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ABSTRACT

To advance our understanding of the molecular biochemistry of fungi which impact cultural heritage
in libraries, museums and archives we investigated the diagnostic capacity of Raman spectroscopy to
identify the composition of colored chromophores of fungi on paper. In this study we explored the
diagnostic capacity of resonant Raman to distinguish chromophores in fungal filaments stimulated to
grow on paper under high humidity with a focus on characterizing chromophores of Alternaria group
species. To facilitate molecular analysis, we conducted quantum chemistry calculations of
representative metabolites having optical absorption in the ultraviolet-visible spectral range.
Comparing theory and experiment we show that fonsecin, erythroglaucin and aurasperone type
chromophores occur in mature hyphal filaments with B-carotene dominant in yeast depositions on
paper surfaces. Resonant Raman of mature filaments suggests a further contribution of carotenes
longer than B-carotene to the spectral signature. Using microscopic resolution, we distinguish rich sets
of Raman signatures that we assign to lignin, flavoglaucin, riboflavin, cycloleucomelon(e) and
asperyellone molecular components in the spatial regions where filaments initiate from yeast
depositions. In such regions, where filament microstructures stimulate development of a mature
three-dimensional scaffold, the diversity of Raman resonances confirms a rich biochemistry of the
developing structures. The library of computed optical and spectroscopic responses of characteristic
fungal chromophores and metabolites presented here is essential for understanding the effect of fungi
on a wide range of objects made from paper including books, prints, drawings, watercolors, engravings
and even sculptures as well as designing next generation materials based on fungal hyphal mats.
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INTRODUCTION

The early [1] specialization of the fungal kingdom was due to the conceptual way proto-fungal cells
rely on the biology of a permeable wall to provide fast-molecular transport and to digest food
externally. The latter plays a crucial role for fungi in our life: in industry and in culture. If the idea of
systematic employment of fungi as productive agents developed slowly, since intuitive ancient
fermentations, to express in design of the first pharma-chemical protocols of oxalic acid production at
the end of XIX century [2], awareness of fungi as active participant in our daily life either as pathogens,
or as symbionts, or as an indifferent-competitive living force started to take shape only within the last
several decades, and only after understanding that these organisms form their own kingdom [3].

Fungi have a drastic impact on human culture and here we discuss heritage preserved in paper
artefacts. Paper is a sheet material made of cellulose fibres. Within the last two millennia, paper was
the main “support” of information storage and transfer in daily use, ousting wax and clay tablets, birch
bark, and leather parchments. As a hygroscopic organic material, made of polysaccharide chains,
paper may be a source of nourishment for many micro-organisms. Fungi are the main group to play a
role in paper degradation [4]. They are the main threat to the written and printed heritage in libraries,
archives, and museums [5]. Various Aspergillus, Fusarium, Trichoderma, Myrothecium, and Penicillium
species demonstrate effective growth on paper and cause substrate chemical alterations upon



excretion of hydrolytic enzymes. [6]. Cellulases and various proteases are the main culprits [7].
Further, it has been shown that basidiomycetes are potent lignin decomposers [8]; Trichosporon
cutaneum, T. pullulans, and Cryptococcus spp. are capable of digesting pectins using pectinase [9];
also, some strains of T. cutaneum and T. pullulans can convert xylans into xylose saccharides using
xylanase [10]. Beside excretion of hydrolytic enzymes, fungal growth leads to deposition of organic
and inorganic acids, lipids, chelating agents, calcium oxalate crystals, glycerine and other biochemical
substances in paper [7]. All these components have different effects on the structural and electronic
properties of paper at the site of deposition. Paper bio-deterioration is a complex mixture of physical
and chemical processes. Several factors, such as the cellulose source, the manufacturing processes,
contributions of lignin and metallic compounds, and environmental conditions play a role [11]. For
example, since cellulose may be present either in crystalline or amorphous form, it has been reported
that the latter is more susceptible to bio-deterioration [12]. Also, while removal of lignin in
papermaking helps generate a better quality of paper, this weakens a paper’s resistivity to fungal
attack [13].

Typically, fungal growth on paper is associated with color changes at the site of growth. In the case of
fast fungal growth, this is mainly because the fungal structures themselves are often coloured black,
brown, red, yellow and purple [14,15]. The coloring of fungal cells is due to secondary metabolites
[16] and these are the principle focus of this manuscript. Local changes of a paper’s color (foxing)
signify the presence of fungi in paper [17]. Recent studies ascribe such changes of color to interactions
of fungal excretions with chemical components of the substrate (paper). As examples, autoxidation of
released lipids may provide free-radicals and peroxides [14] giving rise to localized cellulose oxidation
[18] that can be correlated with the heterogeneity of cellulose structure (crystalline versus
amorphous) and humidity [19]. An alternative or competitive mechanism of long-term foxing may
involve the effects of fungal activity products on metal ion inclusions in paper [17,20]. As an example,
fungal production of acid can stimulate formation of organic ferrous salts that decompose (by
oxidation) into iron oxide or hydroxide leading to a brown coloration [21,22].

To develop systematic diagnostics of fungal species at the molecular level we must distinguish
different chromophores/pigments. Raman spectroscopy is a useful tool in this respect as the
technique has a number of practical advantages: (1) it has sensitivity to detect responses from several
molecules under light microscopic spatial resolution; (2) signals are characteristic of molecular
structure; (3) it has an unprecedented specificity to excitation wavelength and to the polarization of
light [23-25]; (4) Raman samples can be taken in vivo outside of a lab and sampling can be non-
invasive; (5) Raman signals can be computed using Quantum Chemistry; (6) using results of Quantum
Chemistry we may model orientational molecular distributions of chemical entities using observed
Raman intensities when sampled at interfaces; and (7) sampling of Raman signals may be correlated
with mass spectrometry and scanning electron microscopy [26]. The starting point in developing
systematic Raman diagnostics is possible as signals are characteristic of molecular structure as in (2)
above. Using chemical quantum theory we can develop a database of Raman tensors computed using
certified theory levels for representative structures (and their variances) of molecular systems which
may contribute to the detected spectral responses. To facilitate the approach, we use a systematic
grouping of the representative molecular structures including the pteridines, the melanins; the
quinones (anthra-, benzo-, terphenyl-), and the carotenes/ carotenoids [27].

Among the groups of chromophores, in recent studies, special attention has been given to
characterization of the melanin pigments of Aspergillus hyphae over time. This is of a general value
because the described biochemistry and spectra of intermediate metabolites are common for various
genera of filamentous fungi. In an introduction to melanin biochemistry in Aspergillus [28] it was
proposed that the pigment aspergillin (molecular weight of about 20000) is formed from two
precursors. The first component consists of a “green” pigment hexahydroxyl pentacyclic quinoid (HPQ)



with optical absorption maximum at 575 nm; the second component consists of a “brown” melanin
pigment with unknown molecular weight and optical absorption maximum at 425 nm. Recent progress
in genetic engineering and the control of synthesis of melanin pigments in conidia [29] has suggested
the presence of naphtho-pyrone, aurasperone, flavasperone, fonsecin and funalenone secondary
metabolites all reported as coloring chromophores of various filamentous fungi growing on paper [30]
and described by Wolf [27] as being present during the development of ‘melanin-like” pigments [29].

Our research aim is to understand if there could be bio-molecular markers to reflect active fungal
biology including various proliferation mechanisms [30], which impact cultural heritage in libraries,
museums and archives [5,7,13-17,31]. In this contribution, we investigated the diagnostic capacity of
Raman spectroscopy to identify the composition of colored chromophores in filaments of fast-growing
fungi opportunistically stimulated on paper under high levels of humidity. Under these conditions, we
observed competitive growth of Alternaria, Chaetomium and Aspergillus group species, which present
brown/green/black coloring, and are the most typical genera reported to affect the preservation of
paper [32]. Under growth conditions of high humidity and access to water, we observed dominance
of Alternaria group species. Thus, the characterization of this group is the main focus of this
investigation. At the same time, the approach may be extended to improve our knowledge on other
species affecting paper and other substrates, as well.

The outline of the manuscript is as follows. First, we provide visual microscopy characterization of
typical species stimulated to grow on paper. Second, we sample Raman signatures for microstructures
of Alternaria group species, mainly. Third, with the results of previous studies [27,33] as a starting
point we build a database of representative molecular structures for quantum chemistry studies,
extract optical absorption properties in the ultraviolet-visible spectral range and compute Raman
(resonant and non-resonant) responses. Finally, using the computed properties we review the
experimental Raman data and discuss the practical implications of the approach. Here it is important
to note that although we focus our analysis on Alternaria group species, the computed properties of
the database of representative molecular structure should be valuable for discussion of the electronic
and structural properties of molecular species in other filamentous fungal species that are known to
grow on a wide range of materials and hence to affect books, prints, drawings, watercolors, engravings
and even sculptures [5,7,13-17,31].

MATERIALS AND METHODS

Growth conditions

We explored fungal colonial growth under various levels of humidity (100, 90, 80 and 70%). To grow
fungi, we used a standard office paper and a vintage paper. The office paper (80 g/m?) was selected
from a local provider requiring that it be produced under elemental chlorine free bleaching of wood
pulp to demonstrate a lesser degree of whiteness (value 92 by Commission Internationale de
I'Eclairage) in order to avoid possible complications due to optical brightening agents and other fillers.
Specifically, we confirmed the lack of fluorescent agents using a black light source Convoy s2+ nichia
flashlight with radiation at 365 nm (full width at half maximum). The vintage paper was produced in
the XVIII century in a paper mill in the County of Kent, England. In Supplementary information Fig. S1,
we show that the office paper contained a significantly smaller contribution of crystalline cellulose
compared to the vintage paper [34]. As lower levels of cellulose crystallinity are beneficial for the rapid
initial growth of fungi, and because the aim of our research was the characterization of chromophores
specific to Alternaria sp., in this report we discuss experimental results for fungi cultures grown on the
office paper.

The colonies were grown in a laboratory space under active thermoregulation set to confirm 22°C,
and with illuminance of about 20-50 lux. Imaging of cultures was accomplished using a Wild



stereomicroscope (Heerbrugg, Switzerland) equipped with a UCMOS14000KPA C-mount camera
(Touptek, Hangzhou, P. R. China). To characterise optical absorption of pigments and chromophore
methanol extracts in the ultraviolet-visible spectral range, we used an ATi Unicam UV/VIS
spectrometer (Akribis Scientific Ltd).

Raman experiment

We conducted Raman spectral studies using a DXR microscope (Thermo Fisher Scientific, Madison, WI,
United States) equipped with 50x and 100x objectives, a diode-pumped solid-state laser at 532 nm
and a thermoelectrically cooled 324 FI CCD camera, Andor Technology Ltd. of Oxford Instruments. The
spectral resolution in Raman experiments is 2 cm™ according to the instrumental limit of the
microscope operated with a 25 micron confocal pinhole. Spectral responses were stimulated using 2
mW of unpolarised radiation. Our studies of focusing may suggest that the spectral responses were
collected from the area with diameter smaller than 600 nm. Since we used a specific wavelength to
stimulate experimental Raman, we may expect pre-resonant effects due to the electronic transitions
of various pigments in fungal cultures. Specifically, relative Raman intensities may change dramatically
when we tune the wavelength of excitation to be close to the electronic transition of a specific
chromophore [23-25]. To account for this in our discussion, we reviewed the electronic properties of
chromophores, the main structural elements of which may be considered representative of what may
be found in fungi.

Model molecular systems for theoretical studies

To develop a reference database of Raman responses, we selected a number of chromophores
grouped according to a prior study [27], Fig. 1. The first group included chromophores having three
rings condensed under nonlinear and linear arrangements with examples as alternariol, flavosperone,
funalenone, and fonsecin, see Fig. 1. Alternariol is a benzochromenone pigment, Ci4H100s, 258.23
g/mol, [35], and is considered the most important mycotoxin produced by the black mould Alternaria
species to grow on grain cereals worldwide. Flavosperone is a yellow benzochromene or
naphthopyran, CigH1404, 270.28 g/mol, extracted from Aspergillus species [36]. Funalenone is a
phenalene compound, CisH1,06, 288.3 g/mol, isolated from Aspergillus niger [29,37]. Fonsecin,
C15H1406, 290.27 g/mol, is naphtho-y-pyrone metabolite typical for Aspergillus species [36].

The second group accounts quinones (diketones) including flavoglaucin, cycloleucomelon(e) and
erythroglaucin, see Fig. 1. Flavoglaucin is a yellow pigment: it is among the simplest hydroquinones
[27,38]: C19H2503, 304.4 g/mol. Originally, it was isolated from Aspergillus glaucus [38)] and Aspergillus
echinulatus [40]. The molecule is considered as a metabolite typical for this group of species.
Cycloleucomelon(e), is a green pigment [41] originally described as benzoquinone, C1sH1007, 338.268
g/mol, isolated from Boletopsis leucomelaena, Tapinella atrotomentosa and Anthracophyllum species
[42] and as a secondary metabolite from Aspergillus niger [43]. Erythroglaucin, Ci6H1206, 300.26 g/mol,
is an aromatic ether and a trihydroxyanthraquinone: it was reported to be present in Aspergillus and
Chaetomium species as a metabolite [43,44].

The third group contains chromophores with higher structural complexity and includes
naphthopyrones where two conjugated sets of aromatic cycles are connected with a single bond.
Naphthopyrones are known for various bioactive properties [29,45]. In our studies we considered the
slightly simplified molecules, aurasperone and Isonigerone, see Fig. 1. Aurasperone A is a dimeric
naphthopyran with formula C3;H2¢010, 570.5 g/mol, originally isolated from Aspergillus niger [35].
Isonigerone (of the same formula and molecular weight) belongs to the class of organic compounds
known as naphthopyranones [46].

The fourth group of chromophores includes the pteridines. Specifically, riboflavin, more commonly
known as vitamin B12, is a d-ribitol with a characteristic benzo-y-pteridine structural motif in position



5, C17H20N406, 376.4 g/mol. The fifth group of chromophores includes those molecules that determine
the black color of Aspergillus niger conidia [27]. Based on the results of previous theoretical studies
[47], we choose eumelanin-melanin trimer and “green aspergilline” hexahydroxyl pentacyclic quinoid,
C19H1,0s, [28,29] as examples. Finally, in the sixth group of chromophores, we include chromophores
with m-electron conjugation with asperyellone [29] and beta-carotene [27] taken as examples. Beta-
carotene has previously been detected in Alternaria species [35].

To anticipate possible spectral contributions of the structural component of the cell walls we
calculated the properties of a simple glycopeptide and a lignin-like structural segment, with generic
structures, as shown in Fig. 1. We developed the glycopeptide model accounting both, the results of
recent coherent Raman studies in yeast cells and spores of Schizosaccharomyces pombe known to lack
optical absorption in the visible [48], and structural properties of a glycopeptide by X-ray studies for
Pycnoporus coccineus [49]. Since no aromatic side-groups are included in the structure, we disregard
the resonance contribution of UV electronic transitions of the polypeptide backbone in Raman
responses stimulated under 532 nm radiation. Lignin-like structures have been suggested to be
present in fungi [50]. Furthermore, Alternaria group is known to exhibit active lignin biochemistry [51].
In this contribution we used the results of our theoretical studies on a lignin-like structural segment
reported previously [26].

Density Functional Theory studies

To discuss Raman responses we conducted quantum chemical calculations using density functional
theory (DFT) for the selected model systems using the 6-31++g(d,p) basis set and the restricted b3lyp
functional [52] within the Gaussian 09 program package [53]. Resonant Raman spectra were
computed using cphf=rdfreq option by Gaussian for the wavelength at 532 nm, as we used in
experiment. The Raman intensities of the normal modes were calculated for the optimized structures.
We used a scaling factor of 0.97 to map DFT frequencies in the spectral range of interest. To plot
Raman spectral dispersions according to DFT predictions, we took convolutions with Lorentzian line-
shape with full width at half maximum of 8 cm™.

To address optical electronic properties of the characteristic chromophores we took advantage of
recent progress in time-dependent DFT (TD-DFT). Here, it is important to notice that while TD-DFT
allows a straightforward study of excited states, typically, results lack ambiguity for transitions
between the highest occupied molecular orbital and lowest unoccupied molecular orbital in simple
molecular systems only. In other instances, computed optical transitions report substantial lists of
involved orbitals without a single dominant component. To avoid this, we applied Koopmans theorem
[54]: and to provide representations of electronic redistributions upon optical excitations in the visible
spectral range, we transformed the computed transition density matrix [55] to represent the
“particle” and ‘hole” orbital components involved in the optical electronic transitions. Pairs of such
orbital components constitute so-called natural transition orbitals (NTO) [56]. By visualizing NTOs of
the electronic transitions responsible for optical density in the visible spectral range we provide a
rigorous, up to the level of theory used, description of the electronic components that govern spectral
responses in the visible spectral range. To plot optical electronic spectral dispersions according to TD-
DFT predictions, we took convolutions with Lorentzian line-shape with full width at half maximum of
50 cm™. We provide an example of the information obtained using this approach in the main text, Fig.
4, with similar data for all molecules investigated being presented in the Supplementary Information.

RESULTS
Rapid growth of filaments on paper was confirmed under 100% humidity consistent with the results

of previous studies [32]. Yeast growth of Alternaria group mainly was stimulated on paper soaked in
water. We observed the opportunistic growth of several different fungal groups, such as Alternaria,



Chaetomium and Aspergillus niger, among which Alternaria sp. demonstrated a competitive
dominance for experiments performed over a week. Specifically, in Fig. 2A and 2B we present
millimetre scale images of semi-dry and wet yeast colonial developments of Alternaria sp. on the
paper surface. We present microscopy resolved filaments from the yeast in Fig. 2C and 2D. Figs. 2E-
2H show Alternaria sp. filament growth in paper (100% humidity) where the red marks indicate sites
where Raman signals were taken. Fig. 2I(J) and 2K(L) show different resolution images of initial
colonial developments and conidia of the other species present, namely Chaetomium and Aspergillus
niger group species, respectively. The liquid droplets at the surface of the filaments are the extra-
enzymatic excretion of the filaments. In the case of Chaetomium group species, the rainbow-coloured
regions (see Fig. 2J) are due to Fresnel interferences at the surface of enzymatic digestive excretions.
Here, it is important to stress that the observed microstructures demonstrate dark colorations. This
suggests the presence of various chromophores and depositions of pigments with electronic
resonances in the ultraviolet-visible spectral range. Specifically, in Fig. 2M we show optical absorption
spectra of methanol extracts of the three groups of organisms grown on paper. The spectra are
complex and cannot be used for characterization of historical artefacts with organisms in vivo. In
contrast, as resonant Raman microscopy is sensitive to molecular structure sampled microscopically
and in vivo, we may use the technique to distinguish the spatial changes in chemical composition of
different growing filaments.

In Fig. 3A-F we present the main experimental results of the study — Raman spectra taken at different
spots of colonial growth of the Alternaria sp. group. Specifically, Fig. 3A demonstrates Raman spectra
detected at the surface of a very wet yeast colony (as shown in Fig. 2A and 2B). For reference, Fig. 3B
compares the Raman response of a wet paper spot located several millimetres away from the yeast
colony with the response characteristic of the office paper prior to fungal growth. While not the focus
of the report, here it is important to note that fungal growth correlates with relative reduction of
Raman intensities at 1086 and 1602 cm™. In a recent study, these peaks were discussed as spectral
signatures of the COC B-glycosidic bond of cellulose and of lignin, respectively [57]. The observed
changes may be considered consistent with the described enzymatic activities of fungi [6-10]. The
presence of lignin components we discuss in the following section of the manuscript.

Next, Fig. 3C presents a response of a dry region (next to the yeast), where hyphae are starting to
develop as shown in Fig. 2C and 2D. To showcase the diversity of Raman signatures of the Alternaria
sp. group, in Fig. 3D-3F we present Raman spectra sampled at the sites, as indicated by the red marks
in Fig. 2F-2H, respectively, on dry hyphal filaments of Alternaria sp. Overall, the obvious variances of
microscopically resolved Raman spectra (shown in Fig. 3) suggest structural and biochemical diversity,
which one may anticipate to be according to rapid growth and expansion.

DISCUSSION

Electronic properties of model molecular systems

To approach molecular analysis using Raman micro-spectroscopy, first, we must explore the electronic
properties of relevant model chromophores (see Fig. 1). This is necessary since we must account for
the effect of excitation wavelength upon computations of pre-resonant Raman intensities. At the
same time, after Raman assisted molecular analysis, the computed electronic spectra are valuable to
review experimental data as shown in Fig. 2M. Therefore, in Fig. 4, we present the results of TD-DFT
studies — optical electronic spectra of the considered molecular systems sorted according to the low
energy edges of their optical absorption.

Our quantum chemistry studies predict that the chromophores of the first group, such as alternariol,
flavosperone, funalenone and fonsecin would demonstrate optical absorption in the UV spectral range
to provide yellow-brown coloration. Specifically, the optical absorption of alternariol [35] is according



to transitions at 316 and 244 nm suggesting a pale yellowish color: see second spectrum from the top
in Fig. 4A. The corresponding first and seventh NTO pairs (see Fig. 4 bottom) demonstrate that in both
cases the departure (particle) states are of bonding character, and the electron states demonstrate
antibonding contributions. The hole state of the fourth pair shows a larger electronic delocalization
for the third (non-methylated) ring. In the case of flavosperone, which was reported in a previous
study as a yellow benzochromene or naphthopyran [36], theory predicts an optical absorption edge
similar to that of alternariol, save the transition due to the first NTO pair at 377 nm is weaker. In Fig.
4 we present the first and the second NTO pairs (to connect the bonding and anti-bonding molecular
electronic components) which determine the optical absorption at 377 and 332 nm, respectively, as
shown in Fig. 4A. Computed frequencies of the two transitions and their relative intensities are in
reasonable agreement with previous experimental studies on this molecule [29]. Fonsecin naphtho-y-
pyrone metabolite [36] is the last chromophore we consider in this group. TD-DFT anticipates it to
demonstrate the lower frequency edge of electronic optical absorptions with the first and second
transitions at 396nm and 320 nm providing a yellow-orange color: see Fig. 4, this is consistent with
previous studies for pigments extracted from Alternaria group organisms [58].

According to the results of TD-DFT studies, the second quinone-based chromophores demonstrate a
very broad distribution of colors. In particular, the two computed optical transitions at 386 nm (NTO1)
and 264nm (NTO5) of flavoglaucin confirm the reported yellow coloration of the hydroquinones
[27,38]. On the other hand, erythroglaucin as has been isolated from Aspergillus and Chaetomium
[28], as well as from Alternaria species [59] is reported as an orange-red colorant [60]. Indeed, our
theory studies suggest strong optical density for the molecule at 480 nm (see the corresponding
spectrum in Fig. 4B and NTO1 pair, in Supplementary information Fig. S2). Further, cycloleucomelon(e)
green pigment [40] is anticipated to show a weak optical absorption at 685 nm (NTO1) and a more
intense transition at 503 nm described by the second NTO pair (see Supplementary information Fig.
S2).

Next, we explore electronic properties of two dimeric naphthopyrans (the third group of
chromophores): both are structurally simplified: see the replacements of the methyl side groups with
hydrogen atoms as indicated in Fig. 1. The main attention is placed on aurasperone: though originally
isolated from Aspergillus niger [36], the metabolite has also been reported for Alternaria group
species [58]. TD-DFT anticipates an optical absorption edge for this chromophore mainly driven by the
second transition at 395 nm, while the first one at 413 nm (it is peculiar at it involves both aromatic
systems) is expected to show a very weak intensity. In the case of isonigerone, theory predicts the
optical absorption edge to be slightly more red: even though its first transition is more energetic NTO1
(402 nm), and comparing to that of aurasperone, it has a strong intensity: see Supplementary
information Fig. S3. Considering the results of previous experimental studies of the optical electronic
dispersions for aurasperone chromophores, our computation results are in excellent agreement
[36,58].

Riboflavin (the fourth pteridine group) plays an important role in cellular respiration in various
organisms with its electronic and vibration properties being extensively studied by both experimental
and theoretical approaches [61,62]. Here, the computed energy and nature of the electronic
redistribution (NTO pair 1) characteristic to the So—>S: optical transition agrees well with results
reported previously [61]. In our studies, however, we provide a description for the next intense optical
electronic transition at 328 nm due to NTO pair 4: see Fig. 4B and Supplementary information Fig. S4.
The outcome allows computing a suitable quality pre-resonance Raman spectrum for the molecule for
the excitation wavelength at 530 nm (see Fig. 3H), necessary to discuss experimental spectra, see the
following section of the manuscript.



As we have mentioned in the introduction, according to previous studies, chromophores of the fifth
group do not play role in the Alternaria group. Instead, melanin pigments [27] and “green aspergilline”
hexahydroxyl pentacyclic quinoid [28,29] are considered as maturity signatures of Aspergilline niger
conidia. Nonetheless, since the chromophores are of an historical and general scientific value, here
we characterize their optical electronic and Raman properties. To describe the former molecular
system, we used a eumelanin-melanin trimer with structure as shown in Fig. 1. The selected structure
resembles the trimer as explored previously [47] but includes three dihydroxyindole carboxylic acids,
with the third terminating the chain without favourable intramolecular hydrogen bonding. As a result,
the wavelength of the So—>S: optical transition is blue shifted (see Fig. 4B and Supplementary
information Fig. $5) compared to the results reported for the optimal eumelanin-melanin trimer, while
the character of electronic redistribution upon the optical transition is comparable to that in the
optimal system [46]. At the same time, the computed electronic edge is consistent with that reported
for melanin extracts from Aspergillus niger [63] and agrees with the optical spectrum we detect as
reported in Fig. 2M. Such agreement, however, should not be taken as evidence that the structure of
the selected eumelanin-melanin trimer is characteristic of the material in nature. The structural
diversity of melanin biopolymers in vivo is very large. Our selection is simply a possible motif. Using
the computed electronic properties, we calculate pre-resonance Raman for this system (see Fig. 3H)
which reproduces quite well the main resonances reported in the literature [64]: for details see
Supplementary information Fig. S5. In the case of hexahydroxyl pentacyclic quinoid, theory predicts a
pair of near infrared optical electronic transitions: see NTO1 and NTO2 pairs specific to electronic
transitions at 767 and 713 nm, respectively. Hence, we may search for an explanation of the green
color of the chromophore, as reported in literature [28,29], if we consider the third optical transition
at 458 nm: see the corresponding NTO3 pair in Supplementary Information Fig. S5.

Carotenoids have extended m-electron conjugated chains, which stimulate research considering their
possible role in redox reactions [65,66]. The calculated optical absorption of asperyellone and B-
carotene are in general consistent with results reported for such systems in literature [66,67]. At the
same time, our computed NTO presentations for the electronic transitions in the two systems provide
a more systematic perspective in visualization of the electronic redistributions involved in the
computed optical transitions: see Supplementary Information Fig. S6. One may clearly see that the
frequency of the first (lowest energy) resonance for asperyellone at 462 nm is blue shifted compared
to B-carotene (at 569 m,) which is due to the lesser extent of its m-electron conjugation. Further the
NTO presentation allows a systematic description of the electronic transitions in relation to optical
absorption, an approach that is a challenge using molecular orbitals [66].

Raman responses of the model systems

Accounting for the electronic properties of the model chromophores we are ready to explore
predictions of their Raman responses: see Fig. 3G and 3H. For systems where transitions are distant
from the stimulation wavelength comparable intensities and relative intensities of peaks of non-
resonant (grey) and resonant (red) Raman responses (e.g. alternariol and funalenone) are observed,
Fig. 3G. For systems where the stimulation wavelength is close to the wavelength of an electronic
transition then there are differences in intensities and relative intensities of peaks of the calculated
non-resonant (grey) and resonant (red) Raman spectra (e.g. asperyellone), Fig. 3H. Further, for such
systems we scale the resonant contributions (e.g. fonsecin, funalenone, cycloleucomelon(e) and beta-
carotene). The sensitivity of Raman to the excitation wavelength is expected: resonances involve
electronic to electron-vibrational coupling with the pre-resonant Raman intensity of each normal
mode being related to its Raman tensor and an electronic transition dipole moment [23-25]. Further,
as such relations are specific to structure, we should make predictions of Raman responses using
guantum chemistry according to the experimental conditions used.

Interpretation and spectral assignments




To facilitate assignments, in Fig. 5, we group and annotate the computed responses of the most
promising model systems to address the experimental spectra shown in Fig. 3C and 3E. Specifically,
considering the results of our DFT studies, we simplify the molecular analysis (according to the
experimentally derived Raman data) by both: a) comparing computed responses of chromophores
that have electronic resonances far from the excitation wavelength with the experimental spectra, we
ignore molecules whose responses do not match the patterns of observed resonance even if the
computed spectral signatures are scaled to match the intensities of resonantly enhanced responses
(10-1000 times); b) we give preference to the computed signals in molecular systems where we expect
the largest Raman intensity under resonant excitation, as used in experiment. Descriptions of all
Raman modes, regardless of whether they are present in our samples are provided in the
Supplementary Information for use in analysis of other colored organisms.

According to the first criterion, we should not expect alternariol, funalenone and flavosperone (see
their spectra in Fig. 3G) to contribute to the detected Raman response. The chromophores should be
present, but our experimental setting would not allow their detection. Next, we consider the response
of the model glycopeptide, considered as a structural-constituent component of filaments. Indeed,
the computed spectrum (see Fig. 3G and 5A) fits the results of recent coherent Raman studies on yeast
cells and spores of Schizosaccharomyces pombe [48]. However, such a Raman contribution if present
would be in the background of the resonant Raman responses as shown in Figs. 3A-F. Overall, this
sorting is consistent with the observation that the studied microstructures demonstrate dark
colorations suggesting the presence of various chromophores with electronic resonances in the
ultraviolet-visible spectral range. Therefore, in the analysis described below we follow the second
criterion to understand the likely chromophores present.

According to Fig. 3H, the melanin group of chromophores is expected to provide strong pre-resonance
Raman. Such molecular forms are known in respect to maturation of Aspergillius fungi, mainly [28-
29]. For our analysis of Alternaria Sp. we do not observe any comparable resonances in our
experimental data as theory computes, so contributions of eumelanin-melanin and hexahydroxyl
pentacyclic quinoid to the overall Raman response is unlikely.

We now consider molecules where strong pre-resonant enhancement may be expected. Let us first
consider the intense Raman peaks at 1150 and 1509 cm (Fig. 3A) detected at the site of yeast growth,
as shown in Fig. 2A, to specific modes (144 and 216) computed for B-carotene: see the Supplementary
Information file. Theory also predicts the pattern of smaller peaks: see Fig. 3H. Our assighments are
consistent with previous definitions [68] and we note that B-carotene has been reported as a product
of Alternaria alternata [35]. Interestingly, B-carotene Raman signatures are not observed in the
filaments (Fig. 3C), which initiate within and from yeast depositions. These filament cells are at the
very surface of paper or buried in the paper interface: see Fig. 2C, D. Nonetheless, the older hyphae
microstructures - filaments which grow above the surface, do demonstrate a pair of intense
resonances: see the star marked peaks in Fig. 5B. These resonances are typical for carotenes, but
shifted to lower frequencies. Since a dependence of Raman response on the conjugation length of
carotenes has been reported [69], we may suggest that the older filaments, which protrude away from
the paper surface, may contain pigments which show more extensive conjugation than B-carotene
and not yet identified analytically.

Next, if we compare the Raman spectra of the filaments at the surface (Fig. 3C) and the mature hyphae
filaments above (Fig. 3D-F) we see that the former is rich with numerous relatively narrow resonances,
save the contributions of paper, which we may distinguish according to the spectrum annotated in
Fig. 5A. The rich set of Raman peaks indicates a complex molecular content and, therefore rich
biochemistry during early growth. The observed pattern of narrow peaks in the 1200 - 1400 cm™
suggests the presence of flavoglaucin. At the same time the relatively weak Raman resonances above



1600 cm™ may suggest contributions of riboflavin and cycloleucomelon(e), which are expected in early
filaments. Information on the normal modes of these chromophores are provided in the Supporting
Information File. Of course, here, we should notice a good agreement of the computed Raman
activities (Fig. 5A) of a lignin-like structure as shown in Fig. 1. The contribution of lignin in Raman
responses sampled at fungi on paper was described previously [57] and was discussed as critically
important for Alternaria sp. biology [51]. Indeed, comparing our experimental and theoretical studies
[26], a lignin-like component is likely to contribute into Raman activities at 1606 and 1700 cm™. In
Supplementary information Fig. $21 we show that in our lignin model systems the normal modes at
about 1600 cm™ involve admixture of C-C stretching and CCH bending localize on aromatic rings, while
the activities at 1700 cm™ are specific to carbonyls.

We now consider the older mature filament structures (Fig. 5B) that function to provide a three-
dimensional scaffold and transport pathway to support feeding of the colony. Accounting for the line-
shapes in Fig. 3D-F, we can rule out contributions of flavoglaucin, riboflavin, cycloleucomelon(e) and
asperyellone to the signals taken from the mature filaments. Here, we do not observe the computed
lignin-like structure spectral feature at 1700 cm™ that accompanies Raman activity at 1606 cm™ as for
the experimental data presented in Fig. 5A which may be due to naturally present structural diversity
of lignin in vivo. Also, since there is an absence of sharp dominant resonances at about 1300 and 1350
cm?, we rule out the contribution of isonigerone. Taking these considerations into account we ascribe
the main broad pre-resonant Raman responses as shown in Fig. 3D-F as likely arising from fonsecin,
erythroglaucin and aurasperone. Such chromophores have been extracted from Alternaria group
species [41,58]. We should also consider contributions of lignin-like structural components, as well
[57]. Finally, here, as we have already mentioned, the two narrow intense resonances (star marks in
Fig. 5B) may be ascribed to carotenoids, which exhibit more extensive conjugation than B-carotene.

Accounting for the electronic properties of model chromophores anticipated in various fungi [27-46],
we compute pre-resonance Raman spectra to assign experimental Raman responses sampled under
microscopic resolution in dependence on conditions of fungal growth on paper. Using the
assignments, we may review the optical absorption spectrum detected in methanol extracts from
Alternaria sp. growing on paper: see Fig. 2M. Accordingly, we may ascribe the visible absorption band
at 520 nm to erythroglaucin and carotene electronic resonances, while fonsecin, aurasperone and
lignin would contribute to the UV optical absorption edge at 400 nm. In result, we demonstrate that
if assisted with quantum chemistry, Raman microscopy is a helpful tool for the characterization of in
vivo fungal growth, biochemistry and physiology in dependence on environment and structure.

CONCLUSIONS

We use resonant Raman microscopy to explore the spatial diversity of chromophores in fungal conidia
and hyphae stimulated to grow on standard office paper in humid/ wet conditions. Though we observe
growth of Alternaria, Chaetomium and Aspergillus group species on paper, here we focus on the
Raman responses for Alternaria structures, which dominated growth under the chosen conditions and
have been little studied spectroscopically. To identify the molecular characteristics of the species
present we use quantum chemistry to calculate the spectral response of a range of chromophores
representative of families of fungal metabolites with optical absorption in the ultraviolet-visible
spectral range. For some of the molecular systems this is for the first time.

We show that B-carotene dominates in yeast depositions at the paper surface and fonsecin,
erythroglaucin and aurasperone type chromophores dominate in mature hyphae. Further, resonance
Raman of mature hyphal filaments suggests a spectral contribution of carotenes longer than B-
carotene. Resonant Raman spectral data from specific parts of developing hyphae indicate a complex
biochemistry with the presence of lignin, flavoglaucin, riboflavin, cycloleucomelon(e) and



asperyellone type molecular components in filaments initiating within and from yeast depositions.
The data presented suggests a rich biochemistry is required to stimulate development of a mature
three-dimensional scaffold. We show that when assisted with quantum chemistry, Raman assisted
molecular analysis supports the review of optical electronic responses under microscopy resolution.
The described approach is a promising tool for the characterization of fungal growth, biochemistry,
and physiology in dependence on environment and structure. In the Heritage field, the experimental
approach and the library of optical and structural data are useful for the study of the effect of fungi
on a wide range of objects made from paper including books, prints, drawings, watercolors, engravings
and even sculptures [5,7,13-17,31].
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Fig. 1. Chemical structures of the chromophores studied by computation.
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Fig. 2. Microscopy resolved images of opportunistic fungal growth on paper stimulated under different wetting
and humidity conditions. A-D: yeast growth (mainly Alternaria sp.) stimulated in wet paper. E-H: Alternaria sp.
filament growth in paper under 100% humidity: red marks indicate sites where Raman signals were taken. I-J:
microscopy images of colonial expansion of Chaetomium sp. K-L: microscopy images of hyphae and conidia of
Aspergillus niger (group). M: optical absorption spectra of pigments and chromophore in methanol extracts of
the three groups of organisms grown on paper as indicated.
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Fig. 3. Experimental Raman data collected from fungal structures (Alternaria sp.) using radiation at 532 nm and
computed spectra of selected chromophores. A: responses detected at colonial sites as shown in Fig. 2B. B:
Raman spectra of new office paper (gray) and of wet paper millimetres away from a yeast growth site (orange)
as shown in Fig. 2A and 2B. C: Raman responses of Alternaria sp. filaments growing from yeast depositions in
contact with the surface or cavitating in the paper surface: as shown in Fig. 2C-2E. D-F: Raman responses of
Alternaria sp. hyphae growing well above the paper substrate at sites as indicated by red marks in Fig. 2F-2H. G,
H: computed resonant (red) and non-resonant (grey) Raman spectra of a range of chromophores. Indices list the
normal modes described in SI Fig. S7 — Fig. S20.
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Fig. 4. Computed optical electronic spectra for representative chromophores of the first (black), second (blue),
third (green), fourth (orange), fifth (magenta) and sixth (red) group arranged according to their edge absorption.
NTO and resonances for chromophores of the first chromophore group, alternariol, funalenone, flavosperone
and fonsecin: descriptions for other chromophores are in the Supporting information file
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Fig. 5. Comparison of experimental Raman responses of filaments growing from yeast depositions in contact
with the surface or cavitating in the paper surface. A: annotated experimental spectrum of living tissue growing
from yeast filaments (red line) as in Fig. 3C and experimental response of paper (grey line) compared with the
computed responses of flavoglaucin, lignin, riboflavin and glycopeptide, as indicated. B: annotated experimental
spectrum of mature filaments (wine line) as in Fig. 3E and experimental response of paper (grey line) compared
with the computed responses of fonsecin, erythroglaucin, aurasperone as indicated. Asterisks, next to the
experimental peaks at 1150 and 1509 cm?, indicate resonances which correspond to Raman activities typical for
carotenes [26,69], also see the spectrum computed for B-carotene, as shown in Fig. 3H. However, their slightly
lower frequencies suggest more extensive conjugation than in B-carotene [68].



