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Abstract: Melanins play a fundamental role in the biology and ecology of several fungal species.
Unfortunately, this group of amorphous macromolecules also severely (and most times irreversibly)
stains cultural heritage objects. Despite efforts made throughout the years, knowledge of the chemical
composition and structure of melanins is still insufficient, which hampers the task of safely cleaning
these colourants from cultural heritage materials in a targeted way without causing further deterio-
ration. This work aimed therefore to contribute towards enlightening the characteristics of fungal
melanins from three fungi that are common paper colonizers: Aspergillus niger, Chaetomium globosum
and Cladosporium cladosporioides. The extracted melanins were characterized by FTIR, Raman, UV-vis,
Solid-State NMR and MALDI-TOF MS spectroscopies and the effect of inhibitors of DHN-melanin
and DOPA-melanin pathways on colony pigmentation and growth was evaluated. Although all the
extracted colourants show a predominantly aromatic structure with carbonyl and phenolic groups,
some differences between the melanins can be highlighted. Melanins obtained from Ch. globosum and
Cl. cladosporioides exhibited similar structures and composition and both presented DHN-melanin
characteristics, while A. niger’s melanins revealed a more complex and ordered structure, with a
higher prevalence of highly conjugated carbonyls than the others, besides the additional presence of a
yellow/green component. These conclusions cannot be overlooked while selecting targeted cleaning
methodologies for melanin stains on cultural heritage materials.
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1. Introduction

Filamentous fungi are one of the main etiological agents of deterioration on our
cultural heritage. Artworks and documents made of paper are particularly susceptible to
fungal colonization due to the organic composition and hygroscopicity of this material [1].
Besides inducing chemical and physical decomposition, metabolic substances excreted by
fungi, and fungal cells themselves, are often pigmented, interfering with the readability and
fruition of artefacts, diminishing their artistic, informative, and monetary value. Fungal
stains on paper objects present a great variety of colours from black to brown, red, yellow,
or purple, and can ultimately deem the objects unreadable [2,3]. Not surprisingly, fungal
stain removal is considered one of the major topics needing further research in the field of
paper biodeterioration [4].
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Melanins, which are responsible for most brown and black fungal stains, are the
utmost problematic colourants for paper documents and artworks, not only due to their
frequent occurrence and visual impact, but also because they are the most permanent
colourants and the hardest ones to safely remove from the paper matrix [5]. Besides their
general insolubility on a wide range of polar and organic solvents and chemical recalci-
trance, melanins show a high molecular heterogeneity and variability among different
melanin-producing fungi [6]. To develop safer cleaning methodologies [7], a deeper
knowledge of melanins’ chemical structure and composition is therefore paramount,
as highlighted by a recent review on fungal melanins affecting paper-based cultural
heritage [6].

Melanin is not a single colourant, but rather a broad term for a group of natural
colourants composed of amorphous polymeric molecules produced by most organisms.
This group of colourants plays a fundamental role in the biology and ecology of several
fungal species, conferring them survival advantages through protection against ultraviolet
radiation or desiccation [6]. Recent research has also shown the role of melanins on fungal
toxicity and resistance to disinfectants [8,9].

While some fungal species are constitutively melanised, others melanise only in
specific developmental phases (e.g., conidia formation), under particular environmental
conditions, or in the presence of phenolic melanin precursors [10]. Melanins are formed by
oxidative polymerization of phenolic or indolic precursors, in a process that can involve
multiple enzymes, or occur by spontaneous polymerisation [10]. The two most common
types of fungal melanins are DHN-melanin (named after one of the pathway intermedi-
ates, 1,8-dihydroxynaphthalene-1,8-DHN) and DOPA-melanin (named after one of the
precursors, L-3,4- dihydroxyphenylalanine) [11]. Although the structure of some polymer
subunits has been discovered, a complete and detailed molecular structure of melanins
is still to be determined [12]. These polymers feature extreme molecular heterogeneity,
amorphous particulate character, and a lack of successful solvents, which have throughout
the years, impaired an in-depth examination [13].

To contribute to the enlightenment on the chemical structure of fungal melanins
responsible for staining paper documents and artworks, we selected three melanized
fungi —which are among the most common paper colonizers—for melanin extraction and
characterization: Aspergillus niger (A. niger), Chaetomium globosum (Ch. globosum) and
Cladosporium cladosporioides (CI. cladosporioides) [5,14]. FTIR, Raman, UV-vis, Solid-State
NMR and MALDI-TOF MS spectroscopic techniques aided the chemical characterization
of the extracted melanins. The selected fungi were also cultured with different inhibitors of
melanin precursors, towards understanding which are the melanin biosynthetic pathways.

The purpose of this work was therefore to identify the differences and similarities in
the melanin structures of different fungi, providing a rationale for the future development
of targeted cleaning methodologies.

2. Materials and Methods
2.1. Fungal Cultures

A. niger van Tieghem, Ch. globosum Kunze and CI. cladosporioides (Fresen.) G.A. de
Vries were isolated from fungal stains on paper documents and identified by DNA analysis
at Universidade de Coimbra (Coimbra, Portugal) [15,16]. A. niger and CI. cladosporioides
were grown in liquid malt extract broth (MEB). Ch. globosum was grown in malt extract agar
(MEA) since the solid medium favoured the formation of reproductive structures where
melanin is located (ascomata and ascospores). Incubation was performed for 30 days at
25 °C in the dark. All fungal cultures were prepared in triplicate.
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2.2. Extraction and Purification of Melanins

The extraction and purification processes were adapted from the literature [17].
After incubation, fungal biomasses were collected by vacuum filtration. Solid MEA
from Ch. globosum culture had to be liquefied by boiling in distilled water previously
to filtration. The obtained individual fungal biomasses were separately crushed with
2 M NaOH in a mortar and allowed to stand for 48 h. After a second filtration to
remove fungal debris, the resulting filtrates were acidified with 2 M HCl and allowed
to precipitate overnight. The precipitates were collected after centrifugation at 180 rpm
for 10 min and further purified by acid hydrolysis using 6 M HCl at 100 °C for 2 h, to
remove carbohydrates and proteins. After collection by centrifugation, precipitates
were treated with organic solvents: chloroform, ethyl acetate and ethanol, to remove
lipids. The resulting compounds were dried at room temperature, dissolved in 2 M
NaOH and vacuum filtered. The collected filtrates were precipitated with 6 M HCI
(kept overnight), washed with distilled water and allowed to dry at room temperature.
These precipitates were considered to be purified melanin and were used for further
analyses. All extracted and purified melanin samples were compared to synthetic
melanin (DOPA-melanin, Sigma-Aldrich). A chitin sample (chitin from shrimp shells,
practical grade, Sigma-Aldrich, Saint Louis, MI, USA), was also analysed as a reference
for the FTIR spectroscopy.

2.3. Inhibition of Melanin Formation by Pathway-Specific Inhibitors

To differentiate melanin biosynthesis pathways in the studied fungal species, the effect
of inhibitors of DHN-melanin pathway (tricyclazole) and DOPA-melanin pathway (kojic
acid) on colony pigmentation and growth was evaluated. Tricyclazole (Dr Ehrenstorfer
GmbH, Augsburg, Germany), or kojic acid (Alfa Aesar, MA, USA), both dissolved in
ethanol, were added to autoclaved and cooled PDA medium to give a final concentration
of 100 pg-m~! [11] and plated in 60 mm Petri dishes. Control plates consisted of PDA
mixed with ethanol at the same proportion used in plates with inhibitors (1% v/v). All assay
variants were prepared in triplicate. PDA plates were inoculated with a mycelium plug
of 3 mm diameter cut from the margins of an actively growing colony and incubated for
10 days at 25 °C in the dark. Fungal growth was evaluated by colony area measurements,
as described in a previous publication [18].

2.4. u-FTIR Analysis

Micro Fourier transform infrared spectroscopy (u-FTIR) was performed on a Nicolet
Nexus spectrophotometer interfaced with a Continupm microscope and an MCT-A detec-
tor cooled by liquid nitrogen. The spectra were collected in transmission mode, with a
50-100 pum spatial resolution, 4 cm ! optical resolution and 128 co-added scans, using a
thermo-diamond anvil compression cell.

2.5. UV-Vis Analysis

Melanin samples were dissolved in 0.1 M NaOH and their absorption spectra were
recorded using quartz cells, in the wavelength range of 200-600 nm, on a T90+ UV-visible
spectrometer (PG Instruments, Leicestershire, UK).

2.6. y-Raman Analysis

Raman microscopy was performed in a Labram 300 Jobin Yvon spectrometer, using a
solid-state laser operating at 532 nm. Spectra were recorded as an extended scan. The laser
beam was focused either with a 50x or a 100 x Olympus objective lens. The laser power
at the surface of the melanin samples was varied with the aid of a set of neutral density
filters (optical densities 0.6, 1 and 2), with laser power intensities varying between 2.5 and
0.1mW.
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2.7. Solid-State (§5) NMR Analysis

13C CP/MAS spectra were obtained on an Avance III WB spectrometer operating at
7.2 T, corresponding to a 300 MHz Larmor frequency for 'H and 75 MHz for 13C. Melanin
samples were packed into 4 mm zirconium rotors and sealed with Kel-F caps. In selected
experiments, an insert was packed with the sample and placed inside the rotor. The samples
were spun at the magic angle at 5-10 kHz. Cross-polarization was performed by applying a
variable spin-lock sequence RAMP-CP/MAS with a contact time of 1.2 s and a recycle delay
of 2 s. A total of 5000 points were sampled and accumulated during 4000-15,000 transients.
Chemical shifts are reported in ppm.

2.8. Mass Spectral Analysis

MALDI MS spectra were acquired using a ULTRAFEX III TOF/TOF (Bruker) mass
spectrometer equipped with a smartbeam laser. All spectra were acquired in the positive
linear mode in a 1-20 KDa mass range. The matrix used for analysis was composed of
2,5-dihydroxybenzoic acid (DHB) dissolved in TA30, at a 20 mg-mL~! concentration. The
analysed melanin samples were prepared by dilution in two different solvents, NH;OH
25% or ACN-TFA 4%. For the preparation of the MALDI plate, 1 uL of each melanin sample
mixed with the DHB matrix (50:50 v/v) was applied to the plate and left to dry at room
temperature. Fungal melanins were initially analysed by MALDI-TOF using ACN-TFA 4%
as a solvent, as described by Beltran-Garcia and colleagues [19]. However, in the present
study, melanin samples precipitated with ACN-TFA, and NH4OH 25% were used instead
to improve solubilization.

The identification of a repeating peak pattern in MS signals, characteristic of the
presence of polymers, was performed according to the combination of two strategies:
Fourier-transform and difference vector calculation. The MS signal was first processed
by normalizing for the maximum peak intensity, followed by the application of a peak
identification algorithm (Vectorized Peak Detection) [20]. Relative intensities corresponding
to detected peaks were preserved and all remaining intensities were set to zero. The
processed signal was then analysed with Fourier transform (FT) to convert the m/z domain
signal to a frequency domain signal, highlighting in this way repeating m/z patterns
characteristic for example of fragments originating from polymers. The FT result was
filtered and the frequency signals above a specific threshold (hereby defined as 10% of
the maximum frequency domain signal) were cancelled. The application of the inverse
FT produced a filtered signal [21], from which a simple vector difference (subtraction
of every consecutive intensity) was calculated. The histogram of the difference vector
highlighted the m/z (s) of repeating peaks. Because there might be different size fragments,
single histogram peaks were not expected (whilst in some situations a single peak was
found). To effectively estimate the m/z of the polymer-originated fragments the peaks in
each histogram were combined with the FT frequencies generating the m/z undoubtedly
corresponding to repeating patterns. The algorithm was produced in Matlab version 2019b
(Mathworks, Natick, MA, USA) and applied to every MS signal. A comparison was then
made between the samples.

3. Results
3.1. Melanin Synthesis Pathway

Colonies of Ch. globosum and Cl. cladosporioides became paler when grown with the
DHN-melanin pathway inhibitor (tricyclazole), while no pigmentation difference is ob-
served regarding the DOPA-melanin inhibitor (Figure 1). Tricyclazole not only inhibited
melanin production in Ch. globosum, but also significantly hindered its growth (Supplemen-
tary Figure S1). On Cl. cladosporioides, this inhibitor caused a shift in the colonies’ colour to
a brownish/orange hue (Figure 1), also observed by Llorente and colleagues [22].
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Control

DOPA inhibitor

DHN inhibitor

A. niger’s colonies became denser when grown with tricyclazole (Figure 1), exhibiting
olive green conidia at 10 days of incubation. Nevertheless, the colour difference regarding
the controls was not obvious as with the other two fungi. The size of the colonies obtained
with both melanin inhibitors was also not significantly different from the controls (Supple-
mentary Figure S1). In Supplementary Figure S2 we can observe all replicate plates for A.
niger, which corroborate this uncertainty regarding the inhibitory effect of tricyclazole.

Interestingly, the presence of kojic acid (DOPA-melanin inhibitor) seems to have
stimulated the production of melanised conidia in A. niger’s colonies, which were denser
and darker than in the control sample (Figure 1).

A. niger Ch. globosum Cl. cladosporioides

Figure 1. Colonies of A. niger, Ch. globosum and CI. cladosporioides grown on PDA in the absence
(Control) and presence of kojic acid (DOPA inhibitor) or tricyclazole (DHN inhibitor), at 10 days of
incubation (25 °C in the dark).

3.2. u-FTIR Analysis

FTIR spectra of fungal melanins after extraction (Figure 2—light-grey lines) and after
purification (Figure 2—black lines) illustrate the relative efficacy of both processes.

Spectra of fungal extracts, particularly the ones from Ch. globosum and CI. Cladosporioides,
still exhibit characteristic bands of chitin (bottom spectrum in Figure 2): 2924-2929 and
2854 cm ™! (vCH); 1650-1620 cm ! (Amide I: vC=0); ~1560 cm ™! (Amide II: v N-H); 1424 and
1370 cm ™! (CHx deformations in 3-chitin); 1075 cm—1 (vC-O); and 1022-1041 cm~! (vC-O-C
in -chitin) [23-25]. This illustrates that an extraction procedure alone was not sufficient for
the isolation of melanin. On the purified fungal pigment’s spectra (Figure 2—black lines)
chitin bands are much less intense or even absent, and characteristic bands of melanins
(Table 1) are evidenced.
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Spectra obtained before and after purification of A. niger’s melanin are nearly coin-
cidental (Figure 2). Bands attributed to cell wall carbohydrates were much less intense
than on the other two fungi, showing that for this species, melanin was already quite pure
before the purification step. Purified A. niger’s spectra slightly differ from the ones of the
other two fungi, namely on a more intense peak at 1605 cm ™!, slightly dislocated to lower
wavenumbers, and a much less intense 1702 cm 1 peak, which indicates a predominance
of conjugated carbonyls over unconjugated ones on this sample.

Also, a peak at 1523 cm™ 1 attributed to the bending vibration of N-H and stretching
vibration of C-N (secondary amine) [26] can be found for A. niger. This band can be assigned
to residues of proteins or chitin (chitin reference and unpurified Ch. globosum show peaks at
1556-1560 cm~!) on the sample. Nevertheless, the synthetic melanin reference from Sigma
(DOPA-melanin) also exhibits a peak at 1514 cm~!, which is attributed to the presence of
indole groups in DOPA-melanins [27].
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Figure 2. puFTIR spectra obtained from a chitin reference, synthetic melanin, and melanin extracts
from A. niger, Ch. globosum and CI. Cladosporioides, before (light-grey lines) and after purification
(black lines).
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3.3. UV-Vis Analysis

Purified fungal melanins and reference synthetic melanin show broad, strong ab-
sorbance in the UV region, with maxima at ~220 nm (Figure 3). While this type of absorp-
tion is atypical in organic chromophores, it is a characteristic of melanin pigments [31],
and probably results from the considerable structural heterogeneity and disorder of these
colourants. This leads to an overlapping of energy levels, with a greater number of elec-
tronic transitions along the electromagnetic spectrum and, consequently, an extension of
the absorption spectrum.

Table 1. Assignment of the main absorbance bands in the infrared spectra (u-FTIR) obtained from
purified fungal extracts and synthetic melanin.

Wavenumber (cm—1)

Synth. A. niger Ch. globosum Cl. cladosporioides Assignment References
3401 3407 3406 3390 vO-H; vN-H [27-29]
2931 2923 2954; 2929; 2856 Aliphatic vC-H2 and vC-H3; vN-H [27,29,30]
1717 1702 1709 1705 v C=0 unconjugated with benzene ring [28]
1620 1605 1622 1618 vC=0; VC:C aromatic (from conjugated [22,28,30]
quinone structures)
1514 1523 ON-H; vC-N [22,28-30]
1438 1454; 1389 1421 1432 vC-N; 6C-H3 and 5C-H2) [22,27-30]
1296 1257 1267 1267 vC-OH (alcoholic, carboxylic, phenolic groups); [22,27,28,30]
1092 1080 Alcoholic C-O; C-H in-plane of aliphatic structure [22,27-29]
854 843 833 5C-H out-of-plane in aromatic structure [27,29]
v—stretching; 5—bending.
o0
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Figure 3. UV-vis spectra of purified fungal melanins and synthetic melanin.
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A. niger’s spectrum additionally shows two weaker broad bands, one centred at
304 nm (UV region) and another at 426 nm (visible region of the electromagnetic spectrum).
These bands can be ascribed to the presence of conjugated systems, such as naphtho-vy-
pyrones [32]. However, another possible explanation, especially regarding the 426 nm
band, emitting in the yellow-green region, could be the presence of a green pigment (a
hexahydroxyl pentacyclic quinoid) that is linked to melanin in A. niger’s aspergillin [33,34].

3.4. y-Raman Analysis

The obtained Raman spectra are dominated by two broad bands: a higher inten-
sity band with maxima between 1567-1621 cm ! and a second band located between
1340-1387 cm ™! (Figure 4), both characteristics of general melanin Raman spectra [35-37].
A broadband background is noticeable due to the autofluorescence emission properties of
melanin. Huang et al. [37], using multiple wavelengths and a variety of melanin sources,
have shown that the two prominent peaks observed in melanins are indeed due to inelastic
Raman scattering rather than fluorescence or other nonlinear processes.

Intensity (a.u.)

1800

1600 1500 1400 1300 1200 1100 1000
Raman shift (cm™)

Figure 4. u-Raman spectra from synthetic reference and purified melanins.

While on the synthetic melanin reference we observe a single band centred at
1590 cm~!, on fungal extracts we see two distinct and partially overlapped bands: one
at 1597-1593 cm !, and another at 1618-1621 cm~!. This overlapping has already been
observed before on Raman spectra obtained from black fungi [38]. The broad features of
these spectra are probably due to the conjunction of many overlapping Raman bands owed
to the vibrations of the various constituent monomers [36].
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These two bands have been assigned to C=C stretching vibrations and aromatic ring
stretch, respectively, in polycyclic aromatic compounds [38,39].

Cl. cladosporioides exhibits a weak band at 1448 cm ™!, attributed to C-H deformations in
aliphatic chains, proteins or polysaccharides, probably derived from cell wall residues [36,38].

A. niger’s sample shows higher intensity on the 1340-1387 cm ™! band, which has
been attributed to C-O stretching vibrations and C-H vibrations in methyl and methylene
groups in polyphenols [38,39]. The weak band at 1224 cm ™" in A. niger’s spectrum can be
attributed to C-O stretching/OH in-plane deformation in COOH [35].

3.5. Solid-State (§5) NMR Analysis

13C CP/MAS spectra of the melanin samples revealed differences in chemical shift
regions, intensities of bands and linewidth of peaks (Figure 5). Table 2 presents the
characteristic chemical shift regions for the obtained spectra.

L o T B o o o ML B e e
300 250 200 150 100 50 0 -50  -100 ppm
Figure 5. 13C CP/MAS spectra of synthetic melanin (red) and melanins produced by A. niger (green),
Ch. globosum (blue) and Cl. cladosporioides (purple).
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Table 2. Characteristic chemical shift regions in 1*C CP/MAS Spectra.

Aromatic
Melanin Carbonyl Aliphatic
Cq CH
) 188-153
A. niger (Carbonyl + Cq) 135-100 80-10
Cl. cladosporioides 180-165 165-150 145-95 66-10
Ch. globosum 180-165 160-147 145-95 50-10
Synthetic 180-160 157-142 140-100 67-30

Note: CH represents protonated carbons and Cq represents non-protonated carbons.

According to our results, the analysed samples are predominantly aromatic with
phenol groups, having some fragments oxidized to carbonyls, which is consistent with the
type of structures expected for fungal melanins and the results obtained above, which also
revealed the presence of carbonyl, phenolic and aromatic groups.

The synthetic melanin used in this study was obtained from the oxidation of L-Tyrosine
with HyO, in DMSO [40]. The broad and poorly resolved 13C CcP/MAS signals here obtained
are an indication of a heterogeneous sample, a disordered amorphous material with a high
molecular weight (MW). These '3C chemical shifts are compatible with the presence of
tyrosine-derived compounds similar to the ones found in the literature (Table S1) [41,42].
However, none of the analysed fungal melanins demonstrated a similar profile.

Both Cl. cladosporioides and Ch. globosum melanins present similar '3C CP/MAS spectra
(Figure 5, Table 2), exhibiting a broad peak width, also indicating higher MW polymers.
These spectra are compatible with melanins from the 1,8-DHN pathway, which is following
the results obtained in Section 3.1 and the literature [22,43]. Comparing the observed 3C
chemical shifts with the ones from model compounds in literature (Table S1) [44-48], these
are in better agreement with the naphthalene phenol groups resonating at 160 ppm, than
with L-DOPA derivatives, as the L-DOPA catechol ring resonates closer to 140 ppm, which
is closer to the chemical shift found in synthetic melanin for quaternary carbons.

Within all melanin samples, the one produced by A. niger is considerably different from
the rest. Its 13C CP/MAS spectrum (Figure 5, Table 2) exhibits sharper peaks, a possible
indication of a more organized sample, and/or lower MW. Regarding characteristic regions,
aromatic and carbonyl chemical shifts are different in A. niger’s spectrum, with a notorious
predominance of carbonyls, contrary to the rest. This behaviour can be attributed to the
higher oxidation of its monomers [49], which amounts to more intense signals in the
carbonyl region. Moreover, structures with highly conjugated carbonyls, as observed in the
UFTIR spectra, are also compatible with the observed NMR spectra. Another feature that
stands out, is the presence of a sharp peak resonating at 107 ppm, which possibly indicates
the presence of conjugated cyclic ketones moieties.

All analysed fungal melanins exhibit aliphatic carbon resonances between 80 and
10 ppm, which can be explained by either the presence of saturated carbons from the DHN
biosynthetic pathway or the presence of chitin moieties covalently bonded to melanin.

Comparing carbonyl regions of all fungal melanins (Figure 5, Table 2), Cl. cladospo-
rioides and Ch. globosum, exhibit a narrower chemical shift interval (180-165 ppm), more
compatible with the presence of ketones, carboxylic esters, or acids, while A. niger presents
a broader interval (188-153 ppm) that can include the presence of amide carbonyls.
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The MW difference between natural and synthetic melanin is conflicting within the
literature, which reports either similar MW regardless of the source, or a higher size in
naturally produced melanins [50]. In our study, the different behaviour of A. niger’s melanin
may be ascribed to the presence of a lower MW polymer, possibly a hybrid structure, due
to the presence of different types of monomers, but with a more ordered overall pattern.

Without further analysis, it is only possible to ascertain that, regarding the observed
differences between the carbonyl and aromatic regions of the obtained spectra, melanins
produced by Ch. globosum and Cl. cladosporioides are clearly from the same biosynthetic
pathway, while A. niger’s melanin does not peacefully fit this classification.

3.6. Mass Spectral Analysis

To further rationalize fungal melanin’s structure, we performed mass spectrometry in
our samples, initially using ACN-TFA 4% as solvent. These conditions were described by
Beltran-Garcia and colleagues, which obtained a MALDI-TOF spectrum of fungal melanin
with constant and well-defined spacings of 161.8 Da between peaks, attributing it to 1,8-DHN
(MW =160.17) [19]. However, in the present study, melanin precipitated in ACN-TFA (acidic
solvent) and the obtained spectra revealed characteristic peaks of chitin decomposition (results
not shown), which are also compatible with the m/z obtained by Beltrdn-Garcia et al. [19,51].
To improve sample solubilization, we used NH4OH 25% instead, and MALDI-TOF spectra
were successfully obtained (supplementary Figures S3-56). The acquired mass spectra are not
characteristic of regular homopolymers, which is in accordance with previous work [52]. The
search for a fragmentation pattern in these complex MALDI-TOF spectra lead us to develop
and apply an algorithm to analyse the repeating peak patterns in MS spectra, searching for
the relative intensities corresponding to detected peaks (Supplementary Figure S7).

Synthetic melanin did not reveal an m/z fragmentation pattern identifiable with possi-
ble melanin monomers (Supplementary Figure S7). In this case, the synthetic polymeriza-
tion procedure with H,O, oxidation may lead to a more random structure, where the m/z
19 fragmentation pattern most probably corresponds to water molecules being released.
We observe this same m/z 19 fragmentation in A. niger and CI. cladosporioides’ samples.

Melanins from Ch. globosum and CI. cladosporioides exhibit similar fragmentation
patterns, confirming our previous findings regarding their structural resemblance, while A.
niger once more diverged from these two and also from the synthetic melanin (Supplemen-
tary Figure 57).

4. Discussion

The nature of purified colourants obtained from A. niger, Ch. globosum and CI. cla-
dosporioides was confirmed by their spectral profiles along all the analyses performed,
demonstrating the presence of melanins. Melanins obtained from Ch. globosum and CL
cladosporioides showed similar characteristics among each other, while A. niger’s colourants,
on the other hand, stood out from the rest, exhibiting distinct characteristics from all the
analysed melanins, including the synthetic sample.

Our analyses, and especially FTIR, evidenced the need for a purification step to
remove cell wall carbohydrates from the extracted fungal pigments, especially for Ch.
globosum and Cl. cladosporioides. Fungal melanins may be secreted into the environment or
located in the cell wall where they are most likely cross-linked to cell wall polysaccharides
(glucan and chitin) [12,19,53]. Depending on the fungal species, melanin can be found
either on the inner or the outer layers of the cell wall. While the inner layer is made
mainly of beta-glucans, chitin and small amounts of proteins, the outer layers contain
high levels of mannoproteins [53]. On A. niger’s spectra, bands attributed to cell wall
carbohydrates were not so evident in the non-purified sample, which could indicate that
in this species, melanins are synthesised in the outer layers of cell walls or have a lower
degree of crosslinking with cell wall polysaccharides [12].
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Regarding the colour of our melanin samples, we can see in the obtained UV-vis
spectra that there is absorption throughout the entire visible region. Among biological
colourants, only melanins have this type of absorption. Since the colours we observe result
from a selective light absorption process, if all wavelengths of light are absorbed and none
reflected, we recognize it as black. The aromaticity of the units that make up the melanin
structure favours efficient electronic delocalization, which contributes to the stabilization
of the polymer and, consequently, to an increase in its photo-protective capacity [54]. This
is in agreement with the suggested photoprotection function of melanins [31]. We could
also observe evidence of a yellow-green compound in the UV-vis spectrum of A. niger’s
sample, through the band at 426 nm (emission in the yellow-green region). This colourant
could contribute to the olive-green colouration observed in A. niger’s colonies treated with
tricyclazole (Figure 1).

The results obtained with melanin pathway inhibitors indicate that both Cl. cladospori-
oides and Ch. globosum produce melanin via the DHN biosynthetic pathway, which is in line
with previous studies [22,43]. Nevertheless, the significance of DHN- and DOPA-melanin
pathways in the biosynthesis of A. niger’s melanin is still unclear and controversial [55].
Pigmentation in this species has shown to be resistant to the DHN pathway inhibitor
tricyclazole [17,56]. Also, according to Jergensen et al., homologous genes of central DHN-
melanin pathway genes are missing in A. niger [33]. Pal and colleagues claimed that A. niger
produced melanin via the DOPA pathway, after obtaining a total inhibition of melanisation
with kojic acid, a DOPA inhibitor [17]. However, they lacked an investigation of solvent
controls, and the observed inhibitory effect on A. niger was later confirmed to be caused
by the dimethylsulfoxide (DMSO) used to dissolve kojic acid [11,57]. The research already
gathered around A. niger’s conidial pigmentation reveals that it is more complex than
previously thought [33,55] and further research is still needed.

A. niger’s pigment sample revealed a much higher predominance of conjugated car-
bonyls over unconjugated ones when compared to the other two fungi. Ray and Eakin [34]
proposed that aspergillin, the pigment responsible for the black colour in A. niger’s conidia,
is formed from two precursor molecules—a low-molecular-weight (~368 Da) green pigment
(identified as a hexahydroxyl pentacyclic quinoid); and a brown low-molecular-weight
(~5000 Da) melanin pigment. The presence of this green pigment (also observed in our
UV-vis spectrum) linked to melanin, which, according to Ray and Eakin [34] exhibits a
strong infrared band at 1625 cm ™!, may be the reason for the relatively higher presence of
conjugated carbonyls in A. niger’s pigment sample.

Comparing all the melanin’s FTIR analyses, the presence of an amide functionality is
also more probable in A. niger’s melanin. We could identify peaks that are characteristic of
the bending vibration of N-H and the stretching vibration of C-N (secondary amine).

On the NMR spectra, A. niger also exhibits chemical shifts that indicate the presence of
amide carbonyls. Several amides have already been identified as secondary metabolites
in A. niger [58]. Ray and Eakin [34] analysed the nitrogen content of the two aspergillin
precursors and concluded that the green pigment was nitrogen-free, while the melanin
precursor was not.

Our mathematical approach to identifying repeating peak patterns in MALDI-TOF MS
signals was vital to the interpretation of the acquired mass spectra, which, as expected, were
not characteristic of regular homopolymers and presented a high complexity. Considering
the m/z fragmentation patterns obtained from Ch. globosum and Cl. cladosporioides melanins
(Figure S7), the m/z peaks at 338 intervals are a possible indication of a 1,8-DHN monomer
(Figure 6a), and the m/z peak at 162 may illustrate the presence of another lower mass 1,8-
DHN monomer (Figure 6b), or the presence of glucosamine units from chitin (Figure 6¢) [51]
derived from cell wall residues.
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Figure 6. Possible structures present in pigment samples extracted from CI. cladosporioides and Ch.
globosum (a—c), and A. niger (d,e).

A. niger’s melanin, however, does not produce a pattern identifiable with the same
1,8-DHN monomer, revealing instead the possible presence of a hybrid structure that can be
traced back to A. niger’s secondary metabolites. This fungus is known to be a prolific source
of functional biomolecules [58]. Accordingly, the m/z 203 fragmentation is compatible with
the carboxamide shown in Figure 6d, a highly conjugated 1,8-DHN derived monomer with
an amide function, which justifies both the NMR and FTIR results. Several amides have
already been identified as secondary metabolites in A. niger [58]. Another frequent A. niger
fragmentation is m/z 186, which may indicate the presence of nigerpyrone (Figure 6e), an
A. niger’s secondary metabolite [59]. We cannot help to notice the resemblance between
nigerpyrone and kojic acid (the DOPA-melanin inhibitor we used), which could shed some
light on the results obtained with A. niger in Section 3.1, where a higher production of
pigmented conidia was obtained in colonies grown with kojic acid.

5. Conclusions

Melanins produced by Ch. globosum and CI. cladosporioides showed high similarity
between them, in terms of structure and chemical composition, and are compatible with
melanins from the 1,8-DHN biosynthetic pathway.

The melanin complex extracted from A. niger had a higher prevalence of highly
conjugated carbonyls and either a more organized structure or lower MW than the others.
Our results point out a possibly hybrid structure due to the presence of different types
of monomers, but with a more ordered overall pattern, possibly with a higher degree of
crystallinity. The presence of an amide functionality is also more probable in this melanin.
We could also distinguish the presence of a secondary component emitting in the yellow-
green region of the visible spectrum in A. niger’s samples, which could be attributed to a
hexahydroxyl pentacyclic quinoid.
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From the conservation of cultural heritage point of view, these results show that,
contrary to the general idea in the field that all fungal melanins are similar, these macro-
molecules may exhibit different chemical profiles, different molecular weights, crystallinity
levels, and additional pigments, which will most probably impact on the ease of their
removal from affected artefacts. It is now important to study how the chemical properties
of different melanins will impact the selection of different stain cleaning methodologies
and aid the development of new, more targeted cleaning treatments to improve efficacy
and prevent side effects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/xxx/s1, Figure S1: Measurement of A. niger, Ch. globosum and CI. Cladosporioides’
growth on PDA, in the absence (Control) and presence of kojic acid (DOPA inhibitor) or tricyclazole
(DHN inhibitor), at 10 days of incubation. Values are means of three replicates. Error bars correspond to
standard deviation. Within each fungus, different symbols above the bars indicate statistically different
values, according to the statistical analysis performed (Fisher’s LSD test, p < 0.05).; Figure S2. Replicate
plates with A. niger, grown on PDA, in the absence (Control) and presence of kojic acid (DOPA inhibitor)
or tricyclazole (DHN inhibitor) at 10 days of incubation.; Figure S3. MALDI-TOF spectrum of synthetic
melanin (DOPA-melanin, Sigma-Aldrich); Figure S4. MALDI-TOF spectrum of melanin extract from
Aspergillus niger.; Figure S5. MALDI-TOF spectrum of melanin extract from Chaetomium globosum.;
Figure S6. MALDI-TOF spectrum of melanin extract from Cladosporium cladosporioides.; Figure S7. The
most frequent peak patterns (1/z £ 1) identified in MALDI-TOF spectra from melanin samples diluted
in NH4OH_; Table S1. 13C Chemical shifts of L-DOPA and 1,8-DHN model compounds.
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