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Melanin pigments are dark coloured and made of heterogeneous polymers of phenolic and/or indolic monomers and are
produced by a wide range of organisms, including fungi. Although melanins are insoluble, pyomelanin is water-soluble and
is endowed with antimicrobial, antioxidant, and anti-inflammatory properties. These features, along with their UV-screening
ability, enhance the ecological fitness of pyomelanin-producing organisms. Most studies on microbial pyomelanin are
focused on bacteria, and there are very few studies on fungal pyomelanin. The present study reports for the first time, that a
marine-derived isolate of Penicillium citrinum 2332 isolated as an endosymbiont of a marine sponge, produces this

technologically useful pigment.
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Introduction

Marine sponges (phylum Porifera) harbour
taxonomically and functionally diverse microbial
communities, including bacteria, archaea, algae and
fungi as symbionts which are adapted to marine
conditions, including high salinity, pressure, and
nutrient variability"”. Sponges, with their relatively
simple body structure, depend on these symbionts
for various metabolic functions and defence
against pathogens’. Most of the studies on
symbionts of marine sponges focus on their
bacterial associates, and current knowledge of their
fungal symbionts is rudimentary’. Recent studies
show that sponge-associated fungi, due to their
unique ecological niche and potential for
production of novel bioactive compounds, are of
significant scientific and industrial importance™®.
The current study on fungal endosymbionts of
sponges of the Lakshadweep Archipelago identified
a marine-derived Penicillium citrinum  that
produces water-soluble melanin (pyomelanin). This
pigment plays many ecological roles and has many
technological uses.

Materials and Methods

Identification of the endosymbiotic fungus

Current study isolated a reddish-brown pigment-
producing endosymbiotic fungus from an unidentified
marine sponge (Fig. 1) collected from Kavaratti island
(10°33°35.09” N; 72°37°28.28” E) of the Lakshadweep
archipelago, India. The identity of the sponge could not
be ascertained because key features, such as its
morphology and skeletal makeup (spicules), were not
clear. Colony and conidial ontogeny characteristics’, as
well as molecular methods, were used for identifying the
fungus. The extraction of genomic DNA from the
fungus and PCR amplification of the ITS rRNA region
were done following the method of Sawmya et al.®. The
sequence obtained has been submitted to GenBank
under the accession number PP033985, and the fungal
strain has been deposited in the Microbial Type Culture
Collection (MTCC), Chandigarh, India (accession
number MTCC 13857).

Evolutionary analysis by the maximum likelihood method
The evolutionary distance was estimated using the
maximum-likelihood method and the Tamura-Nei



MANOCHKUMAR et al.: PYOMELANIN PRODUCTION BY PENICILLIUM CITRINUM 657

Fig. 1 — Sponge species (unidentified host) from which
P. citrinum was isolated

model’, and the best tree is shown. Values above the
branches indicate the percentage of trees with the
same taxa clustered together, while the number of
substitutions per site was used to calculate branch
lengths. A total of 46 sequences were used to build
this tree, with a total of 386 positions in the final
dataset. The evolutionary analyses were carried out
using MEGA117"',

Test for salt tolerance

The fungus was inoculated in 100 mL potato dextrose
liquid medium made with sterile distilled water and
amended with different concentrations of NaCl (0, 1.5,
3.5, or 7.0 %) and incubated as static cultures at 2642
°C. After ten days, the mycelium was filtered, dried in a
hot-air oven, and the dry weight was measured.

Extraction of pyomelanin

Pyomelanin was extracted following the method of
Suryanarayanan et al.''. The fungus was grown in
liquid Czapek Dox (CD) medium amended with
XAD™ (DuPont) resin beads to adsorb secreted
secondary metabolites that could interfere with the
pigment analysis. After 30 days of growth, the
reddish-brown culture medium was filtered and
centrifuged, and the resultant mycelium-free culture
filtrate was lyophilised and used for pigment analysis.

Solubility test

The solubility of the lyophilised pigment in organic
solvents, including ethanol, ethyl acetate, hexane,
petroleum ether, acetone, NaOH, KOH and HCI, was

tested. Furthermore, its reaction with FeCl; and H,0,
was tested.

UV, FTIR, EPR and proton NMR tests

The lyophilised pigment was dissolved in 1 mL of
methanol, and its ultraviolet-visible spectrum was
recorded in the range of 200—800 nm using UV-Vis
Spectrophotometer'”. For the identification and
characterisation of functional groups, the Fourier
Transform Infrared (FTIR) spectrum of the pigment
(range of 500 to 4000 cm) was obtained”. An
Electron Paramagnetic Resonance (EPR) spectrum of
the lyophilised pigment was obtained using a JEOL
Model JES FA200 model spectrometer. The
parameters for EPR were X-band frequency: 8.75—
9.65 GHz, sensitivity: 7x109 spins, resolution: 2.35 uT,
and liquid nitrogen temperature: 77 K. For 'H NMR
spectroscopy, the sample was dissolved in deuterated
methanol and read using a Bruker NMR Spectrometer
(Avance 111-400MHz).

Treatment with melanin synthesis inhibitors

The fungus was grown in CD medium (100 mL)
and amended separately with different melanin
synthesis inhibitors. Tricyclazole (DHN melanin
inhibitor) was added in concentrations of 1, 10, 100 or
1000 pg, and Kojic acid (DOPA melanin inhibitor)
was added in concentrations of 1, 10, 100 or 1000
ng™ ' NTBC (Pyomelanin inhibitor) was added in
concentrations of 125, 250, 500, or 1000 M 1119,
The cultures were incubated for 30 days and checked
periodically for inhibition of pigment production. The
fungus cultured in an inhibitor-free medium served as
a control. All experiments were performed in
triplicate and were repeated thrice.

Treatment with L-tyrosine

The fungus was grown in CD medium
supplemented with 0.5 % L-tyrosine for 30 days at 26
oCet 19 Cultures grown in CD medium without

tyrosine served as control'’.

Results

Identity of the fungus

The morphological features of the fungus were
consistent with those of Penicillium citrinum. The
conidiophores were erect, smooth-walled, and
terminated in a brush-like penicillus comprising a
primary stalk with metulae and flask-shaped phialides
arranged in a verticillate pattern. Long, unbranched
chains of globose grey-green conidia (approx. 2 um
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each) arose from the phialides (Fig. 2). The identity of
the fungus was confirmed by ITS sequencing (Fig. 3).
The sequence showed 100 % match and 100 % query
coverage with sequences of Penicillium citrinum
(Accession No. OR512364), P. citrinum (endophytic
strain Accession No. OP485654), and P. citrinum
(endophytic strain Accession No. KU059850)
available in the GenBank. The obtained ITS1-5.8S-

ITS2 sequence fragment was aligned with 46
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Fig. 2 — Conidia and conidiophores of P. citrinum 2332
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nucleotide sequences of Penicillium sp. and
Talaromyces sp. available in the GenBank database.
The sequences obtained were aligned using
ClustalW'® with default settings, and the aligned
sequences were then manually adjusted for the
analysis. The evolutionary relationships among the
datasets were inferred using the maximum-likelihood
methods’ in MEGA version 117" ', Branch support
was evaluated through bootstrap analysis with 1000
replicates'’. Talaromyces verruculosus was used as an
outgroup. The phylogenetic tree showed that the
obtained isolate formed a tight clade with P. citrinum
isolates. Based on molecular and morphological
analyses, the fungal isolate was identified as
Penicillium citrinum. The fungus grew equally well in
NaCl-amended medium and could tolerate a salt
concentration of 7 %, which is twice that of normal
seawater (Fig. 4). This proved that it was a marine-
derived fungus adapted to grow both in non-saline
and saline environments and not an obligate marine
form which can grow only in the presence of salt.

Production of pigment and its solubility in different solvents
When grown in CD agar or liquid medium, the

fungus produced a reddish-brown pigment (Fig. 5).

The pigment was visible from around the 15" day of
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Fig. 5 — 30-day culture of P. citrinum showing excreted pigment

incubation. It was extracted after 30 days, since
visibly more pigment was present at this time of
incubation. The pigment was insoluble in ethanol,
acetone, hexane, ethyl acetate, and petroleum ether®.
However, it was soluble in 1M NaOH, 1M KOH, and
precipitated with 3N HCI*'*, producing a brown
precipitate when exposed to polyphenols with FeCl,
(1 % w/v). It did not decolorise in the presence of
H,0,, indicating that it resists oxidative stress' 2%,

Spectral characteristics of the excreted pigment

The pigment showed maximum absorption at
225 nm in the UV region, which is the characteristic
absorbance peak for natural fungal melanin®. It
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decreased progressively as the wavelength increased,
such that a log of the absorbance plotted against
wavelength was a linear curve with a negative slope®
(slope = - 0.0049) (Fig. 6a).

The FTIR spectrum of the pigment (Fig. 6b) was
typical of melanin with absorption bands ranging
from 36002900 cm™ and 1670-1600 cm™. The
strong absorption between 3600-2900 cm™ is due to
-OH and -NH groups of amines, carboxylic acid,
phenolic and aromatic amino groups present in the
indolic and pyrrolic structures'>**. The band between
1670 and 1600 cm™ is attributed to aromatic C=C and
C=0 stretches of carboxylic groups, which are found
in melanins®. The absorption between 1600—1500 cm™
and  1400-1300 cm' was indicative  of
pyomelanin®’?®. An electron paramagnetic resonance
spectrum (Fig. 6¢) showed a peak at 328 milliTesla
(3280 Gauss), indicating the presence of stable free
radicals, which is characteristic of melanins®”. A
nuclear magnetic resonance spectrum showed
resonances between 6.0 and 8.0 ppm (Fig. 6d),
indicating the presence of aromatic groups, and
between 6.6 and 7.1 ppm due to the presence of C=C.
The resonances seen between 0.83 and 4.23 are
characteristic of pyomelanin'.

Effect of melanin synthesis inhibitors

The NTBC herbicide (1000 pM), a specific
inhibitor of pyomelanin®*’, inhibited pigment
production, thus confirming that it was pyomelanin.
Kojic acid (inhibitor of DOPA melanin) or
tricyclazole (inhibitor of DHN melanin) did not

inhibit the formation of the pigment (Fig. 7).

Effect of tyrosine on pigment production

Although the fungus formed the pigment
immediately after isolation in different nutrient media,
pigment formation was not observed after a few
subcultures. However, pigment formation was
restored by adding L-tyrosine (0.5 %) to the growth
medium.

Discussion

The study reports the occurrence of P. citrinum as
an endosymbiont of a marine sponge and its
production of the water-soluble melanin pigment
(pyomelanin). Pyomelanin, a nitrogen-free, water-
soluble melanin, is produced by many bacteria™;
however, very few fungi have been studied for
pyomelanin production. These include Aspergillus
fumigatus, A. kawachii, Madurella mycetomatis,
Penicillium chrysogenum and Yarrowia lipolytica™,
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Fig. 7 — Effect of different melanin synthesis inhibitors on
pigment production: a) Control without inhibitor, b) Kojic acid
1000 pg, c) Tricyclazole 1000 pg, and d) NTBC 500 uM

Aspergillus niger™, Inonotus hispidus™, Amorosia
littoralis"', and Lomentospora prolificans™.

The physical and chemical characteristics of the
pigment excreted by P. citrinum 2332 were similar to
those of pyomelanin. The need for L-tyrosine in
pigment production indicated that it could be
pyomelanin, since pyomelanin formation requires this
amino acid’>*°. Several other features of the pigment
confirmed that it is pyomelanin. The maximum

absorption of the pigment in the UV region (225 nm)
was similar to that of fungal melanin®*. This negative
slope value was within the range reported for fungal
melanins (- 0.0015 and - 0.2646)'***"’_ indicating that
the pigment was melanin. FTIR spectrum, which is
used for identifying the chemical groups of melanin
pigments®, was similar to the ones reported for
pyomelanin of fungi Amorosia littoralis"', Aspergillus
niger; it was also similar to that of synthetic
pyomelanin®™, The EPR and NMR spectra of the
pigment were consistent with pyomelanin’.

Fungi produce different types of melanins
including DHN-melanin, Pyomelanin, DOPA
melanin, GBH melanin, PAP melanin, and Catechol
melanin. Since the physical and spectral properties of
all melanins are similar, the confirmatory method for
identifying the type of melanin is the use of inhibitors
that specifically inhibit the synthesis of different
melanins®*****. In this study, pigment formation by
P. citrinum 2332 was inhibited only by a specific
inhibitor of pyomelanin synthesis, NTBC {2-[2-nitro-
4-(trifluoromethyl)benzoyl]-1,3-cyclohexanedione}
and not by inhibitors of DHN and DOPA melanin,
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again  confirming that the
pyomelanin®.

Pyomelanin is a product of L-tyrosine catabolism.
Tyrosine is converted to acetoacetate and fumarate
with the formation of 4-hydroxyphenylpyruvate,
which is converted to homogentisate (HGA) by 4-
hydroxyphenylpyruvate dioxygenase (Hpd). HGA is
finally converted to fumarate and acetoacetate by the
enzyme homogentisate 1,2-dioxygenase (Hgd).
Hyperproduction of HGA or mutations resulting in
the absence or dysfunction of Hgd lead to the
accumulation of HGA, which is excreted by the
organism. The excreted HGA undergoes autoxidation
and self-polymerisation to form pyomelanin
pigment*”*'. Pyomelanin increases the competitive
ability of the producer organism by scavenging free
radicals, binding to various drugs, resisting radiation
and reactive oxygen species”’, screening heat®,
enhancing its virulence®, and being antibacterial and
antifungal in nature***. Furthermore, due to its
relatively low molecular weight, it attaches to cell
walls and protects fungi from external stress™. It is
also resistant to microbial enzymes®. With such
properties, pyomelanin could enhance P. citrinum’s
competitive ability to survive as an endosymbiont in a
microbe-rich sponge and as a successful nosocomial
human pathogen.

Penicillium citrinum, especially when associated
with the marine environment, is a prolific producer of
several metabolites*®*®; it is also an opportunistic
pathogen in humans®. Since pyomelanin is known to
protect pathogenic fungi from antifungals®™, the
production of pyomelanin could influence their
pathogenicity’®. If this trait is expressed by
P. citrinum in niches other than the marine niche, it
would partly explain the extraordinary ecological
success of this fungus, which is one of the most
commonly encountered microbes in many habitats.
Pyomelanin has attracted attention for its diverse
biotechnological uses””®. Since only a few fungi have
been explored for this pigment, current study
emphasises the need to screen fungi from different
ecological niches to maximise pyomelanin’s
technological uses in  industry, healthcare,
environmental applications, and energy” .

pigment  was

Conclusion

This study demonstrates the production of water-
soluble pyomelanin by P. citrinum 2332 isolated as an
endosymbiont of a marine sponge. Pyomelanin is
recognised for its free radical scavenging,

antimicrobial, UV screening, antioxidant, and anti-
inflammatory properties, and its potential for
pharmaceutical applications. The findings of the
present study emphasise the significance of exploring
fungi from less-studied habitats, such as the marine
environment, to broaden our knowledge of
pyomelanin produced by fungi and the scope of its
uses.
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