, 2,5-dihydroxyphenylacetic acid), which is obtained from bacteria, fungi, mammals, 
and plants [13]. 
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III.  SOURCES OF MELANINS 
 

 Melanins could be obtained either through synthetic or biological processes. 
However, the commercially available melanins are predominantly produced by means of 
chemical processes, where they are produced through the oxidation or polymerization of 
phenolic or indole compounds. Still, natural melanins are obtained from plants, animals, or 
microorganisms. Among these, marine cephalopods (animal) are the best studied as melanin 
producer, where it produces melanin by sepia as a defensive strategy against their predators. 
Melanins can also be produced by plants but are often obtained only through the chemical 
conversion of flavonoids. All these synthetic, plant and animal sources of melanins are found 
to be highly expensive, time-consuming, and not efficient for production at a larger scale. In 
addition, they are detrimental to the environment and human health. Therefore, 
microorganisms are considered a vital source for melanin production with huge advantages 
such as seasonal stability, shorter growth, and production time, and able to grow even on low-
cost substrates like agro-industrial wastes [14]. Various groups of microorganisms produce 
melanins, which include bacteria, fungi and actinomycetes. The bacterial genera that 
biosynthesize melanins include Vibrio sp., Pseudomonas stutzeri, Providencia sp., Bacillus 
sp., Shewenella algae, Staphylococcus sciuri, Petrobius maritimus, Glutamicibacter 
creatinolyticus. In addition, several fungi were reported to produce melanin includes, 
Aspergillus niger, Aspergillus nidulans, Alternaria alternata, Cladasporium carionii, 
Fonsecaea compacta, Exophiala jeanselmei, Hendersonula toruloidii, Phaeoannellomyces 
wernickii, Cryptococcus neoformans, Auricularia auricula, Gliocephalotrichum simplex and 
Armillaria cepistipes [15, 16]. Nevertheless, the yield of the existing microbial melanins is 
limited and fails to satisfy the industrial needs. Hence, researchers should focus more on 
isolating high-level melanin from varied microorganisms for their substantial usage in 
industries for commercial applications.  
 
IV.  BIOSYNTHESIS OF MICROBIAL MELANIN 
 
1. Bacterial Melanin: Bacteria synthesize melanin either through the L-3,4-

dihydroxyphenylalanine (L-DOPA) pathway or the Malonyl-CoA pathway. In general, 
bacteria synthesize melanins through the oxidation of tyrosine to dehydroxylated aromatic 
compounds, which are further oxidized to form dopaquinone or benzoquinone. These 
quinone derivatives undergo an autopolymerization process to acquire melanins (Figure 
1). In addition, some bacteria could synthesize melanin through the malonyl-CoA 
pathway, in which sequential decarboxylative condensation of malonyl-CoA leads to the 
formation of 1,3,6,8-tetrahydroxynaphthalene (THN). This THN undergoes an 
oxidization process to form hexahydroxyperylenequinone (HPQ), which is further 
autopolymerized to get HPQ melanin (Figure 2) [17, 18, 19].  
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Figure 1: Schematic representation of L-DOPA (L-3,4-dihydroxyphenylalanine) pathway for 
synthesis of Melanin.  

a)  Synthesis of Eumelanin. b) Synthesis of Pyomelanin. c) Synthesis of Pheomelanin. 
 

 
 

Figure 2: Schematic representation of Malonyl-CoA pathway for synthesis of HPQ melanin. 
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2. Fungal Melanin: Fungi biosynthesize melanin either through the 1,8-
dihydroxynaphthalene (DHN) pathway or L-3,4-dihydroxyphenylalanine (L-DOPA) 
pathway. In the DHN pathway, the starting molecule, acetyl-coA or malonyl-coA, is 
converted to 1,3,6,8-tetrahydroxynaphthalene, with the help of polyketide synthase. 
Thereafter, a series of reduction reactions occurs to form key intermediates such as 
scytalone, 1,3,8-trihydroxynaphthalene, vermelone, and finally, 1,8-
dihydroxynaphthalene (DHN) is formed. Further, oxidative polymerization of DHN leads 
to the production of 1,8-DHN melanin (Figure 3). In contrast, the synthesis of melanin 
through the L-DOPA pathway uses either L-DOPA or tyrosine as precursor molecules. If 
fungi use tyrosine as a precursor molecule, then it will be converted to dopaquinone by 
two-step oxidation processes, whereas L-DOPA is used as a precursor then it will be 
converted to dopaquinone by means of laccase enzyme. This dopaquinone is further 
converted to leucodopachrome and oxidized to form dopachrome. Further, through the 
tautomerization process, dopachrome will be transformed into dihydroxyindole 
derivatives and subsequently polymerized to get DOPA melanin (Figure 4) [20, 21, 22]. 
 

 
 

Figure 3: Schematic representation of DHN pathway for synthesis of DHN 
melanin/Allomelanin. 
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Figure 4: Schematic representation of L-DOPA pathway for synthesis of DOPA 
melanin/Eumelanin. 

 
V. PRODUCTION PARAMETERS FOR MICROBIAL SYNTHESIS OF MELANIN 

 
The production of melanin by microorganisms is dependent on melanin synthesis 

enzyme, which in turn influenced by various nutritional and physicochemical parameters. In 
this concern, peptone, yeast extract and glucose are predominantly used as nitrogen and 
carbon sources for melanin production. However, to reduce the production cost, agricultural 
residues like fruit waste extract, wheat bran extract, and corn steep liquor have been used. 
Moreover, copper is used as a metal cofactor, which stimulates laccase and tyrosinase 
enzymes that are responsible for melanin production. Besides copper, other metals like iron 
and nickel have also been used to induce melanin synthesis by microorganisms. 
Subsequently, various environmental parameters like temperature, pH, light, stress, 
irradiation, oxygen, and aeration are also responsible for the growth of biomass and melanin 
production.  

 
The nutritional and physicochemical parameters adopted by microorganisms differ 

from one species to another. Owing to this, the universal nutritional or physicochemical 
parameter for melanin production by melanogenic microorganisms is still not explored 
promptly. Thus, both nutritional and physicochemical parameters for each organism should 
be optimized for the industrial scale-up of microbial melanin [23, 24]. Moreover, 
conventional optimization processes are time-consuming and tedious, which may provide 
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inconsistent results. Thus, statistical optimization offered a better solution to overcome the 
limitations of conventional processes. Among various statistical tools, Plackett-Burman 
designs (PBDs) are frequently used to identify the important parameters within multiple 
parameters available for melanin production. In PDBs, the low response values are 
considered to be insignificant and could be excluded, whereas high response values with 
significant effects are considered for further optimization processes. Based on the significant 
values obtained from PBDs, the Response Surface Method (RSM) and the Central Composite 
Design (CCD) need to be obtained to assess the relationship between the responses and 
variables [25]. Hence, a suitable production parameter has to be derived based on the 
organism to optimize the production of melanin. 

 
VI.  MOLECULAR STRATEGIES FOR ENHANCED MELANIN PRODUCTION 
 

DNA sequencing technology helps to identify biosynthetic pathways and the genes 
responsible for melanin production. It lays the foundation for generating recombinant strains, 
which can give rise to enhanced melanin production in non-melanogenic microorganisms. 
The genes encoding for tyrosinase (a key enzyme for melanin production) enzyme could be 
expressed in the non-melanogenic microorganism through recombinant technology for 
melanin production. In addition, heterologous expression of tyrosinase enzyme would 
increase melanin production, and thereby, it offers host organisms to resist harmful UV 
radiation. Further, transposon mutagenesis can be used to produce mutant strains that yield 
high melanin content [26].  

 
VII.  EXTRACTION AND PURIFICATION OF MELANIN 

 
Melanin extraction is quite challenging as they reside within melanosomes (organelle 

where melanin is synthesized and stored) and are bound tightly to cellular components like 
proteins or minerals or attached to the inner surface of the cell wall. Thus, the choice of 
extraction and purification of melanins are dependent on the microbial source (bacteria/ 
fungi) and the existence of melanin (intracellular/ extracellular) in microbes. In general, 
melanin extraction can be done through alkali treatment by using either 1M NaOH or 1M 
KOH or 0.5M of NH4OH to eliminate other cellular components and proteins. Followed by 
the purification of melanin is achieved by acid hydrolysis or by continuous washing with 
organic solvents like acetone, chloroform, ethanol, petroleum ether, etc. [27, 28]. However, 
acid hydrolytic extraction may result in the decomposition of melanins, and thus an effective 
extraction strategy in turn depends on the type of organism as the extraction process differs 
for each organism. 

 
VIII.  APPLICATIONS OF MELANIN 
 
1. Environmental Applications: The release of volatile organic compounds from industrial 

processes presents a major hazard to humans and the environment. As melanogenic 
microorganisms and melanins can tolerate acidic and dry conditions, it could be exploited 
in the remediation of volatile compounds from polluted environments [29]. In addition, 
melanogenic microorganisms coordinate with the carboxyl, amine, and hydroxyl groups 
of heavy metals and thus remediate the metal from polluted sites [30]. Moreover, melanin 
facilitates radioprotection by absorbing radiation energy or neutralizing the free radicals 
(ROS) [31]. 
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2. Food Applications: Because of the antimicrobial activity of melanin against various 

food-borne pathogens, melanin could be used as a food preservative. Melanin could also 
be used as a natural colourant and nutritional supplement in various food products, thus 
replacing the usage of synthetic colourants. Melanin also exhibits antioxidant activity, 
and thus, the quality of food could be enhanced through extended shelf-life, which gives a 
positive insight into using melanin in food packaging materials [14, 32].  
 

3. Cosmetic Applications: Melanin pigment plays a crucial role in protecting skin against 
carcinogenesis as it neutralizes 99% of absorbed UV light. In addition, melanin pigment 
finds its use in formulation of skin care products due to its antimicrobial property [33, 
34]. Furthermore, formulation of skin whitening products using melanin in cosmeceutical 
industry reduces tanning and thus maintains the skin colour [6]. 
 

4. Pharmaceutical Applications: Melanin plays a crucial role in the development of 
several pharmaceutical and health care products as it exhibits antioxidant, 
anti�inflammatory, immunomodulatory, radioprotective, and gastrointestinal activity. As 
melanin exhibits antimicrobial activity, it could also be used as major ingredient in the 
development of antimicrobial and anticancer drugs that are used to treat breast, liver, and 
colon cancer. Melanin can also be used in the formulation of skin care ointments due to 
its potential wound healing and tissue regeneration activity [25, 35, 36]. 

  
IX. CONCLUSION 
 

Melanin production upholds diverse applications because of its environmental 
sustainability, and therefore, the market demand for melanin has increased substantially in 
recent years. However, commercialization of melanin is still hampered due to its huge 
biodiversity and hurdles in obtaining melanin with high quality imbibed with desired 
properties. Nevertheless, identifying non-pathogenic melanogenic microorganisms is often a 
great challenge that should be addressed as far as final applications are concerned. The future 
of melanin-based products lies in the increased melanin yield at a low cost while 
simultaneously employing the green process of melanin synthesis. Further investigation 
should essentially include in providing an appropriate method for synthesis and production, 
so that melanin could be exploited promptly in various industrial applications like 
photoprotection, radioprotection, bioremediation, food preservation, cosmetics, and 
biomedicines. 
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